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Abstract: Fugitive dust arising from mining operations in the Arctic can be a concern to surrounding
communities. The Mary River Mine operation on northwest Baffin Island in the Qikiqtani region,
Nunavut, is one example. Yet, the short and long-term impacts of fugitive dust remain poorly
understood. Dust lowers snow albedo which can contribute to early snowmelt. This influences the
spring snowmelt freshet period, significant to the land-atmosphere interactions, hydrology, ecology,
and socioeconomic activities in the Arctic. Here, we map dust extents indicated by snow discoloration
and examine for areas of early snowmelt using a 21-year MODIS time series snow cover product
in 2000-2020. We found an episode of dust plume extended far beyond the reference dust sampler
sites from where Nil dustfall is detected. A snow albedo decrease of 0.014 was seen more than
60 km away from the mine site. Incidents of early snowmelt existed extensively and progressively
prior to the Mary River Mine operations; however, localized and even earlier snowmelt also appear
around Mine’s operations; we estimated that the snow-off date was advanced by one week and three
weeks for the background, and areas around the Mine facilities, respectively, during the 21-year
period. Furthermore, the area increase in early snowmelt around the Mine facilities correlates to ore
production growth. This study demonstrates rapid changes in early snowmelt beyond observed
regional trends when additional drivers are introduced.

Keywords: mine; dust; snow; snowmelt; satellite; discolouration; disturbance

1. Introduction

Baffinland Iron Mines Corporation’s Mary River Mine (the Mine, hereafter) is located
on northwest Baffin Island in the Qikiqtani region, Nunavut, Canada (approximately
175 km southwest of Pond Inlet) [https://www.baffinland.com/ (accessed on 1 December,
2021)]. The Mine is one of the northernmost open pit iron mines in the world; it sits within
Inuit-owned land where traditional hunting and trapping supports the cultural identity
and provides sustenance, food and clothing to the indigenous peoples of the region. The
Mine has been operating since 2014 and started shipment in 2015. Since its operations
and ore transportation, local communities have raised concerns about the distribution
of fugitive dust arising from the Mine and how the expansion of the Mine could affect
this distribution. Fugitive dust arises from different sources; in this study, fugitive dust
is limited to the dust released due to mining operations and entering the environment.
The Qikigtani Inuit Association has reported that the spread of dust from the mine site
is larger than predicted and is impacting drinking water quality, wildlife and sea ice in
the surrounding area [1]. However, there remains a limited understanding of the dustfall
extents and the impacts of fugitive dust on the local environment, including the potential
cumulative effects of this dust. In this study, we examine the dust extent from satellite and
choose to examine early snowmelt, as it is one potential indicator of the impact of fugitive
dust for the following reasons:

(1) the physical mechanism of snowmelt is straightforward. Both thermal conduction
and solar radiation drive the spring snowmelt during freshet (spring thaw resulting from
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snow and ice melt in rivers located in upper North America) [2]. Therefore, early snowmelt
can be led by above-normal air temperature, an increase in absorbed solar radiation caused
by lowered snow albedo due to dust, or both. The darkening of snow by light-absorbing
particles—dust, black carbon, or microbial growth—can trigger albedo feedback and accel-
erate snowmelt [3-8]. Dusty snow, often referred to as “dirty snow” in social media, has
been identified as a contributor to the warming Arctic, in some cases at a level equivalent to
greenhouse gases [6,9]. Another study located in the Colorado river basin determined that
the dust on snow, rather than the increased air temperature, can exert the primary force
during snowmelt [10].

(2) snow cover and its inter-annual changes can be reliably observed from coarse and
medium spatial resolution satellite sensors for a large region [11-14]. A reduction in Pan-
Arctic snow cover has been observed and is projected along with global warming [15,16].

(3) significant consequences of early snowmelt on climate, hydrology, ecology, and
social activities have been reported. The snow cover duration affects the growing season
length, freshet, permafrost thawing, fire risk and wildlife.

Early snowmelt promotes positive feedback between soil-vegetation-atmosphere in-
teractions [17]. For example, changes in snow event timing, snow onset and melt days can
lead to the deepening of the permafrost active layers [18]. Combined with increased tem-
perature this is expected to lead to more greenhouse gases (carbon dioxide and methane)
being released into the atmosphere. Earlier spring snowmelt in northern Alaska has been
identified as an indicator of climate change [19].

Advancing snowmelt may lead to summer drought and reduce biodiversity in the
Arctic. Future plant communities in the Arctic are projected to be occupied by taller plants
with larger leaves and faster resource acquisition strategies under the decreasing snow
cover and warming temperature [20]. For example, Happonen, et al. [21] found that
snow is the most influential abiotic variable affecting functional composition and tundra
landscape in Kilpisjarvi, Finland; Mooney, et al. [22] found that early loss of snow reduces
aphid abundance by creating water-stressed host plants and altering interactions with ants.
Francon, et al. [23] found that earlier snow melt-out can either promote or reduce alpine
shrub growth depending on the elevation. A decline in the boreal willow grouse [24] and
other subalpine plant communities [25] is found with early snowmelt. However, snow
cover is still an overlooked driver of Arctic biodiversity loss [20].

Changes in snowmelt onset time also impact caribou habitat. Dust promotes the
forming of an ice crust on the snow surface. Similar to rain-on-snow events, the ice crust
over snow causes difficulty for caribou to access reindeer lichen, their main food in the
winter. It is believed that the Peary caribou population of the Queen Elizabeth Islands
(a cluster of islands located in the north of Baffin Island) decreased with the increased
occurrence of rain-on-snow and icing events [26]; extreme winter weather events have been
tied to increased mortality in Arctic islands caribou populations [27]. Snowmelt also drives
spring green-up [28] with regional and inter-annual variations in snowmelt time and the
subsequent green-up timing causing difficulty for migrant caribous to synchronize their
migration timing with resource phenology [29].

Given the critical role of snow cover, changes in snow melt-out time can be used
to help assess the impacts on drivers. In this study, we target to inform the following
questions: (1) is the dust, of concern, arising from the mine’s facilities? (2) what is the extent
of the dust plume and did the extent of dust exceed the projections? and (3) what is the
impact of dust on the snow-off date?

2. Materials and Methods
2.1. Study Area

Our study area is within Baffin Island in the Canadian territory of Nunavut. Baffin
Island is the largest island in Canada, with an area of more than 507 thousand km? [30].
Baffin Island is within the Canadian Arctic Archipelago lying to the north of the Canadian
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continental mainland. The Baffin Mountains run along the northeastern coast of the island,
while the southwestern part of the island is relatively low in elevation.

On the north side of Baffin Island, Mary River Mine (71°19'24"”N, 079°12/38"W)
consists of an open-pit mine, two work camps, a port infrastructure at the Milne Inlet and
a tote road connecting the mine site to Milne Inlet [31]. We selected a rectangular region
(Longitude: ~84°W-75°W; Latitude: ~70.3°N-72.3°N) around the main Mine facility for
the assessment of snow cover changes as shown in Figure 1a-d. In Figure 1c, the two small
blue boxes show the location of the Mine facilities (lower) and the Milne Inlet Port (upper)
where the ore is stockpiled for shipment.
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Figure 1. Overview of the study area and the MODIS NDSI snow cover product. (a) the location of
Baffin Island; (b) the digital elevation model of Baffin Island; (c) an example of the MODIS NDSI
snow cover product overlaid with the location of Mary River Mine site (lower small blue box) and
the Milne Inlet port (upper small blue box); (d) the RGB composite image from the Sentinel-2 satellite;
the image is composited using the best available cloud-free Sentinel-2 data in July 2019 and (e) the
time series of daily average NDSI snow cover for the study region within the big blue box in (c).
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Iron ore is transported from the Mine to the Port via ultra-large haul trucks along a
100 km tote road. Snow colored by ore dust as observed around the Mine site, tote road
and stockpile has been identified as a concern by local communities [32]. Another concern
related to the Mine operations and ore shipment is the black carbon emission (soot) from
burning Heavy Fuel Oil [33]. Black carbon can distribute over a wide area (wider than
airborne fugitive dust) and is known to speed snow and ice melting where it deposits [34].

2.2. Data

For the selected study region, we downloaded the MODIS snow cover product
(MOD10A1.006 Terra Snow Cover Daily Global 500 m) for 2000-2020 from Google Earth
Engine (GEE), instead of specific tiles from the NASA National Snow and Ice Data Center
(NSIDC). This snow product was in MODIS sinusoidal projection and was re-projected into
UTM when the products were exported from GEE. This dataset was originally developed
and produced at NASA Goddard Space Flight Center [35] and distributed by NSIDC [36]. In
MOD10A1.006, the data layer “NDSI_Snow_Cover” represents the “Normalized Difference
Snow Index” and is calculated as NDSI = (band4 — band6)/(band4 + band6), where band4
is a visual band (545-565 nm) and band6 is a Shortwave Infrared band (1628-1652 nm).
NDSI is used to detect snow cover [37]. The NDSI ranges from —1 to 1. A pixel with NDSI
> 0.0 is considered to have some snow present; a pixel with NDSI < 0.0 is snow-free land
surface. Pixels detected as having snow cover with 0.0 < NDSI < 0.10 are reversed to no
snow in order to alleviate commission errors. The valid NDSI range (0-1) as an indicator
of having snow is scaled to 0-100 in the NDSI_Snow_Cover layer of the MOD10A1.006
product; values between 200 and 255 are used for flags. The fractional snow cover (FSC)
can be related to NDSI [37]; for Terra or Aqua MODIS data, FSC = —0.01 + (1.45 x NDSI)) x
100 for 0.0 < NDSI < 1 [38]. Since a linear relationship between NDSI and FSC is suggested,
and the slope (—0.01) is very small, the NDSI_Snow_Cover layer is directly used in the
following analysis unless otherwise specified.

Figure 1c shows an example of MODIS NDSI_Snow_Cover on 6 June 2020. In this
study, we choose the MODIS snow cover product because of the long time series available
(21 years), the short revisit time for Arctic regions, and its spatial resolution of 500 m is best
available for our regional assessment purpose. The MODIS revisit time is usually 1-2 days,
but the revisit increases to a few times per day in the Arctic area due to its polar orbit and
thus the impact of cloud is significantly reduced. According to the MODIS snow cover
product User Guide, the reported accuracy is in the range of 88% to 93% [39].

To aid the analysis of snow cover change, we also used the 2015 Canadian land cover
product [40], the Canadian Digital Elevation Model [41] (Figure 1 and Figure S1), and the
air temperature at 2 m above the surface from the North American Land Data Assimilation
System Forcing Fields—version 2 [42]. High-resolution WorldView (WV) data (0.5 m),
middle-resolution Landsat (30 m) and Sentinel-2 (the 10 m visual bands) data were used to
confirm the existence of mine dust and extent.

2.3. Methodology

To address the first question, WV data are used to confirm if the snow discoloration
should be attributed to mining operations. We hypothesize that the snow discoloration
should be in a decreasing gradient with increasing distance from the mine; such discol-
oration did not appear before the mine’s operation and the snow discoloration should
re-develop after the episodes of snow events. The WV data also confirm if the Sentinel-2
and/or Landsat are reliable in indicating snow discoloration. As dust is admittedly emitted
from the crushing processing and regularly monitored at the ground, we assert a quick
development of snow discoloration as seen from satellite imagery is related to fugitive
dust.
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Bands 2, 3 and 4 of Sentinel-2's high spatial resolution of 10 m, are used to derive snow
albedo at the visual broadband (albedo_vis) [43]. Albedo_vis is calculated as:

albedo_vis = B02 x 0.8421 + B03 x 0.1487 + B04 x 0.0088 — 0.0052.

Although albedo_vis does not represent the full broadband albedo, it is believed to be
more robust than using a single band to derive dust extent.

To address the second question, the change in snow albedo is then used to indicate
the extent of the dust plume. The change is derived as the difference between a pixel’s
albedo_vis and a reference albedo that is free of dust contamination. The reference albedo is
an average albedo calculated from lake surfaces that are far away from the mine site. Since
the change in sun-observation geometry is small within a Sentinel-2 scene, we assume that
the dust and dust-induced albedo decay is the primary cause of snow albedo change in
addition to terrain shadowing. The Li et al., 2018 [43] algorithm did not consider terrain
effects; therefore, the apparent snow albedo will be higher on the sunlit-side of ridges and
be lower on the shaded-side; such changes in snow albedo do not represent the intrinsic
snow albedo and should be excluded. In this study, we examine the snow albedo changes
over lakes at different distances from the mine site. Lake areas are chosen because their
water is frozen and surface undulations are minimized and so the intrinsic snow albedo
can be reliably derived.

To address if fugitive dust from mining operations has led to earlier snowmelt, the
impact of global warming needs to be separated, as global warming can also lead to early
snowmelt. We used the non-parametric Mann-Kendall test (M-K test) to detect monotonic
trends in a MODIS snow cover time series for the study area [44]. An open-source code
written in Matlab was used [45]. We hypothesize that there will be even earlier snowmelt
around the mine’s facilities due to dust after the background warming signal is excluded.
In the M-K test, Sen’s slope (3) is used to indicate an upward trend (3 > 0) or a downward
trend (3 < 0) during a period. Two approaches were used in our analysis. In approach I,
the average snow cover during a period (less prone to noise) is used as an indicator.

First, the daily average of snow cover for the study region is produced (Figure 1e). We
then separate the snow cover data into two periods, one for the winter season (period I)
and one for the snowmelt season (period II, or spring season); this enables us to conduct
trend analysis for the two periods separately in order to maximize the signal during the
snowmelt season.

Second, a pixel-wise M-K test is applied to the average snow cover during winter and
snowmelt seasons, respectively. For the pixel-wise M-K test, we repeat the test for different
periods (all starting from 2000 but ending in different years) in order to identify the year
that a significant trend appears. We limit the ending year from 2013 to 2020; this ensures
that the length of the period for the M-K test is long and the M-K test covers a few years
before the Mine’s operation.

Third, we convert the snow cover trend data into the days that snowmelt time ad-
vanced. We also examine the trend data against digital elevation model, land cover and air
temperature in order to identify the drivers of early snowmelt in the whole study area.

In approach II, the first snow-off (or melt-out) date in March to July is used in the trend
analysis [46]. The first snow-off date is defined as the first date the snow is completely
melted (or 0% snow cover) in the spring or summer season. The actual first snow-off date
could be a few days earlier than the detected date if there is prolonged cloud cover; it
does not indicate an incident of new snowfall after this date. We choose the first snow-off
date instead of the last snow-off date because the first snow-off date from the cumulated
snow-mass in a season is more reliable than the last snow-off date, as the last snow-off date
is easily biased by a transient snow event, e.g., snowing and melting in a same day could
not differentiate the impact from dust in a daily time-series and thus contaminate the result.
In Section 3, we present the result derived from approach I; the result from approach Il is
used as a support to our findings and shown in the supplementary materials.
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3. Results
3.1. Dust Plume Observed from WV Data

WYV data were examined at three locations, the mine pit site, the tote road, and the
stockpile at Milne Inlet (Figure 2 and Figures S2-54). A clear dust plume was observed
to be extended from the mine pit on 23 April 2017. The gradient suggested that the dust
originated from the pit. Landsat data acquired on 25 April 2017 also showed the same
pattern. Dust was also seen along the tote road and roadside, especially in lower elevations,
although this was not as evident in the coarser resolution Landsat imagery (21 March 2021
vs. 24 March 2021). The WV data on 7 May 2018 captured the snow discoloration on the
sea ice diffused from the ore stockpile; such a dust plume is also visible in the Landsat
image on 12 May 2018 and in the Sentinel-2 image on 24 May 2018 (Figure S5). These
observed discolorations from satellite images were consistent with the ground-based dust
monitoring. The snow discoloration is not apparent in satellite imagery before the start of
mining operations in 2014 (Figures 52-54).
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Figure 2. Dust plumes observed from Landsat and WorldView images, in the top and bottom panels,
respectively, in RGB color composites around Mine’s facilities. The left panels show dustfall around
the tote road; the middle panels show dust plume around the mine pit and the right panels show
dust deposition over the sea ice and snow beside the ore stockpiles in Milne Inlet.

3.2. Dust Extent Derived from Sentinel-2 Image

Snow albedo was derived for a Sentinel-2 image acquired on 25 May 2022. Three lakes
(points A, B and C) far away from the mine site were chosen as reference sites (Figure 3).
The snow albedo values at the three lakes are 0.772 4 0.07, 0.771 & 0.006 and 0.771 =4 0.006,
respectively. We could rule out the possibility that the snow on the lake ice was carried
away by the wind because we found that (1) the snow albedo over these lakes is the highest
over the flat surfaces in the study area, and (2) lake ice usually has a much lower albedo
than snow.

Figure 3 shows the albedo difference compared to the three lakes. The rolling pattern of
blue and red colors indicates the influence of terrain on retrieving snow albedo; the effect is
rougher in the North-East part of the image; this region of the image is not a predominately
north-facing slope (Figure 4). To exclude this influence of surface undulation, five lakes
(points D, E, F, G and H) were chosen to detect the dust extent. We found that the snow
albedo values were decreased by 0.11, 0.059, 0.036, 0.031 and 0.014 at the distances of
11.4 km, 25.6 km, 31.1, 30 km, and 65.4 km for points D, E, F, G and H, respectively; the
magnitude of albedo decrease reduces with increasing distance from the mine site following
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an exponential trend (Figure S6). The detected dust extent was far more than 9 km from
where the sampling station usually reported Nil dust (or below the detection threshold) at
this distance.
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Figure 3. Impacts of fugitive dust on snow cover and snowmelt. Top (a): dust-induced snow albedo
decreases on 25 May 2022 (tile: TI7WNYV); rolling landscapes can also cause apparent changes to
snow albedo and these areas should be excluded from interpretation. Black dots indicate the locations
of the dust sampling sites. Snow albedo values were assumed no changes over lakes at A, B and C.
Snow albedoe decreases are examined at five lakes indicated by letters D-E. Bottom (b): advanced
snow-off days in 21 years derived using MODIS snow-cover time series.
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Figure 4. The elevation (a), slope (b), aspect (c), and land cover (d) for the study area.

3.3. Changes in Snow Cover Based on the Whole Study Region

Figure 1le shows the daily average snow cover for the core study region (big blue box
in Figure 1c) over the 21-year period; here, the daily average snow cover is calculated as the
mean values of all the valid (no-cloud) pixels for a specific day, the resulting 21 data points
are for each date of the year. There are no data prior to 1 March for this northern Arctic area.
Three periods can be separated: the winter period (1 March to 11 June) when the snow
cover is stable, the quick snow melting period (12 June to 8 July), and the post-melting
period (days after 8 July). Transient snow cover events were noted in the post-melting
period but the snow does not remain long as both air and ground surface temperatures are
already relatively high. There are increasing trends of snow cover from 1 March to 11 June
in the winter period; the increasing trends are likely caused by the accumulated snow that
gradually covers relatively high areas, e.g., tall grasses, shrubs, and rocks. As these trends
are consistent and stable and we are comparing snow covers among different years, we
believe that the data can still be used for trend analysis when we separate the time series
into winter and melting periods. This can be confirmed by Figure 5a as the trend of snow
cover in winter has remained fairly uniform during the last 21 years; the lower snow cover
in 2019 was due to the unusual warming in the Arctic as 2019 was the second-hottest year
recorded since 1900. In contrast to the winter period, the snow cover in the snow-melting
period (spring time; Period II; Figure 5b) has a significant decreasing trend of —0.72% in
NDSI snow cover (p < 0.05). Our result is in line with the finding in northern Finland based
on snow measuring stations that the decreasing trend of snow depth was most evident in
spring, but no change occurred during winter months [47]. Similar trends of snow cover
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are also found for the Mine site and the Milne Inlet Port in Figure 5c—f as indicated in the
small blue boxes in Figure 1c.
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Figure 5. Interannual changes of snow cover for the core study region ((a,b), for the large blue
rectangle in Figure 1c), the Mine sites ((c,d), for the blue rectangle in the middle in Figure 1c), and the
Milne port sites ((e,f), for the blue rectangle in left in Figure 1c), respectively, for the winter season
(Period I; (left) column) and the snowmelt season (Period II; (right) column). The y limit in the left
column is smaller than that in the right column in order to make the smaller winter variations more
apparent. The “Fit” in the subplots was determined by Sen-slope. Panels (a,c,e) indicate the snow
cover trends are relatively stable in the winter period; while panels (b,d,f) indicate decreasing trends
in the spring period.
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3.4. Pixel-Wise Analysis of Snowmelt Trend

Figures S7 and S8 demonstrate how the snow cover trend is detected for the period
of 2000-2020. Sen’s slope is calculated for each pixel; however, statistically significant
trends, i.e., p < 0.05, appear only for a small portion of these pixels (i.e., 6% for the winter
period and 21% for the spring period). By separating the negative trend (earlier days of
snowmelt) from the positive trend (later days of snowmelt) for pixels with p < 0.05, there
are comparable areas of negative and positive trends in the winter season; however, only a
few pixels show positive trends in the snow melting season.

Figure 6 shows the first year a negative trend is detected for each pixel (but not the
intensity of the trend). For the spring season (Figure 6a), extensive negative trends already
appeared before 2015, especially in the low-altitude areas (Figure S1); since 2016, negative
trends around the Mine site started to appear. For the winter season (Figure 6b), most
negative trends start after 2017; the location of the Mine, port and tote road is clearly
revealed, and these negative trends appear to align with the mining operations. Other areas
are also noted to demonstrate a negative trend in snow cover.

2020

(@ [
2019

2018
12017

12016

12016

2015
2014
2013

Figure 6. The first year that a significant decreasing trend (p < 0.05) in snow cover is detected by the
M-K test (a) for the snowmelt season (Period II) and (b) for the winter season (Period I).

2015

2014

2013

2020

(b)
2019

2018

2017

Figure S9 shows two subsets typical of the tote road in order to estimate the distance
of the negative trend snowmelt that could be detected by satellite during the spring period.
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We estimate the crossroad distance is up to 2 km on each side of the tote road. This result is
similar to another Canadian Arctic study (at the Ekati Diamond Mine, NT), where fugitive
dust was observed up to 2 km from the mining road using both in situ and satellite imagery
(spectral unmixing) techniques [48,49].

The negative trends mostly happened in the low elevation area, i.e., 93.7% of the
detected area is below 400 m elevation for the spring season, and 76.0% of the detected
area is below 400 m for the winter season (Figure S10). This is in contrast with the elevation
distribution within the whole study area, suggesting that the early snowmelt mostly
appears in lowlands. Most negative trends appear in areas with a small slope; no tendency
of appearance is found in south facing aspect (Figure S11). The negative trends mostly
appear in “Land cover 12: sub-polar or polar grassland-lichen-moss” and “Land cover 16:
barren lands” from the 2015 Canada land cover map (Figure 4d and Figures 5S12-513).

3.5. Snow Cover Changes in Response to Global Warming and the Mine Activities

The annual total areas with negative trends in snow cover, ranging from one thousand
km? to eight thousand km?, are compared to the corresponding average air temperature at
2 m [42] from March to July in the whole study area (Figures S14 and 515). According to
public reports, the ore productions from the Mine in 2015-2019 are 1.3 Mt, 3.3 Mt, 4.6 Mt,
5.4 Mt, and 5.7 Mt, respectively, and are projected to be 5.7-6.3 Mt for 2020 [50-53]. In the
snowmelt period, the air temperature explained 35% of the variance in area, more than
the “ore production’ could explain (14.2%). This suggests that the Arctic warming rather
than the increasing Mine activity is a more significant driver of the detected snow cover
changes in the spring (Figure S14). The decreasing snow cover trends are in line with the
decreasing water equivalent thickness retrieved from GRACE for the same area and period
(Figure S16) [54].

In the winter time, the detected area with negative trends ranges from 0 to 1600 km?.
Significant negative trends may indicate that the snow is melt-out before the spring for
areas very close to the mine site. Contrary to the finding for the spring season, we find that
the ore production explains 73% of the variance in area, far more than the temperature can
explain (48.3%) if the unusual warming year 2019 is excluded, suggesting that increasing
anthropogenic activities may be a significant driver of winter period snowmelt (Figure S15).
With the year 2019 included, the explained variance is 0.43, suggesting that incidents of
extreme regional warming complicate the attribution.

Based on the springtime snow melting data (Figure 1le), it takes ~30 days for the NDSI
snow cover to reduce from 75% to 0% for the study region; we use this snow melting speed
to estimate how the snow-off date is advanced; in other words, for an area with —2.5%/per
year trend, that means the snow melting is advanced by one day per year during the study
period, so total advanced days is sen_slope/2.5% x 21 years (Figure 3; bottom panel).
Figure 7 shows the days that the snow-off is advanced during the last twenty-one years
for the two seasons, respectively. For the spring season, the snow melt-out is advanced by
10.6 £ 3.2 days on average and up to 25 days for these areas where significant trends are
detected, especially around the Mine facilities and on the southwest side of the Milne Inlet
port. According to the snow cover trend in the winter season, the snow-off date would
be advanced by 1.5 £ 1.1 days, with large values (5 or more days) inclusively appearing
around the Mine facilities.

Approach II, which uses the first date of snow-off (or 0% snow cover) as the indicator,
also gives a similar pattern in the snowmelt advancing days (Figures 517 and S18), support-
ing the result derived from approach I. While the climate variability only led to one week
in advancing snowmelt for the lowland areas (e.g., the western part of the Mine and tote
road which is of similar elevation to the Mine’s facilities), the advanced snowmelt date is
more than 3 weeks for the area around the Mine’s facilities.
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Figure 7. Advanced snow-off days since 2000 as estimated from snow cover changes (a) for the snowmelt season and (b) for the winter season; the histograms for
(a,b) are shown in (c,d), respectively. Areas of coastal water are masked in (a,b) using deep blue color.
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4. Discussion

Inconsistency in dust distribution exists between dustfall samplers (canisters, 2 m
above the ground level) and these indicated by the snow cover and albedo from this study.
Dustfall is regularly monitored around the mine site during the summer; dustfall samplers
are usually located very close to the mine site, i.e., within 5 km from the mine’s facilities,
as suggested by the dispersion model predictions; dustfall deposition rates at reference
locations (9 km or 14 km away) were often below detection (<0.10 mg/ dm?/ day) in the
summer and were not examined in the winter because helicopter access was unavailable;
dust transportation is expected to be further in dry winter with drifting snow and gusty
wind [55]. In contrast, our satellite data indicate that fugitive dust was dispersed over
60 km in the winter, using an albedo difference of 0.014 as a threshold. A snow albedo
difference of 0.014 may not be discernible by the naked eye; the threshold of 0.014 was
selected as [56] found that a decrease of snow albedo by 0.013 could produce a midday
mean radiative forcing of 4.5 W m~2 during the ablation season (April-July) in the Sierra
Nevada. Optical remote sensing analysis pursued in this study is limited in monitoring
dustfall as (1) it only works well in the seasons when snow exists; (2) it is only sensitive to
the very top of the snow, while potentially the dust is mixed into the deeper layers and (3)
Sentinel-2 and Landsat have a long revisit time, e.g., 10 days and 16 days, respectively and
their data are often contaminated by cloud covers. The long-distance transfer of dust is
not a surprise as it was found that dust from the Sahara Desert can be transferred to the
Amazon Forests, more than three thousand kilometers across the Atlantic Ocean. We allude
that it is up to the local First Nations to consider a threshold of dustfall that addresses their
concerns.

Previous studies have used albedo or snow-off date to indicate changes in the cryosphere.
For example, Di Mauro et al. (2022) found that the ablation season length of 19% of
a glacier in the European Alps increased by 18 days/decade on average using albedo
as an indicator [4]. Reveillet et al. (2022) show that dust and black carbon deposition
advanced snowmelt by 17 & 6 days on average in the French Alps and the Pyrenees over
the 1979-2018 period [8]. McKenzie Skiles (2012) found that the dust radiative forcing
shortens snow cover duration by 21 to 51 days in the Colorado River Basin [57]. Wang
et al. (2013) suggest significant trends of 2-3 days/decade in earlier snowmelt onset dates
over the Eurasian land sector of the Arctic [12]. Dust also dominates high-altitude snow
darkening and melting over high mountains in Asia [6]. While all these studies point to
the impacts of global warming and/or dust deposition on earlier snowmelt, our study is
unique in separating the impact of dust from background warming: here, we identified that
the intensified earlier snowmelt is more found around the Mine’s facilities; we also looked
at a scenario where the dust source is from the local area (including dust drifting along
with dry snow) rather than transported from far away via atmosphere; this is especially
important to an Arctic area (e.g., Baffinland) where the extent and magnitude of dust impact
is of debate.

Our study suffers uncertainties inherited from the MODIS NDSI snow cover products.
(1) Ideally, FSC would be used in the analysis. However, NDSI values as high as 0.97 can
be observed from the daily products, suggesting that the FSC can reach more than 100%.
Since we primarily relied on the snow vs. non-snow information, either NDSI or FSC will
lead to the same results in terms of snow-off date as the interception is very small in the
NDSI vs. FSC linear relationship. (2) Data gaps due to cloud cover can be an issue in
the analysis [58,59]. We did not use any interpolation for gap-filling. In the high arctic
area, the MODIS revisits are increased, so the data gaps due to clouds are expected to be
reduced. In reality, the “observed snow-off date” from MODIS may be behind the actual
date in the ground if persistent cloud covers exist. In this study, two approaches were
tested; “Approach II” strived to derive a snow-off date given the MODIS daily time series
despite the possible data gaps; while “Approach I” made use of average snow covers
during two periods (winter vs spring) to mitigate the data gaps. Both approaches have led
to the same conclusion. During the development of this study, a new Level-3 MODIS data
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set (MOD10A1F) is developed; a separate parameter is provided to track the number of
days in each cell since the last clear-sky observation [58]; we believe that the robustness of
our methodology and results can be further strengthened if MOD10A1F is used. (3) The
MODIS snow cover product is designed to map clean snow. Albedos for snow mixed with
dust (so-called “dirty snow”) may be systematically underestimated. While this may result
in the detection of early snowmelt being overestimated, it does not significantly impact the
spatial extent of where early snowmelt is detected; (4) surface relieves can cause a shadow
in the ground and lead to uncertainties in snow cover; in this study, the dust is mostly seen
in the southwestern side of mine where the slopes are usually less than 15 degrees; we
expect that the impact of surface relief is not significant.

In addition, there could be a limitation in the analysis from the M-K test: while the
M-K test is not significantly impacted by noisy data points in a time series, the last data
point with a starting trend may be treated as noise; therefore, our detection of the first year
of a significant trend may be one year later than the actual starting year, and our result
should be interpreted as the minimum temporal effects detected.

5. Conclusions

Natural resource development in the Arctic is of concern to the environment and local
communities. Fugitive dust arising from the Mine’s open-pit site, iron ore transportation on
the tote road, and stockpile at the Port have been noted and concern over this distribution
has been expressed by local communities. In this study, we examined the dust source,
an indicator of its extent, and one aspect that could be applied to evaluate the impacts
on the environment from the Mine’s operation. We chose snow cover as an indicator
to evaluate any changes that were led by existing drivers, e.g., global warming, and/or
recent anthropogenic activities. A Mann—Kendall test has been used to detect snow cover
changes, specifically early snowmelt, in a 21-year time series of satellite-derived snow cover
products. The following conclusions have been reached:

(1) Fugitive dust originated from the crushing processing, transportation, and stockpiles
and the dustfall is regularly monitored by dust samples. How far the dust can be
transported and what threshold should be of concern, is of debate. Using snow
discoloration as an indicator, we found that the dust plume extended beyond the
ranges of the reference sites for dust samples, from where the dustfall is below the
detection threshold in the summer. The difference between remote sensing detection in
the winter and ground measurements in the summer is worthy of more investigation.

(2) Early snowmelt trends in this study region have existed prior to the Mine’s operation,
with Arctic warming as the most likely driver. The early snowmelt trend occurred
mostly in lowland areas; the early snowmelt in this study region is in line with the
similar changes found in other Pan-Arctic areas.

(3) The Mine’s operation is correlated with strong and localized early snowmelt trends,
and the impacted area has been increasing in the last few years, especially in the
winter season. Fugitive dust has been reported around the Milne Inlet port, e.g., on
sea ice and the tote road, and future studies could evaluate the relationship between
fugitive dust and soot from mining activities and the noted earlier snowmelt. The
early snowmelt areas are indicated in a zone up to two kilometers away from the road.

Besides the findings above, our study strived to derive information from noisy time
series with data gaps. The M-K test was applied to “average snow cover” within a period
or snow-off date and enabled us to separate dust impacts from background warming. As
global warming is projected to continue, and more mining activities for critical minerals
to be used in clear energy transitions are on the way in the Arctic and Subarctic areas, the
methodology from this study is expected to be useful for mining companies to manage
dust mitigations in similar settings.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs15020313 /s1.
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