
Aeolian Research 20 (2016) 176–195
Contents lists available at ScienceDirect

Aeolian Research

journal homepage: www.elsevier .com/ locate/aeol ia
Review article
The Icelandic volcanic aeolian environment: Processes and impacts — A
review
http://dx.doi.org/10.1016/j.aeolia.2016.01.004
1875-9637/� 2016 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author at: Agricultural University of Iceland, Keldnaholt, Árleynir 22, Keldnaholt, Reykjavik 112, Iceland. Tel.: +354 843 5340.
E-mail address: oa@lbhi.is (O. Arnalds).
Olafur Arnalds a,b,⇑, Pavla Dagsson-Waldhauserova a,c,d, Haraldur Olafsson d,e

aAgricultural University of Iceland, Hvanneyri, Iceland
bUnited Nations University Land Restoration Program, Reykjavik, Iceland
c Faculty of Environmental Sciences, Czech University of Life Sciences, Prague, Czech Republic
d Faculty of Physical Sciences and Faculty of Earth Sciences, University of Iceland, Reykjavik, Iceland
e Icelandic Meteorological Office, Reykjavik, Iceland
a r t i c l e i n f o

Article history:
Received 30 September 2015
Revised 14 December 2015
Accepted 12 January 2016
Available online 15 February 2016

Keywords:
Wind erosion
Volcanic ash
Deserts
Snow
Climate
Dust
a b s t r a c t

Iceland has the largest area of volcaniclastic sandy desert on Earth or 22,000 km2. The sand has been
mostly produced by glacio-fluvial processes, leaving behind fine-grained unstable sediments which are
later re-distributed by repeated aeolian events. Volcanic eruptions add to this pool of unstable sediments,
often from subglacial eruptions. Icelandic desert surfaces are divided into sand fields, sandy lavas and
sandy lag gravel, each with separate aeolian surface characteristics such as threshold velocities. Storms
are frequent due to Iceland’s location on the North Atlantic Storm track. Dry winds occur on the leeward
sides of mountains and glaciers, in spite of the high moisture content of the Atlantic cyclones. Surface
winds often move hundreds to more than 1000 kg m�1 per annum, and more than 10,000 kg m�1 have
been measured in a single storm. Desertification occurs when aeolian processes push sand fronts and
have thus destroyed many previously fully vegetated ecosystems since the time of the settlement of
Iceland in the late ninth century. There are about 135 dust events per annum, ranging from minor storms
to >300,000 t of dust emitted in single storms. Dust production is on the order of 30–40 million tons
annually, some traveling over 1000 km and deposited on land and sea. Dust deposited on deserts tends
to be re-suspended during subsequent storms. High PM10 concentrations occur during major dust storms.
They are more frequent in the wake of volcanic eruptions, such as after the Eyjafjallajökull 2010 eruption.
Airborne dust affects human health, with negative effects enhanced by the tubular morphology of the
grains, and the basaltic composition with its high metal content. Dust deposition on snow and glaciers
intensifies melting. Moreover, the dust production probably also influences atmospheric conditions
and parameters that affect climate change.

� 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Iceland is one of the most active aeolian areas on Earth, despite
the fact that it does not lie in an arid region. Unstable sandy
surfaces are widespread and subject to frequent high-velocity
winds, resulting in numerous wind erosion events and dust
production. Airborne redistribution of surface materials has a dom-
inant influence on Icelandic soils and ecosystems. It also affects
such factors as human health, climate, snowmelt, Icelandic soils,
and possibly ocean fertility. Icelandic desert areas comprise the
largest volcaniclastic desert area in the world (Edgett and Lancaster,
1993; Arnalds et al., 2001a), which distinguishes them from other
areas of intense aeolian activity. Icelandic sand-fields have served as
analogs for planetary desert landscapes and processes, such as on
Mars (e.g., Baratoux et al., 2011; Mangold et al., 2011).

Volcanic eruptions in Iceland occur every 3–5 years, fed by the
mantle plume or hotspot under the island (Thordarson and
Höskuldsson, 2008). About 11% of the country is covered by gla-
ciers (Björnsson and Palsson, 2008) with many active volcanoes
located under the ice. This enhances production of volcanic ash
during ‘‘wet explosive eruptions”. The glaciers also produce
glacio-fluvial plains covered with sediments that might be termed
Fig. 1. Location of Iceland in t
‘‘volcano-fluvial” deposits. These materials are primarily basaltic in
composition, while andesite and rhyolite also occur in smaller
amounts. The influence of the dust deposits on ecosystems is
amplified by the volcanic nature, basaltic composition and rapid
weathering of the materials.

Knowledge of aeolian activity in Iceland is of crucial importance
for understanding aeolian processes in general and their impact on
ecosystems and atmospheric processes. Furthermore, aeolian pro-
cesses in Iceland can shed light on global loess production, large
scale wind erosion and the impact of dust on both the natural envi-
ronment and society. Understanding of aeolian processes in Ice-
land has improved substantially in recent years. The purpose of
this paper is therefore to review and summarize our current
knowledge of aeolian processes in Iceland.
2. Background

Iceland is a volcanic island with an area of 103,000 km2
, located

just south of the Arctic Circle, lying between 63� and 66.6� north lat-
itudes and 13–24� west longitudes (Fig. 1). The climate is relatively
mild in spite of its northern position as it is influenced by the
he North-Atlantic Ocean.



Table 1
Deserts and other main surface types of Iceland, separated by elevation intervals, with a total of 43,388 km2 of deserts. Source: AUI Nytjaland database (Gisladottir et al., 2014).
Hay fields/cultivated land includes both drylands and drained wetlands. Drylands consist of the AUI vegetation classes ‘grassland’, ‘heathlands’ and ‘shrubs and forest’. Wetlands
are both ‘damp wetlands’ and ‘saturated wetlands’. ‘Deserts’ consists of the AUI classes ‘half vegetated’ and ‘barren’ with various types of desert surface, including sandy deserts.

Elevation intervals (m)

0–200 (km2) 200–400 (km2) 400–800 (km2) >800 (km2) Total (km2) %

Hay fields/cultivated 1678 44 1 0 1723 1.7
Vegetated drylands 14,208 10,919 13,059 468 38,654 37.6
Vegetated wetlands 2704 1642 1449 2 5797 5.6
Deserts 5209 5047 24,577 8555 43,388 42.2
Water, ice, glaciers 1350 430 1795 9756 13,331 13.0
Total 25,149 18,082 40,881 18,781 102,893 100

Fig. 2. Sandy deserts in Iceland, shown with yellow and red colors, which represent erosion severity (yellow: erosion severity 4, severe erosion; red: erosion severity 5,
extremely severe erosion). They cover large proportions of the south-coast and glacial margins of the active volcanic zone from Mýrdalsjökull glacier to areas northeast of
Vatnajökull glacier. Several localized dust hot-spots are marked with a circle and more detailed account of these are provided in Table 3. Map: AUI Soil Erosion Database,
prepared by Sigmundur Helgi Brink� SHB/OA, AUI.

178 O. Arnalds et al. / Aeolian Research 20 (2016) 176–195
powerful North Atlantic Current (Irminger Current) that brings
warm waters to the southern shores of Iceland while the cold East
Greenland Current affects the west and north (Einarsson, 1984;
Olafsson et al., 2007). Atmospheric low pressure systems are com-
mon, sometimes referred to as the ‘‘Icelandic low,” which frequently
result in relatively high wind speeds. The mean annual temperatures
are commonly 0 to +4 �C in the lowlands and mostly 0 to �4 �C in the
highlands. Large parts of Iceland receive ample moisture to support
vegetative growth with more than 600 mm annual rainfall. However,
areas of low rainfall north of the Vatnajökull Glacier receive less than
400 mm rainfall annually. Humidity is usually as high as 75–90%, but
can be quite low in cold dry air masses (see e.g., Einarsson, 1984).
Although rainfall is common, it is typically long-lasting and of low
intensity. Due to the common occurrence of low-pressure areas
and the periodic occurrence of storms (cyclones) blowing from the
Arctic, Iceland is generally windy (Einarsson, 1984; Olafsson et al.,
2007). Wind speed can reach 30 m s�1 and exceed 50 m s�1 near
mountains during severe storms, with wind speeds of 5–15 m s�1
quite common (see Icelandic Meteorology Office web page,
www.vedur.is).

Icelandic surfaces were classified by the ‘‘AUI Nytjaland” land
cover database into several vegetation classes (Gisladottir et al.,
2014). A simplified version is presented in Table 1, separated by
elevation intervals, which shows how vegetation cover decreases
with the harsher ecological conditions at higher elevations. How-
ever, a substantial proportion of the deserts was formed after the
settlement of Iceland by the Norse about 1200 years ago, due to
the interaction of harsh natural conditions and land use that
included grazing by livestock and cutting trees for firewood, espe-
cially in the areas below 600–800 m elevation (see Arnalds, 2015,
Ch. 12). Most settlements and agriculture are located below
200 m of elevation. About 43,000 km2 of Iceland are desert (about
22,000 km2 are sandy deserts), making it miniscule compared to
the world’s deserts in arid areas, but its northerly mid-ocean posi-
tion on the North Atlantic Storm track has made it a focal point in
terms of strong winds and dust and ash distribution.

http://www.vedur.is


Table 2
Active aeolian surfaces in Iceland. Erosion severity represent erosion activity with 3: considerable; 4: severe; 5: very severe. Based on ‘‘Soil Erosion in Iceland” (Arnalds et al.,
2001a). The combined areas of erosion severity 4 and 5 represent the active aeolian areas (14,795 km2).

Surface type Erosion severity Total (km2)

3 (km2) 4 (km2) 5 (km2)

Sandur (sand-fields) 318 1087 2828 4233
Sandy lag-gravel 5407 6217 1286 12,910
Sandy lava 1366 1757 1620 4743
Total 7091 9061 5734 21,886
Total 4 + 5 14,795

Fig. 3. Examples of the major desert surfaces in Iceland. A: level sand plain (sand-field) showing deflation in one year (about 30 cm); B: silty surface (aeolian hot-spot) being
charged by glacial stream, which will disappear within hours; C: sandy lava surface.
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3. Sandy surfaces in Iceland

There are several types of desert surfaces in Iceland, with vary-
ing degrees of aeolian activity. Following is a description based on
a classification of desert surfaces made for a national survey of soil
erosion in Iceland (Arnalds et al., 2001a). Subsequently, the most
active dust emission areas, termed ‘‘dust hot-spots” are given a
special consideration with examples of two such locations. The ori-
gins of the aeolian materials on these different surfaces are dis-
cussed in Section 4.

3.1. Desert types

Only a proportion of the 43,400 km2 desert surfaces are classi-
fied as sandy deserts, or about 22,000 km2. Their distribution is
shown in Fig. 2. About 15,000 km2 are considered to have active
aeolian surfaces (Table 2). All desert surfaces were mapped during
the survey of soil erosion in Iceland (Arnalds et al., 2001a), which
include in addition to sandy deserts: ‘scree slopes’, ‘lava surfaces’
and ‘glacial till’. The general pedological characteristics of the
deserts were studied by Arnalds and Kimble (2001). Other reviews
of these surfaces include those of Arnalds et al. (2001b) and
Arnalds (2015, Ch. 11). The sandy deserts are separated into three
main geomorphic types and examples are presented in Fig. 3. The
mapping by Arnalds et al. (2001a) employed erosion severity
scores from 0 (no erosion) to 5 (very severe erosion) with scores
4 and 5 used for sandy deserts, and a score of 3 for surfaces that
are occasionally active. The extent of each of the sandy surface
types is presented in Table 2 (from Arnalds, 2015, Ch.11), separated
by erosion scores (3–5), with total area given in the last column.
The main areas subjected to aeolian processes are those of erosion
scores 4 and 5, which total 14,795 km2 (bottom row in Table 2).

Sand fields and pumice are relatively level plains covered with
sand or pumice and include some of the most active aeolian areas.
The pumice areas are often rather coarse with a large fraction of
>2 mm pumice; the light density contributes to their susceptibility
to wind erosion. The sand fields vary considerably in size and nat-
ure, ranging from a few hectares to hundreds of square kilometers.
They tend to be silty close to glacial sediment sources (glacial
margins, glacial river sediments), but sandier downwind from the
sources. Examples of large sand fields include Dyngjusandur
north of the Vatnajökull Glacier, Skeiðarársandur south of the
Vatnajökull, Mýrdalssandur southeast of Mýrdalsjökull, and
Mælifellssandur north of the Mýrdalsjökull Glacier (Fig. 2). The
geomorphology and formation of some of these sand fields were
discussed by Kjær (2004) for Mælifellssandur and Mýrdalssandur;
Krüger (1997) and Russel et al. (2001) for Skeiðarársandur; and
Mountney and Russell (2004), Baratoux et al. (2011) for Dyngju-
sandur; and Gisladottir et al. (2005) and Mangold et al. (2011)
for the Hagavatn area. The extent of unstable sand fields (erosion
scores 4 and 5) is about 4000 km2, and these include some of the
most active dust sources in Iceland. Dust hot-spots are covered
in greater detail at the end of this Section 3.2.

Sandy lag gravel surfaces formonglacial till, raised shorelines and
alluvial sediments where sand is deposited on gravelly surfaces by
aeolian processes, often at the rate of 0.1–1 mm yr�1 (see Arnalds,
2010). This accumulation is enhanced by selective frost heaving of
pebbles and rocks in winter, which gradually develops sandy sub-
surface horizons covered bymore coarse rock fragments on the sur-
face. Sandy lag gravel surfaces become unstable during dry high
intensity winds with threshold velocities considerably higher at
the sandy lag gravel than for the sand field surfaces (often 12–
15 m s�1 vs 5–8 m s�1, respectively, at 2 m height; see Arnalds
et al., 2001b). The aeolian sediment losses from these surfaces dur-
ing high intensity storms balance the aeolian influx,whichmay lead
to net losses in some years and gains during other years. The total
extent of sandy lag gravel is nearly 13,000 km2 of which about half
is subjected to aeolian processes during intense winds (about
7500 km2). These surfaces dominate many of the poorly vegetated
highlands that are not covered with lavas.

Sandy lava surfaces are Holocene-age lavas covered by sandy
deposits that have been blown into these surfaces. They also cap-
ture materials that result from volcanic ash deposition during
eruptions. Unstable lava surfaces (erosion scores 4 and 5) are about
3400 km2. Surface roughness of the lavas varies considerably, from
relatively smooth pahoehoe lavas to rough aa lavas. The rougher



Table 3
The main dust hotspots in Iceland. Location (1–8) is given in Fig. 2. The area in km2

roughly estimated from Landsat 8 images, and includes only areas of major dust
production. The extent of these sandy deserts is considerably larger. Activity of these
areas vary between years and are subjected to frequent changes and definition, as
changes from primary dust areas to saltation areas are gradual.

Nr Area km2 General characteristics

1 Dyngjusandur 140 Large glacio-fluvial plain flooding daily in
summer leaving silty sediments on the
surface. In part confined by the Dyngjufjöll
mountains and the Jökulsá river. Dust storms
often daily during summer. Area periodically
subjected to jökulhlaups from the
Bárðarbunga and Kverkfjöll volcanic systems.
In part covered by lava during volcanic
eruption in 2015 but size exceeded 200 km2

prior to the eruption
2 Hagavatn 10 Receding glacier with glacio-fluvial plains and

glacial lake with fluctuating water level.
Characterized by more crystalline materials
than the volcanic glass that makes up most
other Icelandic dust. Sand is trapped in lavas
and at Rótarsandur depression

3 Mýrdalssandur 60 Glacio-fluvial lowland plain charged by
fluctuating glacial waters, some of which
disappear on the surface leaving unstable silty
sediments behind. Periodically disturbed by
jökulhlaups from the Katla volcanic system.
Subjected to dust events the year around
depending on snow cover. Sand transported
mainly towards the ocean

4 Mælifellsandur 40 Glacio-fluvial highland plain charged by
fluctuating glacial waters, some of which
disappear on the surface leaving unstable silty
sediments behind. Periodically disturbed by
jökulhlaups from the Katla volcanic system.
Frequent dust storms in summer, but covered
by snow in winter

5 Skeiðarársandur 130 Glacio-fluvial lowland plain charged by active
rivers but relatively frequent jökulhlaups from
the Grímsvötn volcanic system and the
Grænalón glacial water lagoon. Last large-
scale jökulhlaup (40–60 000 m3 s�1) in 1996
with dramatic changes and widespread loose
deposits

6 Landeyjasandur 17 Large beach area, charged by the Markarfljót
glacial river (sediments from the Katla
volcanic system). Recently reduced area
because of large scale vegetation
establishment project

7 Flosaskarð 20 Isolated area where glacial melt waters
disappear (resurfaces as spring water at
>30 km distance), and leave loose silty
materials on the surface. Rough lava surfaces
reduce the distribution of the sand, but some
are gradually filling up

8 Vonarskarð 15 Isolated highland plain area where glacial
rivers leave loose sediments on the surface.
Covered with snow much of the year. Limited
sand transport from the area

9 Other areas 30 Includes Tungná and Skaftá river plains,
Hálslón and Hágöngur reservoirs,
Sandkluftavatn, Kreppulón, Þorlákshöfn sand
plain and more
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lavas can accumulate an immense amount of sand (often 500,000–
1,000,000 t km�2, based on Gisladottir, 2000) before becoming
unstable sand fields, thus providing a temporary shelter from sand
for the downwind areas. Large sandy lava fields occur in the Mt.
Hekla area and the lava fields of northeast Iceland.
3.2. The dust hot-spots

Dust can be generated from all the major sandy areas of Iceland;
however the amount of finer particles that become dust varies
with the surfaces. There are areas that produce more dust by far
compared to the general sandy deserts; they have therefore been
termed ‘‘dust plume areas” or ‘‘dust hot-spots” and were first
described as such by Arnalds (2010). They are characterized by
repeated charging of fine sediments with a relatively high propor-
tion of finer (silty) materials which, upon repeated wind erosion
become sorted downwind from the sources with loss of silt (dust)
and an increasing saltation component (sand). The dust hot-spots
are marked in Fig. 2 and listed in Table 3. Table 3 accounts for
the most active dust producing areas, while sandy areas (with less
dust production) are much larger at each site. More detailed
descriptions of two areas (Dyngjusandur and Hagavatn) are pro-
vided below as examples.

Dyngjusandur is the most extensive dust source area in Iceland,
located at the northern tip of the Vatnajökull, where Jökulsá á
Fjöllum, the major river of NE Iceland, originates. The tributaries
are loaded with glacial sediments and overflow widespread areas,
often with daily flooding during warm temperatures and subse-
quent receding at night, alternating frequently between channels.
Fine sediments are left on the surface after each ‘‘flooding” which
are highly susceptible to wind erosion (cf. Mýrdalssandur in
Fig. 4b, see also Fig. 5). More detailed accounts of the area are pro-
vided by Baratoux et al. (2011) and Mountney and Russell (2004).
Several dust events can occur each day (unpublished observations
from monitoring camera and field experience) during dry periods
in summer, though the area receives 400 mm rainfall annually.
Dyngjusandur is covered with snow much of the winter, from
Sept/Oct to May/June. The sediments are primarily blown north-
wards, though dust directions range from SE to W depending on
dry wind directions. The sediments become sorted down-wind
from the sources, with an increasing proportion of saltation mate-
rials which accumulate along topographic obstacles such as the
Dyngjufjöll Mountains and Vaðalda, or land in the main channels
of the Jökulsá River (Fig. 5). There are several surface pathways
or ‘‘rivers” of aeolian sediments that extend more than 80 km from
the Dyngjusandur source (Arnalds, 1992; see also Alho, 2003).
These ‘‘aeolian rivers” are clearly visible on satellite images. The
dust generation from Dyngjusandur can reach over 300,000 t per
storm event (see Section 8 on quantification), extending far into
the Arctic regions north of Iceland (Fig. 6).

There were dramatic changes to the Dyngjusandur dust source
area in the winter of 2014/2015 with the six-month Bárðabunga–
Holuhraun eruption which covered about 85 km2 with new lava
(Institute of Earth Sciences, www.earthice.hi.is), thus reducing
the size of the active dust source area by about half. Changes in
dust event frequency and intensity as a result of the eruption are
being investigated, but a substantial decrease in dust production
can be expected, at least temporarily. However, further volcanic
activity in the Bárðarbunga volcanic system could produce catas-
trophic jökulhlaups (see below), with the formation of large tem-
porary sources of unstable sediments along the 140 km long river
channel to the north coast (see e.g., Alho et al., 2005; Carrivick
et al., 2013).

The Hagavatn dust plume area is located south of the Langjökull
Glacier (Fig. 7). The aeolian conditions in the area were investi-
gated by Gisladottir et al. (2005) and both physical and chemical
properties of the materials by Baratoux et al. (2011) and
Mangold et al. (2011). The area has undergone pronounced
changes over the last century, which include the disappearance
of a lake of about 10 km2, leaving loose sediments exposed on
the ground (Sigbjarnarson, 1967). This area was previously covered
by the glacier, which has been retreating for more than a century. A
part of the former lake bed continues to be charged with unstable
fine sediments by streams draining from the glacier.

Dust is blown from the glacial river area and the lake shores
over SW Iceland. Larger particles were saltated up to a 16 km dis-
tance towards the Rótarsandur depression (Fig. 8) during the peak

http://www.earthice.hi.is


Fig. 4. Active dust production at Mýrdalssandur sand-field, Sept. 2015. Two distinct main source areas visible, associated with river outlets. Photo taken from a surveillance
camera placed about 300 m above the plain. The plumes come from the unstable glacio-fluvial silty deposits, but other parts of the sand-field are not very active during this
particular storm. Wind speed about 12 m s�1.

Fig. 5. The Dyngjusandur area before the 2014/2015 volcanic event. The debris dominated margins of the Vatnajökull glacier at the bottom. The lake (black in color upper left)
is the Askja caldera. Some of the most recent, but dried out glacio-fluvial deposits appear blue-gray in the figure. The Askja 1875 AD light colored rhyolitic pumice is
prominent in the upper part of the figure (light color). The bluish areas in front of the glacier are the most active dust sources (one small plume can be seen), but sandy
materials are salted tens of km to the northeast (toward the top-right of the image), directed by major dry winds, topographical obstacles but often trapped by major rivers.
Photo: Spot (Euroimage).
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years after 1940, but seemingly not this far under current condi-
tions. Gisladottir et al. (2005) surveyed the amount of sand within
the Hagavatn area from the source to the Rótarsandur depression.
The amount of sand in the lava south of the source area exceeds 30
million m3 (based on Gisladottir, 2000), showing that the total sed-
iment yield of the source area has exceeded a hundred thousand
tons per year on average, though with lower activity presently than
in the latter part of the 20th century.



Fig. 6. Dust storm from Dyngjusandur in September 2008, extending >300 km to the north. Photo: MODIS/NASA.

Fig. 7. Conditions within the Hagavatn area. Hagavatn is the name of the lake to the right. Glacial streams feed the lake, but their channels are highly variable creating active
dust sources. Much of the area to the left of the lake was a part of much larger lake prior to 1940, which, after draining, became a hyperactive dust source for some decades
and still remains active.
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4. Where do the aeolian materials originate?

The last section described the nature of the different aeolian
surfaces in Iceland. As shown in Table 2, sandy deserts cover about
22,000 km2
, nearly 15,000 km2 of which are unstable surfaces sub-

ject to active aeolian processes. In this section we address the ques-
tion: where do all these loose sediments come from? The short
answer is: from glaciers, glacio-fluvial processes and volcanoes.



Fig. 8. Hagavatn plume area: typical sand transport southbound with dry northerly winds over 16 km from the source to the Rótarsandur depression. The aeolian activity is
not as active compared to the peak years and the sand is mostly caught by the rough lavafelds south of the source areas. From Gisladottir et al. (2005).
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The high sediment delivery of the glacial rivers is enhanced by the
soft, poorly crystalline volcanic rocks that underlie many of the gla-
ciers and are relatively easily eroded as the glaciers move over the
surface (Gislason, 2008). Below is a short discussion about the
sources of sand in Iceland. It is important to bear in mind that the
sediments can be blown long distances and encroach on topographic
obstacles, sometimes with destruction of fully vegetated ecosystems.

Jökulhlaups are lahars or flood events that result from the melt-
ing of ice during volcanic eruptions (Rodolfo, 2000), carrying high
concentrations of volcanic materials. Thermal areas under glaciers
can also cause jökulhlaups by periodic release of meltwater con-
tained under the glacier. Jökulhlaup events can reach over 100
000 m3 s�1 discharge rates in Iceland, but are more often of the
order of 3–15,000 m3 s�1 (Larsen and Eiriksson, 2008; Björnsson
and Palsson, 2008; Björnsson, 2009; Eliasson et al., 2007). The
jökulhlaups can flood immense areas leaving unstable glacio-
fluvial deposits on the surface. Although aeolian activity as a result
of jökulhlaups has been reported elsewhere, e.g. in Greenland
(Bullard, 2013), their frequent and large scale occurrence in Iceland
is one of the factors that place Icelandic sandy deserts apart from
most other desert areas (whether Arctic or warm and dry), in addi-
tion to the volcanic and basaltic nature of the desert materials.
Dyngjusandur, Skeiðarársandur, Mælifellssandur, and Mýrdalssan-
dur (Table 3) are all periodically affected by jökulhlaups. A spike in
aeolian activity occurs after jökulhlaup events; however, dust
sources may ‘‘dry out” after a period of time, even decades, while
surface processes (saltation) are maintained for a much longer time
(hundreds or even thousands of years), often recharged by repeated
flood events, periodic tephra deposition and continual aeolian depo-
sition. Saltation abrasion, the colder northern climate, and grazing all
have negative effects that often prevent vegetation succession in Ice-
land, in spite of the reasonable level of rainfall in many places.

A recent example of a jökulhlaup is the 1996 Skeiðará River
jökulhlaup after the Gjálp eruption (Skeiðarársandur), which
peaked at about 50,000 m3 s�1 with a total sediment transport of
about 1.8 � 108 m3 (Russell et al., 2005). The river flow subse-
quently changed, with the largest river (Skeiðará) moving its
course to the Gýgjukvísl River, leaving a relatively small amount
of water flow under Iceland’s longest bridge (about 1 km long).
Dust events were frequent after the 1996 jökulhlaup (Prospero
et al., 2012). The extreme jökulhlaup events in the Jökulsá á
Fjöllum (outlet at Dyngjusandur) are believed to have reached
700–900,000 m3 s�1 at least three times during the Holocene
(Alho et al., 2005; Kirkbride et al., 2006; Carrivick et al., 2013;
Baynes et al., 2015). The largest jökulhlaups at Jökulsá á Fjöllum
are assumed to have inundated about 1400 km2 along the 140 km
long course of the river. Smaller jökulhlaups are much more com-
mon (3000–15,000 m3 s�1), and are often in association with peri-
odic volcanic activity in the Bárðarbunga and Kverkfjöll volcanic
systems. Peak discharge rates from the Katla volcanic system are
believed to have exceeded 400,000m3 s�1 (Larsen, 2000;
Gudmundsson et al., 2008). The last such extreme event occurred
in 1918 with a flow down Mýrdalssandur (one of the dust hotspots)
of >250,000 m3 s�1 (Eliasson et al., 2007). Jökulhlaups from Katla
have historically swept down three major pathways, all of which
affect present-day aeolian environments in Iceland: to the west by
Markarfljót, SE at Mýrdalssandur, and north to Mælifellssandur.

Daily melt-water flooding and unstable glacial lakes. Many of the
main active aeolian areas, the dust hot-spots in particular, are
subjected to daily flooding by melt-waters. Upon receding, silty
materials are left on the surface which are subjected to aeolian
processes, both saltation and dust generation. The water also
sometimes percolates into the very porous sand and disappears,
leaving the fine sediments on the surface. The combination of silt
and sand makes them very susceptible to wind erosion with
threshold velocities as low as 5 m s�1 (at 2 m height). Mýrdalssan-
dur, Dyngjusandur and Mælifellssandur are dust hot-spots that are
charged by daily melt-water flooding in summer. Glacial lakes with
receding or unstable water levels tend to have the same character-
istics for a period of time after the water level drops (e.g., Hagavatn
in the south).

Glacial river channels. Many of the glacial rivers are subjected to
periodic flooding (jökulhlaups, spring and summer melt). Level
stretches along the rivers are subjected to deposition of river



Fig. 9. Conceptual drawing of aeolian source components at a glacial margin with
rivers depositing high quantities of silty materials on the surface. Area A is the
dust-hotspot, but area B is also very active dust source. Areas C and D are
dominated by saltation processes with varying degree of dust production. The sand
can end up in lavas, depressions and even in the major river if it cuts downwind
areas.
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sediments that become unstable. Jökulsá á Fjöllum in the north,
and Skaftá, Tungnaá and Þjórsá in the south are examples of rivers
that have created sandy sources, which subsequently can be sal-
tated over large areas away from the rivers

Sandy beaches are common along the south coast (e.g., Landey-
jarsandur). The source of the sand is the many glacial river outlets,
with jökulhlaups contributing a large share of the sediments. The
main dry winds along the southern shores are northerly, leading
to sediment transport to the sea. Occasional southerly dry storms
lead to inland dust transport, especially with strong southeasterly
winds which can drive dust from Landeyjasandur over south and
southwest Iceland.

Volcanic ash deposition. Many of the frequent volcanic eruptions
cause large scale deposition of volcanic ash. Thicknesses of tephra
deposition range from traces (mm) to more than10 cm. Vegetated
ecosystems can immobilize volcanic ash up to a point, depending
on vegetation height and composition (see Arnalds, 2013). The
materials become finer with distance from the volcanic source. Vol-
canic ash deposited on desert landscapes is unstable and often sub-
jected to intense aeolian redistribution, as experienced after the
2010 Eyjafjallajökull eruption (Thorsteinsson et al., 2012; Arnalds,
2013; Arnalds et al., 2013) and the 2011 Grímsvötn eruption (Liu
et al., 2014). Such redistribution of volcanic materials is common
elsewhere (e.g., Wilson et al., 2011), and can even cause more severe
environmental effects than events during the eruption. Surprisingly,
the wide spread re-suspension of ash is often overlooked as a risk
associated with volcanic eruptions (Arnalds, 2013).
Repeated aeolian deposition. Steady aeolian deposition leaves
sediments that can become unstable, even after hundreds or thou-
sands of years of accumulation. The resulting sediment layers often
become 1–2 m thick (soils), with silty material dominating, with
occasional tephra layers within the profile. Lacking layer silicates
to provide cohesion, they are very susceptible to wind erosion.
Furthermore, the sandy areas of the interior do not become
depleted of aeolian materials as long as they are recharged from
large sources by surface transport, repeated aeolian deposition as
dust, or periodic recharge by volcanic ash during eruptions.
5. Surface area components near glacial margins

Aeolian processes in periglacial environments are important
drivers for providing the loess deposits, especially during the Pleis-
tocene glaciation (e.g., Bullard, 2013). Aeolian activity in periglacial
environments is found in many areas of the world and has been
subjected to recent review by Bateman (2013), and Bullard
(2013) reviewed contemporary glacigenic inputs to the dust cycle.
Recent papers on specific glacial areas include those of Gillies et al.
(2013) and Lancaster et al. (2010) for dry valleys in Antarctica, and
Crusius et al. (2011) and Hugenholtz and Wolfe (2010) for Alaska
and Canada. Sandy areas in front of the glaciers are often treated
as one unit, which can cause confusion when pinpointing main
dust sources and explaining progression of the sand as it moves
from the main sources. Here we present a conceptual model for
glacio-fluvial areas in Iceland that comprises many of the most
active aeolian areas in Iceland (i.e. locations 1–5 and 7–8 in
Table 3). It should be noted that this model does not apply to such
sandy areas as the shorelines (i.e. Landeyjarsandur). The schematic
drawing presented in Fig. 9 shows the major components near
active aeolian sources according to this model. The most active
glacial margin areas are continually recharged by glacio-fluvial
processes, as has been shown in front of other glaciogenic aeolian
areas (e.g., Orwin et al., 2010; Crusius et al., 2011; Bateman, 2013).
The major dry wind direction is ‘‘down” in the figure with moun-
tains forming boundaries that contain the aeolian flow as does a
river at the bottom of the figure. The area is subjected to periodic
flooding that charges area A with sediments. There is a high pro-
portion of silty materials (up to 50%), but with more coarse sedi-
ments as well. Dust is also a large component of the materials
bordering the major source area (B). Areas A and B can be consid-
ered hyper-active with a low threshold velocity (e.g., 5 m s�1 at
2 m height) and may correspond to areas of high deposition
described by Hugenholtz and Wolfe (2010) for areas in the Atha-
basca River Valley in the Canadian Rocky Mountains. As aeolian
surface transport brings materials downwards on the figure (C to
D), the sediment composition changes with finer materials lost as
dust with an ever increasing saltation component. Threshold veloc-
ity often increases. This ‘‘aeolian river” continues until the sedi-
ments are trapped by landscape obstacles, in this case the lava
areas south of the source and a depression (area D in the figure).
Research by Gisladottir et al. (2005) showed that slopes >7% effec-
tively halted the movement of the saltation materials in the Haga-
vatn area. In many cases in Iceland, aeolian flow is halted by large
rivers. In some cases this model holds only temporarily, such as
after jökulhlaups or volcanic ash deposition, until the major
sources are depleted. Rough lavas can act as sediment traps which
substantially slow the advancement of the sand for decades and
even centuries.

Research is needed to quantify the relationship between the
charging of a major sediment source, the sediment balance of these
components, how the textural properties change as the sediments
are moved away from the main source, and to quantify the changes
in saltation rates and dust emissions along the way. Such



Fig. 10. Infrared satellite image (vegetation red) showing the marks of advancing sand-fronts in South Iceland (Mt. Hekla region). The activity has been halted but the
consequences are still evident with tongue-shaped fronts with the linear features to the sides (long straight boundaries between vegetated areas (red) and deserts (dark blue-
green). AUI/Spot Euroimage.
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information is important for modeling both surface transport as
well as dust generation on landscape levels.
6. Quantification of surface transport

Advancing sand has caused immense ecosystem damage in
Iceland (Crofts, 2011). There has been considerable research
devoted to the quantification of surface transport (saltation) by
aeolian processes in Iceland. This research is important both for
understanding threats caused by potential sandstorms and for
casting a light on how destruction occurred in the past. Here we
report some of the rates that have been published and give a short
discussion of advancing sand fronts at the end of this section.
6.1. Rates

The commonly employed response value for surface transport
of sandy materials in Icelandic research is kg m�1 over a unit time
or season, which is how much sediment is blown over a 1 m wide
line. The research is based on BSNE (Big Spring Number Eight)
sediment traps (Fryrear, 1986; Stout and Fryrear, 1989) and Sensit
wind erosion sensors (Gillette et al., 1997), often used in combina-
tion with on-site weather stations and data loggers. Measurements
have been made at the Hagavatn area (Gisladottir, 2000;
Gisladottir et al., 2005), in the Mt. Hekla area (Thorarinsdottir
and Arnalds, 2012), on the Eyjafjallajökull volcanic ash (Arnalds
et al., 2013), and at various other locations (Sigurjonsson et al.,
1999; Arnalds et al., 2001b, 2012). Research in the Hekla area
(Thorarinsdottir and Arnalds, 2012) attempted to study aeolian
transport at the landscape level, revealing the importance of the
interaction between fluvial processes recharging sediment sources
(winter and spring) and aeolian processes during summer and
early winter months. Models have also been employed in relation
to environmental impact assessments from hydropower reservoirs
(unpublished reports), which have yielded results similar to the
measured values reported here.

Measured rates on gravelly sandy surfaces generally are of the
order of few hundred kg m�1 over one summer, such at the
Geitasandur experimental area (Arnalds et al., 2012). With a higher
proportion of sand on the surface, these values rise to
>1000 kg m�1 over each season. Wind erosion, measured after
the 2010 Eyjafjallajökull eruption, was one of the most violent
wind erosion events ever reported, with more than 11 tons of
materials blown over a 1 m wide transect in a single storm
(Arnalds et al., 2013). Dust redistribution after the eruption caused
severe dust problems in extensive areas (Thorsteinsson et al.,
2012).

There is a need to extend research on transport rates from point
measurements to landscape modeling of surface transport, as was
stressed by Lancaster et al. (2010) working in Antarctica. Such
modeling involves a variety of surface types with varying degrees
of threshold values, where some areas with rough surfaces act, at
least temporarily, as sediment traps, while threshold values remain
low in other areas. Landscape features affect wind directions and
steep slopes can stop surface transport of sand. Such work on land-
scape level could better explain the spread of sandy deserts in the
past as well as identify areas where sandstorm events may threa-
ten vegetated ecosystems. Furthermore, such modeling may help
in developing strategies to minimize the negative effects from
glacio-fluvial flooding and volcanic ash deposition.

6.2. Advancing sand-fronts/encroaching sand

One of the most destructive forms of land degradation in Ice-
land since the ninth century Norse settlement of Iceland is the
encroachment of sand over vegetated areas, smothering the plant
life (Arnalds et al., 2001a; Crofts, 2011). These advancing sand
fronts leave barren deserts in their wake. The silty and sandy mate-
rials of the soils underneath the vegetation that is destroyed are
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added to the pool of aeolian materials, thus creating a snowball
effect with an ever-increasing pool of saltation materials. The
marks on the land created by advancing sand fronts are tongue-
shaped desert areas that extend into vegetated land. The fronts
generate long linear features at the boundary between vegetated
land and deserts on the sides, where sand is saltated along escarp-
ments which often are 0.5–2 m high. The direction of the fronts
reflects the dominant dry wind direction, and these features are
easily identified on infrared satellite images (Fig. 10).

The Icelandic Soil Conservation Service was established in 1907,
originally as the Sand Reclamation Office (Sandgræðsla ríkisins in
Icelandic) to battle such sand fronts. It is one of the oldest such
government soil conservation institutions in the world, reflecting
the severity of this problem in Iceland. The most devastating sand
storms could destroy several farms in single storms during the lat-
ter part of the 19th century, advancing many km each year (see
Crofts (2011)), which is difficult to comprehend for the modern
day naturalist in Iceland. However, the high rates measured by
recent research in Iceland (>10 t m�1 in a single storm) explain
the rapid advancement that can occur during the most intensive
storms.
7. The frequency and climatology of dust events in Iceland

The long-term frequency of dust events in Iceland has been
determined using dust observation records from 30 weather sta-
tions around Iceland for the years 1949–2011. This method has
been used in major desert areas around the world (Baddock
et al., 2014; Wang, 2015), such as Mongolia (Natsagdorj et al.,
2003), the US (Steenburgh et al., 2012), Australia (Ekström et al.,
2004), China (Qian et al., 2002), and Iran (Jamalizadeh et al.,
2008). The synoptic weather codes give information about dust
event observations, together with wind velocity, wind direction,
and temperature, etc. Research shows over 34 dust events per year
in Iceland, based on the conventional synoptic codes for the desert
dust. Icelandic deserts are strongly influenced by glacial and
volcanic activity, however, which requires including special synop-
tic codes for such observations such as ‘‘re-suspension of volcanic
ashes” and ‘‘dust haze”. Including these codes increases the num-
ber of dust events in Iceland fourfold, resulting in 135 dust days
annually. This high number places Iceland among the dustiest
areas of the world.

Visibility during dust observations is an important indicator of
dust event severity, especially where no direct measurements are
conducted (Baddock et al., 2014). Mean visibility during dust
events in Iceland was 25 km but there were 32 ‘‘severe dust
storms” with observed visibility of <500 m. In comparison, the
visual range can be over 300 km in dry climates and 100 km in
humid climates on clear days (Hyslop, 2009). Annually, Iceland
experiences on average about 6 dust events with visibility <5 km
(measured at some distance from the source). It should be stressed
that meteorological observations are likely to miss many events,
especially those blowing directly out to sea from the dust sources
Table 4
Event based calculation of total dust emissions from Iceland. Modified from Arnalds
et al. (2014).

Event size # events Emissions per event Total emissions
Million tons

Major 7.8 1 7.8
Medium 50.3 0.3 15.8
Minor 75.6 0.1 7.6
Total 135.6 30.5
along the southern shore, but research is under way to identify
how common such un-noticed events are.

The location of the atmospheric surface-pressure field determi-
nes if dust plumes travel in northeasterly or southerly directions.
The dust events in northeast Iceland are ‘‘Arctic dust events”
because they are warm and occur during the summer/autumn
(May–September), as described in Alaska and Greenland
(Nickling, 1978; Bullard, 2013). About half of the dust events in
south Iceland occur in winter or at sub-zero temperatures and
can be termed ‘‘sub-Arctic dust events”. These are ‘‘cold events”
as have been observed in Mongolia (Natsagdorj et al., 2003). The
Arctic dust events are warmer (Tmean = 10.5 �C) and with lower
wind velocities (WSmean = 10.3 m s�1) than sub-Arctic dust events
in south Iceland (Tmean = 3 �C, WSmean = 13.6 m s�1). However,
extreme wind speeds of >40 m s�1 can occur. Interestingly, we
have observed dust storms during wet conditions. As an example,
there was a dust event measured under rainy and moist conditions
when the winds were very low (0–4 m s�1) and the relative humid-
ity was 77–90%. The main driver of dust suspension in such cases is
direct solar radiation and consequent surface heating of dark wet
surfaces on the glacial flood plain (Dagsson-Waldhauserova et al.,
2014b). Other wet dust storms occur due to extreme wind veloci-
ties (e.g., >30 m s�1).
8. Quantification of dust production from Iceland

While saltation flux along the surface is relatively simple to
measure in the field, quantification of dust production is a more
complicated task. Large advances have been made in understand-
ing dust generation globally, as was reviewed recently by Bryant
(2013). There are, several types of information that can be drawn
from in order to estimate the total dust production in Iceland. (a)
The production can be estimated by the annual number of dust
events in the country, classification of their severity, and estimated
dust production per storm. With each of these factors comes a
large degree of uncertainty, but the information still gives an order
of magnitude of dust production, which is an important step
beyond having no information at all. (b) Metadata for deposition
rates for Iceland can be used to generate a deposition map of
Iceland and the surrounding oceanic areas, which subsequently
can be used to estimate total dust production in Iceland. (c) In
addition, it is possible to measure and/or estimate the aerial extent
of the major dust plume sources and model the deflation rates for
each storm in addition to information about storm frequency. We
have made efforts to use approaches a and b to arrive at dust
production estimates for Iceland, and the following discussion is
largely based on the publication of our first attempts (Arnalds
et al., 2014).

Dagsson-Waldhauserova et al. (2013, 2014a) estimated the fre-
quency of storms in Iceland. The storms were divided into three
categories based on visibility classes of weather observations
(Dagsson-Waldhauserova et al., 2013). Detailed calculations of
dust amounts were made for 4 storms using weather observations
(visibility), compared and confirmed by NOVA satellite images, and
with atmospheric modeling (Arnalds et al., 2014), which resulted
in emissions of 215–384 thousand tons per storm. These numbers
were used to give average emissions per event in the previously
gathered storm frequency data, with emissions of 0.1, 0.3 and 1
million tons per small medium and large events, respectively
(Table 4). Combining the frequency and dust amounts results in
an estimated 30 million tons per annum of dust production in
Iceland.

Arnalds (2010) used soil profile metadata from published
records and the Agricultural University of Iceland soil database to
produce a GIS-based isopach map for average aeolian deposition



Fig. 11. Deposition map based on metadata for deposition rates measured in soil profiles (Arnalds, 2010). Data extended to the oceans. Modified from Arnalds et al. (2014).
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in Iceland, which was modified and extended to oceanic areas by
Arnalds et al. (2014). Deposition rates varied from 1–15 g m�2

(lowest category) to 500–800 g m�2 (highest or extreme category)
per annum (Fig. 11). The GIS system was used to calculate total
annual dust deposition on land, glaciers and oceans (hence, total
annual dust emissions), totaling about 40 million tons. This
number is surprisingly close to the independently derived event
based quantification of about 30 million tons. It is, however, likely
to be an overestimate because of re-suspension of dust deposited
on desert areas, as discussed later in the paper.

There are no comprehensive measurements of deflation rates
(in mm or cm) or sediment yields per unit area (t km�2), but point
measurements show lowering of the surface by more than 5 cm in
some places and exceeding 30 cm over a season at Mælifellssandur
and Mýrdalssandur. Deflation rates at the major dust areas are con-
founded by alternating sedimentation and removal, both by fluvial
sedimentation and aeolian processes, which makes monitoring of
deflation rates in these areas unrealistic.
The high dust emission activity in Iceland of more than 30 mil-
lion tons annually is an order of magnitude larger than that
reported for the Arctic areas (Crusius et al., 2011; Bullard, 2013),
and is comparable to figures reported for the warm desert areas
of the world with a substantial contribution to the North Atlantic
Ocean (5.5–14 million t yr�1; see discussion in Arnalds et al., 2014).
9. Physical and chemical properties of the particulate matter

9.1. Particulate matter (PM) concentrations of dust aerosol

Measurements of particulate matter (PM) concentrations in
Iceland have primarily been made in relation to the Eyjafjallajökull
Glacier eruption in 2010 (Leadbetter et al., 2012), Holuhraun
eruption in 2015 (Sigurdardottir et al., 2015), or areas distant from
the dust sources (Thorsteinsson et al., 2011; Blechschmidt et al.,
2012). Long-term measurements of dust aerosol concentrations



Table 5
The chemical composition of the Mælifellssandur and Skeiðarársandur dust event samples based on EDX analyses of polished surfaces of individual glass particles. A total of 72
glasses analyzed (Dagsson-Waldhauserova et al., 2015).

Average values (% wt) SiO2 FeO Al2O3 CaO TiO2 MgO K2O + Na2O

Mælifellsandur dust event 42.6 17.0 14.2 11.6 5.6 4.9 4.1
Skeiðarársandur dust event 45.0 14.5 14.5 12.0 3.5 6.2 4.0
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in the vicinity of the deserts in Iceland are not available. There is a
small network of the PM stations, mostly in Reykjavík and more
than 100 km from the major dust sources. The PM10 (particulate
matter up to 10 lm in size) pollution in Reykjavík is generally
low (Thorsteinsson et al., 2011) with the annual level around
22 lg m3

. Jölkulhlaups and volcanic eruptions can both contribute
to dust spikes that influence air quality (Arnalds, 2010; Prospero
et al., 2012). Leadbetter et al. (2012) modeled the re-suspension of
ash after the 2010 Eyjafjallajökull eruption, which affected air qual-
ity at great distances (>150 km) with concentrations exceeding
1000 lg m�3 in widespread areas (see e.g., Thorsteinsson et al.,
2011). The highest PM10 mass concentrations during dust storms
are >7000 lg m�3 judging from available data, showing the high
magnitude of Icelandic dust events. For example, PM10 mass concen-
trations during a dust storm in March 2013 were measured as
>6500 lg m�3 min�1 while the mean (median) PM10 concentration
during a 24-h storm was 1281 (1170) lg m�3 (Dagsson-
Waldhauserova et al., 2015).

Suspended aerosols measured on site at the dust source are
very fine and high in particle number concentrations (Dagsson-
Waldhauserova et al., 2014b). The maximum particle number
concentration (PM�0.3–10 lm) reached almost 150,000 particles
cm�3 per minute for a mass concentration (PM < 10 lm) of
1757 lg m�3. Maximum concentration of the PM2.5 fraction was
85,528 particles cm�3 with the mass reaching 116 lg m�3.
Suspended glaciogenic dust is very fine with the highest number
of particles in the size range 0.3–0.337 lm, followed by particles
1.5–5 lm in diameter. Particle number concentrations were well
correlated with mass concentrations. This is unusual because mass
concentration generally increases with larger particles suspended,
while the number of particles decreases. Such high concentrations
of particles 0.3–10 lm have only been reported during a volcanic
eruption (Vogel et al., 2012; Sigurdardottir et al., 2015). The high-
est particle number concentrations for submicron particles are
generally attributed to wind speeds <2 m s�1 (Weber et al.,
2006), which was also the case for close-to-ultrafine particles
during the dust event we measured at the dust source. These ‘‘on
site” measurements are limited in scope, however, and new
research is being undertaken that will add data about particle
dynamics at the dust sources.

Several air-borne measurements have been made in Iceland
with the Light Optical Aerosols Counter (LOAC, PM�0.2–100 lm)
fitted on meteorological balloons (Renard et al., 2015a,b). LOAC
can provide an estimate of the main categories of aerosols (dust,
black carbon, sulphuric acid, water droplets and ice). The flight
conducted in Reykjavik in November 2013 after a season of dust
events in a high precipitation period revealed the presence of dust
particles at about a 1 km height. Dust particles were also found
during aircraft measurements in south Iceland from 400 to
1900 m altitude (Blechschmidt et al., 2012). Small liquid and sea
salt particles were detected by LOAC close to the surface, while
background carbon particles were present at around 5 km altitude
between the cloud layers. High concentrations of particles >1 lm
(even tens of micrometers) occurred in the stratosphere above
12 km, showing unusual conditions. This experiment showed that
dust particles can be present in the atmosphere many days after a
dust event despite precipitation and wet deposition removal of the
particles. It has also shown that aerosols such as black carbon are
found in the sub-Arctic atmosphere, far from their sources.

9.2. Mineralogical and geochemical compositions of the particulate
matter

Mineral grains and geochemical composition of Icelandic dust
varies with the major dust sources (Baratoux et al., 2011;
Oladottir et al., 2011). Mineralogical and geochemical analyses
were carried out for two dust event samples – one sample from
the Mælifellssandur dust source during a dust event in August
2013 and the second sample from the severe snow dust storm in
Reykjavik in March 2013. The origin of the second sample was
likely from the Skeiðarársandur dust source. The analyses show
that both samples included also traces of fresh volcanic material
from the Eyjafjallajökull 2010 eruption and the Grímsvötn 2011
eruption.

The glacigenic dust contains sharp-tipped shards with bubbles,
and 75–80% of the particulate matter is volcanic glass rich in heavy
metals. Crystalline plagioclases and pyroxenes were also found.
Major element composition shows lower SiO2 content in Icelandic
dust compared to average crustal dust with about 58% SiO2

reported by Weast et al. (1966). Table 5 summarizes the average
element composition of two dust samples with unusually high
amounts of FeO and TiO2 contents.

Dust deposited on snow (transported more than 100 km) was of
variable size range (average 17 lm). About 20% of particles were in
the range of 10–50 lm and 10% were >50 lm. We suggest that the
PM10 concentration measurements can overlook a significant part
of the suspended dust mass during major dust storm events in Ice-
land. Diatoms and organic matter are also transported during the
dust events in Iceland. Diatoms transported during the March
2013 event included Rhopalodia and Epithemia (likely epiphytic),
which are benthic and may be present in shallow pools or waters
around the edges of lakes and rivers (Fig. 12).

10. Atmospheric processes and distribution of the dust from
Iceland

Iceland is located close to the North-Atlantic Storm track and is
frequently visited by extratropical cyclones during all seasons
(Olafsson et al., 2007). Most cyclones travel south of Iceland, lead-
ing to easterly winds over Iceland, while several cyclones find their
way between Greenland and Iceland, generating winds over Ice-
land from the southwest or west. On a regional scale, strong winds
can be expected from any direction. However, due to the topogra-
phy, local windstorms tend to occur only in winds from preferred
directions. Windstorms are most frequent during winter and are
rare in the summer season. (Fig. 13 and Agustsson and Olafsson
(2012) for upper atmospheric levels). Almost all the cyclones are
associated with a precipitation system (fronts) and deep cyclones,
giving strong winds, and they tend to produce heavy and wide-
spread rain or snow. Precipitation could therefore be expected to
prevent a high number of dust storms considering the high fre-
quency of moist or wet windstorms. However, the mountains
and glaciers of Iceland are sufficiently high to generate a precipita-
tion shadow on their leeward side. There is in fact very little and



Fig. 12. Microscopic images of the dust material. Upper row: backscattered electron images of planar-polished sections of the dust particles; the analyzed and interpreted
minerals and glasses are marked by symbols: An – andesine, Aug – augite, Fe2-Hbl – ferrohornblende, Lrt – labradorite, Ol – olivine, Px – pyroxene, Usp – ulvospinel;
Gl-t – volcanic glass of tholeitic series, Gl-a – volcanic glass of alkalic series; palgnt – palagonitic material. Lower row: the fine particle distributions are illustrated
in the figure on the left (optical microscope, dark field). Examples of diatoms Rhopalodia sp., poss. R. gibba (upper) and Epithemia sp., poss. E. adnata (lower). From
Dagsson-Waldhauserova et al. (2015).

Fig. 13. Seasonal variability of windstorms in Iceland. Data from 120 automatic
weather stations 2001–2010.

Fig. 14. Frequency of observations at 09 UTC 2001–2010 showing precipitation in
southerly and northerly winds at Eyrarbakki (South coast) and Mánárbakki (North
coast). Only cases with sustained wins greater than 8 m/s in the highlands
(measured at 10 m height at Hveravellir weather station) are considered.
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infrequent precipitation in north Iceland during southerly winds
and very little and infrequent precipitation in south Iceland during
northerly winds (Fig. 14).

Fig. 2 shows the main sources of dust storms in Iceland. Dust
storms at all the sources except the southernmost ones are mainly
associated with downslope winds, i.e. where the winds blow from
a nearby mountain or ice cap. Such winds are locally enhanced by
the buoyancy of the air and gravity as the air moves downwards
from the mountains. Thus, the contribution of high topography
to dust storms is twofold; it contributes both to dryness and to
increased winds on its downstream side. The two southernmost
dust sources in Fig. 2 are associated with the topography, as the
winds are enhanced locally when the airflow is deflected by the
mountain range in the southernmost part of Iceland, forming so-
called corner winds or barrier winds. This deflection occurs typi-
cally when the static stability of the air mass is high (e.g.,
Olafsson et al., 2004)

No systematic evaluation of the depth of the atmospheric
boundary layer during dust storms has been made so far, but val-
ues can be expected to be typically 1–3 km (see e.g., Jonassen et al.,
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2014). Strong mechanically generated turbulence, in addition to
thermal instability during daytime, suggests that the dust is in gen-
eral well mixed within the boundary layer.
11. Icelandic dust: Global implications and climate change

There are strong indications that Icelandic dust particles in dust
plumes travel long distances: (i) a high number of satellite images
confirming dust plumes extending more than 500 km (example
Fig. 17); (ii) dust particles from Iceland were identified in Ireland,
a 1300 km distance (Ovadnevaite et al., 2009); (iii) Icelandic dust
particles were identified in ice-core samples in Central Greenland
(Drab et al., 2002); and (iv) dust periods retrieved from the ice core
data during the GISP2 project in Greenland (Donarummo et al.,
2002) correlated with the NE Iceland dust frequency 1950–1990
(Dagsson-Waldhauserova et al., 2013). However, there is a lack of
case studies identifying the long range transport of Icelandic dust
and the magnitude of the impact of dust from Iceland on the atmo-
sphere is unknown at this point. There are several ways in which
the dust may have an impact on the radiation budget, both directly
and indirectly. Firstly, dust deposition on snow or ice in the Arctic
increases its albedo and accelerates melting in the summer season.
Secondly, the dust has a direct impact on radiation. The most
important part of this impact can be expected to be the reduction
of short wave radiation reaching the surface of the earth. Thirdly,
the dust may act as condensation nuclei, triggering cloud forma-
tion which in turn impacts the radiation budget in a complex man-
ner, depending on parameters such as the height of the clouds and
the albedo of the underlying surface. The quantification of these
impacts remains to be done.

In general, numerical predictions of future climate do not indi-
cate great changes in precipitation, mean winds or the number of
windstorms in the Iceland region (e.g., Thorsteinsson and
Björnsson, 2012), in spite of predicting strong warming in the Arc-
tic in general. However, as the topographic windstorms are local,
small changes in storm tracks may result in pronounced changes
in wind directions and thereby the local windstorm climate. Conse-
quently, the reliability of the evaluation of magnitude and
frequency of dust storms in Iceland in the future may be even less
reliable than the evaluation of more fundamental parameters
of the climate, such as winds, temperature and precipitation on a
larger scale.

On a decadal to centennial time scale, melting of ice will lead to
lowering of the major ice caps. This may have several implications.
Firstly, melting will reduce the precipitation sheltering on their
downstream side. Some frontal rain may in other words reach
more easily to the area downstream of the major glaciers and
reduce the uptake of dust. Secondly, a complete melting of the
ice caps will increase the surface roughness and surface heat
fluxes, leading to poorer conditions for downslope windstorms
(Jonassen et al., 2014). Thirdly, and perhaps most importantly, on
a shorter time scale the retreat of the ice may open new sources
of dust, as has been occurring over the last few decades.
12. Impacts of the aeolian activity and Icelandic dust

12.1. Ecosystems and aeolian history

The spread of deserts caused by aeolian surface processes has
played a major role in the nearly 1200 years of human history of
Iceland. Aeolian sand has devastated extensive areas, with a rela-
tively well documented history of desertification in south Iceland
(Crofts, 2011; Arnalds, 2015, Ch. 12).

Dust deposition is a major factor shaping Icelandic ecosystems.
Dust, together with volcanic tephra, becomes the parent material
of the soils (and organic matter). The sedimentation causes a
steady rise of the surface, often 0.01–0.5 mm yr�1, providing new
materials for soil formation (see Arnalds, 2015, Ch. 9). The sedi-
mentation rate is one of the key factors for separation and classifi-
cation of Icelandic Andosols, with less organic matter found in
wetland soils of rapid aeolian deposition. Hence, more organic
soils, including Histosols, are found furthest away from the aeolian
sources (Arnalds, 2015, Ch. 6). Soils close to active aeolian sources
tend to be coarse grained with a large sand component. The basal-
tic ash weathers relatively rapidly, providing cations that maintain
soil pH. The inference is therefore that the deposition has a fertil-
izing effect. Birds are considered a good indication of ecosystem
fertility and integrity. Research shows that the highest densities
of bird nests on comparable habitats on vegetated land are found
within the areas of the highest sedimentation rates in Iceland
(Gunnarsson et al., 2015).

It should be noted that dust generation is not limited to the
sandy deserts, as soil erosion associated with ecosystem degrada-
tion has caused massive dust generating events, especially during
some parts of the Middle Ages (Arnalds, 2015, Ch. 12). Redistribu-
tion of soil materials has been a substantial part of aeolian deposi-
tion during these times. It is likely that growing sandy areas at the
margins of glaciers have increased the proportion of aeolian mate-
rials of glacio-fluvial origin during the past 100 yrs. Furthermore,
reduced vegetation cover due to land degradation has increased
aeolian redistribution of volcanic materials after eruptions, as
materials deposited on barren areas are unstable, resulting in
heightened aeolian spikes after volcanic events. Similarly, steady
aeolian deposition on barren land (deserts) leaves unstable materi-
als on the surface that become re-suspended during the next
storm. This leads to an increased overall deposition on vegetated
areas that are able to stabilize the sediments and possible overes-
timation of dust generation based on soil thickening rates under
vegetation.

12.2. Dust, snow and glaciers

Satellite images have shown that dust particles are transported
over the Atlantic Ocean and Arctic Ocean at times for more than
1000 km (Arnalds, 2010). Globally, fine dust particles may be
transported at altitudes of up to 10 km and can be carried distances
greater than 10,000 km (Husar, 2004). Grousset et al. (2003) sug-
gested that dust particles can travel over 20,000 km in two weeks.
Icelandic dust is likely to contribute to Arctic or European air pol-
lution and affect indirectly the climate via dust deposition on Arc-
tic glaciers or sea ice. Local glaciers cover about 11% of Iceland
(Björnsson and Palsson, 2008). However, the closest distance to
the Greenland glacier is about 500 km from Iceland. Drab et al.
(2002) identified dust particles in the Arctic glaciers with origins
from Asia and Africa and including volcanic particles from Iceland.

Dust events in the southern part of Iceland often occur during
winter, even at sub-zero temperatures, resulting in snow mixed
or covered with dust. Darker snow reduces the albedo and acceler-
ates snowmelt (Painter et al., 2012; Steenburgh et al., 2012). The
‘‘Soot on the Snow” (SoS-2013) experiment carried out in Sodan-
kylä, Finland, was aimed to study the effect of black carbon (BC)
and Icelandic dust on the surface albedo, snow properties and
snow melt (Meinander et al., 2014; Peltoniemi et al., 2015). Two
Icelandic dust samples, coarse dark volcanic sand and fine light-
brown glaciogenic silt, were used in the study. The snow albedo
during the time of the deposition was the highest for clean snow
and slightly reduced for snow with volcanic sand. The soot reduced
the snow reflectance significantly, but the fine Icelandic silt
reduced the snow reflectance even more at the time of the deposi-
tion. Hadley and Kirchstetter (2012) found a 20% decrease in snow
albedo (at k = 0.412 lm) for the soot concentration c = 1.68 lg g�1.



Fig. 15. Melting, metamorphose and diffusion processes on snow where glaciogenic silt was deposited. Left: freshly deposited. Right: several hours after dust deposition.
�Maria Gritsevich.

Fig. 16. The Icelandic Snow-Dust storm on March 6 2013, in Kirkjubæjarklaustur (left), caused an extreme volcanic dust deposition on snow. The impurities on snow in
Reykjavik, 250 km from the dust source (right) were observed to form larger particles (‘‘clumping mechanism”) and accelerate snow melt. Left photo – courtesy of Ingveldur
Gudny Sveinsdottir, Kirkjubæjarklaustur.

Fig. 17. MODIS Aqua satellite images of dust storms in South (A) and Northeast (B) Iceland. Calculated forward (A) and backward (B) trajectories (HYSPLIT) for the events on
September 16, 2013 reaching Europe (A), and August 17–18, 2008 reaching Svalbard (B).
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However, Painter et al. (2007) observed the most pronounced
decrease towards the UV portion of the spectrum due to global
dust deposition.

Overall, the larger volcanic sand particles reduced the reflec-
tance more than the fine glacio-genic silt particles except that
the small silt particles tended to form larger grains during several
hours after deposition (Fig. 15). The Snow-Dust storm event in Ice-
land in March 2013 confirmed that a ‘‘clumping mechanism”
occurs under natural conditions (Dagsson-Waldhauserova et al.,
2015), contrary to earlier observations (Brandt et al., 2011).
Fig. 16 (right) shows the formation of larger grains on snow in
Reykjavik after the event under natural conditions. This dust trav-
eled about 250 km before being deposited on snow. The layer of
dust deposited on snow closer to the dust source was several cen-
timeters thick (Fig. 17 left).

A positive instantaneous radiative forcing of the Saharan dust
on snow reaches values up to 153 Wm�2 (di Mauro et al., 2015).
Icelandic volcanic dust is expected to cause greater radiative forc-
ing than crustal dust due to its darker color and the clumping
mechanism of fine dust. The volcanic dust deposition on the Ice-
landic glaciers is estimated as 400 g m�2 yr�1 (Arnalds et al.,
2014). In addition, several severe dust events bring extreme
amounts of dust to the glaciers and snow surfaces in Iceland each
year. This indicates that volcanic dust has a strong negative impact
on the snow and glaciers. The glaciogenic silt, which is a major
component of the dust, was found to have lower reflectance than
more coarse sand. However, Clark et al. (1990) compared 33 dust
samples (none from Iceland) and reported a higher spectral reflec-
tance for all the samples compared to results reported for Icelandic
samples.

Generally, direct radiative forcing of mineral dust is calculated
as negative (IPCC, 2013). In terms of climate forcing, black carbon
(BC) has been found as the most powerful absorbing aerosol and
the second most important human emission after carbon dioxide
(Bond et al., 2013). However, research shows that the optical and
thermal properties of Icelandic volcanic dust, which is largely
basaltic, and BC particles are similar (Yoshida et al., in press). We
therefore emphasize that Icelandic dust can possibly have climatic
effects and should be considered in future climate models, as
pointed out by Ovadnevaite et al. (2009).

12.3. Air quality and possible health impacts of Icelandic volcanic dust

Iceland is generally considered to have limited air pollution
compared to more densely populated areas in Europe and North
America. Dust emissions, however, do reduce air quality such as
in the capital Reykjavik (Thorsteinsson et al., 2011). Particulate
matter (PM10) concentrations during dust events in Reykjavik often
exceed the health limit of 50 lg m�3 over 24 h (WHO, 2005; UST,
2015). PM concentrations measured during dust events in the
vicinity of dust sources (<30 km) exceed the health limit on an
order of 10–100 times (UST, 2015). Research has shown that mor-
tality increases with dust pollution, e.g. for about 8% per 10 lg m�3

in Barcelona, Spain, when Saharan dust is suspended (Perez et al.,
2008). High PM10 levels from volcanic dust in Iceland tend to be
significantly associated with emergency hospital visits; estimates
range from 4.8% to 7.3% increase per day of exposure (Carlsen
et al., 2015; see also Gudmundsson, 2011). The World Health Orga-
nization considers that an annual PM2.5 concentration of 10 lg m�3

and estimated visibility of 67 km imply health risk, or a daily stan-
dard of 35 lg m�3 and visibility range of 31 km (WHO, 2005). The
long-term frequency of dust events in Iceland is 34–135 dust days
annually with a mean visibility of 25 km. This indicates that some
areas in Iceland may be similar to heavily industrialized regions of
the world in terms of PM air pollution. It should be mentioned that
considerable research was devoted to air quality in relation to the
2010 Eyjafjallajökull eruption, not only in Iceland but also in Eur-
ope (e.g., Navratil et al., 2013).

Mineralogical and geochemical analyses of Icelandic samples
showed that 75–80% of the particulate matter is volcanic glass rich
in heavy metals, such iron and titanium. Alkali- and silica-rich
glasses have often complicated pipe-vesicular structures (Fig. 12,
top-right) more similar to asbestos particles or black carbon than
mineral dust, and may pose health risks (Donaldson et al., 2006).
Moreover, a high amount of bioavailable metals in the dust
increases the inflammatory capacity of the PM, which may cause
health problems (Morman and Plumlee, 2013). Few studies have
addressed dust particle numbers in the close-to-ultrafine size
range, but I in a study of urban particles, modes with a mean of
0.212 lm in diameter were associated with increased admissions
for pediatric asthma and respiratory disease (Andersen et al.,
2008). In vitro studies of Icelandic ash exposure on immune system
biomarkers in lung cells found that biomarkers were increased
(Horwell et al., 2013) and responses to bacteria were suppressed
(Monick et al., 2013).

The impact of Icelandic dust on human health and air quality is
poorly understood. Dust emission research should be linked with
existing health records from various parts of Iceland in order to
investigate possible health effects. Furthermore, more and more
widely distributed dust measurements are needed to develop
health risk warning systems.
13. Conclusions

Aeolian processes and dust production are a major part of the
Icelandic geomorphic environment, shaping ecosystems both on
land and on glaciers, and possibly influencing oceanic conditions.
The processes are comparable to those reported elsewhere in the
world, but with important differences. In comparison to other Arc-
tic as well as European areas, Iceland has the largest active aeolian
surfaces (about 15,000 km2, Table 2), and the fact that aeolian
materials in Iceland are chiefly made of volcanic glass makes them
unique in a global context. The variable density of the materials,
which include some light materials (down to 1 g cm�3 in places;
Thorarinsdottir and Arnalds, 2012) is likely to enhance surface
transport and dust production together with other factors such
as frequent high wind velocities. The amount of dust (millions of
tons) exceeds by far other published numbers for emissions in
the Arctic (e.g., by Crusius et al. (2011); see also Bullard (2013)).
The frequency of the dust storms is also higher than reported for
the Arctic and Antarctic areas, with storms occurring throughout
the year, owing to the mild oceanic climate in winter. Furthermore,
the size and the frequency of jökulhlaups, which create and
recharge active aeolian areas, are unique to Iceland.

It can be concluded that increased vegetative cover, especially
in areas of periodic volcanic ash deposition and high rates of aeo-
lian sedimentation, can reduce the overall aeolian surface trans-
port and dust production in Iceland. The spread of sandy deserts
has been of major concern. It has, however, been halted in the most
active areas. Nevertheless, active sand sources need to be moni-
tored in order to prevent future ‘‘advancing sand events”.

Icelandic ice caps and outlet glaciers generally advanced after
ca. 5000–4000 years ago until the late 19th century, in response
to deteriorating climate (Björnsson and Palsson, 2008; Geirsdóttir
et al., 2009; Striberger et al., 2012; Hannesdottir et al., 2014). Their
retreat has greatly added to the formation of extensive sand fields
that are prone to dust production. The glacial retreat has also
exposed barren subglacial landscapes that in many cases were fully
vegetated and carrying birch forests prior to the glacial expansion
(e.g., Jonsson et al., in press). The retreat of Iceland’s major
glaciers will undoubtedly lead to increased dust production in
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the future, as has been suggested for other areas experiencing
glacial retreat (e.g., Alaska; Crusius et al., 2011). The effect of
retreating glaciers in Iceland is dependent on such factors as
vegetation succession and on the level of human intervention
by preventing grazing damage and implementing revegetation
efforts.

We conclude that Icelandic dust may have a considerable
impact on glaciers and atmospheric conditions in the sub-Arctic
and Arctic areas, due to high emission rates, the long distance of
travel, and the light adsorbing nature of the dark colored materials.
Further research is needed to study these impacts. Furthermore,
recent research reviewed in the paper shows that the impact of Ice-
landic dust on air quality is likely to be substantial and that there is
therefore a need for increased research efforts.

It is important to investigate aeolian processes in Iceland in
greater detail. This includes assessment of the major dust sources
in Iceland and their nature such as the number and magnitude of
dust events, as well as their physical and chemical characteristics.
The impact of dust on the fertility of land and sea also needs fur-
ther research attention. Transport of aeolian sediments over exten-
sive areas (hundreds of km2) needs to be quantified and modeled.
Such research is important in order to understand the future
impact of sand storms in order to better understand and prepare
for future catastrophic events like glacial flooding, glacial retreat,
and volcanic ash deposition. The influence of dust deposition on
ecosystems on land and sea is likely to be great, considering the
rapid weathering rates of the basaltic volcanic dust. The informa-
tion is needed, among other things, for the protection of human
health.
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