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HIGHLIGHTS

e Shipborne PM monitoring documented four pollution events.
e Smoke and PM detected outside of wildfire smoke product ranges.
e HYSPLIT back-trajectory analysis confirmed Canadian origins for air masses.

ARTICLE INFO ABSTRACT

Keywords: Wildfires are becoming increasingly frequent and intense under ongoing climate change, with the potential to
Wildfire emit and transport particles, from black carbon to nutrient-bearing aerosols, into remote and fragile ecosystems
Aerosols such as the Arctic. Yet, direct observations of long-range wildfire aerosol transport into the Arctic remain scarce,
Volatile organic compounds limiting our understanding of its impacts on the wider ecosystem and human health. Here, we present shipborne
PMys ting 8 p L yste ere, we presel pborn

Air pollution particulate matter (PM) measurements documenting the spatial extent and characteristics of PM in the Arctic
Smoke during the 2023 North American and Canadian wildfires. Semi-continuous monitoring aboard an icebreaker from
Particulate matter 12th September to 11th October 2023, spanning 11,000 km from Iceland to Alaska via the Northwest Passage,
PM;q measured PM size fractions (PMg 3, PMg.s, PM1 9, PM3 5, PMs and PM;) at 1-min intervals. This identified four

Fine particulates
Coarse particulates

high PM events along the cruise track, with the most intense event occurring on 28th September, when visible
wildfire smoke was observed north of Victoria Island, coinciding with a peak PM3 5 count of 58 x 10° counts m 2.
This smoke event was not detected by the National Oceanic and Atmospheric Administration Hazard Mapping
System Fire and Smoke Product, highlighting limitations of satellite-derived smoke monitoring in remote regions.
Daily mean PMj 5 concentrations were also compared to the WHO 24-hr guidelines, where they spiked at or
above the 15pgm > 24-hr guideline during the latter part of the cruise. These findings demonstrate the
potentially extensive reach of North American and Canadian wildfire aerosols into the Arctic, with implications
for remote community health and the adequacy of current smoke monitoring frameworks.

1. Introduction

death from particulate matter (PM) (Hirsch and Koren, 2021; Mangeon
etal., 2016; Rosu et al., 2025). Instances of wildfires in the United States

Wildfires are becoming increasingly common with ongoing climate
change (e.g., Bolan et al., 2025; Di Virgilio et al., 2019; Jones et al.,
2020, 2022; Pausas and Keeley, 2021). They are unplanned, uncon-
trollable and unpredictable events, making them difficult to forecast,
and once started can result in devastating consequences such as habitat
loss, damage to infrastructure, as well as chronic health impacts and
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and Canada have increased over the last two decades, and their fre-
quency and intensity are expected to accelerate (Iglesias et al., 2022;
Jones et al., 2022; Qiu et al., 2025; Wang et al., 2024).

This has serious local implications for the environment and human
health, with fine particulate matter (PMy 5) concentrations from wild-
fires reversing multi decadal progress in reducing concentrations from
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anthropogenic sources by as much as 50% in some states (Burke et al.,
2023). These effects may also become far-reaching, as low-pressure
systems can transport aerosols from the midlatitudes northward into
the Arctic (Stohl et al., 2006; Sato et al., 2025;Yasunari et al., 2021).
This has consequences for particle loading in the atmosphere and can
transport black and organic carbon, impacting surface albedo on glacier
and ice surfaces (Ardyna et al., 2022; Cho et al., 2025; Popovicheva
et al., 2022).

Wildfire smoke reaching the Arctic can also be long-lasting. The
Multidisciplinary drifting Observatory for the Study of Arctic Climate
(MOSAIC) expedition onboard the Polarstern icebreaker detected a
10 km-deep aerosol layer in the upper troposphere and lower strato-
sphere that was present for much of the 2019/20 winter season until the
collapse of the polar vortex in April 2020 (Engelmann et al., 2021;
Ohneiser et al., 2021). It is thought this aerosol layer originated from
wildfires in Central and Eastern Siberia from July to August 2019 and
persisted for a year, trapped within the polar vortex (Engelmann et al.,
2021; Ohneiser et al., 2021).

The 2023 wildfire season in Canada and North America was un-
precedented in both scale and intensity (Jain et al., 2024). Approxi-
mately 15Mha of land burned in Canada, the highest amount since
records began in 1972 (Jain et al., 2024; Wang et al., 2024). During this
season, over 5,000 air quality alerts were issued, nearly five times the
national annual average (Flood et al., 2025; Jain et al., 2024). The ef-
fects of these wildfires extended well beyond Canada, with weather
systems driving smoke southward into New York and even as far east as
Europe (Chen et al., 2025a,b; Evgenieva et al., 2025; Zhang et al., 2025).
In Europe, an estimated 22,400 chronic deaths were attributed to the
intercontinental transport of wildfire smoke from the 2023 season, of an
estimated 82,100 deaths worldwide (Zhang et al., 2025). There are
therefore growing concerns that long-range transport of
wildfire-sourced pollutants and particles harmful to human health re-
sults in irritation of chronic health conditions such as asthma and sud-
den acute deaths far beyond the local areas of the fires (Zhang et al.,
2025). Direct observational datasets are critical for characterising the
true spatial extent of long-range wildfire smoke transport, helping to
validate and constrain atmospheric transport model outputs (Flood
et al., 2025).

This paper aims to document the occurrence and characteristics of
wildfire-associated aerosols from the 2023 North American and Cana-
dian wildfires transported across the Arctic. We present direct shipborne
PM measurements collected aboard Le Commandant Charcot during a
11,000 km transect of Arctic waters from Iceland to Alaska via the
Northwest Passage, a dataset unique for this wildfire season and region.
We characterise particle size distributions across the transect, identify
discrete long-range transport events, and evaluate the performance of
the National Oceanic and Atmospheric Administration (NOAA) Hazard
Mapping System (HMS) satellite-derived smoke product against our in-
field observations.

2. Methods
2.1. Cruise overview and sampling protocol

Sampling was conducted on the Ponant icebreaker vessel Le
Commandant Charcot from 12th September 2023 — 11th October 2023 on
cruises CC110923 and CC051023. The route covered a total distance of
approximately 11,000 km. First, departing Reykjavik, Iceland, across
the Denmark Strait to south Greenland and up the west coast towards
Baffin Bay. The cruise then navigated through the historic Northwest
Passage south of the Queen Elizabeth Islands and north of mainland
Canada before arriving at Nome, Alaska. The cruise then continued
south for a further four days before reaching Seattle, United States.

PM was measured using an air quality monitor (Model 7301-AQM1,
Particles Plus, Inc., Stoughton, MA, USA) at a flow rate of 0.1 CFM (2.83
LPM) at 1-min intervals, continuously for a 12-hr period from
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approximate local times of 6 a.m. to 6 p.m. between 13th September and
20th September and 9:30 a.m. to 9:30 p.m. between 21st September and
11th October. The air quality monitor measured temperature, COo,
barometric pressure (BP), PMy 3, PMy s, PM;, PMy 5, PMs and PM;g in
total counts (counts m~>) and PMgs, PM;, PMys, PMs and PM; mass
concentrations (pg m~%). PM fractions were acquired using a continuous
laser light-scattering optical method. Equipment was placed in an
accessible area on a high deck towards the bow of the ship on the port
side. This area was not open to passengers, and only select personnel had
access. The inlet was oriented away from the ship's primary exhaust
stack (powered by liquefied natural gas and electricity) and any internal
air outlets to minimise the risk of onboard contamination. Post-hoc
quality control removed data collected during periods when wind di-
rection was from the ship's stack, using meteorological data provided by
Ponant with relative wind direction relative to bow (0°). The instrument
placement was at approximately 330°, and ship stacks were located
central and aft; therefore, counts measured when relative wind direction
was 150-240° were removed. Air quality was also assessed against the
World Health Organisation's 24-hr PMy 5 guideline of 15 pgm™3 (WHO
Global Air Quality Guidelines: Particulate matter, 2021).

2.2. HYSPLIT trajectory model

Back-trajectories of air masses were calculated using the NOAA Air
Resources Laboratory (ARL) Hybrid Single Particle Lagrangian Inte-
grated Trajectory (HYSPLIT) model (Rolph et al., 2017; Stein et al.,
2015) to determine the origin of air masses during discrete PM events.
Trajectories were computed using the online HYSPLIT interface with
Global Data Assimilation System (GDASI1, 1° resolution) meteorological
reanalysis fields. Backward trajectory ensembles at 6-hr intervals for a
duration of 240 h towards the position of Le Commandant Charcot were
initialised at 500 m above ground level (AGL) to capture long-distance
air parcel transport pathways above the marine boundary layer and
sub-cloud layer (typically at 100-200 m). Trajectories were run for four
discrete events identified in the PM time series: 14th September
(Denmark Strait), 25th September (north of Baffin Island), 28th
September (north of Victoria Island) and 5th October (north of Alaska).
Start times were set to 1200 UTC on each respective date, corresponding
to the period of peak PM concentrations observed during shipborne
monitoring.

2.3. Spatial and statistical analysis

Wildfire smoke extent was mapped using the NOAA HMS Fire and
Smoke Product from the NOAA Satellite Products and Services Division
archive (https://satepsanone.nesdis.noaa.gov/pub/FIRE/web/HMS/).
HMS smoke polygons are derived from manual analysis of visible sat-
ellite imagery from GOES, MODIS, and VIIRS satellites, with smoke
density classified into three qualitative fractions representing approxi-
mate ranges of PMy 5 concentrations of light (0-10 pg m~>), medium
(10-21 pg m~3) and heavy (21-32 ug m~3) (NOAA).

Spatial mapping of PM data was performed in ArcGIS Pro (version
3.3.0, Esri Inc., Redlands, CA, USA). Daily summary statistics including
median, mean, maximum, minimum, and standard deviations were
calculated for all PM size fractions’ particle counts and mass concen-
trations. PM,.5 was selected for spatial visualisation as it is the standard
metric used in national and international air quality guidelines,
including the WHO 24-hr guideline (WHO Global Air Quality
Guidelines: Particulate matter, 2021). Daily median PMj.5 mass con-
centrations and counts were visualised as proportional symbols scaled to
daily median values, with symbol size and colour varying proportionally
to counts and concentration.

Statistical analysis of the particulate data was performed in RStudio
(R version 4.5.1). ‘PM events’ were identified as days in which more
than 10% of observations exceeded the 99th percentile. This was
repeated for each PM fraction mass concentration and count dataset.
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Kruskal-Wallis tests were then performed for each event day against all
other sampling days to assess statistical significance, and a pairwise
Wilcoxon rank sum test with Bonferroni correction was applied to assess
differences between events (magnitude of difference, degrees of freedom
and statistical significance (H-, df- and p-values) are presented here; see
Supplementary Material for full statistical results). Data visualisation
was performed using the ggplot2 packages (Wickham, 2009).

3. Results
3.1. Spatial distribution of PM3 s

The spatial distribution of PMj.5 mass concentrations and counts
along the cruise track are shown in Fig. 1, alongside HMS wildfire smoke
density polygons for 28th September 2023. The cruise track traversed
extensive areas of light and medium density smoke originating from
central Canada and North America (Fig. 1a). Observations of smoke in
the Arctic were first detected on 26th September and continued until
29th September (Fig. 1b). The smoke was a dark-coloured thick haze,
unlike the common Arctic fog experienced throughout the rest of the
cruise (Fig. 1c). However, the extent of the HMS wildfire smoke product
did not extend into the cruise trajectory on the days smoke was detected
(Fig. 1a). This peak in smoke observation also coincided with a spike in
PM, 5 counts on 28th of September with a maximum value of 58 x 10°
counts m ™~ and a daily mean of 11 x 10° + 14 x 10° counts m~ to the
north of Victoria Island whilst navigating the remote Northwest Passage
(Figs. 1a and 2a).

A time series of daily aerosol particle counts showed median values
of PMy 5 were below 1 x 107 counts m ™ for 24 of the 30 sampling days
(Fig. 2a). There were some moderately elevated concentrations on
September 15th (2 x 107 counts m~3) and October 7th (1 x 107 counts
m~) (Fig. 2a). The largest peak in PM; 5 concentration occurred on 7th
October (Fig. 2b), which did not coincide with the peak in PM; 5 counts
which occurred on the 28th September. PM; 5 concentrations were also
compared to the WHO guidelines (Fig. 2b). The daily mean PMj 5 con-
centrations exceeded the WHO 24-hr guideline (15pgm™) on 15th
September, 7th October, 10th October and 11th October during the 12-
hr monitoring period. The most concerning PM,s concentrations
reached daily means of 40 pg m~2, although this did not coincide with
any observations of wildfire smoke. It should be noted that with this
comparison, we did not monitor the full 24-hr period and therefore
cannot make a direct comparison to the WHO guidelines.

3.2. Size fraction characteristics of aerosol counts and mass
concentrations

Size-resolved particle counts and mass concentrations were exam-
ined across all measured size fractions from PMy.3 to PMjq (Figs. 3 and
4), with discrete PM events defined as sampling days during which more
than 10% of 1-min observations exceeded the 99th percentile of the full
cruise distribution, calculated separately for each metric (shown in
grey). This identified four PM events: (i) 14th September 2023, Denmark
Strait (60.14°N, 44.28°W); (ii) 25th September 2023, Northwest Passage
(77.19°N, 109.71 °W); (iii) 28th September 2023, north of Victoria Is-
land (74.85 °N, 133.13 °W); and (iv) 7th October 2023, north of Alaska
(54.29 °N, 164.67 °W).

All events showed statistically significant elevated levels of PM
counts and mass concentrations (see Supplementary Materials). Event 1
on 14th September close to the Denmark Strait was characterised by
statistically significant elevation in the fine particle fractions (Fig. 3).
PMy.3 counts showed the biggest difference (H=158.7, df=1,
p=2.15 x 103%), with a median of 1.30 x 107 counts m ™~ compared to
8.02 x 10° counts m™> on all other sampling days. In contrast, PMo.s,
PM;5 and PM; counts showed no statistically significant elevation on
this date (all p > 0.05). Mass concentration data was also only signifi-
cantly different in the fine fractions PMy.s (H=260.8, df=1,
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p=1.17x107°8), PM; (H=89.7, df =1, p=2.84 x 102!) and PM,.5
(H=321, df=1, p=1.43 x 10~®), whilst coarse fraction concentra-
tions (PMs and PM;() were not significantly elevated (p > 0.05).

Events 2 and 3 on 25th and 28th September around the Northwest
Passage were both elevated in all counts and mass concentrations (apart
from PM; in Event 3), with Kruskal-Wallis H statistics ranging from 70.8
(PMs mass concentration) to 285.1 (PM;g counts), df =1, p < 0.001. For
both events, the coarse particle fractions showed substantially greater
relative elevation, with PM;o counts an order of magnitude higher than
all other sampling days (Fig. 3). Mass concentration data showed a
similar pattern, with PMs and PM;, median concentrations of
223 ugm > and 527 pg m 2 respectively, compared to 18.3 pgm > and
24.5 pgm > across all other sampling days during Event 3 (Fig. 4). The
fine fraction mass concentrations were 2-3 times higher than all other
sampling days (Fig. 4).

Event 4 on 7th October north of Alaska showed a statistically sig-
nificant elevation across all measured size fractions in both particle
counts and mass concentrations (H ranging from 584.0 to 1063.5,df =1,
p <0.001), with the largest H statistics of all four identified events.
PMj.3 counts were 3 times higher (median 2.52 x 107 counts m™2 vs
7.80 x 10° counts m’3, H=2801.8,p=2.20 x 1017%) and PM,.5 counts
8 times higher (median 1.80 x 10 counts m 3 vs 2.14 x 10° counts m’g,
H=994.8, p=2.39 x 10218) than all other sampling days. Mass con-
centration data for Event 4 showed the most pronounced elevation of all
four events across all size fractions (Fig. 4). PMs.5 mass concentrations
(median 20.4pgm~2 vs 3.13pgm 3, H=1063.5, p=2.79 x 107 23%)
exceeded the WHO 24-hr guideline of 15pgm > during the 12-hr
monitoring period.

A pairwise comparison of the four events showed differences in their
PM size contribution in addition to their shared elevation above back-
ground. Events 1 and 2, and Events 3 and 4 were not significantly
different in their PMy.3 counts (p = 1 and p = 0.074 respectively). PM;q
mass concentrations for Events 3 and 4 were also statistically indistin-
guishable (p = 0.680), whilst Event 1 showed significantly lower coarse
fraction concentrations than all other events (all p <2 x 10’14). For
PMS,.5 counts, all event pairs were significantly different from each other
except Events 3 and 4, which were statistically indistinguishable
(p=1.000), indicating comparable particle loads between the 28th
September event in the Northwest Passage and the northern Alaska
coastal event on 7th October. For PMs.5 mass concentrations, Events 1
and 2 were not significantly different from each other (p=0.074),
whereas Event 4 showed the highest PM,.5 mass concentrations of the
cruise, significantly exceeding all other events (all p < 2 x 10716),

3.3. Air mass back-trajectory analysis

To assess the potential origin of air masses during the identified PM
events, HYSPLIT back-trajectory analyses were performed for 14th
September, 25th September, 28th September and 7th October (Fig. 5).
For Event 1 on 14th September in the Denmark Strait (Fig. 5a), the
ensemble trajectories showed a broadly consistent origin over northern
Canada with the majority of air masses tracking eastward. Air mass
trajectories for Event 2 on 25th September showed a more complex and
recirculating pattern, with air masses originating from northern Canada
and the Canadian Arctic Archipelago before recirculating over the Arctic
(Fig. 5b). Altitude profiles indicated transport largely below 1500 m
AGL.

For Event 3 on 28th September north of Victoria Island (Fig. 5¢), the
ensemble trajectories showed the majority of air masses originated from
northern and central Canada, with trajectories converging over the
Canadian Arctic before arriving at the vessel position. Four trajectories
(shown in green, purple, blue, yellow and red) extended significantly
further west toward the North Pacific and Alaska, suggesting occasional
contributions from westerly air masses, though this represents a mi-
nority of ensemble members. Altitude profiles showed a single outlier
trajectory reaching approximately 5000 m AGL, indicating elevated
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Fig. 1. (a) Spatial distribution of the aggregated daily median PMj.5 mass concentrations (ug m~>) and particle counts (counts m~>) along the cruise track (white
dashed line) of Le Commandant Charcot. Symbol colour represents daily median PM,.s mass concentration categorised according to WHO 24-hr guideline thresholds
(WHO Global Air Quality Guidelines: Particulate matter, 2021). Symbol size represents daily median PM,.s particle counts (counts m~%). Smoke extent mapped using
the NOAA/NESDIS Hazard Mapping System (HMS) smoke product, showing light, medium, and heavy density smoke polygons for 28th September 2023 at the
mid-point of the cruise when smoke was visible from the vessel. Satellite images and Arctic Circle sourced from ESRI basemap imagery | Powered by Esri. (b) 28th
September 2023 at 74.84° N 133.14° W to the north of Victoria Island. (c) Comparative view on the previous smoke-free day, the 24th September 2023 at 75.10080°
N, 102.81820° W. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (a) Time series of PM, 5 counts over the duration of the cruise. The grey highlighted areas represent PM count events where over 10% of daily observations
were above the 99th percentile. (b) Time series of PM, 5 concentrations measured onboard Le Commandant Charcot, compared with 24-hr recommended limits set by
the (WHO Global Air Quality Guidelines: Particulate matter, 2021)of 15 pg m ™~ denoted by the pink dashed line. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

long-range transport for this ensemble member.

For Event 4 on 7th October north of Alaska (Fig. 5d), trajectories
showed a different pattern from the three preceding events. Air masses
originated predominantly from the North Pacific Ocean and the Bering
Sea region, with several ensemble members circulating over the Aleu-
tian Islands and the Gulf of Alaska prior to arrival at the vessel. A subset
of trajectories also traced back toward Siberia and Russia. These tra-
jectories showed substantially less spatial overlap with active Canadian
wildfire regions compared to Events 1-3. Altitude profiles indicated
transport predominantly below 3000m AGL, with greater vertical
variability than Events 1 and 2.

4. Discussion

4.1. Potential for long-range transport of wildfire smoke particulate
matter

The data showed distinct periods of high PM counts and concentra-
tions during the cruise trajectory in discrete events on (i) 14th
September which coincided with an approach to the southern tip of
Greenland, (ii) 25th September whilst passing through the Northwest
Passage in proximity to an area of low smoke density from the North
American and Canadian wildfires, (iii) 28th September which coincided
with visible evidence of smoke from onboard Le Commandant Charcot

and (iv) 7th October whilst traversing north of Alaska before arriving in
Nome. The pairwise comparisons of these events indicated that whilst
they all represented significantly elevated above background conditions,
the events differed in both magnitude and size fraction characteristics.
The transport pathways of air masses contributing to these PM events
were also identified using HYSPLIT back-trajectory analysis, which has
been applied to document long-range wildfire aerosol transport path-
ways across multiple regions, including Europe (e.g., Filonchyk and
Peterson, 2024; Malytska and Chiriaco, 2026).

Events 1 and 2 showed PMj3-PM; fraction-dominated signals
consistent with aged accumulation-mode wildfire smoke that has been
transported long distances (e.g., Evgenieva et al., 2025; Filonchyk and
Peterson, 2024; Kleinman et al., 2020; Lu et al., 2025). The 22nd
September (three days before Event 2) also marked the largest
single-day area burned in Canada since records began (440,000 ha),
likely providing some of the source material for the elevated PM con-
centrations observed across subsequent events (Jain et al., 2024).
However, long-range anthropogenic pollution cannot be entirely
excluded here.

Event 3 coincided with observations of smoke from onboard Le
Commandant Charcot and elevated total PM concentrations with a
distinct coarse particle component (<10 pm, up to 5% of total). This
coincided with reports of thick wildfire smoke in Nuuk, Greenland,
which was covered extensively in news reports, approximately 2700 km
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Fig. 3. Time series comparison of PM counts for fractions (a) PMy 3, (b) PMy s, (c) PM;, (d) PMs, (e) PM;, over the entire study period. Box plots show the median
(centre line), interquartile range (IQR, box limits), and 1.5 x IQR (whiskers). Points beyond the whiskers represent individual outliers. Highlighted regions represent
days where more than 10% of counts were above the 99th percentile of the whole dataset.

east of the ship position on the same day. Reports from the Danish
Meteorological Institute (DMI) and Greenland state media KNR radio
mentioned the use of streetlights during the daytime due to the extent of
sky darkening from the smoke, and residents reported a strong smell of
smoke (Raidi6 Teilifis Eireann News, 2023). HYSPLIT back-trajectory
ensembles also indicated air parcels originated from northern Canada
in the ten days prior, coinciding with particularly high burn days in the
Canadian wildfire season (Jain et al., 2024). However, the coarse frac-
tion elevation relative to fine fractions is inconsistent with purely
long-range transported aged wildfire smoke, in which coarse combus-
tion products including ash are rapidly deposited during atmospheric
transport (Kleinman et al., 2020). The coarse fraction signal is more
consistent with a potential sea spray contribution (e.g., Liu et al., 2021),

whilst the fine fraction elevation and visual smoke observations are
consistent with long-range transported wildfire aerosol.

Event 4 showed proportionally greater elevation in coarser fractions in
both counts and mass concentrations. This coincided with the proximity
of the vessel to large coastal settlements near Nome, Alaska. The elevated
PMa,.5 concentrations during Event 4 are less likely to be long-range
wildfire transport, as HYSPLIT back-trajectory ensembles indicated air
mass origins from the North Pacific and Bering Sea region rather than
from active Canadian wildfire areas. During this time, no visible wildfire
smoke was detected onboard, and we monitored PM for 12-hr periods as
opposed to 24-hr; therefore, the WHO PM,.5 guideline exceedances
recorded during these periods are presented as contextual observations on
regional air quality and are not attributed to wildfire smoke.
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Fig. 4. Time series comparison of PM mass concentrations for fractions (a) PMy s, (b) PMy, (c) PMs, (d) PM;, over the entire study period. Box plots show the median
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days where more than 10% of counts were above the 99th percentile of the whole dataset.

The intercontinental transport of smoke from the 2023 Canadian
fires was also documented across multiple other regions at the time.
Filonchyk and Peterson (2024) recorded significantly elevated aerosol
loads south of the wildfire events at El Arenosillo, Spain, attributing the
signal to smoke transport from the Canadian fires. Rosu et al. (2026) also
demonstrated that the 2023 Canadian fires contributed to the driest
Indian monsoon August since records began in 1901. The Arctic PM
observations presented here therefore represent one component of a
globally significant atmospheric event affecting systems around the
world.

4.2. Air quality and environmental impacts of smoke particulates

The results presented here demonstrate that potential long-range
transport of PM originating from wildfires in North America and Can-
ada reached remote parts of the Arctic. The scale of health impacts from
the 2023 Canadian wildfire season was substantial. Model estimates by

Zhang et al. (2025) approximate that 82,100 chronic premature deaths
occurred globally in 2023 owing to smoke exposure from the Canadian
wildfires, with an estimated 22,400 of these attributed to interconti-
nental transport reaching Europe alone. More locally, hospital admis-
sions for asthma-related conditions peaked with a 23.6% increase in
Ontario, Canada in early June, with lags in admissions estimated at 1 to
5 days post-smoke exposure (Chen et al., 2025a). The PM detected in the
remote Arctic represents an extension of this same smoke transport
system into one of the most sparsely monitored regions on Earth, where
baseline air quality data are limited and vulnerable indigenous and
remote communities have little capacity for warning or protective
response. The 2023 Canadian wildfire season was further followed by
continued elevated fire activity in 2024 (Filonchyk et al., 2025), sug-
gesting that the transport pathways identified in this study are likely to
recur with increasing frequency, affecting remote Arctic communities
and ecosystems.

These observations highlight a critical gap in PM monitoring, which
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Fig. 5. NOAA HYSPLIT back-trajectory ensemble analyses for the four discrete PM events identified along the cruise track of Le Commandant Charcot: (a) 14th
September 2023, Denmark Strait, (b) 25th September 2023, Northwest Passage, (c¢) 28th September 2023, north of Victoria Island and (d) 7th October 2023, north of
Alaska. Each ensemble comprises multiple backward trajectories prior to the time of the PM events at each location. The lower panel shows the altitude profile of
each trajectory. Trajectories were computed using the NOAA ARL HYSPLIT model (Rolph et al., 2017; Stein et al., 2015).

limits our understanding of wildfire smoke transport as well as the
environmental and health impacts in remote regions. Here, we detected
daily mean PMj 5 concentrations which exceeded 15 pg m~2 during the
latter part of the measurement period, yet the peak smoke event on 28th
September was not captured by the HMS satellite-derived smoke prod-
uct in this region. The HMS product was designed primarily to monitor
smoke over North America and Canada, and its reduced sensitivity in
remote Arctic regions represents a meaningful limitation for public
health protection. Ground-level and shipborne observations such as
those presented here are therefore not merely supplementary to satellite
products but may be the only reliable means of detecting smoke incur-
sion in high-latitude remote environments. This finding supports calls
for expanded Arctic air quality monitoring infrastructure, including
consideration of low-cost sensor networks at Arctic research stations and
integration of cruise-based measurements into operational monitoring
frameworks.

5. Conclusions

Here we detected wildfire particle transport across the Arctic,

documenting the spatial extent and characteristics of the 2023 North
American and Canadian wildfires from Iceland to Alaska. Using semi-
continuous monitoring aboard Le Commandant Charcot cruise ship
through September to October 2023, four PM events were detected on
(i) 14th September at the southern tip of Greenland (ii) 25th September
whilst passing through the Northwest Passage and an area of low smoke
density from the North American and Canadian wildfires, (iii) 28th
September which coincided with observations of smoke from onboard Le
Commandant Charcot and (iv) 7th October whilst north of Alaska before
arriving in Nome. The PM events through September coincided with
long-range smoke transport modelled in the HMS wildfire product with
air parcels originating around the location of active wildfires in the days
leading up to the events, as confirmed by HYSPLIT back-trajectories. The
peaks in PM and smoke observations, however, did not always overlay
with the HMS wildfire product. This suggests that the HMS product,
specifically designed to track and measure smoke in North America and
Canada, may not always be effective at detecting smoke in some of the
more remote but fragile regions of the world such as the Arctic. This
suggests the Arctic may be overlooked in relation to both health and
ecosystem impacts from wildfire smoke incursions. With ongoing
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climate change and predictions for wildfire intensity and frequency to
increase, it is important to understand the extent of PM delivery to
remote regions and its consequences on local communities and the
Arctic ecosystem.
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