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Abstract. The optical properties of snow/sea ice vary with 1 Introduction

age and by the processes they were formed, giving charac-

teristic types of snow and sea ice. The response of albedo

and light penetration depthe-folding depth) to increasing Black carbon, a component of soot formed by incom-
mass ratio of black carbon is shown to depend on the snovplete combustion, strongly absorbs solar radiation (e.g.
and sea ice type and the thickness of the snow or sea icd/litchell, 1957 Highwood and Kinnersley2006 Hansen
The response of albedo amdolding depth of three differ- and Nazarenko2004 Jacobson 2001 Ramanathan and
ent types of snow (cold polar snow, wind-packed snow andCarmichagl 2008 Bond et al, 2013. Black carbon de-
melting snow) and three sea ice (multi-year ice, first-year iceposited onto snow and sea ice causes increased absorption
and melting sea ice) to increasing mass ratio of black carof incident solar radiation, decreased surface albedo and thus
bon is calculated using a coupled atmosphere—snow/sea ig@xacerbated melting (e.ghylek et al, 1983 Warren 1984
radiative-transfer model (TUV-snow), over the optical wave- Warren and Wiscomhé.985 Clarke and Noongel 985 Led-
lengths of 300-800 nm. The snow and sea ice types are efey and Thompsgn1986 Warren and Clarke199Q Light
fectively defined by a scattering cross-section, density ancet al, 1998 Grenfell et al, 2002 Jacobson2004 Flan-
asymmetry parameter. The relative change in albedoeand ner et al, 2007 Doherty et al.201Q Yasunari et al.201%,
folding depth of each of the three snow and three sea icdainter et al.2012 Reay et al. 2012 France et a).2012
types with increasing mass ratio of black carbon is consid-Goldenson et al.2012 Holland et al, 2012 Bond et al,
ered relative to a base case of 1 ng @f black carbon. The 2013. The deposition of black carbon also shortens light
relative response of each snow and sea ice type is interconenetration depths ar-folding depths (the depth of snow
pared to examine how different types of snow and sea iceédver which light intensity reduces t§), which can affect
respond relative to each other. The relative change in albedghotochemical and photobiological processes that occur in
of a melting snowpack is a factor of four more responsive tosnow/sea ice (e.gReay et al.2012 France et a).2012 Za-
additions of black carbon compared to cold polar snow over @ko et al, 2013. Black carbon accounts for 85 % of absorp-
black carbon increase from 1 to 50 nglgwhile the relative  tion by all light-absorbing impurities in snow (over a wave-
change in albedo of a melting sea ice is a factor of two moreleéngth range of 400-700 nmBénd et al, 2013, with ab-
responsive to additions of black carbon compared to multi-sorption by dust also being importa@oherty et al(2010
year ice for the same increase in mass ratio of black carborprovide a comprehensive study of mass ratios of black car-
The response af-folding depth is effectively not dependent bon in Arctic snow and sea ice reporting values in snow up
on snow/sea ice type. The albedo of sea ice is more resporio 500ng g and values in sea ice up to 67 ng'g There is

sive to increasing mass ratios of black carbon than snow.  still a large degree of uncertainty in the possible effects of
black carbon in snow and sea ice — for example, the 2007

IPCC report suggested the positive radiative forcing due to
black carbon in snow is 0.1 W4, with a 100 % error in
this value Golomon et al.2007).
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1626 A. A. Marks and M. D. King: BC in snow and sea ice

Snow and sea ice varies both laterally and temporally intons may be absorbed by black carbon impurities within the
terms of thickness, density and grain size which causes varisnowpack. Thus the albedo of a coarse-grained snowpack
ation in the optical and physical properties of snow and seanay be more sensitive to light-absorbing impurities than a
ice. Propagation of light in snow/sea ice is dependent on abfine-grained snowpack. Figure S4 in the SupplemeRedy
sorption and scattering of photons within the medium. Inet al. (2012 shows the variation of-folding depth with in-
snow, absorption of solar radiation is due to ice and the light-creasing black carbon for four different, yet similar, snow-
absorbing impurities within the snow, while in sea ice ab- packs at Barrow Alaska: a hard snowpack, soft snowpack, in-
sorption is due to brine, ice and light-absorbing impurities. Inland snow and snow on sea ice. Th#lding depth of a soft
snow and sea ice, absorption by air is considered to be neglisnowpack was slightly more sensitive to the addition of black
gible (Perovich 1996. Scattering of light in snow occurs at carbon than the other three snowpacks, raising the question
air—ice boundaries owing to air between the ice grains. Lightof whether the:-folding depth of different snowpacks would
scattering in sea ice occurs at the ice—air boundaries of aialso respond differently to black carbdfatko et al.(2013
bubbles trapped in the ice and at the ice—brine boundaries ofalculatede-folding depths of Antarctic and Greenland ice
brine/ice channel/pocket®érovich 1996. The dominating  sheets considering the effect of increasing mass ratio of black
scattering interface depends on the prevalence of air bubblesarbon and grain size independently of each other. Figure 3c
within the ice Perovich 1996. Excellent reviews of the opti-  of Zatko et al.(2013 shows that the decrease in actinic flux
cal properties of snow and sea ice are found/arren(1982 with depth in a snowpack is dependent on snow grain size,
andPerovich(1996 respectively. with a larger decrease observed for smaller grain sizes, and

Itis expected that the albedo aediolding depth of differ-  Fig. 3b demonstrates the decreasiriglding depth with in-
ent types of snow and sea ice will respond differently to addi-creasing mass ratio of black carbon. The worlkzatko et al.
tions of light-absorbing impurities such as black carbon. The(2013 is very different to the work presented here which
variation of albedo ané-folding depths with visible wave- explores the change in albedo asndblding depth with in-
lengths is controlled by the scattering and absorption of pho-creasing mass ratio of black carbon as a function of scatter-
tons in the snowpack. At visible wavelengths the absorptioning cross-section (i.e. grain size), i.e. quantifying the effect
cross-section of ice is very small (Brandt and Warren, 2008)of absorption within the snowpack as a function of scattering
and thus light-absorbing impurities have a large effect on thecross-section. The work d®eay et al(2012 was for very
albedo ana-folding depth. Warren and Wiscombe (1982a,b) similar snowpacks; the work aNarren(1982 was limited
demonstrate and describe these effects for albedo in detaito two hypothetical types of snow and a few concentrations
France et al. (2012) and Marks and King (2013) demonstratef light-absorbing impurity; the work dffadley and Kirch-
that the effect of light-absorbing impurities on albedo and stetter(2012 was limited to snow only. A detailed study ex-
e-folding depth is large enough to be able to deduce the abploring the effect of different types of snow and sea ice on
sorption spectrum of the light-absorbing impurities from the the variation of albedo andfolding depth with black carbon
measurements of albedo aséblding depth of snow and sea has not previously been attempted. The work presented here
ice respectivelyWarren(1982 andHadley and Kirchstetter expands on the work biReay et al(2012 by considering
(2012 show that for a given amount of light absorbing im- a much larger variety of snowpacks and includes sea ice. To
purity a greater reduction in albedo for coarse-grained snowhe authors’ knowledge systematistudy of the response of
than for fine-grained snow is achieved. Using the model ofalbedoé-folding depth to black carbon as a function of snow
Warren and Wiscomb@ 980, Warren(1982 calculated the and sea ice type has not been previously undertaken.
effect of volcanic ash on the albedo of snow with grain sizes Presented here are radiative-transfer calculations to quan-
of 100 and 1000 um. The addition of the same amount oftify how the albedo ana@-folding depth of three different
ash caused a greater reduction in albedo for the large-grainetypes of snow (cold polar snow, wind-packed snow and melt-
snow than the smaller-grained snddadley and Kirchstetter ing snow) and three different types of sea ice (multi-year sea
(2012 showed that artificially created snow with three dif- ice, first-year sea ice and melting sea ice) respond to increas-
ferent grain sizes responded differently to additions of blacking black carbon. Different types of snow and sea ice may
carbon, with a more coarse-grained snow showing a greatdoe “optically characterised” by a specific scattering cross-
relative decrease in albed@varren (1982 suggests for a  section, mass density and asymmetry parameter. Variation in
clean snow that photons are typically scattered at the air—icéhese parameters will result in different albedo affdlding
interface and absorbed whilst passing through the ice. Thelepths and, as will be shown, different responses (in these
longer the path length through the ice the more likely a pho-measurements) to black carbon.
ton is to be absorbed. Thus the albedo for a large-grained
snhowpack is smaller as a path length of a photon through
ice is larger between scattering events. The penetration 0 Method
the photon deeper into the snowpack is also greater for a
large-grained snowpack. The increased penetration of phofhe response of albedo andfolding depth (a measure
tons into the snowpack will increase the probability that pho-of light penetration into the snow or sea ice) to increased

The Cryosphere, 8, 16251638 2014 www.the-cryosphere.net/8/1625/2014/



A. A. Marks and M. D. King: BC in snow and sea ice 1627

Table 1. Properties of snow and sea ice types studied. Optical and physical properties are based onGrerfddl/and Mayku(1977);
Perovich(1990; Timco and Frederkind1996; Perovich(1996; Gerland et al(1999; Fisher et al(2005; King et al. (2009; France
(2008; France et al(2011); Marks and King(2013; Simpson et al(2002. Approximate grain size for each snow type is also included for
information only; grain size is not included in the model.

Snow/sea ice Scattering cross-section  Density ~ Asymmetry parameter  Indicative grain
type (nfkg™1)  (kgm3) (9) size range (mm)

Cold polar snow 15-25 200-600 0.89 0.1-0.5mm
Wind-packed snow 5-10 200-600 0.89 0.5-2mm
Melting snow 0.5-2 200-600 0.89 2-5mm
Frozen multi-year sea ice 0.5-1 700-950 0.98 -
Frozen first-year sea ice 0.1-0.2  700-950 0.98 -
Melting seaice 0.01-0.05 700-950 0.98 -

black carbon for each snow/sea ice was calculated using theorresponding absorption cross-section at a particular wave-
radiative-transfer model, TUV-snow, using the DISORT codelength. The absorption cross-section of an impurity could be
and described in detail Hyee-Taylor and Madronic{2002. converted to a mass ratio of any known absorbing impurity if
The TUV-snow model is a coupled atmosphere—snow/sea icéhe absorption cross-section of the impurity is known.
radiative-transfer model. The model presented here is not The TUV-snow model has been previously used for cou-
an ab initio model based on calculated optical properties ofpled atmosphere—sea ice radiative-transfer calculati€ing (
spherical grains, but instead treats snow and seaice as homet al, 2005 Marks and King 2013, multiple times for
geneous layers which are highly scattering and weakly abeoupled atmosphere—snow calculatioRssker et al. 2005
sorbing. The snow and sea ice optical properties are paramédseine et al. 2006 France et a).2007, 2010a b, 2011, 2012
terised by an asymmetry fact@r, a wavelength independent Reay et al.2012 Abbatt 2013 Frey et al, 2013, and val-
scattering cross-sectiofisca; and wavelength dependent ab- idated in laboratory artificial snow experiments Biillips
sorption cross-sectiongps and Simpsor2005.

The asymmetry parametey, is taken as a fixed wave-
length independent value for sea ice or snow. The scatterin@.1 Calculating variation in albedo/e-folding depth
cross-section may be related to the microstructure of snow or response to black carbon for different snow/sea
sea ice. In the work described here different snowpacks (cold ice types
polar snow, windblown snow, melting snow) and different
sea ice (multi-year ice, first-year ice and melting ice) are de-Upwelling and downwelling irradiances in and above the
scribed by different values of the scattering cross-section, desnow/sea ice to the top of atmosphere were calculated for dif-

scribed in Sect2.1 The total absorption cross-sectienps
at a wavelengthy,, is due to absorption by ice,, and ab-
sorption by black carborar,;s'

TabsA) = G120 + o b ). 1)

The method has been discussed elsewhere in detst (
Taylor and Madronich2002 Marks and King 2013 and

ferent snow and sea ice types — cold polar snow, wind-packed
snow, melting snow, multi-year sea ice, first-year sea ice and
melting sea ice. The range of values of the scattering cross-
section, density and asymmetry paramegerpf the snow

and sea ice types used in this work are shown in Table
Indicative grain sizes are also included in Tablalthough

the study presented does not use grain size as a variable (in-
stead using scattering cross-section values derived from field

has been shown to accurately reproduce the original albedstudies)Kokhanovsky and Zeg€@004 have linked scatter-

ande-folding depths as a function of wavelengdrks and
King, 2013.

ing cross-sections to grain size for albedo adilabis et al.
(2013 (amongst others) have recently discussed grain size

For the radiative-transfer calculations described here blacland shape with respect éfolding depths.

carbon is assumed to be the only absorber present other than The values of mass density and scattering cross-section
ice. However, as detailed in the SupplemenRafay et al. chosen cover a wide range of possible types of snow and
(2012, it is possible to convert the results of this paper to sea ice. The value of asymmetry parameter remained fixed
other absorbers such as HULIS (HUmic Llke Substancesduring the work presented here for snow and seaaaren

and mineral dust (e.@Ccarmagnola et al2013. The figures  and Wiscombé&1980 demonstrated with Mie calculations of
presented in our paper show the absorption cross-section afpherical ice grains (50 to 1000 pm) thats almost invari-

the impurity and the equivalent mass ratio of black carbon.ant across the visible spectrum as considered in this paper.
The equivalent mass ratio of black carbon is the mass ratidMarks and King(2013 andFrance et al(2012 have previ-

of black carbon in snow or sea ice that would exhibit the ously demonstrated that changipdetween sensible limits
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of £0.005 (from Fig. 4 oWarren and Wiscomhd 980 has ML B LR LN BRI L

negligible effect on the value of the scattering cross-section 10

of snow and seaice. _
Calculations were carried out at densities of 200, 400 and.,

600 kg nm2 for snow and 700, 800 and 900 kgthfor sea

ice. In the results section only the results from the mid-range

density of 400 kg m? for all snow types and 800 kg for

all sea ice types are reported — results for other densities are

reported in the Supplement. Albec(o,(%’m), was calculated

as the ratio of upwelling irradiancé,p, to downwelling ir-
radiance,lqown, at the surface of the snow or sea ice. The
e-folding depth was calculated using EQ),(as the distance
over which irradiance within the snow or sea ice will reduce
to  (~37 %) of the original value:

/mg
e
IIIIII

on

Absorption cross-sect
N

L () 400 450 500 550 600 650 700
=er (2)

7/

Wavelength/nm

wheree is e-folding depth,/; is the downwelling iradiance  igyre 1. Absorption cross-section for black carbon utilised in the
at depthy, 2" is a reference depth and is the downwelling  modelling, calculated by Mie calculation. (A comparison with ex-
irradiance, at reference dept, perimentally determined values can be foundFiance et a).2012

Albedo ande-folding depth of the different types of based on the values reviewedBond et al, 2013)
snow/sea ice were calculated for mass ratios of black car-
bon from 1 to 1024ngdt (1, 2, 4, 8, 16, 32, 64, 128, 256,
512 and 1024 ngg'). Mixing ratios of black carbon above ples/factors affecting the measured optical properties; albedo
100 ng g* would be considered large. Howev¥ang et al.  ande-folding depth.
(2013 show that in polluted areas mass ratios of black car- The atmosphere and snow or sea ice are split into levels;
bon can reach values up to 1220 nggThus the values of Table 2 describes the structure of levels for each snow/sea
512 and 1024 ngg* have also been included for complete- ice thickness modelled. Calculations of irradiance were un-
ness. The black carbon was assumed to be evenly distributediertaken at wavelengths 300-800 nm, using an eight-stream
throughout the snow or sea ice. The absorption spectrum foDISORT model with a pseudo-spherical correctidred-
black carbon inice, shown in Fid, was determined by a Mie  Taylor and Madronich2002. The atmosphere had an ozone
calculation using the method outlined byarren and Wis-  column of 300 Dobsons with no atmospheric loading of
combe(1980 and used previously kiylarks and King(2013 aerosol and was formed of 66 uneven levels getting pro-
for black carbon in sea ice. The wavelength-independent regressively thicker upwards from the surface. A wavelength-
fractive index of spherical black carbon particles.i8#0.5;, independent under-snow/sea ice albedo of 0.1 was used and
with a diameter of 0.2 um and density of 1g#(Warren  the Earth-Sun distance was set to 1 AU. Diffuse sky con-
and Wiscombg1985 1980. Comparison of the resulting ditions were used throughout the work by placing cumulus
black carbon absorption spectra with experimentally deterclouds in the model at a 1 km altitude, with an optical thick-
mined values demonstrates that the Mie calculation is realness of 16, an asymmetry parameter of 0.85 and a single scat-
istic (France et a).2012. The wavelength-dependent refrac- tering albedo of 0.9999. Diffuse conditions were used so that
tive index of the surrounding ice and the absorption spectrunmalbedo of the snow and sea ice could be calculated indepen-
of ice is taken from\Warren and Brand{2008. dent of solar zenith angle. Light penetration dep#ifo(ding

The e-folding depths and albedo were calculated usingdepths) through the snow were calculated in the asymptotic
show and sea ice of a variety of thicknesses: 0.5m, 1 m andone for semi-infinite snow/sea ice.
10 m. Additional simulations were performed using thick-
nesses of 0.25m for sea ice and 0.1 m for snow. An unre-
alistic thickness of 10 m was used to calculate albedoeand 3 Results
folding depths of snow and sea ice which are independent of
the underlying ground or seawater. It is useful to understandrhe results section will report the response of the albedo of
the effects of black carbon on the albedo arfdlding depth  snow/sea ice to increasing black carbon as a function of the
of snow and sea ice independent of snow or sea ice thicktype of snow and sea ice and secondly the responge of
ness. Such calculations are referred to as “semi-infinite”. Sofolding depth to the same changes in black carbon mass ra-
whilst a thickness of 10 m may be unrealistic in nature it istio and snow or sea ice type. In the results section relative
useful for a general understanding of the important princi-changes in albedo andfolding depth owing to a specific
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Table 2. Structure of layers of snow/sea ice with different thicknesses and for the atmosphere.

Snow/sea ice thickness (m) Number of layers  Layer structure

0.1 25 1 mm increments from 0-1cm
1cmincrements from 1-9cm
1 mm increments from 9.5 to 10cm

0.25 40 1 mm increments from 0-1cm
1cm increments from 1-24 cm
1 mm increments from 24.5 to 25cm

0.5 38 1 mm increments from 0-1cm
1cmincrements from 1-10cm
10 cm increments from 10 to 40cm
1 cm increments from 40-49
1 mm increments from 49-50 cm

1 30 1 cm increments from 1-10cm
10 cm increments from 10-90cm
1cm increments from 95 to 99 cm
1 mm increments from 99-100cm

10 47 1 cm increments from 1-10cm
10 cm increments from 10-90cm
1 mincrements from 100 to 900 cm
10 cm increments from 900—-990 cm
1 mm increments from 990-1000 cm

Atmosphere 80 10 m increments from 10—-100 m
(90 km thick) 100 m increments from 100-1000 m
1km increments from 1-10km
2 km increments from 10-90 km

mass ratio of black carbon for different snow and sea icelar snow, wind-packed snow and melting snow) at a wave-
types will be examined to enable comparison between diflength of 550nm and a snow density of 400 kg for
ferent snow and sea ice types. The change in albedo and semi-infinite snow. Studying the semi-infinite case (10m
e-folding depth is reported relative to an albedo antd  of snow/sea ice) is important in order to be able to fairly
folding depth calculated with a black carbon mass ratio ofcompare different snow/sea ice types without having any
1nggl. A base value of 1ngd is used for the mass ra- thickness effect. The shaded areas represent the values of
tio of black carbon, approximately representing the lowestalbedo calculated for the range of scattering cross-sections
values of mass ratio of black carbon recorded (at Dome Cjn Tablel. A melting snowpack shows a considerably larger
Antarctica byWarren and Clark&990(0.3-0.6 ngg'), and  change in albedo due to additions of black carbon than
Warren et al2006(0.6-3.4 ng g, see their Fig. 6)). Therel- a wind-packed snow and a cold polar snow shows the small-
ative change can be expressed mathematically for albedo asst change.

% and asmﬂm%, for e-folding depth, where Figure 3a shows that the relative change in albedo with

C= €BC= . . . . .
ABC:Bx i; albedo at a black carbon mass raticofgg-Land  increasing mass ratio of black carbon is different for the three

eBc—. is ane-folding depth at a black carbon mass ratio of Showpacks (the relative change for the three sea ice types
xnggl. are also included in Figa and will be discussed later). The
albedo and-folding depths reported in Fi@.are the central
value of albedo and-folding depth for each snow and seaice
type and black carbon mass ratio plotted in RAdgand later
Figs.4, 7 and8). As will be shown in Sect3.3the change in
relative albedo is in contrast to the behaviour of¢Helding

The albedo of snow is very sensitive to both the mass rayepth with increasing mass ratio of black carbon, as shown
tio of black carbon and snow type, as shown in F2g. iy Fig. 3b. The relative change in albedo as a function of
Figure 2 shows the calculated albedo of snow as a func-jncreasing black carbon for a melting snow pack is a factor of

tion of black carbon (increasing absorption cross-section of.. 3 5 |arger than the relative change in albedo as a function
light-absorbing impurity) for the three snowpacks (cold po-

3.1 The response of albedo to increasing mass ratio of
black carbon in semi-infinite snow and sea ice

www.the-cryosphere.net/8/1625/2014/ The Cryosphere, 8, 162538 2014
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The shaded areas show the range of albedo possible for a certain
snow type, as described in TadleSnow density is 400 kg e for

all snow types.
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equivalent ratio is~ 1.2 for a wind-packed snow relative to
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a cold polar snowpack. Mathematically, the above ratio is

expressed as Figure 3. Relative change in albedéﬂ%ﬂ%ﬂ) ande-folding

Ap—Ax depth (BE=L—“BC=x) Each line shows a typical albedo®folding
Relative change factes Afj—me'timy (3) depth for a particular snow or sea ice type with increasing mass ratio
Yo cold polar of black carbon relative to a mass ratio of black carbon of 11l g

. . . The albedo and-folding depth values are taken as the mid-value
For example, increasing the black carbon in a snowpack fromq; each snow and sea ice from Figs4, 7 and8, across the mass

1t050ng gl_ the relative decrease in cold polar snow albedo atio of black carbon examined. Snow density is 400 kgprfor all
is 3%, for wind-packed snow it is 4 % and for melting snow snow types and sea ice density is 800 kghor all sea ice types.
the decrease is 11 %. Note that the ratio in B).could be

interpreted as how sensitive each snowpack is to increasing

black carbon relative to a base case of a cold polar snow. Notés probably related to the transition of absorption being domi-
that the sensitivity is a weak function of mass ratio of black nated by ice to being dominated by black carbon as explained
carbon and that the values of 3.5 and 1.2 are useful approxiby Reay et al(2012.

mations. Accurate numbers can be determined from3Jag. The relationships for semi-infinite snow plotted in Figs.

To date the exact reason for the very weak dependence aind3a are for a wavelength of 550 nm, but are also indica-
the relative change factor on mass ratio of black carbon igive of the same behaviour for wavelengths of 300-550 nm.
not known. It does not appear to be an artefact of the modeFigure S1 in the Supplement shows a more detailed variation
(i.e. a rounding or interpolation error) and unfortunately the of snow albedo as a function of the scattering cross-section
field data are not of high enough quality to check whether therange examined for snow (0.5—-25% kg 1) and black carbon
weak function is a real effect. Inspection of F@ydemon-  mass ratio (or absorption cross-section of light-absorbing im-
strates that the reason is probably due to the function form opurities) at snow densities of 200, 400 and 600 kifrand at

the relative change in albedo with mass ratio of black carborwavelengths of 300, 400, 550 and 700 nm rather than the ex-
being displaced in mass ratio of black carbon for the differ-ample cases highlighted in Fig. At a wavelength of 700 nm
ent types of snow and sea ice; and this is most prominent affig. S1 demonstrates a more pronounced effect owing to
large values of mass ratio of black carbon. The displacementhe larger value of the absorption cross-section of ice at

The Cryosphere, 8, 16253638 2014 www.the-cryosphere.net/8/1625/2014/



A. A. Marks and M. D. King: BC in snow and sea ice 1631

Black carbon mass-ratio/ng g shown in the Supplement; Fig. S2. Figure S2 is very similar
] 10 100 1000 in functional form to Fig. S1 with density having no effect
‘ R AR on albedo, as expected, and wavelengths from 300-550 nm

72 Multi-year ice

g First-year ice showing similar results, with a more pronounced effect at
0 Melting ice a wavelength of 700 nm. Albedo is obviously largest for the
sea ice with largest scattering cross-sections (i.e. multi-year
sea ice) for the same mass ratio of black carbon.

3.2 The response of albedo to increasing black carbon
for snow/sea ice with a thickness of 1, 0.5
and 0.250r 0.1 m

Albedo of sea ice

The results presented in Se8tl are for a 10 m thick snow
and sea ice — in reality this is an unrealistic thickness. The
thickness of 10 m was chosen so that the snow and sea ice
were semi-infinite, thus changes in albedo anfblding
depth were independent of the underlying surface and the
albedo response to black carbon of snow or sea ice with
Absorption cross-section of impurity (c,s, Yem’ kg small scattering cross-section values could be compared with
larger scattering cross-section values. In order to understand
Figure 4. Albedo of sea ice with increasing absorption cross-sectionthe dependence of the results presented in Sect. 3.1 on the
of light absorbing Impurities (bottom abscissa axis) and black carhickness of snow or ice the calculations were repeated with
bon mass ratio (FOp abSCi.Ssa axis) for different .Sea.ice types; mUIti'more realistic thicknesses of 0.1 m (for snow), 0.25 m (for sea
year ice (red), first-year ice (green) and melting ice (blue). The. ) LT
shaded areas show the range of albedo possible for each sea i&%e) and 0.5m and 1 m for snow gnd sea ice. Figiresd
type, as described in Table Sea ice density is 800kgm forall 6 show the albedo of the three different types of snow/sea
sea ice types. ice respectively as a function of black carbon (absorption
cross-section of light-absorbing impurity) and thickness, at
a constant wavelength of 550 nm and a density of 400k§ m

this wavelength. Unsurprisingly, at all wavelengths albedo©r the snow and 800 kgnt for the sea ice. The albedo of

is largest for larger scattering cross-sections (i.e. cold polafn® Snow, Fig.5, is much less sensitive to thickness than
snow) Warren 1982. sea ice (Fig.6) over the thickness considered. The wind-

Figure 4 shows the albedo of sea ice as a function of in- Packed snow and cold polar snow show negligible depen-
creasing mass ratio of black carbon (increasing absorptiofi@nce on thickness because they are already semi-infinite at
cross-section of snow pack impurity) for the multi-year seathe thicknesses considered owing to their large values of scat-
ice, first-year ice, and melting sea ice at a wavelength ofi€fing cross-section. However, the melting snow is depen-
550 nm and a sea ice density of 800 kgnFigure4, simi-  dant on thickness up to a snow thickness~060cm. De-
larly to Fig. 2, shows that the albedo of sea ice is sensitive toCT€ased thickness of the melting snow reduces the change in
the amount of black carbon and type of sea ice. The meltinﬂbedo with increasing mass ratio of black carbon compared
sea ice shows the largest change in albedo due to additiord the semi-infinite case. Albedo of all sea ice types, shown
of black carbon and the multi-year sea ice has the smalledf Fi9- 6, is dependent on thickness. Reducing the thickness
change. Figur@a shows that the relative change in albedo reduces the _change in albedo for increasing black parbon.
with increasing mass ratio of black carbon is different for the FOr mass ratios of black carbon less than 100miggpa ice

three sea ice types. The relative change in albedo as a fun@lbedo increases as the sea ice thickness increases. The dif-
tion of increasing black carbon for a melting ice is a factor férénce in dependence on thickness for snow and sea ice is

of ~ 2.2 larger than the relative change in albedo as a funchecause snow is semi-infinite at a much smaller thickness

tion of increased black carbon for a multi-year ice (applying 120 Sea ice owing to the larger scattering cross-section of
Eq. 3). The equivalent ratio is- 1.6 for a first-year ice rel- SNOW relative to sea ice. The results presented in bigsd
ative to a multi-year ice. For example, an increase of black® @€ dependant on the albedo of the medium under the snow

carbon from 1 to 50 ngg in multi-year sea ice causes a rel- °Of S€& ice. For the calculations presented here the underly-
ative decrease in albedo of 30 %, compared to a decrease §19 Medium had a wavelength-independent albedo of 0.1 to
76 % for melting sea ice. crudely represent soil or seawat®afyne 1972 Dickinson

The albedo of sea ice at wavelengths of 300, 400, 5501983
and 700 nm as a function of scattering cross-section (0.01—
1m?kg~1) and black carbon mass ratio (absorption cross-
section) at sea ice densities of 700, 800 and 900k3 in
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Figure 5. Albedo of three snow types (cold polar snow, wind-packed snow and melting snow) with increasing black carbon mass ratio
(absorption cross-section of light-absorbing impurities) for snow thicknesses of 0.1, 0.5, 1 and 10 m. The shaded areas show the range of
albedo possible for a certain thickness and snow type, as described inlTabthinner, melting, snowpack is less sensitive to the mass
loading of black carbon relative to a semi-infinite thickness. Snow density is 400 Rdan all snow types. The left panel is for melting

snow, the central panel is for wind-packed snow and the right-hand panel is for cold polar snow.
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Figure 6. Albedo of three types of sea ice (multi-year ice, first-year ice and melting ice) with increasing black carbon mass ratio (absorption
cross-section of light-absorbing impurities) for sea ice thicknesses of 0.25, 0.5, 1 and 10 m. The shaded areas show the range of albedc
possible for certain thickness and sea ice type, as described inIlabtainner sea ice is less sensitive to changes in the mass ratio of black
carbon relative to a semi-infinite thickness. Sea ice density is 800@011 all seaice types. The left panel is for melting sea ice, the central

panel is for first year sea ice and the right-hand panel is for multi-year sea ice.

3.3 The response oé-folding depth to increasing black radiative-transfer, but is a useful result to a non-expert study-
carbon in semi-infinite snow/sea ice ing the climatology, energy balance, photobiology or photo-
chemistry of a snow or sea ice.
The variation of light penetration into snow or sea ice (mea- Figure7 shows thee-folding depth of snow with increas-
sured bye-folding depth) with black carbon is different to ing mass ratio of black carbon (increasing absorption cross-
the variation of albedo with black carbon and snow or seasection) for the snowpacks at a wavelength of 550 nm and
ice type. Although snowpacks and sea ice with smaller scata snow density of 400kgm? and Fig.8 shows variation
tering cross-sections have longefolding depths, the fac- in sea icee-folding depth with increasing absorption cross-
tor by which thee-folding depth decreases as the mass ratiosection (black carbon) for the three types of sea ice with
of black carbon increases is the same for all snow and sea density of 800 kg m®. Both Figs.7 and8 show that there
ice. Such behaviour may not be surprising to an expert in
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Figure 7. Thee-folding depth with increasing black carbon mass ra- rigyyre 8. Thee-folding depth with increasing black carbon mass ra-
tio (absorption cross-section of light-absorbing impurities) for dif- {5 (absorption cross-section of light-absorbing impurities) for dif-
ferent snow types; cold polar snow, wind-packed snow and meltingferent sea ice types; multi-year ice, first-year ice and melting ice.
snow. Snow density is 400 kg for all snow types. Sea ice density is 800 kgTH for all sea ice types.

is a large change in thefolding depth with increasing mass 3.4 The response oé-folding depth to increasing black
ratio of black carbon which is different for snow/sea ice carbon in a snow/sea ice with a thickness of 1, 0.5
type. However, as shown in Figb, the relative change in and0.250r0.1m
e-folding depth is effectively the same for different types of
snow or sea ice. The relative changeeifolding depth as  The variation ok-folding depth with mass ratio of black car-
a function of increasing black carbon for a melting snow andbon for different thicknesses of snow and sea ice (0.1, 0.25,
a wind-packed snow is approximately the same as the rel0.5, 1 and 10 m) is shown in Figgand10respectively. Con-
ative change ire-folding depth as a function of increased versely to the variation of albedo with mass ratio of black
black carbon for a cold polar snow (applying B). Thus,  carbon for different snow and sea ice types the variation of
although the absolute changedtfolding depth is different  e-folding depth with black carbon for different snow and sea
for each snow type, the relative change is almost the same, iite types is more sensitive to the thickness of the snow/sea
contrast to albedo. The relative decrease-folding depths ice. Figured shows that the variation effolding depth with
with increased mass ratio of black carbon is again similarblack carbon for melting snow is most sensitive to thickness,
for the three sea ice types considered (although a little mordut all snow types are sensitive up to a mass ratio of black
different than the three snowpacks considered). carbon of~100ng g, where the black carbon dominates
Figures S3 and S4 in the Supplement show snow andhe absorption of light within the snow or ice (e.dreay
sea icee-folding depth at wavelengths of 300, 400, 550 et al, 2012. The e-folding depth of sea ice is more sensi-
and 700 nm as a function of scattering cross-section (0.01-tive to thickness than snow, with large variationgifolding
1 m?kg~1) and mass ratio of black carbon (absorption cross-depth observed with different sea ice thicknesses (Fdy.
section of light-absorbing impurities) at snow densities of The most sensitive sea ice is the melting ice. In stark contrast
200, 400 and 600 kg ? and sea ice densities of 700, 800 to Figs.5 and6, Figs.9 and10 demonstrate that as the mass
and 900 kg m3. Density obviously affects-folding depth,  ratio of black carbon increases then the value-66lding
with a more dense snow or sea ice having slightly shorterdepth for the different snow/sea ice types tend to a similar
e-folding depth as explained Bifarren(1982. Similarly to value ofe-folding depth as the dominant loss of photons in
Figs. S1 and S2 in the Supplement, wavelengths from 300+the snow and sea ice becomes absorption by black carbon.
550 nm show the same behaviour as Figend8 withamore  Although the absolute values of albedo antblding depth
pronounced effect at a wavelength of 700 nm. At all wave-may vary with thickness, it is important to consider that the
lengthse-folding depth is shortest for larger scattering cross-trend for a medium with a larger scattering cross-section to
sections (i.e. cold polar snow/multi-year sea ice). be less responsive to black carbon still exists, an important
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Figure 9. The e-folding depth of snow with increasing black carbon mass ratio (absorption cross-section of light-absorbing impurities) for
snow thicknesses of 0.1, 0.5, 1 and 10 m. Snow density is 400&far all snow types. The left panel is for melting snow, the central panel

is for wind-packed snow and the right-hand panel is for cold polar snow.
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Figure 10. Sea icee-folding depth with increasing black carbon mass ratio (absorption cross-section of light-absorbing impurities) for sea
ice thicknesses of 0.25, 0.5, 1 and 10 m. Sea ice density is 800§g(1mall sea ice types. The left panel is melting sea ice, the central panel
is for first-year sea ice and the right-hand panel is for multi-year sea ice.

result for those considering photochemistry and photobiol-istic show and sea ice types has enabled quantification of the
ogy within the snow/sea ice. different response of types of snow and sea ice.

In this section the discussion will initially focus on how the
choice of snow and sea ice scattering cross-section affects the
albedo ana-folding depth response to increasing black car-
bon, then compare the response of snow vs. sea ice. The dis-
cussion section will also speculate how climate change may
g?ad to changes in snow/sea ice types commonly observed

The calculations presented here show that the response :
albedo and-folding depth of snow or sea ice to black car- and the effect this may have on the response to black carbon.
inally, some of the parameters used in this work will be crit-

bon is dependent on the snow or sea ice types or scatterin5t X ) X o
cross-section of the snow or sea ice. While it is not surprisingI ally examined with a view to describing the robustness of
that these properties (albedo and light penetration depth) ar@e work presented here.

dependent on the scattering cross-section of the snow or sea

ice, picking scattering cross-section values to represent real-

4 Discussion
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4.1 The role of scattering cross-section in determining show that for a wind-packed snow compared to a first-year

snow/sea ice response to black carbon sea ice a relative changedrfolding depth to 22 and 20 % of
the originale-folding depth respectively occurs, for a black

Figures2, 3a and4 (and Supplement S1 and S2) show that carbon increase from 1 to 50 ngly Workers studying the

a snow and sea ice with a large scattering cross-section, e.ghotobiology and photochemistry of snow and sea ice who

cold polar snow and multi-year ice, show a smaller change imeed to know the light penetration can use Bigs a rough

albedo owing to additions of black carbon than does the snowule to calculate how a change in black carbon may change

or sea ice with a smaller scattering cross-sectiarren  the light penetration depth of solar radiation.

(1982 andAoki et al. (2003 stated that albedo of a snow-

pack decreases as grain size of that snowpack increases, with3 “Semi-infinite snow/sea ice”

Kokhanovsky and Zeg004 demonstrating that scattering

cross-sections of snow may be inversely proportional to grainFor some of the calculations presented here a thickness of

size of snowWarren(1982 explains this phenomenonis due 10m is used to ensure that semi-infinite snow/sea ice is

to photons scattered at air—ice interfaces and absorbed pasaehieved and thus that the snow/sea ice is independent of

ing through ice. In a snow/sea ice with a larger scatteringthe underlying medium to allow comparisdfrance et al.

cross-section (smaller grain size) a photon propagates le§2011) report that a snowpack is semi-infinite after 34

far through a snowpack before it is scattered out, so it hagolding depths. For the majority of snowpacks examined here

less opportunity to be absorbed by any black carbon in thehe snow would be semi-infinite at about 1 m.

sea ice/snow before it exits the snow pack, thus the albedo However, for snow with a very small scattering cross-

is higher. Although the work here demonstrates the knownsection & 1n?kg=1) or small black carbon mass ratio

result that an increase in scattering cross-section (typicall<5ngg?) the thickness at which the semi-infinite oc-

smaller grain size for snow) results in smaller changes tocurs increases to over 2m (but less than 10 m). In the case

albedo owing to an increase in black carbon than for a smalleof sea ice semi-infinite would occur before a thickness of

scattering cross-section (typically a larger grain size), the aus m, increasing to 10 m for the small densities, scattering

thors believe this is the first time that the effect has beencross-section< 0.025 n? kg~1) or black carbon mass ratios

quantified for three characteristic snowpacks and sea ice (ang< 5ng g-1). Note that for all optical properties in the work

calculated in detail in the Supplement). The factor by which presented here and in the Supplement the 10 m thickness is

e-folding depths decrease with increasing mass ratio of blaclksufficient for the semi-infinite approximation.

carbon is almost independent of the type of snow or sea ice.

The modelling study oiVarren(1982 and the experimen- 4.4  Wider implications of the work

tal study ofHadley and Kirchstettgj2012) clearly show that

the sensitivity of albedo to black carbon is sensitive to theThe 2007 IPCC reportSolomon et al.2007) describes po-

grain size of snow or sea ice, agreeing with the detailed studyential changes that may occur to snow cover and sea ice as

presented hergdlacobsor{2004 suggests that the choice of a result of climate change. The Arctic summer sea ice extent

grain size for snow has relatively little effect, hlacobson has decreased-(7.4 % a decade) which has led to a decrease

(2004 only considered two, relatively similar, grain sizes in multi-year sea ice in favour of first-year sea i&o{omon

(0.06 and 0.15mm), both of which could be characterisedet al, 2007). As shown here, first-year ice is more respon-

as the cold polar snow in the study presented here. sive to black carbon additions than the multi-year ice, which
could potentially exacerbate sea ice melting. Furthermore,
4.2 The response of snow vs. sea ice as first-year ice transforms into melting ice it becomes even

more responsive to black carbon additions, further exacerbat-

Calculations of the albedo of both snow and sea ice to ining sea ice melting. A similar scenario can be hypothesised
creased black carbon enables comparison between the résr snow.
sponse of the two mediums. The albedo of seaice is far more
responsive to additions of black carbon than the albedo o#4.5 An assessment of uncertainty
snhow, as briefly suggested Bpnd et al.(2013. For exam-
ple, according to Fig2 and4, for a first-year sea ice and The calculations presented here show the effect that changes
a wind-packed snow, there is a relative decrease in albedo dh scattering cross-section of snow and sea ice have on the
57 and 4 % respectively, with a black carbon increase from le-folding depth and albedo response to increased mass ra-
to 50ng g!. The different albedo response of snow and seatio of black carbon. The calculations assumed that the asym-
ice to increased black carbon is clearly shown in Bay. metry parameterg, and the optical properties of black car-

As noted in Sect3.3 the e-folding depth is sensitive to  bon were unchanged with snow and sea ice type. The effect
the mass ratio of black carbon and the type of snow or seaf changing these properties is considered to be secondary
ice; but the relative change ifolding depth is insensitive  to the effect of changing black carbon mass ratio, scattering
to the type of snow or sea ice. For example, Figand8 cross-section and densitR¢ay et al.2012).
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The value of the asymmetry parametgy,was 0.89 for  The Supplement related to this article is available online
snow Warren and Wiscomhel980 and 0.98 for sea ice at doi:10.5194/tc-8-1625-2014-supplement
(Mobley et al, 1998. Warren and Wiscombe’s (1980) Mie
calculations for wavelengths less than 1000 nm show ghat
is practically invariant with wavelengtly (~ 0.89) for snow.
Mobley et al.(1998 calculated asymmetry parameters for
sea ice from Mie calculations that gave a range from 0.96 to

0.99, based on air bubble content, with a smaller bubble conACknOWledgementdw' D. King thanks NERC (N&/F010788/1 and

- . - . NE/F004796/1) and NERC FSF (555.0608). A. A. Marks thanks

tent giving a higher value of, and the most likely value is RHUL for a Thomas Holloway studentship.
0.98. The values of used here are therefore commonly re-
ported as the most likely values for snow/sea ice at the waveggited by: M. Schneebeli
lengths investigated. Small changegi(t-0.005) have very
little effect on the albedo anetfolding depths reported, as
shown byFrance et al(2012 for snow andVviarks and King
(2013 for sea ice. References
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