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Cold climate and high latitudes regions contain important dust sources where dust is frequently emitted, foremost
from glacially-derived sediments of riverbeds or ice-proximal areas (Arnalds, 2010; Bullard, 2013). Iceland is
probably the most active dust source in the arctic/sub-arctic region (Dagsson-Waldhauserova, 2013). The frequency
of days with suspended dust exceeds 34 dust days annually. Icelandic dust is of volcanic origin; it is very dark
in colour and contains sharp-tipped shards with bubbles. Such properties allow even large particles to be easily
transported long distances. Thus, there is a need to better understand the spatial and temporal variability of these
dusts.

Two launch campaigns of the Light Optical Aerosols Counter (LOAC) were conducted in Iceland with meteoro-
logical balloons. LOAC use a new optical design that allows to retrieve the size concentrations in 19 size classes
between 0.2 and 100 microm, and to provide an estimate of the main nature of aerosols. Vertical stratification and
aerosol composition of the subarctic atmosphere was studied in detail. The July 2011 launch represented clean non-
dusty season with low winds while the November 2013 launch was conducted during the high winds after dusty
period. For the winter flight (performed from Reykjavik), the nature of aerosols strongly changed with altitude. In
particular, a thin layer of volcanic dust was observed at an altitude of 1 km.

Further LOAC measurements are needed to understand the implication of Icelandic dust to the Arctic warming and
climate change. A new campaign of LAOC launches is planned for May 2014.
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Iceland is an active source of dust originating from glaciogenic and volcanic sediments. The frequency of days
with dust suspension exceeded 34 dust days annually in 1949-2011. This figure represents a minimum value
as many dust storms occur without the dust passing the weather stations recording the events. Comparison of
meteorological synoptic codes for dust observation and direct particulate matter mass concentration measurements
in 2005-2013 showed that the mean number of dust days in Iceland can increase up to135 dust days annually. Dust
events in NE Iceland occur mostly in May-September, while almost half of all dust events in SW Iceland were at
sub-zero temperatures or in winter.

Icelandic dust is different from the crustal dust; it is of volcanic origin and dark in colour. It contains sharp-tipped
shards and is often with bubbles. Such physical properties allow large particle suspension and transport to long
distances, e.g. towards the Arctic. To estimate the further impacts of dust transport, both laboratory and snow
spectropolarimetric measurements were done using the Finnish Geodetic Institute Field Goniospectrometer FIGI-
FIGO (http://www.polarisation.eu/index.php/list-of-instruments/view-submission/172), an automated portable
instrument for multiangular reflectance measurements. The albedo, hemispherical directional reflectance factor
(HDRF), polarization, and other snow properties were monitored on the snow and areas affected by the dust
deposition through the following melting period in spring 2013 in Lapland during the Soot on Snow (SoS) 2013
campaign.

Glaciogenic silt deposited on snow made the snow optically darker. The melting, metamorphose and diffusion
processes were fast during the measurement time while the sun heated the particles, snow melted around, and the
particles diffused inside the snow. Smaller particles diffused faster than the larger. Fine silt particles tended to
form larger grains.

Larger volcanic sand particles had lower reflectance than fine silt particles both in laboratory and deposited on
snow. Icelandic volcanic sand was of similar optical properties as black carbon both deposited on snow or in
laboratory.

This experiment showed that the Icelandic volcanic dust may both directly and indirectly act as a positive climate
forcing agent. We suggest that Icelandic dust may be a contributor to the Arctic warming.

We would like to acknowledge all the SOS 2013 participants: A. VIRKKULA., O. MEINANDER, G. DE
LEEUW and others.
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Abstract

Long-term frequency of atmospheric dust observations was investigated for the southern part
of Iceland and merged with results obtained from the Northeast Iceland (Dagsson-
Waldhauserova et al., 2013). In total, over 34 dust days per year on average occurred in
Iceland based on conventionally used synoptic codes for dust. Including codes 04-06 into the
criteria for dust observations, the frequency was 135 dust days annually. The Sea Level
Pressure (SLP) oscillation controlled whether dust events occurred in NE (16.4 dust days
annually) or in southern part of Iceland (about 18 dust days annually). The most dust-frequent
decade in S Iceland was the 1960s while the most frequent decade in NE Iceland was the
2000s. A total of 32 severe dust storms (visibility < 500 m) was observed in Iceland with the
highest frequency during the 2000s in S Iceland. The Arctic dust events (NE Iceland) were
typically warm and during summer/autumn (May-September) while the Sub-Arctic dust
events (S Iceland) were mainly cold and during winter/spring (March-May). About half of
dust events in S Iceland occurred in winter or at sub-zero temperatures. A good correlation
was found between PM concentrations and visibility during dust observations at the stations
Vik and Storhofdi. This study shows that Iceland is among the dustiest areas of the world and

dust is emitted the year-round.

1 Introduction
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Frequency of dust episodes is monitored around many of the major desert areas of the world.
Detailed and long-term studies on wind erosion variability can potentially explain the
climatological and environmental changes in past. Periodical dust occurrences can affect
ecosystem fertility and spatial and temporal distribution of animal and vegetation species
similarly to climate variations (Fields et al., 2010). Oceanic ecosystems receive high amounts
of nutrient rich dust spread over large areas where deserts occur near the sea (Arnalds et al.,
2014). The long-term dust variability studies based on the meteorological observations
present up to 90 years old records from North America, Africa, Asia and Australia
(N"TchayiMbourou et al., 1997; Qian et al., 2002; Natsagdorj et al., 2003; Ekstrom et al.,
2004; Jamalizadeh et al., 2008; Steenburgh et al., 2012). Engelstaedter et al. (2003) reported
high dust activity at many weather stations located in high-latitude regions. Cold climate
regions are represented by long-term dust frequency in Northeast Iceland (Dagsson-
Waldhauserova et al., 2013). Dust emission intensity and deposition rates in active glacial
environment have been found very high, in some cases far exceeding those in lower latitudes
(Bullard, 2013). Ganopolski et al. (2009) calculated glaciogenic dust deposition > 50 gm’2y1r'1
at the last glacial maximum with highest rates over the north-western Europe. Recently, the
highest deposition rates of glaciogenic dust > 500 gm'zyr'1 are reported from Iceland (Arnalds,

2010, see also Bullard, 2013).

Dust events in Arctic/Sub-Arctic region have been observed in Alaska (Nickling, 1978;
Crusius et al., 2011), Greenland (Bullard, 2013), Svalbard (Dornbrack et al., 2010) and
Iceland (Arnalds, 2010; Prospero et al., 2012; Thorarinsdottir and Arnalds, 2012). Arctic
coastal zones are considered as the windiest regions on Earth (Eldridge, 1980). Strong winds
in Iceland are causing some of the most extreme wind erosion events recorded on Earth

(Arnalds et al., 2013).

The highest dust emissions in Arctic regions are associated with summer and early autumn
(Nickling, 1978; Bullard, 2013; Dagsson-Waldhauserova et al., 2013). Dust concentrations in
Sub-Arctic regions peak in spring (April-June, Prospero et al., 2012). Cold and winter periods
are, however, of higher glaciogenic dust deposition than warm periods (Ganopolski et al.,
2009). Dust events are frequent during dry years (Steenburgh et al., 2012; Dagsson-
Waldhauserova et al., 2013), but suspended dust has also been observed during high

precipitation and low wind conditions (Dagsson-Waldhauserova et al., 2014).
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Iceland is an important source of volcanic sediments that are subjected to intense aeolian
activity (Arnalds, 2010; Prospero et al., 2012; Thorarinsdottir and Arnalds, 2012; Arnalds et
al., 2013) and is likely the largest glaciogenic dust source area in the Arctic/Sub-Arctic
region. Total emissions of dust from Icelandic dust sources are of the range 30 to 40 million
tons annually with 5-14 million tons deposited annually over the Atlantic and Arctic Oceans
(Arnalds et al., 2014). Seven major dust plume sources have been identified (Arnalds, 2010).
These sources are all in vicinity of glaciers. The most active glacial flood plain,
Dyngjusandur, covers an area of about 270 km? with up to 10 m thick sediments and is the
main source for dust events in NE Iceland and towards Arctic (Dagsson-Waldhauserova et al.,
2013). The major dust sources in South Iceland are Skeidararsandur, Myrdalssandur,
Melifellssandur, Landeyjasandur resulting in dust events south towards Europe during
northerly winds, but alternatively towards Reykjavik and North America during easterly
winds. The Hagavatn plume area is the source for frequent dust events towards Reykjavik and
North America (the ocean southwest of Iceland). Glaciogenic dust from the Melifellssandur
area contains fine sharp-tipped shards with bubbles and 80 % of the particulate matter is
volcanic glass rich in heavy metals (Dagsson-Waldhauserova et al., 2014). Such physical
properties of the particles allow rapid suspension of moist particles within only a few hours

after rains. In situ measurements from other dust plume areas are not available.

Dust suspension is related to reduced visibility. Wang et al. (2008) found a good correlation
between PM, concentrations and visibility during dust observation. The visibility-dust
formula can be used for dust concentration estimations where no aerosol mass concentration
measurements are conducted (Dagsson-Waldhauserova et al., 2013). The relationship between

dust concentration and visibility has not been investigated in Iceland.

The main objectives of this study were to explore the long-term (63 years) frequency of dust
events in Iceland. Emphasis was given on determining the climatology and character of Arctic
and Sub-Arctic dust events. In addition, the relationship between available dust
concentrations and visibility during dust observation was investigated and the frequency of

dust events placed in an international perspective.

2 Methods

2.1 Meteorological data and PM measurements
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A network of 30 weather stations (15 in S Iceland, 8 in NE Iceland, and 7 in NW Iceland)
operated by the Icelandic Meteorological Office was chosen for the study (Figure 1). Table 1
shows the duration of station operation with majority of stations in operation since 1949. The
data consist of conventional meteorological parameters such as wind velocity, wind direction,
temperature and visibility, accompanied by synoptic codes of present weather. Present
weather refers to atmospheric phenomena occurring at the time of observation, or which has
occurred preceding the time of observation (IMO, 1981). The synoptic codes (ww) for present
weather which refer to dust observation are 7-9, and 30-35. In addition, codes 4-6 are
considered, but only if the codes for primary or secondary past weather (ww1, ww2) are 3 for
blowing soil, dust, sand and dust storm (IMO, 1981; Dagsson-Waldhauserova et al., 2013).

Weather observations were made 3-8 times a day.

Meteorological observations (synoptic codes for dust including 04-06 and visibility) were
evaluated with available particulate matter (PM) mass concentrations data provided by the
Environmental Agency of Iceland (EAI). The PM10 data were obtained from the permanent
station in Reykjavik (Grensasvegur, since 1996) and temporary stations in Vik and
Kirkjub@jarklaustur (2010-2011). The Reykjavik station is equipped with Thermo EMS
Andersen FH 62 I-R instrument, the Kirkjub@jarklaustur station with the Grimm EDM 365
and Thermo 5014 measured concentrations in Vik. Distance between the meteorological and
EAI stations in Reykjavik and Kirkjub@jarklaustur is about one kilometer and several
kilometers in Vik. Data set of dust concentrations (1997-2002, 2010) from the High-volume
Filter Aerosol Sampler in Vestmannaeyjar (Westmann Islands) was used for evaluation of the
dust codes and visibility at the Storhofdi station (Prospero et al., 2012). Daily dust
concentrations were correlated with the minimum visibility during dust observations during

the preceding 24 hours.

Most of the conventional dust studies do not include synoptic codes 04-06 for “Visibility
reduced by volcanic ashes”, “Dust haze” and “Widespread dust in suspension in the air” into
the criteria for dust observation (Dagsson-Waldhauserova et al., 2013). Comparing these
codes with available dust concentration measurements showed that PM10 concentration > 41
ygm'3 (about a double mean concentration) was exceeded in about 80 % of the 04-06 code
cases. We have not included these codes in this long-term study except that ww1 or ww2 was

3.

2.2 Analysis
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The initial dataset was built from the occurrence of “dust observation* made at one or more
weather stations. Long-term dust activity was expressed in dust days. A “dust day* was
defined as a day when at least one station recorded at least one dust observation. About 29%
of the observations did not include information on the present weather and they were

excluded from the dataset.

Dust concentration measurements can be compared to the weather observations at few
stations in Iceland and for a short time period. For the stations where PM;y, measurements
were available, we applied a power regression to determine the relationship between dust
concentrations and visibility during dust codes including 04-06 (methods detailed in Wang et
al., 2008). Visibility during dust observation was used to classify the severity of dust events in

past (Dagsson-Waldhauserova et al., 2013).

3 Results

3.1 Frequency, spatial and temporal variability in dust production

A mean of 34.4 dust days per year was observed in Iceland during the period 1949-2011. An
annual mean of 16.4 dust days (total of 1033 days) was recorded in NE Iceland (Dagsson-
Waldhauserova et al. 2013) and about 17.9 dust days (total of 1153 days) occurred annually in
southern parts of Iceland in 1949-2011. Figure 2 shows that the most dust active decade in
Iceland was the 1960s while the 1980s were the lowest in number of dust days. For the
southern part of Iceland, the highest frequency of dust events was in the 1950s-1960s,
whereas the 2000s was the most frequent decade in the NE Iceland. The Grimsstadir station
(NE) is the dustiest weather observation location in Iceland with > 12 dust days annually. The
following dusty stations with > 3 dust days annually are represented in Table 2: Hofn (S),
Vatnsskardsholar (S), Egilsstadir (NE), and Hella (S). The stations with highest dust
frequency in southern part of Iceland are described in Figure 2 (NE stations published in
Dagsson-Waldhauserova et al. 2013a). The stations Hofn and Vatnsskardsholar reported
highest number of dust days in the 1950s-1960s, the station Hella observed highest dust
period in the 1960s-1970s and a new station in Hjardarland (established in 1990) was the
most active in the 2000s. Dust events were less severe in the 2000s than in the 1950s-1990s
reflected by increased visibility during dust observations. Mean visibility during dust

observations in S Iceland was 23.3 km indicating more severe dust events in S than in the NE
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Iceland or that weather stations are closer to major dust sources. Including codes 04-06 into
the criteria for dust observation, the annual mean dust-day frequency was 135 dust days with

101 dust days observed in S Iceland and 34 dust days in NE Iceland.

3.1.1. Annual and seasonal dust day variability

An annual number of dust days in 1949-2011 is depicted in Figure 3. The dustiest years were
1955, 1966 and 2010, when over 55 dust days occurred annually. The least dusty period was
1987-1990 with 11-15 dust days annually. Dust events occurred more frequently in southern
part of Iceland than in NE Iceland in 1949-1954, 1962-1975, 1978-1981, and 2009-2011. The
NE dust events were observed more often in 1955-1961, 1976-1977, 1982-1986, and 1992-
2008 (except 1994, 2003). There is clear trend of having either the south or the north more
active at a time. The years with relatively severe dust events (and annual visibility during dust

observations < 15 km) were 1949, 1966, 1975, 1996, and 1998.

The seasonal distribution of dust days in southern part of Iceland showed that about 47 % of
dust events occurred in winter (Nov-March) or during sub-zero temperatures. Dust days, as
shown in Figure 4, were most often in May (18 % of dust days), April (13 %) and March
(11%). The lowest occurrence of dust days (< 6 %) was in January, December, August and
September. Contrarily, dust events in NE Iceland occurred mainly in summer and early

autumn (May-September, Dagsson-Waldhauserova et al. 2013).
3.2 Climatology of dust events

3.2.1. Long-term trends in meteorological parameters of dust events (DE)

The mean DE temperature in southern part of Iceland was 3°C with minimum 1.4°C in the
1960s and maximum 5°C in the 2000s (Figure 5A). There was a great variability in DE
temperatures, especially during the most active dust decade, the 1960s. The DE were the
coldest in NE Iceland during the 1960s as well, but the warmest DE period was the 1950s
(Dagsson-Waldhauserova et al., 2013). The mean DE temperature in the NE was significantly
higher than in S Iceland, about 10.5°C.

Dust observations in S Iceland reported high mean DE wind velocity of 13.6 ms™, where the
maximum mean of 15.6 ms™ was during the 1980s and the minimum of 11.9 ms” during the

2000s (Figure 5B). Extreme DE winds exceeding 30 ms™ occurred mainly in the 1960s and
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the 1970s. The mean DE wind velocity in NE Iceland was 10.3 ms” with the maximum of
11.9 ms” during the 2000s and the minimum of 8.6 ms”' in the 1980s (Dagsson-
Waldhauserova et al., 2013).

The most common wind direction during dust events in S Iceland was N-NE, mainly reported
from the stations Hofn, Hella, Vatnsskardsholar, Kirkjubaejarklaustur, Storhofdi, Eyrarbakki,
Vik, Thingvellir, Hjardarland, Keflavik, and Reykjavik (Figure 6). Dust events were often
observed from the wind direction ENE (Haell, Vatnsskardsholar), E-ESE (Storhofdi,
Vatnsskardsholar, Thingvellir, Reykjavik, Keflavik), NW-NNW (Hofn), and W-WNW
(Vatnsskardsholar). The DE wind directions in NE Iceland were predominantly SW-S and
SSE-SE (Dagsson-Waldhauserova et al., 2013).

3.2.2. Seasonal patterns in meteorological parameters of dust events

Seasonal variability in temperature and wind velocity during dust events in S Iceland is
depicted in Figure 7. The DE mean temperatures in October-May period are several degrees
lower than the long-term monthly temperatures (higher in June-August period). Generally, the
DE temperature in S Iceland was about 1.7°C lower than the long-term mean. Contrarily, the
DE temperatures in NE Iceland were about 3°C higher than monthly long-term temperatures

(Dagsson-Waldhauserova et al., 2013).

The DE wind velocities were significantly higher (5-11 ms™) than long-term monthly wind
velocities (Figure 7B). The highest DE winds in S Iceland were from December to April
while the lowest DE winds occurred in summer (June-September). This corresponds to the
long-term monthly wind velocity trends. The mean DE wind velocity was 7.7 ms ' higher than
long-term mean wind velocity. The difference is most pronounced during the winter months.
In NE Iceland, the DE winds were about 4-7 ms™ higher than long-term means with maxima
in May and September-October (Dagsson-Waldhauserova et al., 2013). Generally, the DE

winds were about 3 ms™ lower in NE than S Iceland.

3.2.3 Dust event classification and meteorology

Reported dust events were of different severity. Where no atmospheric dust measurements are
available, visibility during dust observation is used to estimate the dust event severity. Table 2
describes the dust event classes based on the visibility ranges. The most frequent were dust

observations of “Suspended” and “Moderate suspended dust” (NE 73%; S 59%) with
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visibility 10-70 km, “Severe” and “Moderate haze” (NE 24%; S 32%) with visibility 1-10 km,
and “Severe” and “Moderate dust storm” (NE 3%; S 5%) with visibility < 1 km. There were
32 “Severe Dust Storms* (visibility < 500 m) observed in Iceland (14 in NE mostly in the
1950s, 18 in S mostly in the 2000s).

The DE wind velocity increased with the DE severity, but the DE temperature decreased with
the DE severity, except for “Moderate dust storm* recorded mostly at the Vik station in S
Iceland. The parameters show that dust events in southern part of Iceland were observed as

more severe than in NE Iceland.

Most of the dust classes in S Iceland occurred in April and May. Severe dust storms were
most frequent in March and January at Vik, Hella, Kirkjubajarklaustur, Heell, Eyrarbakki and
Vatnsskardsholar stations. The station Vik located only about 10 km from the Myrdalssandur
dust source reported the mean DE visibility of 2 km indicating very severe dust events.
Following stations with the lowest mean DE visibility were Raufarhofn (NE, 15 km), Héfn
(18.3 km), Kirkjubzjarklaustur (20.1 km), Storhofdi (20.4 km), and Hella (21.1 km). The
highest mean DE velocity was measured at the most windy station Storhofdi (22.6 ms™) while
the lowest mean DE winds were at the station Thingvellir. Thingvellir recorded also the
highest mean DE temperature (8.5°C) in S Iceland. The lowest DE temperatures were in Hofn

(-2.3°C) located downwind Vatnajokull glacier.

About 18 % of dust events in S Iceland were observed at more stations in the same time (two
stations: 12.5 %, three stations: 3.4%, four or more stations: 1.5%). Dust co-observations
were mostly in Kirkjubajarklaustur and Hofn, Kirkjubajarklaustur and Vatnsskardsholar, and
Kirkjubajarklaustur with Hella. The Reykjavik station observed dust together with Hella or
Thingvellir.

3.3 Relationship between PM, concentrations and visibility

Hourly PM;( concentrations were compared with corresponding visibility data during dust
observations at available stations. Good correlation (R2:0.73) and considerable correlation
(R?=0.48) were found between dust concentration and visibility by power function fitting at
the stations in Vik and Vatnsskardsholar (Figure 8A, 8B). Weak relationship between PM
concentrations and visibility during dust codes (R?<0.3) was found at the stations Reykjavik
and Kirkjubaejarklaustur. Figure 8C shows visibility of all available dust codes plotted

against corresponding PM;o concentrations together at all stations. Power function analysis
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resulted in moderate correlation (R*=0.37, p<0.01). Daily dust concentrations from the High-
volume Filter Aerosol Sampler at Storhofdi during 1997-2002 and 2010 were well correlated
with the 24-hour minimum visibility (R*=0.71, Figure 8D).

4 Discussion

An annual mean of 34 dust days recorded in Iceland is comparable to dust studies from the
active parts of China (35 dust days yr’l, Qian et al., 2002), Mongolia (40 dust days yr'l,
Natsagdorj et al., 2003), and Iran (Jamalizadeh et al., 2008). The synoptic coding protocols
can, however, contribute up to 15 % underestimation of annual dust day number
(O’Loingsigh et al., 2010). Moreover, synoptic codes 04-06 showed a good agreement with
increased PM( concentrations. Including these codes into the criteria for dust observation, the
annual mean dust-day frequency would be fourfold higher than applying conventionally used
dust codes. This results in a total of 135 dust days per year on average for Iceland with 101
dust days observed in S Iceland and 34 dust days in NE Iceland. Such frequency can be found
in parts of Australia and Africa (Ekstrom et al., 2004; N TchayiMbourou et al., 1997). High
numbers of dust observations presented here reflect previous studies showing high dust
deposition rates in Iceland (Arnalds, 2010; Prospero et al., 2012; Thorarinsdottir and Arnalds,
2012; Bullard, 2013; Arnalds et al., 2013; Arnalds et al., 2014) and places the country among
the important dust production areas of the world. Iceland is likely the most largest and active

high-latitude cold dust source.

Trends in global dust emissions show high dust frequency during the 1950-1960s and low
frequency during 1980s in the USA, Australia and China as well as in Iceland (Steenburgh et
al., 2012; Ekstrom et al., 2004; Qian et al., 2002). The 2000s were reported as the most active
decade in Iran and in NE Iceland (Jamalizadeh et al., 2008). Dust periods retrieved from the
ice-cores data during GISP2 project in Greenland correlate with the NE Iceland dust

frequency 1950-1990 (Donarummo et al., 2002).

Generally, the period 1950-1965 was warm and dry in Iceland resulting in frequent dust
suspension (Hanna et al., 2004). For the NE Iceland, the dustiest year 1955 with 37 dust days,
coincides with one of the warmest and driest years in NE Iceland (Hanna et al., 2004). For the
southern part of Iceland, the most frequent and severe dust event period was during 1965-
1968. It was a period of below-average precipitation reported at stations Reykjavik,
Stykkisholmur and Vestmannaeyjar (Hanna et al., 2004) while the 1965 was the driest year in
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SW Iceland for the past 100 years. The 20th century warm period in Iceland (1920s-1965)
ended very abruptly in 1965 with about 1°C drop in mean annual temperature (Hanna et al.,
2004). The most exceptional year was, however, the year 1966 with 40 dust days reported in
S Iceland. Not only was October 1966 reported as the driest October in Icelandic history, but
also February 1966 in Reykjavik. Together with extremely strong maximum winds of more
than 40 ms”, the meteorological conditions in February 1966 caused at least 11 days of
extremely severe dust storms. Local newspaper reported several large roofs removed from the

houses, ships tore away from the harbors and planes turned around (Morgunbladid, 1966).

The seventies were cold with high precipitation, but strong winds were often observed in S
Iceland bringing the dust into suspension. The 1980s and 1990s were cold and with high
precipitation in S Iceland while the 1990s were warm in the NE (Hanna et al., 2004). High
frequency of dust events in NE Iceland during the 2000s was associated with dry and warm
Junes. High number of dust days in S Iceland in 2010 was often because of resuspension of
volcanic ash from the Eyjafjallajokull eruption during very frequent northerly winds (Petersen
et al., 2012). The annual differences in dust event frequency do not correspond to trends of
the global climate drivers such as the North Atlantic Oscillation (NAO), the Arctic Oscillation
or prevailing ocean currents (Dagsson-Waldhauserova et al., 2013). The main driver is likely
an orthogonal pattern to NAQO, the dipole of Sea Level Pressure (SLP) oscillation oriented

east-west (Dagsson-Waldhauserova et al., 2013).

The position of the Icelandic low determines whether dust plumes travel in a northeast or
southerly direction. Higher frequency and severity of DE (low visibility and high wind
speeds) in S Iceland than in NE Iceland is likely due to the close proximity of the S stations to
the dust sources as well as higher number of the stations in the South (Figure 1). The
Grimsstadir station is > 100 km from the Dyngjusandur source while the southerly stations are
in range of tens of km from the sources. Dust deposition rates and DE severity decrease
exponentially with distance from the source (Arnalds et al., 2014). The local dust sources in S
Iceland are also affected by milder oceanic climate during the winter while the NE highland
dust sources are covered by snow for much of the winter. The dustiest weather station,
Grimsstadir, is located downwind from the most active glacial plain in Iceland,
Dyngjusandur, N of the Vatnajokull glacier. The most active stations are equally distributed

around the areas with very high dust deposition (Arnalds, 2010) from the central NE, SE, S to
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SW Iceland. The land reclamation activities from the 1950s and 1970s (Crofts, 2011) result in

decreased dust activity at the stations Hella and Hotn (Figure 2).

The seasonal distribution of dust events in Iceland shows that the high dust period is from
March to October. The NE dust events are typically warm, occurring during summer/autumn
(May-September) while the S dust events are mainly cold, occurring during winter/spring
(March-May). This is related to the SLP pattern which controls the warm southerly winds in
NE Iceland as well as the cold northerly winds in S Iceland (Bjornsson and Jonsson, 2003).
The S dust events are, however, more equally distributed during the year. The winter season is
related to mild temperatures and high winds in S Iceland. Relatively high mean dust
concentrations were measured during winter (Jan-March) at station Storhofdi (Prospero et al.,
2012). The winter cold dust storms were frequently observed also in Mongolia (Natsagdorj et
al., 2003). The highest number of dust storms occurred in March-May while the mean March-
April temperatures were sub-zero. May is the driest and dustiest month in Iceland while June
and September are the driest months only in NE Iceland (Hanna et al., 2004; Dagsson-
Waldhauserova et al., 2013). Nevertheless, dust events can be observed also during high
precipitation seasons < 4 hours after the rain (Dagsson-Waldhauserova et al., 2014). This
agrees that even the highest precipitation year such 1972 can be of relatively high dust

frequency.

Visibility during dust observations is an important indicator of dust event severity. To
estimate the empirical relationship between visibility and dust concentration in Iceland, we
compared available PM;, concentrations with visibility based on methods in Wang et al.
(2008). We found moderate correlation (R2:0.37, p<0.01) between dust concentrations and
visibility which was likely caused due to several factors: i) visibility was observed manually
and only the prevailing visibility (¢>180°) recorded; ii) generally low number of
measurements, iii) the stations were located in different distance of each other, iv) time
resolution between the dust and weather measurements, and v) station Reykjavik with
majority of the measurements was influenced by anthropogenic aerosols. More observations

are therefore needed.

Some of the most severe dust events in Iceland during 2007-2011 were captured by the
Moderate Resolution Imaging Spectroradiometer (MODIS) flying on NASA’s Terra satellite.
Several dust plumes, shown on a visible wavelength, exceeded 1000 km travelling towards

Europe, North America and Arctic. It was calculated that dust events caused deposition over
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370,000 km* oceanic area around Iceland carrying 6-14 million tons of dust (Arnalds et al.,
2014). The majority of dust, containing high amounts of bioavailable iron, is deposited in
early spring in southern parts of Iceland. Oceanic biochemical cycles and productivity might
therefore be strongly affected by local aeolian processes. We also emphasize here that
considerably high dust event frequency and long-range transport of Icelandic dust may affect
the environment and climate on macro scale. Icelandic dust aerosol should be included in

climate projections as well as in the European and Arctic air pollution studies.

5 Conclusions

This study of long-term dust observations in Iceland showed that dust-day frequency in cold
high-latitude areas can be comparable to the major desert areas in the world. It was found that
dust events often occurred during winter and at sub-zero temperatures. Observed dust events
were more severe in southern part of Iceland than in NE Iceland, most likely because of close
proximity of the southerly weather stations to major dust sources. The highest frequency of
dust events was during the 1960s in S Iceland while most of dust events in NE Iceland
occurred during the 2000s. The highest number of severe dust storms (visibility < 500 m) was
observed in southern part of Iceland during the 2000s. Synoptic codes for dust were in good
agreement with available dust concentration measurements; codes 04-06 should be considered
in dust studies. There was a moderate correlation found between available PM;q
concentrations and visibility during the dust observations in Iceland. More synchronised dust
and weather measurements are therefore needed. Iceland can be considered as the largest and

most active desert and dust source at the boundary of the Arctic and Sub-Arctic region.
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Table 1. Weather stations in Iceland reporting synoptic observations. Observation period,
number of dust observations, dust days and dust days per year are included. Stations are listed

in descending order from the highest number of dust days.

Station Observation Dust days Dust Dust day yr'1
period observations

Grimsstadir 1949-2011 791 1685 12.6
Hofn 1949-2011 243 575 3.9
Vatnsskardsholar 1949-2011 234 408 3.7
Egilsstadir 1949-1998 192 386 3.8
Hella 1958-2005 179 368 3.7
Kirkjubaejarklaustur 1931-2011 158 274 2
Storhofdi 1949-2011 118 204 1.9
Haell 1949-2011 94 132 1.5
Hveravellir 1965-2004 91 124 2.3
Eyrarbakki 1957-2011 80 120 1.5
Vik 1961-2011 76 96 1.5
Keflavik 1952-2011 68 96 1.1
Vopnafjordur 1961-2011 64 83 1.3
Thingvellir 1949-1984 56 81 1.6
Reykjavik 1949-2011 41 70 0.7
Raufarhofn 1949-2011 41 61 0.7
Hjardarland 1990-2011 38 56 1.7
Sidumuli 1949-2011 30 37 0.5
Akureyri 1949-2011 26 26 0.4
Galtarviti 1953-1994 15 16 0.4
Stadarholl 1961-2011 12 15 0.2
Stykkisholmur 1949-2011 9 13 0.1
Reykholar 1961-2004 8 9 0.2
Kollaleira 1976-2007 5 7 0.2
Blonduos 1949-2003 5 6 0.1
Natabu 1949-2004 3 4 0.1
Blafeldur 1998-2011 2 2 0.1
Bergstadir 1978-2011 2 2 0.1
Hornbjargsviti 1949-2004 1 1 0.02
Reykir i Hrutafj. 1997-2011 1 1 0.1
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Table 2. Dust event classification based on visibility criteria. Frequency of dust events, mean

wind velocity, mean temperature, and annual number of dust days of each dust class are

included. S represents southern part and NE northeastern part of Iceland.

Dust event class Visibility (km)  Frequency (%) Wind velocity (ms™) Temperature (°C) Number of dust days yr"
S NE S NE S NE S NE
Severe dust storm <0.5 12 <1 157 162 -1.7 8.4 03 02
Moderate dust storm 0.5-1.0 35 2 13.6 149 4.1 9.4 1.1 05
Severe haze 1.0-5.0 14 10 150 13.0 1.1 10.6 3.0 2
Moderate haze 5.0-10.0 17 13 147 113 1.7 109 4.1 3
Suspended dust 10.0-30.0 42 46 135 9.9 3.0 106 10 10
Moderate susp. dust 30.0-70.0 16 27 11.7 102 3.7 100 6 7
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ABSTRACT

We measured a dust event which occurred during wet and low wind/windless conditions as the result of
surface heating in August 2013. Maximum particle number concentration (PM~0.3-10 pm) reached 149,954
particles cm™ min'! while mass concentration (PM<10 um) was 1757 pg m™ min™'. The suspended dust was
very fine with the highest number of particles in the size range 0.3-0.337 um, followed by particles 1.5-5 pm
in diameter. Close-to-ultrafine particle size distributions showed a significant increase in number with the
severity of the measured dust event (during dust peaks). Number concentrations were well correlated with
mass concentrations. The mineralogy and geochemical compositions showed that glaciogenic dust contains
sharp-tipped shards with bubbles and 80 % of the particulate matter is volcanic glass rich in heavy metals. Wet
dust particles were mobilized within < 4 hours. This is the first scientific study of particle size distributions
in an Icelandic dust event including findings on initiation of dust suspension.

Keywords: atmospheric measurements, dust storm event, surface heating, dust aerosol, climate aspects

YFIRLIT

Edliseiginleikar ryks vid vindrof i litlum vindi rék vedurskilyrdi d Islandi

Teaekjum var komid fyrir & Malifellsandi nordan Myrdalsjokuls til mealinga 4 ryki & upptakasvaedi rykmeng-
unar agust 2013. Vid maldum einn ,,rykatburd* sem atti sér stad vid mjog lagan vindstyrk pegar sandurinn
hitnadi i s6lskyni. Hamarksstyrkur korna (PM~0,3-10 um) nadi um 150 000 kornum cm™ minutu! 4 medan
péttleiki (PM<10 um) var 1757 pg m™ minGtu. Rykid var mjog finkorna med flest kornin 0,3-0,337 um en
naest felst af kornastaerdinni 1,5-5 um. Hlutdeild mjog finna korna jokst med rykmagninu. Fjoldi korna og
kornastyrkur fylgdust vel ad. Bergfraedi og jardefnafraedi kornanna syndi ad pessi jokulettudu rykkorn
voru sum oddhvdss og blodrott og ad 80% efnanna er gosgler med hau innihaldi af ymsum pungmalmum.
Rykkornin tokust 4 loft eftir ad hafa pornad < 4 tima. Pessar rannsoknir eru peer fyrstu sem syna kornastaerdir
ryks & fokstad pegar rykframleidsla & sér stad og paer fyrstu til ad syna adstedur pegar rykmengun verdur
nanast i logni.
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INTRODUCTION

Atmospheric dust has been measured in major
desert areas of the world since the 1950s
(Chepil & Woodruff 1957, Aston et al. 1973,
D’Almeida 1986, Wang et al. 2008). High lati-
tude and periglacial areas are also important
sources of dust, but the number of dust studies
in cold climate areas is significantly lower than
reported for the major dry deserts. Dust meas-
urements within cold region dust sources are
mainly seasonal and employ measurement
techniques focused mostly on the coarser silt-
sized or sand-sized particles (Nickling 1978,
Bullard 2013). Air particle monitoring using a
range of automatic instruments is conducted
far from the dust sources in the Arctic (NILU
2013).

Iceland is an active source of dust originat-
ing from glaciogenic and volcanic sediments.
Volcanic sandy deserts and glacial outwash
plains cover > 22% of the country (Arnalds et
al. 2001). These areas are subjected to strong
winds and severe wind erosion with dust depo-
sition exceeding 500 g m? yr! in some areas
(Arnalds 2010). Long-term observations of
atmospheric dust show a high frequency of
dust events in Iceland with > 34 dust days
annually over the last 60 years (Dagsson-
Waldhauserova et al. 2013a). The position of
the Icelandic low determines whether dust
plumes travel in a north-east or southerly
direction. An annual mean of 16.4 dust days
was recorded in NE Iceland and about 17.9
dust days occurred annually in southern parts
of Iceland in 1949-2011 (Dagsson-Waldhause-
rova et al. 2013a, 2013b). These figures repre-
sent minimum values as many dust storm
events occur without the dust passing the
weather stations that can record the events.
The frequency and the amount of dust meas-
ured in Iceland places the country among the
major dust areas of the world (Mongolia, Iran,
USA, China). Furthermore, Icelandic dust
storms have been found to be among the most
severe wind erosion events recorded on Earth
(Arnalds et al. 2012, 2013).

Measurements of particle mass concentra-

tions in Iceland have been mostly related to the
Eyjafjallajokull eruption in 2010 (Leadbetter
et al. 2012) or areas distal from the dust sourc-
es (Thorsteinsson et al. 2011, Blechschmidt et
al. 2012). No direct measurements of dust con-
centrations within the major dust sources in
Iceland have been made. Size segregated parti-
cle mass concentrations and number-size dis-
tributions (number of particles in defined parti-
cle size ranges) of dust aerosol can provide a
better understanding of physical properties,
such as textural, morphological and shape
characteristics, and the possible health impacts
of dust events (Harrison & Yin 2000, Morman
& Plumlee 2013). Studies on number concen-
trations including particles < 10 pm in Iceland
have not been published in the literature to
date.

Icelandic dust differs from dust originating
from continental dust sources, such as the
Saharan and Asian dust. The dust is volcano-
genic in origin, of basaltic composition, with
lower SiO, proportions (<50%) and higher
ALO,, Fe,O, and CaO content than crustal dust
(Dagsson-Waldhauserova et al. 2013c). Vol-
canic dust made of glass can be very sharp and
porous allowing particles as large as 50 um to
travel long distances (Navratil et al. 2013).

The main objective of this study was to pro-
vide an overview of physical properties of Ice-
landic dust, as exemplified by dust from
Melifellssandur, which is one of Iceland’s
main dust sources. Results of the first synchro-
nized measurements of particle number and
mass concentrations during a dust event direct-
ly within a dust source in Iceland are here
reported. This information is combined with
mineralogical and geochemical analyses of the
source material to discuss the possible risk of
Icelandic dust to human health.

METHODS

Location

Atmospheric Dust Measurements in Iceland
(ADMI 2013) is a pioneering project launched
to investigate the physical characteristics of
dust aerosol in situ at the dust source. The
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Figure 1. A map of Iceland with location of sampling site (Melifellssandur) and active volcanoes (marked with red
triangles). Based on the Agricultural University of Iceland Nytjaland and Erosion Databases, prepared by Sigmundur

Helgi Brink.

ADMI 2013 took place in southern and south-
western Iceland on 8-18 August 2013. It was
generally a period of high precipitation and
low winds when no major dust storm event
was observed. Nevertheless, one short dust
event was measured directly at a dust source
on 12 August 2013. Instruments were placed
on the dust source, the Melifellssandur sand
plain, which is located north of Myrdalsjokull
Glacier in South Iceland (Figure 1, N 63.81569
W 19.12403, 601 m above sea level, 2 km N of
glacier). Malifellssandur is a 50-60 km? un-
stable glaciofluvial plain at 550-650 m eleva-
tion. It undergoes widespread flooding during
the summer melting of the glacier, leaving
unstable, silty materials behind, and is consid-
ered one of the major dust sources of Iceland
(Arnalds 2010). One of Iceland’s most active
volcanic systems, Katla, is located under the
Myrdalsjokull Glacier (Thordarson & Hosk-

uldsson 2008), and the materials deposited on
the sand plains are derived from this volcanic
system. The last eruption of Katla that reached
through the glacier was in 1918.

Instrumentation

Two TSI 8520 DustTrak Aerosol Monitors
(DustTrak) and one TSI Optical Particle Sizer
3330 (OPS) were placed one meter above the
surface on the dust source. The DustTrak is a
light-scattering laser photometer that measures
aerosol mass concentrations from 0.001 to 100
mg m> for particles ranging in size from 0.1 to
10 pm. Particle concentrations recorded by
DustTrak instruments have been previously
found as a reasonably accurate measure of dust
storms in Arizona (USA) and Australia (Jay-
rante et al. 2011). The OPS provides particle
concentration and particle size distribution
measurements using single particle counting
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technology, for particles with optical diame-
ters from 0.3 to 10 um. It employs optical scat-
tering from single particles where particle
pulses are sized and binned in up to 16 differ-
ent channels.

The DustTraks were calibrated to measure
Particle Mass Concentrations (PMC) of two
particle diameters (PMC, | for particles <10 pm
and PMC,, for particles <2.5 um). As result,
we measured simultaneously two PMCs
(PMC,,, PMC, ) and Particle Number Concen-
trations (PNC) from the OPS. The OPS chan-
nels that best matched the PMC, ; were of par-
ticle diameters 0.3-2.685 micrometers.

Mineralogical and geochemical analysis
We used two instrumental approaches to
obtain physical and chemical characteristics of
the dust particles collected from the active sur-
face layer of the Melifellssandur dust source
right after the dust event. Firstly, semi-quanti-
tative estimates of mineral content (Bruker D8
Discover) were determined from X-ray pow-
der diffraction (XRD) data using the reference
intensity ratio (RIR) method and, secondly,
energy dispersive spectrometry EDS/(EDX),
with a BRUKER silicon drift detector (SDD)
on a VEGA3 XM TESCAN electron micro-
scope (polished sections) was used for elemen-
tal characterisation of glass and minerals in the
individual particles.

Using the Bruker D8 Discover, the semi-
quantitative estimates of the mineral content

were determined from X-ray powder diffrac-
tion data using the reference intensity ratio
(RIR) method as implemented in the Bruker
DIFFRAC.EVA software. To make the esti-
mates as accurate as possible the ICDD PDF2
database entries containing experimentally
determined RIR values were preferred. Such
determined mineral concentrations should be
correct within 10-20 rel. % range depending
mainly on absolute content of the particular
phase in the mixture under investigation, crys-
tallinity of the material, diffraction geometry
used to collect the database standard data, and
preferred orientation of the studied specimen.

The second approach involved back-scat-
tered-electron (BSE) detection of the size, out-
line and aggregation parameters of the mineral
and glassy components and, subsequently,
their EDS chemical element analysis. Such
detailed inspection of particle populations
allowed us to improve the previously obtained
XRD-based estimates of mineral proportions,
so that we assumed (although not exactly cal-
culated for each of the minerals) that the possi-
ble uncertainty for the mean values was
reduced to the order of a few percent.

For volcanic glass, the EDS measurements
of clustered points and inspection fields were
used. The composition of the volcanic glass
was determined with a chemical pattern for
eight main oxides which were recalculated to a
total of 100 % (Na,O, MgO, ALO,, SiO,, K.0,
CaO, TiO,, and FeO, where the latter denote

Figure 2. Photographs showing the dust suspension event measurements. The surface was exposed to solar radiation
for four hours before the event occurred (left). Surface heating resulted in cloud formation and upward air motion
causing uplift of dried silt particles from the upper surface layer (middle and right).
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total”

ignoring the possibility of the

presence of Fe*' in the glass). This provides
basic and practical information about these

volcanic glass types.

RESULTS

The general physical properties of the dust are
described in two sections: i) atmospheric dust
measurements and ii) mineralogical and geo-
chemical analyses.
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Atmospheric dust measurements

The dust event was measured under unique
conditions, during low wind/windless condi-
tions when the surface was still moist after pre-
vious high precipitation. The main driver of
dust suspension was direct solar radiation and
consequent surface heating. The South Iceland
region experienced a period of high precipi-
tation for over a week before and during the
measurements. The closest weather station
equipped with a rain gauge, Laufbali, had an
accumulated precipitation of > 55 mm during a
period of five days, ending 14 hours before the
event. High relative humidity (77-90 %) and
low wind speeds (0-4 m s™') were measured at
the closest weather station, the high altitude

station Tindfj6ll, 870 m a.s.l., during the dust
event. Daily mean temperature was 6.3 °C,
similar to the previous five-day mean (6.2 °C).
The first dust whirls were visible after the sur-
face was exposed to direct solar radiation for
about four hours. Surface heating resulted in
cloud formation and upward air motion during
which dust started to be mobilized (Figure 2).
Substantial dust repeatedly passed the instru-
ments from all wind directions for about 40
minutes and the corresponding dust peaks are
visible in Figure 3.

The maximum PNC,  (one-min average)
was 149,954 particles cm”® and PMC, (one-
min average) was 1757 pg m. Maximum con-
centrations of the PM, . fraction were meas-
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ured as 85,528 particles cm? in
number concentration, with the
mass reaching 116 pug m>. PNC
were well correlated with PMC
readings (R?>=0.939; Figures 3, 4).
The more prominent the dust

Table 1. Estimated amounts of components in the Melifellssandur
particulate matter. The semi-quantitative estimates are based on XRD
analyses, but the smallest mineral contents (around XRD detection
limits) also required verification of their presence by means of the
chemical composition (EDX) and morphology of crystals (SEM-BSE).
Note the predominance of glass (~ 80 wt. %).

plume was, the higher the number

MINERAL AND MATERIAL PHASES wt %
of fine particles mobilized and, Volcanic ol N : 732
. olcanic glass, amorphous componen .
thus, the mass. concentration in- Plagioclases (Na-rich anorthite + bytownite?) 12.2
creased accordingly. The amount Pyroxenes (augite) 4.6
of suspended particles, > 7.5 pm, Olivine + serpentine minerals (antigorite-lizardite?) 1.8
was very small. Zeolites (wairakite?) 1.1
Figure 5 shows the particle size Quartz 0.8
distribution in 17 size classes rang- Magnetite + ulvospinel 0.7
ing 03 to 10 pm for the dust peaks Amphlboles (actinolite-tremolite?) 0.3
(a, b, ¢, e), between the dust peaks Undetermined phases and other components 0.3
Total 100.00

(d) and after the dust event

occurred (f). Very fine particles,

0.3-0.337 pum in diameter, were most abundant
during all the measurements. When dust
plumes passed through the instruments, the
highest number of particles was found in the
size range of 0.3-0.337 um and 1.5-5 pm in
diameter. The mean (median) particle diameter
during the dust event was 1.69 um (1.58 um)
with a range of 0.5-3.4 um. Overall, the mean
PMC,, and PNC,  measured directly on the
dust source during the dust event were 234 ug
m> and 19,024 particles cm, respectively.

Mineralogical and geochemical analyses

The population of volcanogenic particles in the
sample was homogenous, consisting mostly of
extremely angular, sharp-tipped shards of
largely homogeneous volcanic glass contain-
ing a small number of bubbles. These were
highly polydisperse, nanometric/micrometric
to coarse silt-sized (0.1-63 pm) particles. The
shard faces were often curved and concave.
They corresponded to spontaneous fracture
patterns but, in part, also fragmentary outlines
of the bubbles which originally exceeded the
size of the particles. Most of these small shards
resembled the volcanic glass particles which
were found after the 2011 Grimsvdtn eruption
in Scotland (SEPA 2011) and subsequently
also in the Czech Republic (unpublished data

of the authors). However, this morphological
similarity is incidental because of the different
elemental compositions of the Melifellssandur
tephra glass (see Table 2 and Oladottir et al.
2005, 2011). According to the XRD analysis
and the BSE inspection, the total amount of
glass in the particulate matter reached almost
80 wt. % (Table 1).

The grains exceeding silt sizes were rare but
their mass contribution was considerable. The
large, sand sized clasts (0.063—-0.95 mm) also
consisted of glass, but mineral crystallites and
phenocrysts made up a few to tens of %. In
these clasts, the occurrence of Na-rich anor-
thite and augite was the most typical feature
(Table 1, Figure 6). Olivine and antigorite
occurred in significant amounts, together with
ulvospinel, which typically formed tiny skele-
ton crystals in the glass. Other clinopyroxenes,
biotite, alkali feldspars or quartz, particularly
in their common sizes around 10 pm of particle
equal diameter, were not found by the tech-
niques applied and amphiboles were rare.
Small amounts of zeolites (possibly wairakite
based on the XRD signal) were present, main-
ly in the fine crystalline matrix of well packed,
fine-silt lumps, and occasionally could be pre-
sent with altered augitic aggregates.

The geochemical composition pattern of the
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Figure 6. The BSE images of the Melifellssandur particulate matter polished sections: Several examples of contrast-
ing clusters of larger clasts in otherwise monotonous masses of polydisperse silt-sized (< 63 pm) shards of volcanic
glass.

A — Meli-1, occurrence of friable lumps of sub-millimetre sizes where the smallest glass particles prevailed. These
were kept together due to dense packing, adhesion, and the presence of slightly developed (amorphous, crystallite
dotted) meniscus and pendant cements (precipitated solutes). B — Meli-3, a large shard of blocky glass containing
small An-rich plagioclase laths (grey) and pyroxene and spinel crystals (relatively bright). The shard contains irregu-
lar voids/bubbles, selectively filled by the finest glass-silt fraction. Fractures in glass are fresh and still can expand. C
—Mzeli-4, a large clast with imperfectly crystallized plagioclases (grey) and pyroxenes (bright). The brightest dots are
Fe- and Ti-rich minerals, particularly the skeleton crystals of ulvospinel. D — Mali-5, pure homogeneous glass shard
with a bubble (left) and a rare clast which consists of Na-rich anorthite (dark), altered augitic mass with amphiboles
and zeolites (intermediate tones, structured), and an unusual hopper-shaped olivine (brighter, in upper right corner).
E — Meli-6, an uncommon spherical glass grain, with very slight initial crystallite dotting in its central part and
exfoliation at the surface. F — Mali-8, a millimeter-sized clast of fibre-like volcanic glass with long tubular bubbles.
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‘blackish’ particulate matter (PM) glass was
relatively stable. Based on the pattern of eight
main oxides, this volcanic glass showed a very
specific composition which could be easily
identified in any mixture of dust deposited at
some distance from the source (Table 2) and
was notably different to the glass from recent
eruptions. In particular, the Melifellssandur
glass had substantially higher amounts of FeO,
MgO, CaO and TiO, than glass from the recent
eruption of Eyjafjallajokull, as shown in Table
2. The glass was more similar to historical
tephra from the Katla volcano (Table 2, Boy-
gle 1994, Sigmarsson et al. 2011) with high
levels of iron and titanium (FeO~17 %, TiO,~6
% on average for our sample and FeO~15 %,
TiO,~ 5% for the Katla tephra). The TiO, con-
tent was particularly high, being 6-7 times
higher than the content in the Eyjafjallajokull
glass and considerably higher than that report-
ed for tephra from the active Bardabunga and
Grimsvétn volcanic systems under the Vatna-
jokull glacier to the east (Oladottir et al. 2011).
The high concentrations of TiO, and FeO were
accompanied by depletion of SiO, in the glass
to about 43 wt. % (Table 2). Such concentra-
tions were lower than that reported for the
MgO- and FeO-rich Laki tephra (ca. 50 %
SiO,, Kekonen et al. 2005), for Katla basalts
(46-50 %), and for the entire East Volcanic
Zone, including Elgdja and Vestmannaeyjar
(Oladottir et al. 2005). Strong depletion of
SiO, in the Melifellssandur material was a
specific feature having a great potential to
characterize the suspended particulates from
this main dust source.

In comparing the particle sizes of suspended
dust and the surface sample of deposit taken
after the dust event, the surface sample was
deprived of particles < 10 um and significantly
lower in particles < 2.5 um than the measured
suspended dust. Figure 6 shows that the aggre-
gates consisted of fine and sub-micrometer
particles, but ‘single’ particles were often of
larger sizes (> 10 um).

DISCUSSION
The ADMI measurements showed that dust
generation can be activated under specific con-
ditions such as from wet surfaces during the
high precipitation season, from low wind
speeds and low temperatures. The concentra-
tions and size distributions measured during
the short dust event give a unique insight into
the initiation of dust storm events. Aerosol
concentrations measured during wet back-
ground conditions on the dust source were
very low; PMC, ~1-5 pg m”® and PNC, ~222-
2550 particles cm?3. A gradual, steady surface
heating caused the concentrations to rise with
suspension of the dust and, in about four hours
of direct sun, the PNCs increased over 100
times while PMCs increased over 600 times.
This event was observed during low wind/
windless condition and we assume that the
time needed to initiate dust production or sus-
pension of the drying silt on the dust source
decreases with higher wind velocities.

Comparing PNCs recorded during dust
events elsewhere has shown the importance of
close-to-ultrafine particles (0.2-0.35 pm) in
respect to the total number concentration (Jay-
rante et al. 2011). The particle diameter mode
of 0.2-0.3 pum can contain up to hundreds of
thousands particles per cm™ during severe dust
storms or volcanic eruptions (Jayrante et al.
2011, Vogel et al. 2012). Background condi-
tion concentrations or concentrations meas-
ured by counters designed for particle diameter
>(0.5 um count up to hundreds of particles per
cm? (Tittarelli et al. 2008, Jayrante et al. 2011,
Zhou et al. 2012). Such high PNCs of particles
0.3-10 um as were measured here have only
been reported during a volcanic eruption
(Vogel et al. 2012). This shows that glacially
derived airborne sediments are very fine with
the highest number of suspended particles in
sizes 0.3-0.337 um in diameter, at least during
the low wind speed events described here.
Therefore, such source material is easily sus-
pended within a short time.

Despite this, the mass concentrations meas-
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ured during this small event were significantly
lower than those measured during severe dust
storms elsewhere and further from major dust
sources (Wang et al. 2008, Jayrante et al. 2011,
Dagsson-Waldhauserova et al. 2013b). The
wind was not strong enough to lift many of the
wet particles > 5 um. The mean PMC, of 234
pug m? confirmed the long-term estimation of
PMC, in NE Iceland calculated from visibility
observations (Dagsson-Waldhauserova et al.
2013a).

The special conditions at the dust source
during this dust event made the PNC and the
PMC strongly correlated (Figures 3, 4); a high-
er number of dust particles resulted in higher
mass concentrations. Such strong relationships
most likely resulted from the moist soil condi-
tions and high humidity. The glacial floodplain
was still wet and therefore only fine, dried par-
ticles were uplifted. The surface sample of
deposit taken after the dust event was deprived
of ‘single’ particles < 10 um while the fine and
sub-micrometer particles were only found in
the aggregates. We suggest that the fine parti-
cles were blown away and transported further
from the source. Fine mode particles are
usually scavenged by larger particles during
dust storms, and thus the mass concentration is
estimated to increase with decreasing number
of particles (Jayrante et al. 2011, Zhou et al.
2012), which is contrary to our findings. How-
ever, the highest number concentrations for
submicron particles are generally attributed to
wind speeds <2 m s (Weber et al. 2006). The
most extreme wind erosion events in Iceland
are characterized by limited amounts of parti-
cles <125 um (Arnalds et al. 2013). Further
research is therefore needed during the dust
events of higher wind velocity to understand
the opposite correlation of PNC and PMC.

Mineralogical and geochemical analyses

Considering the chemistry and morphology of
the material investigated, we suggest that the
Melifellssandur dust source materials, con-
taining mostly the recycled products of the
Katla volcano and adjacent volcanic system,

were the main component of dust coming from
the area. There are several reasons for this
assumption: i) the compositions of the glass
shards had narrow ranges in composition; ii)
the glass and glassy shards were marked by the
raised Ti—Fe concentrations together with a
scarcity of well crystallized mineral phases or
aggregate rock structures; iii) the marker crys-
tals embedded in the glass were Na-rich anor-
thite and very small and/or skeleton crystals of
ulvospinel; and iv) the majority of the glass
shards showed a very uniform morphology
which corresponds to explosively and sponta-
neously fractured, blocky rather than intensely
foamed glass. The morphology of the tiny
shards resembled the glassy particle deposits
from the very recent plumes of the active vol-
cano Grimsvotn, south-west of the Vatnajokull
massif. However, the tephra compositions,
with markedly low SiO, and high TiO,-FeO
concentrations, were different. They can most
likely be attributed to the Sléttujokull ‘old
tephra’ source in the Myrdalsjokull area, or
considered as characteristic of the chemistry of
the Katla volcanic system (see Larsen 2000,
Oladottir et al. 2005, Sigmarsson et al. 2011).
This indicates that the fresh volcanic material
from recent eruptions has been removed rela-
tively rapidly.

A strongly polydisperse mixture of glass
fragments, encompassing the sub-micrometer,
silt and even the lower coarse sand classes,
was indicative of multiple material sources.
This material must have been reworked by flu-
vial and glaciogenic processes that led to
extremely poorly sorted parts of the outwash
fans. The rarely observed, millimeter-sized
clasts of specific compositions (e.g., resedi-
mented frothy or extremely elongated tephra
grains, as exemplified in Figure 6D) belonged
to clasts ‘floating’ in the common matrix of the
resedimented tephra. The light frothy clasts
could have drifted drift in the top layer of
streaming water, whereas the compact, heavy
rock fragments were either pushed up in the
granular flow (inverse grading) due to the rhe-
ological Brazil-nut effect or, more likely, rep-
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resented a relict material in deflation zones
(clast pavement on the surface of outwash
fans, Kjer et al. 2004). Similarly, they could
have been separately redeposited with snow
and ice cover before their fluvial reincorpora-
tion into the sediment.

The studied PM contained few crystals or
mineral phases, and zeolites with other sec-
ondary minerals were either rare or absent.
The well packed to slightly cemented, friable
lumps indicative of slightly hardened surfaces
(or laminae formed originally close under the
surface) contain a small amount of secondary
minerals, but even the smallest glass shards in
these lumps still have very fresh appearances
(Oskarsson et al. 2012). The studied suspended
particulates are considerably more uniform
than the more diversified, reworked sediment
units which characterize other parts of the
Melifellssandur plain and which have been
reported as typical for most of the jokulhlaup
outwash fans or plains in general (Maizels
1997, Kriiger et al. 2010).

Climate implications and health effects

Suspended glaciogenic dust contains substan-
tial numbers of close-to-ultrafine particles
which are sharp-tipped, curved, concave, and
which contain bubbles. These physical proper-
ties allow the dust to be quickly suspended.
Iceland is a region with high wind velocities,
large desert and ice-proximal areas, favouring
dust production. The country is therefore prone
to dust generation and frequent, severe dust
events. As a result, Iceland is a substantial
source of dust on a global level, with particles
being transported distances >1000 km from the
dust sources during the largest dust events
(Arnalds 2010, Navratil et al. 2013). Icelandic
cyclones are associated with the uplift of the
surface air to the upper troposphere while the
tropopause location is lower in altitude than at
more southern latitudes, at about 8 km in
height. This suggests that Icelandic aerosol can
be transported into the stratosphere as well
(Rose et al. 2006, Roesli 2008), where the resi-
dence time is prolonged up to several weeks.

Due to its dark colour, the dust can act as an
absorbing aerosol and become an important
radiative forcing agent (Meinander et al.
2014). Rose et al. (2006) described the non-
volatile portion of the 2000 Hekla eruption
particulates, transported to a 10 km altitude to
the 75°N latitude in the Greenland Sea, as
‘heated aerosols’. Further observations are
needed to estimate any direct and indirect
effects of Icelandic dust aerosol on Arctic
warming. A warming climate with retreating
glaciers will result in larger sandy deserts in
Iceland, and a warmer climate will also
enhance the radiative forcing effect over these
dark surfaces.

The fine mineral dust from Mealifellssandur
could affect human health because it is often
transported towards the capital of Iceland,
Reykjavik. A high amount of bioavailable
metals in respirable dust increases the inflam-
matory capacity of PM, which may lead to
negative health effects (Morman & Plumlee
2013). Perez et al. (2008) found that the effect
of PM,_ , on mortality rose from 5.0% to
8.4% when an additional 10 pg m> of metal-
rich Saharan dust was present in the atmo-
sphere. Melifellssandur dust has a 2.4 times
higher content of metals than Saharan dust and
the mean PMC  was > 180 pg m> above the
health limit of 50 pug m? (Althingi, 2002). The
maximum PMC, was about 30 times above
the health limit at the dust source, but we need
to emphasize here that this event was very
short. However, the PMCs we measured at the
dust source are commonly reached at the few
stations that measure particulate matter in Ice-
land, such as in Reykjavik, where PMC,  often
reaches >100 pg m> (Thorsteinsson et al.
2011). In vitro studies of Icelandic ash expo-
sure 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).

CONCLUSIONS
Here we introduced the first comprehensive
study of the physical and chemical properties
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of the Icelandic dust acrosol measured directly
within a dust source. This suspended glacio-
genic dust contained high concentrations of
close-to-ultrafine particles which were sharp-
tipped and contained bubbles. The material
consisted mostly of volcanic glass rich in iron
and titanium. Particles of such morpho-textur-
al characteristics are prone to suspension
despite meteorological conditions such as
moist surface or low wind. The surface heating
of a relatively dark basaltic dust source allows
mobilization of moist particles within several
hours. The close-to-ultrafine particles have a
significant impact on the total particle number
concentrations and are likely to contribute to
the commonality of Icelandic dust events.
PNCs during dust events are comparable to
that measured during volcanic eruptions indi-
cating that large Icelandic dust events might
have similar-scale impacts on climate. High
PNCs were, however, measured at the source
and the proportion of smaller particles will
increase travel distance from the source while
particle surface characteristics may change
with time and distance due to leaching. This
study brings new scientific findings in the field
of dust physics and cryosphere-atmosphere
interactions, which should serve as a platform
for climate modelling and projections of future
changes in climate. We emphasize that further
work on the nature of Icelandic dust sources is
needed.
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Abstract. Climatic effects of black carbon (BC) deposition The climatic effects of black carbon (BC) in snow are due
on snow have been proposed to result from reduced snouwo reduced snow albedo caused by absorption of solar radi-
albedo and increased melt due to light-absorbing particles. Iration, and induced melt of darker snow, which again lowers
this study, we hypothesize that BC may decrease the liquidthe albedo via the albedo feedback mechanism (e.g. Warren
water retention capacity of melting snow, and present ourand Wiscombe, 1980; Doherty et al., 2010).
first data, where both the snow density and elemental carbon Snow melt starts when snow temperature reaches the melt-
content were measured. In our experiments, artificially addedng point. Then, if the heating continues, the volume of liquid
light-absorbing impurities decreased the density of seasonwater increases until the holding capacity or the saturation
ally melting natural snow. No relationship was found in casepoint of liquid water is reached. This capacity is 3-5% on a
of natural non-melting snow. We also suggest three possiblenass basis and depends on snow grain structure and packing
processes that might lead to lower snow density. (DeWalle and Rango, 2008). When the flow of melt water be-
gins, the impurities may either be washed down through the
snow with the flow, or remain in the snow. It has been shown
that BC is less likely to be washed down through the snow
1 Introduction with melt water (Conway et al., 1996; Doherty et al., 2013).
Hence, if we consider natural snow with anthropogenic
For seasonal snow, snow melting is an important part of thegc, we can assume this impurity to remain in the melting
natural annual hydrological cycle. It is forced by atmosphericsnowpack' not to be washed down, and to potentially cause
sensible heat flux and solar radiation, where the albedo is @hanges in the snow properties and structure, as compared
critical factor due to its large variability. Snow albedo de- g clean snow. Therefore, we hypothesize that BC in snow
pends primarily on the grain size, wetness, impurities in themignt affect the liquid-water retention capacity of melting
near-surface snow layer, and directional distribution of thegnow. To test this hypothesis, we use our data of cold and

down-welling irradiance. Deposition of anthropogenic emis- meting snow, where both the snow density and BC content
sions to snow cover potentially causes albedo changes. Ijere measured.

terms of its climate forcing, black carbon (also known as
light-absorbing aerosol) has been hypothesized to be the sec-
ond most important human emission, and only carbon diox-
ide is estimated to have a greater forcing (Bond et al., 2013).

Published by Copernicus Publications on behalf of the European Geosciences Union.
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2 Materials

All our snow density and BC data have been obtained for
natural seasonally melting snow in Sodankyla °@& N,
26°35 E), Finland, north of the Arctic Circle. By natural
snow we refer to a snow pack that has formed from snow-
fall (i.e. has not been produced by a snow cannon, and has
not been affected by human activity, e.g. snow clearing). The
data contain cases of cold and melting snow, both with and
without experimentally added impurities (Table 1).

The cold snow samples were snow on a lake
(17 March 2009), various sites around the Sodankyla
area (13 and 19 March 2009 and 23-24 March 2010), and
a fenced experimental field (6 and 10 April 2013). The
melting snow data were from the experimental field only
(17-18 April 2013 before and after rain).

The data originate from three campaigns: the Soot on
Snow experiment in 2013 (S0S-2013); the Snow Reflectance
Transition Experiment (SNORTEX 2008-2010, see Meinan-
der et al., 2013 for more details); and the SnowRadiance-
campaign (SR-2009). The S0S-2013 campaign was carried
out at the Sodankyla airport to study the effects of deposition
of impurities on surface reflectance, albedo and melt of sea-
sonal snow. The experimental area was a large, flat, fenced
open space, and the gravel ground was not covered with con-
crete or asphalt (Fig. 1). Different amounts of impurities were
deposited to snow on different spots, each with diameter ofigure 1. The S0S-2013 experimerga) Top: the flat and open ex-
4m, and thereafter the spots were monitored until the snowerimental field with the seasonal snow pa@&; bottom left: the
had melted. The sites were left to develop naturally, introduc-ground under the snow, i.e. a natural gravel surface, not covered by
ing as little disturbance as possible. Here we used data fromoncrete or asphalt, offered an uniform surface for the snow cover;
three experimental spots with chimney soot, one spot with(c) bottom right: previously added impurities were visible on the
Icelandic volcanic sand from Olafur Arnalds (Agricultural Surface of the melting snow, here volcanic sand.

University of Iceland) and Haraldur Olafsson (University of
Iceland), and one reference spot.

The SnowRadiance (SR) was an ESA-funded project aim

ing at determining snow properties from optical satellite

measurements. The BC samples were collected from th th lina box. Here the SoS data f i
snow over ice on Lake Orajarvi. The lake is frequently used rom the sampling box. Here e 505 data for meiing show
in the winter, e.g. for snowmobiling. was obtained for two subsequent days (Table 1), before and

During the S0S-2013, the SNORTEX-2009, and the SR_after rainfall. The snow was then_ wet, but not dripping wet,
2009 campaigns, surface snow samples were collected fo?nd no water escape from sampling was detectgd. .
analysis of their elemental carbon (EC) and organic carbon Ir_1 the S0S-2013 da}ta, show hardne_s;, grain sizes, and
(OC) concentrations using the filter-based thermal-opticalgraln shapes were (_astlr_nated and classified according to the
method, described and used in, for example, Forsstrm e?;t.ernatlonal Classification for Seasonal Snow on the Ground
al. (2009). The EC is used as a proxy of BC, due to the mea lerz etal., 2009).
surement technique used. In the SNORTEX-2010 campaign,
the sampling, filtering, and laboratory spectrometer analysiss Results
followed the procedures presented in Doherty et al. (2010).

Several samples were collected from each location. In our data for non-melting natural snow from the SR-
The snow densities (weight per volume) were measured®?009, SNORTEX-2009, SNORTEX-2010 and So0S-2013
manually, for either the whole snowpack vertical column campaigns, the BC concentrations varied between 8 and

(snow tube for SR and SNORTEX data), or for separate hori-126 ppb, and snow densities were 200-264 kgmThe
zontal snow layers (density cutter for SoS data to measure thdensity did not depend on the BC content (Fig. 2a, the dots
density of the visually dirty surface snow). One density mea-inside the circle).

surement for each location was made. To estimate the stan-

dard deviation of the density measurement, an earlier data set
of FMI was applied. Sampling of wet snow for density mea-
urements may be difficult since liquid water easily escapes

The Cryosphere, 8, 991995 2014 www.the-cryosphere.net/8/991/2014/
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Table 1. The origin of our Sodankylé snow density data coupled with BC analysis results. The campaigns are explained in the text.

Year Date Data Location Snow Artificial  BC
origin impurities  analysis
2009 17 Mar SR campaign  Snow on lake Cold snow No Thermal-optical
Orajarvi

2009 13,19 Mar SNORTEX Sodankyla area Cold snow No Thermal-optical

2010 23,24 Mar SNORTEX Sodankyla area Cold snow No Spectrometer
(Doherty et al., 2010)

2013 6, 10 Apr S0S-2013 Sodankyla airport  Cold snow Yes Thermal-optical

2013 17 Apr S0S-2013 Sodankyla airport  Melting, before rain ~ Yes Thermal-optical

2013 18 Apr S0S-2013 Sodankyla airport  Melting, after rain Yes Thermal-optical

However, in our SoS-experiment data of 6 April 2013, the are 95 % confident that the true slope of this equation is in
show with the BC maximum of 1465 ppb (Fig. 2a, one datathe range defined by0.27+0.19.
point for wood burning soot), had the lowest density ofall our For the snow density, we had one measurement for
data, 168 kgm3. MFcr-grains (melt—freeze crust, as a re- each location. Therefore, using a previous FMI Sodankyla
sult of melting and freezing) were 0.25-1.5 mm in diameter,snow density data set (unpublished data), the average
the surface hardness value was 4 (hard snow) and the snostandard deviation was determined, providing a value
depth was 56 cm. For comparison, with the reference nonof 17kgnt3 (n =79 pairwise measurementso; = 158,
sooted natural snow at that time (10 April 2013) on the sameps = [104,408] kg nT3) for the Sodankyla data.
experimental field: the Ppir-grains (Precipitation particles)
were irregular crystals, of 0.25-0.75 mm in diameter. The BC
concentration was 126 ppb, the density was 210 kd,rthe 4 Discussion and conclusions
hardness value was 1 (very soft snow), and the snow depth
was 65 cm. All our data of cold snow and melting snow represent the nat-
Our experimental data show that for the seasonally meltingural seasonal snow cover in Sodankyla, north of the Arctic
natural Arctic snow, with and without artificially added soot Circle. For the cold snow, the density was 200—-264 k§m
or volcanic ash, there was a correlation between the densityith BC 8-126 ppb. Our experimental results for an exces-
and the BC content of snow (Fig. 2b). This was the case botlsive (1465 ppb) amount of added BC (wood-burning soot)
prior to a rain period, and the next day after the rain. Theshow a reduction of the cold snow density. This result is
densities and the corresponding BC contents were measurdshsed on comparison of one sooted vs. one reference spot
separately for the top 5cm of the snow, not for the wholeonly; more data are needed to confirm this result. Earlier,
snow pack, and the impurities of volcanic sand, soot fromMeinander et al. (2013) reported on a larger data set (their Ta-
oil burner and wood burning soot were visually observed toble 3), where the snow BC content, in Sodankyla snow cover
remain on the snow surface, too (Fig. 1). All the grains of thein 2009-2011, varied in one sampling location between 9 and
surface layer were melt—freeze crust (MFcr). 106 ppb in the natural snow cover. Thus, our cold snow data
The BC concentrations in individual snow samples var-presented here represents well the natural BC variability in
ied from 9 to 730 ppb. From these, the averages for eaclsodankyla.
experimental spot were calculated (92—-310 ppb), and plot- Artificially added impurities in our experiments on natu-
ted in Fig. 2b. The standard deviatian)(for the clean refer-  ral snow decreased the snow density of melting snow (Fig. 2,
ence snow samples (no added impurities) was 34ppb7), Eqg. 1). Moreover, the densities were measured both prior to
and most ofterv was larger for spots with added impu- and after rainfall (4.9 mm water in 3 h), which occurred be-
rities, dependent on the number of samples (from 1 to S)tween two subsequent measurement days. In both cases, the
and the spot properties; e.g. for one spot with added sootlarger the BC content, the smaller the density. Thus the rain
itwaso =28 ppb ¢ =5). The Eq. (1) shows the relation be- did not change this order, which further supported our hy-
tween the snow densify [kg m—3], and the BC contertgc pothesis that the impurities may affect the water retention
[ppb] for the melting snow derived from the S0S-2013 datacapacity. Furthermore, according to our recent laboratory ex-

(R? =0.66): periment (unpublished data), we found that snow with ar-
tificially added soot released melt water sooner than snow
ps = —0.27Cgc + 4406, (1) without added soot. For this experiment, we added a known

amount of soot to a snow sample, mixed the soot and snow,
whereCgc =[92,310] ppb. The 95 % confidence interval of and let the snow melt indoors, while measuring the melt wa-
the slope of the Eq. (1) is from0.46 t0—0.08, that is, we ter on a drip pan as a function of time. The results showed

www.the-cryosphere.net/8/991/2014/ The Cryosphere, 8, 9985 2014
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(a) data were found to support our hypothesis that BC may de-
300 crease the liquid-water retention capacity of melting snow.

- s As a summary, according to our experience and observa-

tions, we suggest three possible processes that might lead to

the lower snow density:
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1. A semi-direct effect of absorbing impuritiesbsorbing
impurities would cause melt and/or evaporation from
the liquid phase and sublimation from the solid phase
of the surrounding snow, resulting in air pockets around
the impurities, and thus lower snow density. We have
empirical observations, where impurities (both organic
and inorganic) in the snow have been surrounded by air
pockets.
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fluence on the density of wet snow is then max 5%
(at this level water flow starts in natural snow). How-

ever, with daily cycles, warm days and cold nights, the
weaker adhesion may push liquid water down more day-
by-day and then the influence to the density would be
larger. This way also melt—freeze metamorphosis would

R?= 0,6587 soot
250 produce less dense snow.
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BC [ppb] 3.

BC effect on the snow grain sizAbsorbing impuri-
ties would increase the melting and metamorphosis pro-
cesses, resulting in larger snow grains, which would
lower the water retention capacity. Earlier, Yamaguchi
et al. (2010) have suggested that the water retention
curve of snow could be described as a function of grain
size using soil physics models. Here our data showed
some slight indication for the possibility of soot in snow
to result in larger snow grain sizes via increased melt
and metamorphosis, and our data did not show clear ev-
idence against this possibility.

Figure 2. The black carbon (BC) content [ppb] vs. density [kgﬁ]
for the natural seasonal snow cover in Sodankyld, north of the Arc-
tic Circle with and without artificially added impurities. The line
is the least squares linear fit through all the poi(e3.Cold snow-
pack: for natural snow without added impurities, BC concentrations
were 8-126 ppb, and snow densities were 200—2641‘(%1 amd for
the reference S0S-2013 spot BC was 126 ppb and the snow den-
sity was 210 kg m3 (within the circle); when wood-burning soot
was artificially deposited to this SoS-spot, BC in snow was mea-
sured to be 1465 ppb, and snow density decreased to 168§g m
(outside the circle)(b) Melting snow: S0S-2013 data for reference
spots (within the circle), and spots with artificially added impurities Volcanic sand is assumed not to contain BC (Dadic et al.,
of volcanic sand, soot from oil burner and wood burning soot (out- 2013, Fig. 12a). This assumption is further supported by our
side the circle). The densities and corresponding carbon contentgyn EC analysis of volcanic sand samples with the thermal
were measured separately for the specified surface layers, not for optical method showing hardly any EC. Instead, the BC
the entire snow pack. in our volcanic sand spot can be assumed to originate ei-
ther from long-range transport, or from our other experimen-
tal spots with added soot; carbonaceous material in volcanic
aerosols has also been proposed to be due to tropospheric
that while the control snow started to release melt water afteair that is entrained into the volcanic jet and plume (Ander-
40 min, the snow with added soot released melt water alreadgson et al., 2013). Our observations and measurements indi-
after 12 min. When cold water was added on snow, the con€ate that for a visually darker snow surface, the analyzed BC
trol snow released water after 29 min, while the same amountontent is larger and the measured snow density is smaller,
of water in sooted snow caused water to release already afegardless of whether soot or volcanic sand had been added
ter 7 min. All the snow samples were of the same size (sameo the spot.
weight and volume) representing the same natural snow, and The significance of our results on reduction of snow den-
mechanically treated the same way whether soot was addesity, and possibly also decreasing water holding capacity due
or not, for example, the control snow was also mixed al-to the black carbon, may be due to the fact that (i) snow den-
though no soot was added. Hence, these new experimentalty is an important snow parameter that has been found to
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correlate with several factors affecting the snow melt, suchConway, H., Gades, A., and Raymond, C. F.: Albedo of dirty snow

as snow age and liquid-water holding capacity (Kuusisto, during conditions of melt, Water Resour. Res., 32, 1713-1718,

1984); (i) snow density multiplied by snow depth equals the  1996.

important climate model parameter of snow water equivalenfadic, R., Mullen, P. C., Schneebeli, M., Brandt, R. E., and Warren,

(SWE); and (jii) our results may have potential in reducing S. G.: Effects of bubl_)les, cracks, and volcanic t_ephra on t_he spec-
the uncertainties (IPCC, 2013) related to the effect of black & albedo of bare ice near the Transantarctic Mountains: Im-

carbon on snow melt and climate change. plications for sea glaciers on Snowball Earth, J. Geophys. Res.-

he low density of d . d Earth, 118, 1658-1676, d@D.1002/jgrf.200982013.
In nature, the low density of new dry snow increases U€hewalle, D. R. and Rango, A.: Principles of snow hydrology, Cam-

to gravitational settling, wind packing, sintering, and rr_lelt—_ bridge University Press, Cambridge, UK, 2008.
freeze events. Thes_e processes depend on the grain S'_Zl§oherty, S. J.,, Warren, S. G., Grenfell, T. C., Clarke, A. D.,
shape and organization, and snow temperature. The density and Brandt, R. E.: Light-absorbing impurities in Arctic snow,
of snow is also affected by water vapour diffusion inthe snow Atmos. Chem. Phys., 10, 11647-11680, #0i5194/acp-10-
pack, as well as by the temperature and the vegetation un- 11647-20102010.
der the snow. In our experimental data, we can assume simPoherty, S. J., Grenfell, T. C., Forsstrém,S., Hegg, D. L., Brandt, R.
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Abstract

Iceland has extremely active dust sources that result in large scale emissions and de-
position on land and sea. The dust has volcanogenic origin of basaltic composition with
about 10 % Fe content. We used two independent methods to quantify dust emission
from Iceland and dust deposition on sea. Firstly, aerial extent (map) of deposition on
land was extended to ocean areas around Iceland. Secondly, survey of number of dust
events over the past decades and calculations of emissions and sea deposition for the
dust storms were made. The results show total emissions range from 30.5 (dust event
based calculation) to 40.1 million tons (map calculation), which places Iceland among
the most active dust sources on Earth. Ocean deposition ranges between 5.5 (dust
events calculations) and 13.8 million tons (map calculation). Calculated iron deposition
from Icelandic dust ranges between 0.56 to 1.4 million tons, which are distributed over
wide areas (> 370000 km2) and consist of fine reactive volcanic materials. The paper
provides the first quantitative estimate of total dust emissions and oceanic deposition
from Iceland. Iron is a limiting nutrient for primary production in the oceans around
Iceland and the dust is likely to affect Fe levels in Icelandic ocean waters.

1 Introduction

Dust emissions from barren areas have pronounced influences on Earth’s terrestrial
and oceanic ecosystems, the atmosphere, climate and human health (Field et al., 2010;
Ayris and Delmelle, 2012a). Global estimates of mean annual dust emissions range
from 500 to 5000 million tons per year with most estimates between 1000 and 2000
million tons, but the global oceans are commonly estimated to receive 300—-500 million
tons (reviewed by Engelstaedter et al., 2006). Dust production is mainly attributed to
unstable barren areas in dry climates with northern Africa being the largest contribu-
tor of dust to the atmosphere (Engelstaedter et al., 2006). Other commonly cited dust
sources include Mongolia (e.g., Natsagdorj et al., 2003), Aral Sea Basin (Singer et al.,
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2003), Middle East (Jamalizadeh et al., 2008), Australia (Ekstrom et al., 2004; Leys
et al., 2011) and southern USA (e.g., Sweeney et al., 2011). However, dust emissions
from the Arctic and Antarctic have received increased attention (Arnalds, 2010; Bullard,
2013; Gillies et al., 2013; Muhs et al., 2013). Research shows frequent dust storms in
South Iceland into the North Atlantic Ocean (Arnalds and Metusalemsson, 2004; Pros-
pero et al., 2012) and into the Arctic from Northeast Iceland (Dagsson-Waldhauserova
et al,, 2013a), and it has been suggested that Iceland is among the world’s most active
dust sources (Arnalds, 2010; Prospero et al., 2012; Blechschmidt et al., 2012; Bullard,
2013).

Volcanic eruptions have recently become a focus of attention due to possible global
nutrient additions to the oceans, including significant iron inputs that are potentially
important for primary production (e.g., Duggen et al., 2010; Olgun et al., 2011; Ayris
and Delmelle, 2012a). Achterberg et al. (2013) measured significantly elevated iron
levels south of Iceland during the 2010 Eyjafjallajokull eruption. Volcanic ash is com-
monly subjected to intense aeolian redistribution (see Arnalds, 2010, 2013; Ayris and
Delmelle, 2012a; Bullard, 2013), as was witnessed after the 2010 Eyjafjallajokull erup-
tion (Thorsteinsson et al., 2012). Furthermore, some glaciogenic Arctic dust sources
are composed of iron rich volcanic deposits, such as in Iceland (Baratoux et al., 2011;
Prospero et al., 2012; Dagsson-Waldhauserova et al., 2013b) and some parts of Alaska
(Muhs et al., 2013). In Iceland, these aeolian materials are primarily poorly crystallized
basaltic materials (glass) containing high quantities of iron, which can have a substan-
tial impact on the ocean chemistry and fertility. The iron from dust has pronounced ef-
fects on the global carbon cycle and atmospheric CO, (Jickells et al., 2005; Mahowald
et al., 2005; Misumi et al., 2014). Schulz et al. (2012) noted that little is known about
the mechanics and quantities of dust deposition in the oceans, with large uncertainties
of the iron contents available for marine phytoplankton.

In spite of the importance for the oceanic nutrient cycles, little is known how much
volcanic material is blown to the oceans around Iceland. Here we present the first
quantitative estimate of the total dust emissions from Iceland and the first quantitative
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estimate of aeolian redistribution of the volcanic materials and iron to the ocean areas
from Iceland. These estimates are based on: (i) number of dust-events generated from
weather records over several decades throughout Iceland; (ii) numerical calculations
of selected dust storms; (iii) modification and extension of established sedimentation
rates on land to oceanic areas.

2 Setting: the Icelandic dust sources

Iceland is a volcanic island on the active Mid-Atlantic Ridge, with about 30 active vol-
canic systems with volcanic eruptions occurring every 3-5years on average (Thor-
darson and Héskuldsson, 2008). About 10 % of the country is covered with glaciers,
including the 8100 km? Vatnajokull Glacier (Fig. 1). Many active volcanoes are located
under the glaciers, including the Katla volcanic system under Myrdalsjokull Glacier, and
the Grimsvétn and Bardarbunga systems under the Vatnajokull Glacier (Fig. 1).

Glacial rivers bring heavy sediment loads, creating extensive glacio-fluvial outwash
plains in many areas. These plains are often flooded during summer melt, leaving sed-
iments on the surfaces that are extremely vulnerable to redistribution by wind (Fig. 2).
Many of these areas have been identified as major dust plume sources or dust hotspots
(Arnalds, 2010). Sandy deserts of Iceland are, however, much larger than these main
dust plume sources, or about 15000 km? in all, and most of these areas can emit dust
during the highest intensity dry winds (see Arnalds, 2010). In addition to plume areas
(hot spots) and the sandy areas in general, there can be periods of dust generation
after deposition of ash from volcanic eruptions on poorly vegetated and barren land,
as witnessed after the 2010 Eyjafjallajokull and 2011 Grimsvétn eruptions (Leadbet-
ter et al., 2012; Arnalds et al., 2013). Furthermore, fluvial outburst events associated
with eruptions under glacier can leave unstable sediments that result in frequent dust
events (Prospero et al., 2012).

Most dust emission events in NE Iceland are driven by low sea level pressure (SLP)
west of Iceland (and/or high SLP east of Iceland) which leads to warm geostrophic
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southerly winds. Dust events in S Iceland are generally linked to reserved east-west
SLP which turns to cold geostrophic Arctic winds (Bjoérnsson and Jonsson, 2003;
Dagsson-Waldhauserova et al., 2013a, b).

3 Methods
3.1 Dust event frequency

Visibility is an important indicator of dust event severity where dust concentration mea-
surements are not available. Long-term frequency of atmospheric dust observations
has been investigated in detail for NE Iceland (Dagsson-Waldhauserova et al., 2013a)
and for the southern part of Iceland (Dagsson-Waldhauserova et al., 2013c) based on
present weather observations at 8 weather stations in NE Iceland, 15 stations in S Ice-
land and 7 stations in NW Iceland. A dust day was defined as a day when at least one
station observed at least one dust observation. For this study, we included synoptic
codes 04-06 for “Visibility reduced by volcanic ashes”, “Dust haze” and “Widespread
dust in suspension in the air’ into the criteria for dust observation (see Dagsson-
Waldhauserova et al., 2013a for details). The most frequent were dust observations
of “Suspended” and “Moderate suspended” dust (NE 73 %; S 52 %) with visibility 10—
70km, “Severe” and “Moderate haze” (NE 23 %; S 42 %) with visibility 1-10km, and
“Severe” and “Moderate” dust storm (NE 4 %; S 6 %) with visibility less than 1km.
The total number of dust days in Iceland, based on averages presented (Dagsson-
Waldhauserova et al., 2013a, b), is 135 dust days per year on average in Iceland in
1949-2011. About 34 dust days were observed annually in NE Iceland and about 101
dust days annually in southern part of Iceland.

3.2 Calculated dust storm emissions and transport to oceanic areas

The estimation of dust transport was based on several sources of atmospheric data.
Similar methodology has been used to calculate emissions from single storms by Leys
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et al. (2011). The concentration of dust is based on: (i) observed visibility at manned
weather stations; (ii) the horizontal extension of the dust plumes; and (iii) the rep-
resentativeness of the visibility observations are estimated from MODIS satellite im-
ages. The winds in the atmospheric boundary-layer were estimated from ground-based
and upper-air observations as well as numerical simulation, and the thickness of the
boundary-layer was estimated from the upper-air observations and numerical simula-
tions. The upper-air observations are made at 00:00 and 12:00 UTC at Keflavik, SW-
Iceland and Egilsstadir, E-lceland. The numerical model, Harmonie (based on Arome,
see Seity et al., 2011) was run with subgrid 1-D turbulence scheme based on Cuxart
et al. (2000) with a horizontal resolution of 2.5 km. The simulations are based on initial
and boundary-conditions from the operational suite of the ECMWF.

Four dust-storms originating at Dyngjusandur major dust source north of Vatnajékull
(Fig. 1) were selected for estimation of the total transport of suspended dust. In all four
storms, the visibility in the dust plume was observed and recorded, and the vertical,
horizontal and temporal extension of the plume was estimated from the available data.
For a 1-2km thick convective boundary-layer the dust can be expected to be quite
well mixed vertically after advection of about 100km in 1-2h. The sea front is located
at 200 km from the dust source in NE Iceland and 140km in east Iceland, but the
window was calculated at about 90 km for NE direction (three storms) and 155 for the
E direction (one storm), which is determined b1y the location of weather stations. The
boundary-layer winds are typically 15-23ms™~ and the height of the boundary layer
is of the order of 1-2 km. This may sound low, but it should be kept in mind that dust-
storms occur typically in stable stratified flow and that there is limited heating from
the ground due to little solar radiation in Iceland and short advection time of the air-
mass over land. The selected storms all lasted less than 24 h. The calculated total
amount emitted materials was from 215000 to 384 000 tons. Materials transported as
dust through the calculated window ranged from 75000 to 160 000 tons in each storm
(Table 1).

5946



10

15

20

25

10

15

20

25

3.3 GIS-based dust deposition distribution

An aeolian deposition map for Iceland was presented by Arnalds in 2010. The map
is based on soil metadata showing thicknesses between tephra layers (volcanic ash)
of known age, main dry winds from each major dust source and landscape param-
eters downwind from the sources. This deposition illustrated on the map has close
relationship with iron content measured in mosses which is primarily wind deposited
(data and map published by Magnusson, 2013), fertility of ecosystems as reflected
bird abundance (Gunnarsson et al., 2014), but also many basic soil parameters such
as pH, organic content and clay formation (Arnalds, 2008, 2010). We have extended
the map to oceanic areas and included categories for very low deposition furthest
away and extreme deposition closest to the aeolian sources. The map now shows
six broad categories of deposition in gm‘zyr‘1: (i) very low, 1—-15 (added to the pre-
vious map of Arnalds, 2010); (ii) low, 10-50; (iii) medium, 25—-100; (iv) high 75-250;
very high (v) 250-500gm~2yr~" and (vi) and extreme, 500-800gm~2yr~' (added to
the previous map). The map is presented in Fig. 3. Note that the deposition range
for each class overlaps with the next. The highest class (extreme) is expected to re-
ceive > SOOgm‘2 yr‘1 at some landscape positions. Mean deposition on glaciers was
estimated at 400 g m‘zyr"1 based on the deposition map. The aerial distribution of the
deposition classes over sea is in part based on a number of satellite images (MODIS;
Aqua and Terra) taken over the past decade. These images show plumes extending
several hundred km south into the Atlantic Ocean and northeast into the Arctic Ocean.
We expect that most of the dust settles relatively close to the source with a logarithmic
drop in sedimentation with distance from the source (Fig. 4).

3.4 Iron content of the dust materials

The chemical composition of the major of sand sources can be determined from pub-
lished materials. The common range for iron in Icelandic volcanic rocks is from 6.5 to
12.5 % with an average about 9.4 % judging from review data presented by Jakobsson
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et al. (2008) (andesite and basalts). The Dyngjusandur plume source, the primary dust
source in NE Iceland has 9.4 % Fe content, made of volcanic glass (Baratoux et al.,
2011). The Hagavatn plume source has similar iron content, but is made of more crys-
talline basalt grains (Baratoux et al., 2011). Oladéttir et al. (2011) reported slightly lower
Fe content in tephra for volcanic systems under Vatnajokull glacier (Bardarbunga and
Grimsvétn) or 9.2 %, based on a large number of determinations. Tephra from the Katla
volcanic system under Myrdalsjokull glacier has similar but slightly higher Fe contents,
mostly 10—11 % (Oladéttir et al., 2008). The Katla, Grimsvdtn systems are responsible
for the majority of dust going south from Iceland, which is the majority of the Icelandic
oceanic dust. Thus, in this paper we have selected the average of 10 % Fe in volcanic
dust from Iceland.

4 Results
4.1 Dust quantities based on frequency and calculated emissions

We found that there are 135 dust storm events that occur on average in Iceland each
year. However, some storms are unnoticed by weather stations, (north winds at the
Myrdalssandur and Skeidararsandur dust sources). The total emissions derived are
30.5 million tons per year over land and sea. Majority is deposited on land (25 mil-
lion tons), while 5.6 million tons are deposited over sea, mostly from the south shore
(Table 2). The emissions per medium storm are about 300 000 tons per storm accord-
ing to these calculations, but “minor” storms of about 100 000 ton emissions are most
frequent (75.6 annually).

The path of dust over land is much longer in NE Iceland, or 130—150 km from the
Dyngjusandur major source, but shorter distances from other sandy areas. More is
therefore deposited over land from NE Iceland and we estimate that only 10 % of dust
emitted from the NE Iceland reaches the oceans, based on the calculations presented
in Sect. 3.2, which gave transport through a window at 90—155 km distance of the order
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of 75000 to 160000 tons in each storm (see Table 1). This drop in deposition rates
with distance from the source is supported by the drop indicated by the deposition
map (see graph in Fig. 4 above), but it is a conservative estimate of the proportion
of dust materials reaching the sea in NE Iceland considering dust storm calculations
presented in Table 1. Many of the major dust sources of South Iceland are located
close to the shoreline (Fig. 1), and we estimate that 50 % of the dust emissions reach
oceanic areas, which we consider a conservative estimate.

4.2 Total deposition on land and sea based on GIS deposition map

The results from the calculations of dust deposition on land and oceans around Ice-
land are presented in Table 3. There is a logarithmic drop in deposition with distance
from the source. We used the lower 25 % percentile for deposition within each range,
reflecting the logarithmic drop, as the areas increase in size away from the sources.
The results show that about 40.1 million tons are deposited annually on land, glaciers
and sea. This number compares to the 30.5 million tons of total emissions calculated
from storm frequency and dust intensity. These results for the total emissions (40.1 vs.
30.5 million tons) are relatively comparable and provide the first estimate of total dust
emissions from Icelandic dust sources.

About 14 million tons are deposited on about 370000 km? ocean area according to
the GIS deposition map, but about 26 million tons on about 103 000 km? on land (in-
cluding glaciers). These map-based deposition values for land and glaciers (26 million
tons) is very comparable to the 25 million tons calculated from number and the sever-
ity of storms for land. However, the map calculations indicate higher (14 million tons)
deposition to oceans than the storm calculation method (5.5 million tons).

4.3 Oceanic iron deposition from Iceland

The values obtained from calculations of emissions on one hand (Sect. 3.1) and depo-
sition based on the GIS map (Sect. 3.2.) give a range for probable rates of deposition to
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the oceans, from 5.5 to 13.8 million tons, respectively. Using these numbers, it can be
inferred that the total iron deposition to the oceans (about 1/10 of the weight), is about
0.5-1.4 million tons in total per year (Table 3). The Fe sediment rates vary immensely
from 0.1—0.59m'2 yr‘1 for areas far from Iceland to > 139m'2 yr'1 close to the south-
ern shore. The last column in Table 3 shows an estimate of bioavailable Fe based on
evidence presented by Achterberg et al. (2013) after the 2010 Eyjafjallajokull erup-
tion (see Discussion). The bioavailable iron ranges from 0.02—0.1 mg m~2 yr'1 far from
the sources to 2.8—-10mg m~2 yr'1 closest to the sources in South Iceland. Maximum
numbers of > 50 mg m~2 yr'1 can be expected in localized areas.

5 Discussion
5.1 Total dust emissions from Iceland

Our research indicates that total emissions of dust from Icelandic dust sources are of
the range 30 to 40 million tons annually, with the majority of the sediments deposited
on land. The two different values reflecting this range are obtained by independent
methods, but are, however, in relatively good agreement. The deposition rates used
for obtaining the total emissions from the GIS map are in good agreement with lo-
cal and regional deposition values reviewed by Lawrence and Neff (2009), especially
close to the sources. More uncertainties are in the values far from the sources with
deposition rates as low as 1 gm‘2 yr‘1, with large areal extent. Judging from the differ-
ence between the calculated deposition (from number of events and their severity), and
extending the aeolian deposition map, it is likely that deposition on distant sources is
somewhat overestimated. Data for deposits on land acquired for the construction of the
deposition map is also less reliable for those areas (thin deposits and fewer ash-layer
markers).

The uncertainties associated with quantifying each of the storms and amount carried
to the sea are several. Horizontal extension of the windstorms and their duration is

5950



10

15

20

25

10

15

20

25

estimated to be of the order of 10-20 %, while the uncertainty of the concentration
estimated from horizontal visibility as well as the vertical extension of the dust plumes
is estimated to be 30-50 %. The uncertainty of the concentration is twofold. Primarily,
it is related to uncertainty in the manual estimation of the visibility and how well it
represents the entire dust plume. Secondly, observations that may deviate from the
present cases in terms of particle size distribution and optical properties which are not
known and presumably variable to some extent, even from case to case in Iceland.
Furthermore, the uncertainty in the estimate of how much of emitted materials reach
the sea is unknown. Yet, the relatively similar quantities derived for the total emissions
and sea emissions compared to values obtained from the deposition maps show that
these estimates are adequate as first approximations.

The dust emissions in Iceland presented here (31—40 million t) are of the order of
0.6-7.2 % of the total estimate for global dust emissions of 500 to 5000 million tons
given in a review by Engelstaedter et al. (2006). They noted that North Africa is by far
the largest source of dust with 170-1600 million t, but our numbers are 1.9-21 % of
these estimates of North African dust.

The total oceanic deposition from Iceland ranges between 5.5 and 14 million t annu-
ally, according our results. Engelstaedter et al. (2006) reviewed estimates of mean an-
nual dust depositions to the oceans, which range between 314 and 910 million tyr'1 to
the oceans globally but from 140 to 260 million tyr'1 to North Atlantic Ocean. The North
Atlantic estimates are close to values reported in a review by Mahowald et al. (2005),
suggesting that the North Atlantic receives about 200 million tons of dust annually,
mostly from Africa. The Icelandic dust to oceans amounts to 2.8-7 % of this quan-
tity. The dust deposition per unit area west of the Sahara is considered to be about
10tkm™2 yr'1 (Duce et al., 1991). The corresponding average number from the data
presented here is 10.4-25.7 tkm 2 yr'1 on average over 370000 km? sea area, equal
to or substantially greater than the rates reported by Duce et al. It is therefore evident
that Icelandic dust sources rate among the globally most active sources, and contribut-
ing a sizeable share of atmospheric dust to the North Atlantic Ocean, and most likely
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the majority of dust deposits to the northern part of the North Atlantic Ocean and the
Atlantic part of the Arctic Ocean (Greenland and Norwegian Seas).

5.2 Oceanic iron deposition with dust

Jickells et al. (2005) indicated that atmospheric sources of iron were of the order of
16 million tons Fe per year. The Icelandic aeolian sediments are exceptionally iron
rich, which explain high values of deposited iron to Icelandic water. Iron deposition to
oceans from Icelandic sources is of the order 0.56—1.39 million t (Table 4), which is
a sizeable proportion of the estimate of the global total (3.5-8.7 %). However, Jickells
et al. (2005) report fluvial (625-962 million t) and glacial sediments (34-211 million
t) as much larger sources for flux of iron to the oceans, but their spread is naturally
considerably more limited, closer to the outlets.

There is evidence that the oceans south of Iceland are Fe limited during and after
peak bloom, and the Irminger Basin waters have been identified as an area of low dis-
solved Fe (Nielsdaéttir et al., 2009; Ryan-Keogh et al., 2013). Achterberg et al. (2013)
found elevated Fe levels in surface waters south of Iceland during the 2010 Eyjafjal-
lajékull eruption, indicating that volcanic activity can raise the oceanic Fe numbers.
They, however, pointed out that the potential positive effect of such nutrient pulses as
provided by eruptions are depended on other conditions such as nitrogen availabil-
ity, and the effects are potentially short-lived. We do, however, concur with Prospero
et al. (2012) that the numerous periodic dust plumes over the Icelandic waters can have
a prolonged effect on Fe availability south of Iceland, and also in other Icelandic waters.
Furthermore, many of the dust-storm events occur in spring in South Iceland (March—
May), which further enhances possible positive growth effects during early summer.

Only part of the iron in the ash becomes available. Iron solubility has generally been
calculated as 1-5 % (see Mahowald et al., 2005), but Buck et al. (2010) reported 9+5 %
sea water solubility for iron in aerosol over oceans. How much of this iron becomes
bioavailable is uncertain (Jickells et al., 2005). A range of Fe bioavailability has been
reported in the literature (e.g., Ayris and Delmelle, 2012b) with 0.004—0.04 % bioavail-

5952



10

15

20

25

10

15

20

25

ability reported by Olgun et al. (2011; see also Ayris and Delmelle, 2012a). Achterberg
et al. (2013) studying the 2010 Eyjafjallajékull deposition indicated that only 0.02 % of
the Fe would become bioavailable. We made an effort of quantifying bioavailable iron
based on 0.02 % bioavailability, which is presented in the last column in Table 4, which
shows that bioavailable Fe from dust sources are of the order 0.04 to > 10mgm~2yr™".
It should, however, be noted that Jones and Gislason (2008) showed that 7 year Hekla
ash (from the 2000 eruption) released substantially less iron than the freshly deposited
ash.

The continuous river and aeolian distribution to the oceanic waters have more stable
effects on the nutrient contents of the surface waters than volcanic pulses. Icelandic
rivers bring annually about 6070 million tons of sediments to the ocean on average
(research reviewed by Gislason, 2008) compared to 5.6—14 million tons deposited by
aeolian processes. In addition to this mean annual flow, large scale floods in relation
to volcanic activity and draining of sub-glacial lakes create temporary pulses of sedi-
ment release to the oceans from Iceland (and also often dust pulses). The high river
inputs will result in high concentrations near the river outlets, dwarfing the aeolian in-
puts. However, the river fed sediments are not as widespread as the aeolian deposition.
Furthermore, dust far from the sources is relatively fine-grained material, more reactive
than the coarser glacio-fluvial sediments, and is more likely to affect nutrient contents,
such as Fe, in much of the oceanic waters around Iceland. Iron solubility has been sug-
gested to be higher in areas remote from desert plumes (Baker et al., 2005). However,
the effect of particle size, hence the small grains distributed over the oceans, is poorly
understood (Ayris and Dalmelle, 2012b). There are published experiments on the sol-
ubility of iron from fresh volcanic ash, less is known about the iron solubility in volcanic
materials redistributed by aeolian processes, but it is likely to be less than for the fresh
volcanic ash, as the readily soluble salts adsorbed onto the fresh ash particles have
been washed away (e.g., Duggen et al., 2010).
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6 Implications and conclusions

We present the first available estimates of total dust emissions from Icelandic dust
sources, which are obtained using two independent methods, and yielding 30 to 40
million tons of dust annually. These figures are significant in relation to global emis-
sions and are likely to have widespread effects on atmospheric conditions in the North
Atlantic Ocean and in the Arctic. This dust needs to be considered in climate models
for the area, and is likely to have impact on albedos of snow, sea ice, and glaciers, thus
enhancing snow melt in Iceland and possibly Greenland and Svalbard.

Our research also presents the first estimate of oceanic dust deposition of volcanic
materials from Iceland. The amount is in the range of 5.5-13.8 million tons annually,
which is a substantial proportion of the dust deposited to the North Atlantic Ocean and
the Arctic, and large contribution of materials to the ocean surface at northerly latitudes
(e.g., > 55°N). The 5.5-13.8 million t of materials deposited as dust is an addition to
the 60-70 million tons that are fluvial (Gislason, 2008), but the aeolian materials are
distributed more evenly and over larger areas than the fluvial sediments. This large
amount and distribution shown in Fig. 4 can be used for improving ocean nutrition
models for the ocean waters around Iceland.

The iron content of volcanic dust materials deposited from the Icelandic dust sources
is high (10 %). Therefore, the dust is expected to release relatively high concentrations
of bioavailable iron. This iron release can potentially have marked influence on the
primary productivity in oceans around Iceland and needs to be considered for nutrient
budgets for the area. Even though the numbers are substantially lower than fluvial
deposition of suspended materials from Iceland, the extensive spread is potentially just
as an important factor. Considering the importance for ocean productivity and fisheries,
we suggest that the effect on Icelandic dust plumes on the primary production should
be investigated in greater detail.

Icelandic glaciers are currently retreating due to climate change (Bjérnsson and Pals-
son, 2008). Dust emissions are likely to increase over the next decades with retreating
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glaciers as some of the major dust source areas (mainly Dyngjusandur, Maelifellssan-
dur and Myrdalssandur, see Fig. 1) leave behind larger floodplains subjected to intense
aeolian redistribution of fine sediments. It is important to increase understanding of the
aeolian nature of these major dust source areas, including loading, erosion processes,
deflation, dust generation and other factors.

The amount of dust emissions calculated from the deposition map presented here
includes periodic pulses from volcanic eruptions, which may result in lower emissions
during average years (without eruptions), which can in part explain the difference be-
tween calculated deposition from frequency and emissions of storms compared to es-
timates from deposition on land. Our results provide a best estimate in a subject area
where data of this nature did not exist previously, but is needed for improved under-
standing of oceanic biochemical cycles, productivity and atmospheric conditions.
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Table 1. Calculation of four storms based on visibility determined at weather stations and wind
data for each storm, using equations converting visibility into PM,, concentrations by D’Almeida
(1986) and Wang et al. (2008) (factor —1.418); see also Dagsson-Waldhauserova et al. (2013).
Total emissions calculated by formula given by Leys et al. (2011) and the deposition curve pre-
sented in Fig. 4, which reflects drop in concentration. All storms occurred at the Dyngjusandur
dust source in NE Iceland. The column “Distance from source” indicates the location of the cal-
culated window through which materials in the last column are transported. “Emissions through
window” means how much material is transported through the window (e.g., to sea).

Storm Size Distance Total emissions Emissions
from source from source through window
km thousand tons
23 Sep 2008 Medium-large 90 384 160
24 Sep 2011 Medium 90 255 110
25 May 2012 Medium-large 90 365 150
9 Aug 2012 Medium 155 215 75
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Table 2. Annual number of dust-day events in South, North and all Iceland to the left. The dust
events are split in three intensity classes each with calculated average emissions to give total
emissions for each North and South Iceland. The results are shown as total emissions (land
and sea) and emissions over sea (northeast and south of Iceland and total emissions to the
sea, last three columns).

Intensity

Dust events in
NE Iceland per year S Iceland per year

Dust events in

Total dust events in
Iceland per year

Average emission
per event

Total

ions to oceans  Emission
S (50% of total)

land and ocean  NE (10% of total)

to oceans Total emissions
to oceans

million tons

Major
Medium
Minor

15
78
253

6.3

7.8

425 50.3
52.2 75.6

0.3
0.1

1 7.8
15.1
76

0.150
0.234
0.253

3.150
1.275
0.522

3.300
1.509
0.775

Total

34.6

101

135.6

30.5

0.637

4.917 5.554
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Table 3. Deposition on land and sea based on a map of deposition on land (Arnalds 2010) and
extension of the data to oceanic areas around Iceland.

Average Areal extent Deposition
Category Deposition Land Ocean Land Ocean Total

tkm™2 km? million tons
1 5 10085 173637 0.05 0.89 0.92
2 20 8,370 109845 0.17 2.20 2.36
3 44 17367 48 761 0.76 2.15 2.90
4 119 11699 22594 139 2.69 4.08
5 350 16680 12188 5.84 4.27 10.10
6 500 27297 3244 13.65 1.60 15.27
Glaciers 400 11185 4.47 4.47
Total 102683 370269 26.33 13.79 40.11
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Table 4. Range in annual dust deposition over sea area from Iceland, total and per unit area,
iron deposition and a calculation of bioavailable iron from Icelandic dust (0.02 % of total Fe,
Achterbert et al., 2013). Range in dust deposition found by (i) frequency determination and
dust load calculation (lower values), and (ii) map-based deposition numbers (higher values).

Deposition per year Sea area Total dust Fe Total Fe onsea  Bioavailable Fe®
Deps. categ. tkm™2 or gm‘2 km? million tyr'1 gm‘2 yr‘1 thousand tyr‘1 mg m~2 yr‘1
1 2-5 173637  0.35-0.86 0.2-0.5 35-87 0.04-0.1
2 8-20 109845 0.89-2.2 0.8-2 89-220 0.16-0.4
3 17-44 48761 0.88-2.1 1.7-4.4 87-215 0.36-0.88
4 48-119 22594 1.1-27 4.8-11.9  109-269 0.97-2.38
5 142-350 12188 1.7-4.3 14.2-35.0 173-427 2.8-7
6 203-500 3244 0.7-1.6 20.3-50.0 66-162 4.1-10
Total 370269 5.6-13.8 560-1390
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Fig. 1. Location of major plume areas in Iceland shown as circles. Sandy areas with unstable
surfaces shown as red (very unstable) and orange (unstable), but glaciers are white. The map
is based on the Agricultural University of Iceland land cover database.
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Fig. 2. Typical plume area in Iceland: Maelifellssandur, north of Myrdalsjokull. The photo shows
approximately 3km of the glacial front but the plume area is > 25 km?. The sand-fields are
flooded during warm summer days, charging the surface with silty materials (lighter colored
areas, deposited from higher water flow the previous day or days). Some of the channels dry
out as the water percolates into the surface, with the sediment loads being left on the surface.
The more coarse materials are left on the ground after wind erosion events (saltation, the darker
materials). The water channels change frequently. Dust storms are extremely common within
this area during summer (often daily), but less frequent during winter when this highland area
is usually covered with snow. Photo July 2012 (OA).
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Fig. 3. Average distribution of aeolian sediments and volcanic ash around Iceland. Deposition
is split in six categories (see map legend), and is an extension of previously published map for
terrestrial Iceland (Arnalds, 2010). Extension to sea is partly based on satellite images showing
dust-storm events. Main extension is to the south from the southern Iceland dust plume areas,
and to the northeast, mainly from the Dyngjusandur dust plume source.
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GRAPHICAL ABSTRACT

e Present weather and visibility obser-
vations in Northeast Iceland.

e There were 1033 dust days in 1949
—2011 with the annual mean of 16.4
dust days.

e Dust event frequency is comparable
to major desert areas in the world.

e Dust production occurred during
summer months, mostly June and
September.

e Median concentrations were calcu-
lated as 106 pg m>.
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Long-term records of meteorological dust observations from Northeast Iceland were analysed and fre-
quency of dust events from Icelandic deserts calculated. A total of 1033 dust days were reported during the
period 1949—2011 with an annual mean of 16.4 dust days year— !, placing the area among the dustiest areas
in the world. The most active decades were the 2000s, 1990s and 1950s. Monthly dust event frequency is
bimodal with primary and secondary maxima in June and September. A total of 14 severe dust storms
(visibility < 500 m) occurred during the period. Median dust event concentration was calculated as 106 pg
m~3 from the visibility observations. The frequency and severity of dust events depend on Sea Level
Pressure (SLP) oscillation which controls the southerly winds in NE Iceland. The availability of fine sedi-
ments susceptible to dust production in outwash plains controlled by the flow rate of glacial river is also
important. Volcanic ash from eruptions in 2010 and 2011 barely affected the dust event frequency in NE
Iceland. Icelandic dust may be substantial source for large scale air pollution in the Arctic.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

(Formenti et al., 2011). Globally, fine dust particles may be trans-
ported at altitudes of up to 10 km and can be carried distances of

Natural dust is emitted from many desert areas on Earth. The
global dust belt, where most of the dust sources are located, ex-
tends from Africa, through the Middle East, into Central Asia
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>10,000 km (Husar, 2004). Grousset et al. (2003) suggested that
dust particles can travel over a 20,000 km in two weeks. Dust is
considered to contribute to the Arctic haze phenomena (Raatz,
1984; Quinn et al., 2002).

Although dust is most often associated with dry and warm desert
areas, dust is also frequently emitted in cold climate regions and at
high latitudes, foremost from glacially-derived sediments of river-
beds or ice-proximal areas (Arnalds, 2010; Crusius et al., 2011;
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Prospero et al., 2012; Bullard, 2013). Glaciers produce sediments
during the grinding and abrasion by ice over bedrock and meltwater
transports fine particles to floodplains from which they are deflated
by strong glacier-driven or katabatic winds. Eldridge (1980)
considered the Arctic and Antarctic coastal zones as the windiest
regions on Earth which may increase the severity of regional dust
events. Furthermore, threshold wind velocities for a given particle
size are lower in cold conditions than in warmer areas (Bullard,
2013). Dust emission intensity and deposition rates in glacial areas
sometimes exceed those at lower latitudes (Bullard, 2013). Canada
(Hugenholtz and Wolfe, 2010), Iceland (Arnalds, 2010), USA, China,
and New Zealand (McGowan et al., 1996) are among areas with the
highest deposition rates (Bullard, 2013). Blechschmidt et al. (2012)
suggested that Icelandic deserts should be considered as major
dust sources in global and regional climate models.

Iceland is an example of glaciogenic dust source area at high
latitudes. In addition, Iceland is an important source of volcanic
sediments that are subjected to intense aeolian processes and dust
production (Arnalds et al, 2001, 2012, 2013; Arnalds, 2010;
Prospero et al., 2012; Thorarinsdottir and Arnalds, 2012). Many of
the major source areas for the dust have been identified (Arnalds,
2010) and the sandy deserts have been mapped (Arnalds et al.,
2001). The Northeast is one of the most active aeolian areas of
Iceland, with frequent dust plumes rising up from the Dyngju-
sandur source area and other sandy areas in the region, with dust
plumes extending several hundred km from the sources (Arnalds,
2010). The Dyngjusandur active aeolian sandsheet covers an area
of 270 km? with up to 10 m thick sediments (Mountney and Russell,
2004). Desert areas near Dyngjujokull are a result of glaciofluvial
flooding, often associated with volcanic eruptions under the

Vatnajokull glacier, enhanced by widespread volcanic deposition
(Arnalds et al., 2001).

Atmospheric dust can reduce visibility and cause health risks.
The World Health Organization considers that annual PM; 5 con-
centration of 10 pg m~> and estimated visibility 67 km indicates
health risk, or daily standard of 35 pg m~> and visibility range
31 km (WHO, 2005). In comparison, visual range can be over
300 km in dry climates and 100 km in humid climates on clear days
(Hyslop, 2009). Observations of visibility during dust events are a
key indicator of the severity of dust events where no aerosol
measurements are conducted.

Many factors affect dust activity, such as sediment availability
and climate factors. It is important to monitor changes in dust ac-
tivity in time, especially in relation to climate and environmental
changes. Atmospheric dust and visibility observations are available
at weather stations in Iceland for more than 60 years (Arason et al.,
2010). These data are ideal for studying long term variability in dust
production and severity of historical dust events.

The main objectives of the study presented here were: (i) to
explore the long term (63 years) variability in dust activity in NE
Iceland (ii), to determine climatological characteristics of episodic
dust events in a subarctic region, (iii) to place Icelandic dust pro-
duction into international perspective.

2. Methods
2.1. Meteorological data

A network of eight weather stations in NE Iceland was chosen
for the study. Fig. 1 depicts the location of the stations at Akureyri
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Fig. 1. A map showing the locations of weather stations in Northeast Iceland [Akureyri (AK), Egilsstadir (EG), Grimsstadir (GS), Raufarhofn (RH), Stadarholl (SH), Vopnafjordur (VO),
Kollaleira (KL)] and a station in central Iceland [Hveravellir (HV)]. Base map from the Agricultural University of Iceland land use database (Nytjaland).
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(AK), Egilsstadir (EG), Grimsstadir (GS), Raufarhofn (RH), Stadarholl
(SH), Vopnafjordur (VO), Kollaleira (KL), and additionally Hver-
avellir (HV). HV is the only manned weather station located in
central Iceland (Fig. 1) where dust events have been observed
mostly during southerly winds and therefore affecting northern
Iceland. The duration of operation varies: AK, ES, GS, and RH have
been operated since 1949 (giving 63-year time series), EG 1949—
1998 (50 years), SH and VO since 1961 (51 years), HV 1965—2004
(40 years), and KL from 1976 to 2007 (32 years). The weather sta-
tions are operated by the Icelandic Meteorological Office where the
data are stored after strict quality control.

The data consist of conventional meteorological parameters
such as wind velocity, wind direction, temperature and visibility,
accompanied by synoptic codes of present weather. Present
weather refers to atmospheric phenomena occurring at the time of
observation, or which has occurred preceding the time of obser-
vation (The Icelandic Meteorological Office, 1981). In this study only
atmospheric phenomena such as for ‘moldrok’ (blowing soil/dust),
‘sandfok’ (blowing sand/dust), ‘sandbylur’(extreme blowing sand/
dust), and codes for dust haze, suspended dust, blowing dust and
dust whirls, were used and defined as ‘dust observation’. The syn-
optic codes (ww) for present weather which refer to dust obser-
vation are 7—9, 30—35, and 4—6 only if the codes for primary or
secondary past weather (wwj, ww,) are 3 for blowing soil, dust,
sand and dust storm (The Icelandic Meteorological Office, 1981). At
all stations, the weather was observed every day of the year 3—8
times a day.

2.2. Analysis

The initial dataset was built from the occurrence of ‘dust
observation’ made at one or more weather stations. Long-term dust
activity is expressed in dust days. A ‘dust day’ was defined as a day
when at least one station recorded at least one dust observation.
About 29% of the observations did not include information on the
atmospheric phenomena and they were excluded from the dataset.

There are no continuous dust concentration measurements
conducted in NE Iceland and therefore there are no in situ dust
concentrations available for our dust observations. However, visi-
bility observation during a dust event can be applied to estimate
dust concentration using empirical relationships (Leys et al., 2011).
Dust concentrations were derived from an equation (Table 1) based
on conversion between horizontal visibility and suspended particle
concentration presented in a paper by D’Almeida (1986). Additional
formulas with different coefficients from Wang et al. (2008) and
Leys et al. (2011) were used for comparison of mass concentrations
which were measured in desert, semi-desert and loess environ-
ments (see Section 3.3.2.1).

Dust events were classified from visibility ranges (Table 2) based
on criteria provided by Leys et al. (2011) and Wang et al. (2008).
Dust events with visibility less than 500 m are often classified as
“severe dust storms” (CMA, 1979; Tao, 2011), which is used in the
present study. We classify dust event in visibility range 11-30 km
as “suspended dust” and visibility range above 30 km as “moderate
suspended dust”. Visibility >10 km has been used in the literature
to represent floating dust or suspended dust (Natsagdorj et al.,
2003; Tao et al., 2002).

3. Results
3.1. Frequency, spatial and temporal variability in dust production
There was a considerable variability between weather stations in

the total number of dust observations recorded over the 63 year
period. The Grimsstadir station (GS) located downwind from the

Table 1

Aerosol dust concentration formulas estimated from visibility and PM;o concen-
tration relation. PMyq is particulate matter concentration in pg m~> and V is hori-
zontal visibility in m (except D’Almeida (1986) where V is in km).

Aerosol dust concentration formulas  Surface type Reference

PM;o = 914.06Vexp(—0.73) + 19.03  Saharan desert D’Almeida (1986)

PM;o = 1E + 08Vexp(—1.3687) Chinese Wang et al. (2008)
sandy land
PMjo = 3E + 08Vexp(—1.4519) Chinese Wang et al. (2008)

steppe area
China — all areas
Australian

sand plains

PM;o = 1E + 08Vexp(—1.418)
PM;o = 6E + 06Vexp(—1.1303)

Wang et al. (2008)
Leys et al. (2011)

Table 2

Dust event classification based on visibility categories. Mean visibility of each dust
class is recalculated into PM;o concentration using the formula for steppe areas in
Wang et al. (2008) and the formula from D’Almeida (1986). PM;o concentrations are
based on an average obtained using the formulas by Wang and D’Almeida.

Dust event class Visibility (km) PM;( concentration
(ngm™)
Severe dust storm <0.5 31,027
Moderate dust storm 0.5-1.0 8209
Severe haze 1.0-5.0 1265
Moderate haze 5.0—10.0 368
Suspended dust 10.0-30.0 126
Moderate suspended dust 30.0-70.0 52

main dust source made 1685 dust observations (Table 3). The GS
station also had by far the greatest frequency of dust days, with 65%
(640 dust days) of the total 1033 dust days recorded over the 63
years. Egilsstadir (EG) counted for 15% (155 dust days), followed by
7% at HV and 5% at VO. The number of dust days per decade is shown
in Fig. 2. The total number of dust days (defined in Section 2.2) is to
the left, but numbers of dust days at individual stations are shown to
the right. The annual mean is 16.4 dust days per year. Looking at
decades separately reveals that there are frequent dust days during
first decade of 21st century but also during the 1990s and the 1950s.
The occurrence of total dust observations is, however, the highest in
the 1990s and during the first decade of the 2000s.

The lowest number of dust days occurred in the 1980s but with a
more evenly spread observations between the weather stations. EG
observed most dust events in the 1980s, fewest events in the 1990s,
but dust monitoring was discontinued there in 1998. The most
active decade, the first decade in the 2000s has double mean fre-
quency compared to the least active decade, the 1980s.

The mean visibility observed during all dust observations was
26.7 km (shown as the solid line in Fig. 2). It was the lowest during
the 1980s, 20.8 km, and the highest for dust observations during
the 2000s, up to 44 km. Occurrence of dust days was generally
higher after the year 2000 but visibility during dust events (DE) was
almost double compared to the rest of the decades.

Table 3
Total dust observations, mean annual number of dust days and mean dust day
visibility at all stations.

Station Total dust Dust days Mean dust
observations per year day visibility

GS 1685 12.5 24.8

EG 368 3.9 241

HV 132 23 38.1

VO 96 1.2 241

RH 61 0.7 15

AK 26 04 30.6

SH 13 0.24 42.7

KL 6 0.16 24.2
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Fig. 2. Total number of days with dust observations, all stations combined to the left. Individual stations sorted by decades to the right. Solid line represents mean visibility.

3.1.1. Annual dust day variability and visibility

The annual number of dust days at all stations in NE Iceland is
presented in Fig. 3. Note that 80% of reported dust days relate to the
GS and the EG stations. The most active year was 1955 with 37 days
of reported dust events with average visibility of 23.2 km, about
3 km less than mean dust day visibility. Other years with high
occurrence of dust days in NE Iceland were 1992, 1977, 1960, and
1959. The 3-year moving average of dust day frequency (dashed
line) depicts four periods of high dust activity in 1955—1960, 1976—
1977,1992—-1993 and 2006—2008. The mean visibility during dust
days varies and was notably low in 1954, 1972, 1974, and 1978. The
lowest mean annual visibility during dust observations (12.8 km)
was recorded in 1988 when dust events of high severity were
observed including the severe dust storm on 18 June 1988, so called
‘The June 88 storm’, which has been used to illustrate a severe dust
storm (Arnalds et al., 2012).

Table 3 summarizes the mean number of dust days per year and
visibility at all stations. The GS station is located only about 90 km
downwind from the main dust source of Dyngjusandur and was the
most active station with over 12 dust days reported annually. The
horizon at GS is not blocked by mountains and there are also some
local dust sources. Consequently, it is of no surprise that GS pro-
vides a large majority of dust days into our database. The second
was the EG station with almost 4 dust days annually, while over half

of the stations observed <1 dust day annually. The RH station is
located at the north-eastern shore and might be influenced by
coagulation of dust particles and water (fog) droplets in marine
regions, resulting in low DE visibility.

3.1.2. Seasonal patterns in dust activity and visibility

The seasonal distribution of dust events (mostly driven by the
GS station) is depicted in Fig. 4. The highest occurrence was in
June with almost 22% of all dust events, followed by September
(19%). Low dust season started in December and ended in April.
The lowest DE visibility was in May, 24.7 km. From April to
November the mean visibility during dust events did not exceed
29 km.

The decadal changes in monthly distribution of dust events are
shown in Fig. 5 (including only months with at least 5% of the total
number of dust days). June had the highest occurrence of dust days
early on and showed similar trend after 2000, while September
dominated during the 1970s. August had relatively high occurrence
of dust events during the 1980s and the 1990s, and May showed a
contribution mainly in the 1950s. Absolute numbers of monthly
dust days per decade are shown on the graph to the right. Dust
events in May in the 1950s were about 2 °C warmer than in other
decades. September events in the 1980s were, however, over 2 °C
colder than in September during the other decades.
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Fig. 3. Number of dust days (bars) and mean annual visibility during dust events (solid line) at all stations. Dashed line represents a 3-year moving average of dust day frequency.
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Fig. 4. Number of dust days per month (bars) and monthly means of dust visibility
(solid line) for period 1949—2011.

3.2. Climatology of dust events in NE Iceland

3.2.1. Long term trends in meteorological characteristics of dust
events

The mean temperature during dust events (DE) ranged from 9.6
to 11.4 °C. The DEs which occurred in the 1950s were the ‘warmest’
with an average DE temperature of 11.4 °C, but DE temperature
dropped to 9.6 °C in the 1960s (Fig. 6A). Wind velocity correlates
well with the dust event occurrence as would be expected. The
fewest DE per decade were recorded in the 1980s and they occurred
at the average wind velocity of 8.6 m s~ L. The DE wind velocities
increased substantially from the 1990s (11.4 m s~ !) to the highest
average velocity of 11.9 m s~! during the 2000s (Fig. 6B). Most of
the DE meteorological data in the 1950s and the 2000s were ob-
tained at the GS station and the DE wind velocities at other stations
are lower (yellow line, Fig. 6B). The RH station changed from
manned to automatic station in 2005. Previous meteorological
observations at this station were made more frequent than at the
other stations and the data have the highest quality. The DE wind

30%

velocity at this coastal station remained similar throughout the
period with a maximum in the 1990s and the lowest velocity in the
1980s (dotted line, Fig. 6B). During the dust events, the inland
stations had higher wind velocities than the coastal stations.

The most common wind directions of the dust events in NE
Iceland were SW—S—SE (Figs. 6C and 7). During the 1950s and the
1960s, SE storms were more frequent than in following decades. In
the 1980s, dust events were mostly during winds from the SW and
the first decade in the 2000s was dominated by southerly winds.

In order to gain better understanding of the frequency of the
DEs, the long term variability in southerly winds was investigated
in greater detail. The most active station (GS) was chosen to
determine prevailing winds during dust events. GS is located in
relatively flat highland area at some distance from mountains that
can affect wind direction. The proportion of annual southerly air
flow (winds from directions 100°—280°) on total air flow (all
winds) was identified for this station. Fig. 8 depicts strong corre-
lation between years of positive southerly air flow (>50% of winds
were from directions 100°—280°, Fig. 8A) and years with high
number of dust days (Fig. 8B). Low number of southerly winds in
the 1980s correspond to low dust days frequency in this decade.
This coincides with a drop in the frequency of southerly winds
exceeding wind speed of 8 m s~ during the active dust season
(May—November) on total winds in the 1980s at the station RH
(Fig. 8C).

3.2.2. Seasonal patterns in meteorological characteristics of dust
events

Monthly mean values for temperature, wind velocity and most
frequent wind direction of dust events (solid line) are shown in
Fig. 9. Dashed lines depict total mean temperature and wind ve-
locity in 1949—2011. The DE temperatures were about 3 °C higher
than monthly long-term temperatures and DE wind velocities were
about 4—7 m s~ ! higher than long-term wind velocities. The major
differences in temperature and wind velocity were in May,
September and October. The reason is likely the occasional pres-
ence of snow within the Dyngjusandur dust source during these
months and therefore the threshold wind velocity and temperature
of DE are higher. The DE temperatures were warmest in June—
August, with a maximum 14.4 °C in July. The highest DE wind
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Fig. 5. Frequency of dust events during individual months of the year. The thick lines depict the fraction of June (light green) and September (orange) dust observations by decades.
The dashed lines show remaining months with at least 5% of the total number of dust days. The absolute numbers of dust days each month per decade is on the right. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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velocities occur in September and October, 11.4—11.9 m s~ 1 and in
May (10.9 m s~1). There is a characteristic decrease in wind ve-
locities during the summer season in June—August to about
9.9 m s~ . Dust events are mostly associated with S and SW winds.
Such winds are dominant in the late season (July—September),
while there is a considerable contribution of dust events with SE
winds during the early season (May—June).

180

Fig. 7. Wind directions during dust events at all stations 1949—-2011.

3.3. Dust event classification and aerosol dust concentrations

3.3.1. Dust event classes and climatology

Most of the dust events during the study period were classified
within the ‘suspended dust’ class (46%) with visibility 10—30 km
(Table 4). About 13% of dust events (192 dust days) had visibility
<5 km. In total, we observed 14 severe dust storms with visibility
less than 500 m.

The DE wind velocity generally increased with the DE severity
as stated earlier. However, DE temperature was colder than
average for the most severe DE classes (Table 4). The ‘moderate
haze’ and ‘suspended dust’ had the highest DE temperatures
because they occurred more often during the summer period
(July—August).

The frequency of meteorological parameters of individual dust
event classes from 1949 to 2011 is depicted in Fig. 10. Severe and
moderate dust storm classes (visibility 0—1 km) were most often
recorded in the 1950s and the 1990s but only once observed in the
2000s. About 50% of dust events had visibility <10 km in the
1950s. There is an increase in DE wind velocities within all classes
between the 1990s and the 2000s. The DE temperatures of indi-
vidual classes vary between stations during decades. The DE
temperature when ‘haze’ classes were recorded, were warmer at
the inland GS station in the 2000s compared to the 1990s but
colder at the coastal RH station in the 2000s compared to the
1990s.

Duration of dust events in NE Iceland ranges from one day up to
seven days of continuous dust observations. About 70% of the dust
observations lasted one day or less, about 15% lasted two days and
7% for three days. More two- and three-day DEs were observed
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during the 1950’s, but seven-day observations of moderately sus-
pended dust were reported during the 2000s.

The Moderate Resolution Imaging Spectroradiometer (MODIS)
flying on NASA’s Terra satellite has captured many images of dust
plumes blowing off the northern and northeastern coast of Iceland
over the Arctic Ocean. Unfortunately, there are no clean pictures of
severe or moderate dust storms in NE Iceland because of cloud cover
over the region. One of the most severe events captured by MODIS was

the ‘severe haze’ on September 17, 2008 (Fig. 11), which caused
reduced visibility at GS station for seven days. The lowest visibility was
observed as 1.5 km and mean wind velocity was about 19 ms~ . Visible
part of the plume extended >350 km (red line (in the web version)).

3.3.2. Relationship between visibility and dust concentration
3.3.2.1. Aerosol dust concentration formulas. Unfortunately, dust
aerosol measurements are not made in NE Iceland and it is
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Fig. 9. Monthly mean values of meteorological parameters during dust events in 1949—2011. A-mean temperature, B-mean wind velocity, C-most frequent wind direction.
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Table 4

Dust event classification based on visibility ranges, frequency of dust events in
different classes and annual number of dust days. Mean wind velocity and mean
temperature of each dust class are included.

Dust event class  Visibility = Frequency Wind Temperature Number

(km) (%) velocity (°C) of dust
(ms™1) days yr!
Severe dust storm <0.5 <1 16.2 8.4 0.2
Moderate dust st. ~ 0.5—1.0 2 149 9.4 0.5
Severe haze 1.0-5.0 10 13.0 10.6 2
Moderate haze 5.0-10.0 13 113 10.9 3
Suspended dust 10.0-30.0 46 9.9 10.6 10
Mod. susp. dust 30.0-70.0 27 10.2 10.0 7

therefore necessary to estimate the concentrations based on visi-
bility observations. Several attempts have been made to relate
visibility with total suspended particle concentration in the liter-
ature. D’Almeida (1986) found a good correlation (12 = 0.95) be-
tween horizontal visibility and PM1g during Saharan sand storms
(Table 1). The green line in Fig. 12 shows calculated annual PM;o
concentrations from DE visibility observations in NE Iceland using
his formula. Wang et al. (2008) obtained formulas for visibility and
PM;jo mass concentration based on in situ measurements in desert,
semi-desert and loess environments in Asia in 2001-2006. They
obtained a strong relationship (1 = 0.9) between visibility and
PMjg concentration. Leys et al. (2011) similarly calculated rela-
tionship for the famed ‘Red Dawn’ storm in Australia in 2003.
Fig. 12 shows the mean annual PMyg dust concentrations during
DE in NE Iceland using these formulas from different surfaces. The
calculations suggest that the maximum mean annual concentra-
tion was obtained in 1988 when dust events caused on average
concentration between 140 and 330 pg m>depending on which
formula is used for the conversion. Generally the concentrations
are lower in the 2000s. Concentrations calculated from DE visi-
bility in Iceland are higher using formulas for steppe surfaces than
for deserts. Using the formula derived for steppe conditions (Wang
et al.,, 2008) resulted in the highest aerosol mass concentrations in

>z

Aqua MODIS 17 September 2008

Fig. 11. Severe haze blowing off the northern coast of Iceland over the Arctic Ocean on
September 17, 2008 (NASA, 2012).
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general and most likely represents Icelandic fine glaciogenic
sediments.

3.3.2.2. Seasonal variability in aerosol dust concentrations.
Fig. 13 shows results for the mean and the median dust concen-
trations calculated from visibility using the formula from
D’Almeida (1986). The mean dust concentration during dust
events in NE Iceland is 237 pg m~> during the period 1949—2011.
Maximum is in April with 805 pg m~3, a month which represents
only 2% of total dust events. Median dust concentration is
106 pg m~3, the highest in May and September (122 pg m—3),
followed by June, July and August. The highest frequency of the
severe dust storms is also in September (37% of all severe dust
storms) and May (21% of severe dust storms). Clearly, the highest
median dust concentrations occurred during months with
frequent dust events.
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4. Discussion

Meteorological observations around major dust source regions
worldwide include continuous atmospheric dust and sand obser-
vations. Annual mean of 16.4 dust days in NE Iceland is similar to
that found in Iran (Jamalizadeh et al., 2008), more active than Utah
(4.3 dust days year™'; Steenburgh et al., 2012) but less frequent
than in the northern part of Africa (up to 150 dust days year™!;
N'TchayiMbourou et al., 1997), Australia (50 dust storm days year™!;
Ekstrém et al., 2004), Mongolia (40 dusty days year—'; Natsagdorj
et al,, 2003), or in active parts of China (35 dust days year™'; Qian
et al,, 2002). As for the Arctic regions, Nickling (1978) observed
15 dust storms within 59 summer days in the Yukon Territory in
1972—1973, and Bullard (2013) recorded 7 days with high dust
emissions in West Greenland in summer 2007. Dust activity can
also be monitored by measuring deposition rates. Iceland rates
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Fig. 13. Mean (left) and median (right) dust concentration of dust events. Red dashed line represents dust concentration and blue line shows visibility. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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among the highest dust deposition areas worldwide (Arnalds,
2010; Bullard, 2013), indicating that large amount of sediments
are released during the dust events. The major sources have been
identified as glacial floodplains (Dyngjusandur, Fig. 1) and the
sandy deserts north of the Vatnajokull glacier (Arnalds, 2010).

Trends in dust emissions vary between regions over the past six
decades. Generally, dust activity was relatively high in the 1950s
and 1960s, and low in the 1980s in the USA (Steenburgh et al.,
2012), Australia (Ekstrom et al., 2004) and China (Qian et al,,
2002). The 2000s were reported as the most active decade in Iran
(Jamalizadeh et al., 2008). Long term trend in dust production in NE
Iceland correlates well with these regions. Donarummo et al.
(2002) found several dust periods in ice-cores during GISP2 proj-
ect in Greenland. Two periods of high (1955—1960, 1975—1978) and
one period of low (the 1980s) dust concentrations correlate with
Icelandic dust trend between 1950 and 1990.

The dustiest year in NE Iceland was 1955 with 37 dust days. This
year was dry and warm, but the year before had high precipitation
in the Northeast Iceland. Hanna et al. (2004) reports the summer of
1955 as the warmest in the 20th century at Grimsey, an island of the
coast of North Iceland. The same year had also a dust storm peak in
the Tarim Basin, China, where 50 dust storms were recorded (Qian
et al., 2004). The year 1955 was calculated with the highest total
dust flux in Utah in 1950—2010 by Steenburgh et al. (2012). In
China, year 1955 was one of the four most severe drought events in
1951-2009 (Wu et al., 2011) and part of extreme drought period
1952—1956 in the USA (Nace and Pluhowski, 1965). Worldwide
peaks in dust production in the 1950s coincide with NE Iceland
where higher temperatures and lower than average precipitation
were measured at the time (Bjornsson and Jonsson, 2003; Hanna
et al., 2004). There was a significant drop in temperature in NE
Iceland in the late 1960s continuing through the 1970s. However,
the annual temperature at inland stations in the 1990s had reached
similar values as were observed in the 1950s (Bjornsson and
Jonsson, 2003), which correlates well with increased DE fre-
quency. Increased number of dust events in June in the 2000s is
associated with dry and warm months of Junes in 2000, 2004, 2006
and 2007. For the 10 dustiest years in NE Iceland, the annual tem-
peratures were above the average. This would result in peak
discharge of water to the glaciofluvial floodplains that make up the
main dust source area.

Dust is primarily emitted during southerly (SW—S—SE) winds.
Spring DEs are often associated with SE winds. There was a drop in
frequency of SE winds in the 1970s and the 1990s, compared to high
frequency in the 1950s and the 1960s. SE winds were infrequent in
May of the 2000s. Low dust occurrence in the 1980s coincides with
low frequency of southerly winds (wind direction 100°—280°).
Only about 40% of all winds blew from southerly directions and
strong May—Nov southerly winds were also low (Fig. 8C). The
springs of the 1980s were cold and with long lasting snow cover.

We found no significant correlation between high dust seasons
and global climate drivers such the North Atlantic Oscillation
(NAO), the Arctic Oscillation or prevailing ocean currents (Olafsson,
1999). The long term temperature and precipitation trends in Ice-
land are often in contrast to the North Hemisphere land averages or
not consistent with the global averages (Hanna et al., 2004).
Although the NAO correlations were not significant, they were
highly suggestive of a possible relationship (Hanna et al., 2004;
Bjornsson and Jonsson, 2003; Olafsson, 1999). Hanna et al. (2004)
suggest the Iceland — southern Greenland — northwestern North
Atlantic region is driven by special climatic conditions. Further-
more, Iceland is near one dipole of the NAO and the NAO is driving
westerly winds, and therefore weakly correlated with DEs in the NE
Iceland driven by southerly winds. However, there is an orthogonal
pattern to NAO, described as a dipole of sea level pressure (SLP)

field that is oriented east—west (Bjornsson and Jonsson, 2003). Low
SLP west of Iceland (and/or high SLP east of Iceland) will lead to
warm geostrophic southerly winds and if the east—west dipole is
reserved it will turn to cold geostrophic northerly winds. DEs in the
NE Iceland are linked with strong southerly winds and therefore
with high SLP east of Iceland.

Dust events occur most frequently in June and September which
coincides with July and August having more precipitation on
average than June and September at the GS station. May is the
driest month but occasionally with snow covering dust sources and
thus with fewer dust days than later in the season. September and
May feature the greatest wind speeds during active dust season
which is in harmony with the average wind speed at inland stations
(Bjornsson and Jonsson, 2003). Dust storms in Canada are most
frequent in May—July when rivers are at low stage exposing freshly
deposited sediments (Nickling, 1978). In contrast, DEs in Alaska
occur predominantly in September when low precipitation and
strong winds take place (Crusius et al., 2011). Such processes cause
that highest frequency of severe dust storms (visibility < 500 m) in
September also in Iceland.

Dust storms (visibility < 1 km) occur during the highest wind
speeds and the lowest temperatures (Fig. 10). Mean DE wind ve-
locity of 10.3 m s~! corresponds to threshold value for aeolian
transport 5—10 m s~ ! reported from glacierised regions (Bullard,
2013), but Icelandic research reports common threshold values of
6—10 m s~ !(Arnalds et al., 2012).

The 1990s were most frequent in ‘dust observations’ with the
events being more severe (lower visibility) than during the 2000s.
This coincides with exceptionally high frequency of south-westerly
winds exceeding wind speed of 8 m s~! during the May—November
period (Fig. 10C). The highest number of ‘dust days’ was recorded in
the 2000s but DE visibility doubled (about 45—50 km) indicating
less severe DEs in spite of strong southerly winds. This may indicate
less availability of fine materials susceptible to dust production
determined by changes in flow rate at the Jokulsa a Fjollum river in
the 1990s and the 2000s, but the reason remains unclear.

Volcanic ash deposited during the 2010 Eyjafjallajokull and 2011
Grimsvotn eruptions caused serious dust storms in South Iceland
(Schumann et al., 2011; Leadbetter et al., 2012; Petersen et al., 2012)
but no increase was recorded in dust activity in NE Iceland after
these events. This shows that fresh volcanic ash is not required for
high occurrence of DE in NE Iceland although ash deposited there
would undoubtedly increase the frequency in the region.

The major dust emissions are towards north over NE Iceland and
further into the Arctic region. Icelandic dust periods correlate with
published dust concentrations from Greenland (Donarummo et al.,
2002). Furthermore, Drab et al. (2002) identified Icelandic dust in
ice-core samples in central Greenland. Several forward trajectories
during dust events in NE Iceland confirmed that air parcels were
moved to central Greenland and further north. We therefore sug-
gest that Iceland could be a long-term source of dust into the Arctic.

5. Conclusions

The severity and frequency of dust storms events in Northeast
Iceland are comparable to many of the major dust areas of the
world. In the long term, the most active aeolian area in NE Iceland is
inland of Grimsstadir. There is great within-year and decadal
variability in the frequency of the dust storms. The most active
periods were during the 1950s and the period from the early 1990s
until 2008. The study indicates that Icelandic dust may be a sub-
stantial source for not only local, but also larger scale air pollution
in the Arctic.

Relating visibility observations obtained from long term
weather records can give a comprehensive account of dust
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frequency and behaviour on a regional basis. The results have
relevance to a range of topics, such as on respiratory health
research, aeolian deposition and ecosystem development both on
land and sea, and by providing information about aerosol produc-
tion on a regional scale in general.
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Iceland is a volcanic island in the North Atlantic Ocean with maritime climate. In spite of moist climate, large areas are with
limited vegetation cover where >40% of Iceland is classified with considerable to very severe erosion and 21% of Iceland is volcanic
sandy deserts. Not only do natural emissions from these sources influenced by strong winds affect regional air quality in Iceland
(“Reykjavik haze”), but dust particles are transported over the Atlantic ocean and Arctic Ocean >1000 km at times. The aim of this
paper is to place Icelandic dust production area into international perspective, present long-term frequency of dust storm events in
northeast Iceland, and estimate dust aerosol concentrations during reported dust events.

Meteorological observations with dust presence codes and related visibility were used to identify the frequency and the long-term
changes in dust production in northeast Iceland. There were annually 16.4 days on average with reported dust observations on
weather stations within the northeastern erosion area, indicating extreme dust plume activity and erosion within the northeastern
deserts, even though the area is covered with snow during the major part of winter. During the 2000s the highest occurrence of dust
events in six decades was reported. We have measured saltation and Aeolian transport during dust/volcanic ash storms in Iceland,
which give some of the most intense wind erosion events ever measured.

Icelandic dust affects the ecosystems over much of Iceland and causes regional haze. It is likely to affect the ecosystems of the
oceans around Iceland, and it brings dust that lowers the albedo of the Icelandic glaciers, increasing melt-off due to global warming.
The study indicates that Icelandic dust may contribute to the Arctic air pollution.

Implications: Long-term records of meteorological dust observations from Northeast Iceland indicate the frequency of dust
events from Icelandic deserts. The research involves a 60-year period and provides a unique perspective of the dust aerosol
production from natural sources in the sub-Arctic Iceland. The amounts are staggering, and with this paper, it is clear that
Icelandic dust sources need to be considered among major global dust sources. This paper presents the dust events directly
affecting the air quality in the Arctic region.

2005). Dust is considered to contribute to the Arctic haze phe-
nomena (Quinn et al., 2002).

Introduction

Iceland is a volcanic island in the North Atlantic Ocean with
maritime climate, mild and moist winters, and cool summers. In
spite of its moist climate, large areas are with limited vegetation
cover where >40% of Iceland is classified as having considerable
to very severe erosion and 21% of Iceland is volcanic sandy
deserts (Arnalds et al., 2001). Not only do dust emissions from
these natural sources influenced by strong winds affect regional
air quality in Iceland (“Reykjavik haze”), but dust particles are
transported over Atlantic Ocean more than 1000 km at times
(Arnalds, 2010). Dust aerosol causes regional haze during or
after dust events. Furthermore, Iceland is located in one of the
main atmospheric transport pathways to the Arctic and dust
pollution from natural sources is transported over northeast
Iceland toward the Arctic Ocean (Rekacewicz, 2005). Globally,
fine dust particles may be transported at altitudes of up to 6 km
and can be carried distances of up to 6,000 km (Sivakumar,

The global dust belt, where most of the dust sources are
located, extends from Africa, through the Middle East, into
Central Asia (Formenti et al., 2011). In this study, the long-
term frequency of dust events in Northeast Iceland is compared
with major world arid regions such as in the United States
(Steenburgh et al., 2012), Australia (Ekstrdm, McTainsh, and
Chappell, 2004), Mongolia (Natsagdorj, Jugder, and Chung,
2003), the northern part of Africa (N’TchayiMbourou et al.,
1997), China (Qian, Quan, and Shi,” 2002), and Iran
(Jamalizadeh et al., 2008). These papers show that long-term
annual means of days with dust are about 150 days per year in the
northern part of Africa, about 50 dust storm days in Australia,
about 40 dusty days in Mongolia, up to 35 dust days in active
regions of China, about 25 dusty days in Iran, and 4.3 dust events
per year in Utah in the United States. Long-term dust activity
was significantly greater during the 1950s and 1960s except in
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Africa and Mongolia. Dust observations were frequent in
Mongolia, Africa, and Iran during the 1980s.

The World Health Organization presents annual a PM, s
concentration standard of 10 g m > and an estimated visibility
of 67 km to indicate health risk, or daily standard of 35 pg m—>
and visibility range of 31 km (WHO, 2005). In comparison,
visual range can be more than 300 km in dry climates and 100
km in humid climates on clear days (Hyslop, 2009).

Meteorological observations in dust-source regions world-
wide include continuous atmospheric dust and sand observa-
tions. Visibility is a parameter that is used as an important
indicator of the severity of dust events where no in situ measure-
ment of aerosol concentration is provided. Long-term visual
observations of atmospheric dust are available in Iceland.
Many of the manned weather stations are located downwind of
major dust sources. These stations record conventional meteor-
ological parameters, including visibility. Many of these stations
have been in continuous operation for more than 60 years, and
the data acquired at these stations are ideal for studying long-
term variability in dust production and severity of historical dust
events. The aim of this paper is to place Icelandic dust produc-
tion areas into an international perspective, present long-term
frequency of dust storm events in northeast Iceland, and estimate
dust aerosol concentrations during reported dust events.

Methods

A network of eight weather stations in proximity to the dust
sources for northeast Iceland was chosen for the study. Many of
these stations, which are run by the Icelandic Meteorological
Office, have been in continuous operation for more than 60

years. Figure 1 depicts the location of the stations at Akureyri,
Egilsstadir, Grimsstadir, Raufarh6fn, Stadarholl, Vopnafjordur,
Kollaleira, and additionally Hveravellir. Hveravellir is located on
the notional border between northeast and southwest Iceland and
is the only weather station in central Iceland. The data are stored
at the Icelandic Meteorological Office after being submitted to
strict quality control.

Meteorological observations with present weather (codes for
dust observations) and related visibility were used to identify the
frequency and the long-term changes in dust production in
Northeast Iceland. Present weather refers to atmospheric phe-
nomena occurring at the time of observation, or which has
occurred preceding the time of observation. In this study only
atmospheric phenomena such as for “moldrok” (blowing soil/
dust ), “sandfok” (blowing sand/dust), “sandbylur” (extreme
blowing sand/dust), and codes for dust haze, suspended dust,
blowing dust, and dust whirls, are used and defined as a “dust
observation.” The synoptic codes (ww) for present weather that
refer to dust observation are 7-9, 30-35, and 4-6 only if the
codes for primary or secondary past weather (ww,, ww,) are 3
for blowing soil, dust, sand, and dust storm. At all stations, the
weather is observed every day of the year three to eight times
per day.

The initial data set was built from the occurrence of “dust
observations” made at one or more weather stations. Long-term
dust activity is expressed in dust days. “Dust day” is defined as a
day when at least one station recorded at least one dust
observation.

Unfortunately, dust aerosol measurements are not made in
northeast Iceland and it is therefore necessary to estimate the
concentrations based on visibility observations. Several methods
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[ cuttivated land
\:l Poor heath land
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|:| Semi wetland
- Wetland
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l:] Glaciers and perpetual snow

.

\

Stadarholl
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y
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Figure 1. The locations of weather stations in northeast Iceland (Akureyri, Egilsstadir, Grimsstadir, Raufarhofn, Stadarholl, Vopnafjorour, and Kollaleira) and station
in central Iceland (Hveravellir). The major dust source for northeast Iceland is Dyngjusandur (marked red).
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have been developed to relate visibility with total suspended
particle concentration. D’Almeida (1986) found a good correla-
tion (2= 0.95) between horizontal visibility and PM, in the 0.2
to 40 km range (shown in eq 1). This relationship was obtained
during measurements with the Mainz sun photometer during
Saharan sand storms in 1981-1982. In the present study,
Aeolian dust concentrations were derived from eq 1 based on
conversion between horizontal visibility and suspended particle
concentration presented by D’ Almeida (1986).

The aerosol dust concentration formula estimated from visi-
bility and PM;, concentration is

PM;y =aV " +c¢ )

where PM is the particulate matter concentration in pgm >, V
is the horizontal visibility in km, and a, b, and ¢ are coefficients
(ais setto 914.06, b is set to —0.73, ¢ is 19.03).

Dust events were classified from visibility ranges (Table 1)
based on criteria in Leys at al. (2011) and Wang et al. (2008).
Dust events with visibility less than 500 m are often classified as
“severe dust storms.” This classification is used in the present
study. Dust events with observed visibility above 10 km have
been used in the literature to represent floating dust or suspended
dust (Natsagdorj et al., 2003). In this study we classify a dust
event in the visibility range 11-30 km as “suspended dust” and
for the visibility range above 30 km it is called “moderate
suspended dust.”

Results and Discussion
Frequency and temporal variability in dust production

There were annually 16.4 days on average with reported dust
observations on weather stations in northeast Iceland in 1949—
2011. This indicates extreme dust plume activity and erosion
within the northeastern deserts, even though the area is covered
with snow during the major part of the 6- to 8-month-long
winter. Such an annual mean is similar to that found in Iran
(Jamalizadeh et al., 2008), and more active than Utah (4.3 dust
days/yr; Steenburgh et al., 2012), but much less frequent than in
Africa north of the equator (up to 150 dust days/yr;
N’TchayiMbourou et al., 1997).

Table 1. Dust event classification based on visibility categories; mean visibility
of each dust class is calculated into PM;, concentration using the formula in
D’Almeida (1986)

PM; concentration

Dust event class Visibility (km) (ng m)
Severe dust storm <0.5 19,753
Moderate dust storm >0.5-1.0 10,062
Severe haze >1.0-5.0 385
Moderate haze >5.0-10.0 201
Suspended dust >10.0-30.0 112
Moderate suspended dust  >30.0-70.0 67
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Figure 2. Total number of dust days per year in decade. Solid line represents
mean visibility during the dust events.

The number of dust days for each decade from 1950 to 2010
is shown in Figure 2. The first decade of the 2000s had the
highest occurrence of dust days in northeast Iceland and also in
Iran (Jamalizadeh et al., 2008). Contrarily, the 1980s was the
least active decade, which coincides with trends in the United
States (Steenburgh et al., 2012), China (Qian et al., 2002), and
Australia (Ekstrom et al., 2004). The most active decade, the first
decade in the 2000s, has double the mean frequency compared to
the least active decade, the 1980s. The occurrence of total “dust
observations” is, however, the highest in the 1990s and during
the first decade of the 2000s. In the long term, the most active
periods were the 1950s and the period from the early 1990s until
2008. Worldwide peaks in dust production in the 1950s coincide
with a period in northeast Iceland with higher temperatures and
lower than average precipitation (Bjornsson and Jonsson, 2003).
There was a significant drop in temperature in northeast Iceland
in the late 1960s continuing through the 1970s. However, the
annual temperature at inland stations reached values in the
1990s similar to those observed in the 1950s (Bjornsson and
Jonsson, 2003), which correlates well with increased dust event
frequency.

The mean visibility during all dust observations was 26.7 km
(shown as the solid line in Figure 2). It was lowest during the
1980s, 20.8 km, and highest for dust observations during the
2000s, up to 44 km. Dust event visibility during the 1950s and
the 1970s was about 22 km, 24 km in the 1960s, and 27 km in the
1990s. After the year 2000, there is the highest occurrence of
dust days but reported dust event visibility is almost double
compared to the other decades. Severe dust events occurred
less frequently in the 2000s than during the decades 1950 to
1990 (see Figure 6, shown later).

In total, 1033 dust days were reported in Northeast Iceland
during the six decades. The annual variability in the number of
dust days is shown in Figure 3. The most active year was 1955,
with 37 reported dust events with an average visibility of 23.2
km, about 3 km less than mean dust day visibility. The same year
had also dust storm peak in the Tarim Basin, China, where 50
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Figure 3. Number of dust days (bars) and calculated mean annual PM;, concentration from visibility during dust events (solid line).

dust storms were recorded (Qian, Tang, and Quan, 2004). The
year 1955 was calculated with the highest total dust flux in Utah
in 1950-2010 by Steenburgh et al. (2012). The mean visibility
during dust days varies and is notably low in 1954, 1972, 1974,
and 1978. The lowest mean annual visibility during dust obser-
vations (12.8 km) was recorded in 1988 when dust events of high
severity were observed. There was a severe dust event on June
18, 1988, which has been used to illustrate a severe dust storm,
the so-called “June 88 storm” (Arnalds and Gisladottir, 2009).
Generally, visibility during dust events increased during the first
decade of the 2000s with a maximum in 2010.

Spatial variability in dust production

There is considerable variability between weather stations in
the total number of dust observations recorded in northeast
Iceland. The Grimsstadir station has by far the greatest frequency
of the eight weather stations, with 70% (1685 dust observations)
of the total 2387observations over the 63 recorded years.
Egilsstadir counts 368 dust observations, followed by 132 obser-
vations at Hveravellir, and less than 100 observations at each of
the other stations. The lowest number of dust days occurred in
the 1980s but with more evenly spread observations between the
weather stations. The Egilsstadir station observed the most dust
events in the 1980s, and the fewest events in the 1990s, but dust
monitoring was discontinued there in 1998. Low occurrence of
dust events in the 1980s coincides with low frequency of mod-
erate or strong southerly winds (wind direction 100-280°). Only
about 40% of all winds blew from southerly directions, which are
the most frequent winds responsible for the majority of the dust
events in northeast Iceland.

The highest frequency of dust observations is clearly at the
inland stations, which are closer to the inland dust sources than
the coastal areas. The Grimsstadir station is the most active
station, with more than 12 dust days reported annually. It is
located in the vicinity of a local dust-source area and downwind
from the Dyngjusandur dust plume source. The second is the
Egilsstadir station with almost 4 dust days annually. More than
half of the stations observe <1 dust day annually. The average

dust event visibility at these stations is about 25 km. The lowest
dust event visibility was at the Raufarh6fn station. It is located at
the open ocean and might be influenced by easier coagulation of
dust particles and water (fog) droplets in humid areas.

Aerosol dust concentration

Aerosol dust concentration during dust events was estimated
from visibility observation based on conversion between hori-
zontal visibility and suspended particle concentration presented
in a paper by D’Almeida (1986). Dust is expected to absorb
weakly solar radiation, it scatters light, and it is coarse. However,
Icelandic dust is of volcanic origin and the particles are darker
than the Saharan dust studied by D’ Almeida (1986). The optical
properties of Icelandic volcanic dust correspond to stronger
absorption and weaker scattering at longer wavelengths than
the Saharan mineral dust (Weinzierl et al., 2012). As the optical
properties of the volcanic dust in Iceland are not known and may
differ considerably from properties of the Saharan dust, the
present calculations of the dust loadings are associated with
considerable uncertainties. Figure 3 depicts the mean annual
PM;, dust concentrations during the dust events in northeast
Iceland in 1949-2011. The maximum mean annual concentra-
tion of 160 ug m “was obtained in 1988 when dust events of
high severity with annual mean visibility of 12.8 km were
observed. Total median dust concentration of all dust events
was calculated as 106 pg m > with maxima in May and
September (122 ug m ). Mean dust concentration during dust
events in northeast Iceland is 199 pg m~>. Maximum mean with
805 pg m " is in April, the month that represents only 2% of total
dust events. Highest frequency of the severe dust storms occurs
also in September (37% of all severe dust storms) and May (21%
of severe dust storms). Clearly, the highest median dust concen-
trations are confined to months with high dust event occurrence
(Figure 4 and Figure 5).

Generally, visibility during dust events has doubled after
2000, and thus the calculated PM |, concentrations of dust events
decreased (Figure 3). All the annual dust aerosol means
exceeded the European guideline, which determines the limit
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value for health protection as 50 ug m > over 24 hr (http://ec.
europa.eu/environment/air/quality/standards.htm).

Dust event classification

Most of the dust events during the study period were classi-
fied within the “suspended dust” class (46%) with visibility 10—
30 km (Table 2). There were annually 10 events of suspended
dust on average, 7 events of moderate suspended dust, and less
than 3 events of higher severity (Table 2). Of all the dust events,
about 13% (192 dust days) had visibility less than 5 km. The two
dust storm classes (visibility 0—1 km) were most often recorded
in the 1950s and the 1990s but only once observed in the 2000s
(Figure 6). About 50% of dust events had visibility <10 km in the
1950s. In total, there were 14 severe dust storms from 1949 to
2011 (about 1% of dust events). Severe events are less frequent
in northeast Iceland compared to Australia (20%; Ekstrom et al.,
2004), but more often than in Utah where no severe dust storm
was observed (Steenburgh et al., 2012). About 37 % of severe
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Figure 5. Number of dust days per month (bars) and monthly means of dust
visibility (solid line) for the period 1949-2011.

dust storms occurred in September, which is the month of high-
est median dust concentration during dust events (Figure 4).

Duration of dust events in northeast Iceland ranges from 1 day
up to 7 days of continuous dust observations. About 70% of dust
observations lasted 1 day or less, about 15% lasted 2 days, and
7% lasted for 3 days. More 2- and 3-day dust events were
observed during the 1950s, but 7-day observations of moderately
suspended dust were reported in the 2000s.

The Moderate Resolution Imaging Spectroradiometer
(MODIS) flying on NASA’s Terra satellite has captured many
images of dust plumes blowing off the northern and northeastern
coast of Iceland over the Arctic Ocean. Unfortunately, there are
no clean pictures of severe or moderate dust storms without the
cloud cover available. The most severe event captured by
MODIS was the severe haze on September 17, 2008, which
caused reduced visibility at the Grimsstadir station for 7 days
(Figure 7). The lowest visibility was observed as 1.5 km and
mean wind velocity was about 19 m sec '. The visible part of the
plume extended 350 km (solid line). For this event, the 3-day
forward trajectory was calculated using the National Oceanic
and Atmospheric Administration (NOAA) Hybrid Single
Particle Lagrangian Integrated Trajectory model (HYSPLIT),
showing that air parcels originating in northeast Iceland moved
northward and reached 1800 km in distance within 24 hr
(NOAA, 2012). Fine dust particles could have been uplifted

Table 2. Dust event classification based on visibility ranges; frequency and
annual number of dust days are included

Visibility ~ Frequency Number of
Dust event class (km) (%) dust days/yr
Severe dust storm <0.5 <1 0.2
Moderate dust storm >0.5-1.0 2 0.5
Severe haze >1.0-5.0 10 2
Moderate haze >5.0-10.0 13 3
Suspended dust >10.0-30.0 46 10
Moderatd suspended ~ >30.0-70.0 27 7
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Figure 7. Severe haze blowing from Dyngjusandur and off the northern coast of
Iceland over the Arctic Ocean on September 17, 2008 (NASA, 2012).

above the Greenland’s ice sheet during the first day and travelled
about 3,500 km through the Ellesmere Island to the Somerset
Island within 3 days (Figure 8). Unfortunately, in situ

measurements at Greenland's station Alert are not available for
these dates.

Icelandic dust has been identified in ice-core samples in
central Greenland (Drab et al., 2002). The prevailing winds
of dust events in northeast Iceland are southerly (wind direc-
tions 130-250°). The major deposition area is over the
Greenland Sea, and several trajectories of severe dust events
were traced over Greenland and further into the Arctic. Dust
deposition on snow or sea ice may affect the snow albedo
and melting rate, while deposition over the sea may increase
the ocean productivity. Chemical composition of Icelandic
dust differs depending on the local dust sources. The
Dyngjusandur source mainly corresponds to basaltic volca-
nic glasses formed below Vatnajokull glacier during subgla-
cial eruptions (Baratoux et al., 2011). The major elements
are SiO,, Al,Os, Fe,05, and CaO. The Dyngjusandur sedi-
ment has little of quartz-rich materials but contains of more
Al,O3, Fe,03, and CaO than crustal dust. The higher iron
content of the Dyngjusandur re-suspended sediments may be
an essential micronutrient in marine biota in the Arctic
Ocean. Frequent dust events in September may increase the
ocean productivity, as the bloom ends in summer and pro-
ductivity is known to be iron-limited (Prospero, Bullard, and
Hodgkins, 2012).

Recent changes in dust production

High severity and low visibility of dust events in the
1990s but the highest dust day frequency and high dust
event visibility in the 2000s indicate changes in the environ-
ment of northeast Iceland. Such a trend could indicate that a
large amount of material was transported during the 1990s
but less material during the 2000s even though the frequency
of dust days was higher. However, this could reflect lower
availability of fine materials susceptible to dust production
due to changes in the flow rate of the Jokulsa a Fjollum river
in the 1990s and the 2000s, but the reason remains unclear.
We found no significant correlation between high dust sea-
sons and global climate drivers or any link to the local
meteorological conditions. It is interesting to note that a
volcanic ash deposited during the 2010 Eyjafjallajokull and
2011 Grimsvotn eruptions did not increase dust activity in
Northeast Iceland (Figure 3). This shows that freshly depos-
ited volcanic material is not the main source for dust mobi-
lization in northeast Iceland during this period.

Conclusions

Dust affects the ecosystems over much of Iceland. The sever-
ity and frequency of dust events in northeast Iceland are compar-
able to many of the major dust areas of the world (Arnalds et al.,
2013). There is great variability in the frequency of the dust
events both within year and when measured by decade. The
most active periods were the 1950s and the period from the
early 1990s until 2008. The study indicates that Icelandic dust
is not only a substantial source for regional air pollution, but may
contribute to Arctic air pollution.

325

330

335

340

345

350

355

360

365

370

375



380

385

390

Dagsson-Waldhauserova et al. / Journal of the Air & Waste Management Association 00 (2013) 1-8

NOAA HYSPLIT MODEL
Forward trajectory starting at 0000 UTC 17 Sep 08
GDAS Meteorological Data

2
~
0
<
—-—
=z
03]
N
e}
(s
—
©
*
[
I~
3
(o}
(7))
r .
o) 6000
= 5000
o 4000
9 3000
2 2000
= | 816 - 1000
0-6 12 18 00 06 12 18 00 06 12 18 00
09/18 09/19 09/20

This is not a NOAA product. It was produced by a web user.

Job |D: 364557 Job Start: Tue Oct 30 09:38:54 UTC 2012

Source 1 lat.: 65.28 lon.:-14.37 height: 500 m AGL

Trajectory Direction: Forward  Duration: 72 hrs

Vertical Motion Calculation Method: Model Vertical Velocity

Meteorology: 0000Z 15 Sep 2008 - GDAS1

Figure 8. NOAA HYSPLIT 72-hr forward trajectory for air parcels released in northeast Icleand during the severe haze on September 17, 2008 (NOAA, 2012).

References

Arnalds, O. 2010. Dust sources and deposition of acolian materials in Iceland.
Icelandic Agricultural Sciences 23: 3-21.

Arnalds, O., E.F. Thorarinsdottir, S. Metusalemsson, A. Jonsson, E. Gretarsson,
and A. Arnason. 2001. Soil Erosion in Iceland. Reykjavik, Iceland:
Gutenberg.

Arnalds, O., and F.O. Gisladottir. 2009. Erosion measurements at Holsfjoll, NE
Iceland. Agricultural University of Iceland, Hvanneyri. LBHI Report No. 25.

Arnalds, O., E.F. Thorarinsdottir, J. Thorsson, P. Dagsson-Waldhauserova, and
AM. Agustsdottir. 2013. An extreme wind erosion event of the fresh
Eyjafjallajokull volcanic ash. Nature Scientific 1257.
doi:10.1038/srep01257

Baratoux, D., N. Mangold, O Arnalds, J.-M. Bardintzeff, B. Platevoet, M.
Grégorie, and P. Pinet. 2011. Volcanic sands of Iceland—Diverse origins of
Acolian sand deposits revealed at Dyngjusandur and Lambahraun. Earth
Surf. Proc. Land. 36: 1789-1808.doi:10.1002/esp.2201

Reports 3:

Bjornsson, H., and T. Jonsson. 2003. Climate and climatic variability at Lake
Myvatn. Aquat. Ecol. 38(1): 129-144.

D’Almeida, G.A. 1986. A model for Saharan dust transport. J Climate
Appl. Meteorol. 25: 903-916. doi:10.1175/1520-0450(1986)025<0903:
AMFSDT>2.0.CO;2

Drab, E., A. Gaudichet, J.L. Jaffrezo, and J.L. Colin. 2002. Mineral particles
content in recent snow at Summit (Greenland). Afmos. Environ. 36: 5365—
5376. doi:10.1016/S1352-2310(02)00470-3

Ekstrom, M., G. McTainsh, and A. Chappell. 2004. Australian dust storms:
temporal trends and relationships with synoptic pressure distributions
(1960-99). Int. J. Climatol. 24: 1581-1599. doi:10.1002/joc.1072

Formenti, P, L. Schutz, Y. Balkanski, K. Desboeufs, M. Ebert, K. Kandler, A.
Petzold, D. Scheuvens, S. Weinbruch, and D. Zhang. 2011. Recent progress in
understanding physical and chemical properties of African and Asian mineral
dust. Atmos. Chem. Phys. 11:8231-8256. doi:10.5194/acp-11-8231-2011

Hyslop, N.P. 2009. Impaired visibility: the air pollution people see. Atmos.
Environ.43: 182-195. doi:10.1016/j.atmosenv.2008.09.067

395

400

405

410



415

420

Q2

425

Q4

430

435

440

445

8 Dagsson-Waldhauserova et al. / Journal of the Air & Waste Management Association 00 (2013) 1-8

Jamalizadeh, M.R., A. Moghaddamnia, J. Piri, V. Arbabi, M. Homayounifar, and
A. Shahryari. 2008. Dust storm prediction using ANNs technique (A case
study: Zabol City). Proceeding of World Academy of Science, Engineering
and Technology 33: 529-537.

Leys, J.E, S.K. Heidenreich, C.L.Strong, G.H. McTainsh, and S. Quigley. 2011.
PM10 concentrations and mass transport during “Red Dawn” Sydney
September 2009. Aeol. Res.3: 327-342. doi:10.1016/j.ae0lia.2011.06.003

NASA, 2012. http://lance-odis.eosdis.nasa.gov/imagery/subsets/?subset=Iceland2.
2008261. aqua.250m (accessed September 19, 2012).

Natsagdorj, L., D. Jugder, and Y.S. Chung. 2003. Analysis of dust storms
observed in Mongolia during 1937-1999. Atmos. Environ. 37: 1401-1411.
doi:10.1016/S1352-2310(02)01023-3

NOAA, 2012. http://ready.arl.noaa.gov/hysplit-bin/trajresults.pl?jobidno=324664
(accessed Oct 30, 2012).

N’TchayiMbourou, G., JJ. Berrand, and S.E. Nicholson. 1997. The diurnal
and seasonal cycles of wind-borne dust over Africa north of the Equator.
J. Appl. Meteorol. 36: 868-882. doi:10.1175/1520-0450(1997)036<0868:
TDASCO>2.0.CO;2

Prospero, J.M., J.E. Bullard, and R. Hodgkins. 2012. High-latitude dust over the
North Atlantic: Inputs from Icelandic proglacial dust storms. Science 335:
1078. doi:10.1126/science.1217447

Rekacewicz, P, 2005.Long range transport of air pollutants to the Arctic. UNEP/
GRID-Arendal. http://www.grida.no/graphicslib/detail/long-range-transport-
of-air-pollutants-to-the-arctic_bfc6 (accessed February 21, 2013).

Qian, WH., L. Quan, and S. Shi. 2002. Variations of the dust storm in China and
its climatic control. J. Climate 15: 1216-1229. doi:10.1175/1520-0442(2002)
015<1216:VOTDSI>2.0.CO;2

Qian, WH., X. Tang, and L.S. Quan. 2004. Regional characteristics of dust
storm events in China. Atmos. Environ.38: 4895-4907.doi:10.1016/j.
atmosenv.2004.05.038

Quinn, PK., T.L. Miller, T.S. Bates, J.A. Ogren, and E. Andrews. 2002. A three-
year record of simultaneously measured aerosol chemical and optical proper-

ties at Barrow, Alaska. J Geophys. Res.
2001JD001248.

Sivakumar, M.V.K. 2005. Natural Disasters and Extreme Events in Agriculture.
Meppel, The Netherlands: Krips BV. doi:10.1007/3-540-28307-2

Steenburgh, W.J. 2012. Episodic dust events of Utah’s Wasatch Front and adjoining
region. J. Appl. Meteorol. Clim.http://journals.ametsoc.org/doi/abs/10.1175/
JAMC-D-12-07.1 (accessed August 1, 2012). doi:10.1175/JAMC-D-12-07.1

Wang, Y.Q., X.Y. Zhang, S.L. Gong, C.H. Zhou, X.Q. Hu, H.L. Liu, T. Niu, and
Y.Q. Yang. 2008. Surface observation of sand and dust storm in East Asia
and its application in CUACE/Dust. Atmos. Chem. Phys. 8:545-553.
doi:10.5194/acp-8-545-2008

Weinzierl, B., D. Sauer, A. Minikin, O. Reitebuch, F. Dahlkétter, B. Mayer, C.
Emde, 1. Tegen, J. Gasteiger, A. Petzold, A. Veira, U. Kueppers, and U.
Schumann. 2012. On the visibility of airborne volcanic ash and mineral
dust from the pilot’s perspective in flight. Phys. Chem. Earth Parts A/B/C
45-46:87-102. doi:10.1016/j.pce.2012.04.003

World Health Organization. 2005. WHO air quality guidelines global update
2005. Report on a Working Group meeting, Bonn, Germany, October 18-20.

About the Authors

107(D11). doi:10.1029/

Pavla Dagsson-Waldhauserova is an assistant teacher and Ph.D. student at the
University of Iceland and the Agricultural University of Iceland, in Reykjavik,
Iceland; e-mail pavla@]lbhi.is.

Olafur Arnalds is a professor at the Agricultural University of Iceland,
Hvanneyri, Borgarnes, Iceland.

Haraldur Olafsson is a professor in atmospheric sciences at the University of
Iceland, Reykjavik, Iceland, and the Bergen School of Meteorology, University of
Bergen, Bergen, Norway.

450

455

460

465



Paper VII

143



SCIENTIFIC (5
REP{:%;}RTS

SUBJECT AREAS:

ENVIRONMENTAL
SCIENCES

VOLCANOLOGY
GEOLOGY
CONSERVATION

Received
3 October 2012

Accepted
25 January 2013

Published
13 February 2013

Correspondence and
requests for materials
should be addressed to
O.A. (0a@Ibhi.is)

An extreme wind erosion event of the
fresh Eyjafjallajskull 2010 volcanic ash

Olafur Arnalds', Elin Fjola Thorarinsdottir?, Johann Thorsson?, Pavla Dagsson Waldhauserova'2
& Anna Maria Agustsdottir?

! Agricultural University of Iceland, Hvanneyri, 311 Borgarnes, Iceland, 2Soil Conservation Service of Iceland, Gunnarsholt, 851
Hella, Iceland.

Volcanic eruptions can generate widespread deposits of ash that are subsequently subjected to erosive forces
which causes detrimental effects on ecosystems. We measured wind erosion of the freshly deposited
Eyjafjallajokull ash at a field site the first summer after the 2010 eruption. Over 30 wind erosion events
occurred (June-October) at wind speeds > 10 m s~ in each storm with gusts up to 38.7 m s™". Surface
transport over one m wide transect (surface to 150 cm height) reached > 11,800 kg m™' during the most
intense storm event with a rate of 1,440 kg m™' hr™"' for about 6’2 hrs. This storm is among the most
extreme wind erosion events recorded on Earth. The Eyjafjallajokull wind erosion storms caused dust
emissions extending several hundred km from the volcano affecting both air quality and ecosystems
showing how wind erosion of freshly deposited ash prolongs impacts of volcanic eruptions.

ind erosion has been extensively studied in arid environments, coastal areas and within agricultural

fields". It can have a direct negative impact on ecosystems by burial of vegetation®, and by causing loss

of fertile topsoil, with immense impact on agriculture®. Fine, airborne dust particles generated by wind
erosion affect ecosystems, often far away (up to 1000s of km), but the nature of the impact depends on factors such
as distance from the source, the amount transported, grain size and chemistry of the dust materials®. Most large
active dust sources are associated with arid environments® with major sources traced to depressions with relatively
fine materials (fine silt and clay)”®, but the contribution of agriculture to dust production is also important®*.
Aeolian deposition can have positive benefits for vegetation and soils if deposition is moderate (e.g., in mm) by
adding nutrients to the ecoystem®. Dust can, however, have adverse effects on humans such as on respiratory
systems>'’. In addition, dust in the atmosphere can have substantial influence on climate, including solar
radiation and precipitation*'.

Volcanic eruptions can bury landscapes with tephra (a collective term for airborne volcanic materials) and
create extensive areas with unstable surfaces'>. Water erosion of fresh volcanic deposits can produce extreme
sediment yields of > 100 000 tons km™> yr™', as was measured following the 1991 Mt. Pinatubo (Philippines)
eruption"’. Wind erosion of unstable newly deposited volcanic ash (tephra < 2 mm) has been reported to cause a
range of problems such as burial of vegetation and agricultural land, and impact on livestock and humans'*.
Volcanoes are often found in mountainous regions where higher wind speeds and more turbulent winds can be
expected than on relatively flat land surfaces, thus increasing the probability of wind erosion events near
volcanoes. Low density of some of the tephra can lower the threshold velocity required to move the materials
and increase sediment transport'*'>. Dust emissions of volcanic materials from Iceland have recently received
considerable attention'*"’, especially after the recent volcanic eruption in Eyjafjallajokull'®". Catastrophic floods
(jokulhlaups) that are caused by volcanic eruptions under glacier, with subsequent deposition of volcanic materi-
als over large areas have also been identified as major sources of dust materials in Iceland'®"”. However, knowledge
of field conditions and wind erosion rates of fresh volcanic deposits under severe wind conditions is limited.
Furthermore, wind erosion of fresh volcanic deposits are believed to have caused rapid and large scale ecosystem
destruction during historic times in Iceland, with volcanic sand materials encroaching on fully vegetated agri-
cultural areas, leaving sandy deserts behind™. Yet surface conditions during such events are poorly understood.

The Eyjafjallajokull volcano in Iceland erupted Mars - May 2010 with an ash plume reaching 3-10 km
height*'~*’. The eruption produced about 0.27 km® of tephra with about ' being deposited on Iceland®. The
tephra was relatively fine, with a high proportion of 0.25-1 mm ash at 10 km from the crater®. The ash was
commonly 1-15 cm thick at 5-20 km downwind from the volcano during the main ash deposition episodes™.
This deposition caused severe damage to areas with sparse vegetation, while more resistant systems, such as

| 3:1257 | DOI: 10.1038/srep01257 1



woodlands, stabilised the ash without causing permanent damage.
Dust storms were frequent in the years following the eruption. We
monitored wind erosion the first seasons after the eruption employ-
ing collectors and automatic sensors in an area that received 2-5 cm
tephra, about 12 km SE of the crater (Figure 1) (see Methods for site
selection and characteristics). The purpose of the research was to
quantify wind erosion of freshly deposited ash under field conditions.
Such measurements are fundamental for understanding the remo-
bilisation of volcanic ash by wind, dust production of such areas, the
large scale ecosystem destruction, and for predicting negative
impacts of volcanic ash deposition on ecosystems and society.

Results

There were > 30 wind erosion events recoded at the Eyjafjallajokull
wind erosion research site during the period June — October 2010. In
September 2010, an extreme storm event was recorded. It lasted from
13:46 on September 14" with the main episode ending at about 06:00
the following day. However, erosion recorded by the saltation sensor
lasted until 23:08 on September 15". The storm was divided into 7
episodes defined by saltation intensity determined by the automated
saltation sensor (Figure 2). The temperature ranged between 5 and
9.3°C during the storm with relative humidity ranging between 67
and 74%. Wind was blowing from the NNE, hence carrying materials
downwind from the volcano towards the instruments. The BSNE
sediment samplers placed at 10, 30 and 60 cm filled up during the
storm with 1,100 - 1,600 g collected in the samplers. As a result, only
the sampling set with a sampler placed at 90 and 120 cm height gave
us a reasonable estimate of the total transport during the storm that is
discussed in this paper (see Methods).

The total transport during the storm was calculated as 11,802 kg
m~" based on materials collected in the BSNE samplers and average
height distribution curves. Our results do not consider surface creep
movement, which could add 10-30% to this value*. Saltation pulse
counts at 10 cm height give a detailed description of the progress of
the storm (Figure 2). Each pulse of the saltation sensor was assigned
weight (see Methods), based on calculated total transport to obtain
an estimate of the transport in kg m™" for each of the storm episodes
(Table 1). Average 1 minute wind speed for each episode ranged
between 14.1 and 22.5 m s~ with gusts reaching 38.7 m s™' (one
minute average) which were reached during episode V. During the
62 hr long episode V, about 9,500 kg of material was transported
over a one m wide transect, with an average flux rate of 1,440 kgm™"
hr'.

Discussion

The transport during the storm of 11 800 kg m™' and the maximum
rate of transport reaching about 38 kg m™' min™' (corresponds to
about 2300 kg m™" hr™'). We have not been able to find such high
measured transportation rates in the published literature.

The measured transport is considerably greater than previously
measured in Iceland but storms of > 500 kg m™" hr™' have been
predicted based on field measurements and up to > 5,000 kg m™" in
single storms based on modelling of the measurements®. In com-
parison, the maximum recorded transport of volcanic material in the
Hekla area reached about 3,000 kg m™ over one relatively calm
summer season'>. The largest previously measured amount in
Iceland in one storm was about 4,200 kg m™' at Landeyjasandur,
South Iceland, in 2004¢. During the period from the ash deposition

—— 14-16 April 2010
——— 17 April 2010
A Research site

- Craters

63°30'0"W-

19°0'0"W
1

Figure 1| Hill shade map of Eyjafjallajokull and the surrounding areas showing location of the research site and isopach data indicating the main
distribution of the 2010 tephra. The distance from the crater to the research site is about 12 km. Isopach data from Gudmundsson et al.>.
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until the end of this storm, much of the 2-5 c¢m thick tephra had been
removed from the barren exposed sites, with materials deposited in
depressions such as gullies or blown away from the area, resulting in
sediment yields of > 10 000 metric tons km™> yr~'. After such
events, water erosion will eventually become more dominant in
redistribution of the tephra materials, as was witnessed after the
1943-1990 Paricutin (Mexico) eruption”. We have noted evidence
of water erosion starting to cause damage of previously stable sur-
faces in depressions at the experimental site. Wind-blown ash
remained as a severe problem for more than 6 months after the
1991 Hudson (Chile) eruption'*. However, more materials continued
to be blown towards our research site from areas receiving thicker
tephra deposition with continued wind erosion activity in 2012,
indicating that dust events can be maintained for many years under
Icelandic conditions.

We have found that the BSNE samplers give a good overview of
total sediment movement, while the data generated by the automatic
sensors are ideal to study the characteristics of each storm, which is
consistent with conclusions made by Brachyn et al.*®. The relation-
ship between wind speed and saltation pulse counts over the entire
storm period and during episode V of the storm is presented in
Figure 3. The logarithmic relationship is evident with the average
wind speed showing relatively narrow distribution considering the
length of the storm, indicating relatively steady climatic and surface
conditions during the storm. The most intensive part of the storm

(episode V; Figure 3B) shows clear signs of transport saturation at the
higher end of the curve at about 28 m s™' wind speed at sediment flux
of about 2,300 kg m™" hr™".

Mean grain size of the particles sampled in BSNE erosion samplers
range from 0.1 to 0.7 mm, and grains > 2 mm were moved during
the most intense storms during the first summer after the eruption.
During the intense storm discussed here, about 78% of materials
sampled in the 10 cm BSNE trap were 0.25 - 1 mm, and the pro-
portion of this coarse ash remained similar all the way up to 120 cm
(76% 0.25 - 1 mm) (Figure 4). This is coarser than reported for wind
erosion within other active aeolian areas®. Our results show that the
height of the saltation layer extends above 120 cm height, with rela-
tively coarse materials saltating at such height during this storm,
which is considerably higher than the 20-40 cm height often
reported elsewhere®*!. Furthermore, grains > 2 mm are found in
the 120 cm traps, which we have also experienced elsewhere in
Iceland during major storms. The density of the material ranges from
about 1.5 (porous tephra) to 2.8 gcm™ (dense glass)*’, which in part
explains how high the materials are lifted, but the coarse grain size
and high wind speeds also favour high saltation heights®>.

Icelandic land surfaces are unique in that they are subjected to long
term continuous aeolian deposition of reworked volcanic materials
originating from the desert areas. The deposition rates range from
15 to > 800 g m~? yr~" in all of Iceland'®. Our results suggest that
average sediment deposition rates for Iceland are influenced by such

Table 1 | Wind and sediment transport characteristics during each of seven storm episodes

$: 1 minute averages, measured at 2.2 m height.

Episode Length Wind speed m s~! Calculated transport
min Average® Max® No of saltation pulses kgm™! kgm=' hr!

I 45 15.5 21.7 55,293 331 442
[ 62 15.3 19.1 10,225 61 59
1l 122 17.8 23.8 160,949 964 474
\Y 148 14.4 21.5 19,023 114 46
\Y 397 22.5 38.7 1,589,559 9528 1440
Vi 192 17.4 24.3 124,073 743 232
\ 405 14.1 20.1 9832 59 9
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intense sediment production pulses. Icelandic dust storms are of
regional scale, producing dust that reaches far over the North
Atlantic’®", and they occur continuously, regardless of volcanic
activity'®. Eruptions of this kind seem to create temporary pulses
which cause substantial inputs of fine ash into the atmosphere.
The year following the eruption was characterized by many intense
wind erosion events that greatly affected air quality over much of the
South and Southwest Iceland and plumes of wind-born ash was seen
far into the ocean on NOVA satellite images. As an example, the
PM;, (particulate matter < 10 pm) reached concentrations of >
10,000 pg m~? in the vicinity of the volcano during the major storms
and the PM,, value occasionally exceeded 2000 pg m > in Reykjavik,

125 km from the volcano the first summer after the eruption'. Our
measurements within the source areas during the storm give a good
indication of the surface conditions during such immense dust
events.

Volcanic eruptions are considered to be major contributors of
nutrient renewal in ecosystems on a global scale”. Volcanic ash
has furthermore been suggested to have a significant impact on ocean
surface waters, releasing bio-available materials that benefit primary
production®**. Icelandic ocean areas have been reported to be nutri-
ent limited, mainly by iron®, which is among materials released by
the ash®. Although there will be a higher nutrient availability with
freshly deposited ash during eruptions compared to older ash the
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Figure 4 | Cumulative grain size for materials trapped by the BSNE samplers during the storm. The difference in grain size is notably small.
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Figure 5 | Instrumentation at site. A Senist saltation sensor (white)
together with equipment to measure wind speed and relative humidity.
The instruments are solar powered and data is stored in a datalogger hosed
in the white box, and can be accessed by a telephone link. BSNE samplers
mounted on a pole in the background. The photo is taken after the
occurrence of one major storm and ash has eroded from exposed sites
while depressions have accumulated ash (photo: JT, June 23, 2010).

high intensity and the long duration of the dust storms related to
volcanic activity may contribute to the fertility of surface waters
around Iceland. This merits further research.

The erosion of the Eyjafjallajokull volcanic ash provides insight
into possible scenarios for the severe soil erosion that took place in
Iceland during the Middle Ages and up to the 19" century, causing
large scale desertification and sand advancing over vegetated systems
forming sandy areas. There are indications that when heavy land use
had caused severe ecosystem degradation, some of the most severe
soil erosion episodes occurred following volcanic eruptions and gla-

cial river flooding”. Furthermore, the fate of the volcanic ash after  pigyre 6 | A pole with five BSNE samplers placed at 10, 30, 60, 90, and

deposition also highlights the importance of maintaining resistant 120 ¢m height. The opening is always directed upwind (photo: JT).
vegetation cover such as woodlands closest to the most active

1,0 -

0,8 -

0,6 -

0,4

0,2 -

Relative amount of material in dust traps

0,0

0 20 40 60 80 100 120 140
Height (cm)

Figure 7 | Height distribution of materials collected at 10, 30, 60, 80, and 120 cm height during three storms prior to the main storm discussed in the
paper. Materials collected in the 10 cm sampler is given the value of 1, others proportional to the amount in the 10 cm trap.

SCIENTIFIC REPORTS | 3:1257 | DOI: 10.1038/srep01257 5



volcanoes in order to stabilise the tephra and prevent harmful intense
dust storms.

Methods

Wind erosion was monitored on a 1,200 m long transect at 402 to 482 m elevation
perpendicularly across the main ash deposition lobe about 10 km from the crater
(Figure 1). The site was chosen because of relatively easy access by all-terrain vehicles
along a rough track. The area received 2-5 cm of volcanic ash during the eruption.
Vegetation cover was sparse prior to the ash deposition, consisting predominantly of
mosses (Racomitrium spp. 1-2 cm high), but herbs and grasses were also common,
including Dryas octopetala, Silene acaulis, Armeria maritima and Festuca spp.). Most
of the surface, however, was barren, forming large patches of gravelly surface.

The amount of windblown material was estimated at 5 locations on the transect.
We employed two methods to determine aeolian sediment transport rates: sediment
accumulation in dust traps and an electronic saltation sensor (Figure 5). The dust
traps were ‘Big Spring number eight’ (BSNE) samplers®. This sampler is a passive
device, reliant on ambient wind conditions, to measure horizontal sand movement™®.
The sampler is placed on a pole and turns to place the opening into the wind
(Figure 6). Dust-laden air passes through the sampler opening (about 9 cm?) and the
dust settles out in a collection pan. We placed a “cluster” pole at the middle of the
sampling transect, with five BSNE collectors®, mounted at heights of 10, 30, 60, 90
and 120 cm (Figure 6); and at 4 other locations a set of two samplers were employed
(30 and 60 cm). Samples were dry sieved using the mesh sizes of 2, 1, 0.5, 0.25, 0.125,
0.063 and 0.040 mm, with grain size characteristics analysed and cumulative graphs
made using Graditat software (v.8).

Response values used in wind erosion research varies considerably in the literature,
but includes deflation (e.g., tons ha™' yr™"), sedimentation yield (e.g., tons km > yr™")
and transport (e.g., kg m™" hr™" or kg m™> hr™"). Icelandic wind erosion research has
commonly employed measurements of transport over a one m wide line or transect
(kg m™") over a given time'>**. This unit relates well to practical situations working in
the field in Iceland™. Previous research in Iceland suggests that height distribution
curves tend to be relatively stable at the same site between storm events®. Average
height distribution curve was constructed for available data from 2010 from the 5
sampler data sets, however excluding data when any of the traps filled up or when
little was blown into the traps, a total of 3 storms (Figure 7). The average height
distribution was used to calculate the transport over 1 m wide transect (kgm™") up to
150 cm height for each storm, with kg m~" hr™"' as a flux unit, employing methods
outlined in detail previously'>**. We assume that limited amounts of materials are
saltated above 150 cm height. When the lower BSNE filled up during the most
intensive storms, such as during the storm reported here, the average height distri-
bution curve was employed, and total transport calculated based on the amount in the
top samplers (90 and 120 c¢m). A piezoelectric transducer (Sensit) saltation sensor
was used to detect the movement of wind-blown particles at 10 cm height, which has
previously been found ideal height for measurements of wind erosion of volcanic
materials in Iceland'>*. Simultaneous measurements were made of wind speed
(2.2 m height), wind direction, air temperature and relative humidity. The total
number of saltation counts were divided into the total amount of transported material
measured by the BSNE traps to arrive at transport in g per each saltation pulse
(1.97 million counts; 11,802 kg; about 6 g m™" per saltation pulse).
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Abstract

Iceland is an active dust source in the high-latitude and cold region. About 50 % of the annual
dust events in the southern part of Iceland take place at sub-zero temperatures or in winter,
when dust is being mixed with snow. We investigated one winter dust event that occurred in
March 2013. It resulted in a several mm thick dark layer of dust deposited on snow. Dust was
transported over 250 km causing impurities on snow in the capital of Iceland, Reykjavik.
One-minute PM; concentration measured in Kirkjubzjarklaustur (20-50 km from the dust
source) exceeded 6500 ug m” while the mean (median) PM,, concentration during 24-hour
storm was 1,281 (1,170) ug m™. Dust concentrations before the dust deposition in Reykjavik
were only about 100 pg m>, suggesting a rapid removal of the dust particles by snow during
the transport. Dust sample taken from the snow top layer in Reykjavik after the storm showed
that about 75 % of the dust deposit was a volcanic glass with SiO,~45 %, FeO~14.5 %, and
TiO,~3.5. A significant proportion of organic matter and diatoms was also found. This case

study shows that severe dust storms are related also to meteorological conditions, such as
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winter snow storms, and moist conditions. Small volcanic dust particles deposited on snow
tend to form larger particles ("clumping mechanism") resulting in stronger light absorbance.
The deposition of Icelandic dust on snow, glaciers and sea ice may accelerate the thaw and

contribute to the Arctic warming.

1. Introduction

Dust emissions have pronounced influences on Earth’s ecosystems (Field et al., 2010),
originated from deserts occurring in a variety of climatic conditions. Cold climate regions
have less extensive dust sources than warmer areas; yet cold desert dust is an important input
to the dust cycle (Bullard, 2013). Iceland is likely the largest and most active high-latitude
dust source, where dust deposition is expected to influence an area of > 500,000 km? (Arnalds
et al., 2014; Dagsson-Waldhauserova et al., 2014a). The frequency of > 34 dust days per year
in Iceland is comparable to that found in Mongolia and Iran (Dagsson-Waldhauserova et al.,
2014a). Including synoptic codes for “Visibility reduced by volcanic ashes” and “Dust haze”
into the criteria for dust observations increases the frequency to > 135 dust days annually,
which is comparable to the major deserts of the world. Suspended dust was detected during
moist and low wind conditions in Iceland in summer (Dagsson-Waldhauserova et al., 2014b).
However, almost half of all dust events in southern part of Iceland occurred during winter or

at sub-zero temperatures (Dagsson-Waldhauserova et al., 2014a).

Winter dust deposition on snow has been studied in Colorado and Utah, USA, where dust in
snow accelerated snowmelt by direct reduction of snow albedo and indirect reduction of
albedo by accelerating the growth of snow grain size (Painter et al., 2012; Steenburgh et al.,
2012). Recently, several winter dust events caused a closure of the skiing areas in Colorado
mountain areas while avalanche danger was triggered by the dust deposition (Summit County,
2014). A historical dust deposition on snow and “snow dust storm” was described in Central
Europe (Czech Republic) on April 19, 1903, when the Saharan yellowish-red dust mixed with

snow and rain was deposited on snow (Ankert, 1903).

Darker snow surface after dust deposition lowers snow albedo, increases melt, and can also
reduce snow density (Meinander et al., 2014). Icelandic volcanic dust is dark in colour and the
optical properties are similar to black carbon (Dagsson-Waldhauserova et al., 2014c). Direct
radiative forcing of mineral dust was calculated as negative in the IPCC report (IPCC, 2013),
but indirect forcing of dust deposited on snow needs to be investigated in a greater detail. The
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first dust-on-snow studies showed that the average spring dust radiative forcing ranged from

45 to 75 W m™, reducing snow cover duration by 21 to 51 days (Painter et al., 2012).

Icelandic dust differs from dust originating from continental dust sources, such as the
Saharan, Asian or American dust. The dust is volcanogenic in origin and of basaltic
composition (SiO; <50%, high Al,O3, and Fe,O3 contents). Volcanic dust made of glass can
be sharp and porous allowing particles as large as 50 pm to travel long distances (Navratil et
al. 2013). Suspended glacial dust can, however, contain a high number of close-to-ultrafine

particles (Dagsson-Waldhauserova et al., 2014b).

The purpose of this study was to investigate a special weather phenomenon, which we term
“Snow-Dust storm”, in a cold climate region. The main characteristics of severe Snow-Dust
storm were investigated: 1) the source region, ii) horizontal extent, iii) suspended dust
concentrations, iv) chemical and mineralogical composition of transported material, and v)

dust-on-snow deposition mechanisms in natural conditions.

2. Methods

The snow-dust storm (SDS) and dust deposition on snow occurred in S and SW Iceland on
March 6-7 2013. The impurities on snow were visible on March 6 and 7 in Reykjavik (SW)
and Kirkjubzejarklaustur (S), which is about 200 km from Reykjavik. Particulate matter (PM)
mass concentration data were obtained from Reykjavik (Thermo EMS Andersen FH 62 I-R
instrument) and Kirkjubejarklaustur (Grimm EDM 365) by the Environmental Agency of
Iceland. A snow sample with deposited dust was taken in Reykjavik (Keldnaholt) on March 7
at 10:00. The compositions of the tephra glass and mineral grains were studied using
backscattered electrons and quantitative x-ray analysis (EDX SEM) on samples fixed in resin
and polished to planar cross-sectional surfaces. Major mineral compositions were also

checked by x-ray powder diffraction (XRD).

3. Results and Discussion

Two peaks of increased PM o concentrations of about 75-154 ug m™ (thirty-min mean) were
reported in Reykjavik on March 6 (first at 0:00-3:00, second at 17:00-20:00) as depicted in
Figure 1. A severe dust storm with the PM;o concentrations up to 6500 ug m™ (one-min

mean) passed Kirkjubeajarklaustur on March 6-7. Mean (median) PM concentrations during
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the SDS in Kirkjub@jarklaustur was 1,281 (1,170) pg m™. The snow was first found covered
with dust on March 6 around 10:00. A new dust layer was found in Reykjavik on March 7,

when the sample was taken (Figure 2).

The HYSPLIT back trajectory analysis showed that the dust peak 1 (0:00-3:00) observed in
Reykjavik consisted of dust from a NE direction and the dust peak 2 (17:00-20:00) contained
dust arriving from a SE direction, and is the same dust storm as observed in
Kirkjub@jarklaustur (Figure 1). The dust source Skeidararsandur is located about 20 km east
of Kirkjubajarklaustur, while Reykjavik is about 250 km downwind (WNW) of
Skeidararsandur. Relatively low PM concentrations in Reykjavik during the storm are likely

the result of the rapid removal of the dust particles by snow during the transport.

Mineralogical and geochemical composition of a dust sample, taken from the top layer of the
snow in Reykjavik on March 7, was investigated to determine the source of the dust
transported to Reykjavik. The XRD combined with the optical microscopy identified about 75
% of the dust deposit as a volcanic glass with grains 1-250 pm in diameter (average 17 pm).
However, about 70 % of the particles were <10 pm and 20% were in range 10-50 um. High
PM;y mass concentrations detected during the SDS in Kirkjubajarklaustur measured only the
particles <10 um, but about 30 % of transported material found in Reykjavik was >10 wm.

Including large particles would increase the suspended dust mass substantially.

Most of the volcanic glass particles (about 70%) showed chemical compositions of: SiO,~ 45
%, FeO~14.5 %, Ti0,~3.5%, Al,03~14.5 %, CaO~12 %, MgO0~6.25 %, and Na,O+K,O~ 4
%. This composition corresponds closely to the composition of the Grimsvotn tephra
materials (see Oladottir et al., 2011a), suggesting the Skeidararsandur origin of the dust.
Small number of glass shards corresponded to alkalic transitional tephra and materials from
the alkalic Holocene eruptions of the S, SW Iceland (Oladottir et al., 2011b), which could
originate from the Hagavatn dust source (northern trajectory in Figure 1), but also,
alternatively from the 2010 Eyjafjallajokull deposits (southern trajectory in Figure 1). The
Hagavatn dust analysed by Baratoux et al. (2011) also shows similarities in major element
composition with our sample. The PM,o concentrations measured in Reykjavik and chemical
analysis of the snow-dust sample indicate that the majority of the dust was deposited on snow
during the peak 1 on March 6 (0-3h). Consequently, volcanic glass from the Grimsvotn

volcanic system was transported towards Reykjavik (dust peak 2).
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The most common glass morphologies were characterized by numerous ~10-20 pm gas
bubbles. Low frequency of bubbles corresponded to massive shards, while high frequency
was in bubble-wall shards. Rare alkali- and silica-rich glasses showed different, very fine
pipe-vesicular structures (Figure 3, top-right). Such elongated shapes are more similar to
asbestos particles or black carbon than mineral dust, and may pose health risks (Donaldson et
al., 2006). The individual mineral grains and crystals embedded in the glass were mostly
plagioclases (labradorite and andesine), pyroxenes (augite), olivines (fayalite) and amphiboles
(ferrohornblende), whereas Na—K feldspars were rare. Titanium and iron were often
concentrated to ulvospinel (Figure 3), magnetite-titanomagnetite and ilmenite. Such
mineralogical contribution along with the chemical compositions indicates that the sample
was a mixture of material originating in Skeidararsandur (southern trajectory, peak 2) and

Hagavatn dust (northern trajectory, dust peak 1).

Transported dust contained various clay minerals, chlorites, zeolites and many minerals
revealing a wide spectrum of altered, heterogeneous tephras and primitive soils. We identified
hydrated palagonites with imperfect lattices of ferrihydrite and smectites (possibly also
allophane, imogolite, zeolites and carbonates) in several glass fragments. Detritus of decayed
organic matter (from algae to vascular plants, ~0.25 vol. %) and scattered Bacillariophyceae
opal frustrules were also found (Figure 3). Presence of diatoms and organic matter in
transported dust indicates that the dust originated in area of lakes or river beds. However, the
identification of exact location from the 49 examined lakes and 139 diatom taxa found in
Iceland is complicated (Karst-Riddoch et al., 2009). Identified diatoms are benthic and may
be present in shallow pools or waters around the edges of lakes and rivers. Figure 3 shows the

Rhopalodia and Epithemia diatom species (likely epiphytic).

Dust deposition on snow affects climate by reducing snow albedo and increasing snow-melt
due to light-absorbing particles (Painter et al., 2012). The melting rates of snow influenced by
Icelandic volcanic dust were similar to snow with a black carbon layer (Meinander et al.,
2014). Small volcanic dust particles tend to form larger particles resulting in stronger
absorbing effects (Dagsson-Waldhauserova et al., 2014c). This clumping mechanism has been
linked to artificially deposited impurities on snow (Brandt et al. 2011). Here we observed the
same mechanism in natural conditions (Figure 2). There are strong indications that Icelandic
dust is a positive radiative forcing agent, both directly and indirectly, which is contrary to

mineral dust effects reported by the [IPCC (IPCC, 2013). Dust deposition on Icelandic glaciers
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was calculated as 4.5 million t per year with the mean deposition of 400 gm'zyr'1 (Arnalds et
al., 2014). We suggest that Icelandic volcanic dust events not only affect Iceland but have the

potential to reach the Arctic glaciers and sea ice and accelerate the Arctic warming.
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Figure 1. PM, concentrations during the Snow-Dust storm in Reykjavik (upper graph) and
Kirkjubaejarklaustur (lower graph) on March 6-7, 2013. The HYSPLIT backward trajectories
calculated for the dust peak 1 (00:00-03:00) and the peak 2 (17:00-20:00) in Reykjavik.
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Figure 2. The Icelandic Snow-Dust storm on March 6 2013, in Kirkjubaejarklaustur (left),
caused a significant volcanic dust deposition on snow (see also the car). The impurities on
snow were visible in Reykjavik, 250 km from the dust source (right) on March 6 and 7, 2013.
On the snow surface, the impurities were observed to form larger particles ("clumping
mechanism") and accelerate snow melt. Such high-latitude winter and cold Icelandic dust
events (> 9 annually) have the potential to contribute to Arctic warming. The Icelandic dust
deposition is estimated to influence an area of > 500,000 km?. Left photo - courtesy of

Ingveldur Gudny Sveinsdottir from Kirkjubaejarklaustur. Right photos — ©Pavla Dagsson-

Waldhauserova.
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Figure 3. Microscopic images of the dust material. Upper row: Examples of 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
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(upper), Epithemia sp., poss. E. adnata (lower)
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