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S1 Site information 

 

Figure S1. Site information showing (a) Map of Greenland including Villum Research Station (VRS), 

and (b) Wind rose with frequency of counts of wind speed [m s-1] by wind direction [°] at VRS from 21 

February to 23 May 2015.  

S2 Supplementary instruments 

In addition to the soot particle aerosol mass spectrometer (SP-AMS) and multi-angle absorption 

photometer (MAAP), continuous weekly filter measurements were sampled with a flow rate of 40 L/min 

on a custom-built filter-pack sampler (FPS) located next to the MAAP. The FPS consists of eight filter 

packs in series, where one filter pack is used every week, and an extra filter pack used as a field blank. 

Each filter pack contains three milipore membrane filters – one for collection of particles and the other 

two for collection of gases (mainly SO2). The filters were subsequently extracted and analyzed for 

inorganic aerosols using Ion Chromatography (IC). A more detailed description of the FPS and the IC 

analysis can be found in Heidam et al. (2004) and Skov et al. (2006). Uncertainty and detection limits 

are presented in Table S1. Concentrations of elemental (EC) and organic carbon (OC) were determined 

based on weekly filter samples from a Digitel DHA 80 high-volume sampler (HVS, Digitel/Riemer 

Messtechnik, Germany). The instrument collected PM10 particles on prebaked quartz filters (Advantec, 

Japan) at a flow rate of 500 L/min, which was subsequently analyzed for EC and OC on a thermal-optical 

OC/EC instrument from Sunset Laboratory Inc. (Tigard, OR, USA). The analysis followed the 

EUSAAR-2 protocol (Cavalli et al., 2010) and the detection limits are shown in Table S1.  
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Table S1 Detection limit and uncertainty for the FPS and HVS data. 

Instruments Species Lower Detection Limit Uncertainty Reference 

FPS, IC SO42- 0.0015 µg S m-3 20 % (Massling et al., 2015) 

NH4+ 0.008 µg m-3 20 % (Heidam et al., 2004) 

NO3- 0.011 µg m-3 20 % (Heidam et al., 2004) 

HVS,  

OC/EC analyzer 

EC, OC 0.0045 C µg m-3 - (Birch and Cary, 1996) 

S3 Collection efficiency and correlation plots 

 

Figure S2 The calculated composition dependent collection efficiency (CE) based on Middlebrook et al. 

(2012).

 

Figure S3 (a) Measured versus predicted concentration of NH4+ from 21 February to 23 May 2015. A 

1:1 line is indicated by the dotted line, and (b) Correlation between daily average black carbon from the 

AMS (rBC) and the MAAP (BCMAAP) in µg m-3 from 21 February to 23 May 2015.  
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Figure S4 Correlation between rBC and SO42- concentrations measured by the SP-AMS from 21 

February to 23 May 2015.  

S4 Validating SP-AMS data  

In order to validate the SP-AMS results, the total particle mass concentration (PM1, as estimated by the 

sum of OA, SO42-, NH4+, NO3-, Cl- and rBC) was compared with data from the scanning mobility particle 

sizer (SMPS). The results are presented in Fig. S5 as a) a correlation plot between SMPS volume 

distribution [µm3 cm-3] and PM1 [µg m-3], b) a correlation plot between SMPS mass concentration 

assuming an average density of 1.84 g cm-3 vs. PM1 [µg m-3], and c) time series of mass concentration of 

PM1 from SP-AMS and SMPS (average density of 1.84 g cm-3). The correlation between PM1 derived 

from the SP-AMS and volume distribution from the SMPS results in a slope of 2.65 ± 0.03 (orthogonal 

regression, forced through origin, Fig. S5a). The slope is a simple measure of the average PM1 particle 

density, which in this case should be 2.65 g cm-3. However, this density exceeds the expected value, 

which in theory would be a weighted average of the density for OA, SO42, NH4+, NO3-, Cl- and rBC. 

Since SO42- on average makes up almost 70 % of PM1 (Fig. 1) it is reasonable to assume an average 

density of 1.84 g cm-3, which is the density of sulfuric acid. Applying this density for the SMPS data 

results in a correlation slope of 1.39 ± 0.01 (orthogonal regression, forced through origin, Fig. S5b). The 

SP-AMS is hence 39 % higher compared to SMPS results even though the assumed density of 1.84 g 

cm-3 for sulfuric acid can be considered a relatively high estimate. Including the densities of organic 

compounds, NH4+ and NO3- (around 25 % of PM1) would lower the average PM1 density resulting in a 

larger difference between the two instruments.  

1.0

0.8

0.6

0.4

0.2

0.0

rB
C

 [µ
g 

m
-3

]

3.53.02.52.01.51.00.50.0

SO4
2-

 [µg m
-3

]

2/21/15

3/13/15

4/2/15

4/22/15

5/12/15



S4 
 

 

Figure S5 (a) Correlation between PM1 mass concentration (sum of OA, SO42-, NH4+, NO3-, Cl- and rBC) 

from the SP-AMS and volume distribution from the SMPS, (b) correlation between PM1 SP-AMS and 

SMPS mass concentration applying an average density of 1.84 g cm-3 for SMPS measurements, (c) time 

series of PM1 concentration from the SP-AMS and SMPS.  

The reason for the discrepancies between the two instruments could be due to a range of factors including 

the different particle size range and location of the two instruments, CE or particle shape. Nguyen et al. 

(2016) have shown that the dominant size of particles at VRS in winter and spring are in the detection 

range of the SP-AMS. Therefore, particles exceeding the size of the SP-AMS should not influence the 

results substantially. The number of particles below the detection range of the SP-AMS (dva < 70 nm) 

were investigated from the SMPS but were found too minor to have an impact. The instruments are 

located approximately 300 meters apart in two different measurement huts. However, this shouldn't have 

an effect on the concentration level since both sites are affected by the same air masses. As previously 

mentioned the CE was determined based on the time-dependent chemical composition (Middlebrook et 

al., 2012) with values ranging between 0.7 and 1 (Fig. S2). As sulphuric acid is dominating PM1 it is 

reasonable to assume more liquid particles resulting in CE values close to 1. Hence the time-dependent 

CE found in this study is a good approximation (Fig. S2). The particles are assumed to be spherical, 

which should be a reasonable assumption for a remote location since the majority of the particles are 

long range transported and hence highly processed.  

Despite the quantification discrepancies between the two instruments the timely pattern is similar and 

supports the qualitative results of both instruments (Fig. S5c). No explanation could be found for the 

relatively poor correlation in the beginning of the campaign (21-26 February) and in the end of March 

(29 March – 2 April), which is why data has not been excluded. It is normal procedure to use an overall 

instrument uncertainty for the SMPS and SP-AMS of 10 % (for number concentration and higher for 

volume concentration) (Wiedensohler et al., 2018) and 40 % (Bahreini et al., 2009), respectively. Thus, 

the differences in concentration range observed between the two instruments are within their uncertainty 
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range. Furthermore, it is important to keep in mind that the two instruments are measuring aerosol 

concentration with different methods and complete agreement would not be expected.  

Comparison of the SP-AMS results with those of SO42-, NO3- and NH4+ from filter analysis could indicate 

which instrument measures correctly. However, due to instrumental problems with the FPS this was 

unfortunately not possible. Instead we have compared the SP-AMS results with the previous five years 

of weekly data for SO42- and NO3- from IC, NH4+ from an auto-analyzer (AA) and OC from a thermal-

optical OC/EC instrument from Sunset Laboratory Inc. (Sunset) (Fig. S6). The figure shows that the SP-

AMS results corresponds relatively well with the weekly concentration level found the previous five 

years. The largest discrepancies are found for NO3-, which could be explained by the average NO3- 

concentration being close to the detection limit or the fact that the particle size of NO3- might exceed the 

measurement range of the SP-AMS (Fenger et al., 2013). Hence, based on the comparison with the SMPS 

and knowledge about the general aerosol concentration levels at VRS from previous years we trust the 

SP-AMS data.  

 

Figure S6 Time series of weekly filter measurements of SO42-, NO3-, NH4+ and OC for 1 January 2010 

to 1 January 2016 together with weekly average concentrations from the SP-AMS of SO42-, NO3-, NH4+ 

and OA for 20 February to 23 May 2015.  

S5 Key diagnostic plot for the PMF solution 

The PMF analysis was conducted on the HR OA mass spectra with 1 to 5 factors. Q/Qexpected decreased 

markedly from 1 to 2 factors, and less from 2 to 3 factors, and 3 to 4 factors. A three-factor solution with 

a seed value of 0 was chosen and tested for FPEAK values ranging from -1 to 1 in steps of 0.1 Fig. S7 

presents a summary of the key diagnostics used for evaluating the PMF results. The best solution was 

chosen based on Q/Qexp and residuals for the different factors, interpretation of the mass spectra, and 
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correlation with potential tracer species. A FPEAK value of 0 is chosen since Q/Qexp is at its minimum 

in the FPEAK range -1 to 0.3 (Fig. S7b). 
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Figure S7 Summary of key diagnostic plots of the PMF results: (a) Q/Qexp as a function of the number 

of factors tested in this study. For the selected three-factor solution with a seed value of 0: (b) Q/Qexp as 

a function of FPEAK, (c) the mass fraction of factors vs. FPEAK, (d) correlation between factor 1 to 3, 

(e) box and whiskers plot of scaled residual for each m/z, (f) times series of the measured and 

reconstructed organic mass, (g) time series of the residuals (measured – reconstructed) of the fit, (h) time 

series of Q/Qexp, and (i) Q/Qexp vs. m/z. 
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