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Abstract. High-latitude dust (HLD) is receiving growing research interest for its relative impacts in the Arctic.
Direct knowledge of HLD emission locations is limited, leading to a common lack of representation in global
models. Using the Frequency of Occurrence (FoO) of extreme Dust Optical Depth (DOD > 0.5), derived at high
resolution (0.1° x 0.1°) from twenty years (2002-2022) of MODIS data, we present semi-quantitative evidence
that dust emission sources are widespread across the Canadian Arctic Archipelago. We also present qualitative
supporting evidence from VIIRS and CALIPSO satellite aerosol type “dust” classifications, and some practical
challenges of comparing MODIS data to two AERONET sites co-located with dust emission sources.

The HLD emission hotspots identified in the “Canadian Arctic Dust Belt” correspond to surfaces with high po-
tential for dust emission in the G-SDS-SBM dataset. There are more areas where emission hotspots are observed
but emission potential is low than the opposite case; additionally, three considerable areas of dust emission are
identified at lower latitudes in mainland Canada. Spatially averaged across the “Canadian Arctic Dust Belt” (70—
80°N, 125-75° W), annual mean time series (2003—-2022) of FoO (DOD > 0.5) suggest some increase in the
frequency of dustiness with time, consistent with our understanding that HLD emissions increase in a warming
climate, but without statistically significant anti-correlation to snow cover. These results further motivate model
development to include HLD sources, suggest future field observation locations, and provide a novel observa-

tional basis for evaluating them with satellite data, which can be further refined.

1 Introduction

Mineral dust aerosols (herein “dust”) play an important role
in the Earth System, for example, through modifying the at-
mospheric and surface radiative budgets (Kok et al., 2018),
influencing cloud processes (Tobo et al., 2019), providing nu-
trients to terrestrial (Nogueira et al., 2021) and oceanic (Dan-
sie et al., 2022) ecosystems, and reducing the albedo of snow
and ice when deposited (Sarangi et al., 2020) on these sur-
faces. Dust can also pose a significant health risk when par-
ticles are inhaled, with increased risk found for populations
living downwind of source regions (Yang et al., 2022).

Dust emission depends upon high wind speeds occur-
ring over surfaces where dust-sized particles (< ~ 100 um)
are available for entrainment. Therefore, the most dominant
global dust emission hotspots are the hot subtropical deserts

(e.g. Prospero et al., 2002; Washington et al., 2003), where a
lack of surface moisture and vegetation creates favourable
conditions for emission to occur. However, dust sources
in colder, mid-latitude regions have been shown to have a
higher potential for interactions with high ice clouds, de-
spite being much smaller dust emission sources (Wiacek et
al., 2010). More recently, high-latitude regions have received
growing research interest too, even though preferential dust
source areas in the Arctic have been identified more than
two decades ago (Tegen, 2003 and references therein). Al-
though current best estimates suggest that they contribute
only around 3 %-5 %, by mass, to the global dust cycle
(Bullard et al., 2016; Groot Zwaaftink et al., 2016), there
is evidence that high-latitude dust sources have a dispropor-
tionately large contribution to radiative forcing in the Arctic
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in comparison to dust from lower latitudes, due to being the
dominant contributor to near-surface loadings and deposition
there (Groot Zwaaftink et al., 2016; Kylling et al., 2018; Shi
et al., 2022). High-latitude dust originates largely in glacial
processes, which efficiently produce and deliver fine sedi-
ment to barren proglacial floodplains that are the prime emis-
sion hotspots when winds (which may be accelerated by re-
gional ice sheets and glaciers) are strong enough (Bullard et
al., 2016). It is likely that the high-latitude emissive areas
will grow as a result of Arctic climate change impacts such
as glacial retreat, decreased snow cover duration, and per-
mafrost thaw (Bullard, 2013; Meinander et al., 2022), further
justifying their continued study.

Meinander et al. (2022) provide a comprehensive
overview of high-latitude dust, and use numerical modelling,
data from the Global Sand and Dust Storms Source Base Map
(G-SDS-SBM; Vukovic-Vimic, 2021, 2022), and case study
analysis to make the case for a northern high-latitude dust
belt. Of the 64 high-latitude dust sources documented in that
study, only four are in Canada. However, presented source
intensity (SI) data from the G-SDS-SBM dataset (Fig. 2 in
Meinander et al., 2022) suggests that large portions of the
land surface in Northern Canada have high potential to emit
dust under favourable meteorological (i.e., wind speed) and
surface (i.e., soil temperature and moisture) conditions. The
study’s conclusion calls for an increase in observational stud-
ies aimed at identifying new high-latitude dust sources, with-
out which accurate modelling of known dust effects is not
possible. That is the aim of this paper, with a focus on North-
ern Canada.

While products such as the G-SDS-SBM can highlight sur-
faces that have the potential to emit dust, observations of
dust storms actually occurring are necessary to classify ar-
eas as sources. To this end, datasets derived from satellite
instruments are crucial to understanding the global distribu-
tion of dust, with areas where dust is most frequently de-
tected determined to be source locations (e.g. Prospero et al.,
2002; Washington et al., 2003; Ginoux et al., 2012). Qual-
itative dust aerosol type detection by these remote sensing
methods is based on the exceedance of threshold values in
retrieval products that quantify the loading (amount) and size
of aerosol particles present in the atmospheric column, such
as aerosol optical depth (AOD) and Angstrém exponent (o
e.g. Ginoux et al., 2012; Baddock et al., 2016), or binary
presence/absence data based on retrieval criteria related to
dust (e.g. Ashpole and Washington, 2012). Information on
the vertical location of dust in the atmospheric column, pro-
vided by instruments such as the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP), can also be used to de-
termine the presence of dust source regions, with low altitude
dust likely to be proximal to a source (Todd and Cavazos-
Guerra, 2016). Since satellite measurements are sensitive to
the influence of all aerosol types, not just dust, results are
typically verified using additional independent data sources,
such as ground observations (when available), retrievals from
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other satellite instruments, or simulated dust fields from nu-
merical models. Unfortunately, ground observations are few
and far between in many known or likely source regions ow-
ing to their remoteness, with the combination of environmen-
tal variables required for dust emission to occur in the first
place being unfavourable for human habitation.

To date, satellite data have only been used to study indi-
vidual source areas in northern Canada on a case study basis
(Ranjbar et al., 2021; Huck et al., 2023). The key objective of
this paper is to use satellite datasets to identify where extreme
dust loadings are detected most frequently across the whole
of northern Canada. The primary dataset used is derived
from the Moderate Resolution Imaging Spectroradiometer
(MODIS) AOD, which has been widely used to identify dust
source areas on a global (Ginoux et al., 2012) and regional
(Baddock et al., 2016) basis, but not at high latitudes. Cov-
ering a 204 year period, data from MODIS also enabled
our assessment of temporal changes in dustiness. Addition-
ally, we use “Aerosol Type” data from the Visible Infrared
Imaging Radiometer Suite (VIIRS) instrument, and informa-
tion on the vertical location of “dust” aerosol type in the
atmospheric column from CALIOP, as comparison datasets
to qualitatively corroborate the results from MODIS. To this
end, we also compare our findings to SI from G-SDS-SBM
to assess whether the satellite-derived dust emission hotspots
correspond to surfaces with high emissive capacity; and, fi-
nally, our MODIS data are compared to surface AOD ob-
servations from two Aerosol Robotic Network (AERONET)
stations in northern Canada — one in the high Arctic (Res-
olute Bay, Cornwallis Island, Nunavut) and another near a
known dust source (Kluane Lake, Yukon).

2 Data and methods

2.1 Satellite-derived aerosol datasets
2.1.1 MODIS

This study uses Dust Optical Depth (DOD), derived from
Aerosol Optical Depth (AOD) data, to map the distribution
of dust aerosol sources. DOD is a widely used quantity (e.g.,
most recently by Adebiyi et al., 2025) that estimates what
portion of retrieved AOD is due to extinction by mineral dust
particles alone, as opposed to the total contribution to AOD
from all aerosols. First employed to map the distribution of
dust sources on a global scale by Ginoux et al. (2012), DOD
calculations use retrievals of Angstrém exponent () and sin-
gle scattering albedo (w) to isolate the dust contribution to
AOD; « is a measure of how AOD changes with wavelength
and is highly sensitive to particle size (Eck et al., 1999). Dust
aerosols are typically coarser (particle radius > 1 ym) than
urban and biomass burning aerosols (particle radius < 1 um,
Dubovik et al., 2002), although the dust size distribution
tends towards smaller radii as distance from source areas in-
creases due to the gravitational settling of larger particles.
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For coarse mode particles, values of « are low or even nega-
tive. The fraction of light that is scattered compared to being
extinguished by both scattering and absorption, is given by
w. Dust absorbs solar radiation and is therefore characterised
by w values <1, separating it from nearly purely scattering
coarse aerosols such as a sea salt (in the visible, e.g., Bi et
al., 2018).

There are various DOD formulations in the literature, and
this study employs two of them:

1. DOD is calculated according to the method of Pu and
Ginoux (2016; herein denoted as DODpg1¢), whereby
DOD is calculated from every AOD retrieval based on
an empirically derived continuous function relating o to
AOD (Anderson et al., 2005):

DODpgi6 = AOD x (0.98 — 0.5089« +0.0512a2),
if w<l1; (D

2. DOD is simply taken as the AOD value for those re-
trievals where « is less than a threshold value. Different
studies have used different o thresholds, and here the
value of 0.3 is applied following Baddock et al. (2016;
herein denoted DODg1¢), which employed DOD to pre-
cisely analyse dust sources in the Chihuahuan Desert,
one of the most active dust regions in North America.
For clarity:

DODgg = AOD, if #<0.3 and w<]1. 2)

Both DOD formulations are derived to highlight the coarse-
mode fraction of dust only, optimising them for dust source
identification since the coarse-mode is estimated to account
for more than 90 % of particle mass at emission (Kok et
al., 2017), and since coarse mode particles remain closer to
source regions.

The DOD datasets used in this study are derived from
MODIS aerosol products retrieved using the “Deep Blue”
algorithm, in line with the objective of our study being the
identification of land-based dust source regions. Although
the validation of Deep Blue products in the high Arctic
is sparse (Sayer et al., 2019), we are concerned primar-
ily with the long-term frequency of occurrence of extreme
dust events, not with creating an Arctic-wide climatology
of DOD. Deep Blue employs radiance measurements in the
blue channels to detect aerosols globally over land, even over
bright surfaces such as deserts. The algorithm exploits the
fact that because surface reflectance is low and less variable
in blue channels, increases of reflectance and spectral con-
trast indicate the presence of aerosols (Hsu et al., 2013). Our
study uses Deep Blue aerosol products from the MODIS in-
strument (Sayer et al., 2015) carried aboard the Aqua satel-
lite, which passes the equator at around 13:30 local time
(ascending node). Products (AOD, «, w, and various qual-
ity flags — see below) are taken from the MODIS Level 2
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Joint Atmosphere product (“ATML2”), collection 6.1 (Plat-
nick et al., 2017), with aerosol parameters stored at 10km
spatial resolution in 5 min time interval swath files. For the
Aqua satellite, these files are denoted “MYDATML?2”. Data
were downloaded from the NASA Level-1 and Atmosphere
Archive and Distribution System (LAADS) Distributed Ac-
tive Archive Centre (DAAC; https://ladsweb.modaps.eosdis.
nasa.gov/search/order/2/MYDATML2--61, last access: 11
January 2024). For computational efficiency, only files that
contained data in the region spanning (150-50° W, 40-85° N)
were obtained, for the time period spanning 4 July 2002 to
31 December 2022 (the whole period covered by the MY-
DATML?2 dataset at the time this study was undertaken).
The products used in this study were regridded from their
Level 2 swath files to a regular 0.1° x 0.1° grid using nearest
neighbour interpolation and mosaiced daily, thereby creating
a high-resolution Level 3 product optimised for this study.

It is recommended that only aerosol products flagged as
“very good” (QA =3) are used for scientific analysis (Hsu
et al., 2013). However, Baddock et al. (2016) clearly demon-
strate the detrimental effect that this has for dust source de-
tection (because of highly variable AOD values over 10 x 10
pixels of 1km each, upon which the data quality flags are
based) proximal to dust sources. Filtering for QA =3 re-
sulted in a fivefold loss of data and far fewer source detec-
tions in their work. This study therefore follows the recom-
mendation of Baddock et al. (2016) to include data of all
quality levels (QA = 1-3) in the analysis. However, a sensi-
tivity analysis is performed comparing results to those ob-
tained by applying the QA = 3 filter (Sect. 3.1).

2.1.2 VIIRS

Information on aerosol type is obtained from Visible Infrared
Imaging Radiometer Suite (VIIRS) Deep Blue aerosol prod-
ucts, which include an “aerosol type” classification. The clas-
sification is based on AOD and « retrievals, as well as a series
of smoke tests, based on the spectral variation of measured
reflectance. The algorithm is outlined in detail in Hsu et al.
(2019) and verified against other satellite products/imagery
and AERONET data by Sayer et al. (2019); as in the case of
MODIS Deep Blue products, VIIRS Deep Blue Arctic vali-
dation is sparse. In brief, retrievals are given the aerosol type
classification “dust” when:

- AOD > 0.3,
— Smoke tests determine the retrieval not to be smoke,
- a<0.5.

The AOD > 0.3 threshold is applied to minimise the effect
of variable surface reflectance in the visible wavelengths;
retrievals not meeting this threshold are given the “back-
ground” aerosol type. Where the AOD threshold is met,
smoke is ruled out, and > 1, the aerosol type is set to “non-
smoke fine mode”, while those retrievals with 0.5<a <1 are
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determined to be “mixed” aerosols. It should be noted that
retrievals performed over clouds or snow/ice surfaces are ex-
cluded from the product, as are retrievals performed over
coastal pixels, to avoid subpixel mixed surface-type issues
(since the surface type determines whether aerosol retrievals
are performed using the Deep Blue algorithm (land) or Satel-
lite Ocean Aerosol Retrieval (SOAR) algorithm).

VIIRS aerosol products used in this study are from the
VIIRS sensor carried onboard the Suomi National Polar-
orbiting Partnership (S-NPP) satellite, which has an equa-
tor crossing time (ascending) of 13:30 local time. Level
2 “AERDB_L2_VIIRS_SNPP” files (VIIRS Atmosphere
Science Team, 2023) were downloaded from the NASA
LAADS DAAC (https://ladsweb.modaps.eosdis.nasa.gov/
search/order/1/AERDB_L2_VIIRS_SNPP--5200, last ac-
cess: 11 January 2024). Version 2.0 data are used. As with
MODIS data, only files that contained data in the region
spanning (150-50° W, 40-85° N) were obtained, for the pe-
riod spanning 1 January 2020 to 31 December 2022 (a three-
year subset of the period covered by MODIS data used
in this study). Likewise, data were regridded from their
Level 2 swath files (native resolution 6 x 6km?) to a regu-
lar 0.1° x 0.1° grid using nearest neighbour interpolation and
mosaiced daily.

2.1.3 CALIOP

To obtain information on the vertical distribution of dust
in the atmosphere — specifically to address the question
of whether it is close to the surface and therefore indica-
tive of local emission — aerosol type classification data
from the Cloud-Aerosol Lidar with Orthogonal Polariza-
tion (CALIOP) are used. CALIOP products have been used
in global aerosol source attribution studies (Prijith et al.,
2013), and the vertical information in retrievals has been ex-
ploited to detect dust emission at the surface in the Sahara
Desert (Todd and Cavazos-Guerra, 2016). CALIOP is car-
ried aboard the Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO) platform, which also has
an equator crossing time of 13:30 local time (ascending).
CALIOP has been making vertical profile measurements of
the Earth’s atmosphere on a global scale since June 2006
and provides information on layer types for both clouds and
aerosols (Winker et al., 2010). Its aerosol classification algo-
rithm uses altitude, location, surface type, estimated particu-
late depolarization ratio, and integrated attenuated backscat-
ter to identify the aerosol subtype (Omar et al., 2009); aerosol
type “dust” corresponds to an estimated depolarization ra-
tio > 0.20, and all aerosol subtypes are now allowed over the
polar regions (Kim et al., 2018).

For this study, the CALIPSO Ilidar Level 3 (L3)
tropospheric aerosol profile “all sky” product, Version
4.20 is used (“CAL_LID_L3_Tropospheric_APro_AlISky-
Standard-V4-20” files). Parameters included in the “all sky”
L3 files are derived from the Version 4 CALIOP Level 2 (1.2)
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aerosol profile product with a horizontal resolution of 5 km.
Prior to aggregating, L2 data are quality screened to reduce
the impact of, e.g., layer detection or classification errors,
then aggregated monthly on a grid of dimensions 5° longi-
tude x 2°latitude x 60 m vertical (for altitudes between —0.5
and 12km) (Tackett et al., 2018). This ~200km x 200 km
level of aggregation (at high latitudes) compensates for the
narrow (i.e., 70 m) footprint of the laser on the ground,
produced every 1/3 km, during each orbit (narrow as com-
pared to MODIS and VIIRS orbital swaths of 2330 and
3060 km, respectively). This study uses the “aerosol type”
parameter from the L3 files. The “aerosol type” parameter
stores the monthly sums of the number of Level 2 sam-
ples (“sample” equals the number of measurement oppor-
tunities within the grid cell) having the CALIPSO aerosol

CEINNT3

types “clean marine”, “dust”, “polluted continental/smoke”,
“clean continental”, “polluted dust”, “elevated smoke”, and
“dusty marine” within each L3 latitude/longitude/altitude
grid cell. Results presented here are based only on analy-
sis of the “dust_nsamples” parameter, i.e., “polluted dust”
and “dusty marine” are excluded. Data were downloaded
from the NASA Earthdata portal (https://search.earthdata.
nasa.gov/search, last access: 11 January 2024), for the pe-
riod spanning June 2006—July 2020 inclusive. Only daytime
files were used in the analysis.

2.2 Other datasets

Data from the Global Sand and Dust Storms Source Base
Map (“G-SDS-SBM”; Vukovic-Vimic, 2021, 2022) were
used as an independent source of information to verify the
dust emission potential of the satellite-identified dust emis-
sion hotspot areas. Specifically, the source intensity param-
eter was used, “SI”, with values from 0 (no capacity to
emit dust) to 1 (capacity to emit at or above the 99th per-
centile level of soils, globally). G-SDS-SBM was developed
by the United Nations Convention to Combat Desertification
(UNCCD) in collaboration with the United Nations Environ-
ment Programme (UNEP) and World Meteorological Orga-
nization (WMO). It was derived using information on soil
texture, bare land fraction, land cover, topography, and cli-
matological extremes in topsoil moisture (low, 2014-2018)
and temperature (high, 2014-2018). It assumes a spatiotem-
porally constant strong wind (friction velocity of 1ms™1).
As such, values of SI represent the normalized maximum po-
tential of the surface to emit dust under favourable metero-
logical (i.e., wind speed) and surface (i.e., soil moisture and
temperature) conditions, and are available for the months of
January, April, July, and October. SI data were regridded us-
ing bilinear interpolation in cdo from their native 30 arcsec
resolution (~ 0.008°) to 0.1° to match the MODIS data used
in this study.

For verification of satellite-based AOD results, data from
the Aerosol Robotic Network (AERONET; Holben et al.,
1998) are used. AERONET is a network of ground-based sun
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photometers that retrieve AOD and other atmospheric prop-
erties in the column above the instrument, based on solar ex-
tinction within the column. This study uses data from two
AERONET stations in the broad study region of northern
Canada: Kluane Lake (Yukon; 61.027°N, 138.410° W) and
Resolute Bay (Nunavut; 74.705° N, 94.969° W; station loca-
tions are marked on Fig. 11). The Kluane Lake AERONET
station was intentionally located proximal to a known dust
source with the purpose of monitoring emission processes
there (e.g. Huck et al., 2023, Sayedain et al., 2023) and has
been providing data between April and November since 2018
(with varying temporal coverage by year). Resolute Bay is
an Arctic monitoring site, providing data since 2004 (also
with varying temporal coverage, also restricted to the months
of April — November). Arctic aerosol studies have demon-
strated that the site detects transported Asian dust during the
spring and smoke aerosols during the summer, and that dur-
ing summer months the area is also subject to wind-induced
sea-salt-spray aerosol and potentially dust derived from more
localised sources, based on the analysis of retrieved particle
size distributions (Tomasi et al., 2015; AboEl-Fetouh et al.,
2020).

Data from both stations were downloaded from the
AERONET website (https://aeronet.gsfc.nasa.gov/, last ac-
cess: 11 January 2024), and this study analyses Level 1.5
cloud-screened AOD retrievals at 500 nm, processed by the
Version 3 algorithm (Giles et al., 2019). Only retrievals per-
formed within 11 am and 5 pm local time were considered
for analysis (which roughly corresponds to a 6h window
centred on the local overpass time of both passive sensor
satellites). The maximum retrieved AOD each day within
this time window was retained for comparison to maximum
satellite-derived parameters, in keeping with the objective of
this study being to quantify the frequency of occurrence of
extreme dust events as a proxy for emission sources.

Two additional datasets are used in this study. Firstly,
wind fields discussed in Sect. 3.6 are taken from the Eu-
ropean Centre for Medium-Range Weather Forecasts Re-
analysis Version 5 (ERAS), with a spatial resolution of
0.28125° (~31 x 31km) and 137 vertical levels (Hersbach
et al., 2017; downloaded from the Copernicus Climate Data
Store at https://doi.org/10.24381/cds.143582cf). Surface el-
evation data, also discussed in Sect. 3.6, are taken from the
Global Multi-resolution Terrain Elevation Data 2010 dataset
(GMTED2010; Danielson and Gesch, 2011; downloaded
from https://www.temis.nl/data/gmted2010/index.php, last
access: 11 January 2024), at 0.0625° resolution.

3 Results and discussion

3.1 Inferences about dust over Canada from MODIS

Since DOD values will be elevated by both locally sourced
and long-range transported dust, this study applies a thresh-
old to DOD data to identify areas of more frequent signatures
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of extreme dust loadings, which we assume to be largely
undiluted and locally sourced dust. A high frequency of oc-
currence (FoO) of DOD above a specified threshold relative
to the surrounding region is commonly used to indicate a lo-
cal dust source region (e.g., Ginoux et al., 2012; Baddock
et al., 2016). The FoO is simply the total number of obser-
vations in the time series that meet a given DOD threshold,
expressed as either an absolute value or a relative value given
the total number of observations in the time series. DOD
threshold selection is somewhat subjective and depends upon
the amount of long-range transported dust present in the at-
mosphere as well as the intensity of local emission. For ex-
ample, Ginoux et al. (2012) applied a DOD threshold of 0.2
globally and experimented with higher and lower thresholds
regionally; Baddock et al. (2016) applied a DOD threshold
of 0.75 to pinpoint sources on a landscape-scale; and Pu et
al. (2020) experimented with DOD thresholds ranging from
0.02 for less dusty regions to 0.5 for global dust emission
hotspots such as North Africa. This paper shows results using
DOD thresholds of 0.5 and 1, with the effect of other thresh-
old choices (between 0.1 and 1.5) documented in Fig. S1 in
the Supplement. The higher DOD threshold of 0.5 also helps
to minimize thin cirrus contamination in the Arctic, as these
typically have cloud optical depths of 0.03-0.30 (e.g., Pierce
et al., 2010). A single event of active dust source emission
targeted by our approach (including visible imagery) is in-
cluded in Fig. S2, in the context of regional-scale AOD sig-
nals.

Maps of FoO DODpg16>0.5, which we stress are not com-
parable to climatologies of DOD itself, show several distinct
features (Fig. la). There is a broad swath of FoO > ~ 50
in southern Alberta and Saskatchewan, extending across
the border with the United States; this feature is associ-
ated with croplands, as discussed more fully in Sect. 3.2.
The remaining northern features are of direct interest to
the high-latitude dust question: most notably, the numer-
ous spatially discrete dust emission hotspots (FoO > 80)
scattered across the islands (north of 70°N) that make up
Canada’s Arctic Archipelago. There are a few additional iso-
lated FoO hotspots in continental northern Canada, for exam-
ple in southern Northwest Territories close to the border with
the Yukon Territory (MacKenzie Mountains, pink square in
Fig. 11), in northwestern continental Nunavut (green square
in Fig. 11), and at the border between northern Québec and
Labrador (blue square in Fig. 11). Many of these emission
hotspots correlate with “barren land” classifications in the
Canadian Land Cover Atlas. Notably, the greatest FoO val-
ues are in the Arctic Archipelago, as opposed to further south
where dust is perhaps more commonly expected to be present
(e.g., due to higher temperatures and lower snow cover).

The pattern in FoO DODg1¢>0.5 (Fig. 1b) is qualitatively
similar to that in FoO DODpgje (Fig. la), with two ex-
ceptions. Firstly, FoO values are around 50 % lower in the
DODg ¢ dataset, as can be seen from the colorbars; sec-
ondly, the northern FoO hotspots tend to be focussed east
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of 95°W in DODg1g, whereas they are distributed more
evenly across the full longitudinal extent of Canada’s north
in DODpg16. Lower FoO values may be expected in DODg ¢
than DODpg16 because the former is only reported for sub-
sets of AOD retrievals that meet certain filtering criteria (if
a<0.3 then AOD =DOD), whereas the latter is calculated
for all AOD retrievals with no such «-based filtering ap-
plied (w<1 is a filter applied to both DODpg16 and DODg16
datasets; see the DOD equations outlined in Sect. 2.1.1). We
examined retrieved Angstrdm exponent and single scatter
albedo values in our study region in summer (JJAS 2003-
2022) and indeed find that « <0.3 (larger particles) and w<1
(absorbing particles) occurs more frequently east of 95°W
(Fig. S3), accounting for the differences between Fig. 1a and
b.

MODIS AOD retrievals — upon which DOD is based — are
more numerous at southern latitudes than in the far north
(Fig. 1g—i) for reasons such as cloud and snow cover, and
the lack of reflected visible radiation during northern win-
ter (polar twilight and night of varying duration occurs north
of 67°N) which is required for AOD retrievals. To account
for this, FoO DOD > 0.5 values are normalised across the
study domain by dividing the FoO count by the total num-
ber of available DOD retrievals. The resulting maps for both
DOD datasets (Fig. 1d—e) show that the relative frequency
of DOD > 0.5 is far greater in the north than for the broad
emission hotspot across the Canada-US border, with values
exceeding 50 % in DODpg1¢ in some locations and reaching
100 % in DODg¢ (values closer to 100 % are more likely in
DODg1¢ than DODpgi¢ due to its threshold-based deriva-
tion, as discussed above). However, the geographic mean
of the relative FoO of DOD > 0.5 in the Pu and Ginoux
(2016) formulation of dust optical depth (i.e., mean % FoO
DODpg16>0.5) is just 9 % when averaged over the Canadian
Arctic Archipelago (taken as 70-80° N, 125-75° W) over a
20-year period (Fig. S4). This compares well with the relative
frequency of detectability of dust in the work of Sayedain et
al. (2023), who examined dust events in May of 2019 at Klu-
ane Lake (downstream of a known dust source). Specifically,
Fig. 4 in that work shows “Drs” occurring on 16 of 31d,
where “DRrgs” represents the detectability by ground-based
remote sensing (such as by AERONET techniques) of “opti-
cally significant” dust; the authors later reported that ~ 11 %
of the DODs associated with Fig. 4 were greater than 0.5
(Sayedain and O’Neill, 2025).

Next, we applied the same threshold of 0.5 to the “par-
ent” AOD data (Fig. Ic, f). Overall FoO AOD > 0.5 val-
ues are greater across Canada, as expected, but the northern
hotspots remain, with FoO exceeding 200 at some locations.
The greater values for FoO AOD > 0.5 across Canada, in re-
gions where FoO DOD is close to zero, shows the value of
using DOD data to highlight the contribution of dust parti-
cles to the retrieved AOD value, against the contribution from
other aerosols that are present in the atmosphere.
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If the DOD (or AOD) threshold is increased to 1, FoO val-
ues decrease (maximum values < 20) and the spatial extent
of emission hotspots contracts (see Fig. 2a and b for a com-
parison of FoO DODpg1¢ with the thresholds of 0.5 and 1
respectively; note that maps for FoO DODg¢ > 1 and FoO
AOD > 1 are included in Fig. S5). However, many spatially
discrete emission hotspots in the north remain in attenuated
form (compare Fig. 2d, e).

There are no DOD products north of 70° N between the
months of October and April inclusive (Fig. 3, left column).
This is to be expected due to a combination of (a) polar night
during parts of the winter preventing satellite AOD retrievals
based on visible wavelengths and (b) the fact that much of the
surface is frozen, which inhibits the atmospheric entrainment
of surface-derived dust particles. For these reasons, DOD re-
trievals in the high Arctic predominantly occur during the
months of June, July, and August (Fig. 3, right column),
with May and September representing the shoulder seasons
(Fig. 3, middle column).

The results discussed in Figs. 1 and 2 thus far are based on
AOD retrievals that are not filtered using the “best estimate”
data quality flag that is distributed with the data. As discussed
at the end of Sect. 2.1.1, this is based on the findings of Bad-
dock et al. (2016), wherein the DOD based on the unfiltered
AOD dataset was of greater value for dust source detection —
a core aim of this paper — as opposed to DOD calculated us-
ing only the AOD retrievals that remain after filtering for the
“best estimate” quality flag. The present analysis was repli-
cated by applying the “best estimate” quality flag filter to the
AOQOD data to test the effect of this choice. This resulted in a
significant reduction in FoO DOD (and AOD) > 0.5 values
and a consequent contraction of the emission hotspot areas
(Fig. 2c and a show a comparison of FoO DODpgi6>0.5
with and without the “best estimate” quality flag filter, re-
spectively; note that equivalent maps for DODg1¢ and AOD
are included in Fig. S6), however, many of the isolated emis-
sion hotspots in the high Arctic remain in attenuated form
(compare Fig. 2d and f). Over the high Arctic, the magni-
tudes and spatial patterns in these maps (Fig. 2d and f) are
similar to those of FoO DODpg1e>1 created using data un-
filtered by the quality flag (Fig. 2b and e).

The dust emission hotspots inferred in this section from
MODIS DOD data will be evaluated against the dust emis-
sion potential map in Sect. 3.4, examined over time in
Sect. 3.5, and evaluated against two AERONET stations in
Sect. 3.6.

3.2 Inferences about dust over Canada from VIIRS

We now turn to a qualitative but independent comparison
of our MODIS-based assessment of the FoO of extreme
dust events (DOD > 0.5) by the FoO of VIIRS aerosol type
“dust”. The frequency with which VIIRS aerosol retrievals
were classified as aerosol type “dust” (FoO ATpysrt) for the
period 2020-2022 is shown in Fig. 4a. Greatest FoO ATpuyst
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Figure 1. Frequency of Occurrence (FoO) of (a) DODpg14 > 0.5, (b) DODg1¢ > 0.5, and (¢) AOD > 0.5. FoO as a percentage of the number
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data. All panels are based on MODIS data for 2003-2022.

values are seen north of 65°N over land, with values ex-
ceeding 80 in some emission hotspot regions for the 3-year
period. In absolute terms, this is comparable to the FoO of
Fig. 1a, but when the shorter time period is accounted for in
the MODIS dataset (Fig. 4c), then maximum FoO values of
ATpysr are higher in the VIIRS dataset. When represented
as a percentage of the number of all aerosol type retrievals,
dust is clearly the dominant retrieval type over much of the
land area of northern Canada (Figs. 4d and S6), account-
ing for >80 % of all aerosol type retrievals in some emis-
sion hotspots. However, we note that some of these high per-
centage areas have quite low FoO ATpyst (<10), and much
lower numbers of retrievals compared to the MODIS dataset
(cf. Fig. 3 bottom row and Fig. S6 bottom right). Figure 4a
shows that ATpyst is also being retrieved over water (by
the SOAR algorithm, as noted in Sect. 2.1.2) with increas-
ing frequency towards lower latitudes and a stark land-water
contrast (both over open salt water and inland fresh water
like the Great Lakes). This FoO feature is attenuated in the
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relative representation of FoO in Fig. 4d, even though the
land-water contrast remains; we do not interpret it as dust.
Aside from type “dust”, there are large areas with an
aerosol type classification of “mixed” (FoO ATmrxgp) north
of ~80°N on Ellesmere Island and in the surrounding re-
gion (Fig. 4b), accounting for a high proportion (>60 %) of
total aerosol type retrievals there (Figs. 4e and S6). “Mixed”
aerosol type is also widespread south of 70° N, reaching peak
values in south-central Canada and extending across the bor-
der with the US, where it accounts for 20 %-30 % of all
aerosol type retrievals (with most of the other retrievals be-
ing classified either as “smoke”, “non-smoke fine mode”, or
“background” aerosol type — see Fig. S7 in the Supplement
for an analysis of all VIIRS aerosol types in this dataset).
“Mixed” aerosol type (0.5<a<]1) is indicative of smaller
particles than the large dust aerosol type (o <0.5), however,
smaller clay fraction (<2 um) dust particles do in fact dom-
inate the emitted number size distribution (e.g., Kok, 2011;
Gonzélez-Flérez et al., 2023), and they can reasonably be
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expected to be found both close to sources and further away
after long-range transport (e.g., Prospero, 1999; Zhao et al.,
2022) because of their week-long lifetimes (Kok et al., 2017)
—even though in remote sensing dust is generally taken as the
coarse mode in order to avoid this ambiguity. While the polar
dome isolates midlatitude pollutants from the high Arctic in
summer (e.g., Gong et al., 2023), nevertheless, it is unknown
what proportion of the “mixed” aerosol type is attributable
to smaller dust and, therefore, we interpret VIIRS “mixed”
aerosols as only potential dust indicators, especially where
they occur as discrete source areas in the high Arctic (as
opposed to a homogeneous background further south) and
where they coincide with areas of high emission potential in
the dust emission potential map (Sect. 3.4).

As noted above, for direct comparison, FoO
DODpg16>0.5 is shown for the sub-period 2020-2022
(Fig. 4c, f). It is apparent that in the north, peak FoO ATpyst
is greater than peak FoO DODpgi6>0.5 and that the area
of FoO ATpuysrt is larger than it is for FoO DODpg16>0.5.
However, such differences are to be expected since these
datasets are derived differently (as outlined in Sect. 2.1).
Specifically, the FoO ATpyst map will include dust that
did not pass the DODpgi6>0.5 threshold (i.e., VIIRS
ATpust requires AOD > 0.3 with « <0.5, while MODIS
DODpg16>0.5 requires, based on Eq. (1), e.g., AOD > 0.74
if «=0.5 and AOD>0.51 if o =0). Moreover, even
if DODpgi¢ was calculated from VIIRS AOD data and
compared directly to that based on MODIS AOD (either
from Terra or Aqua), differences would still be expected
because of sensor and algorithm differences leading to
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systematically lower VIIRS AOD values at high northern
latitudes (Sayer et al., 2019, their Fig. 16) and more complex
difference patterns (spatially) in the Angstrém exponent
(Sayer et al., 2019, their Fig. 17); a detailed analysis of these
differences is outside the scope of this work. Nonetheless,
there is qualitative agreement between the two datasets
we presented on numerous emission hotspot areas across
the high Arctic. Lastly, the large southern emission hotspot
evident in FoO DODpg16>0.5 (Fig. 4c¢) is likely dust emitted
and transported in the large-area dust sources of the Great
Plains of Canada and the US (e.g., Lambert et al., 2020);
this is consistent with the spatial coincidence with a peak in
FoO ATmrxep in the Great Plains (Fig. 4b), where croplands
are found, and where possibly finer dust is expected to be
mixed with generally finer anthropogenic aerosols. The dust
emission hotspots inferred in this section from VIIRS “dust”
aerosol type data will be evaluated against the dust emission
potential map in Sect. 3.4.

3.3 Inferences about dust over Canada from CALIOP

Additional qualitative but independent corroboration of our
MODIS-based assessment of the FoO of extreme dust events
(DODpg16>0.5) was made with the FoO of CALIOP aerosol
type “dust”, which adds vertical distribution information. As
outlined in Sect. 2.1.3, this product shows the number of
times an aerosol of type “dust” (dust aerosol types “polluted
dust” and “dusty marine” were excluded in this study) is de-
tected in a bin of 5° longitude x 2° latitude x 60 m vertically
(~200 x 200 km in the Arctic, but based on individual 5 km
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L2 products) per month. The monthly totals were summed
for JJA 2006-2020, inclusive, and these period-sum values
were then averaged for the latitude band 60-80° N, due to
their sparseness (Sect. 2.1.3). A longitude-height plot of the
resulting data (Fig. 5) shows evidence of enhanced aerosol
type “dust” detection frequency at low altitudes (<2 km) for
the longitude range between 125-75° W, in good agreement
with the longitudinal range spanned by the dust emission
hotspot regions identified in both the MODIS and VIIRS
datasets previously discussed. Low-altitude Arctic dust in
summer is also in agreement with the source-tagged mod-
elling work of Shi et al. (2022), who found that high-latitude
dust constitutes 30.7 % of the total Arctic dust burden in the
lower troposphere, on account of typically stable boundary
layers and limited vertical transport; in JJA the origin of
free tropospheric Arctic dust is approximately evenly split
between east Asian sources, central Asian and Saudi Ara-
bian sources, and north African sources. Dust detection fre-
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quency values that are lower at higher altitudes across this
region, and lower immediately to the east and west of the
region, suggest surface sources of dust emission in the re-
gion. The near-surface enhancements in dust detection fre-
quency between ~ 50 and 25°W (between 2.5 and 5km),
as well as between 25 and 15°W (below 2 km) are consis-
tent with emission from sources in Greenland and Iceland,
respectively, which have been documented elsewhere (see,
e.g., Meinander et al., 2022). However, there are known is-
sues with CALIOP aerosol misclassification of diamond dust
(very small ice crystals in clear skies) as mineral dust, most
prominent in winter (e.g., Zamora et al., 2022; Di Biagio et
al., 2018), which we consider next. Even though Fig. 5 shows
long-term data on aerosol type “dust” in JJA, when diamond
dust is rare, we examined spatially and temporally matching
meteorological reanalysis fields above Greenland, as well as
to the east including Iceland and northeast Greenland, and
to the west in the Canadian Arctic Archipelago. This anal-
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ysis (Fig. S8 in the Supplement) shows mean temperatures
below 2 km altitude as above the freezing point over the Arc-
tic and “Iceland” region (see top right panel of Fig. S8 for
geographic details), with air masses also subsaturated with
respect to ice below 3 km altitude; the mean optical thick-
ness of cloud ice was less than 0.005 at all altitudes be-
low 3km. Above Greenland, temperatures below 2 km alti-
tude above ground level (a.g.l.) were above —10° C and air
masses were still subsaturated with respect to ice below 3 km;
the mean optical depth of cloud ice was less than 0.003 be-
low 1.5kma.g.l., and less than 0.03 below 3kma.g.l. Given
this analysis, the likelihood of diamond dust contamination
of the CALIOP aerosol type “dust” is very low in the Arc-
tic and “Iceland”, but it cannot be ruled out above Greenland
without further study, e.g., of meteorological fields coinci-
dent with CALIOP overpasses, and individual (as opposed
to mean) profiles of temperature and relative humidity over
ice. Moreover, further study would be needed to determine
the spatial origin of these elevated (in altitude and in terms
of FoO) aerosol type “dust” signals over Greenland; their
higher altitude (2.5-5km) does not simply imply an Asian
origin, as it might in the Canadian Arctic, particularly in JJA
and combined with the clustering of FoO above Greenland
instead of a zonal homogenization that would be expected
after long-range transport. The flows around Greenland’s ex-
treme orography are complex, both near the surface (Gorter
et al., 2014) and aloft (Moore et al., 2013), with a complex
coupling of smaller-scale but intense “piteraq” (katabatic)
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winds, low-level jets, and synoptic-scale flows. It is possi-
ble that the Greenland plateau jets described by Moore et al.
(2013, their Fig. 8 for JJA) contribute to a re-circulation of
dust mobilized in lower, ice-free margins of Greenland, but
this is speculative. To conclude this section, the qualitative
“dust” type vertical distribution information from CALIOP
informs our analysis and is consistent with active dust emis-
sion in the Arctic and eastern Greenland/Iceland; however,
it is not suitable for direct comparison against the dust emis-
sion potential map (Sect. 3.4) on account of the coarse spatial
aggregation necessary to compensate for the 70 m laser foot-
print of the CALIOP sensor (Sect. 2.1.3).

3.4 Evaluation of satellite dust emission hotspot results
using the dust emission potential map

We turn now to comparing our satellite-based results with
known information on dust emission potentials, the latter
under favourable wind conditions. In Fig. 6 we compare
MODIS FoO DODpgi6>0.5 and VIIRS FoO ATpyst to
source intensity (SI) for July from the G-SDS-SBM dataset.
SI for July was chosen based on the results of the seasonal
analysis in Sect. 3.1, where all-season FoO was dominated
by June—July—August FoO in absolute terms and in spa-
tial extent, and the fact that SI values are low for the other
months (January, April, and October) provided in the G-
SDS-SBM dataset (SI for other months is plotted in Fig. S9).
The dust emission potential is high (SI> 0.5) in much of
Canada’s Arctic Archipelago (Fig. 6a), which is broadly con-
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sistent with MODIS FoO DODpg16>0.5 (Fig. 1a) and VI-
IRS FoO ATpysr (Fig. 4a). We quantified areas of SI overlap
with both MODIS (Fig. 6b, red colour) and VIIRS (Fig. 6c¢,
red colour) using threshold SI and FoO values as follows.
Because SI is a relative measure of dust emission poten-
tial with values between O (no emission potential under any
wind conditions) and 1 (maximum emission potential un-
der sufficient wind conditions), we looked for areas where
SI is greater than 0.5 while, simultaneously, MODIS FoO is
greater than 10 %. This 10 % MODIS threshold, which does
not match the SI threshold of 0.5 (50 %), was chosen because
we are testing for the FoO of extreme dust emission events
(DOD > 0.5), and it is reasonable to assume that, by defini-
tion, such conditions will be met in far less than 50 % of ob-
servational cases, i.e., 10 %. Red colours indicate agreement
between dust emission potential (SI) and satellite observa-
tions of extreme events, while blue and green colours both
indicate disagreement. Blue disagreement areas have high
dust emission potential that is not matched with observations
of dust, while green disagreement areas have low dust emis-
sion potential where satellites nevertheless see extreme DOD
(>0.5) in at least 10 % of observations. For consistency we
use the same 10 % threshold in VIIRS FoO ATpysrt data,
which leads to relatively prominent green areas (low emis-
sion potential but frequent VIIRS-observed dust) because,
unlike MODIS FoO data, VIIRS FoO data considers only
the presence of dust (VIIRS ATpyst) and not the intensity
of events (i.e., MODIS DOD > 0.5); moreover, as discussed
in Sect. 3.2, VIIRS thresholds for identifying aerosol type
“dust” are lower and there are known differences between
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VIIRS and MODIS AOD and Angstrém exponent Deep Blue
products. While the thresholds can be shifted to influence
the level of agreement and disagreement and thus the spa-
tial colour patterns (which we experimented with), the salient
point is that all three datasets have limitations, yet all three
point to non-zero dust activity north of 60° N, in contrast to
many model simulations of dust emission to date that have ig-
nored these high-latitude dust sources, albeit reasonably so,
e.g., on account of low model resolution or lack of input in-
formation. The key dust emission areas shared by all three
datasets (shared orange and red colours) are found in a broad
“Canadian Arctic Dust Belt” between western Baffin Island
(70° N, 75° W) and northwest of Prince Patrick Island (80° N,
125° W), as marked also on Fig. 11. The same area also con-
tains few blue colours (high emission potential but few ob-
servations of dust) but many green colours, where emission
potential is low (<0.5) but satellite observations show strong
(MODIS) and/or frequent (VIIRS) dust events. The “green”
disagreement indicates areas where dust emission potential
maps may benefit from re-examination and/or verification,
i.e., also with new field measurements, challenging as they
are.

The notable inconsistencies in the Arctic Archipelago in-
clude eastern Baffin Island (~ <70°N, ~ <75° W), which
is characterised by widespread high SI (except in areas per-
manently covered by snow and ice) but sparse MODIS FoO
DODpg16>0.5 emission hotspots (blue colours in Fig. 6b)
with more frequent VIIRS FoO ATpysT regions (red colours
in Fig. 6¢). The same is true for ice-free parts of Ellesmere
Island and Axel Heiberg Island (~80°N, ~85°W). One
explanation for such discrepancies, apart from thresholding
choices, is that high SI values only show surfaces where the
potential for dust emission is high; other conditions still need
to be met for dust emission to actually occur, i.e., surface
winds that are strong enough to entrain sediment. We exam-
ined a summertime 10 m wind speed climatology (Fig. S10)
and find that where MODIS and VIIRS disagree on eastern
Baffin Island mean winds are 4-6ms~! (14.4-21.6kmh™1),
which is sufficient for dust mobilization. Another factor is
that we have filtered MODIS data for DODpg16>0.5, which
represents extreme (but infrequent) dust emission events for
the Arctic, on par with Saharan dust in transport across the
tropical Atlantic, whereas our VIIRS “dust” type data shows
all observations of pure (unpolluted) dust where AOD > 0.3
and « <0.5, so that the corresponding DODpgj¢ (if calculated
from VIIRS products) could be as low as 0.22 for AOD =0.3
and o = 0.5 (Eq. 1). On the other hand, it is plausible that
the satellite datasets also do not capture the full extent of
dustiness across the region, especially in the far north, due to
frequent cloud coverage and dust misclassification as clouds
(e.g., Huck et al., 2023; Sayedain et al., 2023; Ranjbar et al.,
2021).

There are also a few notable areas south of the Arc-
tic where FoO DODpg16>0.5 emission hotspots are not
matched by high SI, e.g., green patches in Fig. 6b in the
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Northwest Territories (MacKenzie Mountains), close to the
border with the Yukon Territory (~ 126° W, ~63°N) and at
the border of northern Labrador and Québec (65° W, 58° N),
as marked in Fig. 11. Reasons for such disagreements are
unclear, but we stress again that the G-SDS-SBM SI map-
ping results are sensitive to the quality of the input data
(soil texture, soil moisture, soil temperature, and bare land
fraction), which all have limitations. In examining the vis-
ible imagery, average wind speeds, and geological features
of these two discrepancy areas available from the Global
Wind Atlas (Davis et al., 2023), there is strong indication
that both, although geologically distinct, are likely unclassi-
fied dust emission source areas. The MacKenzie Mountains
location (Fig. Al in the Appendix) is an environment with
strong weathering and erosion leading to extensive colluvial
features with visible scree, comprising also finer sand, silt
and clay. It is likely a result of a former river channel and/or
a lakebed. The Labrador/Québec location (Fig. A2) is an ex-
posed plateau that was recently deglaciated, in geological
terms, leaving behind unconsolidated fine glacial sand, with
scarce vegetation and soil formation to suppress dust mobi-
lization. There is a third emission hotspot area that does not
appear on the SI map (SI~ 0) and does not meet the 10 %
FoO threshold but produces a prominent absolute FoO sig-
nal; it is a glacially scoured plateau in northwestern Nunavut
(Fig. A3, green box in Fig. 11) that is windy, unvegetated,
and covered with glacial lakes and debris (these features are
visible most clearly in some areas where 10 m resolution
Google imagery is available, e.g., 66.83369, —111.86699).
Clearly, these are locations of large spatial extent where
further investigation would be beneficial, including by field
measurements.

Lastly, the spatially broad swath of only occasionally high
FoO DODpg16>0.5 in the Great Plains of southern Canada
and USA (connected to croplands and discussed in Sect. 3.2,
Fig. 4b and c) is largely not matched by high SI; this is rea-
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sonable because this extensive pattern of dustiness in satellite
observations disappears in a percentage-of-observations rep-
resentation (Fig. 4e and f). The SI hotspots in this region (un-
like the absolute FoO signature of Fig. 4b and c, found only
in northwestern US and not southwestern Canada) are much
more spatially restricted than the FoO signature and com-
prise a mixture of croplands (Washington, northern Oregon,
Idaho, Montana, cf. https://www.croplands.org/app/map, last
access: 11 January 2024) and arid regions (southern Ore-
gon, Wyoming), but they do not correspond to either in-
tense MODIS DODpg16>0.5 events (Fig. 6b, blue colours)
or VIIRS ATpysr events (Fig. 6¢, blue colours). Instead, they
are associated with VIIRS ATyxep events (Fig. 4b and e),
which, again, makes sense if agricultural dust emissions of
non-coarse-mode particles were mixed with anthropogenic
aerosols.

Overall, the reasonable agreement between satellite-
derived dust emission hotspots and areas with high SI val-
ues in the G-SDS-SBM dataset supports the use of satel-
lite datasets in dust emission modelling development in the
Canadian Arctic and in other high-latitude regions. This sec-
tion also suggested regions where the SI dataset may bene-
fit from further development (marked in Fig. 11), and where
field measurements would be of help.

3.5 Temporal change in extreme dustiness frequency
over Northern Canada in the 20-year MODIS record

The 20-year record of MODIS data enables an assessment
of whether the frequency of dustiness over Northern Canada
has changed over time. Time series of annual means of FoO
DODpg16>0.5, FoO DODg16>0.5, and FoO AOD > 0.5, av-
eraged for the region (70-80°N, 125-75° W) representing
the “Canadian Arctic Dust Belt” identified in Sect. 3.4, are
shown in Fig. 7. Note that this figure shows values of mean
FoO of optical depth (normalized) rather than mean opti-
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Figure 7. Time series of annual mean FoO of MODIS optical
depth > 0.5, averaged for the region (70-80°N, 125-75° W) and
normalized to the highest value, for the years 2003—2022 inclusive.
MODIS-derived optical depth datasets underlying the FoO values
plotted are: DODpg16>0.5, DODg1>0.5, and AOD >0.5, with
respective normalizing factors of 71 948, 38 220, and 209 963.

cal depth itself. There is clear interannual variability in each
of the time series; however, the greatest annual mean FoO
DODpg16>0.5 values all occur in the second half of the pe-
riod, with 2015, 2017 and 2019 appearing to be active dust
emission years. The same is true with FoO DODg6>0.5,
although only 2015 and 2017 stand out as dust-active years
in the region. By contrast, the annual mean FoO AOD > 0.5
time series is qualitatively different, with peaks and troughs
relatively evenly distributed across the study period and no
qualitative evidence of increasing AOD over time. We ex-
amined wind speed, soil temperature, soil moisture, and
snow cover in 20 years of daily mean ERAS meteorologi-
cal fields for the same geographic region as Fig. 7 in summer
(Fig. S11). There was a significant (p<0.03) and negative
(R = —0.49) correlation only between FoO (AOD > 0.5) and
snow cover, but not with the FoO of either formulation of
DOD > 0.5 (R = —0.30, p<0.20 for FoO (DODpg16 >0.5);
R = —0.18, p<0.44 for FoO (DODg6>0.5)). As noted in
Sect. 1, an increase in high-latitude dust emission is an ex-
pected consequence of climate change in the Arctic leading
to glacial retreat, decreased snow cover duration, and per-
mafrost thaw, all making exposed dust more available for
mobilization (Bullard, 2013; Meinander et al., 2022). How-
ever, the results presented in this section are not a statistically
significant indicator of such processes occurring in the Arctic
(Gulev et al., 2021).
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3.6 Evaluation of MODIS AOD using AERONET

In this section, AOD data from MODIS are evaluated
against AOD data from AERONET stations at Kluane Lake
(AODx1) and Resolute Bay (AODgp). The station locations
are marked on Fig. 11. The Kluane Lake AERONET station
was intentionally located proximal to a known dust source for
the purpose of monitoring emission processes there (Huck et
al., 2023; Sayedain et al., 2023). Curiously, the area is not
identified as a strong dust emission source area by our satel-
lite data analysis, which is on the one hand not very surpris-
ing given that Huck et al. (2023) document large discrepan-
cies between remotely sensed dust (both by AERONET and
by MODIS-MAIAC) and in situ remote camera images of
dust at Kluane Lake. On the other hand, their “dust event
days” (DEDs) have modal AOD values of 0.5 with a high
tail extending out to an AOD of 3; in the context of such
thick dust plumes, one may reasonably expect that in the
analysis of 20 years of MODIS data in our study (Collection
6.1 at 10 km resolution) we would detect a stronger signal in
FoO - yet we do not. However, the Kluane Lake region and
the nearby mountainous regions are largely without satellite
data due to the extremely variable and highest topography
in North America (Mt. Logan in Canada stands at 6000 m
and Denali in Alaska to the west stands at 6200 m), which
presents difficult surface retrieval conditions (as shown in de-
tail later in Fig. 10). Unlike Kluane Lake, the Resolute Bay
AERONET station is situated adjacent to strong dust emis-
sion hotspots identified in our study on Cornwallis Island
(as shown in detail later in Fig. 10); however, to the best of
our knowledge, this is coincidental, i.e., the station location
was not selected with the explicit purpose of monitoring dust
aerosol. In this section, satellite data retrieved within both
a 1°x 1° and 0.5° x 0.5° box centred on each AERONET
station were considered. From MODIS, the maximum AOD
values within the search box were retained, while from VI-
IRS the presence or absence of each aerosol classification
type (AT) was recorded. For AERONET, only retrievals per-
formed within 11 am and 5 pm local time were considered for
analysis and the maximum retrieved AOD each day within
this time window was retained for the comparison. Maximum
values were chosen instead of mean values in line with the
purpose of our analysis, which is to identify extreme DOD
values near dust sources.

AOD comparison results are first considered using
MODIS data detected within the 1° x 1° search box cen-
tred on each AERONET station. AOD values > 3 were fil-
tered out (2 points at KL. and 5 points at RB) given that
DOD was found to be <2 at Kluane Lake (Sayedain and
O’Neill, 2025). At Kluane Lake, six years of AODgy data
correlates strongly with MODIS AOD (R = 0.81 in Fig. 8a).
These AOD correlation results are at odds with the work of
Huck et al. (2023) at Kluane Lake who found weak mean
AOD (unlike our maximum AQOD) correlations on DEDs in
2018 and 2019 (R=0.11 and R = 0.36), which improve
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on non-DEDs in 2018 and 2019 (R = 0.35 and R = 0.96).
They classifed DEDs with threshold AOD and o parame-
ters similar to our work (but from their AERONET data) and
they use the mean MODIS-MAIAC AOD product at 470 nm
with the mean AERONET AOD product at 500 nm. Given
their in situ remote camera imagery verifying the presence
of dust, they reasonably attribute the lack of correlation on
“dust event days” to specific dust-cloud detection problems
in AERONET and the lack of dust testing at high latitudes
in the MODIS-MAIAC retrieval (rather than to the less im-
portant 470 nm vs. 500 nm wavelength mismatch between
MODIS and AERONET AOD). Their sampling strategy is
different and covers just 70 km? with 1 km MODIS-MAIAC
pixels as opposed to our 1° x 1° box based on 10km res-
olution L2 MODIS data. While it is not possible to com-
pare these results directly, it is nevertheless interesting to
note both the range of choices and results in this apparently
“similar” type of comparison carried out in our respective
studies. Switching to the VIIRS sensor, three years of VI-
IRS AT data were available over the 1° x 1° region surround-
ing the Kluane Lake AERONET station, and ATpysr is de-
tected on 18 % of days while ATyrxep and ATBACKGROUND
are the two modal classifications, both detected on 27 % of
days (Fig. 9). Unlike at Kluane Lake, 18 years of Resolute
Bay AODgp has only a weak correlation (R = 0.32) with
MODIS AOD for the 1° x 1° search area (Fig. 8a). As Fig. 9
shows, VIIRS ATpyst is detected on 32 % of days here,
with ATgackgrounp being detected more frequently (44 %
of days) and ATmixep less frequently (12 % of days).

A question arises about the poor correlation at Resolute
Bay between AERONET AODgp and MODIS AOD datasets
given the proximity to our potential emission hotspot regions
and the more frequent VIIRS ATpyst presence there. One
reason could be the deliberate positioning of an AERONET
station to monitor dust at a known emission location (like
Kluane Lake), which was not the case for Resolute Bay
(notwithstanding the AOD disagreement at Kluane Lake
found by Huck et al. (2023) using the MODIS-MAIAC prod-
uct). Is it possible that coarse dust in the 1° x 1° search
area around Resolute Bay is simply not passing over the
AERONET station, given also that coarse dust does not gen-
erally travel far? The map of average regional winds above
both stations (Fig. 10) shows that Kluane Lake is down-
wind of dust emission regions in the foothills of the moun-
tains at glacial margins (where satellite data is increasingly
lacking on account of the variable topography and surface
properties) while Resolute Bay is upwind of the dust emis-
sion hotspot (identified with abundant satellite data). The
elevated topography to the east of Resolute Bay may it-
self obscure any dust suspended in that direction from the
AERONET instrument’s field of view for low solar zenith
angles in the morning. As may be expected in this situation,
the correlation between MODIS AOD and AODgg increases
from 0.32 to 0.58 as the MODIS search area is decreased
from 1° x 1° to 0.5° x 0.5°, while the MODIS AOD cor-
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relation with AODky, hardly changes (0.87 vs. 0.90) under
the same decrease (Fig. 8b). Since the AERONET station at
Kluane Lake is already next to and downwind of the dust,
decreasing the search area is not helpful to the correlation.
Interestingly, this same decrease in search area size causes
the ATpusT classification frequency at Resolute Bay to de-
crease from 32 % for 1° x 1° to 16 % for 0.5° x 0.5°, while
the ATgackGROUND classification frequency increases from
44 % to 64 % (Fig. 9); there is no appreciable change at Klu-
ane Lake. This reduction supports the argument that dust in
the broader region surrounding Resolute Bay is not within
detection range of the AERONET station and highlights the
challenge of detecting even nearby dust sources given the
station’s position and prevailing winds, as compared to the
specific satellite product used in this analysis.

4 Summary and conclusions

High-latitude mineral dust is receiving growing research in-
terest, with evidence that its impacts on numerous compo-
nents of the Arctic environment can be greater than for dust
transported into the region from lower latitudes. Understand-
ing these processes — and how they evolve — depends upon
direct knowledge of where dust emission occurs at high
latitudes, yet field measurements are exceedingly difficult
(and therefore scarce) and satellite-based retrievals of sus-
pended dust suffer from known high-latitude observational
challenges (e.g., polar night, frequent cloudiness, variable
snow and ice cover) which lead to biases. Together, this leads
to a common lack of representation of HLD in global models.
Using the Frequency of Occurrence (FoO) of extreme Dust
Optical Depth (DOD > 0.5) at high-resolution (0.1° x 0.1°),
derived for this study from twenty years (2002-2022) of
MODIS observations, we present semi-quantitative observa-
tional evidence that dust emission sources are widespread
across the islands of the Canadian Arctic Archipelago.

We also present qualitative supporting evidence from
aerosol type “dust” classifications in the VIIRS («<0.5 with
AOD > 0.3) and CALIPSO (depolarization ratio > 0.20)
satellite data products. VIIRS “dust” type shows qualitative
agreement, spatially, with the FoO of extreme DOD events.
There are areas with VIIRS “mixed” classification north of
~ 80°N on Ellesmere Island, accounting for a high propor-
tion (>60 %) of total aerosol type retrievals there, even as
the polar dome is known to isolate this region in summer
(e.g., Gong et al., 2023). “Mixed” aerosols (0.5<a<1) in
this region may be indicative of smaller dust particles, as it
is well known that the smaller clay fraction (<2 pm) domi-
nates the emitted particle number distribution, even though
in remote sensing dust is often taken as the coarse mode
in order to avoid ambiguity with other aerosols. CALIOP
“dust” type shows an enhanced detection frequency at low al-
titudes (<2 km) for the longitude range between 125-75° W,
in good agreement with the dust emission hotspot regions
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Figure 8. Maximum AERONET AOD (500 nm) between 11 am and 5 pm local time at Kluane Lake (blue open circles) and Resolute
Bay (red crosses) vs. maximum MODIS AOD from (a) a 1° x 1° box centred on each station and (b) a 0.5° x 0.5° box centred on each
station. Numbers in blue (red) above each panel correspond to the Pearson’s correlation coefficient, R, between Kluane Lake (Resolute
Bay) AERONET AOD and the MODIS dataset in that panel. The number of matched maximum AOD days for each comparison is given in
parentheses in the legends.
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Figure 9. Percentage of days with VIIRS Aerosol Type (AT) data that have at least one AT retrieval of the type indicated on the x-axis
within the 1° x 1° and 0.5° x 0.5° boxes centred on AERONET stations at Kluane Lake (KL; dark and light blue, respectively) and Resolute
Bay (RB; dark and light red, respectively). “bg” = background, “nsfm” = non-smoke fine mode, “has” = high-altitude smoke. The number
of days with VIIRS AT data in the 1° x 1° (0.5° x 0.5°) box is 1278 (852) at Kluane Lake and 429 (228) at Resolute Bay, both for the period
2020-2022.
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Figure 10. (a, ¢, €) Winds at 925, 850, and 700 hPa above the region surrounding the Kluane Lake AERONET station (blue circle). Winds
are the mean of ERAS reanalysis data for June—August 2004-2023. Underlying shading corresponds to FoO DODpg16>0.5 for the period
2003-2022 (grey shading corresponds to no data). (g) Surface elevation surrounding Kluane Lake station (red circle) at 0.0625 degrees
resolution from the Global Multi-resolution Terrain Elevation Data 2010 (GMTED2010) dataset. (b), (d), (f), (h) Like (a), (c), (e), (g) except
for Resolute Bay AERONET station.
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square). Underlying shading corresponds to FoO (MODIS DODpg16>0.5) for the period 2003-2022 in JJAS (grey shading corresponds to

no data).

identified in both the MODIS and VIIRS datasets. Low-
altitude Arctic dust in summer is also in agreement with
the source-tagged modelling work of Shi et al. (2022), who
found that high-latitude dust constitutes 30.7 % of the total
Arctic dust burden in the lower troposphere, on account of
typically stable boundary layers and limited vertical trans-
port. To assess the likelihood of CALIOP “dust” type be-
ing misclassified “diamond dust” we examined spatially and
temporally matching meteorological reanalysis fields, which
showed mean temperatures below 2 km altitude as above the
freezing point over the Arctic (and also the “Iceland”) dust
emission region, with air masses also subsaturated with re-
spect to ice below 3 km altitude and a mean optical thick-
ness of cloud ice <0.005 at all altitudes below 3 km. Above
Greenland, temperatures below 2kma.g.l. were > —10°C
and air masses were still subsaturated with respect to ice be-
low 3 km; the mean optical depth of cloud ice was <0.003
below 1.5kma.g.l., and <0.03 below 3 kma.g.l. Given this
analysis, the likelihood of diamond dust contamination of
the CALIOP aerosol type “dust” is very low in the Arctic
(and “Iceland”), but it cannot be ruled out above Greenland
without further study, e.g., of meteorological fields coinci-
dent with CALIOP overpasses, and individual (as opposed
to mean) profiles of temperature and relative humidity over
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ice. Moreover, further study would be needed to determine
the spatial origin of these elevated (in altitude and in terms of
FoO) aerosol type “dust” signals over Greenland; their higher
altitude (2.5-5km) does not simply imply an Asian origin,
as it might in the Canadian Arctic, particularly in JJA and
combined with the clustering of FoO above Greenland in-
stead of a zonal homogenization that would be expected after
long-range transport. The flows around Greenland’s extreme
orography are complex, both near the surface (Gorter et al.,
2014) and aloft (Moore et al., 2013), with a complex cou-
pling of smaller-scale but intense “piteraq” (katabatic) winds,
low-level jets, and synoptic-scale flows. It is possible that the
Greenland plateau jets described by Moore et al. (2013, their
Fig. 8 for JJA) contribute to a re-circulation of dust mobilized
in lower, ice-free margins of Greenland, but this is specula-
tive and requires further study.

The locations identified as dust emission hotspots
(DOD > 0.5 with FoO >10 %) in the “Canadian Arctic Dust
Belt” (overwhelmingly based on summertime MODIS re-
trievals from June to August) correspond to surfaces with
high potential for dust emission during the summer sea-
son in the G-SDS-SBM dataset (Source Intensity, SI > 0.5).
However, there are significant areas of disagreement in
this region, where MODIS-derived DOD data shows ex-
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treme dust events (FoO > 10 %) but the G-SDS-SBM dataset
shows lower emission potential (SI < 0.5), i.e., underesti-
mated sources; there are fewer areas where MODIS-derived
DOD data does not show extreme dust events (FoO < 10 %),
but emission potential is higher (SI > 0.5), i.e., overestimated
sources, notably on the southern portion of the Brodeur
Peninsula of (far western) Baffin Island. Additionally, two
considerable areas of disagreement emerge at lower latitudes
in mainland Canada (MacKenzie Mountains and the border
between northern Québec and Labrador), which we show to
be likely dust emitting regions based on their geological fea-
tures. A third large area of emission (northwest Nunavut) is
neither significant on the SI map, nor does it meet the 10 %
relative frequency of occurrence cutoff. This relates directly
to the main limitation of this comparison, i.e., the use of
threshold FoO and SI values, which can be shifted, influenc-
ing the level of agreement and disagreement. While we ex-
perimented with various thresholds and explained our logic
in Sect. 3.4, the salient point is that all three datasets have
limitations (G-SDS-SBM, MODIS, VIIRS) yet they all point
to non-zero dust activity north of 60° N, in contrast to many
model simulations of dust emission to date that have ignored
these high-latitude dust sources, albeit reasonably so, e.g., on
account of low model resolution or lack of input information.

When spatially averaged across the “Canadian Arctic Dust
Belt” (70-80° N, 125-75° W), annual mean time series of
FoO of MODIS DOD > 0.5 between 2003 and 2022 sug-
gest some increase in the frequency of dustiness in the latter
half of the period, which is consistent with our understand-
ing that high-latitude dust emissions are likely increasing in
a warming climate, but without a statistically significant anti-
correlation to snow cover (only AOD and snow cover are
anti-correlated). Other uncorrelated variables examined were
wind speed, soil temperature, and soil moisture.

The MODIS AOD product used in our study compares
well (R = 0.81) to AOD from the AERONET station at Klu-
ane Lake in Yukon Territory. While Kluane Lake is a known
dust source area receiving focussed research attention, it is
not a prominent dust emission hotspot in our study, likely
because satellite retrievals are less frequent in the mountain-
ous terrain. Nevertheless, the AERONET station was posi-
tioned downstream of known dust emission sources leading
to good agreement with fewer data points. Conversely, the
comparison is poor (R =0.31) between our MODIS AOD
product and AOD from the AERONET station at Resolute
Bay, Nunavut, with approximately double the data points.
This AERONET station is situated close to satellite-derived
dust emission hotspots in our study, however, its location is
not well suited to detecting dust plumes emitted in the vicin-
ity because the emission hotspots are downstream of the sta-
tion (on average). Somewhat unsurprisingly, station location
is critical for verifying satellite-derived dust aerosols; this be-
comes even more important when the dust product specifi-
cally targets coarse-mode particles that do not travel far from
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their sources. The specific satellite product used in the anal-
ysis may also be a significant factor in correlation results.

The results presented herein confirm the dust emission ac-
tivity in the “Canadian Arctic Dust Belt”, and beyond, with
satellite observations. The regions identified as dust emission
hotspots are candidates for further research into processes in-
volved in driving dust emission at high latitudes, and also
provide a novel observational basis, which can be refined,
for evaluating and improving numerical models that are used
to simulate the dust cycle and the Earth System impacts of
dust aerosols. Specific high-latitude locations with relatively
frequent extreme dust emission events, as observed by the
MODIS Aqua sensor employing the Deep Blue retrieval al-
gorithm, during the most active emission season (JJAS) are
presented in Fig. 11.

Future work to quantify the differences between retrieval
algorithms that can retrieve atmospheric aerosol properties
with reduced assumptions of surface reflectance over dust-
emitting land types, i.e., MISR (Diner et al., 1998; Mar-
tonchik et al., 1998) and MAIAC (Lyapustin and Wang,
2022; Lyapustin et al., 2018) vs. Deep Blue (used herein,
which relies on climatologies), could help to understand the
potential influence of more variable surface reflectance on
extreme DOD FoO statistics in the Arctic. Another area to
explore is the balance between the inclusion of elevated DOD
events and thin cirrus contamination (which this work treated
conservatively by using DOD > 0.5), while recognizing that
cloud clearing and retrieval in satellite observations is imple-
mented in many different ways. Lastly, employing an algo-
rithm that is optimized over water bodies, like Dark Target
(Gupta et al., 2016, and references within), may yield use-
ful information about dustiness proximal to coastal emission
source regions, especially at the high spatial resolution that
is appropriate for the Canadian Arctic Archipelago.
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Appendix A

Figure A1. Visible imagery of the dust emission source area in the MacKenzie Mountains (marked by a pink square in Fig. 11). Centre of
9.0 km? box is at 63° N, 126° W with a mean wind speed of 8.13m 5! (predominantly westerly). Topography varies from 900 to 2300 m in
full region shown. Obtained from the Global Wind Atlas (Davis et al., 2023) version 3.3, a free, web-based application developed, owned
and operated by the Technical University of Denmark (DTU). The Global Wind Atlas version 3.3 is released in partnership with the World
Bank Group, utilizing data provided by Vortex, using funding provided by the Energy Sector Management Assistance Program (ESMAP).
For additional information: https://globalwindatlas.info (last access: 16 December 2025). 10 m resolution Google visible imagery is available
at, e.g., 63.16920, —126.09163 (the precise location above is snow-covered).
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Figure A2. Visible imagery of the dust emission source area at the Québec and Labrador border (marked by a blue square in Fig. 11). Centre
of 9.0km? box is at 58.4°N, 65.1° W with a mean wind speed of 11.4m s—1 (predominantly westerly). Topography varies from 200 to 900 m
in full region shown. Obtained from the Global Wind Atlas (Davis et al., 2023) version 3.3, a free, web-based application developed, owned
and operated by the Technical University of Denmark (DTU). The Global Wind Atlas version 3.3 is released in partnership with the World
Bank Group, utilizing data provided by Vortex, using funding provided by the Energy Sector Management Assistance Program (ESMAP).
For additional information: https://globalwindatlas.info. 10 m resolution Google visible imagery is available at, e.g., 58.38968, —65.12038.
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Figure A3. Visible imagery of the dust emission source area in northwestern Nunavut (marked by a green square in Fig. 11). Centre of
9.0 km? box is at 66.3°N, 112.1° W with a mean wind speed of 7.89 m g1 (westerly and southerly). Topography varies from 500 to 600 m
in full region shown. Obtained from the Global Wind Atlas (Davis et al., 2023) version 3.3, a free, web-based application developed, owned
and operated by the Technical University of Denmark (DTU). The Global Wind Atlas version 3.3 is released in partnership with the World
Bank Group, utilizing data provided by Vortex, using funding provided by the Energy Sector Management Assistance Program (ESMAP).
For additional information: https://globalwindatlas.info. 10 m resolution Google imagery is available at, e.g., 66.83369, —111.86699.
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