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Abstract

　　Light-absorbing�snow�impurities�of�elemental�carbon�(EC),�organic�carbon�(OC),�and�mineral�dust�have�
been�measured�at� three� locations�at�elevations� from�1,469� to�1,992�m�on�August�1,�2011,�and�at� the�site�
SIGMA-A� (78°N,�68°W,�elevation�1,490�m)�on�the�northwest�Greenland� ice�sheet� (GrIS)�during�the�period�
from�June�28� to�July�12,�2012.　At�SIGMA-A,�a�remarkable�snow�surface� lowering� together�with�snow�
melting�was�observed�during�the�observation�period�in�2012,�when�a�record�surface�melting�event�occurred�
over� the�GrIS.�The� concentrations� in� the� surface�were� 0.9,� 3.8,� and� 107�ppbw� for�EC,�OC,� and�dust,�
respectively,�at�the�beginning�of�the�period,�which�increased�to�4.9,�17.2,�and�1327�ppbw�for�EC,�OC,�and�dust,�
respectively,�at�the�end.　The�EC�and�dust�concentrations�were�remarkably�higher�than�those�at�the�three�
locations� in�2011�and�the�recent�measurements�at�Summit.　However,�our�measurements� for�EC�and�OC�
could�be�underestimated�because�a�recent�study� indicates� that� the�collection�efficiency�of�a�quartz�fiber�
filter,�which�we�employed,� is� low.　We�confirm� that� the� snow�surface� impurity� concentrations�were�
enhanced� in�the�observation�period,�which�can�be�explained�by�the�effects�of�sublimation/evaporation�and�
snow�melt�amplification�associated�with�drastic�melting.　Scanning�electron�microscopy�analysis�of�surface�
snow�impurities�on�July�12�revealed�that�the�major�component�of�snow�impurities�is�mineral�dust�with�size�
larger� than� 5�µm,�which� suggests�possible� emission� source� areas� are�peripheral� bare� soil� regions� of�
Greenland�and/or�the�Canadian�Arctic.
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1.　Introduction

　　Light-absorbing�snow� impurities� (LASI)� as�well� as�
snow�grain�size�control� the�albedo�of� the�snow�surface.　
The�near-infrared�albedo�depends�strongly�on�snow�grain�
size� (Wiscombe�and�Warren,�1980;�Aoki�et al.,�2003)�and�
the�visible�albedo�depends�on�the�concentrations�of�LASI,�
such�as�black�carbon�(BC*)�and�mineral�dust�(Warren�and�
Wiscombe,�1980;�Aoki�et al.,�2000,�2003).　Furthermore,�
the�visible�albedo�reduction�rate,� itself�due� to�LASI,� is�
enhanced�by�an� increase�of�snow�grain�size� (Wiscombe�
and�Warren,�1980).　Thus,�there�is�a�positive�snow-albedo�
feedback� mechanism� caused� by� LASI, � which� is�

accelerated� by� snow� grain� growth� associated� with�
temperature� increase� (Aoki� et al.,� 2011).　Climate�
modeling�studies�show�that�BC�in�snow�exhibits�positive�
radiative� forcing�on�climate�and� is�a�possible�cause�of�
snow�melting� (Hansen�and�Nazarenko,�2004;�Flanner�et 
al.,�2007;�2009).　On�the�other�hand,�drastic�mass�loss�has�
been�occurring�recently�in�the�Greenland�ice�sheet�(GrIS)�
(Steffen�et al.,�2008;�van�den�Broeke�et al.,�2009;�Rignot�et 
al.,�2011;�Tedesco�et al.,�2013).　It�has�also�been�reported�
by�Box�et al.�(2012)�that�albedo�feedback,�defined�by�the�
change�in�net�solar�shortwave�flux�and�temperature,�over�
12�summer�periods�from�2000�is�positive�over�97�%�of�the�
ice�sheet.　Furthermore,�abnormally�strong�anticyclonic�
circulation,�associated�with�a�persistent�summer�North�
Atlantic�Oscillation�extreme�since�2007,�has�amplified�the�
albedo� feedback.　Under� such�a�changing�condition�of�
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*�BC, soot, and elemental carbon (EC) are all called “BC” here for the 
reason given in section 3.
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GrIS,� there�are� still� large�uncertainties� regarding� the�
causal� link�between�snow�pollution�by�LASI�and�snow�
and� ice�melting� in� the�Arctic� (Aoki� et al.,� 2011).　It� is�
thus�important�to�determine�the�contribution�of�LASI�to�
the�surface�melting�of�GrIS.
　　The� sources� of� LASI� are� the� atmospheric� light-
absorbing�aerosols�of�which�the�most�absorptive�aerosol�
is�BC,�also� sometimes�called� “soot”.　The�predominant�
BC� sources� are� combustion� related� fossil� fuels� for�
transportation,� solid� fuels� for� industrial� and�residential�
uses�and�open�burning�of�biomass�(Bond�et al.,�2013).　In�
GrIS,� the�BC�concentration�has�been�measured�from�ice�
cores�(Chýlek�et al.,�1987,�1995;�McConnell�et al.,�2007)�and�
snow�samples� (Clarke� and�Noone,� 1985;�Chýlek� et al.,�
1987,� 1995;�Hagler� et al.,� 2007a;�Doherty� et al.,� 2010;�
Carmagnola�et al.,�2013).　Most�BC�concentrations�were�
less� than� several� parts� per� billion� by�weight� (ppbw),�
although�the�BC�concentration�peaked� in�1908�at�more�
than� 20�ppbw� as� a� result� of� industrial� activities�
(McConnell� et al.,� 2007).　A�0.01� reduction� of� albedo�
requires�40�ppbw�of�BC�in�new�snow�and�10�ppbw�in�old�
melting�snow�(Warren�and�Wiscombe,�1985).　According�
to� this�calculation,� the�presently�measured� level�of�BC�
concentration�in�GrIS�would�not�have�a�significant�impact�
on� albedo� reduction�when� the� snow� is� not�melting.　
However,� the�possible�albedo�reduction� for�old�melting�
snow� is� close� to� 0.01.　The�BC�measurements� given�
above�were�performed�mostly� for�surface�snow�except�
for�ice�cores.　In�the�case�of�the�ice�core,�the�core�sample�
thickness�is�in�general�thicker�than�the�snow�samples�and�
the�time�scale�is�seasonal�or�in�years.　Recently,�Doherty�
et al.�(2013)�reported�that�LASI�are�retained�at�the�snow�
surface� as� the� snow�melts� because� their� scavenging�
efficiency�with�meltwater� is�＜100�%,� and� thus�LASI�
concentrations�in�surface�snow�increase�with�snow�melt,�
further� reducing� snow�albedo.　Doherty� et al.� (2013)�
found�that�BC�concentrations�in�the�top�2�cm�were�10︲14�
times�higher�than�those�in�subsurface�snow�on�GrIS.�The�
vertical�profile�of�BC�in�the�snowpack�and�its�quantitative�
effect�on�albedo�has�not�been� investigated�sufficiently.　
Furthermore,�dust,�as�another�source�of�LASI,�could�also�
contribute�to�the�albedo�reduction.　The�light�absorption�
by�dust�in�the�visible�region�is�lower�than�that�of�BC�by�
1/160� (Aoki�et al.,�2011).　However,�dust�concentrations�
on�GrIS�were�in�general�higher�than�BC�by�several�tens�
of�times�for�recent�snow�measured�by�the�Greenland�Ice�
core�Project� (GRIP)� (Steffensen,� 1997)� and�by� several�
hundreds� of � t imes� at � Summit� in� summer� 2012�
(Carmagnola�et al.,�2013).　Thus,�the�albedo�reduction�due�
to�the�total�LASI�cannot�be�ignored�in�some�cases.
　　Dust�has� another� role� in� albedo� reduction� in� the�
ablation�areas�on�glacier�and�ice�sheet.　It�is�as�a�possible�
nutrient�source�for�microbial�activities,�such�as�cryoconite�
and�algae�(Takeuchi�et al.,�2001),�which�reduce�the�albedo�
considerably�compared�with�clean�ice�and�snow�(Takeuchi�
et al.,�2003).　Wientjes�et al.�(2011)�reported�recently�that�
higher� amounts� of� dust� containing� cyanobacteria� and�

organic�materials� contribute� significantly� to� the� low�
albedo�of� the�dark� ice�region� in� the�west�of�Greenland.　
They�concluded�that�the�dust�was�brought�to�the�surface�
by�melting�of�outcropping�ice.　Similar�dark�ice�surfaces�
containing�cryoconites�were�confirmed�on� the�Qaanaaq�
Ice�Cap�in�northwest�Greenland�(Uetake�et al.,�2010)�and�
also�in�northeast�Greenland�(Bøggild�et al.,�2010).　Aoki�et 
al.,�(2013)�found�that�for�cryoconite,�the�imaginary�part�of�
the� refractive� index,� which� represents� the� light�
absorption� by� the�material,� is� higher� than� the� usual�
mineral�dust� from�the�spectral�albedo�measurements�on�
the�Qaanaaq� Ice�Cap.　On�the�same�Qaanaaq� Ice�Cap,�
the�melt�rates�in�the�ablation�area�were�influenced�clearly�
by� dark� organic�materials� covering� the� ice� surface�
(Sugiyama� et al.,� 2014).　Thus,� dust� is� important� in�
modulating�the�albedo�in�ablation�areas�through�microbial�
activities.　To�obtain�the�basic�data�of�LASI�on�GrIS�as�
part�of�the�“Snow�Impurity�and�Glacial�Microbe�effects�on�
abrupt�warming�in�the�Arctic”�(SIGMA)�Project�(Aoki�et 
al.,�2014),�we�have�measured�the�LASI�concentrations�on�
the�northwest�GrIS�in�2011�and�2012.

2.　Field measurements

2.1　Snow sampling sites and snow conditions
　　Snow�sampling�was�performed�at� three� locations:�
QH1� (78°N,�60°W,�elevation�h＝1,992�m�a.s.l.),�QH2� (78°N,�
64°W,�h＝1,681�m�a.s.l.),� and�QH3� (78°N,�66°W,�h＝1,469��
m�a.s.l.)�on�August�1,�2011,�and�at�the�site�SIGMA-A�(78°
N,�68°W,�h＝1,490�m�a.s.l.)�during�the�period�from�June�28�
to�July�12,�2012�in�an�accumulation�area�on�the�northwest�
GrIS.�The�geographical�positions�and�elevations�of� the�
sites�are� illustrated� in�Fig.� 1.　These�sites�are� located�
along�the�ridge�of� the�Hayes�Peninsula�on�the�northern�
side� of�Qaanaaq.　To� access� these� sites,�we� used� a�
helicopter� flown� from�Qaanaaq.　The�detailed�positions�
and�snow�conditions�are�shown� in�Table�1.　The�snow�
conditions� were� measured� by� snow� pit� work� for� a�
thickness�from�the�surface�to�several�tens�of�centimeters.　
These� snow�pit� observations�were� performed� in� the�

Fig.�1.　Map�showing� the� locations�of� snow�sampling� sites�
and� the�elevations� (a.s.l.)� in�northwest�Greenland.　The�
contour�interval�is�100�m.
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afternoon�at�QH1‒QH3�and�around�09:00︲10:00�LT�during�
the�observation�period�at�SIGMA-A,�as�shown�in�Table�1.　
In�2011,� the� snow�conditions�at� the�highest� site� (QH1)�
consisted� of� dry� types� of� snow�crystals,�whereas� the�
snow�at�the�other�lower�sites�(QH2�and�QH3)�consisted�of�
melt� forms,� although� the� snow�melting�was�not�very�
advanced.　The�snow�classifications�we�employed�in�the�
present� study� are� in� accordance� with� the� snow�
classification�by�Fierz�et al.�(2009).
　　Snow�conditions�in�the�sampling�layers�at�SIGMA-A�
in�2012�are�shown�in�Fig.�2.　The�snow�shapes�in�the�top�
10-cm� layer�were�almost�all�melt� forms�over�the�entire�
period� (Fig.�2a),�where�some� ice� formations� (ice� layers)�
were�seen�before�July�7.　The�snow�temperatures�were�
0℃� to�－2℃�before�July�5�and�almost�0℃�after�July�6.　
The�surface�snow�was�dry�on�June�26�when�we�arrived�
at�SIGMA-A� from�Qaanaaq.　In� the� latter�part� of� the�
period�after�July�8,� the�snow�temperatures�reached�0℃�
without� ice� layer� in�the�top�10�cm.　From�the�afternoon�
of� July� 10� to� the� morning� of� July� 13� i t � ra ined�
intermittently.　Unfortunately,�we�did�not�measure� the�
total�precipitation�amount,�but�the�precipitation�measured�
from�18:00�LT�on�July�12� to�09:00�LT�on�July�14�was�
20�mm.　From�this�value�and�our�subjective�assessment�
of�the�precipitation�intensity,�we�estimated�a�total�rainfall�
amount�of�60︲100�mm.　During�that�same�period�a�record�
melting�event�of�surface�snow/ice�occurred�over�the�GrIS�
(Nghiem�et al.,�2012;�Tedesco�et al.,�2013).
　　Fig.�2b-c�shows�the�snow�stratigraphy�and�tempera-
ture�profiles�measured�by�snow�pit�work�on�July�8�and�
10�when� the�vertical� snow�samplings�were�performed.　
The�snow�pit�work�observed�the�snow�layers�above�the�
thick�ice�layer�below�the�snow�depth�d＝78�cm�on�July�8�
and�d＝68.5�cm�on� July�10,�which� is� supposed� to�have�
experienced�the�melting�and�refreezing�of� the�previous�
summer�and�autumn.　The�upper�part�of� the�snow�on�
July�8�was�wet�snow�and� the� temperatures�below�d＝
42�cm�were�negative.　However,�on�July�10,�the�thickness�
above�the�thick�ice�layer�decreased�and�the�temperatures�
were� close� to� 0℃.　Although� the� snow� conditions�
beneath� the� thick� ice� layer�were�not�observed�on�both�
days,� ice� layers�around�d＝150�and�170�cm�on� July�10�
were�identified�in�a�snow�core�drilled�with�a�hand�auger�
to�measure�the�snow�impurity�concentrations.

2.2　Snow sampling and fi�ltering procedures
　　In� 2011� at� QH1,� QH2,� and� QH3,� snow� samples�
weighing�1︲2�kg�were� collected� from� the� surface� (d＝
0︲2�cm)�and� the�subsurface� (d＝2︲10�cm)� layers�using�a�
snow�cutter.　The�snow�samples�were�stored� in�dust-
free�plastic�bags�on�site,�which�were�melted�and�filtered�
through�a�quartz�fiber�filter�with�a�diameter�of�25�mm�to�
collect�the�snow�impurities� in�Qaanaaq.　The�filters�had�
been�baked�previously� in�an�oven�at�a� temperature�of�
900℃� f o r � 6 � hours � t o � remove � the � background�
contaminations� of� elemental� carbon� (EC)� and� organic�
carbon�(OC).
　　In�2012,�we�camped�at�SIGMA-A�and�collected�snow�
samples�at�around�09:00�LT�every�two�days�in�the�clean�
air�sector�at�a�distance�of�about�100�m�from�the�nearest�
tents.　The�sampling� layers�and�method�were�basically�
the� same�as� those�used� in� 2011.　The�collected� snow�
samples� in� the�surface�and� the�subsurface� layers�were�
melted�and�filtered�through�a�quartz�fiber�filter�in�a�tent.　
The�same�snow�samples�also�filtered�using�a� two-stage�
filtering�system�of�nuclepore� filters�with�different�pore�
sizes�of�0.2�and�5.0�µm,�which�provide�rough�information�
on� the� impurity� size.　However,� the� subsurface� snow�
was�sampled�only�before�July�4�owing�to�the�limited�time�
of�on-site�melting�of�snow�samples�in�the�tent.　We�also�
performed�vertical�snow�samplings�from�the�surface�to�d
＝183�cm�on�two�separate�days�of�July�8�and�10,�2012�to�
obta in � the � ver t i ca l � pro f i l es � o f � snow� impur i ty�
concentrations.　The�snow�samples� in�the�upper�part� (d
＝0︲100�cm)�were� collected� for� every�10-cm� thickness�
with�a�snow�sampler�with�a�volume�of�100�cm3�on�July�8,�
and� in� the� lower�part� (d＝83︲183�cm)� for� every�25-cm�
thickness�with�a�hand�auger�on�July�10.　These�snow�
samples�were�also�processed�by�the�same�method�as�that�
for� the� snow� samples� in� the� surface� and� subsurface�
layers�in�a�tent.

3.　Laboratory measurements

　　Mass� concentrations� of� snow� impurities� were�
measured�from�a�quartz�fiber�filter�and�a�nuclepore�filter�
on� which� the� snow� impurities� were� collected,� in� a�
laboratory� of� Meteorological� Research� Institute� in�
Tsukuba,�Japan.　It�has�been�reported�that�the�measured�

Table�1.　Position,�altitude,�date,�and�snow�conditions�at�the�sampling�sites.



Bulletin of Glaciological Research24

concentrations�of�atmospheric�BC�and�EC� in� the�Asian�
outflow�agreed�with�each�other�to�within�2�%�(Miyazaki�et 
al.,�2007),�where�the�BC�concentrations�were�determined�
using� the�optical�method�and�EC�concentrations�were�
determined�using� the� same�method� as�we� employed,�
which�will� be� described� in� the� next� paragraph.　We�
discuss�the�LASI�assuming�that�the�component�of�EC�is�
equal� to�BC� in� the�present�study.　However,�Torres�et 
al.� (2013)�reported�that� the�collection�efficiencies�of� the�
quartz�fiber�filter�for�BC�in�water�are�10︲38�%.　For�this�
reason,�we�need�to�consider�a�quantitative�discussion�on�
the�mass�concentrations�of�BC�and�probably�OC.�The�
instruments�and�measurement�procedures�we�employed�
are�essentially�the�same�as�those�used�by�Kuchiki�et al.�

(2009)� and�Aoki� et al.� (2011).　We�describe�briefly� the�
method�of�laboratory�measurements�in�this�section.
　　EC�and�OC�concentrations�were�measured�with�the�
Lab�OC-EC�Aerosol�Analyzer� (Sunset�Laboratory� Inc.,�
USA)�using�the�thermal�optical�reflectance�(TOR)�method�
(Chow� et al . , � 1993) , � in� which� we� employed� the�
I n t e r agency � Mon i t o r i ng � o f � P ro t e c t ed � V i sua l�
Environments� (IMPROVE)� thermal� evolution�protocol�
(Chow� et al.,� 2001)� for� the�measurement.　A�1.0-cm2�
punch� from� a� quartz� fiber� filter� is� submitted� to�
volatilization�at�temperatures�of�120,�250,�450,�and�550℃�
in�a�pure�helium�atmosphere,�and�then�to�combustion�at�
temperatures�of�550,�700,�and�800℃�in�a�10�%�oxygen�and�
90�%�helium�atmosphere�within� the� instrument.　The�

Fig.�2.　Snow�stratigraphy�and� temperature� for�snow�sampling� layers�at�SIGMA-A:� (a)�during� the�period� from�June�28� to�July�
13,�2012,� (b)�on�July�8,�2012,�and� (c)�on�July�10,�2012.　The�black�characters�connected�by� the�solid� line� indicate� the�snow�
temperature�and�the�colored�areas�snow�shapes.　Some�parts�of�the�temperature� lines� in�Fig.�2a�overlap�with�the�top�line�of�
the�figure�meaning�0℃.　The�colors�and�characters�showing�snow�classification�are�in�accordance�with�the�snow�classification�
by�Fierz�et al.�(2009),�which�are�indicated�in�the�legend.　Light�blue�colored�areas�without�symbols�in�Fig.�2a�indicate�ice�layers.　
On�July�5�surface�hoar�was�observed.　Snow�samplings�were�performed�for�the�surface�layer�(d＝0︲2�cm)�over�an�entire�period�
from�June�28�to�July�12,�and�for�subsurface�(d＝2︲10�cm)�from�June�28�to�July�4.　Vertical�snow�samples�were�collected�from�the�
layers�d＝0︲100�cm�on�July�8�and�the�layers�d＝83︲183�cm�on�July�10.　Ice�layers�around�d＝150�cm�and�170�cm�on�July�10�were�
identified�from�hand�auger�snow�cores�used�for�the�snow�impurity�measurements�in�the�layers�d＝83︲183�cm.
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carbon,�which�evolves�at�each�temperature,�is�converted�
to� methane� and� quantified� with� a� flame� ionization�
detector.　The�reflectance� from�the�deposit� side�of� the�
filter�punch,� illuminated�by�a�diode� laser,� is�monitored�
throughout� the� analysis.　This� reflectance� usually�
decreases�during�volatilization�in�the�helium�atmosphere�
owing� to� the�pyrolysis�of� the�organic�material.　When�
oxygen� is�added,� the�reflectance� increases�as� the� light-
absorbing� carbon� is� combusted� and� removed.　OC� is�
defined�as� that�which�evolves�prior� to�re-attainment�of�
the�original�reflectance,�and�EC�is�defined�as�that�which�
evolves�after� the�original�reflectance�has�been�attained.　
The�boundary�between�OC�and�EC� is� a� splitting� line.　
This�instrument�was�calibrated�using�a�standard�solution�
of�sucrose,�and�replicate�analyses�of�the�standard�showed�
good�agreement�to�within�3�%�(Kuchiki�et al.,�2009).　The�
OC�and�EC�amounts�measured� for�a�blank� filter�were�
subtracted� from�those� for� the�sample� filters� to�correct�
the�contaminated�OC�and�EC�components�of�a� sample�
filter.　One� blank� filter� was� chosen� for� every� ten�
prepared�filters.　The�ratios�of� the�amounts�of�OC�and�
EC�on� the�blank� filters� to� those�on� the� sample� filters�
were�35︲85�%�and�0�%,�respectively,�for�2011,�and�8︲52�%�
and�1︲8�%,�respectively,�for�2012.
　　The�total�mass�concentration�of�snow�impurities�was�
estimated� from� the�difference� in� the� sufficiently�dried�
filter�weight�before�and�after�filtering� (Aoki�et al.,�2003,�
2007).　The�filter�used� for� total� impurity�measurements�
is� a�nuclepore� filter� for� surface� and� subsurface� snow�
samples� in�2012�and�a�quartz� fiber� filter� for� the�other�
snow�samples.　Although�a�nuclepore�filter� is�better� for�
this�measurement,�we� employed� a� quartz� fiber� filter�
because�of� the� limited�filtering�time� for� the� latter�snow�
samples.　Finally,�we�determined�the�dust�concentration�
by� subtracting� the� total� carbon� (TC＝EC�＋� OC)�
concentration� from� the� total� impurity� concentration.　
However,� our� dust�measurements�may� contain� some�
uncertainties�because�the�measured�OC�concentration� is�
not�for�all�organic�material� in�the�snow�samples,�but�for�

only� the� carbon�molecules� contained� in� the� organic�
material.　In�this�case,� the�measured�dust�concentration�
would� be� overestimated.　However,�when� the� dust�
concentration�is�sufficiently�higher�than�the�OC,�the�error�
contained� in� the�measured�dust�concentration�would�be�
small.　On�the�other�hand,�for�the�snow�samples�in�2011�
and� the�vertical� snow�samples� (d＝0︲183�cm)� in� 2012,�
where� the�dust� concentrations�were� low,� it�would�be�
underestimated�because� the�quartz� fiber� filter� loses�a�
small�amount�of�weight�in�the�filtering�process�owing�to�
the�mechanical�fragileness�in�water.

4.　Results and discussion

4.1　Snow impurities at QH1, QH2, and QH3
　　The� mass� concentrations� of� snow� impurities�
measured�at�QH1,�QH2,�and�QH3� in�2011�are�shown� in�
Table�2,�where�“ND”�means�that� the�concentration�was�
not�determined�because�of�OC/EC�splitting�errors�of�the�
instrument�or�a�negative�measured�value.　Since�most�
dust�concentrations�were�too� low�to�detect�a�significant�
difference� in�weight�of� the�quartz�fiber�filter�before�and�
after�the�filtration,�for�the�reasons�mentioned�at�the�end�
of� the�previous�section,�most�dust�concentrations�were�
not�determined.　The�reason�for�the�“ND”�of�EC�for�d＝
2︲10�cm�at�QH2� is� that� the�EC�amount�on� the� sample�
filter� is� lower� than� that� on� the� blank� filter.　The�
successfully�determined�EC�and�OC�values�were�0.3︲0.8�
and�0.5︲11.7�ppbw,�respectively.　These�EC�values�are�in�
agreement� with� those� of� Hagler� et al.� (2007a)� for��
Summit� (0.16︲1.21�ppbw),�which�used�the�thermal�optical�
method�with�a�quartz� fiber� filter,�but�a� factor�of�about�
five�smaller�than�those�measured�by�Doherty�et al.�(2010)�
at� Summit� (1.7︲2.0�ppbw),�which� used� the�method� of�
optical� absorption�on�nuclepore� filters.　The�plausible�
reason�for�this�discrepancy�is�that�the�quartz�fiber�filter�
does�not�efficiently� trap�BC�particles,� as�described�by�
Torres�et al.�(2013).
　　The�EC/TC�ratios� (0.06︲0.36)�are�roughly�the�same�

Table�2.　Mass�concentrations�of�snow�impurities�in�two�snow�sampling�layers�measured�at�four�sites�in�2011�and�2012.　For�
SIGMA-A,�averages�during� the�observation�period�or� in� the�vertical�profile�are�shown.　Unit� is�ppbw� (nanograms�of�
impurities�per�gram�of�snow).
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magnitude� as� the� value� of� 0.1�measured� at� Summit�
(Hagler�et al.,�2007a).　Only�one�determined�value�of�dust�
concentration� of� 9.9�ppbw� for� d＝2︲10�cm� at�QH3,� is�
lower�than�those�found�at�Summit,�which�were�46.2�ppbw�
by�Steffensen�(1997)�and�138±69�ppbw�by�Carmagnola�et 
al.�(2013).　However,�our�dust�value,�which�is�comparable�
with� the� OC� concentration,� might� contain� some�
uncertainties�because�of� the� reasons�mentioned� in� the�
previous�section.

4.2　Time variations of snow impurities at SIGMA-A
　　The�mass�concentration�of�snow�impurities�measured�
at�SIGMA-A�during� the�observation�period� in�2012�are�
depicted� in�Fig.� 3a.　The� surface� concentrations� (d＝
0︲2�cm)�of�all�components�increased�gradually�during�the�
first�part� of� observation�period�and� increased� rapidly�
after�July�7.　Unfortunately�we�are�unable� to� illustrate�
the�statistical� significance�of� this� increasing�trend� from�
the�other�data�because�we�did�not�collect�the�other�snow�
samples�around�our�site�on�each�day.　However,� there�
are�some�observational�results� that� indicate�an� increase�
in�LASI� concentrations� associated�with� snow�melting�
(Conway�et al.,�1996;�Doherty�et al.,�2013).　Our�results�
also�indicate�that�the�increase�rates�of�the�concentrations�
from�June�28�to�July�12�are�5.4,�4.5,�and�349�times�for�EC,�
OC,� and�dust,� respectively.　Therefore,� it� is� strongly�
suggested�that�the�result�in�Fig.�3a�does�not�indicate�the�
spatial�heterogeneity�but�the� increasing�trend.　A�small�
dip�on�July�6�was�attributed�to�a�surface�hoar�observed�
on�July�5,�which�supplied�pure�ice�to�snow�surface.　The�
concentrations� in� the�subsurface� layer� (d＝2︲10�cm)�are�
lower�than�those�of�the�surface�except�for�OC�on�June�28.　
Hence,�these�results�suggest�the�possibilities�of�significant�
atmospheric� aerosol� deposition� and/or� some� form�of�
enhancement� processes� of� snow� impurities� in� the�
sampling�layers.

Aerosol deposition
　　Since�there�was�no�snowfall�during�the�period,�and�
only�a�rainfall�event�after�July�10,�no�wet�deposition�of�
aerosols�occurred�before�July�9.　We�also�checked� the�
possibility�of�dry�deposition�with�the�atmospheric�aerosol�
condition� (Fig.� 3b)�measured�with� a� sunphotometer�
Model540�Microtops� II� (Solar�Light�Company,�Glenside,�
PA,�USA)�under�clear�sky.　The�measured�aerosol�optical�
thicknesses� (AOT)�at� the�wavelength�λ＝0.5�µm�were�
more�or�less�0.04.　We�here�estimate�the�dry�deposition�
of�BC� from�this�AOT�value�by�assuming� the�standard�
optical� parameters� for�BC.�Assuming� that� the�mass�
extinction�cross�section�for�the�Arctic�aerosol�model�σe＝
2.17�m2�g－1�from�Optical�Properties�of�Aerosols�and�Cloud�
(OPAC)�data�base� (Hess� et al.,� 1998),� the� atmospheric�
column�aerosol�density�calculated�from�the�value�of�AOT
＝0.04�was� found�to�be�AOT/σe＝0.018�g�m－2.　Further,�
assuming�that�the�atmospheric�aerosol�layer�thickness�L
＝2�km�and�the�mass�mixing�ratio�of�soot�mBC＝4.4�%�of�
the� OPAC� Arctic� aerosol� model , � we� obtain� the�
atmospheric�BC�concentration�ρBC＝(AOT/σe)(mBC/L)＝
0.40�µg�m－3.　This� value� is� close� to� that� of� the� soot�
component� in� the�OPAC�Arctic�model� (0.3�µg�m－3).　
However,� this�value� is�probably�overestimated� for� the�
atmosphere�on�GrIS�because� the�considerably� smaller�
values�were�actually�measured�at�Summit� (average�7��
ng�m－3� for�May�27‒July�20,�2006)� (Hagler�et al.,� 2007b)�
and�at�Station�Nord� (monthly�average�9︲84�ng�m－3� in�
2009︲2012)� (Kristensen�and�Nielsen,�2013).　We�assume�
the�BC�particle�radius�of�0.046�µm� (Aoki�et al.,� 2011)� to�

Fig.�3.　(a)�Mass�concentration�of�snow� impurities�measured�
at�SIGMA-A�during�the�period� from�June�28�to�July�13,�
2012.　Solid�and�dashed�lines�indicate�the�snow�sampling�
layers� from� surface� layer� (d＝0︲2�cm)� and� subsurface�
layer� (d＝2︲10�cm),� respectively.� (b)�Atmospheric�aerosol�
optical�thickness�(AOT)�at�the�wavelength�λ＝0.5�µm,�and�
Angstrom�parameter�(α)�measured�with�a�sunphotometer.�
(c)�Air� temperature� at� a� height� of� 3�m,� relative� snow�
height,�and� integrated�sublimation�and�evaporation� from�
June�30�at�SIGMA-A.�Negative�values�of�“Sublimation�＋�
evaporation”�indicate�net�mass�loss�of�snow.



27Aoki et al.

calculate� the� terminal� velocity� for�BC�particle�VBC� to�
obtain�the�value�of�VBC＝0.0023�m�day－1.　The�deposited�
BC�mass�per�day� is�calculated�by�VBCρBC＝0.94�ng�m－2�
day－1.　On�the�other�hand,� the�snow�mass�of�our�snow�
surface�sampling� layer�Ms� (thickness�2�cm�and�averaged�
density�363�kg�m－2)�per�unit�area�(m－2)�was�7.26�kg�m－2.　
Finally,� the� daily� increment� of� BC� concentration� in�
surface� snow�by�dry�BC�deposition� is�estimated� to�be��
VBCρBC/Ms＝0.00013�ppbw�day－1.　As� for�BC,� the�daily�
increments�of�OC�and�dust�concentrations�are�estimated�
to� be� 0.000018�ppbw� day－1� and� 0.12�ppbw� day－1,�
respectively.　These�values�are� too� low�to� increase�the�
snow� impurity�concentrations�significantly,�as�shown� in�
Fig.�3a.　Here,�the�aerosol�particle�size�is�one�of�the�key�
parameters�for�these�deposition�rates.　If�we�assume�for�
BC� one-order� larger� particle� radius� of� 0.46�µm,� the�
estimated� dry� BC� deposition� is� estimated� to� be�
0.013�ppbw�day－1,�which� still� remains� inefficient� for�
increasing�BC�concentration�in�snow�surface.
　　Although� low�Angstrom�parameters,�which�mean�
large�aerosol�particle�sizes,�were�observed�on�July�6�and�
8,�the�AOTs�were�still�low.　Therefore,�dry�deposition�of�
aerosols� under� clear� sky� did� not� contribute� to� the�
increase�of� snow� impurity� concentrations.　Regarding�
dry�deposition�under�a�cloudy�sky,�we�cannot�exclude�it�
as�a�possible�cause� for�an� increase�of� snow� impurities.　
The�last�highest�values�on�July�12�might�be�attributed�to�
wet� deposition� accompanied� by� rainfall,�which� could�
cause�the�efficient�fall-out�of�all�sizes�of�impurity�particles�
(Aoki�et al.,�2006).　However,�we�do�not�have�the�data�to�
confirm�these�two�processes.

Snow melt amplifi�cation
　　Next,�we�consider� the�possibility� of� enhancement�
process� of� snow� impurities� in� the� snowpack.　The�
sampl ing� layers � cons is ted� o f � mel t � forms� with�
temperatures� from�－2� to� 0℃,� as� shown� in� Fig.� 2.　
During�the�observation�period,�air�temperature�was�often�
above�0℃�and�the�lowering�of�the�snow�surface�by�20�cm�
was� observed� (Fig.� 3c).　Under� such� snow� melting�
conditions,�the�snow�impurities�would�be�redistributed�by�
the�meltwater�in�the�snowpack,�in�which�the�larger�dust�
particles�are�more�likely�to�remain�in�the�upper�position�
in�the�snowpack�compared�with�the�smaller�BC�and�OC�
particles� owing� to� the�difference� in� their�mechanical�
mobilities,�which�were�derived�by�Conway�et al.� (1996).　
However,�they�also�found�that�hydrophobic�soot�stays�at�
the�surface�but�hydrophilic�soot�is�washed�down�with�the�
meltwater .　Unfortunately ,� we� do� not� have� the�
hygroscopicity�data�for�BC�and�OC�in�our�snow�samples.　
Doherty� et al.� (2013)� found� that� melt� amplification�
generally� appears� to� be� confined� to� the� top� few�
centimeters�of� the�snowpack,�where� it� increases�LASI�
concentrations�by�up�to�a� factor�of�about�five,�based�on�
field�measurements�of�the�vertical�distribution�of�LASI�in�
snow�near�Barrow�in�Barrow�(Alaska),�the�Dye-2�station�
in�Greenland,� and�Tromsø� (Norway)� during� the�melt�

season.　This� is� an� important� possible� enhancement�
process�of�snow� impurities� in� the�snowpack.　However,�
this� quantitative� effect� as� an� enhancement� process�
depends�on� internal/external�mixing�conditions�of�LASI�
with�snow�particles,�particle�size,�and�hydrophobicity.

Sublimation and evaporation
　　Sublimation�from�a�dry�snow�surface�and�evaporation�
from�a�wet� snow�surface� are� also�possible� causes�by�
which� impurity�concentrations� in� the�surface� layer�are�
enriched.　The�previously�estimated�annual�sublimation�
at�GITS�(h＝1,887�m�a.s.l.),�which�is�the�Greenland�Climate�
Network� site� nearest� to� SIGMA-A,�was�－59±18�mm�
(Box� and�Steffen,� 2001).　Surface� snow�mass� loss� by�
sublimation�cannot�be�ignored�because�it�occurred�mostly�
during� the� four�months� from�May� to�August.　We�
calculated� the� sublimation�and�evaporation�using�data�
from� automatic�weather� stations� (AWS:�Aoki� et al.,��
2014)�after�the�evening�of�June�29�(green�curve�in�Fig�3c),�
when�the�AWS�was�installed�at�SIGMA-A,�using�the�heat�
budget�scheme�and�a�dry/wet�snow�simulation�using�the�
Snow�Metamorphism�and�Albedo�Process�(SMAP)�model�
(Niwano�et al.,�2012).　The�snow�mass�loss�by�this�effect�
continued�constantly�until�June�10�before�the�rainfall,�and�
the�integrated�amount�until�June�12�was�－6.9�mm�liquid�
equivalent.　Dividing�this�by�an�averaged�surface�snow�
density� (363�kg�m－3)�obtained�by�snow�pit�observations,�
gives�an�estimated�snow�thickness� loss�of�1.9�cm,�which�
actually�occurred�during�the�11�days�from�June�29�to�July�
10;� the�average�daily� snow� thickness� loss�was�0.17�cm��
day－1.　Since�our�surface�snow�sampling�layer�thickness�
was� 2�cm,� the� daily� increasing� rate� of� impurity�
concentration� is�estimated� to�be�0.17�cm/2.0�cm＝8.5�%,�
unless� there� is� an� influx� or� efflux� of� snow� impurities�
affecting�the�sampling� layer.　Applying�this�rate� to� the�
period�of�10�days�from�June�30�to�July�10�(snow�sampling�
was� not � per formed� on� June� 29 ) , � the � impur i ty�
concentration�increase�of�1.08510＝2.26�times�is�estimated.　
The�ratios�of�snow�impurities�measured�between�June�30�
and�July�10�at�SIGMA-A�were�2.50,�2.47,�and�5.03�times�
for�EC,�OC,�and�dust,� respectively.　Most�of� increased�
concentrations�of�EC�and�OC�can�be�explained�by� this�
effect.　For�dust,� the�actual�measured�daily� increasing�
rates�until�July�4�were�consistent�with�this�effect.　The�
snow�melt�amplification�effect�shown�by�Doherty�et al.�
(2013)�(amplification�factor�up�to�~5)�can�also�account�for�
the� increasing�trends� in� the�results�shown�here.　Since�
both� the� effects� could� occur� simultaneously,� they� can�
possibly�be�an�important�enhancement�process.
　　Thus,�we�confirm�that�snow�surface�impurities�were�
enhanced� in� the� observation� period,� which� can� be�
explained�by�both� effects� of� sublimation/evaporation�
shown� in�this�study�and�snow�melt�amplification�shown�
by�Doherty� et al.,� (2013).　Other� possible� causes� of�
increase�of� snow� impurities�are�aerosol�dry�deposition�
under� a� cloudy� sky� and� aerosol� wet� deposit ion�
accompanied�by�rainfall�after�July�10.
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　　The�minimum�values�of�EC,�OC,�and�dust�concentra-
tions�at�the�snow�surface�(subsurface)�were�all�measured�
on�the�first�day�(June�28)�and�were�0.9�(0.3)�ppbw,�3.8�(7.7)�
ppbw,�and�107�(59)�ppbw,�respectively.　At�this�time,�it�is�
likely� that�snow� impurity�enhancement�associated�with�
melting�was�not�well� progressed�because� the� surface�
snow�was�dry�on�June�26,�as�mentioned� in�section�2.1.　
When�these�values�are�compared�with�the�measurements�
at�QH1‒QH3�in�2011,�which�were�0.3︲0.8�(0.3)�ppbw�(EC),�
2.0︲11.7� (0.5︲1.2)�ppbw� (OC),�and�9.9� (-)�ppbw� (dust),� the�
EC� and� OC� concentrations� are� found� comparable,�
whereas� the�dust�concentration�at�SIGMA-A� in�2012� is�
much�higher� than� that�at�QH3� in�2011.　Although�EC�
and�OC�concentrations�could�be�underestimated�due�a�
low�collection�efficiency�of�the�quartz�fiber�filter�(Torres�
et al.,�2013),�the�error�of�dust�concentrations�at�the�snow�
surface� and� subsurface� in� 2012� is� small� because� they�
were�determined�based�on�the�weight�of� the�nuclepore�
filter.　High�dust�concentration�values�of�138±69�ppbw�
were�also�observed�at�Summit�in�May�and�June�2012�by�
Carmagnola�et al.� (2013);� these�are�comparable�with�our�
value�of� 107�ppbw�measured�at�SIGMA-A�on� June�28,�
2012.
　　The�maximum�impurity�concentrations�at�SIGMA-A,�
all�measured� on� July� 12,� 2012,�were� 4.9�ppbw� (EC),�
17.2�ppbw� (OC),� and�1327�ppbw� (dust),� of�which� the�EC�
and�dust� concentrations� are� remarkably� higher� than�
those� at� QH1‒QH3� in� 2011,� as� well� as� the� recent�
measurements�at�Summit�(Steffensen,�1997;�Hagler�et al.,�
2007a;� Carmagnola� et al.,� 2013).　If�we� assume� the�
collection�efficiency�of�the�quartz�fiber�filter�employed�to�
be� 20�%,� the� corrected�EC� concentrations�would� be�
24.5�ppbw,�which�could�reduce� the�albedo�by�0.03� for�a�
snow�grain�radius�of�1000�µm� (Aoki� et al.,� 2011).　The�
snow� impurity� concentrations� averaged� during� the�
observation�period�at�SIGMA-A�are�shown� in�Table�2,�
where�the�difference�in�dust�concentration�between�QH1‒
QH3�in�2011�and�SIGMA-A�in�2012�is�significant.　Snow�
impurity�conditions,�in�particular�for�dust,�on�the�GrIS�in�
summer� 2012�were� very� unusual,� as�was� the� record�
melting�event�of�surface�snow/ice�over�most�of�the�GrIS.
　　We�examined�the�dust�particles�collected� from�the�
snow�surface�(d＝0︲2�cm)�on�July�12,�2012�by�a�nuclepore�
filter�with�a�scanning�electron�microscope�(SEM:�SU-3500,�
Hitach�Ltd.,�Japan)�(Fig.�4).　The�filter�is�the�first�stage�of�
a� two-stage� filtering� systemwhose�pore� size� is� 5�µm.　
After�this�filtration,� the�smaller�particles�were�collected�
on�the�second�nuclepore�filter�with�a�pore�size�of�0.2�µm.　
The�greatest�weight�of� impurities�was�collected� in� the�
first� stage.　Fig.� 4� shows� the�major� particle� size� is�
around�5�µm,�which� is� the�same�as�the�pore�size�of� the�
filter,�and�the�maximum�particle�size�is�about�60�µm.　An�
energy�dispersive�X-ray� spectroscopy�analysis� for� the�
particles� in�Fig.� 4� indicated� that� the�major� chemical�
elements�were�silicon�and�aluminum.　From�this�analysis�
of� the� particle� sizes� and� shapes� shown� in�Fig.� 4,�we�
confirm� the�major�particles� are� silicate�mineral� dust.　

Since� the� globally-averaged� e-folding� lifetime� in� the�
atmosphere�of�dust�particles�with�a�size�of�5� (20)�µm�is�
about�one�(0.1)�day�(Tanaka�and�Chiba,�2005),�it�is�difficult�
to� transport�dust�particles� larger� than�5�µm�over� long�
distances� of� the�order� of� several� thousand�kilometers�
from�the�arid� regions�of� the�mid-latitudes.　Therefore,�
the�possible�source�areas�of�dust�emission�would�be�the�
peripheral� bare� soil� regions� of�Greenland� and/or� the�
Canadian�Arctic,�although�major�dust�source�areas�during�
the� last�glacial�period�obtained� from�Greenland� ice�core�
were�Asian�deserts�(e. g.,�Ruth�et al.,�2007;�Steffensen�et 
al.,�2008).　Such�a�high�concentration�of�dust�measured�
at�SIGMA-A�is�a�possible�source�of�nutrients� for�glacial�
microbial� activities� in� the� ablation� areas� located�
downstream�of�SIGMA-A.

4.3　Vertical profi�les of snow impurities at SIGMA-A
　　The�vertical� snow�samples�were�collected�on� two�
separate�days� (July�8�and�10)�when�snow�melting�was�
advanced.　Fig.� 5�depicts� the�vertical�profiles�of� snow�
impurities;�EC�concentrations�in�some�layers�could�not�be�
measured�because�of� the�OC/EC�splitting�error�of� the�
instrument.　Each� impurity�concentration� is�vertically�
very�inhomogeneous�and�ranges�of�0.02︲3.0,�1.1︲35.7,�and�
19.9︲2883�ppbw� for� EC,�OC,� and� dust,� respectively.　
Higher�concentrations�are�seen�clearly�at�the�surface�and�
around� ice� layers.　The� ice� layers�are�presumed�to�be�
formed�in�summer�seasons,�whereas�it�has�been�reported�
from� a� snow� pit� study� in� July� 2009� at� the� North�
Greenland�Eemian�Ice�Drilling�deep� ice-coring�site� that�
Ca2＋,�which�originates�mainly�from�mineral�dust,�peaks�in�
late�winter� to� spring� (Kuramoto� et al.,� 2011).　The�
possible�causes�of�the�high�concentrations�around�the�ice�
layers� are� the� same� effects,� i.e.,� atmospheric� aerosol�
deposition� and� enhancement� processes,� as� those�
mentioned� in� the� previous� section,�when� those� snow�

Fig.�4.　Scanning� electron� microscopy� image� of� snow�
impurities�collected�on�nuclepore�filter�with�a�pore�size�of�
5�µm�for�the�surface�snow�sample�(d＝0︲2�cm)�collected�on�
July�12,�2012.　A�scale�in�the�lower�right�indicates�200�µm�
across� the�entire�range�of� scale�marks� (grid�spacing�of�
20�µm).
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layers�were�exposed�to�the�atmosphere�at�the�surface�in�
the�past.　Another�enhancement�process� that�occurred�
in� the� snowpack� can� be� considered,� in�which� snow�
impurities� accompanied�by�meltwater�movement� are�
redistributed� around� the� ice� layers� in� the� snowpack.　
Goto-Azuma� (1998) � expla ined� the� enhancement�
mechanism� observed� at� Glacier� No.� 1� in� Tianshan�
Mountains,�China,�as�one� in�which�solid�particles�moved�
down�through�water�channels�and�accumulated�at�bottom�
of�water�layer�on�ice�layer.　To�confirm�these�processes,�
we�need� to�measure� the�vertical�profiles�of� impurities�
with� higher� temporal� and� vertical� resolution,� in�
conjunction�with� laboratory�experiments�to�examine�the�
redistribution�of�impurities�in�wet�snow.

5.　Conclusion

　　LASI�have�the�effect�of�reducing�the�albedo�and�thus,�
enhancing� snow�melt.　However,� there� are� still� large�
uncertainties� regarding�any�causal� link�between�snow�
pollution�by�LASI�and�the�recently�observed�drastic�snow�
and� ice� melting� of� GrIS.� Thus,� it� is� important� to�
determine� the�concentrations�of�LASI�on� the�GrIS.�We�
measured� the�EC,�OC,� and�dust� concentrations� in� the�
snow�surface�at� three� locations�QH1,�QH2,�and�QH3�on�
August� 1,� 2011�and� for� the� snow�surface�and�vertical�
snow�layers�above�about�1.8-m�depth�at�SIGMA-A�during�
the�period�from�June�28�to�July�12,�2012�on�the�northwest�
GrIS.�When�we�performed�the�snow�sampling�at�QH1‒

QH3�in�2011,�the�snow�melting�was�not�very�advanced�at�
any�site.　The�EC�and�OC�concentrations�were�0.3︲0.8�
and�0.5︲11.7�ppbw,� respectively,�which�were�within� the�
range� of� previous�measurements� obtained� at� Summit�
using�a� thermal� optical�method� (Hagler� et al.,� 2007a),�
whereas� the�EC�concentrations�were�a� factor�of�about�
five�smaller�than�those�measured�using�an�optical�method�
(Doherty�et al.,� 2010).　Our�measurements� for�EC�and�
OC�could� be� underestimated�because� a� recent� study�
suggested�that� the�collection�efficiencies�of�quartz�fiber�
filter� for�LASI�are�10︲38�%� (Torres� et al.,� 2013).　The�
dust�concentration�was�9.9�ppbw,�which�was� lower�than�
the�recent�value�measured�at�Summit.
　　At�SIGMA-A� in�2012,� a� remarkable� snow�surface�
lowering�and�snow�melting�event�was�observed�during�
the� observation� period,� and� a� significant� amount� of�
rainfall�was� also� observed�during� July� 10︲13,�when�a�
record� surface�melting�event� occurred�over� the�GrIS.�
The�snow�impurity�concentrations�in�the�surface�layer�on�
June�28�at�the�beginning�of�the�observation�period�were�
0.9� (EC),� 3.8� (OC),� and� 107�ppbw� (dust),� respectively.　
They�gradually� increased�during� the� first�part� of� the�
period�and�then�rapidly� increased�after�July�7,� to�attain�
values�of�4.9�(EC),�17.2�(OC),�and�1327�ppbw�(dust)�on�July�
12,� 2012.　These� EC� and� dust� concentrations� are�
remarkably�higher�than�those�measured�at�QH1‒QH3�in�
2011� and� the� recent� EC� and� dust� concentrations�
measured�at�Summit.
　　We�confirm�that�enhancement�of� the�snow�surface�
impurities�occurred�in�the�observation�period,�which�can�
be�explained�by� the�effects�of� sublimation/evaporation�
and� snow�melt� amplification� due� to� low� scavenging�
efficiency�with�meltwater.　Other�possible� reasons� for�
the�increase�in�snow�impurities�are�aerosol�dry�deposition�
under� a� cloudy� sky� and� aerosol� wet� deposit ion�
accompanied�by�rainfall�after�July�10.　As�a�result,�snow�
impurity�conditions,�in�particular�for�dust,�on�the�GrIS�in�
summer� 2012�were� very� unusual,� as�was� the� record�
surface�melting�event�over�the�GrIS.
　　SEM�analysis�for�surface�snow�impurities�on�July�12,�
2012� revealed� that� the�major�weight�on� the� filter�was�
mineral�dust�with�a�size�larger�than�5�µm,�suggesting�the�
possible� emission� source� areas� of� the� dust� as� the�
peripheral� bare� soil� regions� of� Greenland� and� the�
Canadian�Arctic,�because� the�e-folding� lifetime�of�dust�
particles� in� the�atmosphere�with�sizes�of�5�µm� is�about�
one� day.　Such�high� concentrations� of� dust� found� at�
SIGMA-A�are� important�as�possible�nutrients� for�glacial�
microbial�activities�in�the�ablation�areas�in�the�GrIS.�The�
vertical�profiles�of�snow�impurities�at�SIGMA-A�in�2012�
were�very�inhomogeneous,�and�the�high�concentrations�of�
impurities�were�distributed� at� the� snow� surface� and�
around� ice� layers.　The� possible� causes� for� this� are�
atmospheric� aerosol� deposition� and� enhancement�
processes�when�those�snow� layers�were�exposed�to�the�
atmosphere� at� the� surface� in� the� past.　It� is� also�
considered�that� the�snow� impurities�were�redistributed�

Fig.�5.　Vertical� profiles� of�mass� concentration� of� snow�
impurities.　The� snow�samples� in� the�upper�part� (d＝
0︲100�cm)�were�collected�for�every�10-cm�thickness�with�a�
snow�sampler�on�July�8,�2012,�and�the�lower�part�(d＝83︲
183�cm)� for�every�25-cm�thickness�with�a�hand�auger�on�
July�10,�2012.　Vertical�error�bars� indicate�the�sampling�
layer� thickness.　Light�blue� colored�areas� indicate� ice�
layers;�that�of�d＝78︲100�cm�was�observed�on�July�8�and�
the�others�were�observed�on�the�dates�of�samplings.
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around� the� ice� layers� in� the� snowpack�via�meltwater�
movement.　However,� we� do� not� have� the� data� to�
confirm� this�process� at� the�present�moment.　Future�
work� should� be� focused� on� performing� laboratory�
experiments� to�examine� the�redistribution�processes�of�
LASI� in� the� snowpack,� in� conjunction� with� field�
measurements� with� greater� temporal� and� vertical�
resolutions,�to�study�the�enhancement�processes�of�LASI�
at� the�snow�surface�and� in�the�snowpack,�especially� for�
conditions�of�melting�snow.
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