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Abstract. Knowledge of the albedo of polar regions is cru-

cial for understanding a range of climatic processes that have

an impact on a global scale. Light-absorbing impurities in at-

mospheric aerosols deposited on snow and sea ice by aeolian

transport absorb solar radiation, reducing albedo. Here, the

effects of five mineral aerosol deposits reducing the albedo

of polar snow and sea ice are considered. Calculations em-

ploying a coupled atmospheric and snow/sea ice radiative-

transfer model (TUV-snow) show that the effects of mineral

aerosol deposits are strongly dependent on the snow or sea

ice type rather than the differences between the aerosol opti-

cal characteristics. The change in albedo between five differ-

ent mineral aerosol deposits with refractive indices varying

by a factor of 2 reaches a maximum of 0.0788, whereas the

difference between cold polar snow and melting sea ice is

0.8893 for the same mineral loading. Surprisingly, the thick-

ness of a surface layer of snow or sea ice loaded with the

same mass ratio of mineral dust has little effect on albedo.

On the contrary, the surface albedo of two snowpacks of

equal depth, containing the same mineral aerosol mass ra-

tio, is similar, whether the loading is uniformly distributed or

concentrated in multiple layers, regardless of their position

or spacing. The impact of mineral aerosol deposits is much

larger on melting sea ice than on other types of snow and sea

ice. Therefore, the higher input of shortwave radiation dur-

ing the summer melt cycle associated with melting sea ice

accelerates the melt process.

1 Introduction

The albedo of snow and sea ice has a large influence on the

surface energy budget of polar regions, impacting the Earth’s

climate system (e.g. Barry et al., 1993; Curry et al., 1995; Ja-

cobson, 2004; Serreze and Barry, 2005). Shortwave radiation

is a key factor in the radiative balance at high latitudes, in-

fluencing the large-scale dynamics and the snow and sea ice

cover. Variation in albedo is linked to several factors, such

as the physical properties of snow and sea ice, morphology,

surface roughness, thickness and light-absorbing impurities

(e.g. Perovich et al., 1998).

The albedo of sea ice is strongly wavelength-dependent,

owing to the light scattering and absorption by ice and

brine. Previous studies have defined wavelength integrated

and spectral albedos for a variety of snow and sea ice types

(e.g. Langleben, 1969, 1971; Grenfell and Makyut, 1977;

Grenfell and Perovich, 1984; Perovich et al., 1986; Perovich,

1996; Buckley and Trodahl, 1987; Grenfell, 1991; Wiscombe

and Warren, 1980; Aoki et al., 1998; Hanesiak et al., 2001).

Albedo is not only influenced by the physical structure of

snow or sea ice but also by the amount and type of light-

absorbing impurities in the snow and sea ice (Warren and

Wiscombe, 1980). Only small amounts of light-absorbing

impurities are needed to achieve changes in snow or sea ice

albedo (e.g. Warren and Wiscombe, 1980; Warren, 1984;

Light et al., 1998; Doherty et al., 2010; Marks and King,

2014). Indeed, mass ratios of less than 1 part per million

are sufficient to reduce the albedo by 5 to 15 % (Warren and

Wiscombe, 1980). Light-absorbing pollutants may be trans-
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ported to the Arctic as fine particulate aerosols (Shaw, 1984).

Once in the Arctic, the particles are deposited onto snow

or sea ice from the atmosphere by precipitation or dry de-

position (Fischer et al., 2007; Doherty et al., 2010). Dust

from arid and semi-arid regions is the most important source

of mineral aerosols in the atmosphere (e.g. Ginoux et al.,

2010). Although gravitational processes remove larger parti-

cles (Westphal et al., 1987), finer particles can be transported

over great distances and in some cases reach the Arctic (Pros-

pero et al., 2002). The two main source areas of mineral dust

deposited in the Arctic are Asia and North Africa (Pacyna

and Ottar, 1989; Zdanowicz et al., 1998; Bory, 2003; Van-

Curen et al., 2012), with an estimated flux range between

1 and 21 µgcm−2 yr−1 (Zdanowicz et al., 1998). After min-

eral dust, volcanic ash is the second largest type of mineral

aerosols found in the Arctic (VanCuren et al., 2012). Indeed,

high-latitude volcanic eruptions frequently emit large quan-

tities of ash into the Arctic (e.g. Stone et al., 1993; Zielin-

ski et al., 1997; Young et al., 2012) disturbing the Arctic’s

climate system. The analysis of core samples in Arctic sea

ice has exposed the presence of volcanic ash through traces

of silicate shards and aged tephra (Ram and Gayley, 1991).

However, the complex nature of volcanic eruptions makes

ash deposition in the Arctic difficult to assess.

Soot and black carbon are known to absorb light strongly,

thus reducing the albedo of snow and sea ice (e.g. Chýlek

et al., 1983; Warren, 1984; Clarke and Noone, 1985; War-

ren and Clarke, 1990; Grenfell et al., 2002; Lee Taylor and

Madronich, 2002; Jacobson, 2004; Flanner et al., 2007; Do-

herty et al., 2010; Reay et al., 2012; Ye et al., 2012; Marks

and King, 2013, 2014). Field observations and modelling

simulations have also shown that increases in dust deposi-

tion to snow lead to radiative forcing that affects the en-

ergy balance of snow (Woo and Dubreuil, 1985; Aoki et al.,

1998; Painter et al., 2007, 2012; Huang et al., 2011; Wang

et al., 2013; Zhang et al., 2013; Zhao et al., 2014; Yasunari

et al., 2014). However, although anthropogenic deposits in

polar snow and ice have been well characterised, studies

on the effects of natural mineral aerosol deposits are more

scarce. Warren and Wiscombe (1980) modelled the impact

of desert dust in snow, using a compilation of optical prop-

erties present in the literature. By varying particle size and

concentration, they showed that the presence of dust reduces

the albedo of natural snow at shorter wavelengths (300–

800 nm), but the large absorption of snow in the infrared re-

gion means that the albedo of snow is insensitive to mineral

dust in this region. Carmagnola et al. (2013) considered the

impact of dust as well as black carbon on albedo of snow,

comparing modelled results with in situ observations. They

pointed out the importance of dust impurities due to their

higher concentration within the snow compared with black

carbon. However, Carmagnola et al. (2013) measured small

concentrations of impurities to fit their observational data set,

and did not take into account a larger range of values. Al-

though volcanic ash has a local and instantaneous impact on

snow and sea ice, its effects have been described as similar

to soot (Warren, 1982). Warren (1982) modelled the effect

of increasing Mount St. Helens ash on snow albedo for dif-

fuse incidence. The results show a significant reduction of

albedo in the visible wavelengths, and unimportant in the in-

frared. Conway et al. (1996) confirmed these results by show-

ing that volcanic ash can reduce the albedo of snow up to

50 %. Flanner et al. (2007) and Flanner et al. (2009) devel-

oped a model that provides albedo of snow for different con-

centrations of black carbon, dust or volcanic ash, based on a

two-stream radiative-transfer code (Toon et al., 1989). In the

single-layer implementation of the model, SNICAR-online

(Flanner et al., 2007), multiple snow types can be modelled

by changing the snow grain radius. However, only a single

type of volcanic ash derived from Patterson (1981) and com-

bined mineral refractive indices as an approximation of min-

eral dust were used. Furthermore, SNICAR-online does not

allow for calculations in sea ice. Impurities in sea ice have

been considered by Light et al. (1998), who used a four-

stream discrete-ordinates radiative-transfer model to deter-

mine how particulates (Saharan dust and sediments) alter the

optical properties of sea ice. The authors analysed the sensi-

tivity of albedo in relation to depth and thickness of a single

dust layer within the ice, showing the importance of vertical

distribution of deposited aerosols. Additionally, the effects of

an increasing surface layer of snow containing a fixed mass

of soot has been considered by Grenfell et al. (2002). How-

ever the study was limited to a single snow type and only

a constant mass of soot. To the knowledge of the authors

of this paper, no studies on the effects on albedo of multi-

ple mineral dust or volcanic ash layers deposited at varying

intervals in snow have been published. Studying the layer-

ing of mineral aerosol deposits in snow or sea ice enables

to take into account the episodic nature of dust and volcanic

ash deposition events. Moreover, the comparison of multi-

ple sources of mineral aerosol deposits on multiple differ-

ent types of snow and sea ice in an Arctic environment has

not been investigated. Although Woo and Dubreuil (1985)

proposed a characterisation of the relationship between dust

content and Arctic snow albedo, the range of snow types and

dusts was limited. Overall the understanding of the impact of

mineral aerosol deposits on the albedo in the Arctic is ham-

pered by the lack of comprehensive studies on the role of

the snow or sea ice optical properties in relation to the op-

tical properties of the mineral aerosol deposits. The work of

Marks and King (2014) on the effects of the snow and sea

ice type on the response of albedo to black carbon loadings

suggests that the type of snow or sea ice is an important fac-

tor when considering the effects of impurities on the albedo

of snow and sea ice. The conclusions from Marks and King

(2014) led the authors of this paper to address the question

of the importance of the type of snow or sea ice compared

to the type of mineral dust or volcanic ash when evaluating

the impact of mineral aerosol deposits on albedo. No studies
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investigating the effects of light-absorbing impurities on the

albedo of snow and ice have examined this question.

In this work an atmospheric and snow/sea ice radiative-

transfer model (TUV-snow) was used to investigate the ef-

fects of mineral aerosol deposits on snow and sea ice. The

main purpose was to evaluate the impact of different mineral

dusts and volcanic ashes on albedo. To do so, different mass

ratios of a selection of five different mineral aerosol deposits

in multiple snow and sea ice types were modelled. The thick-

ness of a single surface layer and the vertical distribution of

multiple layers loaded with mineral deposits were then var-

ied to explore the effects of layering.

2 Method

The description of the method is split into three sections:

the radiative-transfer model is described, followed by a de-

tailed section on the calculation of mineral absorption cross-

sections and a final section describing the modelling experi-

ment performed.

2.1 Radiative-transfer model

The radiative-transfer calculations of the penetration and re-

flection of light into snow and sea ice containing mineral

aerosol deposits were performed using the Tropospheric Ul-

traviolet and Visible Radiation Model (TUV-snow), using

the discrete-ordinates “DISORT” algorithm (Stamnes et al.,

1988), as described by Lee Taylor and Madronich (2002).

The model is a coupled atmospheric and snow/sea ice model

that allows calculation of radiative-transfer parameters in

snow and sea ice from the top of the atmosphere to the sur-

face of the Earth and into a layer of snow or sea ice.

The model parameters simulating different types of snow

and sea ice are controlled by an asymmetry factor g, a wave-

length independent scattering cross-section, σscatt, a wave-

length dependent absorption cross-section, σice and the sea

ice or snow density (Lee Taylor and Madronich, 2002; France

et al., 2011a, b; Reay et al., 2012; Marks and King, 2013,

2014).

In this study, three types of sea ice were used: first-year

ice, multi-year ice and melting ice, as well as three types of

snow: cold polar snow, coastal wind packed snow and melt-

ing snow. The optical and physical parameters of the selected

snows and sea ice are based on field studies and summarised

in Table 1. A detailed description and justification of these

values can be found in Marks and King (2014).

The wavelength independent albedo of the surface under

the snow and sea ice layer was fixed to 0.1 to represent sea-

water or soil. Irradiance reflectance at the surface was calcu-

lated to approximate albedo, represented by Eq. (1):

A=
Eu

Ed

, (1)

where Eu is the upwelling plane irradiance and Ed is the

downwelling plane irradiance.

A layer of cumulus cloud was added to the model at an

altitude of 1 km to provide diffuse illumination of the snow

or sea ice surface and remove the solar zenith angle depen-

dance. The cloud asymmetry factor g, was set to 0.85, the sin-

gle scattering albedo was set to 0.9999 and the optical depth

was set to 32. The atmosphere was added with an ozone col-

umn of 300 Dobsons containing no aerosols. The distance

between the Earth and the Sun was fixed to 1 AU.

The modelled wavelength dependent albedo was produced

over a spectrum ranging from 350 to 800 nm with a 1 nm

interval.

2.2 Optical properties of mineral dust and volcanic ash

The snow and sea ice were modelled as media which are

highly scattering and weakly absorbing of photons. The

light-absorbing impurities were modelled as absorbers only

and it was assumed that the ice matrix provides all the scat-

tering. The total absorption in sea ice is

σtotal = σs(λ)+ xmnσmn(λ), (2)

where σs(λ) is the wavelength-dependant absorption cross-

section of snow or sea ice, xmn is the mass ratio of min-

eral aerosol deposits in the snow or sea ice and σmn(λ) is

the wavelength-dependant absorption cross-section by min-

eral aerosols.

The optical constants of ice were obtained from the work

of Warren and Brandt (2008). The calculation of the absorp-

tion cross-section of the mineral aerosol deposits was calcu-

lated based on the Mie theory (Bohren and Huffman, 1983) in

the Mieplot program (Laven, 2006) using the BHMIE com-

putation code (Bohren and Huffman, 1983). The resulting ab-

sorption cross-sections of the mineral aerosol deposits were

used in the radiative transfer model described in Sect. 2.1.

To calculate the absorption spectra of representative min-

eral aerosols from a Mie Calculation, values of the imagi-

nary refractive index, density, size and size distribution are

needed. The values of the imaginary refractive index for dif-

ferent mineral dusts and ashes vary significantly with wave-

length and the medium’s mineral composition (Tegen and

Fung, 1994; Sokolik and Toon, 2007). A selection of the

imaginary part of the refractive index values of mineral dust

found in the literature was reported by Dang et al. (2015).

Three different volcanic ashes and two dusts were chosen

from the literature to represent the variety of mineral aerosols

deposited in the Arctic. The work of VanCuren et al. (2012),

was used for Asian dust, Saharan dust, fresh volcanic tephra

and aged volcanic dust plumes as the four characteristic

sources of aerosols deposited at Summit, Greenland.

A representative value of the imaginary component of the

refractive index of Saharan dust was calculated as the average

of eight measurements of the imaginary refractive index of
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Table 1. Values of the input parameters used for snow and sea ice for the TUV-snow model, based on literature values and detailed in the

work of Marks and King (2014).

Snow/sea ice Density Scattering cross- Asymmetry e-folding Typical depth Minimal optical Equivalent snow

(kg m−3) section (m2 kg−1) parameter (g) depth (cm) modelled (cm) thickness (cm) grain radius (µm)

Cold polar snow 400 20.0 0.89 15 40 45 85

Coastal windpacked snow 400 7.5 0.89 21 40 63 220

Melting snow 400 1.25 0.89 45 40 135 1400

First year sea ice 800 0.15 0.98 37 80 111 –

Multi year sea ice 800 0.75 0.98 75 250 225 –

Melting sea ice 800 0.03 0.98 400 250 1200 –

�����

����

���

��
�
�

�	
�

�



�

�

�������������������������

������	��� � 	�

�� �� ����	� ��� ����� �
�� ���
�� !�"

�� �� ����	� ��� #�
$ �
�� ���
�� !%"

&�'�('����')$*�� ��� !�"

����
�	 #*�� !�"

+���	 #*�� !�"

����

����

����

����

���%

����

,
�
�
�



�

�

-
.

�



��
/


�
(


�
0
��

�
�

�	
#

�
/

Figure 1. Complex refractive index (real and imaginary part) for

mineral aerosol deposits as a function of wavelength. Values are

based on work by Derimian et al. (2012) (3), Patterson and Gillette

(1977) (4), Patterson (1981) (1, 2) and Sokolik et al. (1993) (5).

airborne Saharan aerosols from eight locations in the Atlantic

ocean (Patterson and Gillette, 1977).

The refractive index of a characteristic central Asian dust

was taken from Sokolik et al. (1993). The dust samples that

Sokolik et al. (1993) collected in Tadzhikistan, are a combi-

nation of airborne dust aerosols and surface dust. The imagi-

nary refractive index of the dust aerosols was used, as it rep-

resents a better approximation of transported material. Three

different volcanic ash sources were used, providing a vari-

ety of mineral and thus, optical properties. Two wavelength-

dependent indices of refraction of Mount St. Helens ash from

the 18 May 1980 eruption were obtained from Patterson

(1981). The first sample, collected in Boulder, Colorado cor-

responds to the first pulse of the eruption and is characterised

by a dark grey colour and a high absorption coefficient in

the visible wavelengths. The second sample collected in Ch-

eney, Washington has a pale grey appearance and a lower

absorption coefficient by approximately a factor of 2 (Pat-

terson, 1981). Direct measurements of volcanic ash optical

properties are scarce. Therefore an estimate of the complex

refractive index of Eyjafjallajökull ash calculated by Derim-

ian et al. (2012) was used. The weighted combination of re-

fractive indices of each aerosol component presented a good

fit with AERONET data (Derimian et al., 2012) and was

more realistic than the mineral dust data of Balkanski et al.

(2007) that is more widely used (Johnson et al., 2012; Turn-

bull et al., 2012). The values of the complex refractive index

of the aerosols as a function of wavelength considered in the

study presented here are in Fig. 1.

For the calculation of the extinction coefficient of light-

absorbing impurities, the mineral aerosol deposits were as-

sumed to be spherical. Based on observations of atmospheric

dust deposition in snow on the Penny ice cap on Baffin Is-

land by Zdanowicz et al. (1998), the size distribution of

the aerosols used in the calculations presented here was

fixed to a log normal distribution peaking at a diameter of

2.3 µm with a standard deviation of 2.1 µm. The size distribu-

tion corresponds to a mean value for long-range transported

dusts and is similar to those measured in Greenland (Ko-

erner, 1977). Particle densities of 2600 kgm−3 for Saharan

dust (Hess et al., 1998), 2500 kgm−3 for Asian dust (Fratini

et al., 2007), 2300 kgm−3 for Eyjafjallajökull ash (Johnson

et al., 2012) and 1400 kgm−3 for Mt St. Helens ash (Sarna-

Wojcicki et al., 1981) were assumed in the calculation of ab-

sorption cross-sections. The refractive index of air was used

as a surrounding medium for the Mie calculations in snow

whereas values for pure ice (Warren and Brandt, 2008) were

used for sea ice.

Atmos. Chem. Phys., 16, 843–860, 2016 www.atmos-chem-phys.net/16/843/2016/
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2.3 Calculation of albedo on snow and sea ice with

different mineral loading schemes

Three types of modelling experiment were performed, as

shown in Fig. 3. Initially, the surface albedo of snow and sea

ice was calculated owing to increasing mineral dust mass ra-

tios uniformly distributed in the snow and sea ice. To allow

a fair comparison between the snowpack or the sea ice and

the different dusts, the snow and sea ice was defined as semi-

infinite, i.e. the thickness of the medium is large enough that

the underlying layer does not affect the results. Secondly, the

semi-infinite thickness was replaced by snowpacks and sea

ice types with varying realistic thicknesses. Thirdly, the min-

eral aerosol deposits were constrained to layers in the snow

and sea ice, as opposed to a uniform distribution. The third

case reflects the episodic nature of mineral deposition.

Initially, the surface albedo of the different snow and sea

ice types was calculated between 350 and 800 nm for an in-

creasing mass ratio of mineral aerosol deposits. Based on the

properties of the snow and sea ice used in this study, a depth

of 1.5 m for snow and 15 m for ice was found to be sufficient

to achieve a semi-infinite medium. Assuming the mineral

aerosol deposits were distributed evenly through the medium,

their mass ratio was varied between 10 and 10 000 ngg−1.

Typical mass ratio values on Baffin Island range from 78.2 to

193.2 ngg−1 (Zdanowicz et al., 1998), however much higher

values can be found on glaciers close to volcanoes or on dust

storm paths (Thorsteinsson et al., 2012; Schwikowski et al.,

1995; Dong et al., 2014). Therefore a large range of values

was included for completeness.

In order to determine the impact of different types of

mineral aerosol deposits (with different absorption cross-

sections), a semi-infinite snow and sea ice cover with a uni-

form mass ratio of 100 ngg−1 for each mineral sample was

modelled.

In a second step, representative thicknesses for each type

of snow and ice were used based on mean values found in the

literature. A depth of 40 cm for snow (Warren et al., 1999;

Serreze and Barry, 2005; Kohler et al., 2006) representing a

maximum spring Arctic value, 2.5 m for multi-year and melt-

ing sea ice (Bourke and Garrett, 1987; Laxon et al., 2003;

Weeks, 2010) and 80 cm for first-year sea ice (Weeks, 2010)

were chosen. The albedo of the layer under the sea ice or

snow was set to 0.1 to simulate a strongly absorbing medium

similar to water or soil. Albedo, as a function of an increasing

mass ratio of Asian mineral dust, was calculated (discussed

in Sect. 3.2). By selecting realistic thicknesses of snow and

sea ice, a comparison of the impact of mineral dust on differ-

ent types of snow and sea ice was performed.

In a third step, a surface layer of 1 cm of snow or sea ice

containing 100 ng g−1 of Asian dust was placed on the sur-

face of each snow and sea ice type. The underlying snow or

sea ice was modelled as a clean medium containing no black

carbon or mineral aerosol deposits. The thickness of this top

layer was increased to 10 cm in 1 cm steps. The variation in

Figure 2. Absorption cross-section values based on Mie theory

calculations undertaken here. Particles were considered to be sur-

rounded by air at a temperature of 0 ◦C (a) for snow; and sur-

rounded by ice (b), using refractive index data for ice from Warren

and Brandt (2008) for sea ice. The size distribution of the particles

used in the Mie calculation was fixed to a log normal distribution

peaking at 2.3 µm with a standard deviation of 2.1 µm. The data

were smoothed with a polynomial fit to remove the fine wavelength

structure.

albedo was represented as a percentage of change relative to

a pure medium at four different wavelengths (450, 550, 650

and 750 nm). The effects of multiple layers in snow were

taken into account, simulating dust deposition by multiple

storm events between snow falls. For three different 40 cm

deep snowpacks, 100 ngg−1 of mineral deposits previously

placed throughout the pack were concentrated to 5 cm layers

of 800 ngg−1. The distance between the five layers was in-

creased from 1 to 8 cm with a 1 cm interval in eight different

model combinations, alternating poisoned and clean snow.

The albedo of the layered snow packs was compared to a

clean snow pack containing 1 ngg−1 of mineral dust. Fur-

thermore, the importance of buried layers containing min-

eral aerosol deposits was investigated by comparing mul-

tiple layers each with a dust mass ratio of 800 ngg−1 to

www.atmos-chem-phys.net/16/843/2016/ Atmos. Chem. Phys., 16, 843–860, 2016
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Figure 3. Snow and sea ice configurations modelled for (a) cold polar snow, (b) coastal windpacked snow, (c) melting snow, (d) first-year

sea ice, (e) multi-year sea ice, (f) melting sea ice (not to scale).

one surface layer of 1 cm containing the same mass ratio of

800 ngg−1. Although typical mass ratios are lower in polar

regions (Zdanowicz et al., 1998), Dong et al. (2013) show

values higher than 800 ngg−1 in snowpacks close to dust

sources. The mass ratio of 800 ngg−1 was selected to pro-

vide a clear signal whilst remaining realistic.

Finally, the albedo of three semi-infinite snow types (cold

polar snow, coastal wind packed snow and melting snow)

with an increasing mass ratio of Asian dust and light coloured

Mt St Helens volcanic ash, obtained from the TUV-snow

model was compared to the SNICAR-online model (Flan-

ner et al., 2007) for validation. Identical input parameters

were used for snowpack thickness, density and the under-

lying ground albedo. The snow grain radius parameter was

varied in SNICAR-online to fit three types of clean snow-

packs to the output of TUV-snow. A snow grain radius of

85 µm was compared to the cold polar snow modelled in this

study, 220 µm for coastal wind packed snow and 1400 µm for

melting snow. In a second step, increasing concentrations of

dust and volcanic ash were added to SNICAR-online, and the

results were compared with TUV-snow.

3 Results

The results are presented in three sections: the effect of dif-

ferent types of mineral aerosol deposits on albedo of polar

snow and sea ice, the variation of albedo with increasing

loading of mineral aerosol deposits and the effect of layers

of mineral aerosol deposits in snow.

3.1 The effect of different mineral aerosol deposit types

on albedo

The absorption cross-sections of the different mineral aerosol

deposits have a similar pattern with wavelength, but differ by

a maximum of 77 %, as seen in Fig. 2, where the wavelength-

dependant absorption cross-sections of different mineral

aerosol deposits are plotted. The variation in the values of ab-

sorption cross-section has little effect on the albedo for most

snow or ice types. As Fig. 4 indicates, variation in albedo

between the different mineral dusts and volcanic ashes does

not exceed 0.0080 for snow and 0.0788 for sea ice. For semi-

infinite snow or sea ice with a mass ratio of 100 ngg−1, the

variation in albedo between the strongly light-absorbing Ey-

jafjallajökull ash and the less light-absorbing Mt. St. He-

lens light grey ash sample is 0.0024 for cold polar snow at

450 nm; a wavelength where the difference between min-

eral deposits is the largest. For comparison, the difference

in albedo at 450 nm between a cold polar snowpack contain-

ing 1 ngg−1 of Mt. St. Helens light grey ash and 100 ngg−1

of the same ash is 0.0036. Different mineral aerosol deposits

have a larger effect on melting sea ice, where the difference

in albedo between Eyjafjallajökull ash and Mt. St. Helens

light grey ash reaches 0.0749 at 450 nm. When increasing

the mass ratio of mineral aerosol deposits to larger values in

the snow or sea ice, the importance of their optical proper-

ties becomes more obvious. The variation in albedo between

10 000 ngg−1 of Eyjafjallajökull ash and Mt. St. Helens light

grey ash reaches 0.0268 in cold polar snow (smallest change)

and 0.1444 in first-year sea ice (largest change) as shown in

Fig. 5, where the albedo of different snow and sea ice types

is shown for an increasing mass ratio of mineral aerosol de-

posits.
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Figure 4. Wavelength-dependant albedo of three semi-infinite snow and sea ice types containing 100 ngg−1 of different mineral aerosol

deposits (Mt St Helens ash, Eyjafjallajökull ash, Saharan dust and Asian dust). The albedo of a pure medium (containing 1 ngg−1 of Asian

dust) has been included for comparison. The y axis has different scales in each panel to cover the large range of values.

The variation in the albedo of snow and sea ice is less sen-

sitive to the type of mineral aerosol deposit and its optical

properties than to the properties of the snow or sea ice them-

selves (Figs. 4 and 5). Indeed, where a maximum variation

of 0.0788 is observed from one mineral deposit to another,

the variation between the albedo of melting sea ice and cold

polar snow for the same mass ratio of mineral dust reaches

0.8893. Thus, an important result of this work is that when

considering the darkening of snow or sea ice, it may be more

important to understand the optical properties of the snow or

sea ice than the optical properties of the mineral aerosol de-

posits. Therefore, when observing the impact of an increas-

ing mineral dust mass ratio on realistic thicknesses (Fig. 7),

of surface layers (Fig. 9) and of multiple layers (Fig. 10) a

single type of mineral deposit was picked. Asian dust was

selected, being the most commonly found mineral dust in the

Arctic (Zdanowicz et al., 1998; VanCuren et al., 2012) but
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