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Abstract 16 

Black carbon deposition on the Greenland Ice Sheet significantly reduces surface albedo and 17 
accelerates melt, yet the microphysical properties that distinguish local emissions from long-18 
range wildfire smoke remain poorly constrained. We characterized single-particle refractory 19 
black carbon (rBC) using an Extended Range Single Particle Soot Photometer (SP2-XR) at the 20 
Thule High Arctic Atmospheric Observatory in northwest Greenland from June to September 21 
2024. By pairing real-time measurements with local meteorology and Navy Aerosol Analysis 22 
and Prediction System Reanalysis (NAAPS-RA) smoke concentrations, we partitioned aerosol 23 
measurements into local, long-range, and mixed regimes. Here we report microphysical 24 
properties of rBC as core mass-equivalent diameter (EMD), equivalent optical diameter (EOD), 25 
and equivalent coating thickness (ECT). Fresh emissions from local infrastructure (Pituffik 26 
Space Base) were characterized by larger median rBC mass cores (EMD = 196.3 nm), smaller 27 
total optical diameters (EOD = 316.1 nm), and thin coatings (ECT = 56.7 nm). In contrast, 28 
long-range biomass burning smoke from North America exhibited smaller rBC cores (EMD =29 
184.7 nm), significantly larger overall optical diameters (EOD = 343.1 nm; 𝑝 < 0.01) and 30 
statistically significantly thicker secondary aerosol coatings (ECT = 60.8 nm; 𝑝 < 0.05). 31 
Consistent with previous studies, this inverse relationship between core and optical size provides 32 
near-surface validation that secondary non-rBC coating accumulation drives the total optical 33 
volume of aged Arctic smoke. As Arctic shipping, local industrialization, and high-latitude 34 
wildfires increase, these distinct optical and microphysical signatures provide essential 35 
observational constraints for climate models to accurately simulate BC optical properties, 36 
atmospheric deposition, and snow-albedo feedbacks.  37 
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1. Introduction: Black carbon (BC) is a potent, short-lived climate forcer that plays an 38 

outsized role in Arctic climate dynamics. In the Arctic environment, BC exerts a dual warming 39 

effect: it absorbs incoming solar radiation in the atmosphere, and critically, it reduces surface 40 

albedo when deposited onto snow and ice (Bond et al., 2013). This deposition-induced albedo 41 

reduction is particularly concerning for the Greenland Ice Sheet (GrIS), where dark particulates 42 

increase the absorption of shortwave radiation, triggering positive feedback loops that accelerate 43 

surface melting and contribute to global sea-level rise (Flanner et al., 2007). Furthermore, the 44 

seasonal patterns of Arctic aerosols (Schmale et al., 2022) may be shifting (Xian et al., 2022a), 45 

responding to, and helping to drive, changes to the Arctic climate (Schmale et al., 2021). To 46 

accurately predict future melt scenarios, regional climate models require accurate constraints on 47 

both the concentration and microphysical properties of BC depositing in the high Arctic.  48 

Emissions from North America and Eurasia are frequently transported into the high 49 

northern latitudes, manifesting historically as winter and spring "Arctic Haze," (Frossard et al., 50 

2011; Schmale et al., 2022) and increasingly as summer intrusions of biomass burning smoke 51 

(Law and Stohl, 2007; Stohl et al., 2013). Indeed, boreal wildfires have become a dominant 52 

source of long-range transported Arctic BC during the melt season (Khan et al., 2023; Xian et al., 53 

2022a). However, as the Arctic warms and sea ice retreats, the region is experiencing a steady 54 

increase in local industrialization and accessibility. Local anthropogenic emissions stemming 55 

from shipping (Heutte et al., 2026), coal mining (Khan et al., 2017b) and military or research 56 

infrastructure as demonstrated in the Antarctic (Cordero et al., 2022), are emerging as highly 57 

concentrated, continuous point sources of BC (Khan et al., 2017a) that threaten local snow and 58 

ice surfaces (Eckhardt et al., 2015; Winiger et al., 2017). Although bulk BC mass transport to the 59 

Arctic is well-documented, characterizations of single-particle mixing states and coating 60 

characteristics over Greenland remain sparse, leaving significant uncertainties in how these aged 61 

plumes evolve during long-range transport (Adachi et al., 2026).  62 
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Understanding the relative climate impact of these two distinct regimes requires 63 

examining the microphysical evolution of the particles themselves. As BC travels thousands of 64 

kilometers from mid-latitude wildfires (Doherty et al., 2010), it undergoes significant 65 

atmospheric aging. While total particle concentrations decrease due to atmospheric dilution and 66 

wet scavenging, the surviving particles acquire thick coatings of secondary organic aerosols and 67 

sulfates, significantly altering their hygroscopicity and deposition velocity (Kodros et al., 2018; 68 

Zanatta et al., 2018). In contrast, fresh local emissions have not undergone this extensive aging 69 

process. As a result, they are characterized by smaller total particle diameters and thinner 70 

individual coatings before atmospheric condensation builds up a thick, secondary shell around 71 

the rBC core (Wang et al., 2011). While these physical differences are well documented in 72 

laboratory settings and lower latitudes, ground-level, high-resolution partitioning of aged versus 73 

fresh BC microphysics in the high Arctic, especially near the GrIS, remains sparse.  74 

To better constrain the impacts of BC deposition on GrIS melt, it is essential to 75 

differentiate local contamination from long-range transport in observational datasets. In this 76 

study, we present high-resolution measurements of aerosol particles, with and without refractory 77 

black carbon (rBC), measured with an Extended Range Single Particle Soot Photometer (SP2-78 

XR) at the Thule High Arctic Atmospheric Observatory (THAAO) in northwest Greenland. By 79 

pairing direct microphysical measurements with the Navy Aerosol Analysis and Prediction 80 

System Reanalysis (NAAPS-RA) model of wildfire smoke flux data and local meteorology, we 81 

categorize aerosol transport into local, long-range, and mixed regimes. Ultimately, this work 82 

aims to characterize the distinct microphysical signatures, specifically size and coating 83 

distributions, of nearby fossil-fuel emissions from the Pituffik Space Base compared to 84 

transported North American wildfire smoke, providing necessary observational constraints for 85 

future Arctic climate modeling. 86 

2. Methods 87 

2.1. Study Area and Site Description 88 

An SP2-XR was installed at the THAAO (76.5°N, 68.8°W, 220 m asl, www.thuleatmos-89 

it.it), located on a hill south of the Pituffik Space Base, about 3 km inland from the coast of 90 

Greenland and about 20km west of the Greenland Ice Sheet on ice-free land (GrIS; Fig. 1a) to 91 

complement airborne measurements by the NASA ARCSIX field campaign (Taylor et al., 2026). 92 
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The Pituffik Space Base has an airstrip, with regular, daily aircraft traffic, northeast of where the 93 

SP2-XR was installed, and a powerplant located north of the SP2-XR location, which are both 94 

potential local sources of rBC. The study site is also located east of North America, which is a 95 

major source region for biomass burning smoke from wildfires transported to Greenland. 96 

 97 
Fig 1. a) Location of the SP2-XR (star symbol) relative to the Pituffik Space Base and the 98 
airstrip; b) Location of the SP2-XR in relation to North America and the greater Arctic. The base 99 
map source was designed and developed by ESRI and accessed via ArcGIS Pro World Imagery 100 
| Powered by Esri.  101 
 102 

https://doi.org/10.5194/egusphere-2026-6637
Preprint. Discussion started: 16 November 2026
c© Author(s) 2026. CC BY 4.0 License.



 5 

The SP2-XR made continuous measurements for 102 days from 06/19/2024 – 103 

09/29/2024. It was installed on a shelf inside the THAAO building, and the 1.3 cm diameter 104 

intake tube was routed through a small hole in the wall and secured to a roof-mounted support 105 

(Figure 2a). The electrically grounded, 1.3 cm diameter intake tube was oriented vertically but 106 

bent slightly to prevent precipitation from entering the tube (Figure 2b). Inertial particle losses in 107 

the bends and losses by diffusion to the walls were estimated using the spreadsheet, aerocalc.xls, 108 

widely used by aerosol scientists, and taking into account the  1.0 cm3 s-1 flowrate. For particles 109 

in the size range of the SP2-XR, particle losses were less than 0.01%. 110 

  111 

 112 
Fig 2. a) SP2-XR setup inside THAAO building on a shelf to decrease the distance the intake 113 
tube had to travel to reach the top of the roof outside the building; b) SP2-XR intake tube routed 114 
through a small hole in the side of the building and secured to a mount with a slight bend in the 115 
tubing. 116 

2.2. Navy Aerosol Analysis and Prediction System - Reanalysis (NAAPS-RA) 117 

Smoke Flux Data 118 

The NAAPS-RA is a global aerosol reanalysis model that provides 6-hourly, 3-119 

dimensional tropospheric concentrations and optical properties of major aerosol species 120 

a b 
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including dust, anthropogenic and biogenic fine aerosols (ABF), sea salt, and biomass burning 121 

smoke at a 1º x 1º latitude, longitude resolution, for 25 vertical levels, from 2003 to the present 122 

(Lynch et al., 2016; Xian et al., 2022b). Smoke particles from biomass burning are derived from 123 

near-real time satellite-based thermal anomaly data that are used to construct smoke source 124 

functions (Reid et al., 2009), with additional orbital corrections and regional tunings (Lynch et 125 

al., 2016). The NAAPS-RA has been shown to have great skill in capturing transported smoke 126 

from the mid-latitude region to the Arctic (Khan et al., 2017a; Markowicz et al., 2016; Ranjbar et 127 

al., 2019; Xian et al., 2022b). In this study, we use the daily surface concentration of biomass 128 

burning smoke, which is a daily-average value given in µg m-3, to compare to measurements 129 

collected by the SP2-XR and help distinguish between sources of rBC. 130 

2.3. THAAO Meteorological Data 131 

Wind speed (m/s) and wind direction (º) measurements were collected every minute at 132 

the THAAO meteorological towers located about 30 m from the building at a height of 5 m agl 133 

(Ciardini et al., 2026). Wind direction data was used to classify potential local sources of aerosol 134 

transport to the SP2-XR location. 135 

2.4. Measurement methodology  136 

The SP2-XR is a version of the SP2-D, which uses laser induced incandescence (LII) to 137 

derive rBC (Schwarz et al., 2006; Stephens et al., 2003). Through calibration the mass of rBC in 138 

individual particles is extracted from the incandescence signal. Although some pure metals will 139 

also incandesce, as discussed by Schwarz et al. (2006), the majority will be rBC. In addition to 140 

measuring rBC with LII, the instrument also measures the light that scatters from each particle in 141 

the range of equivalent optical diameters (EOD) from 100-500 nm, regardless of whether they 142 

incandesced, i.e. contained rBC. From here forward, incandescing particles will be referred to as 143 

rBC and the particles that scatter light will be designated as scattering particles. There are some 144 

particles whose EOD is below the detection threshold of scattered light but that have rBC whose 145 

incandescence can be detected and quantified.  146 

One of the principal metrics that will be used in this study to correlate with the age and 147 

origins of the rBC is the mixing state, a parameter that describes the amount of non-incandescing 148 

material that is mixed with the rBC. The mixing state has been defined in a number of ways by 149 

those who make measurements with the SP2. The definition that will be used here is that of 150 
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coating thickness (Schwarz et al., 2008a, b) which compares the EOD of the particle to its 151 

equivalent mass diameter (EMD). The EMD is defined as that diameter of rBC if it is collapsed 152 

into  a sphere with a density of 1.6 g cm-3 . Although the difference between the EOD and EMD 153 

has been referred to in previous studies as the coating thickness, from here forward we will use 154 

the terminology Equivalent Coating Thickness (ECT) to highlight that this is not an actual 155 

geometric thickness but is rather a surrogate of the mixing state. Given the errors in EOD of 156 

±30%, due to uncertainties in refractive index, shape and partial evaporation, and error in EMD 157 

of approximately ±50%, due to uncertainties in densities and fractal shape, the propagated error 158 

in ECT is approximately ±60%. Although the reader will be reminded of this uncertainty 159 

throughout the remainder of this manuscript, we are more interested in relative changes in the 160 

ECT rather than absolute values. 161 

Descriptions and units of each of the variables directly measured from the SP2-XR can be 162 

found in Table S1 and the derived variables in Table S2. 163 

2.5. Local Contamination vs. Long-Range Transport Events 164 

In order to compare with the NAAPS-RA model, the SP2-XR measurements were also 165 

averaged to provide a daily value for each variable, matching the temporal structure of the 166 

NAAPS-RA biomass burning smoke surface concentration data. To isolate when the surface 167 

smoke concentration was especially high, days when the concentration was above the median 168 

value (0.115 µg m-3) were classified as high smoke days. To identify potential long-range smoke 169 

transport, the days with high smoke concentration were filtered to only include days when the 170 

average wind direction was coming from the West, South, Southwest, or Southeast, which could 171 

indicate smoke transport from Canada or from shipping ports in Southern Greenland. Local 172 

infrastructure plume passages were identified on days dominated by wind directions from local 173 

source sectors (Pituffik Space Base, power plant, airstrip: N, NE, E) during low regional smoke 174 

conditions (NAAPS-RA < 0.115	𝜇g m!"). To ensure that analyzed local intervals reflected 175 

active operational emissions rather than clean background air, an operational plume-screening 176 

threshold (rBC concentration > 3.18 particles cm!") was applied. Because concentration 177 

parameters served as part of the initial spatial/operational filter, our scientific evaluation focuses 178 

independently on single-particle microphysical properties (ECT, EOD, and EMD) that were not 179 

used in regime classification. A “mixed” case was classified as when the surface smoke 180 
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concentration was above the median value, but the wind was coming from the North, Northwest 181 

or Northeast, indicating potential transport of aerosols from the power plant north of the 182 

measurement site. 183 

2.6. Statistical Analysis 184 

  NAAPS Model and SP2-XR Comparison 185 

The daily smoke, dust and ABF data were not normally distributed, therefore, the median 186 

was used to identify high deposition days where smoke, dust, or ABF surface concentrations 187 

were above the median value, while those below the median value were considered “low” 188 

deposition days. The median smoke concentration was 0.115 µg m-3 day-1, the median dust 189 

concentration was 0.47 µg m-2 day-1, and the median ABF concentration was 0.18 µg m-3 day-1 190 

(Figure 3). Non-parametric Wilcoxon Rank-Sum tests (W test statistic) were used to compare 191 

particle attributes measured by the SP2-XR between high and low smoke, dust and ABF events. 192 

Chi-squared test statistics analyses (χ²(degrees of freedom)) are applied to explore statistically 193 

significantly differences between local, long-range, and mixed transport events described in the 194 

next section.  195 

   196 

 Local / Long-Range / Mixed Transport Comparison 197 

Assumptions of normality and homogeneity of variance were assessed using residual Q–198 

Q plots and Levene’s tests. One of the five variables measured by the SP2-XR (scattering 199 

particle concentration) during local, long-range and mixed transport events violated the 200 

assumptions required for analysis of variance (ANOVA) testing. Therefore, Kruskal–Wallis tests 201 

were applied to all variables as a non-parametric alternative to assess differences in particle 202 

attributes among transport types. When there were significant differences among transport types, 203 

Dunn’s post-hoc test with Benjamini-Hochberg correction was used to determine which groups 204 

specifically differ. 205 

3. Results/ Discussion 206 

To preface the following discussion, a brief overview of how rBC properties relate to 207 

source and age is useful to describe how and why we relate the Greenland SP2-XR 208 

measurements to the air mass origins and history. Incomplete combustion is the source of most 209 
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rBC, which also depends on the fuel that is burning and its temperature (Bond et al., 2013). High 210 

temperature combustion, e.g. from jet engines and power plants, produce high concentrations of 211 

very small rBC that will very rapidly coagulate into larger particles, whereas biomass burning 212 

such as from wildfires produce much larger rBC in lower numbers. Likewise, there are many 213 

gases that form in high temperature combustion that will subsequently condense on rBC surfaces 214 

that contribute to the ECT derived with the SP2-XR.  Similar condensation on rBC will happen 215 

in air masses leaving wildfires, but the gases will be in lower concentration and hence the 216 

condensation process takes longer. This complexity of rBC interactions with gases, as well as 217 

with other aerosols, is what makes interpretation of the SP2-XR measurements challenging.  218 

To contextualize the atmospheric conditions over the THAAO during the summer of 219 

2024, we first evaluated the regional aerosol surface concentration using the NAAPS-RA 220 

modeled daily surface concentrations. Across the entire sampling window (102 days from June 221 

19 to September 29, Figure 3), dust was the dominant aerosol species by mass, exhibiting the 222 

highest overall seasonal median surface concentration, followed by ABF, and biomass burning 223 

smoke (Table 1). The same trend was observed for cumulative monthly total surface 224 

concentration. While dust maintained the highest median concentration and total surface 225 

concentration across the summer season, the three aerosol species exhibited distinct monthly 226 

variations that reflect changing seasonal transport pathways and source strengths. 227 

Biomass burning smoke produced from wildfires peaked sharply in August, with a 228 

doubling of the monthly median. The total monthly surface concentration in August was also 229 

more than half the total summer season concentration. This late-summer surge is consistent with 230 

peak wildfire activity in North America (Buchholz et al., 2022). The August smoke maximum 231 

also exceeds the dust maximum.  232 

Both dust and ABF concentrations increased over the summer, culminating with their 233 

highest median concentrations in September. The elevated late-season dust concentrations may 234 

point to enhanced regional bare ground exposure as shown by enhancement of some metals 235 

naturally occurring in the nearby soil (Becagli et al., 2020) due to progressive seasonal snow 236 

melt, as well as high-latitude permafrost thaw. The elevated ABF does not follow previous 237 

reports of a maximum in Spring due to Arctic Haze (Frossard et al., 2011), potentially suggesting 238 

a rise due to increased regional anthropogenic activities such as enhanced shipping (Heutte et al., 239 

2026) due to waning Arctic sea ice (Zhao et al., 2025). However, this could also be due to the 240 
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complexity of Arctic aerosol-climate interactions, the evolution and transport of Arctic aerosols, 241 

and their effects on cloud microphysics (Schmale et al., 2021). 242 

 243 

Table 1: Seasonal NAAPS-RA daily and cumulative monthly surface concentration summary 244 

table (µg m-³). Median (M) values were used to separate the high and low bins for Table 2.  245 

 July August Sept 
Total Season  

(6/19/24 - 9/29/24) 

 M (Q1-Q3) Max M (Q1-Q3) Max M (Q1-Q3) Max M (Q1-Q3) Max 

Smoke 
0.07  

(0.04 - 0.12) 
0.38 

0.21  

(0.13 - 0.44) 
1.95 

0.12  

(0.08 - 0.23) 
0.39 

0.11 

 (0.06 - 0.23) 
1.95 

Dust 
0.35  

(0.27 - 0.51) 
0.96 

0.52  

(0.36 - 0.8) 
1.78 

0.73  

(0.43 - 1.33) 
3.36 

0.47  

(0.3 - 0.73) 
3.65 

ABF 
0.13  

(0.09 - 0.17) 
0.27 

0.17  

(0.12 - 0.21) 
0.68 

0.43  

(0.3 - 0.61) 
1.53 

0.18 

 (0.12 - 0.28) 
1.53 

Total Cumulative Surface Concentration (µg m-³) 

Smoke 3.4 12.2 4.6 21.0 

Dust 12.7 19.0 27.1 64.4 

ABF 4.2 5.8 15.1 26.7 

 246 

 247 

 248 
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249 
Fig 3. Plots showing high (colored bars) and low (gray bars) surface concentration days for 250 
smoke, dust and ABF between June 19 and September 29, 2024. Blue dashed lines indicate 251 
median concentrations for each aerosol species. High and low concentration is in reference to 252 
above or below the median value. Note the difference in y-axis scales between species. 253 
 254 

 255 

Table 2: Particle characteristics measured by the SP2-XR during days with high vs. low smoke, 256 

dust and ABF surface concentrations. The high and low NAAPS-RA scenarios are in reference 257 

to above or below the median NAAPs value for each aerosol species. 258 

 NAAPs 
Scenario 

rBC 
(cm-3) 

rBC 
(ng m-3) 

Scat. 
Particle 
(cm-3) 

EOD 
(nm) 

EMD 
(nm) 

ECT 
(nm) 

Average ± standard deviations 

Smoke 
Low 5.85 ± 1.02 3.74 ± 0.92 64.0 ± 6.0 319 ± 3 199 ± 4 56 ± 1 
High 4.94 ± 0.95 2.69 ± 0.39 38.5 ± 3.3 342 ± 4 184 ± 5 61 ± 1 

Dust 
Low 6.06 ± 1.29 3.65 ± 0.96 56.7 ± 5.8 324 ± 4 188 ± 3 57 ± 1 
High 4.75 ± 0.56 2.80 ± 0.32 46.2 ± 4.4 338 ± 4 196 ± 6 61 ± 1 

ABF 
Low 5.16 ± 1.07 3.38 ± 0.95 56.2 ± 5.4 322 ± 4 184 ± 4 58 ± 1 
High 5.63 ± 0.91 3.06 ± 0.35 46.7 ± 4.9 339 ± 5 199 ± 5 60 ± 2 

Median and interquartile range (IQR) 

Smoke 
Low 3.2 

(1.1 - 7.9) 
2.1 

(0.74 - 4.5) 
51.8 

(38.3 - 77.3) 
313 

(304 – 330) 
197 

(180 – 216) 
57 

(54 – 58) 

High 3.4 
(1.5 - 6.1) 

1.9 
(0.8 - 3.3) 

37.9 
(18.1 - 50.6) 

343 
(318 – 359) 

183 
(172 – 196) 

60 
(57 - 63) 

Dust Low 2.8 1.8 47.8 316 188 56 
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(1.2 - 6.3) (0.8 - 3.6) (32.7 - 67.3) (304 – 335) (175 – 203) (54 – 60) 

High 4.3 
(1.2 - 7.9) 

2.8 
(0.7 - 3.7) 

39.9 
(27.2 - 56.7) 

339 
(317 – 353) 

189 
(175 – 214) 

59 
(57 – 62) 

ABF 
Low 2.8 

(0.9 - 6.3) 
1.6 

(0.6 - 3.3) 
47.3 

(32.7 - 66.3) 
314 

(304 – 336) 
185 

(174– 203) 
57 

(55 - 61) 

High 4.2 
(1.7 - 8.6) 

2.6 
(1.2 - 4.5) 

39.9 
(25 – 63.5) 

338 
(322 – 351) 

191 
(177 – 212) 

58 
(56- 61) 

 259 

Across all three aerosol species, the trend from low to high surface NAAPS-RA aerosol 260 

species concentrations is associated higher ECT (Table 2). Comparing SP2-XR particle 261 

characteristics across high and low smoke confirms no statistically significant differences in rBC 262 

core size, overall diameter, or coating thickness, between high and low smoke events (Figure 263 

S1a–j). The only parameter exhibiting a statistically significant difference between high and low 264 

smoke scenarios is the total scattering particle concentration (Figure S2a,b) 265 

 266 

3.1 Local vs. Long-Range vs. Mixed Transport Days 267 

To explore particle characteristics across source scenarios (local emissions, mostly from 268 

fossil fuel combustion from Pituffik Space Base or long-range transport of wildfire derived 269 

smoke), the SP2-XR data were classified into three categories as local, long-range or mixed. 270 

Briefly, long-range smoke is defined as NAAPS-RA smoke concentration above the median 271 

value (0.115 µg m-3) and the wind direction from the West, South, Southwest, or Southeast. 272 

Local aerosol contamination is defined as surface smoke concentrations < median value (0.115 273 

µg m-3) and rBC particle concentrations > median (3.18 particles /cm3). Lastly,  “mixed” cases 274 

were classified as surface smoke concentration above the median value, but wind direction is 275 

from the N, NW or NE (e.g., potential aerosol transport from the Pituffik Space Base power 276 

plant). The criteria for each category are further defined in Section 1.5 of the methods.  277 

Across the campaign, 26 days (25%) of the SP2-XR measurements were dominated by 278 

local emissions, 36 days (35%) measured long-range transported smoke, and 9 consecutive days 279 

(9%) measured “mixed” conditions (Figure 4) where smoke concentrations were above the 280 

median (0.115 µg m-3), but the wind was coming from the N, NW, or NE, potentially also 281 

bringing local emissions from the base, resupply vessels, or rare, but possible, local shipping. 282 

The days with the highest surface smoke concentrations (> 0.5 µg m-3) occurred during long-283 

range transport or “mixed” events, with the maximum long-range smoke events reaching nearly 284 
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2.0 µg m-3 on August 13th. Such episodic, high-concentration events are consistent with the trans-285 

Greenland transport of intense Canadian wildfire plumes, which have been shown to drastically 286 

alter Arctic background aerosol composition during extreme fire seasons (Adachi et al., 2026; 287 

Calì Quaglia et al., 2022).  288 

 289 

 290 
Fig 4. Bar plot showing daily surface smoke concentration classified by aerosol transport type. 291 
 292 

Having isolated local operational plumes from regional transport events, we evaluate the 293 

microphysical signatures, specifically core size (EMD), total optical diameter (EOD), and mixing 294 

state (ECT), associated with each transport history. Because these microphysical dimensions 295 

were completely excluded from the air mass classification criteria, they provide an unbiased 296 

assessment of aerosol aging and source characterization.	The three emission/transport scenarios 297 

also demonstrated significant differences in the median scattering number concentration (p < 298 

0.001), with local contamination again containing the highest median scattering number 299 

concentration.  300 

To accurately evaluate particle mixing states, a clear physical distinction must be made 301 

between the rBC size (EMD; Figure 5a), the total particle optical size (EOD; Figure 5b), and the 302 

resulting shell thickness (ECT; Figure 5c). Fresh local emissions were characterized by larger 303 

median rBC cores (EMD = 196.3 nm) but smaller total optical particle sizes (EOD = 316.1 nm) 304 
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(Figure 5a, b). Conversely, long-range wildfire smoke exhibited smaller rBC cores (EMD = 305 

184.7 nm), consistent with the preferential scavenging and removal of larger rBC mass cores 306 

during long-distance transit, yet larger overall optical particle sizes (EOD = 343.1 nm; p<0.01, 307 

Figure 5b) likely due to coating by secondary aerosols during transport. This inverse relationship 308 

between decreasing core size (EMD) and increasing overall particle size (EOD) explains the 309 

marked increase in ECT (median 60.8 nm) observed in aged plumes (median 60.8 nm vs. 56.7 310 

nm local; p<0.05; Figure 5c; noting the estimated ±60% uncertainty in derived ECT), 311 

demonstrating that non-rBC coating accumulation, rather than core enlargement, drives the total 312 

particle volume of long-range Arctic smoke. While these relative differences are statistically 313 

significant, we remind the reader that absolute ECT values carry a propagated uncertainty of 314 

approximately ±60%. 315 

The long-range transport events contained the highest mean ECT (61.96 nm), which was 316 

statistically significantly higher than local scenarios (p < 0.05, Figure 5c); however, ECT did not 317 

differ significantly between long-range and mixed scenarios. During long-range transport 318 

scenarios, particle concentration metrics dropped while the coating thickness increased (Table 3; 319 

Figure 5c). During long-range transport, the remaining particles that age during transit can 320 

become coated by secondary organic aerosols, such as sulfates that coat rBC particles, resulting 321 

in a significantly thicker individual coating (higher ECT; p<0.05, Figure 5c). This microphysical 322 

evolution is strongly supported by recent individual-particle analyses in Greenland by Adachi et 323 

al. (2026), who observed that aged Canadian wildfire plumes are dominated by thick organic 324 

matrices embedding soot particles and potassium sulfates. Therefore, the ECT serves as a 325 

microphysical signature for differentiating local emissions from aged, long-range smoke. 326 

The average scattering particle concentration was also highest for local aerosol transport 327 

events, showing significant reductions in both long-range (p<0.01) and mixed scenarios 328 

(p<0.001, Figure S3). This can be attributed to local airmasses containing higher concentrations 329 

of fresh local emissions compared to long-range air masses, which are susceptible to deposition 330 

and other removal processes during transit. 331 

 332 

Table 3. Average ± standard deviations and Median (IQR) of attributes measured by the SP2-XR 333 
during days with aerosol transport classified as local, long-range or mixed. Number of days 334 
refers to the total days over the campaign. 335 
 336 
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Aerosol 
Transport 
Scenario 

# 
Days 

rBC 
(cm-3) 

rBC 
(ng m-3) 

Scat. Particle 
(cm-3) 

EOD 
(nm) 

EMD 
(nm) 

ECT 
(nm) 

Average ± Standard Deviation 
Local 26 10.3 ± 1.6 6.9 ± 1.6 64.2 ± 7.0 318.3 ± 3.4 200.6 ± 5.1 55.9 ± 0.8 
Long 
Range 36 5.4 ± 1.3 2.9 ± 0.5 42.4 ± 4.0 343.0 ± 5.3 185.7 ± 6.9 62.0 ± 1.9 

Mixed 9 3.4 ± 1.0 2.1 ± 0.6 18.6 ± 3.3 354.8 ± 7.4 167.7 ± 7.7 59.4 ± 0.6 

Median and interquartile range (IQR) 

Local 26 8 
(5.3 -12.3) 

4.5 
(3.1 - 6.6) 

56.7 
(39.8 - 73.1) 

316.1 
(306.9 – 327.8) 

196.3 
(185.8 – 210.1) 

56.7 
(54 – 57.7) 

Long 
Range 36 4.2 

(1.4 -5.7) 
2.7 

(0.9 - 3.3) 
39.7 

(25.7 - 58.3) 
343.1 

(321.0 – 357.5) 
184.7 

(168.9– 196.2) 
60.8 

(57.2 - 62.8) 

Mixed 9 2.4 
(1.5 -3.8) 

1.6 
(0.8 - 2.6) 

46.7 
(37.8 - 68.3) 

357.6 
(342.8 –367.9) 

177.5 
(171.0 – 182.9) 

56.4 
(54.1 -59.2) 

 337 

 338 
Figure 5. Box plots comparing SP2-XR measured properties across local, long-range, and mixed 339 

transport scenarios: a) mass-equivalent core diameter (EMD, nm), b) equivalent optical diameter 340 

(EOD, nm), and c) equivalent coating thickness (ECT, nm). Solid horizontal lines indicate 341 

median values, box boundaries represent interquartile ranges (IQR), whiskers denote 1.5 × IQR, 342 

and open circles indicate individual outliers. Statistical significance among pairwise group 343 

comparisons was determined via post-hoc testing (* p<0.05, **p<0.01, *** p<0.001, ns = 344 

not significant, p ≥ 0.05). Across the three variables, no statistically significant differences were 345 

observed between Long Range and Mixed scenarios (ns). Significant pairwise differences 346 

include: EMD (nm): Local vs. Mixed (*); EOD (nm): Local vs. Long Range (**), Local vs. 347 

Mixed (**); ECT (nm): Local vs. Long Range (*).  348 

3.2 Case Studies and NAAPS Smoke AOD Maps  349 

To look deeper into the SP2-XR data within the aerosol transport mechanisms, three case 350 

studies were investigated based on the NAAPS smoke surface concentrations. The three 351 

scenarios include a local contamination event between September 25-27, a high smoke, long-352 
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range transport event that occurred between August 12 -18, and a suspected, mixed aerosol 353 

transport between August 22-27 (Figure 6; Table S3).  354 

Local Emission Case Study: High rBC mean number concentrations were measured on 355 

the SP2-XR (21 cm-3); however, NAAPS data suggest that between September 25 and 27, there 356 

were very low mass concentrations of smoke (0.1 µg m-3) and ABF (0.55 µg m-3). This is further 357 

confirmed by NAAPS smoke AOD maps (Figure 6a) that show no smoke transport over 358 

Greenland during this time. This combined evidence indicates that local contamination from the 359 

Pituffik Space Base was likely the source of these rBC particles. 360 

Long-range Transport case study: NAAPS data reveal a high smoke event that 361 

occurred between August 12 and 18, which is further illustrated by NAAPS smoke AOD 362 

geospatial maps (Figure 6b) that indicate that the smoke was transported from Eastern Canada to 363 

the SP2-XR location.  During this time, according to the NAAPS, 4.76 µg m-3 of smoke was 364 

traveled over the surface during the seven days, along with 1.12 µg m-3 of ABF. The rBC mean 365 

number concentrations measured on the SP2-XR (9 cm-3) were lower than the local emission 366 

case study described above, further suggesting long-range transport, whereas the ECT (61 nm) 367 

was higher than the local contamination event (48 nm), complementing our findings across the 368 

three aerosol scenarios described above.  369 

 370 
Figure 6. NAAPS smoke AOD over the Arctic on a) September 25 showing no smoke over 371 

Greenland. b) the last day of a high concentration smoke event that occurred between August 12 372 

and 18 showing transport of smoke from Canada to Pituffik, Greenland, and c) August 23, the 373 

second day of a suspected mixed aerosol transport event that spanned August 22 to 27. 374 

An event with suspected mixed aerosol transport occurred between August 22 and 27, 375 

depositing 4.49 µg m-3 of smoke and 1.7 µg m-3 of ABF over six days. NAAPS smoke AOD 376 

https://doi.org/10.5194/egusphere-2026-6637
Preprint. Discussion started: 16 November 2026
c© Author(s) 2026. CC BY 4.0 License.



 17 

maps during this event show some smoke transport originating from Canada, with other areas of 377 

high smoke AOD over Southern Greenland (Figure 6c). During this time, the mean rBC number 378 

concentration (3 cm-3) was lower than both the local and long-range events; however, the median 379 

ECT was nearly as high as the long-range event (59 nm). As was pointed out at the beginning of 380 

the discussion, this apparent contradiction of lower number concentration yet higher ECT 381 

highlights the complexity of the physics of environmental aerosols and their evolution with time 382 

and distance. In this case, the results are not necessarily contradictive because the rBC that is 383 

produced by the lower temperature combustion from wildfires will interact with other aerosol 384 

particles, as well as interstitial gases. Over the many days that the rBC is transported to the 385 

measurement site there will be sufficient time for the ECT to increase as these particles grow by 386 

coagulation and condensation. 387 

4. Conclusion 388 

As the Arctic undergoes rapid environmental change, accurately predicting the accelerated 389 

melting of the GrIS requires an in-depth understanding of aerosol deposition. This study 390 

demonstrates that high-resolution, ground-based microphysical measurements can successfully 391 

contribute to the untangling of the complex mixture of local and long-range rBC reaching the 392 

high Arctic. These findings, consistent with previous airborne and regional Arctic studies (e.g., 393 

(Kodros et al., 2018; Kondo et al., 2011), demonstrate an inverse relationship between core size 394 

and optical size. This offers direct ground-level in-situ validation that secondary non-rBC 395 

coating accumulation drives the total optical volume of aged Arctic smoke. 396 

Measurements from the SP2-XR at THAAO during the summer of 2024 reveal contrasts 397 

in the microphysical properties of aerosol particles with different origins and histories. Long-398 

range transport events, such as North American wildfire smoke, exhibit significantly higher ECT 399 

(bearing in mind the estimated ±60% uncertainty in absolute ECT values). This higher 400 

percentage of non-rBC material on aged particles can alter their hygroscopicity and deposition 401 

velocity, meaning that they interact with the Arctic climate system differently than fresh local 402 

emissions. Furthermore, once the aerosols are deposited on the surface of the ice sheet, they play 403 

a complex role in the ice-albedo feedback. Determination of the parent rBC-source (e.g., local 404 

emissions or long-range smoke transport), as determined through SP2-XR measurements 405 

described here, can assist with more accurate parametrizations of rBC-deposition in radiative 406 
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transfer models, such as the Snow, Ice, Aerosol, Radiation (SNICAR-ADv4) model (Whicker et 407 

al., 2022). 408 

As sea ice retreats and the Arctic becomes increasingly accessible to shipping, tourism, 409 

and industrial development, these local emissions will likely capture a larger share of the Arctic 410 

aerosol budget, in addition to increasing transport and deposition of smoke from high latitude-411 

wildfires. To accurately model future climate scenarios and albedo reduction on the GrIS, 412 

chemical transport models must move beyond bulk mass estimates and account for these specific 413 

microphysical differences, namely, the size and coating variations between fresh local 414 

contamination and aged, long-range smoke. 415 

 416 
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