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Abstract. The response of the albedo of bare sea ice andL Introduction

snow-covered sea ice to the addition of black carbon is cal-

culated. Visible light absorption and light-scattering cross- Changes in the surface albedo of sea ice have a crucial role in
sections are derived for a typical first-year and multi-year seaietermining the magnitude of modern climate char@erfy

ice with both “dry” and “wet” snow types. The cross-sections €t al, 1995 Barry, 1996 Perovich et a|.2002 Brandt et al.

are derived using data from a 1970s field study that recorde@005 Gardner and Shay201Q Perovich and Polashen-
both reflectivity and light penetration in Arctic sea ice and Ski, 2012 and can be caused by the addition of black car-
snow overlying sea ice. The variation of absorption cross-bon to sea icel(edley and Thompsqril986 Light et al,
section over the visible wavelengths suggests black carboA998 Jacobson2001 Grenfell et al, 2002. Black carbon

is the dominating light-absorbing impurity. The response ofhas a large light absorption cross-section over shortwave
first-year and multi-year sea ice albedo to increasing blacKUV and visible) wavelengths (e.Mlitchell, 1957 Jacobson
carbon, from 1 to 1024 ng—d-, in a top 5cm layer of a 2001 Hansen and Nazarenk®004 HighWOOd and Kinner-

155 cm-thick sea ice was calculated using a radiative-transfegley, 2006 Ramanathan and Carmicha2008 and is po-
model. The albedo of the first-year sea ice is more sensitivéentially the second-greatest contributor, by means of direct
to additional loadings of black carbon than the multi-year radiative forcing, to anthropogenic global warming after car-
sea ice. An addition of 8 ngd of black carbon causes a de- bon dioxide Jacobson2001 Ramanathan and Carmichael
crease to 98.7 % of the original albedo for first-year sea ice2008. The deposition of black carbon from the atmosphere
compared to a decrease to 99.7 % for the albedo of multi2nd incorporation into sea ice causes a decrease in the albedo
year sea ice, at a wavelength of 500 nm. The albedo of seff seaice through increased absorption of downwelling solar
ice is surprisingly unresponsive to additional black carbonradiation — potentially resulting in increased melting of sea
up to 100ng gl . Snow layers on sea ice may mitigate the ice. A loss of sea ice owing to melting causes a drastic de-
effects of black carbon in sea ice. Wet and dry snow layers ofrease in planetary albedo as the large surface albedo of the
0.5, 1, 2, 5 and 10 cm depth were added onto the sea ice sugea ice is replaced with the small surface albedo of the ocean.
face. The albedo of the snow surface was calculated whilst Black carbon is likely to be found in small quantities
the black carbon in the underlying sea ice was increased. Ahroughout sea ice due to direct entrainment from seawa-
layer of snow 0.5cm thick greatly diminishes the effect of ter (Suman et a).1997 Dittmar, 2008 and from sediment
black carbon in sea ice on the surface albedo. The albedo dfclusions where sea ice forms over shallow ocean shelves
a 2-5cm snow layer (less than thdolding depth of snow) (Masiellq 1998 Middelburg et aI,.1999. Black carbon may

is still influenced by the underlying sea ice, but the effect of 2lso be concentrated in a layer at the sea ice surface due to

additional black carbon in the sea ice is masked. atmospheric deposition and subsequent surface melting of
snow.
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The effects of black carbon in snow have been widelyface albedo of sea ice and thus impact the extent to which
researched (e.gchylek et al, 1983 Warren 1984 Warren  black carbon will affect the albedo of sea ice. The physical
and Wiscombgl1985 Clarke and Noonel985 Warren and  properties of sea ice are sensitive to the presence of air bub-
Clarke 1990 Hansen and Nazarenkd004 Flanner et al.  bles, brine inclusions, precipitated salts and also ice structure
2007 Doherty et al. 201Q Reay et al.2012. Black car-  (Perovich 2003. Light et al. (1999, Grenfell et al.(2002
bon may reduce the albedo of snow and have a positive cliandJacobsorf2004 suggest that an increase in black carbon
matic radiative forcing, witlClarke and Noon€1985 show-  in sea ice (without a snow cover) from 0 to 100 ng gvill
ing black carbon in snow could reduce albedo by 1-3 %. Thedecrease albedo to 73 %, 99 % and 92 % of the original val-
2007 IPCC report quantified the possible positive forcing asues respectively at a wavelength of 500 nm. For each of these
0.1+0.1Wm2 for the time period 1750-20056lomon  studies the optical properties and the distribution of black
et al, 2007). carbon within the sea ice were different. Detailed compari-

Research into black carbon in sea ice is much less extenson of the studies is therefore difficult. For exam@eenfell
sive (Ledley and Thompsqri986 Light et al, 1998 Gren- et al.(2002 place black carbon in only a 1cm layer at the sea
fell et al, 2002 Jacobson2004 although research into the ice surface, which may explain the relatively small decrease
optical properties of sea ice is more significaBténfelland  in albedo reported comparedltght et al.(1998 andJacob-
Maykut, 1977 Perovich et al.1998 2002 Perovich 2003 son (2004, who distribute black carbon evenly through the
2004 Light et al, 2008. Grenfell et al(2002 demonstrated seaice.
an increase in summer ablation rate occurs if soot is concen- Sea ice is commonly covered by snow up to a few tens of
trated near the sea ice surface using a multi-layer four-strearentimetres thick\eeks 2010. Light penetrates snow and
radiative-transfer model to investigate the effect of varyingthe underlying sea ice (e.&ing and Simpson2003; King
mass ratios and vertical distribution of soot on albedo of theet al, 2009; thus the optical properties of sea ice (i.e. black
sea ice surface, between the wavelengths of 350-2750 nntarbon content) will strongly influence the surface albedo
Jacobsor(2004 demonstrates that 25ngd of black car-  of the snow. Where a thin snow cover is present black car-
bon can reduce surface albedo of sea ice at a wavelengthon in sea ice may lower the albedo of the overlying snow
of 550nm to 97.9% of the original value. Using a one- surface, leading to increased snow melting. The effect of
dimensional radiative-transfer modklcobsorf2004) inves-  black carbon in sea ice on the albedo of a thin overlying
tigated the effect of black carbon on albedo and emissivitysnow cover needs to be fully understood in order to under-
of snow and sea ice using black carbon concentrations irstand the degree to which black carbon in sea ice may be cli-
sea ice of 0-500ngd and a wavelength range from 200 matically importantWarren and Wiscombgl980 showed
to 1000 nm.Light et al. (1999 show 150ngg* of soot  that 2cm liquid equivalent of snow with a grain radius of
included within sea ice can lead to a decrease in albed®0 pm (20 cm new, fluffy snow) and 8 cm liquid equivalent of
to 70% of the original valueLight et al. (1998 investi- snow with a grain radius of 200 pm (20 cm fine grained, old
gated effects of sediment particles in sea ice on the albedsnow) is enough for albedo to be semi-infinite or “optically
of sea ice, at wavelengths from 400 to 1000 nm, relativethick” (within 1% of the albedo of an infinitely thick snow-
to the effect of one concentration of soot particles, usingpack).France et al(2011) demonstrate a snowpack needs to
a four-stream radiative-transfer modekdley and Thomp-  be greater than 3-éfolding depths { 10—20 cm) before it
son(1986, using a one-dimensional thermodynamic sea iceis optically thick enough for its albedo to be uninfluenced by
model, showed that soot deposition on sea ice followingthe underlying surface. Howevérance et al(2011) were
a nuclear disaster could significantly decrease the albedo adimulating snow on a dark surface and the case of snow on
sea ice. The decreased albedo could result in a decrease gea ice will be differentWarren and WiscombgL980 and
sea ice thickness and possibly lead to an increase in iceBrandt et al(2005 briefly consider the effect of snow on the
free conditions. Black carbon in sea ice has recently beeralbedo of sea ice, witBrandt et al.(2005 suggesting that
added to global climate modelSpldenson et a{2012 used  just 3cm of snow on sea ice may be optically thick and there-
the Community Earth System Model Version 1 (CESM1) to fore black carbon in sea ice would no longer be detectible in
model the forcing due to black carbon and dust in snow andhe albedo of the snow surface. The reduced albedo of snow
seaice, antiolland et al(2012) utilised the Community Cli-  caused by increasing black carbon in the snow layer on top of
mate System Model 4 to investigate the impact of melt pondghe sea ice is not considered in this study, and the interested
and aerosols (black carbon and dust) on Arctic seaGodd- reader is referred to the work Bfeay et al(2012
enson et al(2012 suggest black carbon could cause a de- The work presented here has two aims: firstly, to estab-
crease in Arctic sea ice thickness of 0.34 m in Septemberlish the response of the surface albedo of a first-year and a
while Holland et al.(2012 conclude that black carbon and multi-year sea ice to an increased black carbon content; sec-
dust causes an annual average 0.2 Wimcrease in short-  ondly, to quantify the change in albedo of snow-covered sea
wave absorption in Arctic sea ice over the 20th century. ice with increasing black carbon in the seaice. The change in

The physical and optical properties of sea ice, includingthe albedo of the snow-covered sea ice will be quantified as a
light scattering, absorption and density, will affect the sur- function of snow depth, snow type, sea ice type and amount
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of black carbon in the sea ice — an effect that to the authors’ A B c o E F
knowledge has not previously been quantified.

5cm !

Variable black
carbon content

Blue ice
Ogea= 0.03 m2 kg™"

2 Method -- - --

A coupled atmosphere—snow-sea ice radiative-transfer
model (TUV-snow) [Lee-Taylor and MadronigH2002 was [] oy
utilised to perform radiative-transfer calculations of irradi-

ance in and above two Arctic sea ice types, which were de- ] v ek
scribed by the fieldwork o&renfell and Mayku{1977). The Wet snow
technique for determining the response of albedo of the dif- - - - - Oren™ 199 MG
ferent sea ice types to black carbon is described in Qett. i - b - i

Two different Arctic snow types (also described Gyenfell

and Maykut 1977 were placed in increasingly thick lay- Fig. 1. Sea ice and snow configurations modelled (not to scale).
ers on the original sea ice in the TUV-snow model, also de-
scribed in Sect2.1, to determine whether black carbon in sea
ice influenced the albedo of the overlying snow. The TUV-
snow model uses the DISORT codgtdmnes et al.1988
and is described in detail bizee-Taylor and Madronich
(2002. The model parameterises sea ice and snow optic
properties using only an asymmetry factgira wavelength-
independent scattering cross-sectiefga; a wavelength-
dependent absorption cross-sectiog[,s; and snow/sea ice

150 cm

Coooooooooonoo oo N

lated to observe whether a change in black carbon mass ra-
tio in the underlying sea ice could be detected in the surface
albedo of the snow. The albedo of an optically thick layer of
aFNOW on sea ice will have optical properties of snow; how-
ever the albedo of a thin layer of snow will be influenced by
the optical properties of the sea ice below it. Snow coverings
of 0.5, 1, 2, 5, and 10cm of a “dry” and “wet” snow were

density. Values of scattering and absorption cross-section foialdd(ad to b.Oth seaice types. The dry and wet snows are t_>ased
the snow and sea ice types modelled were obtained fron?" the optical properties of dry and wet snowpacks described

albedo ande-folding depth data provided bgrenfell and in Grenfell and Mayku(1977). . .
Maykut (1977 using a technique described in S&2. Sec- A summary of the snow and sea ice formations are shown

. . . . in Fig. 1; black carbon mass ratios of 0, 1, 2, 4, 8, 16, 32, 64
tion 2.2 will demonstrate that the absorption cross-section ’ P T T e S
of light-absorbing impurities is consistent with black carbon 128, 256, 512, 1024ngg were used. Note the black car-

and allows the amount of black carbon to be estimated. bon is a.dd|t.|onal to any aIreaQy preser?t'. Therefore total I'ght
absorption in the layer containing additional black carbon is

2.1 Calculating albedo in sea ice and snow with represented by Eq1):
increasing black carbon in sea ice i
g Tabs(A) = ONe(1) + 05 (A) + o BL(WIBCI, 1)

Changes in the albedo of sea ice surface with a variation in icerns . . .
o . Where o ;%()) is the absorption cross-section for pure ice
black carbon mass ratio in a 5cm surface layer of the sea ice abs

; ; per unit mass of ice (taken froMarren and Brandt2008
were calculated in the following manner. Albedo was calcu-"1 " . : ) .
. : . : opdA) is the absorption cross-section due to light-absorbing

lated as the ratio of upwelling to downwelling surface irra- . abs""’. . . 4

. It up dift ) based on field impurities already present in the snowpack, or sea ice per unit
d|ance<mdown). Two different sea ice types (based on field- mass of snow/sea iceBS(2) is absorption cross-section for
work of Grenfell and Maykyt1977) were considered: additional black carbon per unit mass of black carbon; [BC]
is the mass ratio of black carbon; ands the wavelength
of light. Thus when calculating the absorption cross-section,
oabsA), Of the sea ice or snow fror@renfell and Maykut

; +
2. A multi-year ice: a 150 cm blue sea ice layer with a top (1979, [Bicce] Is zero ando,, (1) can be calculated by sub-

5 cm granular white sea ice layer containing additional racting ozpd(%) from oapg(4). Additional black carbon was
black carbon. placed in only a 5cm layer at the top of the sea ice as atmo-
spheric deposition and surface snow melt concentrate black
Grenfell and Mayku{1977 state that the melting multi- carbon at the top of the sea ice.
year seaice observed in the Arctic basin was typically bluish- The sea ice below the uppermost 5cm layer had no addi-
white in colour (similar to the first-year blue ice) with a de- tional black carbon, and the snow layer, where present, was
composed layer at the surface ranging from 2—-15 cm thickalso modelled with no additional black carbon.

1. Afirst-year ice: a 155 cm blue sea ice layer with addi-
tional black carbon in the top 5cm.

(the granular white ice layer). The absorption spectrum for black carbon in an ice
Secondly, the surface albedo of two different snow coversmatrix, oaBb‘;(A), shown in Fig.2 at wavelengths 400-—

overlying the multi-year and first-year sea ice were calcu-700nm is determined by a Mie calculation using the
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Table 1.Properties and measurement conditions of the snow and sea ice used in the study presented here. Measurement date, sky condition
solar zenith angle, density, albedo and extinction coefficient are all Goanfell and Mayku{1977). The values of the scattering cross-
sections are calculated from the albedo and extinction coefficient data.

Snow/sea ice Measurement Sky Solar zenith  Density/  Figure Figure Maximum  Asymmetry Scattering
type date conditions angfe/ gcm3  (albedo) (extinction efolding parameter,  cross-section
coefficient)  depth/m £ (oscat)/
m2kg~1

Blue seaice 15 Jun 1972 Clear 50 0.9 2d 3e 1.22 0.95 .03-00.003

Granular white 1Jul 1974 Clear 65 0.5 2b 3c 0.31 0.95 .878:-0.079

seaice

Dry snow 20 Jun 1972 Clear 50 0.4 la 3a 0.06 0.89 .35&1.09

Wet snow 20 Jun 1972 Diffuse 50 0.47 1b 3b 0.12 0.89 .99%0.23
27y 100 T T T T T 10000 at a 1km altitude, with an optical depth of 32, an asym-
=l > metry parameter of 0.85 and a single-scattering albedo of
s § = 2-F 1000 & 0.9999. Diffuse sky conditions were used to calculate sur-
s *é OrzyxzxzxzxEE 29 face albedo independent of solar zenith angle. The albedo of
5 ° Fisnet® ® 4100 2 g,_ sea ice and snow depend on the solar zenith angle but are
3 8 333 § & > not dependant on the absolute irradiance of incident radia-
§ § ! § f I I f I § g 3 tion. The TUV-snow model has been previously used for cou-
5 cEz memssssmnnnama !0 24 pled atmosphere—sea ice radiative-transfer calculations (e.g.
s S 0.1 B Granular white sea ice im § King et al, 2009, multiple times for coupled atmosphere—
*é £ ) e \E/‘JL:E :ﬁgv'vcex ory snow| ] 1 =2 snow calculations (e.grisher et al.2005 Beine et al.2006
3 é = m Black carbon absor{)tion > France et a).2007%, Fr.ance eF aJ2010ab, 2011, 2012 Reay
2 € 0.01 L L L L L 0.1 et al, 2012, and validated in artificial laboratory snow ex-

400 500 600 700 periments Phillips and Simpsor2005. The work presented
Wavelength/nm here is the first time the TUV-snow model has been config-

. . . . . ured to a coupled atmosphere—snow—sea ice system.
Fig. 2. Comparison of calculated absorption cross-sections for light- P P Y

absorbing impuritiesxe“gs(k), in granular white sea ice, blue seaiice, o ) ) _
wet snow and dry snow. Error bars show the average difference i2-2 Obtaining scattering and absorption cross-section
calculated absorption values through making small changes to the values for snow and sea ice
data fit for obtaining these values. The absorption cross-section of
plackf:grbpn and the absorption cross-section of the light-absorbingsrenfell and Maykut(1977) conducted measurements of
impurities is per kg of sea ice. light extinction coefficient (reduction in flux within a scat-
tering medium, wavelengths 400-800 nm) and albedo (wave-
lengths 400-1000 nm) for melt ponds, snow on sea ice, and
method outlined byWarren and Wiscombg1980. The bare sea ice on first-year sea ice near Point Barrow, Alaska,
wavelength-independent refractive index of black carbonand on multi-year ice near Fletcher’s Ice Island in the Beau-
particles was chosen as 1.8-0.%ith a monodisperse di- fort Sea. Two sea ice types and two snow types were se-
ameter of 0.2um and density of 1gch these values lected from the data dBrenfell and Mayku{1977) as repre-
were justified byWarren and Wiscombg 985 1980. The  sentative for the study presented here and are described in
wavelength-dependant refractive index of the surroundingthe previous section and in Tableand Fig.1. Using the
ice was taken fronWarren and Brand2008. albedo and extinction coefficient data of the two sea ice types
All calculations were undertaken at wavelengths 400—and two snow types (see Tahllg values of the scattering,
700nm, using an eight-stream radiative-transfer calcula-oscai(A), and absorptiom;[)S(A), cross-section were calcu-
tion with a pseudo-spherical correctioheg-Taylor and lated using a method developed and described in detail by
Madronich 2002. The atmosphere had an ozone column Lee-Taylor and Madronicf2002 and very briefly described
of 300 Dobsons with no aerosol. A wavelength-independenthere. Radiative-transfer calculations of albedo etfiolding
under-ice albedo was used of 0.1 and the Earth—Sun disdepths for a range of values of scattering and absorption
tance was set to 1 AU. Diffuse sky conditions were usedcross-section were undertaken using the TUV-snow model.
throughout the work by placing cumulus clouds in the model The sea ice was modelled as 1 m thick, with 24 layers, and

The Cryosphere, 7, 11933204 2013 www.the-cryosphere.net/7/1193/2013/
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the atmosphere was aerosol free. Teblests the sky con- 1.0 L B S S S
ditions, measurement date (used to calculate Earth—Sun dis- - i Wavelength/nm] ]
tance), asymmetry factog), sea ice/snow density and solar i ! —o— 400 1
zenith angle for each sea ice/snowpack modelled. The albedo [ First year sea ice e ]
ande-folding depth are interpolated to find unique values for L ; - 550 4
scattering and absorption at a specific wavelength that concur - ! - 2‘5)8 .
with Grenfell and Mayku{1977) field measurements of both 06 i | —— 700 1
o[- 1 -
|
1

albedo and extinction coefficient. Tleefolding depth.e, is
related to extinction coefficient, by Eq. @). The technique
has previously been used for sea icédiyg et al.(2009 and
for snow, e.g. byFrance et al(2011, 2012).

1

€=— (2)
K

Albedo

The calculated scattering cross-sections for each sea ice
and snow type, shown in Tablge were assumed wavelength
independentl(ee-Taylor and Madronici2009. The calcu-
lated absorption cross-section of light-absorbing impurities
for each sea ice and snow type were wavelength dependent;
these are shown in Fig.

The unique solutions found by the above method are a 08 .
result of using light penetration data and reflectivity data I .
for the same sea ice or snowpack. The unique solution is L :
demonstrated iee-Taylor and Madroniclf2002 in their ;
Fig. 1, where the intersection of two curves on a plot of,
Oscatt against,oaps (ONe curve representing constant albedo
and the other curve representing constafdlding depth) is
the unigue solution. The intersection and thus values&f:
andogaps may be sensitive to the initial fit to the reflectivity
ande-folding depth data, propagating the uncertainty results
in the error bars in FigR.

The asymmetry parametay, was held constant in this
study at a value of 0.95 for the sea ice and 0.89 for snow. It
is not always possible to find a unique solutiondgag oabs 0.0
and g Adopting the approach dfee-Taylor and Madronich
(20032, g was held constant angcaitandoapsvaried.France Additional black carbon/ng g
et al. (2012 undertook a sensitivity study of changigde-
tween reasonable limits for snow based on the wol/af- Fig. 3. (A) Albedo with increasing additional black carbon content
ren and Wiscomb€1980), and found the value afscaiand from 1 to 1024 ngg?, evenly distributed in the top 5cm of 155 cm
ot <to be relatively insensitive to the value gfor a snow-  of typical first-year sea ic¢B) Albedo with increasing black carbon
pack in Barrow, Alaska. Repeating a similar studyFtance ~ content from 1 to 1024 nggd', evenly distributed in the top 5cm
et al. (2012 for the blue sea ice and granular white sea icel@ver of 155cmof a typical multi-year sea ice.
yields the values presented in Talfle.

Multi-year sea ice

Albedo

1 llllllli Lol 1 L1111

1 10 100 1000

ditional black carbon, ranging from 1 to 1024 nglgin a top
5cm layer. For both sea ice types, as black carbon content
The results section will describe how the effect on Surfaceincreases the albedo decreases. For a black carbon increase

l . oy
albedo of additional black carbon in a surface layer of sea icd’™M 1 10 8ngg~, albedo decreases to 98.7 % of the initial

varies with sea ice type (Se@t1) and snow cover (Se@.2). yalue for fjrst—year sea ice and Qecreases t0 99.7 % of thg ini-
tial value in the multi-year sea ice. Thus the albedo of first-

3.1 Variation in albedo with increasing black carbon year sea ice is more sensitive to additional black carbon than
content in first-year and multi-year sea ice the multi-year sea ice.
The decrease in albedo with increasing mass ratio of
Figure 3 shows the diffuse surface albedo of the first-yearblack carbon is non-linear; for example, in the first-year ice
and multi-year sea ice at wavelengths 400—-700 nm with ad{Fig. 3a) a doubling of additional black carbon from 2 to

3 Results

www.the-cryosphere.net/7/1193/2013/ The Cryosphere, 7, 119204 2013
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Table 2. Variation in derivedwscattanda;[)Sof the blue sea ice and granular white sea ice from variation of the asymmetry paramneter,
Asymmetry Blue sea ice Granular white sea ice
parameterg A=550 nm A=550nm
oscam?kg™! ot JomPkg™t  oscafm?kgl o JenPkg Tt
0.945 0.027 1.037 0.665 4272
0.95 0.03 1.037 0.726 4,272
0.955 0.034 1.035 0.814 4272

4ngg ! leads to a decrease in albedo to 99.7 % of the albed@now would be required for the snow layer to be optically
value at 2ngg?, but a doubling of additional black carbon thick. The increase in surface albedo owing to the addition
from 512 to 1024 ngg' results in a decrease in albedo to of snow to sea ice is greater for the first-year ice than the
54 % of the albedo value at 512 ng'g For the multi-year — multi-year ice. The initial albedo of the first-year ice is lower
ice (Fig. 3b) a doubling of black carbon from 2 to 4nglg  than the albedo of the multi-year ice, and therefore a larger
leads to a decrease in albedo to 99.9 %, but a doubling fronthange in albedo occurs with addition of snow.

512 to 1024 ngg! leads to a decrease in albedo to 79 % at

a wavelength of 500 nm. As the amount of black carbon in- . )

creases, the wavelength dependence of the albedo decreasés; Discussion

similar behaviour has been observed and explained for snow- . . i . . .
packs Reay et al.2012. The following discussion will focus on the light-absorbing

impurities in the sea ice, the response of albedo to black car-
bon depending on sea ice type, and on the effect of snow
cover, and it finishes with a discussion on the limitations and
future possibilities of the study.

3.2 Effect of snow cover and type on the influence of
black carbon in sea ice on surface albedo

Figure4 shows surface albedo, with snow cover between 04 1 Absorption cross-sections of snow and sea ice

and 10cm thick as a function of additional mass ratio of

black carbon in sea ice at a wavelength of 500 nm. An op-Figure 2 shows the absorption cross-sections for the light-
tically thick snow layer (physically 1 m thick) is shown in absorbing impurities in the snow and sea ice types deter-
Fig. 4 for comparative purposes. Two results are immediatelymined from the albedo and extinction coefficient data of
obvious from Fig4. The addition of a thin layer (0.5cm) of Grenfell and Mayku(1977). Figure 2 shows variation with
snow on sea ice can drastically increase the albedo of thevavelength to be reasonably flat, but with a slight increase
surface; this is not a surprising result and has been suggestegith longer wavelengths. The lack of a strong wavelength de-
by Brandt et al.(2005. Secondly, the effect of a layer of pendance may be interpreted as consistent with black carbon
snow in mitigating the response of albedo to black carbonbeing the dominant light-absorbing impurity. The absorption
in sea ice is quantified for the first time. A layer of 2-5cm cross-section of black carbon is plotted in Fador compar-

of snow is effectively enough to mask any change in albedadison.

owing to additional black carbon in sea ice. However whilst The mass ratio of black carbon in each sea ice and snow-
2-5cm of snow cover is enough to mask any change in adpack can be estimated form the data in Faising Eg. 8)
ditional black carbon in the sea ice, it is not thick enough toas described iffrance et al(2012 andReay et al(2012:

be wholly responsible for surface albedo. The asympstic

folding depths of the wet and dry snowpacks are 12 cm and BCl — o;[)S 3
6. cm at a wavelength of 500 nm, and previously it has beertB¢1 = oge’ ®)
shown that a snowpack needs to be greater thar-3eidling

+

depths before it is optically thick enough to be uninfluencedwhere o . is the absorption cross-section owing to light-

by the underlying layer (e.drrance et a.2011). absorbing impurities over the wavelength range 400-600 nm
Figure 4 shows dry snow has a much greater impact onin Fig. 2, ogc is the absorption cross-section for black carbon

mitigating the effect of black carbon in sea ice on surface(~10n?g1, and shown in Fig2), and [BC] is the black car-

albedo than wet snow — most noticeably observed with thebon mass ratio.

addition of a layer of snow of 0.5 cm thickness. With anin- The granular white ice has an estimated equivalent

crease in snow thickness from 5 to 10 cm of dry snow thereblack carbon mass ratio of 48 ngl the blue sea ice has

is only a very small change in albedo calculated; with the11.1ngg?, the wet snow has 63 ngg and the dry snow has

same wet snow addition there is a noticeable difference irB3ngg . Although not improbable, these values are large

the albedo calculated, suggesting a greater thickness of wetompared to most previous literature reporting black carbon

The Cryosphere, 7, 11933204 2013 www.the-cryosphere.net/7/1193/2013/
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values in snow and sea ic8larke and Noon€1985 report  calculations ofWarren and WiscombgL980 reproduce the
typical black carbon mass ratios in Arctic snow, ranging from albedo data o&Grenfell and Mayku{1977) only, whereas the
23ngg ! at Barrow, Alaska, to 45.5 ngg at Alert, Canada.  work presented here reproduces the albedo and light pene-
Grenfell et al (2002 report values of black carbon mass ratio tration data. The work ofVarren and WiscombgL980 re-

in Arctic sea ice of 5.5 nggt. Figure 6¢ ofWarren and Wis-  quires an assumption of grain size based on absorption only
combe(1980 shows they required 300 ng§ of black car- by ice at a wavelength of 900 nm, and apparently assumes
bon to reproduce the albedo of the snow presente@rey-  no absorption by impurity at 900 nm, whereas the radiative-
fell and Maykut(1977), and suggest that the large values of transfer calculation employed here requires no knowledge
mass ratio of black carbon may be due to pollution from theof the grain size. Thus the radiative-transfer calculation here
T3 camp. Note 3 on page 2732 Warren and Wiscombe may be a truer representation of the equivalent mass ratio of
(1980 suggests that a value of 150 rig'gis actually more  black carbon as it is more constrained by experimental data,
accurate based on a more realistic density of the black carreproduces albedo and light penetration data and does not re-
bon absorber. The mass ratio of black carbon in the snowquire assumption of grain size.

presented byVarren and Wiscombgl980 is still approx- In the work presented here it is likely that not all absorp-
imately twice those values presented here. To reconcile théion by light-absorbing impurities is due to black carbon,
different values of black carbon requires comparison of theand another light-absorbing impurity is present. The pres-
two techniques of determining black carbon mass ratio. Theence of other light-absorbing impurities could explain the
calculations presented here use the same optical properties ofcrease in absorption cross-section with wavelength. Other
the black carbon as note 3 Warren and Wiscombgl980 light-absorbing impurities present in sea ice and snow could
and further adopted byarren(1982. The radiative-transfer include sediments, atmospheric dust, algae and HUmic-LIke

www.the-cryosphere.net/7/1193/2013/ The Cryosphere, 7, 119204 2013



1200 A. A. Marks and M. D. King: BC and sea ice

Substances (HULIS) (e.d.ight et al, 1998 France et al.  tering cross-section values of 0.654, 1.46, and 0.9kgn!
2012. France et al(2012 suggest algae as a possibility for in three layers from the top, 0.05, 0.2, and 2.6 m thick re-
the increase in absorption observed at longer wavelengthspectively. These values compare with a scattering cross-
Light et al. (1998 Fig. 13a) andPerovich(2009 Fig. 3.6.2)  section used bgrenfell et al.(2009 of 0.3n?kg~?! in the
show how ice algae absorption increases at wavelengthapper 4cm, and 0.0375%kg ! for the lower 150cm, in
600-650 nm. However ice algae absorption also peaks atontrast to the scattering cross-sections used for our work
wavelengths from 400 to 500 nm and decreases from 65®f 0.03 nfkg~? for blue ice and 0.87 Akg~! for granular
to 700 nm: trends that are not seen in the absorption crosswhite ice. The results presented here suggest that a large
section in Fig.2. The absorption of sediments and atmo- value of the scattering cross-section may result in black car-
spheric dust is also shown right et al.(1998 Fig. 13a) and  bon having less effect on albedo. Howeleaght et al.(1998
Perovich(2009 Fig. 3.6.2); (where atmospheric dust is as- use large scattering cross-sections (relative to those used in
sumed to have identical optical properties to sediments) thesthis study) and see a relatively large change in albedo with
steadily increase from 550 to 700 nm, so there may also béncreasing black carbon, suggesting other factors may play a
sediment or dust in the snow and sea ice studBmherty  key role in determining the albedo response of sea ice. Dif-
et al. (2010 conclude that 40% of the light absorption in ferent studies distribute the black carbon in different posi-
their filtered snow and sea ice samples was due to specigons in the sea ice, which limits comparability between stud-
other than black carbon. ies; Grenfell et al.(2002 place black carbon in a surface 1
cm layer,Light et al. (1998 evenly distributed black carbon
4.2 Variation in the impact of black carbon with seaiice  throughout the sea ice, and in the work presented here black
type carbon is situated in a 5 cm surface layer.

Figure3 surprisingly shows that the albedo of the sea ice sur4.3  The role of snow and snow type in the influence of
face is insensitive tadditionalblack carbon mass ratios un- black carbon in sea ice on surface albedo

der 100 ngg? added in the top 5cm of the sea ice. It should , i )
be stressed that it is additional black carbon to any black carl© the authors’ knowledge previous research into the effects

bon already present and the albedo of the sea ice is senspf Plack carbon on surface albedo of sea ice has assumed
tive to absolute changes in black carbon mixing ratios of 1-Snow-free conditions typical of late and early periods in the
100 ngg L. Figure3 also shows that the impact of additional S€2 ice season; e.gight et al. (199§ mention their study

black carbon on surface albedo is dependant on the sea ic¥"lY P€ing valid during the ablation season when snow cover
type, with the first-year ice showing a much more sensitive!S €liminated. Sea ice is predominately snow covered. Fig-

response to black carbon than the multi-year ice. The multi-Uré 4 demonstrates the extent to which even a thin snow

year ice consists of the granular white ice on top of a blue ice COVer (< 1 cm) can diminish the effect that black carbon in

while the first-year ice is just blue ice. The granular white (€ S€@ ice has on the surface albedo. Figulemonstrates

ice has larger values for the scattering and absorption crosdh@t additional black carbon in the sea ice changes the sur-
sections than the blue ice. face albedo up to 5cm of snow and the snow is not opti-

Similar differences in the effect of black carbon on sur- c&lly thick until the snow is over 10 cm thick. The snow or
face albedo with sea ice type are observed in previous modS€@ ice is described as optically thick when increasing its
elling of black carbon in sea icdight et al. (1998 used thickness does not result in a chgnge in surface reflectl\{lty.
a structural-optical model in combination with a four-stream France et al(201J) state that optical thickness was typi-
radiative-transfer model to calculate the effects of increase@lly when the snow thickness is 3edolding depths but
soot concentration in a multi-year frozen sea ice, Suggestlfor:snow onseaice a practical defmmon of optically thick ap-
ing an increase from 0 to 100ng} of black carbon in  Pears to be approximately oeefolding depth of snow. The
the sea ice will decrease the albedo to 73% of the Origi_dlﬁerence can be rationalised as opthal thickness fpr land-
nal value at a wavelength of 500 nm. Howev@renfell et based sn_ow_packs occurs Wher_e there is no change_ in surface
al. (2002 utilised a multi-layer four-stream radiative-transfer @/bedo withincreasing snow thickness owing to the influence

model to investigate effects of varying concentrations and® @ dark ground surface, whereas for snow on sea ice the
vertical distribution of soot on albedo, transmissivity, and in- &/Pedo difference between snow and sea ice is much smaller

ternal heating of the ice, only reporting a decrease in albeddhan for dark soil and snow. Albedo of optically thick snow
to 99% of the original value for an increase from 0 to (1M thick) is also shown in Figd for comparisonBrandt

100ngg? of black carbon in the top 1cm layer of their et al. (2009 suggest from their results of studying albedo of

sea ice. Differing as well, calculations presented here sugfNtarctic sea ice that a snow covering of 3c¢m, or in some

gest a decrease in albedo to 96 % for multi-year ice and 91 952SeS just 1cm, can be classed as optically thick snow. The
for first-year ice for an additional black carbon increase of €Sults presented here agree that a thin snow covering will

100ngg!. The greatest albedo difference is therefore ob-9réatly increase the albedo but a snow cover greater than
served byLight et al.(1998, who model a sea ice with scat- 3 cm would be needed to be described as optically thick.

The Cryosphere, 7, 11933204 2013 www.the-cryosphere.net/7/1193/2013/



A. A. Marks and M. D. King: BC and sea ice 1201

Figure4 also shows how the influence of black carbon in 4.4 Potential limitations in the model and future
sea ice on surface albedo is effected by the type of snow research possibilities
cover. Dry snow has a greater effect at mitigating the im-
pact of black carbon in sea ice on surface albedo compare@he work presented here has several limitations: firstly,
to the wet snow. The dry snow is a more scattering mediunthe method for obtaining scattering and absorption cross-
per unit depth, evidenced by tleefolding depths given in  sections of sea ice and snow; secondly, the absorption spec-
Tablel. Therefore a smaller depth is required to be optically tra of black carbon; thirdly, the physical characteristics of the
thick. black carbon; and fourthly, the age of the field data on which
To understand the degree to which black carbon in sea icéhese data are based. These limitations will now be discussed.
may affect surface albedo, knowledge of snow depth over There is a source of uncertainty in the method for ob-
sea ice and its variation seasonally and spatially is essertaining the absorption and scattering cross-sections from
tial. Snow depth measurements over sea ice have been re-folding depth and albedo data (e.gee-Taylor and
ported both from ground measurements (&\gurren et al. Madronich 2002 King et al, 2005 France et a.201],
1999 Massom et a).2001) and more recently through satel- 2012. Figure2 has error bars for the calculated values of
lite and airborne measurements (eKpnagaratnam et al. absorption cross-section for light-absorbing impurities, and
2007 Kwok and Cunningham2008 Kwok et al, 201%, Table 1 shows estimates of uncertainty for the calculated
Galin et al, 2012. Two studies provide an overview of snow scattering cross-section values. The uncertainty bars ir2Fig.
thicknesses over sea id&arren et al(1999 present a com- represent the range of values of the absorption cross-section
prehensive data set of Arctic Ocean snow cover from meathat are derived from an optimal fit of the albedo and ex-
surements of snow depth and density over 37 yr at the Sotinction coefficient data fronGrenfell and Maykut(1977),
viet drifting stations, whildVlassom et al(200J), using data  while holding the asymmetry parametgr,and density con-
collected over 10yr, review snow thickness and snow typestant. All values of scattering cross-section are within 13 %
of Antarctic snow on sea ice. Arctic sea ice is mostly free of our reported value, and the majority of absorption values
of snow during the second half of July and all of August. are within 10 % of our reported value. Figilseshows a com-
Therefore during these months black carbon in sea ice woulgharison between our modelled albedo and the original albedo
affect surface albedo. Snow thickness reaches a maximum imeasured bysrenfell and Mayku{1977) for each snow and
the Arctic in May, when the average depth is 34.4 &ia(- sea ice type. A reasonable fit between the albedo for each
ren et al, 1999. In Antarctica mean snow thickness varies snow/sea ice type is observed, with all modelled albedo be-
both seasonally and regionally due to differences in preciping within 10% of the measured value and the two snows
itation regimes and the age of the underlying iddagsom  being within 2 % of the measured albedo.
etal, 200J). In March, in East Antarctica, 20 % of the seaice  The calculation to obtain values of the scattering and ab-
is predominately snow free, and less than 10 % of the snowsorption cross-sections assumes all light-absorbing impuri-
cover is thicker than 10 cm. By August (winter), snow thick- ties are due to black carbon. In reality impurities are likely
ness is typically 10-20 cm, but 10 % of the sea ice remaingo include other substances, for example HULIS, dust, sed-
snow free Massom et a.2001). Although snow on sea ice iment and marine algae that would contribute to absorption
would appear to predominately mask the effects of black carin the sea ice. The very large value of the absorption cross-
bon in sea ice in both the Antarctic and Arctic, the effect of section of black carbon compared to other substances often
black carbon on albedo of sea ice is important for a few ofresults in black carbon being the dominant absorbing impu-
months of the year, in both the Antarctic and Arctic. Theserity. The black carbon properties used for our calculations
months would be following a period of snow melt over sea (refractive index, size and density) are taken to be a standard
ice where black carbon may be concentrated onto the sea igaroxy for black carbon and are based on calculationd/ay
surface from meltwateiGrenfell et al, 2002. Doherty etal.  ren and Wiscombg198Q 1985. Bohren (1986 reviewed
(2010 measured spatial variation of black carbon throughuncertainties in the black carbon “proxy” suggesting three
sea ice cores taken on sea ice in the southern Canadian basmain limitations. FirstlyBohren(1986 suggests it is unlikely
suggesting black carbon is concentrated near the surface fokll soot particles are spherical, as assumed, with differently
lowing snowmelt. Further work on the distribution of black shaped particles potentially having different absorption effi-
carbon in sea ice would be useful. The months of bare sea iceiencies; e.g. plate-like particles would have an absorption
would also coincide with higher surface irradiance owing to cross-section twice as large as spherical particles. Secondly
smaller solar zenith angles, so melting may be exacerbatedhe refractive index utilised byarren and Wiscomb 980
as more radiation is absorbed by black carbon. (1.84-0.5i) has a factor of 5 uncertainty in the imaginary part
(Roessler and Faxvod980. Lastly the particle porosity is
unknown and porous particles will be more absorbent than
solid particles. The density of black carbon particles is dis-
cussed inVarren and Wiscomb@ 985. France et al(2012
recently demonstrated a good correlation between their black

www.the-cryosphere.net/7/1193/2013/ The Cryosphere, 7, 119204 2013



1202 A. A. Marks and M. D. King: BC and sea ice

1-0IIII|IIIIIIIII|IIII|IIII|IIII 5C0nC|USIOnS

Absorption and scattering cross-section coefficients were
calculated for a first-year and multi-year sea ice and dry and
wet snow types suggesting black carbon is the dominating
absorbing impurity. Estimated black carbon mass ratios for
the sea ice and snow are larger than previously reported,
. suggesting the presence of a secondary absorbing impurity
] which is likely to be atmospheric dust/sediment. Radiative-
4 transfer calculations demonstrate the albedo of sea ice is sur-
— prisingly unresponsive to additional black carbon additions
[ [Modelled albedo Observed albedo ] up tp 100ngg?! with a decrease in alpgdo to 99.7 % of the
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- SGer:rl‘é‘éar white = -ngzzlar white crease in first-year sea ice. This highlights that the first-year
0.0 Ll sea ice proved more responsive to black carbon additions.

400 500 600 200 The flrst-year seaiceisa less scatterlqg enqunment'than the

multi-year sea ice. Thus, a less scattering sea ice environment

may be more responsive to additional black carbon. As sea
ice is predominately snow covered, the influence of an over-

Fig. 5. Comparison of measured albedo Gyenfell and Maykut lying snow cover at mitigating the effects of black carbon in

(1977 (dashed line) with albedo modelled in the study presentedthe seaice surfacg Igyerwas also investigated. A 0.5 cm layer
here (markers and solid line). of snow greatly diminishes the effect of black carbon in sea

ice on snow surface albedo. A 2-5 cm layer (less than half the
e-folding depth of snow) is enough to “mask” any change in
carbon absorption cross-section (used in this study) and theurface albedo owing to additional black carbon in the sea
experimentally measured absorption cross-section of blackce, but not thick enough to ignore the underlying sea ice.
carbon reviewed bfond and Bergstrort2006. For snow on sea ice a practical definition of optically thick
The optical properties of the sea ice and snow are based oappears to be approximately oedolding depth of snow.
afield study of snow and sea ice from the 197%sefelland  Although the effects of black carbon in sea ice are limited
Maykut, 1977). The black carbon content of this sea ice may to when snow cover is below 2-5cm, black carbon is still
not be representative of present-day sea ice, and the studytitical in the sea ice system because as soon as snow is thin
refers to one location on the sea ice, north of Barrow, Alaskaenough for black carbon in the sea ice to affect surface albedo
Thus the results in this paper must be interpreted within thisit will exacerbate snow melting, leading to longer snow-free
caution. However, th&renfell and Mayku{(1977) study is  conditions and greater sea ice melting. Furthermore the pe-
exceptional in the quality and amount of data it produced. Toriod of the year when sea ice is snow free coincides with the
derive scattering and absorption cross-sections for the studgmallest solar zenith angles, i.e. when the solar radiation is
presented here required monochromatic measurements of rgreatest, so the influence of black carbon will be larger.
flectivity, and light penetration over a wide range of wave-
lengths, sea ice types and snow types. Such a large data set _
recorded in one study makes it an ideal data set. Confidencicknowledgements\. D. King thanks NERC for support under
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