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Abstract. Rapid climate change has driven an increase in extreme wildfire activity. In 2023, huge wildfires occurred in Canada. 

Smoke generated by the wildfires was exceptionally severe and was transported to Europe and Eurasia across Greenland. 

Despite their importance for understanding the global climate, studies investigating aerosols, particularly their mixing states 

and composition, within the wildfire plumes remain limited. Greenland is an ideal location for studying long-range transport 15 

of the Canadian wildfire smoke because of the minimal influence of local wildfire and anthropogenic emissions. In this study, 

atmospheric observations were conducted in southern Greenland during the summer of 2023. Fine-mode aerosol particles were 

analyzed using transmission electron microscopy to characterize their mixing states and composition at the individual particle 

level. The influence from the Canadian wildfire smoke, characterized by an increased abundance of carbonaceous and 

potassium sulfate particles, was observed when the sampled air mass originated from an area affected by wildfires, contrasting 20 

from samples from the background period, which was characterized by sea salt and sulfate. In contrast to the observations 

from fresh wildfires in previous campaigns that detected many spherical organic particles (tarballs), the carbonaceous particles 

from the Canadian wildfire were predominantly composed of organic materials embedding numerous small soot particles and 

potassium sulfate. These samples demonstrate mixing states and individual particle composition of aged aerosol particles from 

large wildfire plumes that had travelled long distance. This information has implications for interpreting their optical properties 25 

and aging processes during long-range transport in the Arctic.     
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1. Introduction 

The Arctic climate is rapidly changing, warming nearly four times faster than the global average (Rantanen et al., 

2022). In recent years, sea ice coverage, glaciers, and ice sheets in the Arctic have been shrinking (Meier & Stroeve, 2022; 

Mouginot et al., 2019). Changes in the cryosphere have resulted in an expansion of vegetation and snow- and ice-free land 30 

along the Arctic coast, leading to an increase in natural aerosol emissions (Schmale et al., 2024). Conversely, long-range 

transported anthropogenic aerosol particles are projected to decline due to regulations on aerosol emissions from human 

activities in mid-latitudes (Schmale et al., 2022; Sharma et al., 2019). Consequently, the relative contributions of aerosol 

particles emitted from natural sources, such as sea spray aerosols from the ocean, mineral dust aerosols from glacial washout 

plains, and bioaerosols from vegetated tundra are expected to increase in the Arctic Atmosphere (Tobo et al., 2019, 2024; 35 

Schmale et al., 2021; Freitas et al., 2023, 2024). In addition, as the climate warms, the size, frequency, and intensity of wildfires 

in high-latitude regions are expected to increase (Descals et al., 2022; McCarty et al., 2021), thereby enhancing the importance 

of wildfire-derived aerosols in the Arctic atmosphere. 

Wildfire emissions have a substantial impact on both the climate system (Keywood et al., 2013) and human health 

(Matz et al., 2020). Wildfires emit large amounts of CO₂, soot (or black carbon), ash, brown carbon, including tarballs, and 40 

other gases and aerosols (Andreas, 2019; Adachi et al., 2022; Yokelson et al., 2009). Tarballs, for example, are a type of brown 

carbon aerosols that absorb light and are predominantly emitted from wildfires (Chakrabarty et al., 2023; Sedlacek et al., 2018; 

Adachi et al., 2024). Soot particles are also significantly emitted during wildfires and contribute to aerosol light absorption, as 

well as to the lofting wildfire smoke into the stratosphere through plume heating (Yu et al., 2019). The extent of light absorption 

by soot particles depends on their atmospheric abundance, particle size and composition, and how different components are 45 

internally mixed within individual particles (i.e., mixing states) (Chen et al., 2025; Adachi et al., 2010). Additionally, soot 

particles deposited on the Greenland ice sheet contribute to the melting of the Greenland ice sheet by altering the ice albedo 

(Thomas et al., 2017; Skiles et al., 2018). A study of ice core measurements showed that historical widespread melt events of 

the Greenland ice sheet were caused not only by increasing temperature but also by soot deposition from forest fires (Keegan 

et al., 2014). Moreover, recent ship-based measurements have indicated that aerosols from wildfires can serve as efficient ice-50 

nucleating particles over the Arctic Ocean, potentially influencing glaciation of Arctic mixed-phase clouds (Sato et al., 2025; 

Taketani et al., 2025). 

Canada experienced an unprecedented wildfire season in the summer of 2023. The wildfires burned intensely across 

multiple regions from late April to October due to the hottest and driest conditions in northwestern Canada for 40 years (Wu 

et al., 2025; Luo et al., 2025). The total area affected by the fires is estimated to be approximately 15 million hectares (Jain et 55 

al., 2024). The wildfire emitted vast amounts of gases and aerosols into the atmosphere, causing adverse health effects and 

decreases in surface air temperature (Roșu et al., 2025; Zhang et al., 2025; Flood et al., 2025; Byrne et al., 2024; Wang et al., 

2024). It is estimated that the total carbon emissions from the 2023 Canadian wildfires were 647 TgC (Byrne et al., 2024). 

Pollution plumes travelled over the Northern Hemisphere, reaching Europe and Eurasia across Greenland (Hu et al., 2025; 

Masoom et al., 2025; Zhang et al., 2025). These plumes were observed at altitudes greater than 4,000 m, peaking at over 10,000 60 

m above Europe (Hu et al., 2025). A small fraction of the plume was also injected into the lower stratosphere (Khaykin et al., 

2025; Zhang et al., 2024).  

The current study investigated individual aerosol particles collected in southern Greenland during the summer of 

2023 as part of the multidisciplinary campaign, Greenlandic Fjord ecosystems in a changing climate: Socio-cultural and 

environmental interactions (GreenFjord). Measurements of individual aerosol particles focusing on mixing states and 65 

composition are limited in southern Greenland (Adachi et al., 2021, 2023; Kikuchi et al., 1996). Aerosol particles smaller than 

700 nm in aerodynamic diameter were analyzed using transmission electron microscopy (TEM), enabling particle-resolved 

characterization of their shapes and constituents. During the campaign, southern Greenland experienced significant influence 

from long-range transported smoke originating from the record-breaking Canadian wildfires, providing a unique opportunity 
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to examine aged aerosols from wildfire plumes that had undergone atmospheric processing during transport to the Arctic. This 70 

study focuses on contrasting fine-mode aerosol populations observed during background conditions and wildfire plume periods. 

This study aims to improve understanding of aerosol aging processes, optical properties, and potential climate impacts 

associated with long-range transported wildfire emissions, as well as background Arctic conditions, from an individual particle 

perspective. 

2. Materials and methods 75 

2.1 Sampling 

The GreenFjord campaign aimed to understand the Greenlandic fjord environment, including the cryosphere, ocean, 

biodiversity, land, and atmosphere, as well as the people living in the fjords. The atmosphere cluster in the GreenFjord 

campaign focused on measuring the dominant sources of aerosols in southern Greenland, a region characterized by terrestrial 

vegetation in summer and a unique, highly productive fjord ecosystem. Alden et al. (2026) reported an overview of ground-80 

based and balloon-borne measurements of aerosol number concentrations, size distributions, and aerosol climate-relevant 

properties (cloud condensation nuclei number concentrations, absorption and scattering coefficients) as well as meteorological 

conditions during the campaign. Bergner et al. (2026) also reported on ice-nucleating particles in the region during the 

campaign. Atmospheric measurements including aerosol sampling were conducted from June 16 to August 5, 2023 at the 

Narsaq International Research Station (NIRS; 60.92° N, 46.05° W, 17 m a.s.l.), located in the subarctic coastal fjord town of 85 

Narsaq with a population of ~1,300. During the sampling period, the average surface air temperature was 10.4°C, which was 

higher than usual (6.2°C–9.9°C during the summers of 2013–2023), and the average relative humidity was 84 %, ranging from 

40 % to 100 % (Alden et al., 2026). 

From July 4 to August 4, we collected 155 aerosol samples for TEM analysis with a two-hour sampling time for every 

four hours. Ambient air was introduced to a two-stage impactor sampler (AW-24, Arios) via an electrically conductive tube 90 

(~1 m) without a dryer. The sampler had two disks for fine- and coarse-mode sampling, and each held 24 TEM grids (Formvar 

200 mesh Cu grids, EM-Japan). The disks rotated on a preset timer and were manually changed every four days. The sampler 

had a flow rate of 1 L min-1, resulting in aerosol sampling on the fine-mode stage with aerodynamic diameters between 300 

and 700 nm (the lower and upper 50 % cutoff sizes, respectively). Particles larger than 700 nm in aerodynamic diameter were 

also collected on the coarse-mode stage of the same impactor sampler, which we did not use in this study. Samples from July 95 

8, 02:00 to July 11, 14:00 and from July 21, 10:00 to July 23, 14:00 (UTC) were unavailable due to a technical issue. Similar 

sampling system has been used in our previous studies (e.g., Adachi et al., 2025a). 

2.2 Transmission electron microscopy analysis 

The shape, size, and composition of individual aerosol particles were analyzed using a transmission electron 

microscope (JEM-1400, JEOL) equipped with an energy-dispersive X-ray spectrometer (EDS; X-MAX 80, Oxford 100 

Instruments). For each grid, particles within a representative area of approximately 670 µm² were analyzed using scanning 

transmission electron microscopy (STEM) mode with EDS. This area was selected based on TEM images that covered nearly 

all particles collected on the grid. Particles with an area-equivalent diameter greater than 0.19 µm (corresponding to more than 

100 pixels in a STEM image) were identified in STEM dark-field images by applying contrast thresholds between particles 

and the substrate (Adachi et al., 2019). In total, 16,917 particles from 155 TEM grids were analyzed. Using an acceleration 105 

voltage of 120 kV and an acquisition time of 20 seconds, the relative weight percentages of 21 selected elements (C, N, O, Na, 

Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Zn, Sr, and Ba) and the area-equivalent diameters were measured. The 

detection limit was approximately 0.02 weight percent, based on one standard deviation of the measured intensity. 
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The measured particles were classified into six categories based on their composition using the classification 

flowchart in Fig. 1: 1) Mineral dust particles, 2) Sea salt particles, 3) Potassium (K)-bearing particles, 4) Sulfate particles, 5) 110 

Carbonaceous particles, and 6) Others. Their predominant chemical forms are 1) aluminosilicate, 2) sodium chloride/sulfate, 

3) potassium sulfate, 4) ammonium sulfate, and 5) organic material. Note that the measured particles are mostly internally 

mixed with several components, and this classification prioritizes primary particles over secondary particles. Therefore, this 

method could underestimate the mass of secondary aerosol species (e.g., sulfate and organic aerosols), when they are present 

on the surfaces of mineral dust or sea salt.  115 

 

Figure 1. Flow chart for classifying measured particles. Weight percentage values were obtained using scanning 

transmission electron microscopy with an energy dispersive X-ray spectrometer (STEM-EDS). 

 

2.3 Aerosol mass concentration estimate and carbon monoxide measurement 120 

We obtained atmospheric particle number concentrations and size distributions between 0.19 µm and 93 µm using 

an optical particle counter (fine dust measuring device; FIDAS, Palas) (Bächler et al., 2021; Fang et al., 2023). To estimate 

the mass concentration of particulate matter less than 1.0 µm (PM1.0) for each four-hour TEM sampling period, we first 

calculated the total volume of particles with diameters between 0.191 and 1.0 µm measured by FIDAS. Then, we estimated 

the average particle density using the TEM composition analysis and the resulting number fractions, along with the 125 

approximate densities from Adachi et al. (2024): 1) mineral dust (2.7 g cm-3), 2) sea salt (NaCl, 2.16 g cm-3), 3) K-bearing salt 

(K₂SO₄, 2.66 g cm-3), 4) sulfate ((NH₄)₂SO₄, 1.7 g cm-3), 5) carbonaceous particles (1.4 g cm-3), and 6) other particles (2.0 g 

cm-3). This estimation assumes that the aerosol number fractions measured by STEM-EDS represent the mass fractions of the 

PM1.0 measured at the same time. We applied the average density to the particle volumes to calculate the PM1.0 mass 

concentration (µg m-3) during the sampling period.  130 

The dry carbon monoxide (CO) mixing ratio was measured using a portable, medium-range, infrared laser-based 

gas analyzer (Pico Series, Aeris Technologies, Inc.). 
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2.4 Backward trajectory analysis 

The hybrid single-particle Lagrangian integrated trajectory (HYSPLIT) transport and dispersion model and the 

READY website provided by the NOAA Air Resources Laboratory (ARL) were used to estimate the origin of the sampled air 135 

masses. The model used a seven-day duration and a quarter-degree Global Forecast System (GFS) archive. The ensemble of 

backward trajectories with 27 members starting from the NIRS at an altitude of 500 m was calculated. Relatively strong active 

fires with a fire radiative power (FRP) greater than 100 in MODIS/Aqua occurring within ten days prior to the start of the 

trajectories were obtained from NASA’s Fire Information for Resource Management System to estimate the major burning 

areas (NASA FIRMS, 2025).  140 

3. Results and discussion 

3.1 Influences of Canadian wildfire plumes during the sampling period 

In the current study, we divided the sampling period into background air and wildfire plume periods. Alden et al. 

(2026) classified the campaign period into four categories: (1) background, (2) wildfire plume events, (3) new particle growth 

events, and (4) fresh pollution. In this study, we do not consider categories (3) and (4) because new particle growth events are 145 

typically related to particles smaller than 100 nm, which are smaller than the particles we targeted in our TEM aerosol sampling. 

Fresh pollution occurred as short-lived spikes from local pollution events lasting less than one hour, which is shorter than our 

TEM sampling time. Nevertheless, we sometimes observed that large soot particles, which possibly originated from local 

sources, such as traffic and domestic activities, were externally mixed with sea salt and sulfate-dominated samples. 

 150 

Figure 2. Concentrations of PM1.0 (red) and CO (black) during the TEM sampling period. Estimated wildfire plume 

periods are highlighted. PM1.0 data are missing for the following periods due to a lack of TEM results or FIDAS data: 

from July 8 2:00 to July 11 10:00; from July 21 10:00 to July 23 10:00; and from July 29 2:00 to July 29 18:00 (UTC).  

 

CO and PM1.0 concentrations were relatively low during the background periods and increased occasionally during 155 

wildfire plume events (Fig. 2). The influence from Canadian wildfire plumes was observed from July 5, 22:13 to July 8, 03:42 

(Plume 1) and from July 17, 13:47 to July 18, 20:17 (Plume 2) (UTC) at NIRS during our sampling period (Alden et al., 2026). 

https://doi.org/10.5194/egusphere-2026-3518
Preprint. Discussion started: 3 July 2026
c© Author(s) 2026. CC BY 4.0 License.



6 

 

A large wildfire plume also arrived at the site between June 27 and 29; however we were unable to collect samples from this 

plume because it arrived before we started sampling. During these two wildfire plume periods, the concentrations of PM1.0 and 

CO increased to >3 μg m-³ and >0.15 ppm, respectively. Additionally, the period from July 23 to 25 showed an increase in CO 160 

concentrations (>0.15 ppm) with a modest enhancement in PM1.0 concentration (~2 μg m-³). Based on the elevated CO 

concentrations, aerosol composition, and model results, which will be discussed later, we also considered this period to be a 

wildfire plume that we focus on in this study (Plume 3; from July 23, 14:00 to July 25, 02:00 in UTC). A peak in CO 

concentration (~0.18 ppm) was observed on 10 July; however, this period was excluded from the analysis due to the lack of 

TEM samples. 165 

To verify the influence of the wildfire plumes during these periods, we simulated seven-day backward trajectories 

(Fig. 3). The results showed that representative air parcels travelled over large wildfires in Quebec for all three plumes. In 

addition, some trajectories in Plume 1 travelled over wildfires in Saskatchewan. There was continuous wildfire activity in these 

regions during the summer (Jian et al., 2024). Thus, we conclude that these three periods were affected by plumes from the 

Canadian wildfires. Outside of these periods, the air at the sampling point was considered background air, although it is 170 

probable that a stagnant, persistent, diluted wildfire plume could have influenced the background air.  

In addition to the backward-trajectory analysis, we evaluated the aerosol distributions using a global aerosol emission 

and distribution model (Model of Aerosol Species in the Global Atmosphere; MASINGAR) provided by the Meteorological 

Research Institute and the Japan Meteorological Agency (MRI/JMA) (Yumimoto et al., 2017) (Fig. S1). The model showed 

substantial transport of organic and black carbon from the Canadian wildfires on July 7, 8, 17, and 18, which is consistent with 175 

the backward-trajectory model and the CO and PM1.0 observations from Plumes 1 and 2. On July 24 (Plume 3), a diluted plume 

from the Canadian wildfires was transported to the sampling site, although it was less clear than in Plumes 1 and 2. Overall, 

the trajectories and model results, as well as the CO and PM1.0 observations, support the hypothesis that the sampling site was 

considerably influenced by the Canadian wildfires.   

 180 

Figure 3. Possible influences of Canadian wildfires on the sampling area during representative sampling periods. 

Ensemble seven-day backward trajectories starting from the Narsaq International Research Station (solid black dot) 

at an altitude of 500 m are shown as orange lines. Red dots indicate active fires. The dominant burning areas that 

possibly influenced the sampling area are shown in red circles. A light gray canvas (WGS84) web map from NASA 

FIRMS was used (https://firms.modaps.eosdis.nasa.gov/). The backward trajectory start times are at 00:00 (UTC). The 185 

periods of July 7, 18, and 24 cover the wildfire plume periods. BG: background period.  
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3.2 Number fraction and size dependence of aerosol types 

The composition of individual particles was measured using a STEM-EDS system and classified based on their 

characteristic elements (Fig. 1). The average number fractions of all samples for mineral dust, sea salt, K-bearing particles, 

sulfate particles, carbonaceous particles, and other particles were 1 %, 29 %, 10 %, 16 %, 41 %, and 3 %, respectively. Samples 190 

from the wildfire plumes had higher fractions of carbonaceous (57 %) and K-bearing (15 %) particles than samples from the 

background period (37 % and 9 %, respectively) (Fig. 4). Conversely, samples from the background period contained higher 

fractions of sea salt (33 %) and sulfate (16 %) particles than samples from the wildfire plume period (13 % and 12 %, 

respectively). The fractions of mineral dust particles were low (less than 1 %) for both sample types. 

 195 

 

Figure 4. Fractional contribution (a and b) and size-dependence (c and d) of each particle type. (a) and (c): Samples 

from the background period. (b) and (d): Samples from the wildfire plume period. The lognormal size bin ranges are 

<0.32, 0.32–0.40, 0.40–0.50, 0.50–0.63, 0.63–0.79, 0.79–1.00, 1.00–1.26, 1.26–1.58, and >1.58 μm in area-equivalent 

diameter. Note that the area-equivalent diameter tends to be larger than the aerodynamic diameter when particles with 200 

low viscosity spread on the substrate. White lines in (c) and (d) indicate particle numbers used for each size bin. N = 

13,517 for background samples and 3,400 for wildfire plume samples. The samples from wildfire plume periods were 

collected from July 5 22:00 to July 8 02:00; from July 17 14:00 to July 18 22:00; and from July 23 14:00 to July 25 

02:00 in UTC. 
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For both background air and wildfire plume samples, the fraction of carbonaceous particles increased with smaller 205 

sizes, while the fraction of sea salt particles increased with larger sizes (Figs.4c and 4d). Sulfate fractions generally decreased 

toward smaller sizes and peaked at ~0.8–1.3 μm for the background samples and at the largest size bin (>1.6 μm) for the 

wildfire plume samples. K-bearing particle fractions did not differ significantly among size bins. Mineral dust particle fractions 

increased slightly at sizes larger than 1.3 μm for the background samples. Here, it should be noted that the measured particle 

fractions were compared along with their area-equivalent diameters among aerosol particles having aerodynamic diameter 210 

smaller than 700 nm. The area-equivalent diameter depends on the particle volume and viscosity, whereas the aerodynamic 

diameter depends on the particle volume, density, and shape, and the volume diameter depends on the particle volume. Thus, 

particles with low viscosity tend to spread on the substrate and show a larger area-equivalent diameter than their aerodynamic 

and volume-equivalent diameters. For example, Zhang et al. (2020) showed that the area-equivalent diameter can be nearly 

two times larger than the volume-equivalent diameter of the same particle. Therefore, although particles larger than 700 nm in 215 

area-equivalent diameter were measured, they can still be smaller than 700 nm in aerodynamic diameter.  

3.3 Changes in the number and mass fractions of aerosol types over the sampling period 

Changes in the number fractions of each aerosol type over the sampling period show that the sea salt, K-bearing, 

sulfate, and carbonaceous fractions varied significantly depending on the sampling times, whereas the mineral dust fraction 

remained low. Meanwhile, samples from wildfire plume periods had higher carbonaceous number fractions, ranging from 40 220 

to 80 %, whereas samples from the background period had relatively high sea-salt or sulfate fractions (Fig. 5). 

In addition to the number fractions, we estimated the atmospheric mass concentrations of each aerosol type (Fig. 6). 

PM1.0 increased during wildfire plumes 1 and 2 and decreased during and after fog and rain events (e.g., July 16, 18, 20, and 

31). During the wildfire plume periods, increases in the mass concentrations of carbonaceous particles (>2.0 μg m-³  for all 

plumes) and K-bearing particles (>1.0 μg m-³ for plumes 1 and 2) were observed. These two aerosol species are primarily 225 

emitted from wildfires as organic aerosols and potassium salt particles, respectively (Li et al., 2003; Adachi et al., 2025b). The 

plume from July 17–18 had especially high mass concentrations of both species with maximum values of 9.1 μg m-³ for 

carbonaceous particles and 1.8 μg m-³ for K-bearing particles. Additionally, sulfate concentrations were high (> 1.5 μg m-³) in 

the samples from wildfire plumes 1and 2. 

 230 

 

Figure 5. Number fractions of aerosol types within each sample. A total of 155 samples were measured.  
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Figure 6. Atmospheric mass concentrations of each aerosol type within PM1.0. Data are missing for the following 

periods: from July 8 2:00 to July 11 14:00; from July 21 10:00 to July 23 14:00; and from July 29 2:00 to July 29 22:00 235 

(UTC). 

 

The concentration of sea salt particles varied greatly from day to day (from 0 to 1.7 μg m-³) due to changes in 

meteorological conditions. For instance, their concentrations generally increased during periods when the maximum wind 

speed exceeded 5 m s-1, likely due to wind-driven sea spray emissions (e.g., July 12 and August 2), and generally decreased 240 

during fog and rain events due to washout scavenging (e.g., July 16, 18, 20, and 31) (Alden et al., 2026). Sulfate fractions were 

relatively higher during the first half of the period from July 4 to July 19 than during the second half from July 20 to August 

4. Dust particle concentrations were relatively low and showed no apparent peak period in the sampled fine-mode size range. 

3.4 Mixing states and composition of individual particles 

3.4.1 Particles prevalent in background air 245 

The background air period can be characterized as either sea salt-rich (e.g., July 4–6), sulfate-rich (e.g., July 15–16), 

or a mixture of the two (Fig. 5). Sea salt and sulfate particles can be either internally mixed, i.e., both S and Na are present in 

the same particles, or externally mixed, i.e., sea salt and sulfate particles occur as distinct particle types within the same samples 

(Riemer et al., 2019) (Figs. 7 and 8). Considerable amounts of carbonaceous and K-bearing particles were also present in the 

background air samples (Fig. 4). These particles possibly originated from stagnant, diluted smoke from the Canadian wildfire 250 

(Fig. S1). This hypothesis is supported by the observation of thin organic coatings on sea salt particles (Fig. 7a) and sulfate 

particles (Fig. 8a), as well as by high fractions of carbonaceous particles in the small particle size ranges of background air 

samples (Fig. 4c). In addition, a substantial number of vanadium (V)-bearing particles was detected, primarily in background 

air. A brief discussion of V-bearing particles is provided in the supplementary information (Fig. S2). 

During the background periods, the air mass mainly originated from the ocean around Greenland (Fig. 3) and could 255 

carry sea salts emitted from the ocean (e.g., on July 4). Sulfate can originate from various sources, including biological activity 
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in the ocean and long-range transported anthropogenic sources (Schmale et al., 2011, 2022), as well as the stagnant wildfire 

plumes. The backward trajectory analysis indicates that part of the air mass of the July 16 sample originated from 

anthropogenic sources in North America (Fig. 3), which could explain the presence of anthropogenic sulfate particles. 

Sea salt particles exhibit a mixture of rectangular and needle-like crystal shapes (Fig. 7). These particles primarily 260 

contain Na, Mg, Ca, S, O, Cl, and K, suggesting the presence of sodium sulfate and sodium chloride, as well as other salts 

containing Mg, Ca, and K. Although sulfate and chloride crystals can occur in the same particle, they tend to consist of different 

grains (Figs. 7a and 7b).  

   The average composition of each sample indicates that sea salt particles in both the background and the wildfire 

plume samples had the same Na-to-Mg ratio (Mg/Na = ~0.13) (Fig. 7c). The ratio is almost consistent with the representative 265 

Mg/Na value for sea spray aerosols (~0.12) (Seinfeld and Pandis, 2016). In addition, these background samples showed a 

correlation between Na and Cl (Fig. 7d), suggesting that they were mostly fresh sea salt. Conversely, almost no Cl was detected 

in sea salt particles from wildfire plume samples. This result suggests that wildfire plumes modify the sea salt composition by 

replacing Cl with sulfate and other acidic materials, indicating significant chemical processing during the wildfire plume 

transport. 270 

 

 

Figure 7. A representative image of sea salt dominant sample and sea salt composition. (a): A transmission electron 

microscopy image of a sample from the sea salt-dominated background period on July 4 2:00 (UTC). (b): Elemental 

mapping images of C, Na, Mg, S, Cl, and K in the area shown in the TEM image. (c): Relationship between Na and Mg 275 

weight percentages and (d) Na and Cl weight percentages. The sample average values are plotted for the background 

and wildfire plume periods represented by black squares and red circles, respectively.    
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In sulfate-rich samples, the sulfate contained both S and N in the same particles and was readily decomposed by 

exposure to an electron beam (Fig. 8). These results suggest that the particles are ammonium sulfate. Other sulfate-rich samples 

showed a satellite structure around the sulfate particles (Fig. 8c). These structures are the characteristic appearance of sulfuric 280 

acid or ammonium bisulfate, suggesting that they were less neutralized when collected (Okada et al., 2008). Additionally, large 

soot particles, which possibly originated from local sources such as vehicles, and mineral dust particles are also present in the 

representative TEM images (Figs. 7a and 8a).  

 

 285 

Figure 8. Representative images of sulfate dominant samples and its elemental mapping images. (a): TEM image of a 

sample collected during the sulfate-dominated background period at 2:00 on July 16 (UTC). (b): Elemental mapping 

images of C, N, Na, and S for the area shown in (a). (c): Representative transmission electron microscopy image of 

sulfate particles showing a satellite structure collected at 18:00 on July 14 (UTC).  

 290 

3.4.2 Particles prevalent in wildfire plumes 

Representative images of elemental mapping from the wildfire Plumes 1, 2, and 3 are shown in Fig. 9. These aerosol 

particles predominantly consist of carbonaceous materials, mainly organic materials, and appear gray due to their amorphous 

structure and the relatively low atomic numbers of their constituent elements, which are primarily C, N, and O. The presence 

of N within organic materials suggests that they are a type of organic nitrogen, which are commonly found in aerosol particles 295 

from a wildfire plume and may form brown carbon, which absorbs shortwave sunlight (Li et al., 2025; Laskin et al., 2015). 

They embed other materials, such as soot and potassium sulfate, which decompose upon exposure to a strong electron beam 

(Fig. 10b). These particles spread over the substrate, indicating low viscosity (liquid phase) at the time of collection. 

Potassium sulfate occurs either as a homogeneous mixture with organic materials (Fig. 9a) or as discrete salt grains 

within organic materials (Figs. 9b and 9c). Similar mixing states of organic-sulfate particles have been observed over the ocean 300 

in East Asia, where mixtures of organic material and salt grains were found at high altitudes, whereas homogeneously mixed 

particles were detected near the ocean surface (Adachi et al., 2025b). A possible explanation for this difference was that the 

homogeneously mixed particles may have experienced a hydrate phase during transport.  
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Figure 9. Representative transmission electron microscopy images of samples from wildfire plume periods (top) and 305 

their elemental mapping images of C, N, S, and K (bottom). A tarball particle is indicated in image (a). (a): Plume 1. 

(b): Plume 2. (c): Plume 3.  

 

Figure 10. Representative transmission electron microscopy images of a sample from wildfire plume 2 on July 18, 14:00 

in UTC (a). (b) A magnified image of the area in (a) after the elemental mapping image analysis. Traces of potassium 310 

sulfate particles and embedded soot particles are visible in image (b). (c): Elemental mapping images of C, N, S, and K 

of the same area. 

 

One or more soot particles, which appear black small dots or aggregates in the TEM images (Figs. 9 and 10), are 

embedded within the organic material. For example, the sample collected on July 18 contained numerous isolated soot particles 315 

dispersed throughout the organic-dominant particles (Fig. 10). These soot particles were ~100–400 nm in length and consisted 

of several to tens of primary monomer particles. These particles are much smaller than particles without an organic coating, 

which are several micrometers in size and possibly originate from local sources (Figs. 7a and 8a). Chen et al. (2025) have 

shown a similar mixture of small soot particles in a wildfire smoke in China. It remains unclear how these small soot particles 

became mixed with organic material, but it is hypothesized that either small soot particles were embedded in organic materials 320 

in the atmosphere, or that larger soot particles broke apart within the host organic materials. Such soot mixing states influence 

their light absorption properties (Tuccella et al., 2025). The mixing of small soot particles within coating materials can be 
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better approximated by the Dynamic Effective Medium Approximation (DEMA) with Mie theory than by a core-shell model 

(Chen et al., 2025). Here, the DEMA model assumes that multiple, small, light-absorbing materials are distributed throughout 

the host particle, whereas the core-shell model assumes that a single light-absorbing core is located centrally within the host 325 

particle. Due to their smaller shadowing effects, scattered soot particles can efficiently absorb sunlight, although this depends 

on the sizes of the soot and coating materials and the positions of the soot. These small soot particles commonly have a volume-

equivalent diameter of less than 60 nm, as estimated from the number (<10) and size (~20 nm in diameter) of their constituent 

monomers. This size is smaller than the detection limit of instruments that measure black carbon or soot online, such as a 

single-particle soot photometer (SP2) and particle analysis by laser mass spectrometry (PALMS). The SP2 has a detection 330 

limit of ~70 nm, and the PALMS has a detection limit of ~80 nm in volume-equivalent diameter (Moteki and Kondo, 2010; 

Schwarz et al., 2010; Jacquot et al., 2024). Thus, these instruments may detect such small particles less efficiently or even 

overlook them, resulting in an underestimation of measured atmospheric black carbon concentrations from wildfires. 

Only a small number of tarballs were detected in the current samples (Fig. 9a). Tarballs have been commonly detected 

in samples from fresh wildfire smoke (less than 24 hours old) from the western US (Chakrabarty et al., 2023; Adachi et al., 335 

2019, 2024). The apparent differences between tarballs and the current organic particles are that the latter are less viscous, 

deform on the substrate, and are internally mixed with soot particles and various salt crystals. Several hypotheses may explain 

the reasons why tarballs were hardly detected in the present samples: (1) tarballs were produced in negligible amounts by the 

Canadian wildfires; (2) tarballs were removed from the atmosphere during long-range transport; and (3) tarballs were 

transported primarily at higher altitudes—specifically, the main plumes were located at 1–5 km for plume 1 and 1–2 km for 340 

plume 2 (Alden et al., 2026)—such that only non-tarball organic particles in the periphery of the plumes reached the surface. 

These hypotheses cannot be further evaluated in the present study due to the lack of additional samples in the source region 

and at higher altitudes or relevant observational data. 

4. Summary and conclusion 

In this study, we collected ambient aerosol particles in southern Greenland during the summer of 2023 as part of the 345 

GreenFjord campaign and analyzed them using TEM (STEM-EDS system) to investigate the mixing states and composition 

of individual particles in the fine mode. During our intensive measurements, we identified and characterized three periods 

influenced by long-range transport of Canadian wildfire smoke, based on a combination of aerosol mass concentrations, CO 

concentrations, model analyses, and particle composition. During the wildfire plume periods, K-bearing particles and 

carbonaceous particles dominated the observed aerosol population, whereas samples collected during the background periods 350 

were characterized by higher fractions of sea salt and sulfate particles. In contrast to the abundance of tarballs observed in 

previous wildfire samples in the western US, the current samples rarely contained them. Instead, the current wildfire plume 

samples revealed the presence of organic materials internal mixed with potassium sulfate and numerous small soot particles. 

In addition, wildfire plumes modified sea salt particle composition by replacing chloride with sulfate and other acidic species, 

indicating chemical processing during transport.  355 

This study showed how large wildfire emissions alter aerosol mixing states and composition in the Arctic. In 

particular, internally mixed small soot particles embedded within organic matter have important implications for aerosol light 

absorption. In addition, these internally mixed soot particles can have higher hygroscopicity due to the presence of hygroscopic 

materials such as sulfate, and exhibit shorter atmospheric lifetime than those without mixing (Oshima et al., 2012). Thus, 

information about their mixing states improves the estimation of soot deposition on the ice sheet (Thomas et al., 2017). While 360 

this study focused on fine-mode aerosol particles, further analysis of coarse-mode aerosol particles with an aerodynamic 

diameter greater than 700 nm would improve our understanding of naturally occurring, water-insoluble aerosol particles, such 

as mineral dust particles and bioaerosols, both of which are recognized as important types of ice-nucleating particles.  
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Overall, this study highlights the significant influence of large wildfires on the population of Arctic aerosol particles 

and emphasizes the importance of individual particle analysis for accurately characterizing aerosol and climate interactions. 365 

As climate change is expected to increase the frequency and intensity of wildfires (Keywood et al., 2013; Abatzoglou and 

Williams, 2016; Jaffe et al., 2020), the detailed information on aerosol mixing states and aging processes will be useful for 

improving estimates of aerosol radiative effects, deposition to snow and ice surfaces, and the resulting impacts on the Arctic 

climate. 
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