Blue font is the content of Community Comment 2, CC 2, as submitted.

Green font indicates changes we made to CC 2 to make it easier to follow.

Black and red font are our replies (AC 2).

The same community Commenters (Sayedain and O’Neill) submitted CC 1 and CC 2; our
AC 1 already responded to CC 1.

The points below are our reaction (CC 2) to comments submitted by A&W (Ashpole &
Wiacek) on Feb. 11, 2025 (AC 1, in response to CC 1). Details of our comments that follow
had already been transmitted to Wiacek in a Feb. 11 email’ (outside of the EGUsphere
discussion forum). In this current document we react to their AC 1 by limiting ourselves to
the most important critical points made in our Feb. 11 Email2. Our first 3 critical comments
below are the most important.

"that preceeded the deposition of AC 1 in the discussion forum and for which we received no answer

2this is our 2nd reaction to the A&W paper that we have submitted to the EGUsphere discussion forum. Our
1st submission (CC 1) consisted of comments (annotations) made directly on their manuscript pdf.

Before we engage in the charade of being ‘completely objective scientists’ and address the
substance of these comments point by point, we will point out that CC1 and CC2 (both
made by PhD student Sayedain with Professor O’Neill) are biased (only limitations are
noted, without commenting on positives in any way, and without summarizing our paper at
the outset, as is the reviewing norm), hostile (in CC 1 comments on our manuscript), and
made under two major conflicts of interest.

First, Wiacek and O’Neill are currently on three major community grants together related to
the HAWCSat project (one of these grants is currently under review), directly competing for
funding from the same funding envelopes. A paper detailing HAWCSat has just come outin
BAMS, including O’Neill and Wiacek as co-authors. We were also both competitively
funded from the same programs in the past (CSA’s ESSDA1 & ESSDA2).

Second, it is problematic for these comments (CC 1 and CC 2) that Sayedain is currently
preparing a paper on Arctic-wide dust remote sensing, although we doubt there is any
overlap in our methodologies, and we recognize that anyone is free to use open satellite
data to analyze the Arctic how they wish. We know this because it was stated in a poster
presented at the HAWCSat meeting in Montreal (Oct 15-17, 2025), which we attended
together, delivered by Sayedain, O’Neill and others (“Remote sensing of local dust across
the Canadian Arctic Archipelago”). The last bullet point of this poster’s Introduction states:
“The Canadian Arctic Archipelago remote sensing analysis is the subject of a paperin prep


https://journals.ametsoc.org/view/journals/bams/106/11/BAMS-D-23-0309.1.xml

(Sayedain et al., 2025)”, which was promised to appear on EGUsphere imminently, but not
yet as of the time of writing this AC 2. Moreover, the second bullet pointin the poster’s Key
Findings states: “Satellite RS detects optically thicker plumes across the CAA with CM
AOD <~ 0.56”. Our same focus on Arctic-wide dust phenomena appears to be highly
unwelcome, triggering very high standards of proof for our work’s validity.

We confirm that we initially engaged in an email exchange initiated by O’Neill, in parallel
to their EGUsphere comments. We stopped responding to these emails when it became
clear to us that our intellectual independence was not recognized by the Commenters,
which is an obligation of a Copernicus journal referee, and by extension any Commenter.

1. Re the reluctance of the authors to consider any type of validation / evaluation of
their FoO (DOD) statistics

We strongly disagree with that point of view. DODs > 0.5 are easy to detect visually over
water and over land near the source?. It is, given the questionable quality of DB AOD
retrievals over the high Arctic, the responsibility of those who would employ DB AOD
statistics (as evidence of the presence of optically thick airborne dust over the Arctic) to
find concrete illustrations for a handful of their largest DODs. Such cases could be
included in the supplementary material to avoid disrupting the general flow of the narrative
in the main paper.

3 see, for e.g., Ranjbar et al. (2022), Sayedain et al. (2023) and Sayedain et al. (2025).

This point was already addressed in our AC 1 response to CC 1. Itis misleading to say that
we have not considered ‘any type of validation / evaluation’ of our FoO (DOD) statistics.
First, we worked hard to ‘validate / evaluate’ our Frequency of Occurrence (FoO) of Dust
Optical Depth (DOD) statistics by 1) comparing their spatial patterns to potential dust
source emission areas (G-SDS-SBM map, Fig. 6), 2) comparing with two different satellite
dust products (VIIRS, CALIOP, Figs. 4 and 5), and 3) comparing AOD at a strong dust
emission location in Resolute Bay to the AOD from the AERONET station (Fig. 8), noting
also that there are not many AERONET stations to choose from, and 4) checking if two new
dust source areas implied by our analysis (Figs. A1 and A2) are plausible (they are).

The issue is that Sayedain and O’Neill are asking us to validate the DB AOD dataset itself
(from which DOD is derived, using also the Angstrom exponent), which is a very high
standard of proof. Itis far beyond the scope of this semi-quantitative work.

Second, at the start of our work we spent considerable time searching for visible dust
plume events and we disagree that they are ‘easy’ to detect. Arctic cloudiness (80% of the
time over open ocean in summer, when dust emission is most active, see, e.g., Zamora et
al., 2022, ACP) and Arctic ice are a normal state, decimating the dataset, even in JJA. Dust
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over water is easier to see, but it can still look like smoke, even in the high Arctic, and in any
case the land source of the dust might then be under clouds (no satellite data), yielding no
information about the emission source (our objective). Dust over land is not at all easy to
see given the bright desert conditions of the Arctic when it is ice-free, which is why

Sayedain and O’Neill have focused on dust over water in the analysis of single dust events
(and also because DT AOD over water is better validated than DB AOD over land, with DT
over land still inaccurate). We chose to work around these limitations by carrying out a 20-
year study of elevated DOD frequency counts, working on the reasonable hypothesis that
spatial features of the analysis will agree with known potential dust source emission areas
(as they did).

2. Re the reluctance of the A&W authors to look into DT (dark target) AOD retrievals
over water

In our experience, strong plumes emanating from the land in the CAA (Canadian Arctic
Archipelago) can find their way to a body of water?. The more believable MODIS DT AOD
algorithm over water and the spatial continuity with dust plumes over the land could then
be employed to help confirm the all-too questionable quality of DB AODs over the Arctic.

4Their statement that “We are also not expecting or tracking dust plumes far from their source regions” is an
oversimplification in the CAA region.

We are not disputing these phenomena or approach. We argue that they representa
different type of analysis, supporting a different kind of study, and leading to a different
final paper from the one that we have written. We do not wish to simplify the CAA region
with our reluctance to track dust plumes over water, but our work (see next paragraph) was
not to “confirm the all-too questionable quality of DB AODs over the Arctic.” We counter
that here, Sayedain and O’Neill oversimplify the effort involved in what they are suggesting,
i.e., starting from the DT dataset and connecting high AOD values over water to high DB
AOD values over land, which requires some level of back-trajectory analysis and logical,
e.g., threshold-based, processing.

Related to ‘our work’, O’Neill and Wiacek have been able to secure funding from the same
funding envelopes as co-applicants precisely because of this different focus of our groups,
with O’Neill specializing in the details of remote sensing retrievals and analysis, including
the development of new techniques and data products, which then requires case-by-case
validation analyses; in contrast, Wiacek currently makes use of existing remotely sensed
data products to, e.g., learn more about dust source regions in a big picture sense. In this
case we used a sparsely validated DB AOD product to calculate DODs and FoO statistics
to infer land-based dust sources. There are no recommendations against using DB (or DT-
land for that matter) datasets for semi-quantitative studies, like ours, which had as its goal



the satellite-based identification of potential dust source regions, not the creation of mean
AOD or DOD maps. In the revised manuscript we have included text (Abstract,
Conclusions) to highlight and acknowledge that these potential dust source regions should
be considered for further exploration / validation, ideally through a multi-modal approach,
i.e., in situ observations and additional or improved RS products.

3. Re the use of the “BOR” (Sayer, 2019) statistics rather than the PEARL & OPAL
statistics that we recommended

In actual fact 24 out of the 27 “BOR” sites are in the low Arctic tundra®. Resolute Bay and
Igaluit (which were not employed by Sayer, 2019) and OPAL and PEARL make up the sites
that are in the high Arctic tundra®. Those high Arctic tundra statistics are quite marginal’.

We remain, accordingly, unconvinced by the identification of very large DB AODs?® as being
publishable indicators of large-DOD occurrences. Put another way, we don’t think it is
appropriate to use largely unvalidated DB AODs over the high Arctic tundra as a form of
DOD “ground truth”. One can complain about the lack of statistics in the high Arctic
tundra ... but that only confirms the argument that there isn’t enough validation data to
support claims of notinsignificant numbers of (DOD > 0.5) instances.

5The ecosystem-based delineation of the Arctic regions: see for e.g., the Britannica website

6 this was always the focus of all our comments: the high-Arctic tundra region that includes basically all of the
CAA.

7“The insignificant to marginal correlation coefficients (<= 0.42 for Terra and <= 0.56 for Aqua) and the small
number of validation points (we can provide those statistics upon request or the authors can contact Sayer
directly) are not the type of scattergram results that one should employ to claim satellite-derived DOD
statistics ...” (statement from the comment associated with line 76 in our original EGUsphere Discussion
forum comments in CC 1 file)

8which are transformed to DODs given the constraints that the A&W applied (we have no strong argument
with those constraints)

To clarify, we did not “use” BOR statistics in our paper, but only commented on them in AC
1, while replying to CC 1, which brought these up in the context of the validation of the DB
dataset. We did not fully understand this CC 1 comment (on line 76), but now we infer that
Sayedain and O’Neill were providing us with the Terra and Aqua DB AOD vs. AERONET AOD
correlation coefficients for the subset of high-Arctic AERONET stations only, which were
weaker than for Sayer’s ‘BOR’region (r=0.75,r=0.76, i.e., ‘strong’) that was
overwhelmingly based on low-Arctic stations. Assuming that the high-Arctic values
provided by Sayedain and O’Neill are also the smaller Spearman coefficients (this is not
critical, but then they are directly comparable to the ‘strong’ values we cited above), their
upper limit values (r <= 0.42, r <= 0.56) would typically be referred to as ‘moderate’ instead
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of ‘insignificant to marginal’, with r < 0.3 typically referred to as ‘weak’ (because of the
inequality used by Sayedain and O’Neill, it’s not clear how many high-Arctic AERONET
stations have ‘weak’ correlations).

Regardless of the strength of the correlation between DB and AERONET AOD in the high
Arctic, our semi-quantitative work on frequencies of occurrence of extreme AOD and DOD
events (extreme but well within the range of observed high-latitude dust storm
measurements) is a reasonable use of the DB dataset, i.e. to infer dust source locations.
We have now analyzed the % of DOD values > 0.5, 1.0, 1.5, 2.0 and found these to be 1.6%,
0.9%, 0.02% and 0.008%, respectively, i.e., the extreme values are not common, consistent
with the low mean values of Arctic AOD and DOD found by Sayedain and O’Neill (and
others).

We will once again state that validating the DB dataset in the high-Arctic is an exceedingly
high standard of proof for our type of work, especially given that such validation is unlikely
to happen in the foreseeable future given the prohibitive conditions of the Arctic.

4. Persistent dark spots in the imagery associated with large DB AODs

[pink color added by AW for clarity] The author’s comment® ignores the more practical DB
retrieval problems that can occur. A dust plume over the darker areas should, in the
presence of roughly (spatially) continuous surface reflectance, have produced a brighter
reflectance, not a darker reflectance. The more likely culpritis an artifactual decrease in
the DB-estimated surface reflectance (and/or a real decrease in the actual surface
reflectance caused by a change in surface type or terrain slope (BRDF); see, fore.g., Liu et
al., 2017 for the important influence of surface type in the CAA): this would have produced
an excessively large DB AOD (we can be reasonably sure that it is excessively large because
the DT AOD over water is a much more universal and dependable AOD product).

9 “Perhaps local dust (of a coarser size) is indeed ‘hovering’ over the source area by actually being repeatedly
injected into the atmosphere near the time of the satellite overpass and then settling out at night, while the
transported dust fraction (of a finer size) is more mobile.”

The CC 1 comment that we were responding to in footnote ? above, was: “We also noted
examples of suspicious similarities between dark reflectance patches and both high DT
and DB AODs (to the point where the suspicious DT and DB AODs would "hover" over the
same place from day to day [see ** below, for e.g.] while DT AODs over water would evolve
in a fashion that was coherent with the natural appearance of plumes in the RGB images).”

We understand that bright dust over a dark surface would lead to brighter, not darker
reflectance. We do not dispute that retrieval problems can occur as described by Sayedain
and O’Neillin CC 1 and CC 2. Variable surface reflectance over land is a challenge in



retrievals, and we included a statement about this in our Conclusions. The scene referred
to by **in CC 1 (Aug 18, linked again) is a large region and it is not clear which high AOD /
low reflectance patches are thought to be ‘hovering’ by Sayedain and O’Neill, nor what they
mean by ‘high’ AOD. The large yellow-orange-red (AOD < 0.5, DOD would necessarily be
lower still) patches on Aug 17-23, covering large fractions of Baffin Island, would be
excluded in our analysis (DOD > 0.5), whether they were real (e.g., transported smoke) or
artifactual (reflectance, thin cirrus, other retrieval issues). What interests us in this large
scene is a few pixels of dark red (AOD 1.13 to 1.56), which remain quite attached to one
location on western Baffin Island on Aug. 12,15,16,17,22, shown below (left image; dark
red within the pink box). This location is, by inspection, a glacial outwash plain (right
image; which is roughly zoomed to within the pink box, and bottom large image, with more
zoom), which appears to be a dust emitting area, also captured by the 20-year mean of
extreme (DOD > 0.5) events on our FOO maps. We added this case to our Supplements.



https://worldview.earthdata.nasa.gov/?v=-119.5467082713013,63.01580480197852,-53.756066894802416,96.7592079767219&l=Reference_Labels_15m(hidden),Reference_Features_15m(hidden),Coastlines_15m,MODIS_Aqua_Aerosol(hidden),MODIS_Terra_Aerosol(hidden),MODIS_Terra_AOD_Deep_Blue_Land,MODIS_Aqua_AOD_Deep_Blue_Land,MODIS_Terra_Cloud_Top_Height_Day(hidden),MODIS_Aqua_Cloud_Top_Height_Day(hidden),OrbitTracks_Calipso_Descending,OrbitTracks_Calipso_Ascending,OrbitTracks_Terra_Ascending(hidden),OrbitTracks_Aqua_Ascending(hidden),OrbitTracks_Terra_Descending(hidden),VIIRS_NOAA20_CorrectedReflectance_TrueColor(hidden),VIIRS_SNPP_CorrectedReflectance_TrueColor(hidden),MODIS_Terra_CorrectedReflectance_TrueColor,MODIS_Aqua_CorrectedReflectance_TrueColor&lg=true&s=-85.9,80%2B-86.4,80.1&t=2011-08-18-T14%3A00%3A43Z
https://maps.app.goo.gl/PJNLqdmnRb6YDBwk6

It does not seem that we will settle our differences case by case, or event by event. Itis not
clear to us why a patch of 1.1 < AOD < 1.6 ‘hovering’ for a few days is ‘suspicious’ or
‘excessively large’ in a glacial drainage area. But we are quite sure thatif there is a remote
sensing paper to be written about what the systematic problems are with using DB AOD
over land as we have used it, Sayedain and O’Neill will write it, moving us all forward. This
is a different paper from our submitted work.

5. Re the use of the O’Neill et al. (2025)

That citation was taken out of context: it applies to MODTRAN-derived ABTD / ADOD
derivatives that we employed to show that it would require visible-wavelength DODs >~ 0.5
to produce measurable BTD11-12 values™ (to “extrapolate” that sentence to the remote
sensing detection of dust plumes in the visible is inappropriate).

9 Values that are also functions of the surface temperature, the amplitude of the temperature change across
the inversion layer and the position of the plume relative to the inversion layer. Visible wavelength DODs
(rather than TIR DODs) were employed because the visible DOD was a bit of a fixed standard in the literature.

" Which is actually what A&QW themselves state at the beginning of the same paragraph in their AC 1.

To clarify, we did not “use” O’Neill et al. (2025) in our paper, but only commented on itin AC
1, while replying to CC 1, where it was brought up. Fair point —we will not extrapolate to the
visible; we only meant that an ‘extreme’ dust event is noted in that work with a (visible)
DOD ~ 0.5, butitis in the work of Ranjbar et al. (2021), also with O’Neill, whom we already
cite, so nothing new would be added by citing O’Neill et al. (2025).

We note also that this comment cuts both ways: O’Neill et al. (2025) cannot be used as
justification for why extreme (> 0.5) DB AOD’s are invalid in the high Arctic in the vicinity of
presumed / potential dust sources, because their study was written to highlight the
limitations of the approach of using BTD11-12 while referring to ‘pan-Arctic’ events of
diluted dust concentrations, as captured by a network of six AERONET stations that are not
set up to detect extreme AOD’s near dust sources. The inability of one of these stations to
capture even very nearby dust sources, Resolute Bay, is illustrated in our Figure 10. Also,
O’Neill et al. (2025) focused on events from October to April, while our multi-year analysis
focused on the period from May to September in the high Arctic.
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On the following pages we present detailed responses to all comments from CC 1 that
we left for later in our quick AC 1. They have, for the most part, made our paper better,
even though the high and generally constructive reviewing standard of the EGUsphere
community was, in our opinion, not met.
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Abstract. High latitude dust (HLD) is receiving growing research interest as its relative impact in the Arctic has been

idated. Precise knowledge of HLD emission locations is limited in both field studies and satellite observations, leading to
gneral lack of representation in global models. Using the Frequency of Occurrence (FoO) of above-average Dust Optical
Depth D > 0.5) from twenty years (2002-2022) of high-resolution MODIS observations derived for this study (0.1° x
0.1°), esent quantitative evidence that dust sources are widespread across the Canadian Arctic Archipelago. Additionally,
we present qualitative supporting evidence from aerosol type ‘dust’ classifications in VIIRS and IPSO satellite data
products, as well as some challenges of comparing MODIS AOD to two co-located AERONET sites.

The HLD hotspots identified in the “Canadian Arctic Dust Belt” correspond to surfaces with high potential for dust
emission in the G-SDS-SBM dataset. There are more areas where hotspots are observed but emission potential is low than the
opposite case; additionally, two considerable areas of dust emission are identified at lower latitudes in mainland Canada. When

ially averaged across the broad dust producing region (65°N — 85°N, 125°W — 70°W), annual mean time series of FoO of

%DIS DOD > 0.5 between 2003 and 2022 suggest an increase in the frequency of dustiness in the latter half of this period,
consistent with our understanding that HLD emissions are increasing in a warming climate. These results further motivate

model development to include HLD sources and provide an observational basis for evaluating them.

1 Introduction

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

Dust emission depends upon high wind speeds occurring over surfaces where dust-sized particles (< ~100 pm) are
available for entrainment. Therefore, the most dominant global dust hotspots are the hot subtropical deserts (e.g. Prospero et
al., 2002; Washington et al., 2003), where a lack of surface moisture and vegetation create 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, despite being much smaller dust emission sources (Wiacek et al., 2010). More recently, high latitude

1
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regions have received growing research interest too, even though preferential dust source areas in the Arctic have been
identified two decades ago (Tegen, 2003 and references therein). Although 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 disproportionately large contribution to radiative forcing in the Arctic 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). High latitude dust originates largely in glacial processes, which efficiently produce and
deliver fine sediment to barren proglacial floodplains that are the prime emission hotspots when winds (which may be
accelerated by regional 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
permafrost 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, 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 4 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 wind conditions. The
study’s conclusion calls for an increase in observational studies aimed at identifying new high latitude dust sources, without
which accurate modelling of known dust effects is not possible. That is the aim of this paper, with a focus on Northern Canada.

While products such as the G-SDS-SBM can highlight surfaces that have the potential to emit dust, observations of dust
storms actually occurring are necessary to classify areas as sources. To this end, datasets derived from satellite instruments are
crucial to understanding the global distribution of dust, with areas where dust is most frequently detected determined to be

ce locations (e.g. Prospero et al., 2002; Washington et al., 2003; Ginoux et al., 2012). Dust detection by these remote
@ing methods is based on the exceedance of a threshold value in retrieval products that quantify the amount of aerosol
present in the atmospheric column, such as aerosol optical depth (AOD; 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, provided by instruments such as the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP), can also be used to determine 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 other satellite instruments, or simulated dust fields from numerical models.
Unfortunately, ground observations are few and far between in many known or likely source regions owing to their remoteness,
with the combination of environmental 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 individual 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 dust is

2
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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. Covering a 20+ year period, data from
MODIS also enable an assessment of temporal changes in dustiness. “Aerosol Type” data from the Visible Infrared Imaging
Radiometer Suite (VIIRS) instrument, and information on the vertical location of “dust” aerosol type in the atmospheric
column from CALIOP are used as comparison datasets to evaluate results from MODIS. Findings are compared to SI from G-
SDS-SBM to assess whether the satellite-derived dust hotspots correspond to surfaces with high emissive capacity; and, finally,
our satellite datasets are verified against surface AOD observations from two Aerosol Robotic Network (AERONET) stations

in northern Canada.

2 Data and methods

2.1 Satellite-derived aerosol datasets

2.1.1HDIS

This study uses Dust Optical Depth (DOD), derived from Aerosol Optical Depth (AOD) data, to map the distribution of dust
acrosols. DOD is a widely used quantity 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 acrosols. First employed to map the distribution of dust
sources on a global scale by Ginoux et al. (2012), DOD calculations use retrievals of Angstrom exponent (a) and single
scattering albedo (®) to isolate the dust contribution to AOD; a 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 um) 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 increases due to the gravitational settling of larger particles. For coarse mode

particles, values of o are low or even negative. The fraction of light that is scattered compared to the total extinction optical

depth, which is a function of both scattering and absorption, is given by ®. Dust absorbs solar radiation and is therefore

characterised by o values < 1, separating it from purely scattering coarse aerosols such as a sea salt.

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 DODpgi6), whereby DOD is
calculated from every AOD retrieval based on an empirically derived continuous function relating o to AOD

(Anderson et al., 2005):

DODsa16 = AOD x (0.98 — 0.5089¢. + 0.051202), if & < 1; )
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2. DOD is simply the AOD value for those retrievals where a 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 DODgjs),
which employed DOD to precisely analyse dust sources in the Chihuahuan Desert, one of the most active dust regions

in North America. For clarity:
DODgis=AOD, ifa <0.3 and © < 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 particles 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.
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 at blue channels,
increases of reflectance and spectral contrast indicate the presence of aerosols (Hsu et al., 2013). Our study uses Deep Blue
aerosol products from the MODIS instrument (Sayer et al., 2015) carried onboard the Aqua satellite, which passes the equator
at around 13:30 local time (ascending node). Products (AOD, a, ®, and various quality flags — see below) are taken from the
MODIS Level 2 Joint Atmosphere product (“ATML2”), collection 6.1 (Platnick et al., 2017), with aerosol parameters stored
at 10 km spatial resolution in 5-minute time interval swath files. For the Aqua satellite, these files are denoted “MYDATML2”.
Data were downloaded from the NASA Level-1 and Atmosphere Archive and Distribution System Distributed Active Archive
Centre (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°W — 50° W, 40° N — 85° N) were obtained,
for the time period spanning 2002-07-04 to 2022-12-31 (the whole period covered by the MYDATML?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 demonstrate the detrimental effect that this has for dust source detection,
because of highly variable AOD values over 10 x 10 pixels of 1 km each, upon which the data quality flags are based, proximal
to dust sources. Filtering for QA = 3 resulted in a fivefold loss of data and far fewer source detections in their work. This study
therefore follows the recommendation of Baddock et al., (2016) to include data of all quality levels (QA = 1 —3) in the analysis.
However, a sensitivity analysis is performed comparing results to those obtained by applying the QA = 3 filter (Sect. 3.1).
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2.1.2 HKS

Information on aerosol type is obtained from Visible Infrared Imaging Radiometer Suite (VIIRS) Deep Blue aerosol products,
which include an “aerosol type” classification. The classification is based on Deep Blue AOD and Angstrom Exponent (o)
retrievals, as well as a series of smoke tests, based on the spectral variation of measured reflectance. The algorithm is outlined
in detail and verified against other satellite products/imagery and AERONET data by Hsu et al., (2019). In brief, retrievals are
given the aerosol type classification “dust” when:

e AOD>023,

e  Smoke tests determine the retrieval not to be smoke,

e a<0.5.

AOD > 0.3 threshold is applied to minimise the effect of variable surface reflectance in the visible wavelengths;
retriﬁ not meeting this threshold are given the “background” aerosol type. Where the AOD threshold is met, smoke is ruled
out, and o > 1, the aerosol type is set to “non-smoke fine mode”, while those retrievals with an Angstrom exponent between
0.5 and 1 are determined to be “mixed type” aerosols. It should be noted that retrievals performed over clouds or snow/ice
surfaces are excluded 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
Satellite 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 equator crossing time (ascending) of 13:30 local time. Level 2
“AERDB_L2 VIIRS SNPP” files were downloaded from the NASA Level-1 and Atmosphere Archive and Distribution
System Distributed Active Archive Centre (doi.org/10.5067/VIIRS/AERDB L2 VIIRS SNPP.002,
https://ladsweb.modaps.eosdis.nasa.gov/search/order/I/AERDB_L2 VIIRS SNPP--5200, last access 11 January
2024).Version 2.0 data are used. As with MODIS data, only files that contained data in the region spanning (150°W — 50° W,

40° N — 85° N) were obtained, for the period spanning 2020-01-01 to 2022-12-31 (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 6 km?) to

aregular 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 indicative of local emission — aerosol type classification data from the Cloud-Aerosol
Lidar with Orthogonal Polarization (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 exploited to detect dust emission at the surface
in the Sahara Desert (Todd and Cavazos-Guerra, 2016). CALIOP is carried onboard the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) platform, which also has an equator crossing time of 13:30 local time
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(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
algorithm uses altitude, location, surface type, estimated particulate depolarization ratio, and integrated attenuated backscatter

mlentify the aerosol subtype (Kim et al., 2018; Omar et al., 2009); aerosol type “dust” corresponds to total attenuated
ﬂscatter > 0.075 and estimated depolarization ratio > 0.20.

For this study, the CALIPSO lidar Level 3 (L3) tropospheric aerosol profile “all sky” product, Version 4.20 is used
(“CAL_LID L3 Tropospheric APro AllSky-Standard-V4-20” files). Parameters included in the L3 files are derived from
the Version 4 CALIOP Level 2 aerosol profile product; prior to aggregating, L2 data are quality screened to reduce the impact
of e.g. layer detection or classification errors. Level 2 data are aggregated monthly on a grid of dimensions 5° longitude x 2.5°
latitude x 60 metres vertical (for altitudes between -0.5 and 12 km) (Tackett et al., 2018). This level of aggregation
compensates for the ~70 m footprint of the laser on the ground, produced every 333 m, during each orbit (compared to MODIS
and VIIRS orbital swaths of 2330 km 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 samples (“sample” equals the number
of measurement opportunities within the grid cell) having the CALIPSO aerosol 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 analysis of the “dust_nsamples” parameter, i.e.,
“polluted dust” and “dusty marine” are excluded. Data were downloaded from the NASA Earthdata portal
(https://search.carthdata.nasa.gov/search, last access 11 January 2024), for the period 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, 2021; 2022) were used as an
independent source of information to verify the dust emission potential of the satellite-identified dust hotspot areas.
Specifically, the source intensity parameter was used, “SI”, with values from 0 (no capacity to emit dust) to 1 (maximum
capacity in cases of strong surface winds). G-SDS-SBM was developed by the United Nations Convention to Combat
Desertification (UNCCD) in collaboration with the United Nations Environment Programme (UNEP) and World
Meteorological Organization (WMO). It is derived using information on soil texture, bare land fraction, land cover, topsoil
moisture, topography, and temperature. Values of SI represent the maximum potential of the surface to emit dust under
favourable wind conditions between the years 2014-2018, and are available for the months of January, April, July, and October.
SI data were regridded 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 results, data from the Aerosol Robotic Network (AERONET; Holben et al., 1998) are
used. AERONET is a network of ground-based sun photometers that retrieve AOD and other atmospheric properties in the
column above the instrument, based on solar extinction within the column. This study uses data from two 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,
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94.969°W; station locations 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), 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 demonstrated that the site detects transported Asian dust during the spring and smoke aerosols
during the summer, and that during 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://acronet.gsfc.nasa.gov/, last access 11
January 2024), and this study analyses ﬁl 1.5 AOD retrievals at 500 nm, processed by the Version 3 algorithm (Giles et al.,

2019). Only retrievals performed withi am and 5 pm local time were considered for analysis (which roughly corresponds
to a 6-hour window centred on the local overpass time of both satellites). The maximum retrieved AOD each day within this
time window was retained for comparison to satellite-derived parameters.

Two additional datasets are used in this study. Firstly, wind fields discussed in Sect. 3.6 are taken from the European
Centre for Medium-Range Weather Forecasts Reanalysis Version 5 (ERA-5), with a spatial resolution of 0.28125 degrees (~
31 x 31 km) and 137 vertical levels (Hersbach et al., 2020; downloaded from the Copernicus Climate Data Store at
https://doi.org/10.24381/cds.143582cf, last access 11 January 2024). Surface elevation 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 threshold to
DOD data to peemtify areas of persistently high dust loadings, which we assume to be largely undiluted and locally sourced
dust. A high f\ﬁency of occurrence (FoO) of DOD above a specified threshold relative to the surrounding region is commonly
used to indicate a local dust source region (e.g. Ginoux et al., 2012; Baddock et al., 2016). The FoO is simply the total number
of observations 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 atmosphere as well as the intensity of local emission. For example,
Ginoux et al., (2012) apply a DOD threshold of 0.2 globally and experiment with higher and lower thresholds regionally;
Baddock et al., (2016) applies a DOD threshold of 0.75 to pinpoint sources on a landscape-scale; and Pu et al., (2020)
experiment with DOD thresholds ranging from 0.02 for less dusty regions to 0.5 for global dust hotspots such as North Africa.

This study considers results using DOD thresholds of 0.5 and 1.
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Comment on Text
It is a significant oversight that the authors do not cite Sayedain et al., (2023) in addition to the Huck et al. paper. Sayedain et al. provided in-situ lidar as well as AERONET-derived estimates of coarse mode (CM) AODs and OPS (Optical Particle Sizer) measurements of CM particle-volume concentration near the source of strong sub-Arctic dust plumes (the Kluane Lake, Yukon sitej of Huck et al). They developed a means of classifying dust plumes using correlations between the lidar CM AODs and the CM OPS concentrations and the attendant correlation between the lidar CM AODs and AERONET CM AODs to respectively (i) define the presence of a dust plume on any given day and (ii) to define whether that dust plume could be remotely sensed (their class "DRS"). Referring to their Figure 2 ensemble of (red-coloured) class "DRS" points one can show that ~  11% of those DODs  were > 0.5." (the relatively broad (averaging) footprint of MODIS  will have its own influence on the reduction of DODs within a near-source plume). These near-source DODs will systematically decrease (along with the % > 0.5) as the dust plumes are dispersed downwind. In a nutshell:  'persistently high dust loading' is largely limited to the close vicinity of the drainage basins whose wind-erosion dynamics incite the plumes.

Sayedain, S. A., O’Neill, N. T., King, J., Hayes, P. L., Bellamy, D., Washington, R., Engelstaedter, S., Vicente-Luis, A., Bachelder, J., & Bernhard, M. (2023). Detection and analysis of Lhù’ààn Man’ (Kluane Lake) dust plumes using passive and active ground-based remote sensing supported by physical surface measurements. Atmospheric Measurement Techniques, 16(17), 4115–4135. https://doi.org/10.5194/amt-16-4115-2023
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Maps of FoO DODpgis > 0.5 show several distinct features (Fig. 1a). There is a broad swath of FoO > ~50 in southern
Alberta and Saskatchewan, extending across the border with the United States; this feature is associated with croplands, as
myussed more fully in Section 3.2. The remaining northern features are of more interest to the high latitude dust question:
ﬁ:notably, numerous spatially discrete dust hotspots (FoO > 80) scattered across the islands (north of 70°N) that make up
Canada’s Arctic Archipelago. There are a few additional isolated FoO hotspots in continental northern Canada, for example
in southern Northwest Territories close to the border with the Yukon Territory (MacKenzie Mountains, pink square in Fig.
11), scattered across northern continental Nunavut, and at the border between northern Québec and Labrador (blue square in
m= 11). Many of these hotspots correlate with ‘barren land’ classifications in the Canadian Land Cover Atlas. Notably, the
gtest FoO values are in the Arctic Archipelago, as opposed to further south where dust is perhaps more commonly expected
to be present.

The pattern in FoO DODgjs > 0.5 is very similar to that in FoO DODpgis (Fig. 1b), with two exceptions. Firstly, FoO
values are around 50% lower in the DODg dataset; secondly, the northern FoO hotspots tend to be focussed east of 95°W in
DODg6, whereas they are distributed more evenly across the full longitudinal extent of Canada’s north in DODpgi6. Lower
FoO values may be expected in DODgjs than DODpg)6, because the former is only calculated for subsets of AOD retrievals
that meet certain filtering criteria (o < 0.3), whereas the latter is calculated for all AOD retrievals with no filtering applied (see
DOD equation outlined in Sect. 2.1.1.)

MODIS AOD retrievals — upon which DOD is based — are more numerous at southern latitudes than in the far north (Fig.
1 g-1) for reasons such as cloud and snow cover, and the lack of reflected visible radiation during northern winter (polar night
of varying duration occurs north of 67°N) which is required to make AOD retrievals. To account for this, FoO DOD > 0.5
values are normalised across the study domain by dividing the FoO count by the number of available DOD retrievals. The
resulting maps for both DOD datasets (Fig. 1d-¢) show that the relative frequency of DOD > 0.5 is far greater in the north than
for the broad DOD hotspot across the Canada-US border, with values exceeding 50% in DODpgis and reaching 100% in
DODgis (values closer to 100% are more likely in DODg1s than DODpgs due to its threshold-based derivation, as mentioned
above).

The same threshold of 0.5 is applied to the parent AOD data (Fig lc, ). Overall FoO AOD > 0.5 values 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 regions where FoO DOD is close to zero, shows the value of using DOD data to highlight the
contribution of dust particles to the retrieved AOD value, against the contribution from other aerosols which are present in the

atmosphere.
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Figure 1. Frequency of Occurrence (FoO) of a) DODpgis > 0.5, b) FoO DODgjs > 0.5, and ¢) FoO AOD > 0.5. FoO as a
255 percentage of the number of retrievals available for d) DODpgis > 0.5, €) DODgis > 0.5, and f) AOD > 0.5. Number of

Y .
135°W 115°W ° 55°W

retrievals available for g DODpgi6, h) DODgs, and i) AOD. Note the different colour scales used. Grey shading corresponds
to no data. All panels are based on MODIS data for 2003 — 2022.

If the DOD (or AOD) threshold is increased to 1, FoO values decrease (maximum values < 20) and the spatial extent of

260 hotspots contracts (compare Fig. 2a and Fig. 2b for a comparison of FoO DODpgis with the thresholds of 0.5 and 1 respectively;

note that maps for FoO DODgis > 1 and FoO AOD > 1 are included in Supp. Mat. 1). However, many spatially discrete
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

265 visible wavelengths and b) the fact that much of the surface is frozen, which inhibits the atmospheric entrainment of surface-
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derived dust particles. For these reasons, DOD retrievals in the north 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).

(a) FoO DOD_PG16 > 0.5 (QA = all). (b) FoO DOD_PG16 > 1 (QA a\l) (€) FoO DOD_PG16 > 0.5 (QA = best estimate)
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Figure 2. a) Frequency of Occurrence (FoO) of DODpgis > 0.5, using data at all quality levels (i.e. not screened for “best
estimate” quality flag). Note that this is a reproduction of Fig. 1a. b) FoO DODpgis > 1, using data at all quality levels. ¢) FoO
DODepgis > 0.5, using data screened for “best estimate” quality flag. d-f) as a)-c) but zoomed to better highlight northern DOD
hotspots. Grey shading corresponds to no data. All panels are from MODIS data for 2003 — 2022.

The results discussed in Figs. 1 and 2 thus far are based on AOD retrievals that are not filtered using the 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 Baddock 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 using only the AOD retrievals that remain after filtering for the “best estimate” quality flag.
The present analysis was replicated after applying the “best estimate” quality flag filter to the AOD data to test the effect of
this choice. This resulted in a big reduction in FoO DOD (and AOD) > 0.5 values and a consequent contraction of the hotspot
areas (Figs. 2c and 2a show a comparison of FoO DODpgis > 0.5 with and without the “best estimate” quality flag filter,
respectively; note that equivalent maps for DODgis and AOD are included in Supp. Mat. 2), however many of the isolated
hotspots in the north remain in attenuated form (compare Figs. 2d and 2f). The spatial patterns in these maps are similar to
those of FoO DODpgi6 > 1 created using data unfiltered by the quality flag (Figs. 2b and 2¢).

The dust hotspots inferred in this section from MODIS DOD data will be evaluated against the dust emission potential

map in Sect. 3.4, examined over time in Sect. 3.5, and evaluated against AERONET stations in Sect. 3.6.

10
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Figure 3. Seasonal cycle in DODpgis over Canada (MODIS data spans 2003 — 2022). Top row) FoO DODpgis > 0.5, by
season. Middle row) FoO DODpgis > 0.5 as a percentage of the number of DODpgi¢ retrievals, by season. Bottom row)
290 number of DODpgis retrievals, by season. Left column) October — April inclusive (winter season). Middle column) May and

September (shoulder season). Right column) June — August inclusive (summer season). Grey shading corresponds to no data.

3.2 Inferences about dust over Canada from VIIRS

The frequency with which VIIRS aerosol retrievals were classified as aerosol type “dust” (FoO ATpusr) for the period 2020 —
2022 is shown in Fig. 4a. Greatest FoO ATpusr values are seen north of 65°N over land, with values exceeding 80 in some
295 ot regions for the 3-year period. When represented as a percentage of the number of all aerosol type retrievals, dust is
Qm)ly the dominant retrieval type over much of the land area of northern Canada (Fig. 4d), accounting for > 80% of all aerosol
type retrievals in some hotspots. However, it should be noted that some of these high percentage areas have quite low FoO
ATpust (< 10), and a low number of aerosol type retrievals overall, too. We note that ATpusr is also being retrieved over

water (Fig. 4a) with increasing frequency towards lower latitudes and a stark land-water contrast (both over open salt water

11
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Dust "accounting for 80% of all aerosol type retrievals in some hotspots" over a 3-year period (and notably over substantial regions according to Fig. 4a) is simply unrealistic. Fine mode Arctic haze and fine mode smoke AODs will, in general, dominate DODs that are not measured very near to strong local dust sources.

W.r.t. to our own DOD experience at KLRS (see the comment above in line 214 concerning the  <~ 11% FoO at the near-source site of KLRS). We also have significant experience at Eureka and other sites in or near the Canadian Arctic Archipelago where (publication being prepared) the near source DODs are generally <~ KLRS DODs). 

The VIIRS analysis of the authors shows FoO values ranging from ~ 10 to 50 over 3 years (2020-2022) in the Eureka region (their Figure 4a). An investigation of all AERONET L1.5 (cloud-screened) data at the OPAL AERONET (Eureka) site from 2020 to 2022 resulted in a grand total of 7 CM (coarse mode) L1.5 AODs >0.3*. The authors should have carried out this type of concrete detailed validation**. In general they failed to produce satellite-based DOD validation at any kind of event level. 

* the VIIRS retrieval threshold for AOD employed by the authors
** for the record, those 7 CM AODs occurred on one single day (16:24 to 16:45 UTC on 23/03/2020). The MODIS image of that day (Worldview URL below)  shows a completely snow-covered surface in the Eureka region. In effect there was no validation data available for the period of 2020 to 2022 that would sustain any claims of DOD retrieval validation in the high Canadian Arctic

At the "point" (single site) to regional (6 AERONET sites) scale of the CM AOD climatology of AboEl-Fetouh et al. (2020) (AeF) the largest (geometric mean x geometric standard deviation) summertime CM AOD (an upper limit for DODs) was 0.003 x 2.13±1 for the month of June at Resolute Bay and OPAL, Nunavut. This number is smaller by two orders of magnitude than the 0.5 threshold of Figures 3 and 4:  the attendant FoO computations using a lognormal distribution* driven by AeF's stats yielded, not surprisingly, FoO percentages that are all much below 1%)

* results which can be supplied upon request

https://worldview.earthdata.nasa.gov/?v=-1277517.9131537445,-1157776.804597626,33202.086846255464,-507024.80459762586&p=arctic&l=Reference_Labels_15m,Reference_Features_15m,Coastlines_15m,MODIS_Aqua_Cloud_Optical_Thickness_1621(hidden),MODIS_Aqua_Cloud_Optical_Thickness(hidden),MODIS_Aqua_Aerosol_Optical_Depth_3km,OrbitTracks_Aqua_Ascending,MODIS_Aqua_Brightness_Temp_Band31_Day(hidden),VIIRS_SNPP_CorrectedReflectance_TrueColor(hidden),VIIRS_NOAA20_CorrectedReflectance_TrueColor(hidden),MODIS_Aqua_CorrectedReflectance_TrueColor,MODIS_Terra_CorrectedReflectance_TrueColor(hidden)&lg=true&s=85.939,79.99%2B-85.939,79.99&t=2020-03-23-T17%3A44%3A39Z
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and inland fresh water like the Great Lakes). This FoO feature is attenuated in the relative representation of FoO in Fig. 4c,

even though the land-water contrast remains; we do not interpret it as dust.

(a) FoO AT _DUST (b) FoO AT MIXED (c) FoO DOD PG16 > 0.5
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Figure 4. Frequency of Occurrence (FoO) of a) VIIRS aerosol type (AT) = “dust” (ATpust), b) VIIRS AT = “mixed”
(ATwmixep), and ¢) MODIS DODpgis > 0.5. FoO expressed as a percentage of the number of available retrievals for d) ATpusr,
e) ATmixep, and f) MODIS DODpgis > 0.5. Note the different colour scales used. Grey shading corresponds to no data. All

panels are from data only for the period 2020 — 2022 inclusive.

Aside from dust, there are large areas with an aerosol type classification of “mixed” (FoO ATmixep) north of ~80° N on
Ellesmere Island and in the surrounding region (Fig. 4b), accounting for a high proportion (> 60 %) of total aerosol type
retrievals there (Fig. 4e). Mixed aerosol type is also widespread south of 70°N, reaching peak values in south-central Canada
and extending across the border with the US, where it accounts for 20 — 30% of all aerosol type retrievals (with most of the
other retrievals being classified either as “smoke”, “non-smoke fine mode”, or “background” aerosol type — see Supp. Mat. 3
for an analysis of additional aerosol types not considered in this study). Mixed aerosol type (0.5 < a < 1) is indicative of
smaller particles than the large dust aerosol type (a0 < 0.5), but smaller clay fraction (< 2 um) dust particles in fact dominate
the emitted number size distribution (e.g., Kok et al., 2011), and they are found both close to sources and also after long-range
transport (e.g., Prospero et al., 1999; Zhao et al., 2022); therefore, we interpret VIIRS mixed aerosols as likely dust indicators,
where they occur as discrete source areas (as opposed to a homogeneous background) and where they coincide with areas of

high emission potential in the dust emission potential map (Sect. 3.4).
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For direct comparison, FoO DODpgis > 0.5 is shown for the sub-period 2020 — 2022 (Fig. 4c, f). It is apparent that in the
north, peak FoO ATpusr is greater than peak FoO DODpgi6 > 0.5 and that the area of FoO ATpusr is larger than it is for FoO
DODrpais > 0.5. However, such differences are to be expected since these datasets are derived differently (as outlined in Sect.
2.1). Specifically, the FoO ATpust map will include dust that did not pass the DODpgis > 0.5 threshold (i.e., VIIRS ATpysr
requires AOD > 0.3 with a < 0.5, while MODIS DODpgi6 > 0.5 requires, e.g., AOD > 0.74 if o = 0.5 and AOD > 0.51 if o =
0; Eq. 1). Nonetheless, there is agreement between the two datasets on numerous hotspot areas across northern Canada. Lastly,
the large southern hotspot evident in FoOO DODpgis > 0.5 (Fig 4c) pmiikely fine dust emitted and transported in the large area
sources of the Great Plains of Canada and the US; this is consisten h the spatial coincidence with a peak in FoO ATwmixep
in the Great Plains (Fig. 4b), where croplands are found, and where finer dust is expected to be mixed with anthropogenic
aerosols. The dust 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

To analyse the vertical distribution of atmospheric dust over northern Canada, “aerosol type” classification data from CALIOP
were used. 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 as they are not the focus of this study) is detected in a bin of 5° longitude x

=latitude x 60 m vertically, per month. The monthly totals were summed for JJA 2006 — 2020, inclusive, and these period-
ﬁvalues were then averaged for the latitude band 60°N — 80°N. A longitude-height plot of the resulting data (Fig. 5) shows
clear evidence of enhanced dust detection frequency at low altitudes for the longitude range between 125° W — 75° W, in good
agreement with the longitudinal range spanned by the dust hotspot regions identified in both the MODIS and VIIRS datasets
previously discussed. That dust detection frequency values are lower at higher altitudes across this region, and immediately to
the east and west of the region, suggests that the low-altitude enhancement in dust detection is due to increases in dustiness
within the region, implying surface sources of emission there. Also evident from this analysis are near-surface enhancements
in dust detection frequency between ~50°W and 25°W, as well as between 25°W and 15°W; these indicate emission from
sources in Greenland and Iceland, respectively, which have been documented elsewhere (see, e.g., Meinander et al., 2022).
The dust location information from CALIOP informs our analysis but is not suitable for direct comparison against the dust
emission potential map (Sect. 3.4) on account of the coarse spatial aggregation necessary to compensate for the 70-m laser

footprint (Sect. 2.1.3).
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- surface reflections and backscatter noise can lead to false classification of surface features or near-surface atmospheric noise as aerosol layers.
- bright surfaces such as deserts, ice, or water reflections near the specular direction can induce a strong backscatter signal that may be misinterpreted as low-altitude dust layers.

Reference:
Winker et al. (2010) (http://dx.doi.org/10.1117/12.698003). Note that signal contamination from surface reflections increases uncertainty near the surface, making the detection of aerosol layers less reliable.
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However, Section 4.2 of Tackett et al. (2018) discusses "Undetected near-surface aerosols", where the problems appear contained to the lowest 250 m of the atmosphere.    The elevated aerosol type dust in our Fig. 5 is higher (0.5-2 km) than this bottom-most problem area.

Section 5.1 of Tackett et al. (2018) discusses issues with aggressive rejection (not false classification) of aerosol products at 80 km resolution (which we are not using) over high albedo surfaces.

All this to say that we are tallying what the carefully produced CALIPSO L3 v3 product gives us; we have included additional text about the limitations of CALIPSO in our Section 3.3.  We also now discuss diamond dust in this section, based on constructive comments from CC 3 and RC 2.
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are 5. Number of times (‘count’) an aerosol is classified as “dust” in CALIOP L3 aerosol type data for the period JJA 2006

—2020, averaged for the latitude band 60 — 80° N. The blue line shows the corresponding median surface elevation within the

latitude band.

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

We turn now to comparing our satellite 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 AT=Dust 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 spatial extent, and the fact that SI values are
low for other months provided in the G-SDS-SBM dataset (SI for other months is plotted in Supp. Mat. 4). The dust emission
potential is high (SI > 0.5) in much of Canada’s Arctic Archipelago (Fig. 6a), which is broadly consistent with MODIS FoO
DODpgis > 0.5 (Fig. 1a) and VIIRS FoO AT=Dust (Fig. 4a). We quantified areas of SI overlap with both MODIS (Fig. 6b,
red colour) and VIIRS (Fig. 6¢, red colour) using threshold SI and FoO values as follows. Because SI is a relative measure of
dust emission potential with values between 0 (no emission potential under any wind conditions) and 1 (maximum emission
potential under sufficient wind conditions), we looked for areas where SI is greater than 0.5 while, simultaneously, MODIS

is greater than 10%. This MODIS threshold was chosen because we are testing for the FoO of strong dust emission events
aD > (.5), and it is reasonable to assume that such conditions will be met in less than 0.5 (50%) of observational cases.
Red colours indicate agreement between dust emission potential (SI) and satellite observations, while blue and green colours

both indicate disagreement. Blue disagreement areas have high dust emission potential that is not matched with observations
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of dust, while green disagreement areas have low dust emission potential where satellites nevertheless see high DOD (> 0.5)
in at least 10% of observations. For consistency we report here the same 10% threshold in VIIRS FoO AT=Dust data, which
leads to relatively prominent green areas (low emission potential but frequent VIIRS-observed dust) because, unlike MODIS
FoO data, VIIRS FoO data considers only the presence of dust (VIIRS AT=Dust) and not the intensity of events (i.e., MODIS
DOD > 0.5). While the thresholds can be manipulated to an extent, influencing the level of agreement and disagreement and
thus the spatial colour patterns, the key 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 ignored these high latitude
dust sources, albeit reasonably so, e.g., on account of low model resolution or lack of input information. 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
the horn-like Brodeur Peninsula of westernmost Baffin Island (~71°N, ~85°W) and northwest of Prince Patrick Island (~79°N,
~125°W). The same area also contains few blue colours (high emission potential but few observations 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 latter indicates areas where dust emission potential maps require re-examination and/or verification, i.e., also with

new field measurements, challenging as they are.

b) MODIS DOD > 0.5 c) VIIRS AT = Dust

135°W

FoO < 10% FoO < 10% FoO = 10% FoO = 10% FoO < 10% FoO < 10% FoO = 10% FoO = 10%
51<0.5 SI=05 S5I<0.5 SI=05 S5I<0.5 SI=05 S5I<0.5 Sl=0.5

Figure 6. a) Source intensity (SI) from the G-SDS-SBM dataset for July. b) Combined classification map based on SI and
FoO MODIS DODepgis > 0.5 as a percentage of the number of DODpgis retrievals available; ¢) Combined classification map
based on SI and FoO VIIRS ATpusr as a percentage of the number of VIIRS Aerosol Type (AT) retrievals available. Grey

shading indicates no data.

The notable inconsistencies in the Arctic Archipelago include eastern Baffin Island (~70°N, ~75°W), which is
characterised by widespread high SI (except in areas permanently covered by snow and ice) but sparse MODIS FoO DODpgis
> 0.5 hotspots (blue colours in Fig. 6b) with more frequent low-intensity VIIRS FoO AT=Dust 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

15



395

400

405

410

415

420

https://doi.org/10.5194/egusphere-2024-3828
Preprint. Discussion started: 8 January 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

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

in sediment. Another factor is that we have filtered MODIS data for DOD > 0.5, which represents strong dust emission
ﬂts, on par with Saharan dust in transport across the tropical Atlantic, whereas our VIIRS data shows all observations of
pure (unpolluted) dust. 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 misclassification as clouds (e.g., Huck
et al., 2023; Ranjbar et al., 2021).

There are also a few notable areas south of the Arctic where FoO DODpgi6 > 0.5 hotspots are not matched by high SI,
e.g., green domains in Fig. 6b in the 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 mapping 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 visible imagery (Appendix), 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
unclassified dust hotspot source areas. The MacKenzie Mountains location (Fig. A1), between the Keele River and Nahanni
National Park, shows intense weathering and erosion in the area of the Redstone Plateau, leading to some colluvial and
landslide features, and abundant alluvial fans, terraces, and flood plains (Boydell and Rutter, 1980; Duk-Rodkin and Huntley,
2018). The latter are comprised of sand, silt and minor gravel and represent sediments from modern to post-glacial drainage.
The Labrador / Québec location (Fig. A2), east-southeast of Ulittaniujalik National Park, is the exposed and weathered Torngat
plateau. The area was recently deglaciated (Occhietti et al., 2004), leaving behind regionally atypical glacial sand, silty sand,
and gravel (Brouard et al., 2020), with scarce vegetation and a thin soil profile that promotes dust mobilization. Clearly, further
investigation is needed, including with field measurements.

Lastly, the broad swath of only occasionally high FoO DODpgis > 0.5 in the Great Plains of southern Canada and USA
(connected to croplands and discussed in Sect. 3.2, Figs. 4b and 4c) is also largely not matched by high SI; this is reasonable
because this extensive pattern of occasional dustiness disappears in a percentage-of-observations representation (Figs. 4e and
41), i.e., the satellite data is showing infrequent events of dust transported from confined sources. SI hotspots in this region
(unlike the FoO signature, found only in northwestern US and not southwestern Canada) are much more spatially restricted
than the FoO signature and comprise a mixture of croplands (Washington, northern Oregon, Idaho) and arid regions (southern
Oregon, eastern Montana, Wyoming), but they do not correspond to either intense MODIS DODpgi6 > 0.5 events (Fig. 6b,
blue colours) or VIIRS AT=Dust events (Fig. 6c, blue colours). Instead, they are associated with VIIRS AT=Mixed (Figs. 4b
and 4e), which, again, makes sense given that agricultural dust emissions are mixed with anthropogenic aerosols and

transported over a broad region.
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Overall, the reasonable agreement between satellite-derived dust hotspots and areas with high SI values in the G-SDS-
SBM dataset supports the use of the satellite datasets in dust emission modelling development in the Canadian Arctic and in

other high-latitude regions. This section also suggested regions where the SI dataset may benefit from further development.

3.5 Temporal change in intense 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 DODpg1s > 0.5, FoO DODgis > 0.5, and FoO AOD > 0.5, averaged
for the region (65°N — 85°N, 125°W — 70°W), are shown in Fig. 7. This averaging area subsumes the broad “Canadian Arctic
Dust Belt” identified in Sect. 3.4. Note that this figure shows values of mean FoO rather than mean optical depth, and that left
and right y axes with different scales are employed to better show the (always) larger mean FoO AOD > 0.5. There is clear
interannual variability in each of the time series; however, the greatest annual mean FoO DODpgis > 0.5 values all occur in
the second half of the period, with 2017, 2019, 2014, 2015 (in descending order of mean FoO) appearing to be peak dust
emission years. The same is true with FoO DODg;¢ > 0.5, although the pattern is much less pronounced, with no peak for
2014. 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. This suggests that any increase in AOD across the 20-year period may be driven by
coarser, dust-sized particles, which the DOD datasets emphasise. As noted in Sect. 1, an increase in high latitude dust emission
is an expected consequence of climate change in the Arctic leading to glacial retreat, decreased snow cover duration, and
permafrost thaw, all making exposed dust more available (Bullard, 2013; Meinander et al., 2022). Our result is consistent with

such processes occurring in the Arctic (Gulev et al., 2021).
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Figure 7. Time series of annual mean FoO of MODIS optical depth > 0.5, averaged for the region (65°N — 85°N, 125°W —
70°W), for the years 2003 — 2022 inclusive. MODIS optical depth datasets underlying the FoO values plotted are: DODpg16 >

0.5, DODg16 > 0.5, and AOD > 0.5.

3.6 Evaluation of MODIS AOD using AERONET E

AOD data from MODIS are evaluated against AOD data from AERONET stations at Kluane Lake (AODkt) and Resolute Bay
(AODgg). The station locations 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 (Huck et al., 2023). Curiously, the area is not
identified as a strong potential dust source area by our satellite data analysis, which is on the one hand not very surprising
given that Huck et al. (2023) document large discrepancies 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” (DED’s) 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 6,000 m and Denali in Alaska to the west stands at 6,200 m), which presents difficult surface retrieval conditions (as
shown in detail later in Fig. 10). Unlike Kluane Lake, the Resolute Bay AERONET station is situated adjacent to strong
potential dust emission 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
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dust aerosol. In this section, satellite data retrievedwithin both a 1°x 1° and 0.5° x 0.5° box centred on each AERONET station
were considered. From MODIS, the maximum AOR values within the search box were retained, while from VIIRS the
presence or absence of each aerosol classification type (AT) was recorded. For AERONET, only retrievals performed 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. E

AOD comparison results are first considered using MODIS data detected within the 1° x 1° searchrbox centred on the
respective AERONET station. At Kluane Lake, six years of AODk¢. data correlates strongly with MODIS AOD (R = 0.87 in
Fig. 8a). These AOD correlation results are at odds with the work of Huck et al. (2023) at Kluane Lake who find weak mean
AOD (unlike our maximum AOD) correlations on “dust event days” in 2018 and 2019 (R =0.11 and R= 0.36), which improve
on non-DED’s in 2018 and 2019 (R =0.35 and R = 0.96). They classify DED’s with threshold AOD and o parameters 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 sifu 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 dataset (rather than to the less important 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 10-km resolution L2 MODIS data. While it is not possible to
compare the 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. When three years of VIIRS AT data are present
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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 a) from a 1° x 1° box centred on each station; b) from 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,
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We revised the text to discuss this filtering and the possible influence of cloud contamination or surface reflectance issues in the mountains upstream of KLRS.  

We analyzed the distribution of daily mean DOD values in the entire Arctic (not just at KL and RB) and found that DOD > 2 accounts for 0.008% of our dataset (DOD > 0.5 = 1.6%; DOD > 1 = 0.9%; DOD > 1.5 = 0.02%).  We included this information in the discussion of DOD threshold choice (Section 3.1).  We included spatial maps in our Supplementary Materials.
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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,c,e) Winds at 925 hPa, 850 hPa, and 700 hPa above the region surrounding the Kluane Lake AERONET station

(blue circle). Winds are the mean of ERA-5 reanalysis data for Jun. — Aug. 2004 — 2023. Underlying shading corresponds to

FoO DODpgi6 > 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.

21



500

505

510

515

https://doi.org/10.5194/egusphere-2024-3828
Preprint. Discussion started: 8 January 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

over the 1° x 1° region surrounding the Kluane Lake AERONET station, ATpusr is detected on 18% of days while ATwmixep
and ATgackcrounp are the two modal classifications, both detected on 27% of days (Fig. 9). Unlike at Kluane Lake, 18
years of Resolute Bay AODgg 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 ATpusr is detected on 32% of days here, with ATgackrounp being detected more frequently (44%
of days) and ATwmixep less frequently (12% of days).
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Figure 11. The location of Kluane Lake AERONET station (pink circle) and Resolute Bay AERONET station (blue circle),
together with new dust source areas in the McKenzie Mountains (pink square) and Quebec/Labrador (blue square).

Underlying shading corresponds to FoO DODpgis > 0.5 for the period 2003 — 2022 (grey shading corresponds to no data).

A question arises about the poor correlation at Resolute Bay between AERONET AODrg and MODIS AOD datasets
given the proximity to our potential hotspot regions and the more frequent VIIRS ATpuysr 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 product). Is it possible that coarse dust in the 1° x 17 search area around Resolute Bay is simply not
passing over the AERONET station, given that coarse dust does not generally travel far? The map of average regional winds
above both stations (Fig. 10) shows that Kluane Lake is downwind of dust emission regions in the foothills of the mountains
(where satellite data is increasingly lacking on account of the variable topography and surface properties) while Resolute Bay
is upwind of the dust emission hotspot (identified with abundant satellite data). The elevated topography to the east of Resolute

Bay may itself obscure any dust suspended in that direction from the AERONET instrument’s field of view for low solar zenith
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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 correlation with AODxr
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 ATpysr classification frequency at Resolute Bay to decrease from 32% for 1° x 1” to 16% for 0.5
x 0.5°, while the ATgackcrounp classification frequency increases from 44% to 64% (Fig. 9); there is no appreciable change
at Kluane 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.

4 Summary and conclusions

High latitude mineral dust is receiving growing research interest, with evidence that its impacts on numerous components of
the Arctic environment are greater than for dust transported into the region from lower latitudes. Understanding these processes
— and how they change in the future — depends upon precise knowledge of where dust emission occurs at high latitudes, yet
field measurements are exceedingly difficult (and therefore scarce) and satellite-based retrievals of suspended dust suffer from
known high-latitude biases (polar night, increased cloudiness, bright surfaces). Using the Frequency of Occurrence (FoO) of
above-average Dust Optical Depth (DOD > 0.5) from twenty years (2002-2022) of high-resolution MODIS observations
derived for this study (0.1° x 0.1°), we present quantitative evidence that dust sources are widespread across the islands of the
Canadian Arctic Archipelago. Additionally, qualitative supporting evidence is presented from aerosol type ‘dust’ classification
in the VIIRS (a < 0.5 with AOD > 0.3) and CALIPSO (total attenuated backscatter > 0.075 with depolarization ratio > 0.20)
satellite data products.

The locations identified as dust hotspots (DOD > 0.5 with FoO > 10%) in the “Canadian Arctic Dust Belt”
(overwhelmingly based on retrievals from June to August) correspond to surfaces with high potential for dust emission during
the summer season in the G-SDS-SBM dataset (Source Intensity, SI > 0.5). However, there are significant areas of
disagreement in this region, where MODIS data shows dust (FoO > 10%) but the G-SDS-SBM dataset shows lower emission
potential (SI < 0.5); there are fewer areas where MODIS data does not show dust (FoO < 10%), but emission potential is higher
(SI>0.5), notably on the southern portion of the Brodeur Peninsula of 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 potential dust emitting regions based on their geological features. The main limitation of
this comparison is the use of threshold FoO and SI values, which can be manipulated to an extent, influencing the level of
agreement and disagreement. However, the key point is that both datasets 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

s0, e.g., on account of low model resolution or lack of input information.
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When spatially averaged across the larger dust producing region (65°N — 85°N, 125°W — 70°W), annual mean time series
of FoO of MODIS DOD > 0.5 between 2003 and 2022 suggest an increase in the frequency of dustiness in the latter half of
the period, which is consistent with our understanding that high latitude dust emissions are likely increasing in a warming
climate.

The MODIS AOD product used in our study compares well (R = 0.87) to AOD from the AERONET station at Kluane
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 mountainous terrain.
Nevertheless, the AERONET station was positioned downstream of known dust emission sources leading to good agreement
with fewer data points. Conversely, the comparison is poor (R = 0.32) 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 hotspots in our study, however, its location is not well suited to detecting dust plumes emitted in
the region because the emission hotspots are downstream of the station (on average). Somewhat unsurprisingly, station
location is critical for verifying satellite-derived dust aerosols; this becomes even more important when the dust product
specifically targets coarse-mode particles that do not travel far from their sources.

The results presented here confirm the dust emission potential in Northern Canada with satellite observations. The regions
identified as dust hotspots are candidates for further research into processes involved in driving dust emission at high latitudes,
and also provide an observational basis for evaluating and refining numerical models that are used to simulate the dust cycle

and the Earth System impacts of dust.
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Figure Al. Visible imagery of the potential dust 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 8.13 m/s (predominantly westerly). Topography
varies from 900 m to 2300 m in full region shown. Obtained from the Global Wind Atlas 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.
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580
Figure A2. Visible imagery of the potential dust source area at the Québec and Labrador border (marked by a blue square in
Fig. 11). Centre of 9.0 km? box is at 58.4°N, 65.1°W with a mean wind speed of 11.4 m/s (predominantly westerly).
Topography varies from 200 m to 900 m in full region shown. Obtained from the Global Wind Atlas version 3.3, a free, web-
based application developed, owned and operated by the Technical University of Denmark (DTU). The Global Wind Atlas

585  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.
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