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Abstract. Dust particles from high latitudes have a potentially large local, regional, and global significance to climate and the
environment as short-lived climate forcers, air pollutants, and nutrient sources. Identifying the locations of local dust sources
and their emission, transport, and deposition processes is important for understanding the multiple impacts of High Latitude
Dust (HLD);=50°N-and-=>40°S} on the Earth’s systems. Here, we identify, describe, and quantify the Source Intensity (SI)
values, which show the potential of soil surfaces for dust emission scaled to values 0 to 1 concerning globally best productive
sources, using the Global Sand and Dust Storms Source Base Map (G-SDS-SBM). This includes sixty-four HLD sources in
our collection for the Northern (Alaska, Canada, Denmark, Greenland, Iceland, Svalbard, Sweden, and Russia) and Southern
(Antarctica and Patagonia) high latitudes. Activity from most of these HLD dust sources shows seasonal character. It is
estimated that high-latitude land areas with higher (SI=0.5), very high (S1=0.7), and the highest potential (SI=0.9) for dust
emission cover >1 670 000 km?, >560 000 km?, and >240 000 km?, respectively. In the Arctic HLD region (> 60°N), land area
with SI>0.5 is 5.5% (1 035 059 km?), area with SI>0.7 is 2.3% (440 804 km?), and with SI>0.9 is 1.1% (208 701 km?).
Minimum Sl values in the north HLD region are about three orders of magnitude smaller, indicating that the dust sources of
this region greatly depend on weather conditions. Our spatial dust source distribution analysis modeling results showed
evidence supporting a northern High Latitude Dust (HLD) belt, defined as the area north of 50°N, with a ‘transitional HLD-
source area’ extending at latitudes 50-58°N in Eurasia and 50-55°N in Canada, and a ‘cold HLD-source area’ including areas
north of 60°N in Eurasia and north of 58°N in Canada, with currently ‘no dust source” area between the HLD and LLD dust
belt, except for British Columbia. Using the global atmospheric transport model SILAM, we estimated that 1.0% of the global
dust emission originated from the high-latitude regions. About 57% of the dust deposition in snow- and ice-covered Arctic
regions was from HLD sources. In the south HLD region, soil surface conditions are favorable for dust emission during the
whole year. Climate change can decrease snow cover duration, retrieval of glaciers, and increase drought, heatwave intensity,
and frequency, leading to the increasing frequency of topsoil conditions favorable for dust emission, which increases the
probability of dust storms. Our study provides a step forward to improve the representation of HLD in models and to monitor,

quantify, and assess the environmental and climate significance of HLD going forward.

1 Introduction

Mineral dust is an essential and relevant climate and environmental variable with multiple socioeconomic effects on, e.g.,
weather and air quality, marine life, climate, and health (Creamean et al., 2013; Terradellas et al., 2015; Shepherd et al., 2016;
Querol et al., 2019; Nemuc et al., 2020). Mineral dust is transported from local sources of high-latitude dust (HLD, >50°N and
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>40°S, Bullard et al., 2016), low-latitude dust (LLD, mostly 0-35°N), and the so-called ‘global dust belt’ (GDB, Prospero et
al., 2002), defined to extend into the Northern Hemisphere from the west coast of North Africa, over the Middle East (West

Asia), Central and East Asia, and south-west North America (Ginoux et al., 2012), with only minor sources in Southern
Hemisphere (Prospero et al., 2002; Ginoux et al., 2012; Bullard et al., 2016; Terradellas et al., 2017). Dust is often associated
with hot, subtropical deserts, but the importance of dust sources in the cold, high latitudes has recently increased (Arnalds et
al., 2016; Bullard et al., 2016; Groot Zwaafting et al., 2016, 2017; Kavan et al., 2018, 2020a,b; Boy et al., 2019; Gass6 and
Torres, 2019; IPCC, 2019; Tobo et al., 2019; Bachelder et al., 2020; Cosentino et al., 2020; Ranjbar et al., 2021; Sanchez-
Marrogin et al., 2020). Dust produced in high latitudes and cold climates (Iceland, Greenland, Svalbard, Alaska, Canada,
Antarctica, New Zealand, and Patagonia) can have regional and global significance (Bullard et al., 2016). Local HLD dust
emissions are increasingly being recognized as driving the local climate, biological productivity, and air quality (Groot
Zwaafting et al., 2016, 2017; Moroni et al., 2018; Crocchianti et al., 2021; Varga et al., 2021). HLD can induce significant
direct (blocking sunlight) and indirect (clouds and cryosphere) radiative forcing (Kylling et al., 2018) on solar radiation fluxes

and snow optical characteristics, strongly impacting Arctic amplification, including glacier melt (Boy et al., 2019).

HLD aerosols consist of a variety of different dust particle types with various particle sizes and shapes distributions, as well
as physical, chemical, and optical properties that differ from the crustal dust of the Sahara or American deserts (Shepherd et
al., 2016; Arnalds et al., 2016; Bachelder et al., 2020; Baldo et al., 2020; Crucius, 2021). Therefore, impacts on climate,
environment, and human health can differ from those of LLD. For example, Icelandic dust is of volcanic desert origin, often
dark, and has higher proportions of heavy metals than crustal dust (Arnalds et al., 2016). The IPCC special report (IPCC, 2019)
recognizes dark dust aerosols as a short-lived climate forcer (SLCF) and light-absorbing aerosols connected to cryospheric
changes. Light-absorbing HLD particles can induce direct effects on solar radiation fluxes as SLCF and snow optical
characteristics impacting cryosphere melt via radiative feedback (Peltoniemi et al. 2015; Boy et al., 2019; Dagsson-
Waldhauserova and Meinander, 2019, 2020; IPCC, 2019; Kylling et al., 2018). HLD significantly affects the formation and
properties of clouds (Abbatt et al., 2019; Sanchez-Marroquin et al., 2020; Murray et al., 2021).

Dust is connected to climate change: Historical dust (paleo dust) is not only a contributor to climate change but a record of
previous dust and climate conditions (Lamy et al., 2014; Lewandowski et al., 2020). Dust can significantly contribute to air
pollution mortalities (Terradellas et al., 2015; Nemuc et al., 2020). Deposition at high latitudes can provide nutrients to the
marine system; mineral and organic matter on glaciers, including natural and anthropogenic dust, can form cryoconite granules.
Cryoconite, dust, and ice algae can reduce surface albedo and accelerate the melting of glaciers (Lutz et al., 2016; McCutcheon
etal., 2021). Monitoring dust in remote, high-latitude areas has crucial value for climate change assessment and understanding
the impacts of global warming on natural systems and socioeconomic sectors. Bullard et al. (2016) summarized natural HLD

sources as covering over 500 000 km? and producing particulate matter of ca. 100 Mt dust per year.
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Dust emissions respond to changes in wind speed, soil moisture, and other parameters affected by climate change; changes in
land cover and surface properties by human activities can affect dust emissions (Kylling et al., 2018). The fundamental
processes controlling aeolian dust emissions in high latitudes are essentially the same as in temperate regions. However, there
are other processes specific to or enhanced in cold regions. Low temperatures, humidity, strong winds, permafrost, and niveo-
aeolian processes, which can affect the efficiency of dust emission and distribution of sediments, were listed in Bullard et al.
(2016).

The modeling of emissions, transport, and deposition complemented with available observations, can provide essential
information related to dust’s impact on the climate and environment in the high latitudes (IPCC, 2019). The locations and
characteristics of local dust sources are two of the major observations documented for inputting information into numerical
models to predict or simulate the HLD process from its emission to downwind deposition. In some cases, model results can
indicate possible but not yet identified dust sources in the HL regions. A general lack of observational and long-range transport
modeling studies results in poor HLD monitoring and predicting. Models have predictive capacity and, without the
observations, can constitute a source of information and indicate where more direct observations are needed. The first long-
range transport modeling studies show that main transport pathways from HLD sources clearly affect the High Arctic (>80°N)
and European mainland (Baddock et al., 2017; Beckett et al., 2017; Pordevi¢ et al., 2019; Groot Zwaafting et al., 2016, 2017;
Moroni et al., 2018). The World Meteorological Organization Sand and Dust Storm Warning Advisory and Assessment System
(WMO SDS-WAS) monitors and predicts dust storms from the world’s major deserts (https://www.wmo.int/sdswas), where
HLD sources have recently been included in the SDS-WAS dust forecasts. Europe’s largest desert is at a high latitude in
Iceland (Arnalds et al., 2016), with dust transport observed over the North Atlantic to European countries (Ovadnevaite et al .,
2009; Prospero et al., 2012; Beckett et al., 2017; Pordevi¢ et al., 2019).

HLD is a short-lived climate forcer, air pollutant, and nutrient source, showing the need to identify the geographical extent
and dust activity of the HLD sources (Arnalds et al., 2014, 2016; Dagsson-Waldhauserova et al., 2014, 2015; Terradellas et
al., 2015; Arnalds-et-al2014,-2016;-USGCRP, 2018; IPCC, 2019). Bullard et al. (2016) designed the first HLD map based

on visibility and dust observations, combined with field and satellite observations of high-latitude dust storms, resulting in 129

locations described in 39 papers. Here, we compile and describe sixty-four HLD sources in the northern and southern high

latitudes.

soil-areas-and-generating-more-glacial-dust-particles: This work’s main aim is to:
(i) identify new and previously unpublished HLD sources using-direct-observations-and-measurementssateHite
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(i) estimate the high-latitude land area with potential dust activity and calculate the source intensity (SI) for the
identified sources

(iii) provide model results on HLD emission, long-range transport and deposition at various scales of time and
space

(iv) specify key climatic and environmental impacts of HLD and related research questions, which could improve

our understanding of HLD sources, with the help of literature surveys on clouds and climate feedback,

atmospheric chemistry, marine environment, cryosphere, and cryosphere-atmosphere feedbacks.

We focus on high latitudes with natural dust sources and include some anthropogenic dust sources, such as road dust, when
unpaved roads serve as a significant dust source. Direct emissions of volcanic eruptions and road dust formed via abrasion and
wear of pavement or traction control materials are excluded. Identifying dust sources is the first step to understand the HLD
life-cycle (dust emission, transport, and deposition). After that, impacts and feedback mechanisms_can be identified and
quantified as physical, chemical, and optical properties of dust from these source areas. Their properties during emission,

transport, and deposition are needed to be characterized to allow a holistic understanding.

2 Materials and methods
2.1 Identification and characteristics of dust sources

Three topical workshops in Russia, Finland, and Iceland (Meinander et al., 2019a,b) on HLD were organized in 2019 to

identify, describe, and assess new high-latitude dust sources (at > 50°N and > 40°S, according to Bullard et al. 2016, and

{including the Arctic as a subregion at > 60°N). The HLD source map and observations on dust properties provided here are

based on:
(i) new field and satellite observations not described in published academic papers
(i) newly identified HLD source locations reported in recent literature but not included in previous collections

(iii) updated observations on previously documented sources.
Each location was assessed to classify each source: Category 1 refers to an active dust source with high ecological significance,
category 2 to a semi-active source with moderate ecological significance, and category 3 to new sources with unknown activity
and importance. Moreover, Sl values for each HLD location in the Northern and Southern (Antarctica and Patagonia) high
latitudes were quantified, and the potential land surface area for dust emissions in the north, Arctic, and south HLD regions

was calculated (Section 2.2).
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2.2 High-latitude dust sources from UNCCD G-SDS-SBM

The Global Sand and Dust Storms Source Base Map (G-SDS-SBM), developed by the United Nations Convention to Combat
Desertification (UNCCD) in collaboration with the United Nations Environment Programme (UNEP) and World

Meteorological Organization (https://maps.unccd.int/sds/; Vukovic, 2019, 2021) represents gridded values of SDS source
intensity (S, values 0 to 1) on a resolution of 30 arcsec. The Source Base Map was developed by including the information on
soil texture, bare land fraction, and NASA satellite Moderate-resolution Imaging Spectroradiometer Enhanced Vegetation
Index, MODIS EVI, as well as the data on land cover, topsoil moisture, and temperature. Values of Sl represent topsoil’s
potential to emit soil particles under windy conditions, assigning the highest values of source intensity to the most productive
surfaces. Sl values are derived under the assumption they are exposed to the same velocity of surface wind. Input data, which
change depending on the weather (and possibly human activities) for bare land fraction, moisture, and temperature data, are
defined for four months (January, April, July, October—each month representing one season) by using extreme values. This
was observed from 2014 to 2018, providing favorable conditions for surfaces to act as sources. Thus, sources that may appear
during heatwaves and drier conditions (or drought), when the surface in high latitudes is unfrozen, snow-free, and more
susceptible to wind erosion, are included in this map. Such weather extremes under climate change are becoming more frequent
and are projected to increase (IPCC, 2013), justifying the source mapping approach using the information on extreme topsoil
conditions. Using the maps produced for the four seasons, maximum and minimum values are determined for each grid point
to explore the potential of high-latitude land surfaces to act as dust sources, their seasonality, and to compare values of source

intensity with marked locations of HLD sources.

2.3 Methods used to identify and study the dust sources

Various methods identified the HLD sources (Table 1), including direct observations and measurements; satellite data;
emission, long-range transport and deposition modeling; media, social media, and literature sources (e.g., web pages,
conference abstracts). More details and literature references can be found in each source section. Dust emission, long-range
transport, and deposition modeling calculations were made to study if the HLD sources have local, regional, or global
significance. Two well-established dust atmospheric models—SILAM and DREAM—were used to simulate the atmospheric
dust process over high latitudes. Both models have been thoroughly evaluated for other deserts where the accuracy of their

results has been verified.

Table 1. Methods used to identify and study the dust sources

Method Sources
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Direct observation: photographs and visual
observations

Marambio, Antarctic Peninsula, Schirmacher
Qasis, East Antarctica McMurdo Sound/Ross
Sea

Satellite images: Meteosat-11 images

Denmark, Sweden, Iceland

Instrumentation: SEM

Svalbard

Instrumentation: LOAC

James Ross Island

Instrumentation: SL-501 surface and snow
albedo

Marambio, Antarctic Peninsula

Instrumentation: Magnetic susceptibility
upon heating, magnetic hysteresis
parameters

Svalbard

Instrumentation: ICP-MS, AES-ICP, XRD,
XRF

Russia (sources no. 2-5 of Fig.1)

Instrumentation: high performed liquid
chromatography, potentiometry

Russia (sources no. 7-8 of Fig.1)

Passive deposition samplers

James Ross Island

Snow samples

Svalbard (Hornsund, Pyramiden), Antarctica

Social media: Twitter account
(@SanGasso) and hashtag
(#highlatitudedust)

South America (Patagonia), Alaska, Greenland,
Iceland

Literature sources

Denmark, Sweden

SILAM model

Arctic

DREAM model

Arctic, Antarctic

Estimates of the emission and deposition of global and Arctic dust were computed separately to assess Arctic dust’s global
impact using the SILAM model (Sofiev et al., 2015)—a global to meso-scale atmospheric dispersion and chemistry model—
applied for air quality and atmospheric composition modelling. The dust emission estimate is driven by the European Centre
for Medium Range Weather Forecast ECMWEF IFS meteorological model at a resolution of 0.1 x 0.1 degrees. The computations
were performed using ECMWF ERAS5 meteorological reanalysis data for 2017 at a resolution of 0.5 x 0.5 degrees. The dust
emission model was validated against AERONET (AErosol RObotic NETwork, www.aeronet.com) aerosol optical density
(AOD) data and provided unbiased results for the main dust emission areas. For Arctic areas, where dust is not contributing to

the AOD as much, the simulated AOD from all aerosols is unbiased concerning the measurements. While the simulation’s
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relatively coarse resolution cannot capture the smaller point-like dust sources, it is still expected to give a good approximation
of the overall patterns and magnitudes of dust emission and deposition. The SILAM results are presented in sections 3.3 (Fig.
4) and 3.4 (Fig. 12 and Fig. 15).

DREAM is a fully dynamic numerical prediction model for atmospheric dust dispersion originating from soil. The dust
component of this system (Pejanovic et al., 2011; Nickovic et al., 2016) is online and driven by the atmospheric model NMME
(Janjic et al., 2001). Dust concentration in the model is described with eight particle bins, with radii ranging from 0.18 to 9
um. DREAM-ICELAND is the model version to predict dust transport emitted from Iceland’s largest European dust sources
(Cvetkovic et al., 2021, submitted). The size distribution of particles in the model is specified according to in situ measurements
in the Icelandic hot spots. The model horizontal resolution of ~3.5 km is sufficiently fine to resolve the Icelandic dust sources’
rather heterogeneous and small-scale character. As the first operational numerical HLD model in the international community,
DREAM-ICELAND is used daily, having predicted Icelandic dust since April 2018. DREAM results are included in sections
3.4 (Fig. 8 and 11) and 3.6 (Fig. 16), and as a supplementary animation.

3 Results and discussion

3.1 Locations of the HLD sources

Sixty-four HLD sources at northern and southern high latitudes (Fig. 1) were identified. In the north HLD region are 49

locations_(47 locations >50°N and two >47°N) in Alaska, Canada, Denmark, Greenland, Iceland, Svalbard, Sweden, and
Russia, of 35 are in the Arctic HLD subregion (>60°N). In the south HLD region_(>40°S), 15 sources were identified in

Antarctica and Patagonia, South America. The sources included the Arctic and Antarctic, boreal, remote, rural, mountain,
marine and coastal, river sediments, mining, unpaved roads, soils (Podzols, Retisols, Gleysols, Phaeozems, and Stagnosols;
USS Working Group WRB, 2015), and glacial dust. The observational periods for these locations varied from days or weeks
to multiple years and included data from ground-based measurements, remote sensing data, and modeling results. Results on
the calculated source intensity and areas of high-latitude surface land with higher (SI>0.5), very high (SI>0.7), and the highest
potential (SI>0.9) for dust emission are shown in Section 3.2. Observations and characteristics of the identified dust sources
in our collection (Fig. 1) are presented in Section 3.4 and the Supplement Tables S1-S7 (including the contemporary
classification for each source into categories 1-3, based on the currently available observations, in S1; satellite observations
on new HLD sources in Iceland in S2; observations on new HLD sources in Greenland and Canada in S3; Sl values for each

source in S4 and S5, including latitude and longitude; and results from Russian HLD sources in S6-S7).
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Figure 1. Map of the locations of the northern (north of 50°N) and southern (south of 40°S) high-latitude dust (HLD) sources
identified and included in this study. The numbers are the identified 64 dust sources, as shown in Figure 1.

3.2 Source intensity from UNCCD G-SDS-SBM

Figure 2 presents the G-SDS-SBM source intensity values (maximum and minimum) for the north HLD region. The north
HLD region alse includes the area north of latitude 50°N and the Arctic region (as a subregion of the HLD region) north of
60°N. HLD dust sources show extreme seasonal characteristics, with some exceptions. The sources appear and disappear (or
change Sl values) seasonally or appear (or increase source intensity values) only during favorable extreme weather conditions.
Figure 3 shows G-SDS-SBM source intensity values for the south HLD region (south of 40°S) without values for Antarctica
since G-SDS-SBM does not include areas south of 60°S. Supplementary Tables S4 and S5 give the values of Sl for specific
locations marked in Figure 1. Further analysis consists of assessing the areal coverage of sources, with different thresholds for
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Figure 2. UNCCD Global Sand and Dust Storms Source Base Map (G-SDS-SBM) for annual maximum (upper panel) and

minimum (lower panel) source intensity for the north HLD region and Arctic sub-region (north of 50°N and 60°N, respectively,

marked with dashed lines).
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Figure 3. UNCCD Global Sand and Dust Storms Source Base Map (G-SDS-SBM) for annual maximum (upper panel) and

minimum (lower panel) source intensity for the south HLD region (south of 40°S) without Antarctica (south of 60°S), marked with

dashed lines.
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The total surface area of dust sources with a higher potential for dust emission (SI> 0.5) over the north HLD region (north of
50°N) is 3.9% of the total land surface (1 364 799 km?). The area with a very high potential for dust emission (SI>0.7) is 1.5%
(509 965 km?). The area with the highest dust emission potential (SI>0.9) is 0.7% of the total land area (233 336 km?) (Table
2). In the Arctic region (north of 60°N)—the subregion of the north HLD area—dust sources with a higher potential for dust
emission (SI>0.5) are 5.5% of the total land surface (1 035 059 km?). The area with a very high potential for dust emission
(SI>0.7) is 2.3% (440 804 km?). The area with the highest dust emission potential (SI>0.9) is 1.1% (208 701 km?). The surface
of dust-productive areas with minimum seasonal Sl values in the north HLD region is about three orders of magnitude smaller
than the maximum, meaning the north HLD dust sources highly depend on weather conditions. Maximum surfaces contain
dust-productive regions that are defined under the most favorable weather conditions for soil exposure to wind erosion
(including extreme weather). All sources defined here are not necessarily active every year nor in the same period, meaning

these surfaces can seasonally or occasionally (under severe weather) appear as dust sources.

For the south HLD region (40°S-60°S, area without Antarctica), the land surface is only 2% of the total surface area (Table
3). The surface area of dust sources with SI>0.5 is 22.6% of the total land surface (309 520 km?). The area with SI>0.7 is 4.5%
(61 527 km?). The area with the highest dust emission potential (SI>0.9) is 0.6% (8 630 km?). The surface areas for minimum
S| values above these thresholds are two to three times smaller than the surfaces for maximum S| values compared to the
difference in the north HLD region. This means that soil surface conditions in the south HLD region are favorable for dust
emission over the whole year. Especially in locations of HLD markers, SI maximum and minimum values do not change over
most locations or decrease by 0.1 or 0.2, except for one location (no. 38), which has Sl values changing from 0.9 to 0 at the
location of an HLD marker.

Table 2. Relevant surfaces for the north HLD and Arctic regions: surface of total area of the region, surface of land area within
the region (in km? and % of total surface), total surface (in km? and % of land surface) of areas with Sl values above thresholds
(0.5 for surfaces with at least “higher” dust emission potential, 0.7 for surfaces with at least “high” dust emission potential, and 0.9
for surfaces with “highest” dust emission potential) in maximum (max) and minimum (min) seasonal values; values are derived
from UNCCD G-SDS-SBM.

NORTH HLD REGION (NORTH OF 50°N)

total area (km?) land area (km?) land area (%)
64392015 34695710 54
max min

surface surface area | surface area surface area

area (km?) (%) (km?) (%)

SI>0.5 1364799 3.9 1916 0.006
SI1>0.6 803372 2.3 1053 0.003
SI>0.7 509965 15 718 0.002
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SI>0.8 342913 1.0 562 0.002
SI>0.9 233336 0.7 451 0.001

ARCTIC REGION (NORTH OF 60°N)

total area (km?) land area (km?) land area (%)
36876709 18853826 51
max min

surface surface area | surface area surface area

area (km?) (%) (km?) (%)

SI>05 1035059 55 515 0.003

SI>0.6 665082 35 350 0.002

SI>0.7 440804 2.3 297 0.002

S1>0.8 303521 1.6 264 0.001

S1>0.9 208701 1.1 217 0.001
299
300
301
302

303 Table 3. Relevant surfaces for the south HLD region: surface of total area of the region, surface of land area within the region (in
304 km? and % of total surface), total surface (in km? and % of land surface) of areas with Sl values above thresholds (0.5 for surfaces
305 with at least “higher” dust emission potential, 0.7 for surfaces with at least “high” dust emission potential, and 0.9 for surfaces
306 with “highest” dust emission potential) in maximum (max) and minimum (min) seasonal values; values are derived from UNCCD
307 G-SDS-SBM.

308
SOUTH HLD REGION (SOUTH OF 40°S)
total area (km?) land area (km?) land area (%)
61435208 1367987 2
max min

surface surface area | surface area surface area

area (km?) (%) (km? (%)

SI =05 309520 22.6 186266 13.616

SI > 0.6 151480 111 81522 5.959

SI =07 61527 45 29256 2.139

SI1>08 25416 1.9 10842 0.793

S1>0.9 8630 0.6 2747 0.201
309
310

311 3.3 Emission and deposition of global and Arctic dust
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312
313
314
315
316
317
318
319
320
321
322

323

The SILAM model estimated the total emission of annual dust and its deposition (data for 2017) onto snow-covered land,
frozen sea, and total sea surfaces (frozen and non-frozen) (Fig. 4). The computations were also performed for Arctic dust and
total global dust, with results for overall dust (diameter less than 30 um) and fine dust (diameter less than 2.5 um) separately
(Fig. 15 of Section 3.5). Based on the model, the total emission of Arctic dust equals approximately 1.0% of the globe’s total
dust emission. The deposition of Arctic dust onto snow- and ice-covered surfaces equals about 19% of the total dust deposition
onto these areas and around 57% of the deposition onto the areas explicitly located in the Arctic region. For fine dust, the
corresponding figures are 7% and 22%. Compared to the deposition of black carbon (anthropogenic sources and wildfires
combined; Fig. 15 of Section 3.5) onto snow and ice, the deposition of fine Arctic dust is about 70% higher globally and around
580% higher in the Arctic regions. While these figures provide a general quantification of the deposited amounts, detailed
calculations of the thermal and optical properties of dust and black carbon deposited on snow would be required to compare
the deposited substances’ net impacts on the climate.

10-5 104 10-3 10-2 107! 100 10!
dust emission (kg/m?)
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1075 1074 1073 10-2 101 100 10!
dust deposition (kg/m?)

10°5 104 10-3 10-2 107! 10° 10!
dust deposition on snow and ice (kg/m?)

Figure 4. SILAM emission and deposition modeling results of dust emission (above), dust deposition (middle) and dust deposition
on snow and ice (below), in [kg/m?].
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3.4 The identified dust sources

Observations of the identified sixty-four dust sources in our collection (Fig. 1) are presented and discussed in alphabetical
order as follows: 1. Alaska (sources no. 14 and 50 in Fig. 1); 2. Antarctica (no. 9, 19, 20, 52); 3. Canada (no. 2, 16, 48, 62); 4.
Denmark and Sweden (no. 1, 15, 51); 5. Greenland (no. 53-61, 64); 6. Iceland (no. 23-45); 7. Russia (no. 2—-11); 8. South
America and Patagonia (no. 17, 21, 46, 47, 49, 52, 63); and 9. Svalbard (no. 13, 18, 22). Dust events originating simultaneously
from Greenland, Iceland, and northern America are demonstrated in the Supplementary animation. The numbers are the
identified 64 dust sources shown in Figure 1. Additional information, including latitude, longitude, and SI values, can be found
in Supplement (Tables S1-S4).

3.4.1 Alaska, Copper River Valley, USA

Alaskan dust sources were identified over a century ago (Tarr and Martin, 1913). However, limited satellite detection due to
abundant cloud cover and isolated location resulted in sparse information on this region (Crusius et al., 2011). The main
identified sources are piedmont glaciers (Malaspina, Bering), resuspension of ash from past eruptions (Hadley et al., 2004),
and major rivers carrying glacial sediment (Copper, Yukon, Tanana, and Alsek) (Gassd, 2020a,b; 2021a,b). Resuspension of
glacial dust transported by these rivers can be abundant, often triggering air quality alerts by the Alaska Department of
Environment (USGCRP, 2018). The largest and most active of such dust sources is the Copper River (Fig. 5), estimated to
transport 69 million tons of suspended sediment annually (Brabets, 1997). Transported sediment is deposited on the Copper
River Delta, an alluvial floodplain covering an area of 2800 km2. When conditions allow, sediment is resuspended, resulting
in dust plumes that can extend hundreds of kilometers over the Gulf of Alaska. Dust events, often lasting several days or weeks
(Schroth et al., 2017), are most common in late summer and autumn when the river discharge and snow cover are at their
minimum and high wind speeds are commonplace (Crusius, 2021). However, these occurrences have been observed year-
round (Gassd, 2021a; January 2021). Dust reaches the open waters beyond the continental shelf and the influence of coastal
sediments (Crusius et al., 2017). Thus, it has been proposed that dust from coastal sources such as the Copper River Delta can
be an important source of bioavailable iron in the Gulf of Alaska (Crusius et al., 2011; Crusius, 2021; Schroth et al., 2017).
Further work is also needed to investigate the relative importance of dust emissions from Alaska and East Asia (Bishop et al.,
2002) in other areas. Also, dust from this region may initiate ice production in supercooled clouds, which is crucial for climate
feedback (Murray et al., 2021). Regarding the magnitude and seasonal variability of emissions of sources in southern Alaska,
a few dedicated studies have focused on dust from the Copper River Delta (Crusius, et al., 2017; Schroth et al., 2017; Crusius,
2021). However, to our knowledge, no dust activity and source characterization has been carried out along the coast of the

Gulf of Alaska. Moreover, resuspended road dust is a major air quality issue throughout Alaska.
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Figure 5. Satellite image (left) of the Copper River region and photo (right) taken at the Copper River Delta on the same day (14th
October 2019). The common occurrence of clouds prevents directly viewing the dust in suspension, illustrating the difficulty of
observing dust activity from space. (Satellite image from NASA Worldview; photo by Sarah Barr).

3.4.2 Antarctica
3.4.2.1 James Ross Island, Ulu Peninsula

The northern part of James Ross Island—Ulu Peninsula—represents one of Antarctica’s largest ice-free areas (312 km?). Its
bare surface, consisting mainly of weathered sedimentary rocks, is an active HLD source (Kavan et al., 2018). Suspended
sediments originate from outside the local fluvial systems based on the elemental ratios of Sr/Ca and Rb/Sr (Kavan et al.,
2017). The wind speed threshold of 10 ms™ is needed for activating local dust sources, with most of the particles captured (by
mass) in size bins between 2.5-10 pm. Mean (median) mass concentrations of the PM10 were 6.4 + 1.4 (3.9 + 1) ug m3, while
the PM2.5 was 3.1 + 1 (2.3 + 0.9) ug m for the whole measurement period from January to March 2018. Mean PM10 values
are comparable to background stations in Northern Europe. The highest daily aerosol concentration was 57 pug m for PM10,
with hourly PM10 with > 100 ug m. Higher aerosol concentration occurs in late austral summer when the soil water content
in the upper soil layer is significantly lower than in early summer. Long-range transport of dust originating in Patagonia was
observed during aerosol measurements (Kavan et al., 2018). A higher proportion of long-range transported dust was found in
snow pits on higher elevated glaciers compared to a higher proportion of locally transported dust in lower elevated glaciers
(Kavan et al., 2020b). Knazkova et al. (2020) identified a redistribution of mineral material within the HLD source area in
Abernethy Flats, impacting the local microtopography.

16



381

382
383
384
385
386
387
388
389
390
391
392
393

394

395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412

3.4.2.2 Marambio, Antarctic Peninsula

The Marambio Base (64°14°S, 56°37°W, 198 m a.s.l.) on Marambio Island, Graham Land, Antarctic Peninsula, is a member
of the Global Atmosphere Watch (GAW) programme of the WMO, with personnel available year-round. This region has ice-
free areas and cold desert soils (Cryosols) that can be seasonally susceptible to wind erosion and weathering. The removal of
fine materials occurs mainly by wind action. The Finnish-Argentinian co-operative research in Marambio includes
measurements of ozone, solar irradiance, aerosols, and ultraviolet (UV) albedo (Aun et al., 2020). The UV Biometer Model
501 from Solar Light Co. (SL501) UV albedo data of 20132017 in Marambio were used to analyze the effects of local HLD
on measured snow UV albedo and solar UV irradiance and differences in simulated UV irradiances (Meinander et al., 2018;
data not presented here). For validating the UV albedo data, surface photos were taken regularly. The surface photos and UV
albedo measurements show that local dust can be detected on the snow and ice. Also, the optical dome of the SL-501 sensor
was found to be sandblasted by the windblown dust when returning to Finland for maintenance. These findings suggest that in
Marambio, local dust can decrease surface snow/ice albedo, possibly enhance the cryosphere melt, and contribute to warming

in the Antarctic Peninsula due to the ice-albedo feedback mechanism.

3.4.2.3 McMurdo Sound, Antarctica

The McMurdo Sound area of the Ross Sea region is widely recognized as the dustiest place in Antarctica, where locally sourced
aeolian accumulation is up to two to three orders of magnitude above global background and dust fallout rates for the continent
(Chewings et al., 2014; Winton et al., 2014). The area includes the McMurdo Dry Valleys (MDV), the largest ice-free area (4
800 km?) in Antarctica. The MDV has high but extremely variable fluxes of locally derived aeolian sand (e.g., Speirs et al.,
2008; Lancaster et al., 2010; Gillies et al., 2013; Diaz et al., 2020) and common aeolian landforms. Such has led to the
assumption that the MDV is a significant regional dust source (e.g., Bullard, 2016). Some modeling studies suggest the MDV
could supply large volumes of dust to a wide area of the Southern Ocean (e.g., Bhattachan et al., 2015). However, field-based
observations show that very little sediment is transported out of the MDV (Ayling and McGowan, 2006; Atkins and Dunbar,
2009; Chewings et al., 2014; Murray et al., 2013) because the valleys have already been extensively winnowed into a well-
developed deflation surface and large coastal piedmont glaciers form a topographic barrier, preventing aeolian sediment from
escaping. The dominant source of aeolian sediment in the McMurdo Sound area is the debris-covered surface of the McMurdo
Ice Shelf (1500 km?), with minor contributions from local ice-free headlands. This ice shelf is unusual because it has high
surface ablation and a continuously replenishing supply of fine-grained sediment advected from the seafloor. The sediment is
blown off the ice shelf by frequent intense southerly wind events, forming a visible sediment plume onto coastal sea ice. Within
a few km of the ice shelf, accumulation rates on sea ice are up to 55g m-2yr-, reducing rapidly downwind to an average of
1.14 g m-? yr-%, equating to 0.6 kt yr-! of aeolian sediment entering McMurdo Sound annually (Atkins and Dunbar, 2009;
Chewings et al., 2014). Some sediment is transported at least 120 km from the source and could travel much farther,

contributing iron-rich dust to the Ross Sea (Winton et al., 2014). Coastal areas and lowland parts of the MDV are on the
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threshold of climatically driven change with observed increases in ablation and seasonal meltwater flow incising into
permafrost (Fountain et al., 2014), suggesting the dust potential of McMurdo Sound and MDV could rapidly change. The
McMurdo Dry Valleys (4800 km?) is estimated to best fit Category 3 (source with unknown activity, Table S1). The McMurdo

Ice Shelf ‘debris bands’ are estimated to best fit Category 2 (moderately active source).

3.4.2.4 Schirmacher Oasis, East Antarctica

The Schirmacher Oasis (70° 45’ 30" S, 11° 38’ 40" E) is approximately 80 km from the coast of Lazarev Sea, Queen Maud
Land, East Antarctica. The oasis is an ice-free area of over 35 km? with typically hillocky relief. The oasis and surrounding
area have been explored since the early 1960s. However, no systematic studies of dust on local ice and snow have been done.
Most of this region’s dust is assumed to be formed with the soils blown in the air because of strong winds. Human activity
produces some of the dust in this region: The oasis shelters four bases, which use diesel oil and petrol to supply heat and
transport operations. Two airports are nearby, which operate during the summer—Iasting from late November to late February.
In December 2019, we collected the snow samples on eleven sites near the local ice roads, bases, and airports. These data will

contribute to our future study.

3.4.3 Canada
3.4.3.1 Lake Hazen, Ellesmere Island

Evidence of dust activity in Canada has been reported, e.g., in the prairie, crater lake, and river valley environments (e.g.,
Wheaton et al., 1990; Neuman, 1990; Wheaton, 1992; Hugenholtz and Wolfe, 2010; Fox et al., 2012). Satellite observations
of high-latitude dust events over water are relatively common (see, for example, Bullard et al., 2016). Whether directly
concerning explicit plume remote sensing or indirectly regarding plume deposition, the detection of such events has remained
largely unreported. Ranjbar et al. (2021) recently reported detecting a drainage-flow induced dust plume over (frozen) Lake
Hazen, Nunavut, Canada, using a variety of remote sensing techniques (Lake Hazen is the Arctic’s largest lake, by volume, at
81.8°N latitude in the northernmost portion of Ellesmere Island). Figure 6 shows a true-color georeferenced RGB MODIS-
Terra image acquired on 19 May 2014 at 19:50 UT (15:50 EDT) over Lake Hazen. The authors employed MISR stereoscopy,
CALIOP, and CloudSat vertical profiling, as well as MODIS thermal IR techniques, to identify and characterize the plume as
it crossed over a complex springtime terrain of snow, ice, and embedded dust. While limited by the lack of dedicated dust
remote sensing algorithms over snow and ice terrain, the plume characterization boded well for developing systematic,
satellite-based, high-latitude dust detection approaches using current and future generations of aerosol and cloud remote

sensing platforms.
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Figure 6. MODIS-Terra satellite image on 19 May 2014 at 19:50 UTC (a) True-color image: MODIS channels 1 (620-670nm), 3
(459-479 nm), and 4 (545-565 nm) were loaded into the RGB channels of the display. The sub-image is a zoom of the most discernible
part of the plume (outlined by the blue broken-line square).

3.4.3.2 Kluane Lake, Yukon

Within the St. Elias Mountain range at the north end of the Pacific Coast Range on the continental side of the Yukon Territory
lies the Kluane Lake region (KLR), which contains Lhu’aan Man’ (Kluane Lake) (no. 50 in Fig. 1). The lake is fed primarily
from the meltwater of the Kaskawulsh glacier down the A’gy Chu (formally the Slims River) and snowmelt from the
surrounding regions in the springtime. This seasonal discharge has, in recent history, been known to be highly variable as the
glacier terminates at the fork of two distinct watersheds—one draining into the Bering Strait through the Yukon River and the
other into the Gulf of Alaska—supplying the two watersheds’ inconstant ratios. In 2016, most of the glacier’s discharge was
diverted to the Gulf of Alaska in an intense discharge event, dramatically decreasing the Lhu’aan Man’s water levels and
increasing the dust emission potential from the A’gy Chu (Shugar et al., 2017). This drastic change makes the KLR an excellent
natural laboratory for investigating the impact of pro-glacial hydrology on dust emission potential under past and future
climates. Research was conducted in the early 1970s in this same valley as a comprehensive set of dust flux measurements as
part of several publications (Nickling, 1978; Nickling and Brazel, 1985). Nickling (1978) concluded that there is a dynamic
relationship between soil moisture (driven by precipitation and nighttime radiation insolation) and wind, resulting in periodicity
of dust emissions from the valley in all but the mornings throughout the snow-free seasons. Within a more recent study by
Bachelder et al. (2020), soil and aerosol samples were collected within the A’ay Chl delta, where air quality thresholds were
exceeded, indicating a negative impact on local air quality throughout May. Notably, daily particle size distributions of PM10

19



463
464
465
466
467
468

469

470
47
472
473
474
475
476
477
478
479
480
481
482
483
484
485

486

487
488
489
490
491
492
493
494

were very fine (mode of 3.25 um) compared to those measured at more well-characterized, low-latitude dust sources.
Moreover, mineralogy and elemental composition of ambient PM10 were found to be enriched in trace elements (e.g., As and
Pb) compared to dust deposition, bulk soil samples, and fine soil fractions (d < 53 um). Finally, through a comparison of the
elemental composition of PM10, dust deposition, and fine and bulk soil fractions, as well as meteorological factors measured,
Bachelder et al. (2020) propose that the primary mechanisms for dust emissions from the A’ay Chu are the rupture of clay

coatings on particles and the release of resident fine particulate matter.

3.4.4 Denmark and Sweden

In Denmark, large areas with severe wind erosion have been documented (Kuhlman, 1960). Published literature on the activity
of dust sources in Denmark is rare; some documentation is only in Danish. On 23 April 2019, a dust plume from Denmark’s
west coast, with dust plumes from Sweden 12 km long Mellbystrand around the mouth of the Lagan River (no. 51 in Fig. 1);
Poland could be observed in Meteosat-11 Dust RGB and Natural Colour images, 23 April 12:30 UTC. These dust pl