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Abstrac t

Located on the midtlantic ridge,lceland haghe largest volcartlastic deserbn Earth
created by glackdluvial processes and frequent volcanic eruptions. Due to its location
along the North Atlantic Storm track, Iceland frequently experienceswiiglis. With an
abundance of loose dust (particulate matter) from sandur plains and high leghaisdic
glaciers are exposed to dust storms and redistributedaplsited materias influencing

glacier albedo and therefore the surface energy balaheeeffects of deposited volcanic

ash on ice and snow melt were examined using laboratory and outdoor experiments to find
an insulating thresholdnd showedhat ashinsulated the ice at a thickness 6L® mm
whereas maximum melt occurred at a thicknesalef mm,

To estimate the frequency of dust events, the dispersion model FLEXDUST was used to
simulate dust events on Bruarjokudl north outlet of Vatnajokull for the year 2012. All
simulated dust events showed a corresponding albedo drop at the vgéatibas. For the
weather station B13, near the ELA on Bruaarjokull, FLEXDUST produced 10 major dust
deposition events and a total annual deposition of 20.5.g m

Surface snowsamples from Vatnajokull were analysed fonpurities to map the
distribution over the ice cap in 2013 and 2015, as well as two 4.5 m deep firn cores on
Bruarjokull were drilled in 2015.The coresreached down to the year 2006 asitbwed
distinct dust layers for the years 2014, 2012, 2011 and 2008 and only very small amounts
for the years 2007 and 2013.

Sonic sounder for snoelevationmeasurementst AWS sitd813 on Bruarjokull, (picture taken by F. Palsson in
September 2001).






Utdrattur

A Islandi er adfinna steerstu sanda heims limsisku gjoskugleribeir hafamyndastir
eldfjalladsku fréfjélda eldgosa ogid jokul- og vatnsvedrumgosbergsMjog vindasamt er
a Islandi vegna legu landsins i brautum laegda eftir Nordur AtlantsBafiegdausraefna
(svifryks) i sondumlandsinsog vinda®m vediattagerir jokla alandsinsitseta fyrir sand
og 6skufoki. Efnid sem sest a joklana hefur ahrifeddurkast solarljoss fra yfirbordinu.
Yfirbordid verdur dekkraog tekur upp meira af orku fra solgeislymad hefur ahrif a
orkubuskapvid jokulyfirbord, leysinguog pannigafkomu joklanna.

Anrif eldfjallabsku sem sesta snj6 og is voru rannsokuded tilraunum, bzedi a
tilraunastofu og i nattarunni. Fundin voru morkin par siskipykkt er svomikil ad han
einangra alveg oghindra brddnun is®g reyndust pau vera-A5 mm. Hamarks aukning i
bréadnurar vard hinsvegaipegar dskulagid er u@ 12 mm pykkt.

Reiknilikanid FLEXDUST, sem reiknar dreifingu loftborinna efna, var notad til ad herma
sandfok & Bruarjokul nordur Vatnajokli ario 2012Vid 6ll tilvik sandfoks sem komu fram

i likanreikningummeeldistsamsvarandi leegra hlutfall endurkastads solarf@sgfirbordi

vid sjalfvirkar vedurstodvar a joklinunVid vedurstdd neerri jafnveegislinu Braarjokuls,
voru 10 tilvik verulegs sandfoks og uppsafnad magn efnis var 20.5 gagmkvaemt
likanreikningumum.

Kort af dreifingu ryks a yfirbordi Vatnajokuls voru gerd eftir meelingum & rykmagni i
snjosynum sem safnad var af yfirbordi (vio hausthvorf) Vatnajokuls haustin 2013 og 2015.
Einnig var borad eftir tveimur 4.5 m I6ngum kjérnum Ur efsta hluta hjarrefrés\sedi
Bruarjokuls ario 2015. Kjarnarnir nadu aftur til arsins 2006 og greinileg ryklog i peim
rakin til hausthvarfa dranna 2014, 2012, 2011 og 2008, en adeins fannst mjog litid ryk &rin
2007 og 2013.






Dedi cati on

This work isdedicated to my te father WalteDragosicsA






Table of Contents

Y 013 1 = Lo PP P PP PP PPPPPRPPPPPPPRR il
D=0 [ 0% 11 0] o PP Wil
Table Of CONTENTS. ..ottt e e e e e e e e e e e e e e s st e e e e e e e e as X
LISE OF FIQUIES .ottt er s Xi
LISt Of TADIES. ...ttt nrne s Xii
Y o] o] €=/ =[] 1 Xiii
ACKNOWIEAGEMENTS.....cciiiiiiiiiee s e e e e e eee e s e e e e e e e e e e e e e e e e e e eerearnnneaeaaes XV
3 1o o [ o o o P PUPPPPRTR 1
1.1 TheoretichBackgroUnd................uuiiiiiiiii e eeeer s e e e e 1
1.1.1 DUSE STOIMIS. ..ottt et e e nme e e et e e e e e e e eanss 1
1.1.2 Surface energy balanCe............ccooiviiiiiiee e 2
1.2 ReSearch ODJECHIVES. ......uuiiiiiiiiiiiii e 6.
1.3 Outline of the diSSErtation.............ueiiiiiiiii e 7
2 D - - =T o 1V =1 o o £ 9
N R (Vo |- T == SO UUPPPT 9
2.2 Ground based MeasUreMENTS. .......coeeeeiiiieieeieeer e e e e ee e e e e mmme e eeeeeenees 12
2.2.1 EXperiments at FMI...........uuuiiiiiiii e eeen e 12
2.2.2 Automatic Weather Stations............ccoevviviiiiiiiiee e 13
2.2.3 Surface SNOW SaMPIES........uuuiiiiiii et 14
P T g T o0 ] =2 SS 14
2.2.5 FLEXPART L.ttt ettt eseetee ettt et e e e e e e e e e e e s st e e e e e e e e e e e e e e e e e e s e s 16
3 Presentation Of PAPEIS. ......uuuuiiiiiiiiiiii et 17
3.1 Paper I: Insulation effects of Iceldic dust and volcanic ash on snow and
o R 17
G 70 0 R YW 01 0 £ = T Y 17
3.1.2 MaAIN FESUILS....cci i e e e e e e e ernn s e s e e e e e e e e e e e eeeeeenens 17
3.2 Paper Il: Impact of dust deposition on the albedo of Vatnajokull ice cap,
o =1 =T o o OSSR 19
G JZ a0 R YU 01 0 1 = T Y S 19
3.2.2 MaAIN FESUILS.....oiieieeieeeeeee e e e e e e e s eenn s e s e e e e e e e e e e e eeeeeenens 20
3.3 Paper lll: Ground based measurements of dust deposition on Vatnajokull;
Firn core analysis and surface dust samples..........cccccoviiiccce 22
G T 00 R YU 01 0 1 = T Y 22
3.3.2 MaAIN FESUILS....cciieieeeeeeeeee e e e e e e s eenn s e e e e e e e e e e e e e eeeeeenens 22
4 General CONCIUSIONS.......uuuiiiii e 25



R (=] (=] (o =T TP 27

=T 01T PR PP UPPPPPRPE 35
P AT L e ——— 35
Paper L. Fehler! Textmarke nicht definiert.
= 101 1 SO PPPPPR 3


file:///D:/CRAICC%2009.12/0%20THESIS/Thesis/thesis%20submitted/ThesisfPRINTfinal.docx%23_Toc472887765
file:///D:/CRAICC%2009.12/0%20THESIS/Thesis/thesis%20submitted/ThesisfPRINTfinal.docx%23_Toc472887769
file:///D:/CRAICC%2009.12/0%20THESIS/Thesis/thesis%20submitted/ThesisfPRINTfinal.docx%23_Toc472887771

List of Figures

Figure 1: The relative contribution of various energy fluxesht® total energy
provided for melting during the ablation season on Bruarjokul (N
Vatnajokull): ks the short wave radiation, & the long wave radiation,
Qna the ®nsible heat and @ the latent heat (Bjornsson and Palsson,
2008; analysis by Sverrir GORUNASSON)........uuvuriiiiiiee e e e cerrieeee e e e eeeaeas 4

Figure 2: Monthly average of the solar zenith angle at noon for Reykjavik,
Melbourne, and Singapore (Sasaki et al., 2003)............uevvvviiiiccmeeerennnnnns 4

Figure 3: Iceland with glacier outlines and sample sites on Vatnajokull and
Eyjafjallajokull (Eyja site) (base map by Landmeelingar Islands, 1993).10

Figure 4: Sample sites and Automaliteather Stations (AWS) on Vatnajokull ice
cap (base map by Landmeaelingar Islands, 1993)...........ccccooeviiiieccnnnnnns 11

Figure 5: Sandy deserts in Iceland, in yellow severe erosion, in red extremely severe
erosion. Thessandur plains cover large proportions of the country and
are mainly located at glacier margins. Highlighted with green circles are
dust hotspots. Figure by Arnalds et al. 2016..............ccoovviiriieeeeeeeeeeeen, 12

Figure 6: Ma&s balance records in m w.e. for station B13 at Braarjokull for the years
1993 to 2016. In blue the winter balance, in red the summer balance and
in green the net balance (data from IES Glaciology Group)................... 13

Figure 7: Firn core drilling on Braarjokull with the Icelandic glaciological Society,
Jorfi. On the right pictures: the drilled core, broken into segments with a
close up with of sample A20 showing a dust layetr.................ccvumeee... 15

Figure 8: During the AocR015 experiment, different amounts of ash were deposited
on a 0.3x0.3 m2 snow surface. a) 15 g, b) 85 g and c) 425 g (15 mm layer
thickness) (Dragosics et al., 2016).........cccccuvvrrmmiimmmniiiieie e 18

Figure 9: Upper graph: Albedo measurement in red from the AWS at station B13 and
in blue station B16 for the measurement period in 2012. Lower graph:
Simulated daily dust by FLEXDUST. Dust events are highlighted in
beige and Named EFEL0..........coovviiiiiiiiiiie e 20

Figure 10: The left graph shows dust layers found in two firn cores, firn core A in
blue and firn core B in orange. The different background colours
indicated differentyears within the firn layer, from 2006 to 2014. The
right graph shows the continuously measured turbidity of the firn core23

Xi



List of Tables

Table 1: Characteristigzalues for snow and ice albedo from a literature review by
S.J. Marshall (Cuffey and Paterson, 2010)............coeevvviiiiimmmeeeeeeeeeeeninennns 5

Table 2: Effective and critical thickness for different materials such as tephra, rock
debris and dust in comparison (modified by Dragosics et al., 2016).....18

Table 3: Dust amounts in firn cores A and B, taken in 2015 and snow surface sample
dust from station B13, all on BraarjoKull.............ccccceoeiiiiimmniiiieeeneee 23

Xii



Abbreviations
a.s.|
AWS

BC

DOY
ECMWF
EDS
ELA

FMI
GPR
IES
MODIS

ppm

w.e.

Above sea level

Automatic Weather Station

Black carbon

Day of the year

European Centre for MediuRange Weather Forecasts
Energy dispersive spectrometer

Equilibrium line altitude

Finnish Meteorological InstitutdHelsinki Finland
Ground Penetrating Radar

Institute of Earth Sciences, University of Iceland
Moderate Resolution Imaging Spectroradiometer
Parts per million

Water Equivalent

Xiii






Acknowledgements

This thesis would never have been written without the supervision and help of Throstur
Thorsteinsson. | thank him for tlegportunity to do a PhD in Iceland that included Nordic
partners in additioto his comments and discussions. He was able to have a good overview
of my research topic and main questions.

| am extremely grateful for one of my supervisors and friends, Outi Meinander. During my
three months at FMI in Helsinki, she motivated me at akweeriod in my PhD and helped

me with her organised and structured manner to set the ball rolling. With her andGerrit
help | was able to write and publish my first paper.

My work also greatly benefited froinnur Palsson. Finnur is a vejgvial/cordal man

and has great expertise in the field on the glacier; | am thankful for my discussions with
him and the time on the glacier was great fun! He and his wife, Sjofn, are one of the cutest
couples | know and they work perfectly together in the fieldelsJ

| am very pleased for the 3 years | could spend in Iceland. | became colleagues and friends
with many lovely people: Izabela, Deirdre, Barbara, Hannah, Daniel Juncu, Vincent, Pavla,
Louise, Joaquin, Mary, Paavo, Jed, Morgan, Haraldr. Arkimedes,Will?, Becca, Gro,

Ella, Tinna, Hrénn, Agust Por, Rob, Kate, Sydney, Dave, Mathylda, Jénas, Svandis and the
great strong technicians Steini, Sveinbjérn and Agust Pétursson.

Furthermore, | am glad to have won a very special friend. | had spent basitaily al
lunches and tea (for him coffee only) breaks wittn and am sure will be in contact for a
|l ong time! Thanks goes to Tobi Athe foxo D¢

While studying in Askja, | was lucky to meet my Bavarian colleague and now husband
Werner <3 Thank yotor the sipport and funny times you have given me these past couple
of years.

| would like to thank Magnus Tumi, head of department and president of Jorfi, the
Icelandic glaciological society, for his advice and enabling me to twice join the annual
expedition to \atnajokull in order to help take firn cores for my project.

In addition, | enjoyed our weekly glaciology meetings with Tolly, Finnur, Bergur, Agust,
Joaquin, Louise, Helgi Eyfi and Sverrir, which were always fun and informative! And no, |
did not forget avery valuable part of our glaciology teamAlex! It was great to have
another Austrian in the boat. Alex Jarosch greatly assisted me with strategic, personal, but
also technical problems.

I want to thank my whole PhD committder their supervisionand epecially my
supervisor Andreas Stohl as well as Christine and Sabine for a great 3 months at NILU in
Oslo/Kjeller, Norway and for their collaboration.

Last but not least, ich méchte auch ganz herzlich meiner Familie danken, die trotz der
gro3en Entfernungron Osterreich immer fur mich da waren. Ohne die finanzielle

XV



Unterstiitzung meines Vaters wéare meine ganze Studienlaufbahn mit Sicherheit anders
verlaufen.

This PhD project was funded by NordForsk as a part of the Nordic Centre of Excellence
within the franework of CRAICC (Cryospheratmosphere interactions in a changing
Arctic climate), which is also a part of the Figvel Research Initiative (TRI)

XVi



1 Introduction

Valley glaciers and small ice caps are known to contribute significantly {leseaise on a

century time scale. Glaciers are, compareithédarge ice sheets Greenland and Antarctica, in

a warmer and wetter climate and therefore have fast response times and mass turnover rates,
which makes them sensitive to climate char{gey. Oerlemans,@®1; Gardner et al., 2013).
Icelandic glaciers have contributé® . 0 3 ' ftoreeadevetise since the midl990s which
represents an average annicall os's o f '9Y(Bjbritdon & al.Ga013Eresh sow is

one of the most reflective natural surfaces on Earth. Addition of dark impurities decreases its
albedo,the reflectivity of the surface, and increases its absorption of solar energy. Therefore,
trace amounts of black carbon, dust and other absorbing impurities in ssgiificantly

affect glacier mass balance and regional to global clifeate Hadley andirchstetter, 2012,

Painter et al. 2007, 2013, Flanner et al. 2007, Hansen and Nazarenko, 2004). The contribution
of dust from higHatitude sources is still an underestimated part of the global dust cycle
(Bullard et al., 2016). Dust storms originatingrfr high latitudes such as Iceland provide
inputs of aeolian sediment to regions far from the subtropical dust belt. It is important to study
and understand the potential impacts that the dust may have on wider environmental systems,
such as the cryosphe(Baddock et al., 2016).ocal dust sourcesuch as from Iceland are

very important in theArctic. Groot Zwaaftink et al. (2016) show tha% of global dust
emission originates from the nearctic regions(>60°N).

1.1 Theoretical Background

1.1.1 Dust storms

Iceland is situated in the middle of the North Atlantic and has the largest volcaniclastic desert
in the world which covers 22,000 Kmiceland is one of the most active aeolian areas and
therefore an important dust source for retic (Groot Zwasftink et al, 2016) Arctic deserts

with glacial sediments of riverbeds or{peoximal areas are an important contribution to the
dust cycle (Bullard, 2013; Bullard et al., 2016). The Icelandic desert has been mainly formed
by glaciefluvial processes as well as drgent volcanic eruptions.

Being locatedalong the North Atlantic Storm tragkiceland frequently experiences high
winds, resulting in dramatic wind erosion and dust production. Despite the generally moist
Atlantic lows, dry winds occur on the lee sideladlandic mountains and glaciers (Arnalds et

al., 2016). Each year dust is transported to glaciers and snow surfaces during dust storms,
lowering the albedo and therefoiredicating a negative impact on glaciers and snow. The
main dustsources are the priagial areas and sandy deserts, covering more than 22% of the
country (Arnalds et al., 2001). A lofigrm frequencyanalysis of atmospheric dust
observations by Dagssealdhauserova et al. (2014stptes thaton average 34.4 dust days

per yearoccuredin Iceland. Adust dayis defined as a day when at least one weather station
recorded at least one dust observation (Dag¥¢alilhauserova et al.,, 2013). Airborne
redistribution of dust has a strong influence on human health, climate, snow melt, Icelandic
soils, and possibly ocean fertilitpatellite images have shown that dust particles can travel
very far distances from Iceland and are transported over the Atlantic and Arctic Ocean,
sometimes for more than 1000 km (Arnalds, 2010). Siwtesdistance tadhe Greenland ice
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sheet is only 500 km, and Icelandic dust particles were found Hcoieesamples in Central
Greenland (Drab et al., 2002). Baddock et al. (2016) modelled trajectories of Icelandic dust
transported into the Denmark Strait and towardse@snd, into the Norwegian, Greenland

and Barents Seas, and there is potential for delivery to the North Atlantic Ocean in summer
months. D reach the central Greenland Ice Sheet trajectories hardly ascend high enough.
Icelandic dust is likely to contribetto Arctic and European air pollution aodn affect the

climate via dust deposition on Arctic glaciers or sea ice (Arnalds et al., 2016). How far
particles are transported depends on grain size and wind speed. Smaller grains are more prone
to get transpded over long distances. The probability for dust events is high in areas with
little vegetationandsevere or extremely severe erosion. These areasanty located along

| ¢ el aowtd éoast anthe glacier forefields in the volcanic zone (Arnaldsakt 2001).
Volcanic eruptiongan have a great effect on then n u a | averages. After t
Eyjafjallaj°kull it was recorded that over
transect, and events such as these continued over extensive areas (Arnalds et al., 2013,
Thorsteinsson et al., 2012). ontrast effusive eruptions creating a lava field, such as the
BardabungaHoluhraun in 20142015 can cause a prolongegnission decrease. In this
eruption the new lava covered 85 %af anarea that was defined to be in an extreme erosion
area (Gudmundssoet al., 2016). Jokulhlaups (glacial outburst floods) have the ability to
deliver largeamounts 6 sediment to the sandur plaimsd therefore were associated to
periods of increased dust storm frequency (Prospero et al., 26&Rndic tephra origins

from the mid ocean ridge basalt and consists therefore mainly of basaltic volcanic glass. The
chemicd composition of tephra variegepending on the volcanic system and even eruption.
Deserts of this composition are globally unique (Arnalds, 20&6herallyphreatomagmatic
basaltic eruptions occur in Iceland from subglacial, subaerial, and submarine volcanoes
(Thordarson and Larsen, 2007).

Every year a considerable number of dust storms occur in Iceland with presumable deposition
of dust or ash on the icegs (Arnalds et al., 2014A\bout half of all dust storms that occur in

south Iceland each year happen at temperatures around freezing; therefore, dust could be
mixed together with snovinfluencing albedo and snow mdrnalds et al., 2016)The
transporeéd dust is volcanic in origin (Arnalds et al., 2013) but redistributed and deposited in
the glacier forefield where it is mixing with glacial till. From the forefield, it can easily be re
suspended into the air by the action of wind and carried ontodbegArnalds et al. (2014)
roughly estimated the total deposition of dust on the Icelandic glaciers to be 4.5 million tons
per year with a mean deposition of 400 f gear?, only taking into account the distance to

the source, not topography.

The depsition of dust on snow or ice has an important climatic effect due to influence on
surface albedo reduction and enhanced snow melt. has been hypothesiz
volcaniclastic desemvill possibly expand due to glacier retreat, exposing morensets to

wind erosion and therefore increase magnitude and frequency of future dust storms
(Thorsteinsson et al., 2011; Bullard, 2013).

1.1.2 Surface energy balance

Glacier melting is determined by the energy balance at the glacier surface. The energy balance
is the balance between all positive (warming) and negative (cooling) energy flows to the
surface and is controlled by physical properties of the glacier surface and meteorological
conditions.The fluxes are expressed in W fiand are counted as positivetfifey provide

energy to the surface (e.g. Oerlemans, 200hg energy balance at the glaeamosphere
boundary is controlled by weather conditions above the glacier and the physical properties of

2



the ice itself. The interactions between the atmosphede gdacier surface are complex
because offeedback mechanismsThe atmosphere affects the energy balance and the
atmosphere is affected in turn by the glacier due to the specific properties of snow and ice
(Hock, 2005). Generally, snow and ice are charaed by defined surface temperatures
during melting (0 °C), incident shortwave radiation, high and largely variable albedo, high
thermal emissivity and variable surface roughness (Male, 1980; Kuhn, 1984).

The surface energy balandgyy() for a melting ghcier surfacés defined as the sum of all
energy fluxes at the surface:

Om O 0o Oy O Oy 1)
wherel{ is the net radiatiori?"Othe sensible heat flux arth the latent heat flux. Sensible
and latent heat fluxes are known as turbuleat rﬂluxes.o"prepresents the ground heat flux,

the change of the internal energy (temperature changé')'}ziri\si defined as the sensible heat
flux of rain.

The net radiation is the balance between shortwave and longwave radiation flux

O0g O 'Y 08 0OU )
where"Ois the incoming shortwave radiation from the ggilobal radiation) It is a function
of the solar constant, the solar geometry (e.g. zenith angle), topographic effects (inclination),
clouds and atmospheric compositio¥i.is defined aseflected shortwave radiation and a

function of the albeda) ¥ and0 " are the incoming and outgoing longwave radiation fluxes
from the atmosphere.

‘O 'Yis the shortwave radiation balance, wh&re| "QsoO Y "Op | wherg
is the albedo, theatio of reflected athincoming short wave radiation
| YO (3)

Albedo is dependent upon the material properties of the surface, such as grain size, liquid
water content, solar zenith angle and snow layer thickness (Wiscombe and Warjen 1980

Energy for melting

If the sum of net radiation and turbulent fluxes is positive on a temperate glacier, then the
energy goes towards:

1 warming of snow or ice, when the snow or ice temperature at the surface is nggative

1 melting when the snow or ice terapature at the surface is already zero.

But if the sum of net radiation and turbulent fluxes is negative, then the glacier cools and
ablation is zero. The energy available for melt is converted to water equivalené mattgd
calculated as

M
& pm ™ (@)

m Oy T
where L is the latent heat of fusion (& 3.34 16 J kg')  a tte dgnsity of water (1000 kg
m®) (e.g. Gudmundsson et al., 2006).



Net radiation is usually dominant the energy balance of glaciecgntributing up to > 90%

of the energy available for me{Oerlemanset al, 1999. On the Icelandic outlet glacier
Braarjokull net radiations occasionally equalled by turbulent fluxd3uring the melting
season, typicallaround two thirds of the melt energy is caused by radiation and one third by
the turbulent fluxegFigurel) (Bjérnsson, 1972; Bjornssaat al, 2005 Guomundssoet al,
2006).

40
Qu,

QR| - QH|
2 N

Figure 1: The relative contribution of various energy fluxes to the total energy provided for melting
during the ablation seasamn Bruarjokull (NVatnajokull} Qgrsthe short waveradiation, Qz; thelong
waveradiation, Quq the sensible heat an@y thelatent hea (Bjornsson and Palsson, 2008; analysis
by Sverrir Gudmundsson)
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Albedo

Albedo (Eq. 3), the reflectivity of a surface, is a dominazant of the surface energy balance.
Albedo of snow canvary from 0.9 to 0.4or less, depending on snow condition and type,
therefore it is an importatérm for melt rate. ledo has an important and large influence on

the shortwave radiation absorbed by the surface and hence on glacier melt (Cuffey and
Paterson, 2010). Grain size, solar zenith angle, ratio of diffuse ta olicésent radiation and

snow layer thickness are all important parameters influencing albedo (e.g. Wiscombe and
Warren, 1980; Meinander et al., 2014). Glacier ice typically has a lower albedo than snow,
but ice albedos can span a large raniggble 1). Albedo increases akd solar zenith angle
increasesin winter e.g. in Reykjavik the solar zenith angle exceeds 90°, compared to almost
40° in the summefSasaki et al., 200Figure?2).
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Figure 2: Monthly average of the solar zenith angle at noon for Reykjavik, Melbourne, and Singapore
(Sasaki et al., 2003).



Because larger snow grains are more absorptive, albedo decreases as the grain radius or the
age increase$snow albedo as well decreases when the liquid water content increases because
it replaces air between ice grains. Since the albedo of a thin snowpack depends on the albedo
of the underlying surface, only when the snowpack becomes thick enough, the affteets
underlying surface negligiel Generally it is the topmost 10 cm of snow which determines

the albedo (Wiscombe and Warren 198@)bedo has a wavelength dependency of the
radiation. AWS measurementsed for this workwith Kipp and Zonen CM14, BR1 or

CNR4 sensors)measure at wavelengths from G.2.8 um and gives relatively uniform

spectral response over thenge(Kipp & Zonen CNR1 20@; Gudmundsson et al., 2009

Very low albedo values, dropping below 0.03 in late summer, are not uriostte ablation

area of Icelandic glaciers, such as the ablation area on BruarjokWktfjokull), because

of the large amount of tephra layers melting out from below making the surface effectively
black €.g. Oerlemans 2001

Tablel: Characteristic values for snow and ice albedo from a literature review by S.J. Marshall
(Cuffey and Paterson, 2010).

Surface type Recommended|Minimum Maximum
Fresh dry snow 0.85 0.75 0.98
Old clean dry snow 0.80 0.70 0.85
Old clean wet snow 0.60 0.46 0.70
Old debris-rich dry snow 0.50 0.30 0.60
Old debris-rich wet snow 0.40 0.30 0.50
Clean firn 0.55 0.50 0.65
Debris-rich firn 0.30 0.15 0.40
Superimposed ice 0.65 0.63 0.66
Blue ice 0.64 0.60 0.65
Cleanice 0.35 0.30 0.46
Debris-rich ice 0.20 0.06 0.30

Since albedo represents the amount of reflected versus incident radiation, it is a key variable
in the surface energy balance amkd to calculate melting. With the cryosphere being an
important part of the earth climate system, small changes in absorbed radiation at snow or ice
surfaces can cause feedbacks with impacts on the climate and hydrological cycle (e.g.,
Budyko, 1969, Flaner et al., 2007, Painter et al., 2013). The srmwcealbedo feedback is

a positive feedback loop where a change in the area of-snavecovered land or sea ice

alters the albedo. Radiation absorption is enhanced due to impurity content in snioe and
and | eads to increased melt (Hansen and Naza
important to estimate changes in snow albedo, to predict changes in seasonal snowmelt and
runoff rates and for calculating the regional and global energyeby@ginter et al. 2007).

Since Icelandic dust is mainly basaltic, its effect on albedo is somewhat similar to black
carbon (Yoshida et al., 2016, (&5 et al., 2015) which has received much interest recently as

a shortlived climate forcer, especially ithe Arctic (e.g. Quinn et al., 2008; AMAP, 2015;
Meinander et al., 2016; Di Mauro et al. 2015).

Temperaturesn the Arctic hae increased much fasten the pastthan the global mean
temperature, an effect known as Arctic Amplification (e.g. Serreze amdy,B2011).In
Arrhenius, (1986 the Arctic Amplification was originallyattributedto albedo feedback.e.

initial warming induces melting of some of the highly reflecting snow and ice, thus exposing
darker surface with stronger absorption of solaratah which in turn leads to stronger
warming.Also more recent research shows tAattic Amplification is closely linked tahe

snow albedo feedback (Hadley and Kirchstetter, 2012)
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1.2 Research Objectives

This thesis addresses current research gaps camgeh@impact of dust anésh on snow
and ice with the aim of improving our understandinghef amounts of dust gettirgposited

on Vatnajokull,frequencief eventsand how that relates to changes in albedo. This thesis
assesses the properties of asuiation effect of askiovered ice or snow

The following research questions were focused on:

1 What is the influence of ash layers of variable thickness, as would result from dust
storms or eruptions and how do they influence glacier surface mass balance?

o Would they rather insulate the ice or enhance melting?

0 At what thickness is dust or ash insulating the ice and when is the melt
maximised?

How is dust distributed over the area of Vatnajokull?
What is the impact of dust on glacier albedo?
Can we quantifyr estimate the impact of dust on energy balance?

Are there variations of dust amosaffitom year to year and why?

= =2 A -4 -

Is there a relation of dust storms with wind speed and wind direction from data of
AWS in the glacier forefield?



1.3 Outline of the dissertati on

This doctoralthesisis based on the results presented in tHiest-author papers(née
Dragosics)these are referred to by roman numbers (PARER)I One paper igublished in

a peesreviewed international journain a special dust issue of th&rabian Journal of
Geosciences, whemaost often Saharan dust is considered and therefore it is an important
contribution of Icelandic Arctic dust sources introduced into the Saharan dust research
community. The secondpaperis in review and the third pape is in preparation After the
current introductory chapterl about dust storms and albedo, the thesis is structured as
follows: in chapter2, data and methods are presented @apter3 contains ssummary and

the main results based on the original papers. General conclusions are incldgatero.

The papers are:

w  Dragosics, M., Meinander, O., Jénsdottir, T., Durig, T., de Leeuw, G., Palsson, F.,
DagssorWaldhauserovd, P., and Thorsteinsson, [2016: Insulation effects of
Icelandic dust and volcanic ash on snow and Acabian Journal of Geoscences 9,
126,doi: 10.1007/s1251-01522246

w w :Dragosics, M., Groot Zwaaftink, Ch., Schmidt, L.S., Gudmundsson, S., Pélsson,F.,
Arnalds, O., Bjornsson, H., Thorsteinsson, Th., Stohl, A.: Impact of dust deposition on
the albedo of Vatnajokull ice cap, Iceland. SubmittoThe Cryosphere

w w wVittmann, M., Vogel, A., Groot Zwaaftink, C. D., Butwin, M., Palsson, F.,
Thorsteinsson, Th.: Ground based measurements of dust deposition on Vatnajokull; Firn
core analysis and surface dust samples. In prepafatidokull.






2 Data and Methods

In this thesisthe main focus is data from automatic weather stations h&svground based
measurementsampledon Vatnajokulland analysed to estimate annual dust deposition and its
impact. Experiments conducted at FMI, Helsinkintribute to a better understanding of
insulation characteristics of ash and dust deposition on Icelandic glaciers. They were carried
out in the laboratory and outside of FMI in a fenced area on snow in natural conditions.
Resultsfrom the application ofthe dispersion model FLEXDUSTdeveloped by Groot
Zwaalftink et al. (2016gave an assessmerf the frequency and amount of dust events
depositecbn Braarjokull in 2012.

2.1 Study area

Iceland is an island situated in the North Atlantic Ocean with an area3¢daDkns. Even

t hough i1itds situated cl| owscean tuoenttcdusges raild clitnatec Ci r
and small seasonal variations in temperature (5 °C annual temperature). On the Icelandic
south coast the average winter temperatures lie arfreeding temperatures and summer
temperatures average 11 °C in tharmest month (Einarsson, 19&jprnsson and Palsson,
2008). On the Icelandic northern coast the polar East Greenland Current affects the climate.
The typicallcelandic lowfrequently forns in the North Atlantic over Iceland and brings
heavy precipitation. Due to the maritime cli
(Figure 3) (Bjornsson, 1978, 1979; Bjornsson and Paiss200§. Icelandc glaciers are
warm-based and preserve a large reservoir of ice, turning into meltwater and feeding the main
rivers which are harnessed for hydropowWEnorsteinsson et al., 2013)6kulhlaups (glacier
outburst floods), frequently occur due to geothermrad &olcanic activity. Many active
volcanoes are covered by glacierized areas. The main part of the precipitation falls as snow on
top of the ice caps due to perennial freezing temperatures. Most of the glaciers in Iceland are
located close the southern ebacaused by prevailing southerly precipitation. Annual
precipitation values can exceed 4,88000 mm above 1300 m a.s.l. on the southern side of
Vatnajokull and Myrdalsjokull(Crochet et al., 2007)Around 1990 annual mass balance
measurements were irdted on the large ice caps such as Hofsjokull, Vatnajokull, Langjokull
and Drangajokull. These measurements are important to estimate the glacial meltwater
contribution feeding the river systems as well as whether glaciers are growing or shrinking. In
the melting season (approximately a 1@@y period) on some of the ice caps several
automatic weather stations (AWS) are operated, beginning in 1994 on Vatnajokull. At the
AWSs radiation components are measured directly. Turbulent fluxes are calculated using
wind, air temperature and humidity measurements in the boundary layer. Katabatic glacier
winds are dominating the boundary layer, especially in the lower, steeper regions of the ice
caps. Only strong winds can interrupt the glacier winds. (Bjornsson asgbRa008)
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Figure 3: Iceland with glacier outlines and sample sites on Vatnajokull and Eyjafjalltj(&yia site)
(base map by Landmeelingar Islands, 1993)

Vatnajokull

Vatnajokull is the largest ice cap in Iceland and Eurdyyevplume~3,100 km3) with an area

of 8,100 knf. It is located in the soutbast of Iceland and cover8% of the country. The ice
thickness average® ~400 m and reaches up to 1000 m in some afessept the year
2014/15 mass balance has been negativgx ¥atnajokull for the past two decades, and
similar is true for all the larger ice can Iceland (e.g. Bjornsson &it, 2013;J6hannesson et

al., 2013;Palsson et al 2012;Magnusson et g12016). Fomost of Vatnajokull the summer

mass balance isegative, but might be slightly positive in the highest regions due to summer
snow fall and therefore high surface albedo. Cold summer temperatures only alR@v 10
days of melting conditions, whereas in the ablation area ablation lasts for about tlnee to f
months. When ablation areas melted out and the pervious years melt layer comes to the
surface, albedo can drop to values lower than 0.1 because of exposed tephra layers within the
ice. Some of the outlet glaciers of Vatnajokull and Myrdalsjokull reasly low elevation

(100m of less) and therefore even the winter balance is negative in those areas. The northern
lee side of Vatnajokull counts to the dry central regions of Iceland and receive annual
precipitation values of only 46000 mm (Bjornsson anéalsson 2008). Vatnajokull has

about 30 outlet glaciers, one of them being Bruarjoliire4), the largest outlet of the ice

cap. Bruarjokulis a north facing outlet with a curresmtea of~1500 kn?, rangingin elevation

from ~600 to ~190 m a.s.l. The ELA is situated at around 120(.s.] (Bjornsson et al.,

1998)
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Dyngjusandur

Dyngjusandur is located north of VatnajokuHigure5), to the north bordered by the Askja
volcano and to the east by the major glacial drainage system of Jokulsa a Fjollum.
Dyngjusandur cows about 170 kfand its sediment thickness reaches around 10 m. Glacier
meltwater from Dyngjujokull is feeding numerous outlet streams merging into Jokulsa &
Fjollum (Baratoux et al., 2011). Arnalds et 2016 states that Dynjgusandurlisc el and 6 s
most extensive dust source area where several dust events can occur each day during dry
summer periods. Most of the dust is transported to the north but dust directions range from
south east to west, depending dry wind directions. Over 30000 tons of dustcan be
transported during a storm event, sometimes extending far into Arctic regions.
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2.2 Ground based measurements

2.2.1 Experiments at FMI

For the study on the impact of ash surface meltfour outdoor and laboratory experiments
with ash from the Eyjafjallajokull eruption 20X8ample site irFigure 3, Eyja sitg, were
carried outat the Finnish Meteorological Institute (FMI) at Kumpula Kampus in iHlels
Finland. These experiments impravihe understanding of insulation characteristics of ash
and dust deposition on Icelandic glaciers or elsewhere.

In the first experiment, the Ash on Snow (AB815) experiment, the effect of ash on snow in
natural onditions outdoors ®astested with a ashgr ai n s i(Z @0 pandtiree «
different amountsof ash:15 g, 85 g and 425 g (15 mm layer thickne§¥)e ash was
deposited on an area of 0.3x0.3 om a snow surface, and snow depth and temperature were
then monitored for 17 days until the snbed melted naturally

The second and third experiméRoof-2015) with ash on ice (AcR015), was performed in

the laboratory, and Ro&f015, performed outdoors in sunny conditions. Both experiments
contained the samamounts of ash with grain site &f « over a ~2.5 cm tlek ice layer
(frozen tap water)3 g, 35 g (1 mm layer thickness), 71 g (3 mm layer thickness) and 283 g
(91 13-mm layer thickness)n the roof experiment twdifferent grain sizes were used: 1 and

12



3.5 « After thedeposition othe materal, the ice was transferred into white pots with holes in
the bottom to measure the meltwater runoff

The fourth experiment, the Ash in Container (AiC) experiment, was an evaluation experiment

in a cold container at10°C, to see the impact of cooling fnoabove and melting
temperatures only from the surface, a more realistic approach to a glacier surface. Inside a
cold container, a big pot was filled at the bottom with a thick ice layer and on top of that an
8.5-cm thick layer of snow was deposited. Twiffetent amounts of ash concentrations were
deposited: 15 g and 425 g (15 mnfareshandtken e s s)
snow depth was monitored.

2.2.2 Automatic Weather Stations

11 AWSs are deployed during summer at various locations on Vadukjdn a collaborative
program of the National Power Company and Institute of Earth Sciences. The first AWS was
installed in 1994. One to three AWSs have been operating on Bruarjokull sinceFifi94 (

4). The AWSs measure aradchive incoming and outgoing shortwave radiation as well as
incoming and outgoing longwave radiation at ~2 m above the glacier surface. Air
temperature, relative humidity, wind speed and direction are measured at one to four levels
above the surfacévertical profilesoften at 2 and 4 m above the surfacEle AWSs are
operating approximately from May until October every year. A sonic echo sounder measures
the daily surface changes due to melting (and snow accumulation), and with measurement
based assumpins about the snow density, the corresponding ablation in water equivalent can
be calculated(Gudmundsson et al., 2006)

Since 1993/94 the mass balance has been conducted at ~15 survey sites on Bruarjokull. Each
year in April or May, cores for measuringnteér mass balance and snow density have been
drilled through the winter layer. The summer mass balance is measured in September or
October from readings at stakes or on wires, drilled into the glacier in April or May and left
there over the summer (Bjormsset al., 1998, 2003Figure 6 shows the mass balan(met

balance in greeril m w.e. for Braarjokulfrom 1993 to 2016vith most years being negative.

Bruarjokull
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Figure 6: Mass balance records in m w.e. fortgta B13 at Bruarjokulfor the yearsl993to 2016. In
blue the winter balance, in red the summer balance and in green the net bédatedrom IES
Glaciology Group)
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Albedo

Since 1996, the AWSat B13 and B16on Bruarjokull (Figure4) have measurethe energy
balance componen{&q. 1) Albedo is estimated from the measured incoming and reflected
short wave radiatiofEq. 3). Daily albedo values were calculated as the average over 10
minute data obtained betwedr3 and 14 UTC, when theolar zenith angle is smallest
(Guomundssort al, 2006) The uncertainty has been estimated to /43on an ice sheet
surface (e.g. Gudmundsson et al., 2009).

2.2.3 Surface snow samples

In October 2013 and 2015 surfaseow samples orVatnajokull were taken. The samples
coni@in dust from the previous yearelted out firn layer anénable ushelp to estimate the

dust deposited during spring and summer on the snow and ice surface. The top -Bkagh (1

of snow including impurities wererought back in plastic bags to the laboratory in Reykjavik,
where they were cut into smallsegments measured and then melted. Turbidity was
measured for all samples in ppm with a MONITEK turbidity métatvanic.com). After the
sampleshadevaporatedthe mass of the dust was weighed in beakers. In 2015 the melted ice
was filtered through quartz filters and the remaining mass on the filter was weighted, to
achieve a better accuradg.2013 16 locations on Vatnajokwieresampled, and in 20132
sanples have been taken the same wayguyre 3). Not all samplelocations overlapped for

both years, but 9 of the 12 samples were at the same location as in 2013. In 2015 the focus
was more towardsiteson Bruarjokull, thereforsitesB13-16 weresampled.

Thedust concentration was interpolated faatiajokull in g nf usingthe ArcGIS tool IDW
(Inverse Distance Weighting) for a simple comparison approach, without taking topography
into account. The southern part of Vatnajokull wasincluded in the interpolation since it is

too far fromthe sample survey sites

2.2.4 Firn cores

Within the framework of the springxpeditionof the Icelandic Glaciological Society in 2015,
it was possible for thisvork to drill two firn cores on BraarjokullOn 3 June 2015 two cores
at and close teiteB15 on Bruaarjokull Figure3) weredrilled.
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Figure 7: Firn core drilling on Braarjokull with the Icelandic glaciological Socigdgrfi. On the right

pictures:the drilled core, broken inteegmentsvith a close up with of sample AZhowingthe 2011
dust layer

The first core, core A was drilled close to (10 m) the mass batamgeysite B15, and core

B 650 m down glacier from B15, towardge B14. At the time of drilling,in spring 2015all

590 cm of winter snowvas still intacton top of the 2014 summer layer at core site A, and 530

cm at core site B. The denser layerttod summer surface of 2014 was definedreference
depthzeroand sampling fothe coreanalysis started from ther&he total length of core A

was 454 cm and of core B 455 cm (without the winter snow). The firn cores were drilled with
the help of an engine driven snow corer, used for mass balance measurements (3" snow corer,
Engineeing & Science Research Support Facility, College of Engineering, University of
Nebraskalincoln, USA) and automatically broke into pieces while drillikgg(re 7). The

firn core pieces were weighted, measured (length and digroetéhe sample site before they

were labelled and brought back frozenthe laboratory irReykjavik. At the University of
Iceland, they were cut in half longitudinally with a band saw; their dimensions were measured
again, and the firn pieces were malt&urbidity and filtering through quartz filters was
measured in the sammanneras usedfor the surface snow samples 2015. If the turbidity
exceeded 10 ppm, the sample was considered as dusty and filtered through a quartz filter. The
dust that remainednnothe filter was weighted by a scale with aocuracyof 0.1 mg.
Depending on the depth of the core, the age of the firn could be allocated by density
measurements and mass balance measurements from B15. For example when the mass
balance lf) for the year @14 was 148 cm and the measured dengity in thetop (=10 cm)

of the firn core 62 g cm?® this was multipliedc M) and esulted in a layer thickness 82.

cm corresponding to the year 2014. The whole core depth was calculated this way resulting in
the oldest year being 2006.
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2.2.5 FLEXPART

To simdate atmospheric dust concentragcand depositios on Vatnajokull a dispersion

model was used. The recently developed scheme, called FLEXDUST, described in detail in
Groot Zwaaftink et al., 2016 is used to estimate dust emission. These emission eshatate

can be imported directly into the Lagrangian particle dispersion model FLEXPART (Stohl et
al., 1998, 2005) to estimate mineral dust transport, concentrations in the atmosphere and
deposition on the surface. FLEXDUST is based on meteorological maatiie European
Centre for MediurRange Weather Forecasts (ECMWF), land cover data by the Global Land
Cover by National Mapping Organizations (GLCNMO) and additionally, for Iceland, a high
resolution land cover data sdtat identifies sandy deserfRagsonWaldhauserova et al.,

2014; Arnalds, 2015)Snow cover as well as precipitation inhibits the dust emission. It is
assumed that emitted dust particles have a size between 0.2 and 18.2 ym and follow a size
distribution after Kok (2011). In particular tlaeeal distribution over Vatnajokull for the years
2012 and 2013 as well asist events ahe twoAWS B13 and Blé6situated on Bruarjokull
outletwere simulated.
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3 Presentation of papers

3.1 Paper I: Insulation effects of Icelandic dust
and volcanic ash on snow and ice

3.1.1 Summary

Dust orvolcanicash islikelytobed e posi t ed on I celandds ice caj
every year (Arnalds et al2014).Volcanic tephra is also directly deposited from volcanic

plumes during eruptions. Dust changes the gtagiirface albedo and affects or even controls

to a great extent the surface melt ratésur outdoor and laboratory experiments with tephra

have been conducted to stuts/influence on snow or ice melt. Basaltic ash from the eruption

of Eyjafjallajokull (2010) in the grain sizeésand 3.5¢ have been used to i1 d
and critical thickness. The critical thickness characterizes the thickness of ash where the
ablation rate equals that of clean snow; more ash would start to insulate. The effective
thickness is the thickness whexklation is maximized (Brock et aR007). It is important to

study different ash deposition amounts and their influence of glacier surface mass balance,
such as after eruptions or dust storms, whether they insulate the ice or enhance melting.
Resultsfrom our experimentshow that a thin ash layer enhansaow and ice melt, but an

ash layer exceeding a certain critical thickness insul&egperiments showed that ash with a
grain size of 1 « insudllbatnend. tFhoer itchee afti nae rt hgi
needs 13 mm to start insulating. Effective thickness was reached at a thickness of only 1 mm

for both grain sizes.

3.1.2 Mainresult s

91 Four outdoor and laboratory experiments have been carried é&iMlain Helsinki.
Results contribute to a better understanding of insulation characteristics of ash and
dust deposition on Icelandic glaciers. Four outdoor experiments calleeR@d5
Roof 2015 and AiG2015 as well as one laboratory experiment (A015) were
carried out using snow (Ae3015), ice (Aol2015, Roof 2015) and snow over ice
(AIC-2015).

1 Our findings suggest that small concentrations, so very thin layer thicknesses, have the
potential to increase snow or ice melt, but increasing thickness after a certain threshold
would insulate

1 Table2compares critical and effective thickness of different materials with the results
of our experimentand shows very gooaigreement with e.g. thicknesses of Hekla or
Grimsvotn tephra
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Table2: Effective and critical thickness for different materials such as tephra, rock debris and dust in
comparison(modified byDragosics et al., 2016)

Material Effective thickness [mm] |Critical thickness [mm]
Mt St Helens (1980) ash 3 24

Hekla (1947) tephfa 2 5.5

rock debris” ~10 ~15-50

Villarrica tephra (lapili)® - <5

Dust (largely organic mattef) - 1.33

Grimsvotn 1-2 10
Eyjafjallaj°kull as 1 9-15
Eyjafjallaj°kull as O1-|2 13

! Driedger(1981);?Kirkbride and Dugmore (2003jBrock et al. (2007)* Adhikary et al. (200Q)°Méller et al. (2016)

l

In the Ash on Snow (Ao2015,Figure8) outdoor experiment ash concentrations with
three different amounts, 15 g, 85and 425 g (15 mm layer thickness) in the size of 1
« were deposited on natural snow on the ground. The effective thickness was reached
at the medium concentration (85 g), and the critical thickness was achieved at the
largest deposition of 15 mm layeridkness since the clean control snow tdbk
same timeo melt as thd5 mmdeposition.

» S :

Figure 8: During the AoS2015 experiment, different amounts of ash were deposited on a 0.3x0.3 m2
snow surface. a) 15 g, b) 85 g and c) 4285 mm layer thicknes@)ragosics et al., 2016)

)l

The Roof2015 experiment was a repeat of the Ash on Ice -@8d5) experiment

from the laboratory to outside in sunny conditions with both grain sizes. The highest
concentrations with 9 and 13 mm layercitmness were exceeding the critical thickness

at both grain sizes because they were starting to melt later than the clean reference
sample in the sun. The 1 mm thick lay&n) wasachieving the effective thickness.

The two grain sizes showed differenhbgiours after the material was saturated. The
finer material slipped off the ice, whilst the-rAaterial stayed on the surfacEhe
reason for this lies in the different surface morphologies. The coarser material shows
clustering with fine adhesive pared and therefore a larger specific surface area than
the finer particles with a smoother surface.

The critical thicknesses are comparable and visible in all our experiments. In
comparison, the effective thickness was reached at Hekla tephra at 2 mm and at
Eyjafjallajokull ash at 1 mm, in the Roof experiment. The finer grain size needs a
thickness of 13mm to start insulating dserved in the Roof experimewhich also

shows that only an ash thickness 62 Inm or smaller are enough to enhance melt to

a maxmum.
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3.2 Paper II: Impact of dust deposition on the
albedo of Vatnajokull ice cap, Iceland.

3.2.1 Summary

Dust deposition rategsomputed wth the dispersion model called FLEXDUST (Groot
Zwaalftink et al., 2016¥or the surface of Vatnajokullvere comparedwith ground based
measurements anmdeasuredlbedovalues Albedousedthis studywas determinedrém the

two upper AWSs on Bruarjokull outlet, namely site B13 at ~1210 m a.s.l. and site B16 at
~1525 m a.s.l. A dust event is defined as: minimum modelled concentan o fovd &g m
at least two days. In this paper the focus was on the year 2012, an exceptionally warm year
with distinct modelled dust events and numerous observed low albedo values at the AWSs.
The simulated dust events in 2012 were more strikimgia better agreement with the albedo
observations than in 20Rr the year 2012 no autumn surface snow samples were available,
but they were for 2013, thus the spatial dust distribution for 2013 was also modelled by
FLEXDUST for the same time period tilrOctober 2013). The modelled and measured dust
concentrations of 2013 were compasedi show good agreement.

Meteorological parameters from the AWSs, such as albedo, temperature and wind were
compared with dust concentration and deposition values RIdEXDUST as well as MODIS
images for the measurement period in the year 28di&. main dust events resulted from the
simulationswith concentrations as high as 6.6 & (deposited during a period of 14 days),

and six smaller events occurred.

To estimatethe impact of dust lowering the surface albedo, the energy balance for a clean
glacier surface was simulated by the regional climate model HIRHAMS5 for the weather
conditions observedat the AWS B13 and B16 in 2012. By comparing simulated
HIRHAMS albed (the modelled albedo does not include the effect of dust, only that of the
aging of the surfaceyith the measured albedo, we estimate the difference in snow melt with
an increase by ~60% due to dust deposition, for both stations, and melting oudosihe

firn surface below at the lower site B13.
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Figure 9: Upper graph: Albedo measurement in red from the AWS at station B13 and in blue station
B16 for the measurement period in 2012. Lower graph: Simulated daily dust by FLEXDUS
events are highlighted in beige and nameeEaD.

3.2.2 Main results

1 The spatial dust distribution map producedby FLEXDUST, and the spatial
distribution of the interpolatd surface dust map, basexh dust measured in the
surface snow samples with imgies at 16survey site®n Vatnajokul] show a similar
pattern The highest concentrationare found in the SWice cap (Tungnaarjokull,
Skaftarjokull, Sidujokull), followed by the north western and northern parts
(Bruarjokull).

1 FLEXDUST simulated ten dusivents at the loweAWS, B13 during the measuring
period (9 May to 14 October 2012Jhese dust events coincide with an observed
albedo drop duringeach event at theAWS. Four main eventswvith high dust
concentrations and depositions, and six smallerteveaturredigure9).

1 An average dust event at station B13 in 20iad a durationof 6 days witha
maximum dust concentration of 122 pg®mand a total deposition of 2 g“mOn
average the albedo dropped during a dnantby 0.18. The average temperature
occurring during a dust event wa’C (at ~1210 m elevation) and in 80% tbe
events the prevailing wind direction was north, in 20% southwest (glacier wind).
Precipitation of ~23 mm occurred on average during a dust event.

1 The energy balance of a clean glacier surface was modelled by HIRHAMS and
compared to the observed energy balance with the only difference being the albedo.
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1 The total smmer melt for a simulated duisee surface at the lower site B13 in 2012
was estimged to be 1.7 m w.e., in comparison to measured values of 2.8 m w.e.
Thereforethe melt rate due to impurities increased byrh.iv.e., or ~60%. At station
B16, 1.0 m w.e. of snow melt was simulated for a dust free surface and 1.6 m w.e. for
observed dataTherefore melt raes increased as well by 60%.§ m snow melt)
caused by dust on the surface. Reasons for the difference in albedo avemeelt
assumed to be dust deposited during dust storms and redistribution, as well as melting
out of the dusty firdayer at station B13.

1 The main wind direction at B13 was from a northerly direction during dust events
which confirms the main dust source being Dyngjusandur, north of Vatnajokull.
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3.3 Paper lll: Ground based measurements of
dust deposition on Vatnajokull; Firn core
analysis and surface dust samples

3.3.1 Summary

In autumn 2013 and 2015 snow sampleth impurities were collected on the surface of
Vatnajokull. Samples from 16 locations in 2013 and 12 locations in @@i®&sampled and
analysedfor dust content. Tésitesdid not completely overlagn both years9 of the 12
locations were the same in 2015 as in 2013. Overall surface dust was deposited in a very
similar pattern, with most deposition BW Vatnajokull, on Tungnaarjokull followed by
Braarjokull in thenorth. Amounts of dust deposition were in general larger in 2013 than 2015.
Other ground based measurements, such as two firn cores have been taken on Braarjokull
close to the station B15 in spring 2015. Firn core A and B were drilled 650 m apart filom eac
other with a depth of 4,5 each reaching as far back as the year 2006. In the cores dust
layers for the years 2014, 2012, 2011 and 2008 have been identified. In 2007 andI®2013 on
very small dust amounts ofg m?were detected. The dust layéms2011 were the largest
deposition in both cores, but not located at the same depth. To demonstrate that those layers
still belong to the same year and ahge tothe eruption of Grimsvétn, a volcano located
beneath Vatnajokull, occurring in spring 2011, tdsamples have been analysed on their
chemical composition and compared to a reference sample taken frdroraghe eruption.
Chemical analysis confirmdtatboth dust layersriginated fromthe eruption.

3.3.2 Main results

1 The surface dust analysed from sied snow samples in 2013 and 2015 were overall
smallerin 2015, but thespatialdistribution over Vatnajokull was very similar in both
years with most deposition south west and north of the ice cap.

1 A comparison of the dust deposition modelled by the dsspe model FLEXDUST
for the years 2012 and 2013 show a similar distribution patteobservedrom the
surface snow samples. Most dust wlaposited southwest of Vatnkjdl and north of
Braarjokull. Generally dust amountgerelargerin most areag 2012 thar2013.

1 The two firn cores, firn core A and B were taken close to station B15 on Bruarjokull in
spring 2015 and the oldest firn sampled was calculated to be from 2006. Dust layers
analysed by filtering as well as turbidity are showfigure10.

9 Distinct dust layers were found for the years 2014, 2012, 2011 and 2008, whereas dust
layersin 2013 and 2007 are very small Z0g ni®). The largest dust layer was
identified for the year 2011T@ble3; 124 g mi%in core B, the year whethe eruption
in Grimsvotn occurred. With chemical analysis we confirmed that dust layers in both
firn coresoriginate Grimsvétn 2011 ash even though dust layers were not located at
the same depth beneath the surface.
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Figure 10: The left graph shows dust layers found in two firn cores, firn core A in blue and firn core B
in orange. The different background colours indicated different years within the firn lay@r2606
to 2014. The right graph shows the continuously measured turbidity of the firn cores.

1 Due to a very negative mass balance in 2010, caused by a thin ash layer transported
from the eruption at Eyjafjallajokull, accumulated winter snow melted away
conpletely and melted together with the layer of 20092010 the lowest albedo of
0.058 occurred at station B13 on Bruarjokull. Due to the negative mass balance
surface runoff must have removed the ash from the surface at the core sites, so no
layer could le found.

Table3: Dust amounts in firn cores A and B, taken in 2015 and snow surface sample dust from station
B13, all on Braarjokull.

year 2007 2008 2009 2010 2011 2012 2013 2014 2015
dust amount core A [g if] 0.2 3.2 0.0 0.0 10.1 1.7 0.0 1.2 -

dust amount core B [g ﬁ] 0.0 4.6 0.0 0.0 12.4 7.9 0.2 0.0 -
‘surface sample B13 2.0 0.9

1 The second lowest albedo at station B13 was for the year 2012. This year showed as
well distina dust layers of 1.7 and%g mi?in core A and B, respectively.

1 The albedo in 2011 was lower at the upper statio® [B132) than at B13 (87) which
is rather unusual becaudastmostly accumulates closer to the source areas around
the glacier.

9 Dust teposited on Bruarjokull is expected to originate mostly from Dyngjusandur, the
area north of the glacier. During strong winds dust gets airborne and the likelihood of
dust deposition towards the glacier increases with the frequency of northerly winds.
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4 General conclusions

Depositionof dust on the glacier surface greatly affects the surface alledichus the
surface energy balance and melt ratesperimentswith ash on snow and ice in natural
conditions and in the laboratoshow that small amountd dustoccurring e.gduring dust
storms, amplify snow and ice melt. Wi £2h an e
mm, meltrates are maximised, which is very similar fitodings for Hekla tephra with
maximum meltrates at 2 mnashthickness (Kirkbride and Dugmer2003. Eyjafjallajokull
ashinsulated the ice at a thickness e1® mm theseresults areelevant in areas prone to

dust storms very close to a dust source or by a deposition of volcanic ash from an eruption
plume.Modller et al. (2016 produced very similar results froexperiments with Grimsvotn
tephra, deposited on a glacier surfaee effective hickness ranges from 1 to 2 nwith an
increaseup to ~25%compared to barie conditionsand critical thicknesss are~10 mm.
Another finding of the experiments with different grain sizes of ash deposition on snow or ice
was that fineash(3.5 «) with smooth particles are washed away easier by melt streams on the
ice surface than coarser grains«jlwith a rough, irregulasurface and high vesicularityhis

could causehat coarservesicularmaterialhasa much greater effect on albedo.

Dust distribution on the surface of Vatnajokwhs analysed from surface samples with
impurities as well as simulated by the dispersioodel FLEXDUST and shown the same
patten for several years (2012, 2048d 2015)Most of the modelleddustwasdeposited in

the southwestern part of the ice cap, followed by the northern part (Braarjokull). FLEXDUST
modelledin detail thedust eventf summer2012 (MayOctober)with dustdeposited on
Braarjokull. The model simulated 10 dust events in total for the lower AWS station B13
(~1210 m a.s.l.); four distinct events with dust amounts reaching up to 6-6dgposited

during a single event (14agls long), and six smaller events. The total annual dust deposition
summed up to 20.5 g frat this location. An average dust event at AWS B13 in 2012 lasted
for 6 days, had a maximum dust concentration of 122 figund a total deposition of 2 g‘m
Thealbedo during a dust event was lowered by 0.18 on average having a strong impact on the
radiation and energy balance of the glacier. The average temperature at ~1210 m a.s.| during
dust events wag2°C with a prevailing wind direction in 80% of the eveh&sng north. In

20% of the events wind direction was south west (glacier wind). The average precipitation
during events was ~23 mmhich shows that quickly after a precipitation event the surface
dries and emits dustAt B16, the AWS located higher on thgacier (~1525 m a.s.l.),
FLEXDUST produced nine dust events, with one single event causing up to <5 g m
(deposited during 3 daysj dust deposition and a total deposition of ~10 gy

All simulated dust events were associated with an obsenggdidralbedo duringhe event
measured athe AWSs. To estimate the contribution d¢lie dust enforced albedo drajne
surface energy balance at the two AWS sites B13 and B16 was estimated from the AWS data
in 2012 and compared to a simulated energy belamadelled by HIRHAMS for a clean firn
surface. The regional climate model HIRHAM5 simulated a clean glacier suHm=zxio
varies with aging of snow surface onfg) the weather conditions occurring at the AWS B13
and B16 in 2012. When comparing the siated clean surface albedo to the observed albedo
including impurities, at AWS B13 the difference between dust free and real surface was 1.1 m
w.e. of more snow melt (1.7 m w.e. snow melt for the clean surface and 2.8 m w.e. for the real
surface), whichdg an increase of 60%. This is not only the influence of dust events lowering
surface albedo, but also dust and tephra that was deposited during previous years melting out
from below. At the higheB16 AWS, 0.6 m more snow melvas caused by dust on the
suiface. The increase in melt is similar to that in B13, i.e. additional 60% but in this case
there iIs no dust mel ting out from below sin
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glacier. These results show the remarkable impact of positive radfatising on snow melt
of Icelandic glaciers caused by deposition of dust that strongly enhances absorption of light.

Ground based measurements on Vatnajokull were an important part in this project to estimate
dust amounts deposited on the glacier andrebseariations from year to year. Surface snow
samples distributed over the glacier surfaoetainingdustwere collected inautumn2013

and 2015, and results shdarger dustamountsfor 2013 than 2015. Two firn cores were
drilled in 2015 on Bruarjokul{north east Vatnajokull outlet glacie§50 m apart froneach

other with a depth of.8 m. The core represarthe annual layes from 2014 back to the year

2006. Dust layers were detected for the years 2014, 2012, 2011 and 2008 aretyosigall
amounts(0.2 g m?) for the years 2007 and 2013. The biggest dust layer found in both firn
cores was for the year 2011 with.42) m? of dust in core B. In core A there were two dust
layers within the 2011 layer: a smaller and a bigger layer at the depths228&m. The

two layers sum up to 10 g mi“. Because the dust layers in 2011 in core A and B were not
located at the same depth, chemical analysis was used to confirm their affiliation and the
composition matching with tephra from the 2011 eruption om&votn, a big source of ash
deposited on and around the glacier. Dust layers in 2012 and 2008 again were at the same
depth in both cores. It is very likely that ash redistribution in the following year of the
eruption causethe second largest dust amotound in firn cores. It has already been shown

in past research that volcanic eruptions can have a great effect on ash or dust deposition rates
on Icelandic glaciers; whiagr it is directly deposited during an eruption or redistributed in the
following year (Arnalds et al., 2013;horsteinsson et al., 201®I6ller et al., 2013

The main dust source for the study site Bruarjokull is identified to be Dyngjusandur, a dust
hot spot with extremely severe erosion. Thereftire likelihood of dust getting depted on

the northern side of Vatnajokull increases with the frequency of northerly winds. Most often
continuous northerly winds for at least 10 hours in a row occurred in 2011 and 2012 (36 and
39 times, respectively in the snow free season), which aretl@sgears with most dust
deposition in the analysed firn cores. However, there is not a clear correlation between
intensity of northerly winds and dust amounts for all years, but since very few wind events
can be efficient enough to deposit more dustearaelationship cannot be expected.
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Abstract In the Arctic region, Iceland is an important
source of dust due to ash production from volcanic erup-
tions. In addition, dust is resuspended from the surface
into the atmosphere as several dust storms occur each
year. During volcanic eruptions and dust storms, material
is deposited on the glaciers where it influences their en-
ergy balance. The effects of deposited volcanic ash on ice
and snow melt were examined using laboratory and out-
door experiments. These experiments were made during
the snow melt period using two different ash grain sizes
(1 ¢ and 3.5 ¢) from the Eyjafjallajokull 2010 eruption,
collected on the glacier. Different amounts of ash were
deposited on snow or ice, after which the snow properties
and melt were measured. The results show that a thin ash
layer increases the snow and ice melt but an ash layer
exceeding a certain critical thickness caused insulation.
Ash with 1 ¢ in grain size insulated the ice below at a
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thickness of 9—15 mm. For the 3.5 ¢ grain size, the insu-
lation thickness is 13 mm. The maximum melt occurred at
a thickness of 1 mm for the 1 ¢ and only 1-2 mm for 3.5
¢ ash. A map of dust concentrations on Vatnajokull that
represents the dust deposition during the summer of 2013
is presented with concentrations ranging from 0.2 up to
16.6 g m 2.

Keywords Iceland - Insulation - Ash - Dust - Snow - Albedo

Introduction

The physical and optical properties of snow are influenced
by the presence of impurities, in particular by absorbing
material such as aerosol particles deposited on the snow
surface (e.g., Doherty et al. 2010 and Painter et al. 2012).
Effects of aerosol particles on, for instance, snow melt and
albedo (e.g., Meinander et al. 2013) and bidirectional re-
flection (Peltoniemi et al. 2009) have been studied for
natural snow and during campaigns where impurities were
deposited on snow in different quantities (e.g., Meinander
et al. 2014). Commonly, the effects of impurities, such as
black carbon, are studied, which are transported from their
source regions to the snow-covered northern latitudes. The
properties of snow and ice on the surface of glaciers in
Iceland are influenced by the deposition of dust (Arnalds
et al. 2014) and, during volcanic eruptions, by volcanic
ash. The 2010 eruption of Eyjafjallajokull (Thorsteinsson
et al. 2012) not only influenced the whole global air traffic
by tephra release into the atmosphere up to 10 km a.s.l.
reaching as far as the southern parts of Europe (e.g.,
Bonadonna et al. 2011; Bursik et al. 2012; Gudmundsson
et al. 2012a) but also drastically influenced the albedo of
glaciers in Iceland (Gudmundsson et al. 2012b and Palsson
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et al. 2013). The majority of Icelandic tephra is basaltic in
origin resulting from the mid ocean ridge basalt, but the
chemical composition of tephra varies between different
volcanic systems and even eruptions. Phreatomagmatic ba-
saltic eruptions are typical in Iceland and occur from sub-
glacial, subaerial, and submarine volcanoes (Thordarson
and Larsen 2007). Therefore, Icelandic ash and dust is
mainly basaltic volcanic glass which is deposited in
Iceland’s sandy deserts which cover an area over
22.000 km?. Deserts of this composition are globally
unique (Arnalds 2010). The ash from Eyjafjallajokull
2010 was of andesitic composition, slowly progressing
from benmorite to thrachyte as the eruption proceeded
with a silicic content ranging from ~58-69 % SiO,.
(Gislason et al. 2011 and Gudmundsson et al. 2012a)
Several dust storms occur in Iceland every year with
deposition of dust or ash on the ice caps (Arnalds et al.
2014) with varying amounts at different altitudes which
influence their melting behaviour. These dust storms are
as well volcanic in origin (Arnalds et al. 2013) but
redistributed and deposited in the glacier forefield where
it is mixing with glacial till. From the forefield, it can be
resuspended into the air by the action of wind and carried
onto the glacier. After the 2010 eruption, the entire
Eyjafjallajokull ice cap and most of the neighbouring
Myrdalsjokull were covered with a thick tephra layer,
insulating the glacier surface whereas a thin tephra layer
on Vatnajokull, Hofsjokull and Langjokull significantly
increased the absorption of shortwave radiation and
therefore enhanced melting (Gudmundsson et al. 2012b
and Palsson et al. 2013). In this paper, effective and
critical thicknesses for Eyjafjallajokull (2010) ash are
studied and compared with the help of outdoor and lab-
oratory experiments. The effective thickness is the thick-
ness when the material-covered ablation is maximized
The critical thickness is the thickness of the material

covering the ice or snow where the ablation rate of the
material-covered ice or snow equals that of clean snow or
ice; more material will start to insulate. (Brock et al.
2007).

The aim was to study the influence of ash layers of
variable thickness, as would result from dust storms or
eruptions and how they influence glacier surface mass bal-
ance, whether they insulate the ice or enhance melting. The
thickness of dust layers in dust storms is rather thin and is
expected to enhance melting, whereas during eruptions
layers can be very thick. In Gudmundsson et al. (2012a),
it was reported that the maximum thickness of the ash layer
from the Eyjafjallajokull 2010 eruption exceeded 30 m
close to the vent and 1 m thickness 2 km away from the
vent, whereas on SW Vatnajokull it was reported to be a
0.1 mm thick tephra layer covering the ice. In the 2011
eruption of Grimsvotn, observations showed ash thick-
nesses on Tungnaarjokull (W-Vatnajokull) in a cm to mm
scale.

Effective and critical thicknesses for Mt St Helens
(1980) tephra are 3 and 24 mm, respectively (Driedger
1981). For the Icelandic volcano Hekla (1947), where
tephra was covering ice at Gigjokull, these values were
2 and 5.5 mm, respectively (Kirkbride and Dugmore
2003). For rock debris effective and critical thicknesses
are much thicker than for tephra (usually ~10 and ~15—
50 mm, respectively) due to its low thermal conductivity.
Because of the typically darker colour of tephra, small
concentrations can dramatically reduce snow or ice albedo
and increase ablation rates (Driedger 1981).

No previous scientific papers were found on the insu-
lation effect of the tephra from the 2010 Eyjafjallajokull
eruption, and only one previous paper on insulation effect
of Icelandic tephra was found (Kirkbride and Dugmore
2003). Our results were compared with earlier works as
described in Table 1.

Table 1 Effective and critical

thickness for different materials Material Effective thickness (mm) Critical thickness (mm)
such as tephra, rock debris and
dust Mt St Helens (1980) ash® 3 24

Hekla (1947) tephra® 2 55

Rock debris” ~10 ~15-50

Villarrica tephra (lapilli)® - <5

Dust (largely organic matter)® - 1.33

Eyjafjallajokull ash (2010, 1 ¢) 1 9-15

Eyjafjallajokull ash (2010, 3.5 ¢) <12 13

#Driedger (1981)

®Kirkbride and Dugmore (2003)
°Brock et al. (2007)

4 Adhikary et al. (2000)
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Materials and methods

Four outdoor and laboratory experiments have been car-
ried out at the Finnish Meteorological Institute (FMI) at
Kumpula Kampus in Helsinki, Finland. These experi-
ments contribute to a better understanding of insulation
characteristics of ash and dust deposition on Icelandic
glaciers. The modalities of different experiments are relat-
ed to natural conditions, which are described below.

Dust distribution 2013 on Vatnajékull

Dagsson-Waldhauserova et al. (2014) suggest that about
half of all dust storms in south Iceland each year occur at
temperatures at or below 0 °C; therefore, dust can be
mixed together with snow. The deposition of dust on
snow or ice has an important climatic effect due to influ-
ence on surface albedo reduction and enhanced melt.
Amalds et al. (2014) calculated the total deposition of
dust on the Icelandic glaciers to be 4.5 million tons per
year with a mean deposition of 400 g m 2 years . To
compare this number with in situ measurements, snow
samples from 16 locations on the surface of Vatnajokull
(Fig. 1) were sampled in October 2013. Vatnajokull is
Iceland’s biggest ice cap with an area of more than

8.000 km? (Bjornsson and Palsson 2008). These samples
represent dust that was deposited during one summer on
the glacier surface. The top 8 cm of the snow surface
(about 1-2 kg of snow) was collected from an area of
approx. 57.2x1072 m? for each sample. The 16 snow
samples were brought back frozen in plastic bags to the
laboratory in Reykjavik where they were melted, evapo-
rated and the mass of the dust was weighed.

Origin and properties of ash used in the experiments

Material used for experiments at FMI was ash from the 2010
Eyjafjallajokull eruption in Iceland. The material was collect-
ed on Eyjafjallajokull (sample site in Fig. 1) at 1420 m a.s.1,,
about 3 km east of the vent. It was collected just after the
eruption ended in late May 2010.

The transport distance of different grain sizes depends on
wind speed. The smaller the grain size the easier it is
transported over long distances. Because of reconstruction of
the main mode of the Eyjafjallajokull tephra fall out
(Bonadonna et al. 2011 and Folch et al. 2012), ash has been
used in the grain sizes 1 ¢ (500 um) and 3.5 ¢ (90 um) in the
experiments. The bulk density for the 1 ¢ ash was measured as
2.57 g cm > and for 3.5 ¢ 2.46 g cm . The particles of both
grain sizes were investigated by SEM analysis. The ash

Drangajokull
Hofsjokull
Langjokull
°
° . ° : °o
& -4
P 4 2 ¢
Vatnajokull
Eyjafjallajokull
Myrdalsjokull N
Legend A

¢ sample sites

0 20 40 80 km
| W S S W TS S——

Fig. 1 Iceland with glacier outlines and sample sites on Vatnajokull and Eyjafjallajokull (base map by Landmalingar Islands, 1993)
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Fig.2 SEM images of
representative ash particles. a
Particles of the fraction 1 ¢ are of
blocky shape with angular or b
stepped surfaces, ¢ partly
featuring indications of high
vesicularity. d The surfaces of
these coarse grains are mostly
covered by adhesive ash particles
of the smaller fractions which
considerably affect their overall
shape. e A blocky shape is also
the key characteristic of the
particles from the 3.5 ¢ fraction.
d-g Both, angular and h stepped
surface features can be identified

201500327 1139 N

2015/03/27 1048 N S

10 um | TM3000_0013 20150327 14STN 50 um

population is dominantly characterized by blocky shaped par-  in agreement with former investigations of the ash (Dellino
ticles with stepped features and blocky angular particles with et al. 2012). However, this research includes as well proximal
clustered clasts with smaller adhesive particles (Fig. 2) andis ~ samples of the vent that have not been yet investigated before.
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Experiments

Four outdoor (AoS-2015, Roof 2015 and AiC-2015) and lab-
oratory (Aol-2015) experiments were carried out using snow
(A0S-2015), ice (Aol-2015, Roof 2015) and snow over ice
(AiC-2015). Ash of 1 ¢ grain size was used for the AoS-
2015, Aol-2015 and AiC-2015 experiments, whereas ash of
1 and 3.5 ¢ was used for Roof 2015 experiment. Layer thick-
nesses were measured above 1 mm and in dry condition of the
ash.

AoS-2015

The Ash on Snow (Ao0S-2015) experiment is an outdoor ex-
periment on the effect of ash on snow in natural conditions.
The experiments started on 6 February 2015 using natural
snow in a fenced area, i.e., unperturbed by direct human in-
terference. There are some impurities due to deposition of
atmospheric aerosol particles from the air, with an unknown
concentration; however, their concentration is negligible com-
pared to the ash applied to the surface. Three different
amounts of ash, 15 g (166 g m 2), 85 g (944 g m 2) and
425 g (4722 g m 2, 15 mm layer thickness) with grain size 1
®, were deposited on an area of 0.3 x0.3 m? on a snow surface
(Fig. 3) with a snow density of 280 kgm .

Snow depth and temperature were then monitored for
17 days when the snow was melted naturally.

Aol-2015

A controlled experiment with ash on ice was made both in-
doors (AoI-2015) and outdoors (Roof-2015), to identify and
separate the effects of temperature and solar irradiance.

Ash on Ice (Aol-2015) were laboratory experiments to ex-
amine the effect of ash layer thickness on ice melting, in a
temperature-stabilized environment kept at +24 °C. For these
experiments, small, transparent plastic boxes (Fig. 4) were
filled with 200 ml of tap water and frozen (surface area
84 cm?). This resulted in an ice layer with a depth of 25—
28 mm. To find the insulating threshold of ash on ice, four
different amounts of the 1 ¢ impurity were deposited: 3 g

Fig.3 During the A0S-2015 B N
experiment, different amounts of
ash were deposited on a 0.3%0.3-
m? snow surface. a 15 g

(166 gm ?), b 85 g (944 g m ?)
and ¢ 425 g (4722 g m 2, 15-mm
layer thickness)

(1.3 ml, 366 g m?), 35 g (15 ml, 4219 g m 2, 1 mm layer
thickness), 71 g (30 ml, 8437 g m 2, 3 mm layer thickness)
and 283 g (120 ml, 33,749 g m 2, 9-13-mm layer thickness).
After deposition of material, the ice was transferred into white
pots with holes in the bottom to measure the meltwater runoff.

Roof 2015 experiment

The laboratory experiments were repeated outside on the roof
of the FMI building in sunny conditions to study effects of
solar irradiance in addition to that of temperature above zero.
The experiment was repeated with the same volume of impu-
rities, but using two different grain sizes of the Eyjafjallajokull
2010 ash: 1 ¢ (samples A) and 3.5 ¢ (samples B). The con-
centrations for the 3.5 ¢ B-samples were: 2.46 g (1 ml,
292¢g m_z); 36.8g(15ml, 4385¢g m 2, 1-mm layer thickness),
73.7 g (30 ml, 3-5-mm layer thickness, 8772 g m_z) and
294.7 g (120 ml, 35,086 g m 2, 9—13-mm layer thickness).
The concentrations for the 1 ¢ ash were the same as used in
Aol-2015.

AiC-2015

The Ash in Container (AiC) experiment was performed in a
cold container where ash was deposited on snow over ice.
This experiment should evaluate to see if the ash starts insu-
lating as in the outdoor experiments even with a slight differ-
ent setup of snow over ice. This setup shows more realistically
the surface of a glacier with ice below and therefore cooling
from above and melting temperatures only from the surface.

A big pot, inside a cold container, was filled at the bottom
with a thick ice layer and on top of that an 8.5-cm thick layer
of snow was deposited (Fig. 5). Two different amounts of
impurities were used as in the outdoor experiments (Fig. 5):
15 g (166 g m 2) and 425 g (4722 g m 2, 15 mm thickness) of
1 ¢ Eyjafjallajokull ash on a 0.3 x 0.3 m? area. The experiment
started at a temperature of —10 °C inside the container; then,
the cooling system was shut down, and it adapted to outdoor
temperatures up to +4 °C. Snow depth and behaviour of the
ash were monitored.
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Fig. 4 During the Aol-2015
experiment, different ash
concentrations were applied to ice
indoors

Results

Results from the outdoor and indoor snow experiments with
Icelandic ash at FMI are presented in this chapter as well as in
situ measurements on Vatnajokull depicted in the dust distri-
bution map (Fig. 6). Experiments have helped to understand
impacts of deposited amounts on glaciers as in the example of
the dust distribution map.

Dust distribution map 2013

Figure 6 shows a map representing the spatial distribution of
dust concentration deposited in the summer 2013 on
Vatnajokull, a year without volcanic eruptions. This should
show that very small amounts of dust or ash are getting de-
posited on the glacier. The map in Fig. 6 shows the location
points (called stations) where dust samples were collected,
and the colours show the spatial distribution of the dust con-
centration obtained by interpolation of the measured values
(interpolation with the geostatistical analyst method Inverse
Distance Weighting (IDW) in ArcMap). Topography was not
taken into account in the interpolation. The point locations are
not evenly distributed over the glacier area, and the southern
part of Vatnajokull was not included in the interpolation due to

Fig. 5 During the Ash in Container (AiC-2015) experiment, two
different amounts of ash were deposited on snow over of ice. Bottom
15 g (166 g m ?) and top 425 g (4722 g m 2, 15 mm layer thickness)
of 1 ¢ ash

@ Springer

too large distance from the measurement stations. The south-
ern part of Vatnajokull was left out mainly due to the course of
watersheds and snow line at Breidamerkurjokull.

More dust was deposited in the western part of Vatnajokull
than in the north eastern part (Fig. 6). The highest concentra-
tion, 16.6 g m 2, was found at station TO5 on Tungnaérjokull
(SW Vatnajokull). Much lower amounts were found on the
upper part of the ice cap, namely at D09, Br7 and BBO. As
observed in nature, the highest amounts of dust do not neces-
sary have to be at the lowest altitudes of the glacier (closest to
the dust source). Whether the material stays on the surface or
is accumulated at a certain spot depends on the local topogra-
phy, the exposure to wind, the material properties, local
weather and melt conditions.

AoS 2015

The Ash on Snow (A0S-2015) outdoor experiments were
started on 6 February (day 0) and lasted for 17 days, until all
the snow had melted.

The effective thickness was reached at the medium con-
centration (turquoise curve, Fig. 7) of ash (85 g), where the
snow depth was the lowest, which means that melt was
maximized. The ash is absorbing solar irradiance and
warming up the snow. The medium concentration seems
to be able to absorb more heat than the small concentration
(15 g). However, the snow with the two thinnest layers of
ash had melted completely in 14 days below the ash, so
also faster than the control snow. The snow with the
thickest layer of ash (425 g; 15 mm layer thickness) was
still 2 cm deep after 14 days and it took 3 more days (day
17) before it had completely melted. Therefore, critical
thickness was achieved with the largest deposition of
15 mm layer thickness (7 mm layer thickness in wet con-
ditions at the end of the experiment remained) since the
control snow took as long to melt as the large deposition.
This observation supports the hypothesis that ash starts
insulating the snow when its thickness exceeds a certain
limit.

Aol-2015

During AolI-2015, the indoor ice experiment, melting started
after 43 min. The clean ice and the two smallest impurities
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Fig. 6 Inferred dust distribution on Vatnajokull in 2013. The circles are the stations where surface snow was collected and the results from these point

samples were used for interpolation over the wider area

showed very similar melt behaviour. The onset of the
8437 g m 2 (3 mm layer thickness) and 33,749 g m 2 (9—
13 mm layer thickness) melt took longer; 75 min passed until
runoff started at the 8437 g m 2 deposition and 125 min for the
33,749 g m 2 The data in Fig. 8 show that once melt had

saturation at 95 min for the 33,749 g m 2 ash, all the melt
water was absorbed by the ash, after that it drains as melt
water. Also, at the largest deposition, the ice had completely
melted after 365 min, earlier then at the other depositions,
because the large amount of ash was down wasting the ice

started, the melt rate was similar for all samples. Until  and absorbed all the meltwater.
Fig. 7 Outdoor experiment 18 —t=—control
(A0S-2015) with ash - i
concentrations with three ->&=15¢
different amounts, 15 g 14
(166gm2),85g(944gm Hand - \ i
425 g (4722 g m 2, 15-mm layer E 12 . ~-425¢g
thickness) in the size of 1 ¢ of = 10 \
impurities on natural snow on the E- k \
ground T 38
§ 6 '\"j\\~\ \\
w \\\
4
) e R Y
0 T T Ll 1

10 12 14 17
day since 6 february
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Fig. 8 Experiment with Ash on 430
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Roof-2015

The indoor ice experiment was repeated outside in sunny
conditions to study the insulating properties of ash with
solar radiation. The results are presented in Fig. 9, which
shows the measured amount of meltwater as a function of
time for 10 different experiments. Two of these, Al and
B1, are reference measurements with clean reference ice:
Al was left in the shadow where the influence of radiation
on temperature and melt is minimized, and B1 was the
clean reference sample in the sun.

Fig. 9 Experiment with melt 140
behaviour of different amounts of

ash deposited on ice (Roof-2015

experiment) including the 120
influence solar radiation. A-

samples with 1 ¢ tephra grain

sizes, B-samples with 3.5 ¢ grain

sizes. Al and B1 reference 100
measurement (Al in the shadow,
Bl in the sun); A2 366 gm 2 A3:
4219 g m 2, 1-mm layer

thickness; A4 8437 gm 2, 3-5-  [E 80
mm layer thickness; AS ]
33,749 g m 2, 9 mm layer g
thickness; B2 292 g m %; B3 £
4385gm % B4 8772 gm 2, £
1-2 mm layer thickness; B5
35,086 g m 2, 13 mm layer
thickness 40

20

0 .
50 100 150
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time [min]

The highest concentrations A5 and B5 (9 and 13-mm layer
thickness) were exceeding the critical thickness because they
were starting to melt later (after 170 min) than the reference
sample B1 in the sun. A3 with the deposition of 4219 g m >
was achieving the effective thickness, with 1-mm thick layer,
visible in the steepest curve and maximum melt rate. The two
grain sizes showed different behaviours. After saturation of
the fine B-material (87 min), it slipped off the ice (BS in
Fig. 10b) whilst the A-material stayed on the surface. Samples
A2 (Fig. 10a) and B2 were forming cryoconite holes where
the ash was collecting and melting into the ice.

~e— clean ice shadow
—a— A2
—o— A3
A4
—o—AS
—&— cleanice sun
B2
B3
—a—B4

-8 B5

200 250 300 350 400
time [min]
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Fig. 10 An example of the ice
surface at a sample A2 (after
360 min) where ash was melting
in cryoconite holes. b Sample BS
(after 430 min) where the finer
ash slipped off the ice

AiC-2015

The snow on top of the ice had melted inside the container
after 1 week. When the control snow was in some parts totally
melted, only snow spots of 5 mm thickness were left. In con-
trast, below the large impurity (425 g) snow of 15 mm thick-
ness with a 5 mm ash layer (wet condition) on top remained.
Therefore, the high concentration ash layer supported our as-
sumption to insulate the snow from melt even with tempera-
ture influence only. The difference to the other ash on ice
experiments was that there was ice beneath the snow so it
was cooling from below and the container temperature influ-
enced from above on the snow.

Discussion and conclusions

Our findings suggest that if the ash concentration on snow or
ice is small, so the layer thickness is very thin, it has the
potential to increase snow melt, but after a threshold the insu-
lation effect begins, and the snow melt is decreased compared
to clean ice.

In Table 1, critical and effective thickness of different ma-
terials is shown in comparison with the results of our experi-
ments. The two grain sizes of the Eyjafjallajokull 2010 ash
behave differently in terms of insulation. The Eyjafjallajokull
ash has similar values for effective thickness to the thicknesses
of the Icelandic volcano Hekla, it is in the range of 1-2 mm
thickness. The critical thicknesses are comparable and visible
in all our experiments: in the experiments AoS (at the large
deposition with 425 g and 15 mm layer thickness), in the Aol
experiment (deposition of 283 g, 120 ml, 33,749 g m 2 and 9—
13 mm layer thickness), in the Roof 2015 experiment (A5
with 33,749 g m 2 and 9 mm layer thickness) as well as in
the AiC experiment (425 g deposition and 15 mm layer thick-
ness). The effective thickness was reached at Hekla tephra at
2 mm and at Eyjafjallajokull ash at 1 mm, in the Roof exper-
iment (at A3 with a deposition 0of 4219 g m™?). The 3.5 ¢ grain
size needs a thickness of 13 mm to start insulating as observed

in the Roof experiment (B5 with a deposition of 35,
086 g m2). The Roof 2015 experiment shows as well that
only 1-2 mm (B4) or smaller (B3, too thin layer to measure)
are enough to enhance melt to a maximum for a grain size of
3.5¢.

Different redistribution behaviours of the two grain sizes at
the Aol-2015 experiments were observed. The smaller ash
particle fraction of 3.5 ¢ slipped off the ice, whilst the layer
of 1 ¢ ash stayed on the ice in-tact. It is suggested that the
reason for this difference is to be found in the different surface
morphologies. Due to the considerable clustering with fine
adhesive particles (see e.g., Fig. 2b and d), the coarser material
shows a larger specific surface area than 3.5 ¢ particles which
feature smooth surfaces (see Fig. 2f and g). Hence, it is likely
that the coarse grains are characterized by a larger coefficient
of friction than the finer particles. This effect is even increased
by the fact that 1 ¢ grains often feature a high vesicularity
(Fig. 2c), which facilitates the absorption of water and is ex-
pected to enhance static friction. The majority of 3.5 ¢ parti-
cles however is blocky and shows no vesicles (see Fig. 2e).
Furthermore, the 1 ¢ grains often feature vesicles, which fa-
cilitate the absorption of water. This is not the case for the
blocky 3.5 ¢ particles characterized by smooth surfaces. This
finding implies that finer, smooth particles, are washed away
easier by melt streams on the glacier surface than coarser
grains with a rough, irregular surface and high vesicularity.
Hence, coarser material could have a much greater effect on
the albedo.

The highest concentration of dust deposited on
Vatnajokull was 16.6 g m 2, which represents dust collec-
tion over the summer of 2013. This value is much lower
than the mean deposition of 400 g m 2 years ' suggested
by Arnalds et al. (2014). As the results of the Roof 2015
experiments show for both grain sizes that very small
amounts (1-2 mm or smaller) of ash (or dust) deposition
are enough to enhance melt, it is possible that the small
amounts of dust or ash deposited on Vatnajokull have a
comparable melt effect. Similar experiments with volcanic
particles of different origins would help to clarify.
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Abstract

Deposition of small amounts of airborne dust on glaciers causes positive radiative forcing and
enhanced melting due to the reduction offate albedo. To study the effects of dust
deposition on the mass balance of Bruarjokull, an outlet glacier of the largest ice cap in
Iceland, Vatnajokull, a study of dust deposition events in the year 2012 was carried out. The
dustmobilization module FLEDUST was used to calculate spatiotemporally resolved dust
emissions from Iceland and the dispersion model FLEXPART was used to simulate
atmospheric dust dispersion and deposition. We used albedo measurements at two automatic
weather stations on Bruarjokub evaluate the dust impacts. Both stations are situated in the
accumulation area of the glacier, but the lower station is close to the equilibrium line. For this
site (~1210 m a.s.l.), the dispersion model produced 10 major dust deposition events and a
total annual deposition of 20.5 ganAt the station located higher on the glacier (~1525 m
a.s.l.), the model produced nine dust events, with one single event causing %8luptm
deposition and a total deposition of ~10 § yr. The main dust souragas found to be the
Dyngjusandur floodplain north of Vatnajokull; northerly winds prevailed 80% of the time at
the lower station when dust events occurred. In all of the simulated dust events, a
corresponding albedo drop was observed at the weathenstalioe influence of the dust on

the albedo was estimated by using the regional climate model HIRHAMS to simulate the
albedo of a clean glacier surface without dust. By comparing the measured albedo to the
modelled albedo, we determine the influence oft dients on the snow albedo and the
surface energy balance. We estimate that the dust deposition caused an additional 1.1 m w.e.
(water equivalent) of snow melt (or 42% of the 2.8 m w.e. total melt) compared to a
hypothetical clean glacier surface at tbevér station, and 0.6 m w.e. more melt (or 38% of

the 1.6 m w e. melt in total) at the station located further upglacier. Our findings show that
dust has a strong influence on the mass balance of glaciers in Iceland.

Key words: dust events, glacier, energglance, snow melt, surface melt, FLEXPART,
albedo

1. Introduction

The cryosphere is an important part of the global climate system. Small changes in reflected
and absorbed radiation at snow or ice surfaces can have large impacts on the state of the
cryosphe e and on Earthdéds climate and its hydro
al., 2007, Painter et al., 2013). Albedo, the reflectivity of a surface, is a dominant component

of the surface energy balance. The albedo of snow depends e.g. on wthgramo size,

wetness and impurities in the neanface snow layer (e.g. Wiscombe and Warren, 1980;
Meinander et al., 2014). Estimation of snow albedo is important to predict seasonal snowmelt
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and runoff rates and for calculating the regional and glabaigy budget. The snealbedo
feedback, where radiation absorption is enhanced due to impurity content in snow and ice is
indicated by complex processes (Hansen and Nazarenko, 2004; Myhre et al., 2013). This
initiates a positive feedback loop, i.e. more@wnmelt results in more absorbed radiation
which in turn amplifies the melting. Even though direct global radiative forcing of mineral
dust in the atmosphere is calculated as negative in the IPCC report (IPCC, 2013), regionally
this depends on both the ogatl properties of the dust, deposited amounts and the albedo of
the underlying surface. Icelandic volcanic dust (mostly from basaltic material) is darker and
more absorbing than mineral dust from most other regions. It is expected to cause positive
radiatve forcing, due to its dark colour, the high albedo of snow and ice, ahahging
mechanism where fine dust impurities in snow form larger particles (Dagsson
Waldhauserova et al., 2015) and accelerate snow melt. In this study, theatbative

forcing means the instantaneous surface enhanced absorption due to deposited dust (Painter et
al., 2007). In its effect on snow albedo, dust is somewhat similar to black carbon (Yoshida et
al., 2016, Goelles et al., 2015) which has received much interest yeasndl sho+tived

climate forcer, especially in the Arctic (e.g. Quinn et al., 2008; AMAP, 2015; Meinander et
al., 2016). Other studies, e.g. Di Mauro et al. (2015) and Zhao et al. (2014), have shown the
impact of dust and black carbon and their effectraxtiative forcing and energy balance.
Painter et al. (2007) has shown that snow cover duration in a mountain range in the United
States was shortened through surface shortwave radiative forcing by deposition of desert dust.
Similarly, Flanner et al. (20)4ave shown that the snow albedo effect of deposited volcanic
ash from an eruption in Iceland could counteract the otherwise negative radiative forcing of
volcanic eruptions caused by sulphur emissions.

Sources of dust in Iceland are the proglacial assassandy deserts which cover more than
22% of Iceland (Arnalds et al., 2001). Iceland is one of the most active aeolian places on
Earth, even though it is not situated in an arid climate (Arnalds et al., 2016). Due to the large
area of sandur plains anttang winds resulting in numerous dust events. On average, 135
dust days per year occurred in Iceland, with 101 dust days in south Iceland and 34 dust days
in northeast Iceland, wheredaist dayis defined as a day when at least one weather station
recordel at least one dust observation. (Dagsétaidhauserova et al., 2013). Airborne
redistribution of dust has a strong influence on climate, snowmelt and Icelandic soils. Satellite
images have shown that dust particles can be transported over the Atlardictn@cean,
sometimes for more than 1000 km (Arnalds, 2010). Therefore, Icelandic dust is likely to
contribute to Arctic or European air pollution and can affect the climate via dust deposition on
Arctic glaciers or sea ice (Arnalds et al., 2016). ledia glaciers cover about 11% of the
country and the focus area of this study is
of more than 8000 kfr(Figurel) (e.g. Bjérnsson and Palsson, 2008).

In this stuly we explore what impact dust events in Iceland have on the glacier surface
albedo, how often they occur and what their impact on the energy balance of glaciers in
Iceland is. Therefore, dust deposition rates were calculated with a dispersion model and
compared with albedo measurements on an Icelandic glacier.

2. Methods

2.1. Dust transport modelling
A recently developed scheme for dust mobilization, called FLEXDUST (Groot Zwaatftink et
al., 2016 is used to estimate dust emission. The model can be applied gldhasliy this

study we only included dust emission from Icelandic sources. FLEXDUST produces dust
emission estimates that can be imported directly into the Lagrangian particle dispersion model
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FLEXPART (Stohl et al., 1998, 2005) to estimate mineral dassport, concentrations in the
atmosphere and deposition on global and regional scales. FLEXDUST is based on
meteorological data from the European Centre for MeeRange Weather Forecasts
(ECMWEF), land cover data by the Global Land Cover by National Mapgirganizations
(GLCNMO) and additionally, for Iceland, a highsolution (~1 arcsec) land cover data set
that identifies sandy deserts is used (Dagd§aidhauserova et al., 2014; Arnalds, 2015). In
FLEXDUST, dust can be emitted in regions where minéust is available according to the

land cover data set. Snow cover inhibits the dust emission. Dust emission is initiated in
regions with erodible materials if a threshold friction velocity is exceeded. Contrary to the
standard version of FLEXDUST, for thistudy dust mobilization was assumed not to be
influenced by soil moistureThe reason for this is because the source regions are more
sedimerdike than actual soils, therefore, the functioning of the soil moisture model is
guestionable for these sourcdhe exclusion of dust emission during precipitation is better
describing the process therefore dust emission is inhibited in case of precipitation. For the
dust sources in Iceland, that are sediments rather than soils, this appears to be a better
approab. We further used a combination of the erosion classes described by Arnalds et al.
(2010) and the threshold values observed by Arnalds et al. (2001) to estimate threshold
friction velocity. Once mobilization thresholds are exceeded, dust emission rates ar
calculated following Marticonera and Bergametti (1995). It is assumed that emitted dust
particles have a size between 0.2 and 18.2 um and follow a size distribution after Kok (2011).
Dust emission rates were cal cfarlicalané dndwitha a gr i
time resolution of 3 hours.

Using the dust emission rates provided by FLEXDUST, dispersion of the dust in the
atmosphere was simulated with FLEXPART version 10. Our simulations were driven with
ECMWEF operational analysis datawah r esol uti on of l1lexle gl obal
with 0.2ex0.2¢e resolution. FLEXPART simul at
both resolved winds and stochastic motions representing turbulence. Dust was carried in 10
size classes and wasubject to both wet and dry removal. Further details about dust
simulations with FLEXPART are provided by Groot Zwaaftink et 201@. In the current

study, dust concentrations and depositions duringafled dust events,e., events with

strong dust dpositionon Vatnajokull simulated by FLEXPART, were analysed. A minimum
modelled concentration of 6 pg hover at least two days was defined as dust event. In
particular, we studied simulated dust events at two automatic weather stations (AWS) situated

on Bruarjokull outlet (NE VatnajokullFigurel), namely station B13 at ~1210 m a.s.l. and

station B16 at ~1525 m a.s.l.

2.2. Measurements

For this paper, we chose the year 2012, which was characterized by warm terapexatl
exceptionally low glacier albedo on Bruarjokull. This year was chosen for analysis because it
was not directly influenced by dust deposition from volcanic eruptions, and albedo data from
weather stations were available. Dust events modelled bXPART were more distinct in

2012 and agreed better with the albedo observations than in 2013. We used dust
measurements in snow for the year 2013, since no measurements were available for 2012, and
compared them for the same time period (until October 2@itB the simulated spatial dust
distribution over Vatnajokull by FLEXPART.

Since 1996, AWS B13 and B16 at Bruarjokull have been used to measure the ind@ining (
and outgoing @,) solar radiation, incomingl;f and outgoing{) longwave radiation, wind
direction, wind speed, air temperature and relative humidity at 2 m elevation above the
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surface (Gudmundsson et al., 2006). Albedo is estimated from measured incoming and
reflected short wave radiation as 0 j U 8Daily albedo values were caillated as the
average over 10 minute data obtained between 13 and 14 UTC, when the solar zenith angle is
smallest.

The AWS data, specifically albedo, temperature and wind, were compared with dust
concentration and deposition values from FLEXPART as @aglIMODIS images for the
measurement period in the year 2012 (dates in this paper are giv@ysas the yeaor DOY
between DOY 130 and 283).

Surface snow sampl es, from the previous yeec
October 2013 at 16 sitemn Vatnajokull (Dragosics et al. 2016). The samples contain dust
deposited at these sites during the summer of 2013. The top ~8 cm of snow including
impurities were brought to the laboratowhere they were melted, evaporated and the mass
of the dust wasveighed.Additionally, two ~8 m long firn cores including dust layers from
Braarjokull (NE Vatnajokull), were drilled at B15 in 2015. The dust layers in the cores were
dated depending on their depth and compared with mass balance measurémerits (

"Q 7 ;where ly is mass balance given as thickness of wateis the density of water; s

the thickness of a firn layer affd is the density of firn). Dust deposition rates were estimated
by measuring the mass of thestl content in the annual layers, and compared to model results
(Table 1).

2.3. Surface energy balance calculations

The total energy balancé | for a melting glacier surface is expressed as
O 'Y O 'O (1)

where'Y 0Ep | ‘@ 'O is the net raition obtained from the observed shortwave
and longwave radiation components, d@&d O O is the net turbulent flux of sensible
(Hg) and latentifl)) heat calculated from the observed temperature, humidity and wind speed
within the boundary laye A onelevel model with stability factor and different roughness
lengths for windspeed, temperature and humidity, described in Gudmundsson et al. (2009)
was used to calculaté; andH; . Heat supplied by precipitatio{)) is considered negligible

and the melt (ablatiory is calculated as

a _m” )
m) v T

where L is the latent heat of fusion(t 3.34 10 J kg')  a #the dgnsity of water (1000 kg
m3) (e.g. Gudmundsson et al., 2006).

Albedo is a key a&riable in the surface energy balance and it is used to calculate ice melting.
If the energy balance is positive, this indicates an energy gain to the surface; if it is negative,
it means an energy loss. The accuracy of the instruments (Kipp & Zonen (298Q)
measuring longwave and shortwave radiation fluxes at AWSs was 3% (Gudmundsson et al.,
2009).

To quantify the enhanced melt rates due to dust on the surface, the development of surface
albedo for a dust free surface must be estimated at specificoltcatnd meteorological
conditions. This albedo estimate and in situ AWS data is used to calculate the energy balance
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at the AWS sites. The results can be compared to energy balance calculated from only the
AWS data including the observed albedo. The dgwekent of surface albedo of snow is
depending on meteorological processes in the surface boundary layer, the energy budget of
the surface, snowfall events etc. A regional climate model, which is forced with reanalysis
data from a general circulation modelthe lateral boundary and simulates the boundary layer
meteorology and surface energy balance, can be used to simulate the clean surface albedo.
Here we use the HIRHAMS climate model. THERHAMS modelcombines the dynamical

core of the HIRLAM7 numericdbrecasting model (Eerola, 2006) with the physical schemes
from the ECHAMS general circulation model (Roeckner et al., 20@8%el simulations have

been validated over Greenland using AWS and ice core data (e.g-Ricbas et al., 2012;
Langen et al.2015). Using the same method described in Langen et al. (2015), we run the
surface scheme in HIRHAM5 by forcing it with atmospheric parameters from a previous
model run. This method allows us to implement an improved albedo scheme (Nielsen
Englyst, 2015) whout running the full model. This is described in more detail in the
appendixand Schmidt et alsgbmitteq.

2.4.Evaluation of modelled albedo by HIRHAMS5

As there was no ice at the surface at either
surface ddedo to drop to the value of clean firn, which we assumed to be 0.55. This value is
based on the recommended value by Cuffey and Paterson (2010), but also represented in
observed albedo in the years 2002, 2009 and 2014 (Appendix Fig. Al). For those years,
measured albedo remained mostly above 0.55 for the whole measuring period. Under dry
conditions the modelled albedo can only drop to 0.77. The albedo of fresh snow was assumed

to be 0.9. Based on albedo measurements this value is assumed to be reatistemasnow

events as seen in Fig. Al in the Appendix. Sometimes measured albedo values especially in
autumn can reach high values, even above 1. This can be explained due to the high solar
zenith angle, multiple reflections and instrumental error (Kippafien CNR1, 2000).

The time scalet , which determines how fast the albedo reaches its minimum value, was
chosen to be 4 days, as it gives the best fit with the measurements without dropping below the
measured values. In addition, this value gave the best fit when comparing with albedo
measurements for other years with higher albedo (Appendix, Fig. A1 and Fig. A2), where the
rate of the albedo decreased after a snow fall was realistic. Measured albedo might drop faster
after a new snow event than predicted by the HIRHAM5 model becaetsamorphosiof

fresh snow is fast at relatively high air temperatures (Oerlemans, 2001); light might also
penetratethrough the new snow and since the albedo of a thin snowpack depends on the
albedo of the underlying surface (Wiscombe and Warren 1986yld reach the dust surface
below.

The AWS B16 is situated in the accumulation area, but B13 is close to the equilibrium line of

the glacier. This means that only in some years, as e.g. in 1997, 2004, 2005 and 2012
(Appendix Fig. A3) the mass balancewag gati ve and the previous vy
at B13 and exposed firn with dust. Since 2012 was a year of very warm temperatures and
negative mass balance, not only deposition during dust events influenced the albedo and
energy balance. At station Blbetween days 206 and 225 simulation values have been
manually set to the minimum value of 0.55 because HIRHAMS5 simulated a snowfall event,
which was not observed.
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3. Results
3.1. Spatial distribution of dust deposition 2013 and total deposition rates 2029 58d

The annual dust deposition distribution for the surface of Vatnajokull for 2013 showed a
similar pattern in the model simulation and in the observatiémgule 2). The model
simulated the highest concentra$oin the south western part of Vatnajokull (Tungnaarjokull,
Skaftarjokull, Sioujokull), followed by the north western and northern parts (Bruarjokull).
This distribution is due to the major dust mobilization areas around Vatnajokull, such as
Dynjgusandur,Tungna and Skaftadedi (the area with severe erosion SW of Vatnajokull
(Figurel), as well as the prevailing winds. The measurements of Dragosics et al. (2016) are
shown as circles superimposed upon the modellest distribution inFigure2. The average

dust deposition for the 16 measurement locations was 2. he standard deviation of the
measurements, 4 g‘mwas quite high due to one outlier with a depositionevalu16.6 g n¥

in the SW on Tungnaarjokull. The average modelled deposition for the same locations as in
the measurements is 6 g°mwith a standard deviation of 1 g“mThus, the model
overestimated measured dust deposition by a factor of three awedatgl smaller dust
variability. The latter was not surprising, given the relatively coarse resolution of the model
compared to the point measurements. Furthermore, variability in observed dust amounts was
not only caused by the patterns of dust depasitio the glacier, but also due to windblown
transport over an undulating surface, or surface melt streams washing away surface dust. Such
processes were not accounted for in the modelled dust patterns. Regarding the mean
concentrations, at least part oetmodel high bias may, in fact, be due to a location bias in
the measurements. Most of the measurement locations are in the accumulation zone of the
glacier. Model grid cells of the measurements often extend to the glacier edges, where
deposition amountsra higher. Regardless of whether the model bias can be explained or not,
the comparison shows that the order of magnitude of dust deposition on Vatnajokull is
captured by the model.

In Table 1, the measured and modelled dust deposition during the yedrarZD2013 for
stations on Bruarjokull, our main area of investigation, were reported. Again, the model
tended to overestimate dust deposition.

3.2.Dust events on Bruarjokull 2012

FLEXPART results for both dust concentrations in the air and dust depositithe giacier
surface were reported for the dust events for the year 2012 at statiof &8 ) and B16
(Table 3. Albedo, temperature and wind at 2 m elevation were measured at the AWSs, while
precipitation data were taken from the ECMWF model. At atatB13 there werden
modelled dust eventduring the measuring period (9 May to 14 October 2012), and all of
them were associated with an observed albedo drop during the event at th&EdW8Svents

had high dust concentrations and depositions (boldahle 3, and six smaller events
occurred as wellRigure3). The highest deposition values were simulated during event 6 with
6.6 g m? of dust deposited during a period of 14 days with an albedo drop of 0.65Heom
maximum to the minimum albedo value during that period. In contrast, at statiom &ilé (

3) the largest deposition (5.2 g4noccurred during event 1 with an albedo drop of 0.17. Two
events, one occurred during siibezing temperatures, and the athduring melting
temperatures, were described in detail in se®i8n

The albedo was almost always lower at site B13 than at site B16, due to the lower elevation
and thus higher temperatures and increasetingedt this site, and probably also because of
its proximity to a major dust source area (Dyngjusandur). The biggest dust events happened in
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spring (midMay) and autumn (end of August and October), especially at station B16. Dust
event 5 coincided with wen summer temperatures and exposure of the ablation area, where
albedo at B13 reached its lowest value, 0.08, on day 223. At the lower elevation site B13
(~1210 m a.s.l.), dust deposition and concentration values during dust events were always
larger thanat the higher site B16 (~1525 m a.s.l.), except for event 1 (seBiB)nThe
duration of the events was also often longer at B13 than at B16. Furthermore, no dust was
simulated at station B16 during eventl@aile 3.

3.3.Case studies

Two dust events have been chosen for a detailed description. Eventigurg4) was by far

the biggest event at B16 and temperatures were below freezing all the time, and event no. 2
(Figureb) happened, as was often the case, during melting temperatures. The analysis of event
no. 2 was supported by the availability of a clsiey MODIS image showing the dust cloud

and deposition.

3.3.1. Dust event 1

Dustevent 1 is one of four major modelled dust storms on Bruarjokull in ZBig@re4) and

the only event for which total simulated dust deposition was higher at station B16 (3)7 g m
than at B13 (2.6 g ff). This eplains why the albedo reached a lower value between day 134
and 139 at B16 than B13, which is very atypical. During the event, albedo dropped by 0.15
from 0.9 to 0.75 at B13T@ble 3 and by 0.17 from 0.88 to 0.72 at B¥dbedo peaked on

day 133 at B16rad on day 134 at B13 because of snow fall. Simulated dust deposition started
on day 134 at midday and lasted until day 136 (afternoon). This was the largest wet deposition
event at both stations. At B13 (B16) there were 1.6g(in3 g m?) dust depositeds dry
deposition and 2.1 g ™(3.9 g m?® as wet deposition, which at B16 was by far the largest
deposition in a single event.

Nearsurface dust concentration reached values of 193 TigtrB13 and 121 pg that B16.
Temperature decreased during theerdvand remained well below the freezing point,
excluding the possibility that melt processes were responsible for the albedo drop. This
strongly supports our hypothesis that the dust deposition caused the albedo reduction. Since
dust was deposited durirsmowfall, the albedo drop is probably smaller than if the dust were
deposited entirely by dry deposition. In fact, normally albedo increases during snowfall, so
the dust deposition must have more than compensated this effect. Wind was blowing from the
north during days 13438, with high wind speeds on day 134 and 135 (B16 18,B%3 11

m s%), indicating that dust was transported most likely from Dyngjusandur.
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3.3.2. Dust event 2

Dust event 2 is the second largest modelled dust event in terms of dust k@imrernd

fourth biggest in terms of total deposition at station B13 (2.5°gbut it was much smaller at

B16 (0.1 g nf) and started later (day 146). Dust concentrations at B13 (B16) reached 225 g
m3 (19 pg m°). Dust deposition started in the afteom on day 145 and albedo dropped on

day 146 (from 0.73 to 0.60). During the whole dust event albedo dropped by 0.36 (from 0.86
to 0.5) at B13 and by 0.28 (from 0.87 to 0.59) at B16. Temperature rose above the freezing
point on day 143 and this may par#yplain the albedo reduction. However, the strongest
albedo reduction coincided closely with the time period of the dust deposition. In particular,
notice that the albedo did not decrease significantly after the end of the deposition event, even
though terperatures (at least during daytime) remained above the freezing point.

Notice also that the albedo reduction was stronger at B13 than at B16, in agreement with the
higher dust deposition at B13. Precipitation occurred until day 146, so mainly before dust
deposition, suggesting that dust deposition was the main factor in this albedo drop. Wind was
strongest on day 146 (13.6 M at B13) and from SW (glacier wind), but changed to WNW
until day 149.

3.3.3.  Average dust event at B13 in 2012

Using the values reported Table 2, we calculated averages to characterizevaragedust

event at the B13 site. On average a dust event at station B13 in 2012 lasted for 6 days, had a
maximum dust concentration of 122 pg*rand a total deposition of 2 g“mDry deposition

in all cases except the first event exceeded wet deposition. This is due to the proximity of the
measurement site to the source area and gravitational settling of larger particles, which
dominated the removal near the source. The albedo is on average |bwerdd in a dust

event. This large reduction had a strong impact on the radiation and energy balance of the
glacier. The average temperature during dust eventsat@s(at ~1210 m elevation) and the
prevailing wind direction in 80% of the events wastherly, in 20% it is SW (the direction

of the glacier wind on Bruarjokull). Average ECMWEF precipitation during events was ~23
mm.

3.4. Surface energy balance impact of dust deposition

Deposition of dark dust particles on a glacier surface lowers the surfac® athus also the
surface energy balance and in general increases the energy available for melt. In order to
estimate the contribution of this effect, the surface energy balance (and the surface melt from
energy balance) at the two AWS sites B13 and Ba6 estimated from the AWS data in
2012. To estimate the effect, the regional climate model HIRHAMS5 was used to simulate a
clean glacier surface for the weather conditions occurring at the AWS B13 and B16 in 2012.
The simulated clean surface albedo (blacke lin Figure7) is compared to the observed
albedo including impurities (red line Figure7). Generally, the model captures the measured
albedo variability; however, thebserved albedo is more variable and reaches lower values
between events of snowfaince this is a simple model, we are not expecting the model to
capture all details. The statistical fit for HHRHAM5 compared to the AWS data showed a
better fit for yeas with higher albedos where the previous summer surface did not melt out.
The average bias, taken as the difference between HIRHAMS and AWS data, is 0.08 for the
years 19972014 whereas for the year 2012 it is 0.18 which means an overestimate by the
model The correlation coefficient for measured and simulated albedo data for the year 2012
is 0.77, which is higher than the average value for other years of 0.68.
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The difference between the modelled clean surface and the real surface is greater at B13 than
B16. This was expected since dust concentration is much higher at the lower site B13 and
snowfall more common at the upper site B16. We also know from mass balance
measurements, that at B13 all the winter snow melted, exposing firn and surface dust from
previous years (this happened at day ~205). With addition of dust from dust events starting on
days 202 and 220~{gure § the albedo values dropped very low at B13 between days 220 and
236. The simulated energy balance did not predict the snow from theysevinter to have

been melted away completely, exposing the firn layer.

High temperatures at B13 up to ~5 °C coincide with dust event 5, which caused peaks in snow
melt of 8.13 cm w.e. Hon day 222. In the autumn, after day ~240, the energy balance was
mostly negative. Low net radiation is caused by low solar radiation due to shorter days and
high albedo caused by snow fall. This is accompanied with negative turbulent heat fluxes (due
to air temperatures below zero and strong winds) and resulted inveetgsl energy, i.e. no
energy available for melting in 2012.

The total summer melt at B13 in 2012 estimated from the energy balance calculated for a dust
free surface was 1.7 m w.e., whereas for the measured albedo the melt was estimated at 2.8 m
w.e. Fom this we conclude that the melt increased by 1.1 m w.e., or by ~60%, due to dust
deposition, and melting out of the dusty firn surface below. Other impurities such as black
carbon were expected to be negligible (Dadic et al., 2013, Fig. 12a; Meinarader2@14).

At the higher site, B16, 1.0 m w.e. of snow melt was calculated for the modelled dust free
surface and 1.6 m w.e. when using the measured albedo, which results in 0.6 m more snow
melt caused by dust on the surface. The increase in melt igrsbm that in B13, i.e.
additional 60%.

4. Discussion and conclusion

In this paper, we have shown that dust events modelled by FLEXDUST correspond to
reductions in the observed albedo at two AWS sites on Vatnajokull. This indicates that the
model is ablego capture the occurrence of individual dust events. Furthermore, we showed
that the model captures both the observed spatial distribution of dust on the glacier as well as
the magnitude of the total annual deposition amounts. This suggests that thecamodel

used for longeterm studies, to quantify the dust deposition on Vatnajokull, including its
interannual variability.Table 2shows the dust events of the year 2012 at station B13 on
Bruarjokull, where in total 10 dust events occurred; four maintevamd six smaller events.

The AWS measurements show a drop in albedo in connection to all dust events predicted by
FLEXPART within the AWS6s survey period. TFh
events at site B13 is from a northerly direction, whde the whole period downslope (SW)
winds dominate. The wind direction during dust events corresponds to the main dust source
Dyngjusandur, north of Vatnajokull. At site B16, situated further upglacier, 9 dust events
occurred Table 3 where the first dusévent with ~5 g i of dust deposited within 3 days

was by far the largest.

In Arnalds et al. (2014) average deposition of dust on Icelandic glaciers is estimated as ~400 g
m? yr* which seems to be overestimated. Their estimate includes periodic tepusition

and large dust events based on a country average and it does not adequately account for
topographic differences and that much of the glacial areas are upwind for dry winds from the
main dust sources at the glacial margins. With FLEXPART, wellzéd much lower annual
deposition rates for Vatnajokull and its surroundings in 2&Igu¢e2), up to 34 g if in the
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SW of the glacier. Moreover, modelled values for dust deposition rates on Bruarjokull of 20 g
m?(B13) and 10 g M (B16) for 2012 were much lower.

Firn core B drilled on Braarjékull showed a dust layer of +8%for 2012 (Table 1)n very

good agreement with the simulated dust of 8.5% At firn core (A), drilled in the immediate
vicinity of core B, observed deposition rate was much smaller (1.7)gshowing the large
spatial variability and consequent uncertainty in comparing point measurements to model
simulations. We thus consider the model results satisfactory if they are in the@skEmef
magnitude as observed dust amounts in ice cores or snow samples.

To estimate the impact of dust on the surface energy balance and melt rates, the regional
climate model HIRHAM5 was used to simulate the surface albedo for a dust free, i.e. clean
snow surface during the summer 2012. The surface energy balance (and melt rate) was
calculated using the simulated albedo and the albedo observed from the AWS data. At the
lower site, B13, the difference between dust free and real surface is 1.1 m wage anow

melt (1.7 m w.e. snow melt for the clean surface and 2.8 m w.e. for the real surface). This
does not only include dust events lowering surface albedo, but also dust and tephra that was
deposited during previous years melting out from below. Augier site B16 the difference
results in 0.6 m of more snow melt (1.0 m w.e. for the clean surface and 1.6 m w.e. for the
AWS). Since B16 is situated in the accumulation area, no dust expected to melt out from
below. It cannot be excluded that small antsuof organic material or black carbon are
deposited on the snow surface and influence albedo, but from in situ investigations this has
not been observed in this area.

The year 2012 was a year of intensive summer melt. At site B13 on Vatnajokull theadeasur
summer mass balance was 2.3 m w.e. mass loss, which means 0.5 m more mass loss than the
average since 1993 (1.7 m w.e.). Summer mass balance measurements on Vatnajokull show
2.3 m w.e. of total mass loss at B13 which is 0.5 m less melt compared tiategle@nergy

balance converted into snow melt (2.8 m w.e.). Most of these differemeessigned to

summer snow fall that melts, and was not captured with the mass balance measurements.

Oerlemans et al. (2009) reported that decreased albedo at Vadkédrtaatsch glacier
caused an additional removal of about 3.5 m of ice for the 4 year perioddddis means

0.9 m more melt on average per year. Gabbi et al. (2015) compared a glacier surface with
deposits of black carbon and Saharan dust to pure soaditions for a 100 year period
(19142014). They found that the mean annual albedo decreased bY.0®4therefore the

mean annual mass balance was reduced by abod® 28n. These alpine melt rates due to
impurities are in the same order of magnéwas our results.

Albedo comparisons for other years (Appendix, Fig. A3) have shown very low albedo values
for 1997, 2004, 2005 and 2012. The surface dirt causing the low albedo in 1997 is related to
the Grimsvotn eruption in 1996, and the following hu@jeufjhlaup with deposition of fine
grained particles ro Skeidararsandur sandur plairhis was a vast source of dust in the dry
and warm 1997 summer. The low albedo in 2005 and 2012 most likely also related to the
2004 and 2011 Grimsvétn eruptions (e.g. @ufdssoret al. 2004, Moller et al. 20)13In

2004 increased melt rates due to high waniden turbulent heat fluxes in the end of July
followed by exceptionally warm and sunny weather in August sped up melting into old firn
(Gudmundsson et al. 2006).

The results in this paper shows positive radiative forcing impact on snow melt of Icelandic
glaciers caused by deposition of dust that strongly enhances absorption of light. The duration
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of dust radiative effects on glacier surfaces is extended compareddy ptmospheric
effects because of the short lifetime of dust in the atmosphere.
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Figure 1. Iceland with glacie outlines and soil map adapted from Arnalds (2015). The two AWSs at
B13 and B16 as well as the firn core drill site on Braarjokull are highlighted
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Figure 22 FLEXPART model simulation of the spatial dust distribution on Vatnajdkwihg 2013.
The circles show the location of snow sample sites with dust deposition for the same year.

63



El E2 E3 E4 ES E6 E7 E8 ES E10

0,8
_8 0,6+
@ i
Qo
© 0,4
0,2 - B13
| B16

O T T T T T T T T T T T T T T T T T T T
5,530 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290
. ——B13
24 B16

1,5

deposition [g m?]

130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290
DOY

Figure 3: Upper graph: Albedo measurement from the AWS at B13 in red and B16 in blue for the
measurement period in 2012. Lowgmaph: Daily dust deposition showing dust events modelled by
FLEXPART. Dust events are highlighted in grey and named 1

Figure 4. Observed albedo, simulated dust deposition, observed temperature and simulated
precipitation dist event no. 1 at stations B16 (blue) and B13 (red). Modelled deposition is shown for
3-hourly and daily averages.
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