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Supplementary Figure 1. Temperature and atmospheric water vapor (w). Temperature at 

29 m (left) measured by the Polarstern weather station and water vapor (right) measured in 

the Swiss container by a Picarro during April 2020. The shaded areas represent the periods 

of focus of this study, ‘background’ conditions in blue, and warm intrusion period in pink. 

The intrusion observed on April 19th is not discussed further in this study as the period is 

affected by local precipitation and ship pollution.  
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Supplementary Figure 2. Extent of the warm intrusion. The heat map shows the near-

surface temperature in the Arctic on April 16th 2020 during the second peak of the warm 

air-mass intrusion event. The intrusion affects a large area of the central Arctic. The 

figure also shows that ground-based Arctic stations, for instance Villum research 

station at Station Nord (81.36° N, 16.40 °W) , Greenland is not affected by the intrusion, 

while the Ny-Ålesund observatories (78.55 °N, 11. 56 °E) are. Image from Climate 

Reanalyzer (https://ClimateReanalyzer.org, last access on 13.12.2021), Climate Change 

Institute, University of Maine, USA. The location of Polarstern (84.34° N, 13.09° E) is 

marked with a black circle and those of Villum and Ny-Ålesund are marked with 

yellow and magenta squares, respectively.  
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Supplementary Figure 3. Specific humidity of air-masses. Specific humidity of the air 

mass with simulated particles residing below 100 m altitude, obtained from 7-day 

backward simulations with FLEXPART during the background period (left panel), first 

peak of the intrusion event (middle panel) and second peak of the intrusion event (right panel). 

The position of Polarstern is marked with a star, that of Norilsk (69.3558° N, 

88.1893° E) with a square, that of Vorkuta (67.4969° N, 64.0602° E) with a 

triangle, and that of Murmansk (68.9733° N, 33.0856° E) with a circle. Polarstern 

drifted from 84.95° N, 14.99° E on 02.04.2020 at 12:00 to 84.34° N, 13.09° E on 

16.04.2020 at 12:00. 
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Supplementary Figure 4. Source contributions of black carbon and sulfate. Time series 

of regional source contributions integrated over the whole domain for BC during (A) the 

background on April 2nd – 3rd and (B) intrusion period on April 15-16th. Time series of source 

contributions integrated over the whole domain for the FLEXPART SO4 aerosol tracer during (C) 

the background on April 2nd – 3rd and (D) intrusion period on April 15-16th. Regional surface 

contribution (representative of the relative contribution of each sub region) during (E) the 

background on April 2nd – 3rd and (F) intrusion period on April 15-16th. (G) Map of regions used 

in (E) and (F). The units, s/m are 
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 equivalent to the concentration in µg/m3 that one would obtain if each region would have an 

emission flux of 1µg/m2/s everywhere. It is important to note here that although emissions from 

the ocean appear to contribute most, they are a proxy for the adjacent location. For example, the 

ocean north of Eurasia is a proxy for the emissions in Eurasia.  
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Supplementary Figure 5. Black carbon and sulfate footprint source contributions. (A) 

Black carbon source contribution (below 100 m a.g.l.), and inserts shown in (B), for a 

passive air tracer obtained from 7-day backward simulations with FLEXPART during the 

background period (left panel), first peak of the intrusion event (middle panel) and second 

peak of the intrusion event (right panel). (C) Sulfate footprint source contribution (below 

100 m a.g.l.), and inserts shown in (D), for a passive air tracer obtained from 7-day 

backward simulations with FLEXPART during the background period (left panel), first peak 

of the intrusion event (middle panel) and second peak of the intrusion event (right 

panel).  The position of Polarstern is marked with a star, that of Norilsk (69.3558° N, 

88.1893° E) with a square, that of Vorkuta (67.4969° N, 64.0602° E) with a triangle, 

and that of Murmansk (68.9733° N, 33.0856° E) with a circle. Polarstern drifted from 84.95° 

N, 14.99° E on 02.04.2020 at 12:00 to 84.34° N, 13.09° E on 16.04.2020 at 12:00. 
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Supplementary Figure 6. SO2 emission flux. Mean SO2 emission flux (in kg/

m2/s) according to the Community Emissions Data System (CEDS) global anthropogenic 

emission inventory for year 2017 from McDuffie et al.1. This figure highlights two emission 

hotspots: the Norilsk (69.3558° N, 88.1893° E) smelting facility in Siberia and the 

metallurgical industry in the Kola Peninsula, north-west Russia. 
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Supplementary Figure 7. Particulate matter speciated mass composition. Non-

refractory particulate matter with diameter smaller than 1 µm and black carbon (NR-PM1 

+ BC) speciated mass composition averaged over 15 min during periods not affected by 

ship exhaust during April 2020 (see Methods subsection development of pollution mask for 

AMS data). Grey triangles are the NR-PM1 + BC in 1.5 min time resolution.  

04/05 04/12 04/19 04/26
0

2

4

6

8

10

12

M
as

s 
( 

g/
m

3 )

Black carbon 
Chloride 
Nitrate 
Ammonium 
Organic 
Sulfate
PM1

04/01 05/01

Date (MM/DD)



11 

Supplementary Figure 8. Correlation between sulfate, black carbon and 

ammonium. Correlation between SO4
2- and (A) BC and (B) NH4

+. Data averaged for 1 hour. 

“All data” refers to all data obtained during April 2020. Correlation coefficients and 

statistical significance (p-values) are shown in the figure. 
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Supplementary Figure 9. Evolution of ammonium as a function of temperature. Data 

are in 1.5 min time resolution (time resolution of the HR-AMS). “All data” refers to all 

data obtained during April 2020.  
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Supplementary Figure 10. Organic aerosol composition during the background and 

warm intrusion event. Average mass spectra normalized to sum of all peaks and pie charts 

showing the contributions of each family to total organic (Org) aerosol for the different 

periods (A) background, (B) first peak of the intrusion, and (C) second peak of the 

intrusion. Inserts are between m/z 50 and 100. Generally, it is expected that the organics are 

more oxygenated the longer they have resided in the atmosphere2 due to photochemical 

processing. Hence, the Arctic haze aerosol should in theory be more oxygenated unless 

there is less solar irradiance, yet, the mean global radiation is 57.31 and 67.26 W/m2, 

during the background and intrusion period, respectively3. Given that there is 

no significant difference, other mechanisms such as heterogeneous processing seem to 

be more important to explain the difference. This is particularly true for the 

difference in oxygenation between the two intrusion peaks. The occurrence 

of heterogeneous processing is plausible, because the warm and moist 

intrusion was accompanied by substantial cloud formation. More oxygenated Orgs are 

also more hygroscopic and hence better cloud condensation nuclei.  
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Supplementary Figure 11. Aerosol acidity and MSA partitioning. (A) Estimated 

acidity based on ammonium balance (green dots, left axis) and estimated aerosol pH 

calculated using E-AIM model (bars, right axis) (B) Gas phase methane sulfonic acid 

(MSA) measured using NO3-CI-APiTOF in µg/m3 (gasmeas; orange solid line, left axis –

multiplied by 10 for visual aid), particle phase MSA measured using AMS (particlemeas; blue 

solid line, left axis) and the ratio of gas MSAg to MSAp (right axis), from 

measurements (lila solid line) and based on E-AIM model calculations (gray dashed line). E-

AIM results during ship pollution periods are filtered out.  
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Supplementary Figure 12. Composition of organics as a function of aerosol acidity. 

Hydrogen -to-carbon (H:C) ratio as a function of aerosol acidity estimated by NH4
+ balance. 

Note that during the plotted periods, the  oxygen -to-carbon ratio is around 0.8.  
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Supplementary Figure 13. Cloud condensation nuclei concentration during 

MOSAiC. Cloud condensation nuclei (CCN) concentrations at supersaturation (SS) = 

0.29% during the MOSAiC year (Oct 15th 2019 – May 9th 2020) in 1- minute time 

resolution colored with temperature. 
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Supplementary Figure 14. Cloud condensation nuclei properties. Activation ratio of 

cloud condensation nuclei (CCN) relative to > 30 nm particle concentrations during 

the (A) background and (B) warm intrusion period. CCN concentration at supersaturation 

(SS) = 0.78% (left axis, hollow blue circles) and critical activation diameter (right axis, 

orange diamonds) for the (C) background and (D) warm intrusion period. CCN concentration 

at SS= 0.29% (left axis, hollow yellow circles) and critical activation diameter (right axis, 

purple diamonds) for the (E) background and (F) warm intrusion period. Kappa value 

derived from aerosol chemical composition (see methods, subsection determination of 

aerosol hygroscopicity) in 1-hour averages for the (G) background and (H) warm intrusion 

period. We note that the CCN counter was not measuring between 02/04 at 0:00 and 

17:00 due to maintenance procedures.



CPC: Condensation Particle Counter (CPC)  
AE33: Aethalometer
CCNC: Cloud Condensation Nuclei Counter 
SMPS: Scanning Mobility Particle Sizer 
WIBS: Wideband Integrated Bioaerosol Sensor
APS: Aerodynamic Particle Sizer
PSM: Particle Size Magnifier
NAIS: Neutral cluster and Air Ion Spectrometer
CI‐Api‐TOF: Chemical Ionization Atmospheric 
Pressure interface Time of Flight Spectrometer
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Supplementary Figure 15. Schematic of the instrumentation included in the Swiss 

container. Layout of the instruments inside the container.  Aerosol particles and trace gases 

were sampled from three different inlets: (i) total inlet for sampling all particles and droplets 

up to 40 μm in diameter (blue inlet), (ii) an interstitial inlet equipped with a 1 μm cyclone for 

sampling particles that do not activate in cloud and fog (yellow inlet), and (iii) a new particle 

formation (NPF) inlet for sampling aerosol precursor gases, gas phase molecular clusters and 

small particles with a size of 1 – 40 nm (purple inlet). A switch rotated automatically every 

hour between the total and interstitial inlets for an alternate sampling from both inlets. 
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Supplementary Figure 16. Determination of aerosol mass spectrometer pollution flag 

threshold. (left axis) Histogram showing the cosine similarity between all point spectra and 

average ship exhaust spectrum (all data - in blue) and cosine similarity between all point spectra 

within the ship exhaust wind direction and average ship exhaust spectrum (polluted -in purple). 

(right axis) Cumulative distribution function of the cosine similarity between the point spectra 

affected by wind direction from ship exhaust and the average ship exhaust spectrum (polluted - 

solid line) and between the point spectra not affected by wind direction from ship exhaust and 

the average ship exhaust spectrum (clean - dashed line). In our case, a cos θ of 0.56 is considered 

the threshold above which data are considered contaminated by the ship exhaust.
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