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Abstract

Emissions of particulate matter from the naturalrses account for a significant part of
the total particulate air pollution. Less indudiri@d and inhibited regions, such as deserts,
can contribute remarkably to air pollution. Icelasda good example of such areas. The
trends in long-term dust activity in Iceland anduiés from the pioneer field experiments
on dust atmospheric and snow measurements arenfgdsa this thesis. Long-term dust
frequency in Iceland is based on the meteorologiatd from 30 weather stations in period
1949-2011. Dust day frequency in Iceland is simitathe major desert areas of the world
(Mongolia, Iran, USA, China). Frequent volcanic @rans with the re-suspension of
volcanic materials and dust haze increase the nuofb#ust events fourfold, resulting in
135 dust days annually. The Sea Level Pressuréatsri controlled whether dust events
occurred in NE or in southern part of Iceland. Hretic dust events (NE Iceland) were
typically warm and during summer/autumn (May-Segiemn while the Sub-Arctic dust
events (S Iceland) were mainly cold and during @rifspring (March-May). A total of 32
severe dust storms (visibility < 500 m) was obseni2ust deposition of 31 — 40 million
tons influences areas of > 500,000%wmhile some dust plumes are spanning > 1000 km at
times. These results confirm that Icelandic dusirses are the most active in the
Arctic/sub-Arctic region. Dust is also distributealer glaciers (about 4.5 million t
annually) and oceans (6 — 14 million t annuallyur @neasurements show that Icelandic
dust deposited on snow lowers the snow albedo edhaces the snow density as much as
Black Carbon, the most powerful absorbing aeroBbé dust has a marked influence on
Icelandic ecosystems. The oceanic deposition oirtimerich dust can potentially affect the
primary productivity in oceans around Iceland, esdly in spring and late summer. The
investigations of physical properties of volcanicsd reveal major differences in
mineralogy, geochemical compositions, shapes, sindscolour, compared to the crustal
mineral dust. Icelandic dust is of volcanic origitark in colour with sharp-tipped shards
and large bubbles. About 80 % of the particulatétenas volcanic glass rich in heavy
metals, such iron and titanium. Suspended dustumegsat the glacial dust source consists
of extreme numbers of close-to-ultrafine particlesh a similar numbers as reported
during the active eruptions. However, giant Icelarghrticles (50 — 100 um), can travel
long distances. Suspended grains > 2 mm were @aptluring the severe dust storm after
the Eyjafjallajokull eruption in 2010, when the &awo transport exceeded 11 t of materials
over one meter wide transect. This places Iceladd&t storms among the most extreme
wind erosion events recorded on Earth. First erpants on optical properties of volcanic
dust in the laboratory show that Icelandic dust $ese or lower spectral reflectance than
Black Carbon. This indicates that climate forcirigaglandic volcanic dust is different to
that concluded for mineral dust in climate changegliztions. Icelandic volcanic dust tends
to act as a positive climate forcing agent, botiealy and indirectly. The high frequency,
severity and year-round activity of volcanic dustigsions suggest that Icelandic dust
contributes to Arctic warming. Iceland is not ordy substantial source for local air
pollution; it has likely long-term effects on thectic and European air pollution.






Utdrattur

Stor hluti rykframleidslu veraldar kemur fra nattlegum rykuppsprettum. Mérg strjalbyl
sveedi jardar og eydimerkur gefa fra sér mikid igkand er & medal slikra sveeda. | pessari
ritgerd er greint fra préun rykmengunar i islandifid rannsékn & langtimagdgnum fra
vedurmaelingum og gerd er grein fyrir tilraunumatdd maela rykmengun i andramslofti og
ahrif ryks & snjo. Birt eru fyrstu gogn um tidni egkni rykstorma & islandi sem og
upplysingar um smasjareiginleika rykefna, fjdlda o@ssa 6refna (particular matter).
Einnig er rykframleidsla fra islandi akérdud magnbid, sem og afok & land, sjé og jokla.
Gefin eru deemi um mjog aflmikla vindrofsatburdi. nigimameaelingar eru byggdar a
verdumaelingum a vedurstoovum 1949-2011. Tioni tmkata svipar til tioni peirra a
helstu eydimerkursvaedum jardar, t.d. Mongdliu, ,Ir&¥8A og Kina. Eldgos og gerd
fokefnanna eykur tionina fjorfalt og leidir til 13gkdaga a landinu & ari. Rykframleidslan
nemur 31-40 milljonum tonna sem falla & >500 00@ Kmrert ar, en sumir strékarnir na
>1000 km burt fra landinu. Nidurstédurnar syna addid er virkasta ryksveedio a
arktiskum svaedum jardar. Um 4,5 milljon falla jolda 6-14 milljon t & sj6 vid landid.
Rannsoknirnar syna ad rykid, sem er dokkleitt, rkarmendurgeislun af snjéo meira en sot
(black carbon), sem annars hefur talid mikivirkaeftsio vid ad draga i sig solarljos. Rykid
er jarnrikt og kann ad hafa mikil ahrif a frumfrasdni i sjo og lifriki hans. Rannsoknir a
edliseiginleikum ryksins syna ad pad er afar frgbré ryki fra meginlondunum er vardar
efnasamsetningu, l6gun, steerd og lit. Um 80% rgkeindokkt basaltgler sem inniheldur
mikid af malmum & bord vid jarn og titanium. Ry® §iBkuljodrum inniheldur mikio af
mjog finum efnum sem svipar til rykmengunar fragelsum. En po bersta einnig afar stér
korn (50-100 micrometrar) langar leidir. Gjoskukataerri en 2 mm berast med vindi en
vindrof flutti > 11 t efnis yfir eins m breida linumiklum stormi a Skégaheidi eftir gosio.
Petta er trdlega einn mesti sandstormur sem hedtid ymeeldur & jordinni. islenskt ryk
hefur svipada endurkastseiginleika og sot, sem kadn gera rykid ad jakveed
loftslagsbreyta, 6fugt vid annad ryk. Liklegt er 3@ fra islandi auki & hlynum arktiskra
sveeda vegna mikillar tidni og virkni rykstorma dafsli Rykid veldur ekki adeins
loftmengun & Islandi heldur hefur liklega ahribétdedi & arktiskum sveedum og i Evrépu.
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1 Introduction

There is a growing concern about the influenceust @n Earth’s ecosystems and humans
and the research reported here focuses on dusugiraa from Icelandic deserts. This
dissertation has relevance to a wide range of $pgiach as air quality, aeolian processes,
atmosphere-cryosphere interactions, meteorology land-range transport of aerosol,
climate, ecosystem development (both ocean and.lai&® main emphasis is given to
atmospheric aerosols, mainly dust, in a non-pall#tectic/sub-Arctic region, Iceland. This
study deals with the dust event frequency and &gyvdust suspension processes at a dust
source, dust deposition over oceans, glaciersnow,sand physical characteristics of the
aerosol.

1.1 Background

Iceland is considered as a country with generdiyarc and less polluted air than more
densely populated countries in Europe and North lcaelLarge areas of the land are,
however, volcanic sandy deserts and ice-proxinedsgrproducing high amounts of natural
air pollution (Arnalds, 2010). The areas with liedtvegetation cover are >22 % of Iceland
and >40% of the country is classified with consatiée to very severe erosion (Arnalds et
al., 2001). Emissions from these sources, enhahgestrong winds, affect regional air
quality in Iceland, such as in the capital ReykaMihorsteinsson et al., 2011). Particulate
Matter (PMg- for particles with diameter <10m) concentrations during dust events in
Reykjavik often exceed the health limit of 5@ mi® over 24 h (WHO, 2005: UST, 2014a).
PM concentrations measured during dust events émity of dust sources (<30 km)
exceed the health limit in order of 10-100 time$S{Y 2014a). Such high concentrations
are likely to affect human health. Research hasvetdhat mortality increases about 8 %
per 10ug m° when Saharan dust is suspended (Perez et al.).2008s, natural air
pollution has negative impacts on health of humanslivestock, and needs to be
determined not only for highly populated areas, &lsb for less densely populated and
isolated areas such as Iceland.

Natural dust is emitted from many desert areas amhE The highest frequency of dust
events is in Africa and Australia where the majeselts are located (N'TchayiMbourou et
al.,1997; Ekstrom et al., 2004). Asian deserts d8obi and Iranian deserts have lower
dust frequency than Sahara desert (Qian et al2;29atsagdorj et al., 2003; Jamalizadeh
et al., 2008). The lowest frequency is reportednfrthe central deserts in the USA
(Steenburgh et al.,, 2012). South American desedsaso among active dust sources
(Lamy et al., 2014).

Although dust is most often associated with dry aadm desert areas, dust is frequently
emitted in cold climate regions and at high latgsidsuch Iceland, Alaska, Greenland,
Svalbard and Antarctica (Nickling, 1978; Arnald®18; Dornbrack et al., 2010; Lancaster
et al., 2010; Crusius et al., 2011; Prospero et 2; Bullard, 2013). Polar deserts with



glacially-derived sediments of riverbeds or icexpmmal areas contribute to the dust cycle
(Bullard, 2013).

Iceland is an important source of volcanic sediméhat are subjected to intense aeolian
activity (Arnalds, 2010; Prospero et al., 2012; rAnmsdottir and Arnalds, 2012) and is
likely the largest glaciogenic dust source areathia Arctic/sub-Arctic region. Dust
deposition rates are exceeding 500 4 yri* in some areas (Arnalds et al, 2010). Seven
major dust sources have been identified (Arnal@402 These sources are all in vicinity
of glaciers. The most active glacial flood plairyngjusandur, covers an area of about 270
km? with up to 10 m thick sediments (Mountney and Rlis€004) and is the main source
for dust events in Northeast Iceland and towardsié\rThe major dust sources in South
Iceland are Skeidararsandur, Myrdalssandur, Mdskahdur, Landeyjasandur, resulting in
dust events south towards Europe during northerilydsy but alternatively towards
Reykjavik and in direction of North America duriegsterly winds. The Hagavatn plume
area is the source for dust events towards Reykjand the ocean southwest of Iceland.
Volcanic eruptions are frequent in Iceland, witlliindual volcanic events occurring on
average at a 3-4 year interval, with frequent potidn of high amounts of tephra
(Gudmundsson et al., 2008). Deposited volcanic iaslsubjected to intense aeolian
processes and often resuspended (Arnalds, 20103; 2D&adbetter et al. 2012,
Thorsteinsson et al., 2012; Bullard, 2013). Volcanputs are also important contributors
to dust events in Iceland.

Global dust differs in mineralogical and geochernazanposition. The major deserts such
as Sahara consist of crustal dust which is of guah materials (Marconi et al., 2014).
Icelandic dust differs from dust originating in ¢timental dust sources. It is volcanogenic in
origin, of basaltic composition, with lower Si@roportions (<50%) and higher A&,
Fe0s; CaO contents than crustal dust (Baratoux et2&l1,1). Sediments from glacial
plains and sandy deserts are primarily poorly eiigzed basaltic materials (glass)
containing high quantities of iron, which can hawesubstantial impact on the ocean
chemistry and fertility (Arnalds, 2010). However,ineralogical and geochemical
compositions of dust from seven different dust sesrin Iceland are not identical
(Baratoux et al., 2011); similarly the compositioh tephra differs between Icelandic
volcanoes (Oladottir et al., 2011). Icelandic awiic dust made of glass can be extremely
sharp and contain large bubbles, allowing partidsslarge as 5@m to travel long
distances (Navratil et al. 2013).

Satellite images have shown that dust particledust plumes are transported over the
Atlantic Ocean and Arctic Ocean > 1000 km at tirfiesalds, 2010). Globally, fine dust
particles may be transported at altitudes of ugQdkm and can be carried distances of
>10,000 km (Husar, 2004). Grousset et al. (2008pssted that dust particles can travel
over a 20,000 km in two weeks. Icelandic dustkslyi to contribute to Arctic or European
air pollution and affect indirectly the climate \dast deposition on Arctic glaciers or sea
ice. Local glaciers cover about 11% of Iceland, the closest distance of Greenland’s
glacier is about 500 km from Iceland. Studies oftdieposition on snow show that dust
mixed in snow accelerates snowmelt through itsctlireduction of snow albedo and
further indirect reduction of albedo by accelemgtihe growth of snow grain size (Painter
et al., 2012). They showed that mean spring dusatige forcing ranged between 45 and
75 W m?, which reduced snow cover duration by 21 to 51sdaipwever, direct radiative



forcing of mineral dust is calculated as negativehe IPCC report (IPCC, 2013). It is

therefore important to investigate indirect forcioigdust deposited on snow in a greater
detail. Volcanic dust from Iceland is dark in castrto the crustal silica, which is light in

colour, and might therefore have opposite radiatiiaracteristics to crustal dust. The
location of Iceland in Arctic/sub-Arctic region m#yerefore enhance the climate effects of
dust.

Dust storm events can have a direct negative impaeicosystems by burial of vegetation,
and by causing loss of fertile topsoil (Fields ét 2010; Arnalds, 2013). Icelandic
authorities have undertaken several land reclamatieasures since the 1940s to reduce
the negative effects of dust activity and product(@rofts, 2011). Iceland is an island and
dust deposition occurs also over the surroundig $Arnalds, 2010). Achtenberg et al.
(2013) measured significantly elevated iron levalshe sea south of Iceland during the
2010 Eyjafjallajokull eruption. This suggests thaglandic dust events could have positive
impacts on the North Atlantic and Arctic Ocean naural iron fertilization.

1.2 Motivation and objectives

The Environmental Agency of Iceland (EAI) repott® toutdoor air quality in Iceland as
“generally quite good” due to an oceanic climatel ateady winds (UST, 2014b). The
focus on an impaired visibility due to natural esie®is in many places of Iceland led to the
research and this thesis. Winds in Iceland areuéetly of high velocities leading to
suspension of large dust quantities that the redibaze changes into a dust storm event.
The main objectives of the research were to quattigse dust events and understand the
nature and impacts of dust production in Iceland.

Long-term measurements of dust aerosol in Icelaednat available. There is a small
network of the PM stations (seven stations of wHmlr are in Reykjavik, in operation
mostly from 2010) around Iceland maintained by B®l. Large areas, especially in
vicinity of dust sources, have never been measurgéerms of the PM air pollution. The
measurements provide only the My mass concentrations, missing the information on
the particle number concentrations. The PM massemaasured far from the source of air
pollution and only on ground. The second goal & gmesent work is to provide such
measurements to understand the physical chardicterss fine dust aerosol. In addition,
chemistry and mineralogy of dust is investigatedov&dust interactions based on a field
campaign are also explained.

1.3 Outline of the dissertation

This doctoral study is based on the results predenteight publications in peer-reviewed
international journals, three of which are underie®. In addition to this introductory

section, the synthesis of the publications is presk in four chapters, followed by a
section with conclusions and suggestions for fut@search. Two of the chapters also
include results presented in abstracts from theofgan Geoscience Union (EGU)
conference (Appendix Al, A2).



1.3.1 Scientific papers

Paper |. Dagsson-Waldhauserova, P., Arnalds, Oafs&dn, H., 2014a. Long-term
variability of dust events in Iceland. Atmosphe@bemistry and Physics Discussions 14,
17331-17358. doi:10.5194/acpd-14-17331-2014.

Paper Il. Dagsson-Waldhauserova, P., Arnalds, Qafsébn, H., Skrabalova, L.,
Sigurdardottir, G. M., Branis, M., Hladil, J., S&alR., Navratil, T., Chadimova, L., von
Lowis of Menar, S., Thorsteinsson, T., Carlsen, H.Bonsdottir, I., 2014b. Physical
properties of suspended dust during moist and lawghveonditions in Iceland. Icelandic
Agricultural Sciences 27, 25-39.

Paper 1ll. Meinander, O., Kontu, A., Virkkula, AArola, A., Backman, L., Dagsson-
Waldhauserov4, P., Jarvinen, O., Manninen, T., Ss@m J., de Leeuw, G., and
Leppéaranta, M., 2014. Brief Communication: Lighsatbing impurities can reduce the
density of melting snow. The Cryosphere 8, 991-995.

Paper IV. Arnalds, O., Olafsson ,H., Dagsson-Waldkeeaova, P., 2014. Quantification of
iron rich volcanogenic dust emissions and ocearoslgpn from Icelandic dust sources.
Biogeosciences Discussions 11, 5941-5967.

Paper V. Dagsson-Waldhauserova, P., Arnalds, Oafs&dn, H., 2013a. Long-term
frequency and characteristics of dust storm evamtdortheast Iceland (1949-2011).
Atmospheric Environment 77, 117-127.

Paper VI. Dagsson-Waldhauserova, P., Arnalds, @fs€bn, H., 2013b. Long-term dust
aerosol production from natural sources in Iceladdurnal of the Air & Waste
Management Association, DOI:10.1080/10962247.2@MEX.83

Paper VII. Arnalds, O., Thorarinsdottir, E.F., Teson, J., Dagsson-Waldhauserova, P.,
and Agustsdottir, A.M., 2013. An extreme wind eoosevent of the fresh Eyjafjallajokull
2010 volcanic ash. Nature Scientific Reports 3,7125

Paper VIII. Dagsson-Waldhauserova, P., Arnalds,@afsson, H., Hladil, J., Skala, R.,
Navratil, T., Chadimova, L., Meinander, O., 2014o®-dust storm: A case study from
Iceland, March ¥ 2013. Aeolian Research. submitted.

1.3.2 Organisation of the thesis

The introductory section is followed by the Chaper “Variability and trends of dust
events”. This chapter assesses the frequency aweritgeof dust events based on
meteorological dust observations in Iceland sir@49] seasonal trends in dust production
and geographical differences of dust climatologyceland. The section is based on the
Papers I, V and VI.

Chapter 3, “Physical and chemical properties oft"dudescribes ground and air-borne
measurements of aerosols conducted in Iceland.dtitian, laboratory chemical and
mineralogical analyses of dust aerosol and sedsrenat introduced. Papers |, 1l, VIII and
Abstract EGU | (Appendix Al) are contributing tasisection.



“Recent volcanic inputs to dust variability” is thide of Chapter 4, which explains the role
of freshly deposited volcanic ash on the dust femgy in Iceland. The Eyjafjallajokull
eruption in 2010 is used as a case study here.t@héps mainly based on the Paper VI
and Papers | and V. Chapter 5 is titled “Dust degmmsand climate aspects” and focuses
on Icelandic dust deposition on a larger scale doadeposition, long range transport of
dust patrticles). Here our research team quantifiesamounts of dust deposited over the
oceans and glaciers. These estimates are supplknnenth the dust-on-snow study
revealing the albedo and snow melting changes dk asedust-on-snow deposition
processes. A snow dust field campaign allows usttoduce first results on the optical
properties of Icelandic dust which are comparedtteer absorbing aerosols. Chapter 5
summarizes the results from the Papers Ill, IV) ¥hd Abstract EGU Il (Appendix A2).
Table 1.1 depicts the contribution of the paperhéochapters.

Table 1.1 Contribution of the papers to the dissoh chapters.

Paper Chapter 2 Chapter 3 Chapter 4 Chapter 5

I X X X
II X
I X
IV X
v X X
VI X
Vil X
VIII X X

The papers Ill, IV and VIl are included in this sistation despite being co-authored by the
author of this thesis. Paper Ill is based on thkelftampaign on soot deposition on snow in
Finland in 2013. | personally participated in thempaign and proposed the idea of
expanding the experiment of volcanic dust. PaperoiNginates partially from the
calculations in the papers | and V, comparing tret &stimations of the dust production in
Iceland. Paper VIl is a case study where the caficis and field work were done by the
author of this thesis.






2 Variability and trends of dust events

2.1 Introduction

Frequency of dust episodes is monitored in vicimifymany major desert areas of the
world. The long-term dust variability studies assed on meteorological observations and
present up to 90 years records from North Ameridfjca, Asia and Australia
(N"TchayiMbourou et al., 1997; Qian et al., 200tdagdorj et al., 2003; Ekstrom et al.,
2004; Jamalizadeh et al., 2008; Steenburgh eP@L2). The World Health Organization
considers that annual BMconcentration of 10 pg thand estimated visibility 67 km
indicates health risk, or daily standard of 35 pg amd visibility range 31 km (WHO,
2005). In comparison, visual range can be over B80in dry climates and 100 km in
humid climates on clear days (Hyslop, 2009). Obmst@rns of visibility during dust events
are a key indicator of the severity of dust evemteere no aerosol measurements are
conducted. Wang et al. (2008) found a good corcgldietween Pl concentrations and
visibility during dust observations.

The Arctic regions can also produce high amountsust with the highest dust emissions
associated with summer and early autumn (Nicklid§78; Bullard, 2013). Dust
concentrations in sub-Arctic regions peak in spriAgril-June, Prospero et al., 2012).
Contrarily, Ganopolski et al. (2009) calculatedhag glaciogenic dust deposition in cold
and winter periods than warm periods. Iceland ¢cated at the border between the Arctic
and sub-Arctic regions. The long-term frequency thmatology and character of dust
production have not been investigated in Icelandrédver, the relationship between dust
observations, available dust concentrations anibilg during dust observation is not
known for Iceland.

2.2 Methods

A network of 30 weather stations (15 in S Icela®dl) NE Iceland, and 7 in NW Iceland)
operated by the Icelandic Meteorological Office Q)Mis used in the study. The majority of
stations have been in operation at least since .1948 data consist of conventional
meteorological parameters such as wind velocityndwdirection, temperature and
visibility, accompanied by synoptic codes of préseeather. Present weather refers to
atmospheric phenomena occurring at the time of rehen, or which has occurred
preceding the time of observation (IMO, 1981). ™ymoptic codes (ww) for present
weather which refer to dust observation are 7-@ 3®-35. In addition, codes 4-6 are
considered, but only if the codes for primary accselary past weather (wwl, ww2) are 3
for blowing soil, dust, sand and dust storm (IMO81). Weather observations are made 3-
8 times a day.



Meteorological observations (synoptic codes fortdusluding dust codes 04-06 and
visibility) were evaluated with available PM masmscentrations from the Environmental
Agency of Iceland (EAI) and daily dust concentraidrom Storhofdi, Vestmannaeyjar
(Westmann Islands, Prospero et al., 2012). Mogte@tonventional dust studies abroad do
not include synoptic codes 04-06 for “Visibilitydeced by volcanic ashes”, “Dust haze”
and “Widespread dust in suspension in the air” theocriteria for dust observation, hence
the unique volcanic conditions of Icelandic dustaar Comparing these codes with dust
concentrations shows that PM is increased in aBo% of the 04-06 code cases. These
codes are, however, not included in this long-tetaay.

The initial dataset is built from the occurrence‘'adist observation* made at one or more
weather stations. Long-term dust activity is expeelsin dust days. A “dust day” is defined
as a day when at least one station records atdeastiust observation. There areimgitu
dust measurements conducted in NE Iceland andfenlystations in the southern part of
Iceland provide PM concentrations for a short-tpeeod. Therefore, we applied empirical
relationships to estimate dust concentration froenwisibility (D’Almeida, 1986; Wang et
al., 2008; Leys et al., 2011). Dust events are elasssified from visibility ranges based on
criteria provided by Leys et al. (2011) and Wanglet(2008). For the PM stations, we
apply a power regression to determine the relatipnbetween dust concentrations and
visibility during dust codes, including 04-06 (metls detailed in Wang et al., 2008).

2.3 Results and discussion

A mean of 34.4 dust days per year was observedelarid during the period 1949-2011.
Such frequency is comparable to dust frequenciélsaractive parts of China (Qian et al.,
2002), Mongolia (Natsagdorj et al., 2003), and Itdamalizadeh et al., 2008). However,
synoptic codes 04-06 (not included in dust studim®ad) showed a good agreement with
increased PN concentrations in Iceland. Including these coaes the criteria for dust
observation, the annual mean dust-day frequencyi8&sdust days (101 dust days in S
Icleand, 34 dust days in NE Iceland). Such freque&an be found in parts of Australia and
Africa (Ekstrom et al., 2004; N'TchayiMbourou et,al997). Trends in global dust
emissions show high dust frequency during the 1B8Bs and low frequency during
1980s in the USA, Australia and China as well ak@tand (Qian et al., 2002; Ekstrom et
al., 2004; Steenburgh et al., 2012). The 2000s weperted as the most active decade in
NE Iceland and Iran (Jamalizadeh et al., 2008).

The atmospheric surface pressure field determirether dust plumes travel in a north-
easterly or southerly direction. An annual mead@# dust days (total of 1033 days) was
recorded in NE Iceland and about 17.9 dust dayal (6d 1153 days) occurred annually in
S Iceland. The Arctic dust events (NE Iceland) weypically warm and during
summer/autumn (May-September) while the sub-Arclisst events (S Iceland) were
mainly cold and during winter/spring (March-May)bdut half of the dust events in S
Iceland occurred in winter or at sub-zero tempeestuThe Arctic dusts correspond to the
seasonality found in Alaska (Nickling, 1978; Buda2013), while the cold winter/spring
dusts can be found in Mongolia (Natsagdorj et2lQ3). Dust events (DE) in NE Iceland
(Arctic DE) were warmer (fea=10.5°C) and with lower wind velocities (W&+=10.3 ms

') than sub-Arctic DE in S Iceland fa=3°C, WShea=13.6 ms). The most common DE



wind directions in NE Iceland were SW-S and SSE-&hile the N-NE winds were
predominant for S Iceland.

The Grimsstadir station (NE) is the dustiest weatteservation location in Iceland with >
12 dust days annually. The stations, reporting hdgkt frequency, are also Hofn (S),
Vatnsskardsholar (S), Egilsstadir (NE), and He8a. (The stations in S Iceland reported
higher frequency and severity of DE (low visibilaynd high wind speeds) than stations in
the NE. This is likely due to the close proximifytioe S stations to the dust sources as well
as more stations are located in the S. The locsil slurces in S Iceland are affected by
milder oceanic climate during the winter while tR& highland dust sources are covered
with snow for much of the winter. There were 32 V& Dust Storms* (visibility < 500
m) observed in Iceland (14 in NE mostly in the 18508 in S mostly in the 2000s). A
good correlation was found between RBMoncentrations and visibility during dust
observations at the stations Vik and Storhofdi.

This study confirms that polar deserts in the Arend sub-Arctic region are important
contributors to the global dust cycle as suggesteBulard (2013). Dust in Iceland is
emitted the year-round and often in winter or dizewo temperatures. It can be concluded
that Iceland is among the dustiest areas of thddwand likely the largest and the most
active dust source in the Arctic/sub-Arctic region.
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Figure 2.1 Number of dust days (blue bars for seurttand north-western part of Iceland,
brown bars for Northeast Iceland) and 3-year mowgrages of dust day frequency (red
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3 Physical and chemical properties of
dust

3.1 Introduction

Dust activity in the major desert areas is mondoréhe data on dust concentrations are
provided in real time and dust weather forecastsganerated by using several models
(NAMEE, 2014). Dust measurements within cold anghHatitude regions are mainly
seasonal and employ measurement techniques foousstlly on the coarser silt-sized or
sand-sized particles (Nickling, 1978; Arnalds et @001; Bullard, 2013). Air particle
monitoring using a range of automatic instrumestganducted far from the major dust
sources in the Arctic (NILU, 2013). Dust forecagtimnd models require relevant
information on physical characteristics of aeolmaaterials, such as chemistry, mineralogy,
PM mass and number concentrations. Icelandic dustvolcanic origin and is of different
nature compared to crustal dust. Therefore the letye of the physical properties of
volcanic dust is needed for dust parameterizatoditise dust models.

Measurements of particle mass concentrations ilaridehave primarily been made in

relation to the Eyjafjallajokull eruption in 201Qe&adbetter et al., 2012) or areas distal
from the dust sources (Thorsteinsson et al., 2@&ldchschmidt et al., 2012). No direct

measurements of dust concentrations have been wmidde the major dust sources in

Iceland. Size segregated particle mass concemtsatend number-size distributions
(number of particles in defined particle size reg)gef dust aerosol can provide a better
understanding of physical properties, such as taktumorphological and shape

characteristics, and the possible health impactdust events (Harrison and Yin, 2000;
Morman and Plumlee, 2013). Studies on number cdrat®ns which include particles

<10 um have not been published in the literatuidate for Icelandic conditions.

The main aim of this research is to provide an aegr of physical properties of Icelandic
dust, as exemplified by dust from Maelifellssandod Skeidararsandur, which are two of
Iceland’s main dust sources. Results of the fiysicronized measurements of particle
number and mass concentrations during a dust ediesttly within a dust sources in
Iceland are reported. This information is combimath mineralogical and geochemical
analyses of the source material. Cases of vedicalification and aerosol composition of
the sub-Arctic atmosphere up to 16 km, measuredt afseason of dust episodes are also
studied in detail.
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3.2 Methods

3.2.1 Atmospheric dust measurements

Investigations of aerosol physical properties #ldad were conducted both on ground and
via air borne measurements. Atmospheric Dust Measents in Iceland (ADMI 2013)
was a pioneering project to investigate the physicaracteristics of dust aerosolsitu at
the dust source. The ADMI 2013 took place in soutlad south-western Iceland on 8-18
August 2013, a period of high precipitation and wnds. We employed two TSI 8520
DustTrak Aerosol Monitors (DustTrak) and one TSItiCgd Particle Sizer 3330 (OPS)
placed on the glacial floodplain Maelifellssandline DustTrak is a light-scattering laser
photometer measuring aerosol mass concentrationmfticles ranging in size from 0.1 to
10 um. The OPS provides particle concentration gadticle size distribution
measurements using single particle counting tedgypl for particles with optical
diameters from 0.3 to 10 um. It employs opticalttecang from single particles where
particle pulses are sized and binned in up to fi@rdint channels. In addition to these
measurements, mineralogical and chemical analyses made for the sample taken from
the active surface layer during the dust event ¢set@on 3.2.2).

Three air-borne campaigns of the Light Optical Aete Counter (LOAC) were conducted
with meteorological balloons in Iceland. LOAC usesiew optical design retrieving the
size number concentrations in 19 size classes ket®We2 and 100 micrometers. It also
provides an estimate of the main nature of aerdghlst, Black Carbon, sulphuric acid,
water droplets and ice). These campaigns were éolcas aerosol distribution in vertical
profile of atmosphere.

3.2.2Laboratory measurements

The compositions of two dust samples from two dunts (tephra glass and mineral
grains) were studied using backscattered electamlsquantitative x-ray analysis (EDX
SEM) on samples fixed in resin and polished to glacross-sectional surfaces. Major
mineral compositions were also checked by x-raygemwdiffraction (XRD).

3.3 Results and discussion

3.3.1 Atmospheric dust measurements

The ADMI resulted in one dust event at the dust@muwvhich was measured under unique
conditions, during low wind/windless conditions whthe surface was still moist after
previous precipitation. The main driver of dustmerssion was direct solar radiation and
consequent surface heating. Despite being a rathall dust event, high amounts of dust
were passing the instruments and the particle nuetdrecentrations were extremely high.
Maximum particle number concentration (PM~0.3¢if) reached 149,954 particles €m
per minute while mass concentration (PM<ffn) was 1757ug m°. Maximum
concentrations of the PM fraction were measured as 85,528 particles’ amnumber
concentration with mass reaching 11§ m*. Suspended glaciogenic dust was very fine
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with the highest number of particles in the sizegea0.3-0.337um, followed by particles
1.5-5um in diameter. Such high number concentrationsaofigges 0.3-1Qum have only
been reported during a volcanic eruption (Vogealet 2012). Close-to-ultrafine particle
size distributions showed a significant increaseumber with the severity of the measured
dust event (during dust peaks). Number concentraitisere well correlated with mass
concentrations. This is unusual because mass cwatien increases with larger particles
suspended, while the number of particles decre&ash strong relationships as found
here resulted likely from the moist soil conditiomsid high humidity. The glacial
floodplain was still moist and therefore only fingried particles were uplifted. Dust
suspension of fine moist particles during low wimithdless conditions was initiated in < 4
hours. The highest number concentrations for sulamiparticles are generally attributed
to wind speeds < 2 rii{Weber et al., 2006).

Icelandic dust events can be much more severetiigaavent reported above. There are >
6 dust events with visibility < 5 km (measured atmg distance from the source) on
average in Iceland each year. For example;gRivass concentrations during dust storm in
March 2013 were measured as > 6500 ug min® while the mean (median) P
concentration during 24-hour storm was 1,281 (147§ m°. Generally, severe dust
storms in Iceland result in Pllconcentrations exceeding 7000 ug.m

The extension of aerosol concentration measurenfenits the ground to stratosphere
gives information on vertical stratification andr@sol composition of the sub-Arctic
atmosphere. It was found that dust can stay imathesphere several days after the dust
event, despite rainy and snowy conditions. The LOA&éntified a thin layer of volcanic
dust at an altitude of one km one day after thenieveEhe particles were > 1 pm in this
layer, suggesting that they were mixed inside & lmazsmall cloud layer.

Figure 3.1 shows that the nature of the aerosasgdd with altitude during the flight
conducted in Reykjavik in November 2013. Small ithwind sea salt particles were
detected close to the surface while dust partigkm® in height about 1 krThe instrument
passed cloud (probably mixture of liquid and icetipkes at the height of about 4 km, and
cirrus cloud at the height 6-8 km where icy paesciwere found. Background carbon
particles were present at around 5 km altitude eebnthe cloud layers. In the stratosphere
above 12 km, reasonably high number concentratidrigarticles > 1um (even tens of
micrometers) occurred showing unusual conditionsiight have been an extraterrestrial
dust, as previously observed sometimesnbgitu counting (Renard et al., 2005). For the
smaller size, LOAC indicate mainly carbon particles previously observed in the
stratosphere (Renard et al., 2008). This launclwstidhat aerosols such as Black Carbon
can be found in the sub-Arctic atmosphere, far ftbair sources.
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Figure 3.1 Vertical profile of particle number camdrations during the LOAC launch on
November 7th, 2013 in Reykjavik, Iceland. Aerosohgosition at two altitudes (about 1
km and 5 km) is to the right on top.

3.3.2Mineralogical and geochemical analyses

Mineral grains and geochemical composition of lodla dust differs between the major
dust sources (Baratoux et al., 2011; Oladottir let 2011). A sample from the active
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surface layer during the dust event at one of thgndust sources, Maelifellsandur, was
analyzed. Second dust sample was obtained frordusielayer deposited on snow during
the severe dust storm in Reykjavik in March 2018e ®Brigin was likely from the second
major dust source, Skeidararssandur. Both sampéisdied also traces of fresh volcanic
material from the Eyjafjallajokull 2010 eruptionda@rimsvotn 2011 eruption.

The mineralogy and geochemical composition showed the glaciogenic dust contains
sharp-tipped shards with bubbles and 75-80% ofpdréiculate matter is volcanic glass
rich in heavy metals. Major element compositionvehaignificant depletion of SiKdin
Icelandic dust compared to average crustal dust abbut 58% Siereported by Weast et
al. (1966). Table 3.1 summarizes the average eleswnposition of two dust samples
with unusually high amounts of FeO and T&@ntents. High heavy metal contents of these
two examples are in contrast to composition of tepjlasses from recent eruptions and
other sources in Iceland (Sigmarsson et al. 20kMrail et al.,, 2013). However, the
depletion in silica is indicative for all Icelandicaterials.

Table 3.1. The chemical composition of the Mad&dgahdur and Skeidararsandur dust
event samples based on EDX analyses of polishé&acesrof individual glass particles.

Average values SiO, FeO ALO; CaO TiO, MgO K,0 +Na0O
Maelifellsandur dust even42.57 17.00 14.20 1155 5.61 4.94 414
Skeidararsandur dust everd5.00 14.50 14.50 12.00 3.50 6.25 4.00

Mineralogical analysis of the dust deposited onwsr{eecond sample) revealed quite
variable size range for the grains of 1-2&0 in diameter (average lum). About 20% of
particles were in range 10-5dn and 10% were > 50m. A severe dust storm measured in
2010 (Chapter 4) transported mostly particles > g2 with grains up to 8 mm. This
shows that the PM concentration measurements overlook a signifiqaert of the
suspended dust mass during dust storm events.

Glass morphology was characterized by numerous2d@m gas bubbles. Low frequency
of bubbles corresponded to massive shards, but finregiuency occurrs in bubble-wall
shards. The glass is extremely angular and of dif@wpd shards (Figure 3.2). The shard-
faces are often curved and concave. Rare alkati-sélitca-rich glasses showed different,
very fine pipe-vesicular structures (Figure 3.3-tght). Such elongated shapes are more
similar to asbestos patrticles or Black Carbon tmaémeral dust, and may pose health risks.
Donaldson et al. (2006) found that particle lenigth predictor for pathogenesis in fibrous
particles, as known from asbestos. Moreover, higlount of bioavailable metals in the
dust increases the inflammatory capacity of the MMich may lead to negative health
effects (Morman and Plumlee, 2013).

Diatoms and organic matter is also transportednduthe dust events in Iceland. We
identified diatoms during the March 2013 evdritopalodiaandEpithemiadiatom species
(likely epiphytic) are benthic and may be presenshallow pools or waters around the
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edges of lakes and rivers (Figure 3.2). Howevee,identification of exact location from
the 49 examined lakes and 139 diatom taxa foumckiand is complicated (Karst-Riddoch

et al., 2009).

S0 pm

(PR

Figure 3.2 Microscopic images of the dust materidhper row: Backscattered electron
images of planar-polished sections of the dustigad; the analyzed and interpreted
minerals and glasses are marked by symbols: Andesine, Aug — augite, Fe2-Hbl —
ferrohornblende, Lrt — labradorite, Ol — olivine xP- pyroxene, Usp — ulvospinel; GI-t —
volcanic glass of tholeitic series, Gl-a — volcargtass of alkalic series; palgnt —
palagonitic material. Lower row: The fine particlistributions are illustrated in the
figure on the left (optical microscope, dark fieldxamples of diatoms Rhopalodia sp.,
poss. R. gibba (upper) and Epithemia sp., posad&ata (lower).
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4 Recent volcanic inputs to dust
variability

4.1 Introduction

Volcanoes are one of Earth's most dramatic andemiohgents of change. Volcanic
eruptions can bury landscapes with tephra andeeedéensive areas with unstable surfaces
(del Moral and Grishin, 1999). Wind erosion of @aidé newly deposited volcanic ash has
been reported to cause a range of problems subluresd of vegetation and agricultural
land, and impact on livestock and humans (Wilsormalet2011; Arnalds, 2013). Wind
erosion of fresh volcanic deposits are believechéawe caused rapid and large scale
ecosystem destruction during historic times in dondl with volcanic sand materials
encroaching on fully vegetated agricultural aréaaying sandy deserts behind (Arnalds et
al., 2001). Yet surface conditions during erosigargs following volcanic eruptions have
not been investigated to date.

Iceland is a volcanic island with over 30 activdcamic systems resulting in eruptions
every 3-4 years on average (Gudmundsson et al8)2B8@cently, two volcanic eruptions
occurred in Iceland — the Eyjafjallajokull eruption2010 and the Grimsvotn eruption in
2011. We monitored volcanic ash resuspension imitycof the Eyjafjallajokull volcano
the first year following the eruption. The eruptistarted in spring of 2010 with a strong
volcanic explosion when the major ash plume reacwed 9 km height and about 155 km
in distance from the volcano (Arason et al., 20Eine-grained volcanic ash particles were
released into the atmosphere and dispersed glofibhl et al., 2011). Intense tephra
discharge continued for several days and the Narfdicanological Institute reports about
100 million n? of tephra ejected (Arason et al., 2011). The sunwh@010 was dry with
frequent occurrence of high winds, resulting in euoonis wind erosion events.

This chapter presents results from thesitu measurements of fresh volcanic ash events
and resuspension following the eruption in 2010adilition, we discuss the frequency of
long-term meteorological dust observations durihg teruption” and “non-eruption”
years.

4.2 Methods

Wind erosion was monitored on a 1200 m long transess the main ash deposition lobe
about 10 km from the crater of Eyjafjallajokull. dlarea received 2-5 cm of volcanic ash
during the eruption (Figure 4.1). The amount ofdlalown material was estimated at five
locations on the transect. We employed two methtodsletermine aeolian sediment
transport rates: sediment accumulation in dussteap an electronic saltation sensor. The
BSNE wind erosion samplers developed by Fryrea8§)l%ere placed at several locations,
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30 cm and 60 cm above the surface. In additiometivas one set of five samplers placed
at 10, 30, 60, 90, and 120 cm height at the saoatitn.

The automated wind erosion counter (SENSIT) is retriiment programmed to give a
pulse upon an impact from moving grains using pieleatric material. These pulses are
magnified and counted. An automatic weather statiwasured simultaneously wind
velocity and other parameters with impact countlewéng for relating wind speeds and
wind erosion intensity. The samplers give a betwerview of total particle movement
(erosion), while the data generated by the aut@mséinsor are ideal to study the
characteristics of each storm. The dust traps weenptied after each storm period. A
characteristic height distribution curve for eadtdtion obtained by the set of five
samplers placed at different heights was used ltulede transport for each period where
only one sampler was in place (Arnalds et al., 20IBe unit of measurement is amount of
material transported over 1 m wide transect (kgimjotal or per unit time (kg/m/hr;
kg/m/minute).

Figure 4.1 Research site at Eyjafjallajokull dugithe year of the eruption in 2010 (left,
©Johann Thorsson) and one year after in 2011 (rigPavla Dagsson-Waldhauserova).
Majority of the fresh volcanic material was remowkding extreme wind erosion events in
2010.

An annual frequency of the meteorological dust olzens (see Chapter 2) during the
years following the eruption was compared to tharyavhen no eruption occurred. This
correlation is to evaluate the impact of volcanraption on the long-term dust event
frequency.

4.3 Results and discussion

The Eyjafjallajokull eruption was declared finishiedJune 2010. We measured > 30 wind
erosion events at Eyjafjallajokull research siterythe period June — October 2010. This
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result for a period of five months at one locatisnhigher than the long-term annual
average of 34 dust days for the whole Iceland. Heweconventional meteorological dust
observations from the surrounding weather statiofiatnsskardsholar, Vik,
Kirkjubaejarklaustur, Storhofdi) did not report >d8st days in 2010. Adding codes 04-06
among the conventional dust codes (see Chapteth@)frequency of dust days (DD)
resulted in 27 DD in Kirkjubaejarklaustur, 42 DD Watnsskardsholar, and almost 60 DD
in Storhofdi in 2010. This strongly indicates tlago 04-06 codes should be included in
the long-term dust studies in Iceland. Generdtig,\tolcanic ash deposited during the 2010
Eyjafjallajokull caused serious dust storms ingbathern part of Iceland (Schumann et al.,
2011; Leadbetter et al., 2012; Petersen et al.28% confirmed by the meteorological
dust observations (Figure 2.1), but no increasereesrded in dust activity in NE Iceland.
Contrarily, the eruption of Grimsvotn in 2011 habinast no influence on dust day
frequency in Iceland. Similarly, no relationshigstheeen found between dust day frequency
and eruption inputs in the recent past (1949-200kjs suggests that the meteorological
conditions (mainly winds) are ruling the dust ocence in Iceland, but some eruption
inputs are also important, generating temporangespin dust activity. The tephra produced
from the individual volcanic systems in Icelandfeli§ in composition and physical
properties. Deposited tephra after the Hekla eoungtiis coarser and does not cause so
many volcanic ash resuspension events like thetdplera from the Eyjafjallajokull.

The Eyjafjallajokull eruption in Iceland in 2010gwided a unique opportunity to study
volcanic ash transport in natural environment. ffhgaptured volcanic ash/dust events
were of different severity, meteorological condiso and particle composition. In
September 2010, an extreme storm was recordedtiatimaximum wind speed of 38.7
ms’. The maximum saltation was 6825 pulses per minukéch is the highest we have
measured during the 16 years of operation of tlsérumentation at various locations.
Surface aeolian transport over one m wide traresdttup to 150 cm height reached 11,800
kg. The largest previously measured amount in hzkla one storm was about 4,200 kg m
! at Landeyjasandur, South Iceland, in 2004 (Agustsd 2007). Griffin et al. (2002)
estimates that a single large dust storm can deatnare than 200 tons. Our results of 11 t
per meter gives significantly higher number foataxtent of the dust storm. We have not
been able to find such high measured transportsdit@s in the published literature in other
countries. This storm is therefore among the mxiseme wind erosion events recorded on
Earth.

The mean grain size of the suspended particles &ibrmvents ranged from 0.13 to 0.69
mm, and grains > 2 mm were moved during the mdshsge storms (Figure 4.2). This is
coarser than reported for wind erosion within othetive aeolian areas (Pye and Tsoar,
1990). The vertical particle size analysis showed 0% of the material mass was in the
saltation layer up to 45 cm above surface durimgrttoderate events, while the saltation
layer increased to 85 cm above surface during élrers storms. Such height of saltation
layer is considerably higher than the 20-40 cm hteigported elsewhere (van Donk and
Skidmore, 2001; Zobeck, 2003). Moreover, smalletigas of < 0.125 mm were almost
absent in samplers at all heights after severenstofhe sorting of surface materials likely
takes part during the early storms with the finetipi@s being lost into the atmosphere
while larger particles still remain at the siteseat wind velocity during observed dust
events increased from about 10 to 18 from June to October. The saltation increased
exponentially with average wind speed to the sétiurgoint and then grew gradually. The
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saltation saturation point in natural environmeeamEyjafjallajokull is at about 24 ms
wind speed and 5 500 pulses per minute saltation.

The Eyjafjallajokull wind erosion storms causedtdermissions extending several hundred
km from the volcano affecting both air quality (Teteinsson et al., 2012) and ecosystems,
showing how wind erosion of freshly deposited asiigmgs impacts of volcanic eruptions.
Fresh volcanic material is, however, relativelyidip removed from the environment
(Figure 4.1). The chemical and mineralogical aredygresented in Chapter 3 showed only
a small portion of Eyjafjallajokull and Grimsvotmoleanic material that was found in the
samples from the eruption areas about 2-3 yeasthi eruptions.

Moderate events Severe storms
B>2mm
E1-2mm
_ | _ m0,5-1mm
5 £ '
: oo NN : o D] TS0
[ ®
2 . g . m0,125-0,25 mm
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Particle Size Distribution %) Particle Size Distribution (%1

Figure 4.2 Vertical particle size distributions dlig the moderate and severe wind erosion
events at Eyjafjallajokull. Particles < 0.125 mmre/@lmost not found in samplers at all
heights after severe storms, while the proportibgrains > 1 mm increased with the
height.
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5 Dust deposition and climate aspects

5.1 Introduction

Suspended dust aerosols play an important rolaanatmosphere-ocean climate system.
Global estimates of mean annual dust emissionserémogn 500 to 5000 million tons per
year with the global oceans estimated to recei®5D million tons (Engelstaedter et al.,
2006). Commonly referenced is that Sahara coneggabout 200 million tons per year to
the tropospheric aerosol budget (Morales, 197Q)stlh high amounts is transported long
distances. About 13 million tons of African sedirm&mavel thousands of kilometers to the
South American continent every year (Griffin ef 2002). African and Asian dust particles
have also been identified in the Arctic glaciersaiet al., 2002).

Some Icelandic dust plumes detected on satellisg@s reach > 1000 km distance over the
Atlantic Ocean and Arctic Ocean (Arnalds, 2010)albret al. (2002) found Icelandic
particles in the ice-cores of Greenland’s gladmicanic ash particles after eruptions were
detected thousands of kilometres from Iceland (Rose., 2006, Navratil et al., 2013). The
majority of Icelandic dust is, however, deposited land and the marine areas around
Iceland. Prospero et al. (2012) suggested thaarndat dust emissions could contribute a
substantial amount of iron to the North Atlantidsibution of fresh volcanic material
resulted in significantly elevated iron levels goubf Iceland during the 2010
Eyjafjallajokull eruption (Achtenberg et al., 201%)olcanic ash is commonly subjected to
intense aeolian redistribution (see Chapter 4))emMoilandic glaciogenic dust sources are
composed of iron rich volcanic deposits (see Chiapeln spite of first calculations of
dust day frequency in Iceland (Chapter 2), litdekhown how much volcanic material is
blown to the oceans around Iceland.

Large areas in Iceland and in proximity of Icelaaré covered with glaciers, sea ice and
snow. Dust events in southern part of Iceland oadften during winter or at sub-zero
temperatures, resulting in snow mixed with dust@rered by a dust layer (Chapter 2, 3).
Darker snow reduces snow albedo and acceleratewnszld (Painter et al., 2012,
Steenburgh et al., 2012). The effects of Icelamidist deposited on snow are not known.
Moreover, optical properties of Icelandic dust aetohave not been investigated.
Generally, direct radiative forcing of mineral dustcalculated as negative in the IPCC
report (IPCC, 2013). In terms of climate forcindag& Carbon has been found as the most
powerful absorbing aerosol and the second most rit@pbhuman emission, only carbon
dioxide is estimated to have a greater forcing (Behal. 2013). Icelandic volcanic dust is
dark in colour and the optical properties mightdavore similarities with Black Carbon
than with crustal dust.
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5.2 Methods

5.2.1 Quantification of iron-rich dust deposition

We used two independent methods to quantify dusssoms from Iceland and dust
deposition on sea. Firstly, aerial extent (mapjlebosition on land was extended to ocean
areas around Iceland. Secondly, number of dusttewerer the past decades (Chapter 2)
and calculations of emissions and sea depositiothédust storms were made.

A GIS-based dust deposition map for Iceland wasgired by Arnalds in 2010. The map
is based on soil metadata showing thicknesses batwaphra layers (volcanic ash) of
known age, main dry winds from each major dust e®uand landscape parameters
downwind from the sources. We have extended the toagpceanic areas and included
categories for very low deposition furthest awayl axtreme deposition closest to the
aeolian sources. The aerial distribution of theodémn over sea is based on satellite
images (MODIS; Aqua and Terra) taken over the dasade. Most of the dust is expected
to settle relatively close to the source with aakitpmic drop in sedimentation with
distance from the source (Figure 5.1).
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Figure 5.1 The logarithmic drop in sedimentatiorthadistance from the sediment source;
transect south from the dust sources at the sonthier of Iceland. The transect from
Dyngjusandur in Northeast Iceland has x-axis segdproximately divided by 2 (based on
the area of the dust sources and dust frequency).

The second method is based on the meteorologistlahservations, which are reported
together with visibility (see Chapter 2). Visibjlits an important indicator of dust event
severity where dust concentration measurements@revailable. The concentration of
dust is based on: i) observed visibility at manmeehther stations; ii) the horizontal

extension of the dust plumes; and iii) the repregereness of the visibility observations
are estimated from MODIS satellite images (examspleh as Figure 5.6). The winds in the
atmospheric boundary-layer are estimated from gitdhased and air-borne observations
(upper air) as well as numerical simulation, and thickness of the boundary-layer is
estimated from the upper air observations and nigalesimulations. The upper-air
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observations are made at 00 and 12 UTC at Kefle&5W, Iceland and Egilsstadir, NE
Iceland. The numerical model, Harmonie (based aymf, see Seity et al., 2011) was run
with subgrid 1-D turbulence scheme based on Cuetral. (2000) with a horizontal
resolution of 2.5 km. The simulations are basedndtral and boundary-conditions from
the operational suite of the ECMWF. Four dust-swomwith different severity (minor,
medium, major) were selected for estimation ofttital transport of suspended dust. In all
four storms, the visibility in the dust plume wasorded, and the vertical, horizontal and
temporal extension of the plume was estimated fitmenavailable data. The annual mean
number of dust events (minor, medium, major) f@n8 NE Iceland was than used for the
quantification.

Finally, the iron content of the dust was sele@sdn average of 10% Fe of volcanic dust
based on the common range for iron in Icelandicamic rocks reported from 6.5 to 12.5%
(see also Chapter 3). It can be inferred that aked tron deposition to the oceans is about
1/10 of the weight of the dust load. An estimatédiofavailable Fe in the sea is based on
evidence presented by Achterberg et al. (2013) #fee2010 Eyjafjallajokull eruption.

5.2.2The Soot on Show (S0S-2013) project

The Soot on the Snow (S0S-2013) experiment wasedagut in Sodankyla (67°22'N,
26°39'E), Finland, to study the effects of depositof Black Carbon (BC) and Icelandic
dust on the surface albedo, snow properties and ofighe seasonal snow. Two dust
samples were artificially applied on the snow stefto identify the effects of dust on snow
pack - coarse dark volcanic sand and fine lightdoroglaciogenic silt from the
Myrdalssandur dust source. Other spots containeér@@ wood burning chimneys and oil
burners, while one spot was left as a referenanesmow spot. The spectral reflectance of
melting snow and dust in laboratory was measureaguse Analytical Spectral Device
(ASD) Spectrometer for 325-1075 nm. Moreover, labany and snow spectropolarimetric
measurements were made using the Finnish Geodwiitute Field Goniospectrometer
FIGIFIGO (ttp://www.polarisation.eu/index.php/list-of-instngnts/view-submission/1).2
This instrument uses multiangular reflectance tasuee the albedo, polarization, and
other snow properties. Spectral reflectance of sweag measured first days of the
deposition (FIGIFIGO) and two weeks after the dépws (ASD).

5.3 Results and discussion

5.3.1Iron-rich dust deposition from Icelandic dust sources

The total dust emissions range from 30.5 (dusttevased calculation) to 40.1 million tons
(GIS-map calculation), which places Iceland among highly active dust sources on
Earth. Two different values reflecting this range abtained by independent methods, but
are, however, in relatively good agreement. Thd duagssions in Iceland presented here
are of the order of 0.6-7.2% of the total estinfateglobal dust emissions of 500 to 5000
million tons given by Engelstaedter et al. (200B)ey noted North Africa is by far the
largest source of dust with 170-1600 million t, loutr numbers are 1.9-21% of these
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estimates of North African dust. Icelandic dust ssitins are 15-20% of the Saharan
estimate of 200 million t given in Morales (1979).

Ocean deposition of dust ranges between 5.5 (dwsit® calculations) and 13.8 million
tons (GIS-map calculation). The dust deposition peit area west of the Sahara is
considered to be about 10 t Rryr! (Duce et al., 1991). The corresponding average
number from the data presented here is 10.4-2&7*tyr* on average over 370,000 km
sea area, equal to or substantially greater tharrates reported by Duce et al. (1991).
Calculated iron deposition from the Icelandic drestiges between 0.56 and 1.4 million
tons distributed over wide sea areas. Jickellsl.e(2805) indicated that atmospheric
sources of iron were of the order of 16 million 40Re per year. The Icelandic iron
deposition to oceans is a sizeable proportion ef @éktimate of the global total (3.5 —
8.7%). Only part of the iron in the dusitiasecomes bioavailable. A range of Fe
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Figure 5.2Average distributions of dust and volcanic ash aaudceland. Deposition is
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published map for terrestrial Iceland (Arnalds, 2)1
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bioavailability has been reported in the literatwieéh 0.004 - 0.04 % (Olgun et al., 2011).
We made an effort of quantifying bioavailable irtmased on 0.02% bioavailability
(Achterberg et al., 2013), which shows that biokmdé¢ Fe from dust sources are of the
order 0.04 to > 10 mg fyr. However, fresh volcanic ash releases more iran #everal
years old volcanic dust (Jones and Gislason, 200@8kanic ash from the Eyjafjallajokull
eruption consists of less iron than about hundestts/old tephra from the Katla eruption
(see Chapter 3). These are, however, the firsttijaawve estimates of total dust emissions
and oceanic deposition from Iceland. Iron is atimg nutrient for primary production in
the oceans around Iceland and the dust is likehffext Fe levels in Icelandic ocean waters
as suggested by Prospero et al (2012).

The dust deposition rates are depicted in Figuze Bhe land areas including glaciers are
receiving 25-26 million tons of dust per year basadoth methods. Most of the Icelandic
glaciers are located in proximity of the dust sesrand the mean deposition on glaciers
was estimated as 400 g°myr* from the deposition map. It means that the dejoositn
the Icelandic glaciers is 4.5 million tons annualle effects of dust deposition on snow
albedo and melting rates are discussed in thewollp chapter (Chapter 5.3.2).

5.3.2Impacts of volcanic dust deposition on show

Two dust samples from Iceland were investigatedmmow, volcanic sand and glaciogenic
silt. The snow albedo during the time of the defpmsiwas the highest for clean snow and
slightly reduced for snow with volcanic sand. Theotsreduced the snow reflectance
significantly, but fine Icelandic silt reducedetlnow reflectance the most, approximately
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Figure 5.3 Spectral reflectance measurements abrdirsg impurities on snow during the
first days of the artificial deposition in April 23 (reflectance spectrum in 4 directions).
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by half (Figure 5.3). Two weeks after the depositithe highest reflectance was measured
at the reference spot and fine silt spot, whetheddwest reflectance came from the sooted
and volcanic sand spots. The difference betweemiesurements in different part of the
melting season was caused by fresh snow enterangpgbts. Overall, the larger volcanic
sand particles reduced the reflectance more tharirle glaciogenic silt particles except
that the small silt particles tended to form larggains during several hours after
deposition (Figure 5.4). As result, the newly fodrarger grains lowered significantly the
snow reflectance.

ROy L { L Iy SO ¥ s i ¥ | il bl 0
Figure 5.4Melting, metamorphose and diffusion processese$tiow where glaciogenic
silt was deposited. Left: Freshly deposited. Ri§@veral hours after dust deposition.
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The impurities were observed to form larger pagchnd accelerate snow melt during the
S0S-2013 campaign. It is agreed that this procedsed'clumping mechanism™ is likely to
observe only during the artificial deposition ofpuarities on snow (Brandt et al. 2011).
However, the Snow-Dust storm event that took pladeeland in March 2013 confirmed
that clumping mechanism can be observed in natwradiitions. Figure 5.5 (right) shows
detailed pictures of the formation of larger graorms snow in Reykjavik after the event.
This dust travelled about 250 km before depositedrmw, but the layer of dust deposited
on snow closer to the dust source was in ordeewérsl centimetres (Figure 5.5 left). We
suggest that snow reflectance of such extreme depowould be similar to reflectance of
volcanic dust made in laboratory (see Chapter b.3.3

Darker snow surface after dust deposition lowergasalbedo, increased melt, and had
direct effects on snow density. Added light-absagbimpurities were found to decrease
the density of seasonally melting snow during tlEsS013. Clean snow and snow with
oil burner BC had higher snow density than snow re@helcanic sand or wood burning
BC was added. An independent laboratory experina¢st showed that sooted snow
released melt water sooner that unsooted.
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Figure 5.5The Icelandic Snow-Dust storm on March 6 2013, inkjbaejarklaustur
(left), caused an extreme volcanic dust deposiiosnow. The impurities on snow in
Reykjavik, 250 km from the dust source (right) wedrgerved to form larger particles
("clumping mechanism™) and accelerate snow melt feoto - courtesy of Ingveldur
Gudny Sveinsdottir from Kirkjubaejarklaustur.

Our results show that dust deposited on snow redtiee snow reflectance similarly or
substantially more than BC. Hadley and Kirchstet#12) found 20% decrease in snow
albedo (af. = 0.412um) for the soot concentration ¢ = 1.68 g *. However, Painter et al.
(2007) observed the most pronounced decrease tewhrgoortion of the spectrum due to
dust deposition. The snow reflectance at 412 nmredsced by 50% when dust with ¢ =
0.37 mg g was deposited on a snow layer. This is due tdattethat the imaginary part of
the dust refractive index increases towards UV, ctvhis not the case for soot
(Kokhanovsky, 2013). Painter et al. (2012) founat tine positive radiative forcing of dust
deposited on snow can be up to 75 V¥, mhile the snow cover duration is reduced by 51
days. The volcanic dust deposition on the Icelathciers is estimated as 400 ¢ yr
(Chapter 5.3.1), but several severe dust eventyy bektreme amounts of dust to the
glaciers and snow surfaces in Iceland each yearré&3ults confirm that volcanic dust has
strongly negative impacts on the snow and gladiéigure 5.5). Further snow campaigns
or long term measurements of snow propeitiestu are needed in Iceland.

5.3.3 Optical properties of volcanic dust and climate implications

Dust samples were also dried and investigatedbior&ory. Both methods showed similar
results. The reflectance of pure volcanic sand wwasut 0.03 measured by the
spectroradiometer coupled with a contact proberafidctance measured with FIGIFIGO
ranged between 0.02 and 0.04. These are measusneanty of “black body” equivalent.
Glaciogenic silt had a reflectance ranging 0.05 @ri® (FIGIFIGO) caused by its light-
brown colour in a dry state, but showing also ayMew number. Clark et al. (1990)
compared 33 dust samples and the spectral refeetaas higher than our results for all of
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them. Present laboratory experiments give firsorimiation on optical properties of
volcanic dust from Iceland, which can be applieddaspended particles travelling in the
atmosphere.
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Figure 5.6 Aqua MODIS satellite images of dust storms in S¢adhand Northeast (B)
Iceland. Calculated forward (A) and backward (Bjjéctories (HYSPLIT) for the events
on September 16, 2013 reaching Europe (A), and #tutj-18, 2008 reaching Svalbard

(B).

There are strong indications that Icelandic dustigdas in dust plumes travel long
distances: i) high number of satellite images camhg dust plumes > 500 km in visible
range of spectra (example Figure 5.6), ii) dustigdas from Iceland were identified in
Ireland, 1300 km distance (Ovadnevaite et al., 2000 Icelandic dust particles were
indentified in the ice-core samples in central @Glaed (Drab et al., 2002), and iv) dust
periods retrieved from the ice-cores data durin§R= project in Greenland (Donarummo
et al., 2002) correlate with the NE Iceland dustjfrency 1950-1990. However, there is a
lack of case studies identifying the long rangegport of Icelandic dust. Frequently used
tool, the Positive Matrix Factorization (Paatera arapper, 1994), to detect the origin of
atmospheric particulate matter, does not includg parametrization for Icelandic or
volcanic dust yet. Many studies, especially frone tArctic region, relate identified
volcanic dust particles to on-going eruptions.

Investigated physical properties of suspended watcdust in Iceland also indicate the
predisposition of the dust to suspension: i) glgeroc dust contains substantial numbers of
close-to-ultrafine particles, which are sharp-tghpeurved, concave, and which contain
large bubbles, ii) large volcanic particles froneléd (up to 50 pm) travelled > 2000 km
(Navratil et al., 2013), and iii) the amount of gesded dust during the severe dust storms
is extremely high (Chapter 4). Further, Iceland igegion with high wind velocities and
Icelandic cyclones are associated with the upfithe surface air to the upper troposphere,
while the tropopause is located lower in altituldant at more southern latitudes, at about 8
km height. This suggests that Icelandic aerosolbmatransported into the stratosphere as
well (Rose et al., 2006; Roesli, 2008), where #sdence time is prolonged up to several
weeks.
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High frequency and severity of dust events in loejeoptical and physical properties of
volcanic dust particles, long-range transport ostdand dust deposition on snow, are
together strong indicators that Icelandic dust imagacts on climate. We suggest that
Iceland is not only a local source of dust, butldde a long-term contributor to Arctic and

European air pollution. Optical and some physicalpprties of volcanic dust are more
similar to BC, the most powerful absorbing aerosbgn crustal dust. Direct radiative

forcing of mineral dust is concluded as negativehie IPCC report (IPCC, 2013), while

indirect radiative forcing of dust deposited onwris positive (Painter et al., 2012). Our
results show that Icelandic volcanic dust is argjhp light-absorbing aerosol both directly

and indirectly. Dust similarities in the propertisd effects with the BC aerosol allow us
to label the Icelandic volcanic dust as “naturgifgduced BC”, despite that volcanic sands
are assumed not to contain BC (Dadic et al., 2Ct#pter 3, 5.3.2). We believe that our
results may have potential in reducing the uncatitzs (IPCC, 2013) related to the effect
of dust on snow melt and climate change.

The Icelandic dust deposition is estimated to &rite an area of > 500,000 kn total
(Chapter 5.3.1). Such high-latitude dust event8 ¢rist events annually are in winter or at
sub-zero temperatures) have the potential to dmri&i to Arctic warming. Icelandic
glaciers are currently retreating due to climatange (Bjornsson and Palsson, 2008). Dust
emissions are likely to increase over the next desawith retreating glaciers. Large
floodplains will be subjected to intense aeoliarcés, while a warmer climate will also
enhance the radiative forcing effect over thes& darfaces.
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6 Summary and conclusions

This thesis provides a new and comprehensive pargpeof the dust aerosol production
from natural sources in Iceland. It presents resintim the pioneer field experiments of
atmospheric and snow dust measurements as wdledsrtg-term trends in frequency and
severity of dust storm events in Iceland. Air qualin Iceland, which is generally
considered good, is often impaired by dust suspansausing high particulate matter
concentrations. Long-term dust frequency in Icelensimilar to major desert areas of the
world (Mongolia, Iran, USA, China). Frequent voleaeruptions and dust haze increase
the number of dust events fourfold, resulting i» HBist days annually. However, synoptic
codes for volcanic ash resuspension and dust mazaeaincluded in the conventional dust
studies from the major deserts. Iceland is the raosve polar desert in the Arctic/sub-
Arctic region.

Dust deposition of 31 — 40 million tons affectsaaref > 500,000 kfrannually while some
dust plumes are spanning > 1000 km at times. Bualsb distributed over glaciers (about
4.5 million t annually) and oceans (6 — 14 millioannually). Dust deposited on glaciers
and snow lowers the snow albedo and reduces the deapsity. This leads to fast melting
and snow cover reduction, possibly shortening smeit to up to fifty days (Painter et al.,
2012). The oceanic deposition of Icelandic dugh fit iron can potentially have marked
influence on the primary productivity in oceansuwargd Iceland, especially in spring and
late summer.

Icelandic dust differs to crustal mineral dust,tsas from the Sahara or Gobi deserts. The
investigations of physical properties of Icelandicst reveal major differences in
mineralogy, geochemical compositions, shapes, simdscolour, compared to crustal dust.
Icelandic dust is of volcanic origin, dark in cotowith sharp-tipped shards and large
bubbles. About 75 — 80 % of the particulate materolcanic glass rich in heavy metals,
such iron and titanium. Alkali glasses often hawenplicated pipe-vesicular structures
more similar to the asbestos particles or BlackbGarthan mineral dust, and may pose
health risks. Suspended dust at the glacial dusteaonsists of extremely high number of
close-to-ultrafine particles with the similar numlm®ncentrations as reported during the
active eruptions. Glacial and water processes teglty reworking the sediment, so that
the very fine material can be easily suspendedn ekging moist conditions with low
winds. However, giant particles such 50 — 100 nmezters can travel distances over 2000
km, likely as result of the unique morphology. Me&@snents of a severe dust storm after
the Eyjafjallajokull eruption in 2010 captured grai> 2 mm and the aeolian transport
exceeded amount of 11 tons of dust over one medasdct. This places Icelandic dust
storms among the most extreme wind erosion eventsded on Earth.

The Sea Level Pressure oscillation controlled wérettust events occurred in NE (16.4
dust days annually) or in southern part of Icel@atzbut 18 dust days annually). The Arctic
dust events (NE Iceland) were typically warm andrirdy summer/autumn (May-

31



September) while the Sub-Arctic dust events (Salw@ were mainly cold and during
winter/spring (March-May). The most dust-frequertade in S Iceland was the 1960s
while the most frequent decade in NE Iceland was2000s. A total of 32 severe dust
storms (visibility < 500 m) was observed in Icelamith the highest frequency during the
2000s in S Iceland. About half of dust events ilcedand occurred in winter or at sub-zero
temperatures. This confirms that Iceland is ammgdustiest areas of the world and dust
is emitted the year-round.

Optical properties of volcanic dust both on snow anlaboratory are found to be similar
to Black Carbon, the most powerful absorbing adroBlese first experiments indicate
that climate forcing of Icelandic volcanic dustifferent to that concluded on mineral dust
in the IPCC report in 2013. Icelandic volcanic diestds to act as a positive climate forcing
agent both directly and indirectly.

The long-range transport and year-round activityaitanic dust suggest that Icelandic
dust have the potential to contribute to the Aratazming. Iceland is not only a substantial
source for local air pollution; it has likely lorigrm effects on the Arctic and European air
pollution.
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7 Future research

High-latitude sources of dust air pollution, such laeland, should be identified and
classified in detail, considering that the air potn is also affecting the Arctic and
European region. Here are presented findings frwm @f seven major dust sources in
Iceland, which differ in physical properties of tdarosol. Information about the major
direct source for the Arctic dust events, Dyngjukan is missing. A network of
environmental stations to measure the particulassnand number concentrations around
all these sources is necessary to quantify andyvidre calculated amounts of dust air
pollution emitted from Iceland. Ground based measents should be expanded to the
upper atmosphere to understand the vertical exdedt aerosol stratification of dust
pollution events.

Analyses of the geochemistry and mineralogy ofedéht Icelandic dust types should be
concluded in the Reference Material Database (RMijch would serve as a platform

giving continuous information for the Positive MatFactorization (PMF). The PMF is

globally used by the scientific community to detiet origin of the atmospheric particulate
matter. A special emphasis should be given to eegrained particles carried over long
distances, which are often excluded from long-ratrgasport studies and models. The
RDM can be also applied for the future volcanigéians in Iceland.

New findings on dust frequency, mass and numbecadrations and physical properties
of Icelandic dust, are of interest to the medicainmunity, to assess the impact of
Icelandic dust on human health and air qualityhwetnphasis on the special characteristics
of the dust (sharp, porous, high heavy metal canaton etc.). There is a need to link dust
emission research and health records from varieuts f Iceland, in order to estimate
possible health effects. Furthermore, increased mhessurements are needed to develop
health risk warning systems. High iron content ahcanic dust and large areas of oceanic
dust deposition should be related to the resedrotaane ecosystem.

The first steps towards the parameterization felaledic volcanic dust are presented in this
study. Future work should implement this informatto the model. This would help us to

understand main patterns in long-range transporicefandic dust and establish dust
forecasting. Further, a network of aerosol stationSreenland and Svalbard are “on alert”
for the future dust events to obtain the eviderfc® presence of Icelandic particles. We
need more collaborators from Europe, where onlyGéetral and South-Western European
colleagues are prepared for such dust events.

It is very important to provide more measurememtptical properties of volcanic dust,
both direct (via suspension, single particle sts)diand indirect (snow and glacier
deposition). Icelandic glaciers are currently ratireg due to climate change. Dust
emissions are likely to increase over the next desavith retreating glaciers as some of
the major dust source areas leave behind largedflains subjected to intense aeolian
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redistribution of fine sediments. It is importaot increase understanding of the aeolian
nature of these major dust source areas, includadjng, erosion processes, deflation, and
dust generation. The indirect effects of volcanistddeposition on snow and glaciers
should be investigateith situ in Iceland as a part of a COST-SNOW ES1404 aciide.
believe that the results presented here and famgaigns and experiments have a strong
potential in reducing the uncertainties relatethtoeffect of suspended dust on climate and
effects of dust on snow melt and climate changénfuture IPCC predictions. It should
be emphasized that the volcanic dust has likelyosipe climate effects to the crustal
mineral dust, and it has significance in the lacgatext of Arctic warming. Further, the
incandescent temperature of volcanic dust shouldstbdied in comparison to Black
Carbon, the most powerful climate forcing aerosol.

We expect to conduct regular balloons flights o #mall aerosol counter LOAC, in

particular, during dust events, to determine thiicad extend of the plume and the nature
of the suspended solid particles in near futurethien, a ground-based version of LOAC
could be installed in Iceland, in order to detemnithe ambient air pollution and to

determine accurately the size distribution of tadiples.

Our ambitions for the future are to establish atidigkciplinary research network and
advisory system for high-latitude dust monitorimglair pollution. This network shall also
include short-term inputs of natural particulatesthe atmosphere, such as volcanic
eruptions, or cases of extra-terrestrial dust ergehe Earth’s atmosphere.
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