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Abstract. The occurrence of frequent aerosol nucleation and growth events in the Arctic during summertime may impact the
region’s climate through increasing the number of cloud condensation nuclei in the Arctic atmosphere. Measurements of
aerosol size distributions and aerosol composition were taken during the summers of 2015 and 2016 at Eureka and Alert on
Ellesmere Island in Nunavut, Canada. The corresponding results provide a better understanding of the frequency and spatial
extent of these nucleation and growth events as well as of the composition and sources of aerosol mass during particle
growth. These events are observed beginning in June with the melting of the sea ice rather than with polar sunrise, which
strongly suggests emissions from marine sources are the primary cause of the events. Frequent particle nucleation followed
by growth occurs throughout the summer. Correlated particle growths events at the two sites, separated by 480 km, indicate
conditions existing over such large scales play a key role in determining the timing and the characteristics of the events.

In addition, aerosol mass spectrometry measurements are used to analyze the size-resolved chemical composition of
aerosols during two selected growth events. It is found that particles with diameters smaller than 100 nm are predominately
organic with only a small sulphate contribution. The oxidation of the organic fraction also changes with particle size with
larger particles containing a greater fraction of organic acids relative to other non-acid oxygenates (e.g. alcohols or
aldehydes). It is also observed that the relative amount of m/z 44 in the measured mass spectra increases during the growth
events suggesting increases in organic acid concentrations in the particle phase.

The nucleation and growth events at Eureka are observed most often when the temperature inversion between the
sea and the measurement site (at 610 m ASL) is non-existent or weak allowing presumably fresh marine emissions to be
mixed upward to the observatory altitude. While the nature of the gaseous precursors responsible for the growth events are
poorly understood, oxidation of dimethyl sulphide alone to produce particle phase sulphate or methanesulphonic acid is not
consistent with the measured aerosol composition, suggesting the importance of condensation of other gas phase organic

compounds for particle growth.
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1 Introduction

Surface aerosol concentrations in the Arctic are characterized by a distinct seasonal cycle, with high mass loadings
in the winter followed by very low mass loadings in the summer (Sharma et al. 2004; Quinn et al. 2007; Engvall et al. 2008;
Sharma et al. 2013; Tunved et al. 2013; Croft et al. 2016a; Nguyen et al. 2016). This cycle is caused by different transport
patterns and by changes in wet deposition, with wintertime air influenced by pollution originating from continental regions at
lower latitudes such as Europe, Siberia and even South Asia (Stohl 2006). In contrast, during summertime, air masses
originating from lower latitudes experience greater wet deposition during transport northwards, resulting in very few
particles arriving to the north. Consequently, local sources dominate the surface aerosol. In wintertime Arctic air near the
surface spends about one week continuously above 80°N, whereas in summertime the air near the surface spends about two
weeks continuously above 80°N (Stohl 2006), which also increases the relative importance of aerosols originating in the
Arctic. The nature and sources of aerosols of Arctic origin during summertime are still poorly understood, although marine
and snow or ice-related sources have been suggested in the past (e.g. Fu et al. 2013; Willis et al. 2016). As the Arctic
continues to warm and summer sea-ice coverage decreases, contributions from marine sources will likely increase while
snow or ice-related sources will decrease. In addition, increased shipping and industrial activities during the Arctic summer
in the future could completely shift the relative importance of natural and anthropogenic aerosol sources.

In previous work, aerosol size distribution measurements at Alert and Ny- Alesund in the Arctic show an annual
cycle during which summertime surface aerosols exhibit much smaller particle diameter than wintertime aerosols (Tunved et
al. 2013; Croft et al. 2016a). It has been suggested that new particle formation could be the source of these small particles,
with dimethyl sulphide (DMS) emitted from the ocean being the key gaseous precursor to less volatile species, such as
sulphuric acid and methanesulphonic acid, that contributes to aerosol mass (Chang et al. 2011; Leaitch et al. 2013).
Ammonia from sea-bird colonies has also been shown to contribute to new particle formation (Croft et al. 2016b). In tropical
marine locations, new particle formation tends to occur in the upper part of the troposphere, usually at the outflow of clouds,
and these particles are entrained to the surface through mixing, which contributes to relatively stable aerosol size
distributions (Hoppel et al. 1986; Clarke et al. 2006). However, modelling studies of the Arctic summer show that persistent
cloud and drizzle causes wet deposition and results in low condensation sinks at the surface. These conditions can favour
particle nucleation followed by growth between drizzle events (Browse et al. 2014; Croft et al. 2016a).

Sulphuric acid has long been known to contribute to new particle formation and growth events (Twomey 1977,
Charlson et al. 1992; Napari et al. 2002; Lohmann and Feichter 2005; Kirkby et al. 2011; Almeida et al. 2013; Croft et al.
2016b). However, organic compounds, especially those with lower volatilities, are also known to contribute secondary
aerosol mass to particle growth and nucleate new particles in forested and anthropogenically influenced regions (Allen et al.
2000; Zhang et al. 2009; Pierce et al. 2012; Riipinen et al. 2012) as well as in laboratory studies (Kirkby et al. 2016; Trostl et
al. 2016). Box models have inferred the contribution of non-sulphur species (i.e. organic compounds) to aerosol growth in

Greenland (Ziemba et al. 2010) and in tropical marine cloud outflow (Clarke et al. 1998). Burkart et al. (2017) provided
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indirect evidence that organic compounds contribute to aerosol growth in high-latitude marine environments using both
microphysical modeling of a particle growth event as well as cloud condensation nuclei (CCN) hygroscopicity
measurements. Recent work by Mungall et al. (2017) also suggests a marine source of oxygenated volatile organic
compounds in the Canadian Arctic, which is photo-mediated and a possible source of precursor vapors for new particle
formation or growth.

The GEOS-Chem chemical transport model has been used to model particle formation and size distributions in the
Arctic (Bey et al. 2001; Wild and Prather 2006; Croft et al. 2016a; Croft et al. 2016b; Christian et al. 2017). Recent work
using GEOS-Chem with the size-resolved aerosol microphysics package TOMAS (Croft et al. 2016a; Croft et al. 2016b)
analyzed size distributions of aerosols measured in the Arctic, and showed that GEOS-Chem-TOMAS underestimates
Aitken mode particle sizes during the summertime. It was also shown that new particle formation can be driven by
neutralization reactions, where missing ammonia emissions can be accounted for by seabird colonies. However, this work
acknowledges poor constraints on marine primary aerosol and secondary organic aerosol precursors. These results
demonstrate the difficulties that the GEOS-Chem model has in predicting particle size distributions for the Aitken mode
during summertime, which is presumably due to missing processes contributing to particle growth (e.g. the condensation of
semi-volatile or low-volatility vapors). Similar discrepancies are also observed in the chemical transport model GLOMAP
(Global Model of Aerosol Processes) (Korhonen et al. 2008; Browse et al. 2014), with a low bias observed for either Aitken
or Accumulation mode aerosols.

In this study we present direct measurements of size-resolved aerosol chemical composition using mass
spectrometry to better understand the processes contributing to aerosol growth during the summertime in the Canadian High
Arctic. These measurements, as well as those of aerosol number size distribution, were conducted at Eureka, Nunavut on
Ellesmere Island in the Canadian Arctic Archipelago. For comparison, aecrosol size distributions measured at Alert, which is
located further north on Ellesmere Island, are also reported. Numerous concomitant events in which small particles appear
and then grow are observed at both sites throughout the summer, resulting in large variations in the number concentration of
particles with diameters smaller than 100 nm. The mass spectrometry measurements indicate that these ultrafine particles are
predominately organic with a composition that evolves in time during particle growth. Taken together, these results provide
important evidence that the condensation of lower volatility organic vapors on particle surfaces leads to frequent particle

growth events observed at two sites on Ellesmere Island (e.g. approximately 20 events during summer 2016 at Eureka).
2 Experimental

2.1 Field Site Information and Aerosol Sizing Instrumentation

The primary site at which surface aerosol measurements were taken was the Polar Environment Atmospheric
Research Laboratory (PEARL) (Fogal et al. 2013) located on Ellesmere Island in Nunavut, Canada (80.05° N, 86.42° W).
The PEARL Ridge Laboratory (RidgeLab) is located 610 m above sea level and 11 km northeast of the Environment and
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Climate Change Canada (ECCC) Eureka Weather Station, located at sea level. Radiosondes are launched twice a day from
the Weather Station at 00:00 UTC and 12:00 UTC and are used in this work to evaluate the vertical temperature profile and
presence of temperature inversions between sea level and the altitude of the RidgeLab. Solar radiation data are measured by
a pyranometer (Kipp & Zonen CM 21) at the Surface and Atmospheric Flux, Irradiance and Radiation Extension (SAFIRE)
site, situated near Eureka Weather Station at 85 meters above sea level (79.98° N, 85.93° W).

At the PEARL RidgeLab, the instruments sampled year-round through a common aerosol inlet, made of 6 m of
stainless steel with a 1 inch outer diameter (OD), sampling 2 m above the roof of the laboratory with a total flow rate of 11
L/min, as previously described by Kuhn et al. (2010). A scanning mobility particle sizer (SMPS, TSI 3034) measured the
aerosol size distribution for diameters between 10 and 487 nm in 54 channels, while an optical particle counter (OPC, Met
One GT-526S) measured the aerosol size distribution at diameters between 0.3 and 10 pm in six channels. Both instruments
are connected to the common inlet. More precisely, the SMPS flow passes first through 0.8 m of 1 inch OD stainless steel
tubing connected to the common aerosol inlet; this flow then enters a 3/8 inch OD stainless steel tube with a length of 0.5 m
and finally passes through a 1/4 inch OD copper tube that is 1 m long. For the OPC, the flow passes from the common
aerosol inlet into a 1/2 inch OD and 0.5 m long copper tube, and then into a 1/4 inch OD and 0.8 m long copper tube, which
is connected to the OPC by 1/4 inch OD and 0.04 m long conductive rubber tubing. Particle transmission efficiency to the
SMPS has been calculated and the resulting transmission curve is shown in Figure S1 (von der Weiden et al. 2009).

Measurements from these instruments are reported for a period starting in July 2015 through September 2016, and
thus consist of one full 2016 summer season and the full summer month of August 2015. (Wintertime measurements are
taken too, but are not presented in this article.) Both the OPC and SMPS data are recorded every three minutes, and then
subsequently averaged to hourly data for analysis and comparison to other data sets. Agreement between the SMPS and OPC
is evaluated by comparing the particle number concentration between 300 — 487 nm measured by the SMPS against the
concentration measured by the OPC for approximately the same range of particle diameters (300 — 500 nm). The results are
showed in Figure S2 and the agreement is generally satisfactory (slope = 1.3 and 0.96, R? = 0.96 and 0.97, for 2015 and 2016
respectively).

The aerosol size distributions measured at the PEARL RidgeLab are compared against those measured at Alert,
Nunavut located 480 km to the northeast, where the surface measurements are conducted at the Dr. Neil Trivett Global
Atmosphere Watch Observatory (82.5° N, 62.3° W), 210 m above sea level. At this site, particle size distributions between
10 and 487 nm are measured using a SMPS (TSI 3034) (Leaitch et al. 2013).

2.2 Aerosol Mass Spectrometer

Between 26 July and 8 September 2015, a quadrupole aerosol mass spectrometer (AMS, Aerodyne Research Inc.)
measured the chemical composition of submicron non-refractory aerosol particles at the PEARL RidgeLab (Canagaratna et
al. 2007). Both hourly bulk and size-resolved concentrations were measured by switching between mass spectroscopy (MS)

and particle time-of-flight (PToF) modes. All data were analyzed using standard AMS software (AMS Analysis Toolkit
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v1.43) with Igor Pro v6.3.7.2 (WaveMetrics). From the common aerosol inlet, the AMS flow passed first through 0.8 m of 1
inch diameter stainless steel tubing and then through a 3/8 inch diameter stainless steel tube with a length of 0.5 m before
entering the AMS. The instrument was calibrated multiple times during the measurement period with 300 nm diameter
ammonium nitrate particles to determine the ionization efficiency. The aerodynamic diameter was calibrated using
polystyrene latex spheres at 80, 125, 240 and 300 nm. Filtered air was sampled every day to establish the air beam
corrections. Aerosol mass measured by the AMS was corrected for the instrumental collection efficiency using the method of
Middlebrook et al. (2012). The collection efficiency (CE) varied between 0.45 and 0.86 with the increases in CE
corresponding to periods when aerosol sulfur was present in its acidic forms (sulphuric acid and ammonium bisulphate)
rather than as ammonium sulphate.

To evaluate the accuracy of the AMS measurements, they are compared to PM, aerosol concentration determined
from the combined SMPS and OPC measurements, as will be discussed later in Section 3. A linear regression analysis of
these two quantities resulted in a correlation coefficient of 0.89 and a slope of 1.16. These values confirm that the collection

efficiency algorithm from Middlebrook et al. (2012) is reasonable.

2.3 Meteorological Data

Radiosondes (Vaisala RS92-SGP) launched from sea level at the Eurcka Weather Station provided different
meteorological parameters for altitudes both below and above the PEARL RidgeLab. The radiosondes are launched daily by
ECCC meteorological technicians, and the reported data were obtained from the University of Wyoming, Department of
Atmospheric Sciences” Upper Air Data Website (http://weather.uwyo.edu/upperair/sounding.html). While the resulting
measurements provide a means to evaluate the vertical temperature profile, and thus whether the PEARL RidgeLab at 610 m
is located within or above the inversion layer, caution must be taken in interpreting the results due to a number of
considerations: (1) the ECCC Weather Station is located approximately 11 km in a straight line from the PEARL RidgeLab,
(2) the complex terrain in the region, and (3) the radiosondes do not necessarily fly straight up and can meander significantly
after launch because of the wind direction. Therefore, the radiosonde measurements do not necessarily reflect the vertical

temperature profile nearer to the PEARL RidgeLab.

2.4 Back-Trajectory Analysis

Air mass histories were computed using the FLEXible PARTicle (FLEXPART (Stohl et al. 2005)) Lagrangian-
dispersion model. The tracer particles are inert and non-interacting and are released from the position of the PEARL
RidgeLab at an altitude of 610 m above sea level. Backward dispersion runs were initialized by releasing an ensemble of
6000 air-tracer particles over a 6 hour period around the time corresponding to the beginning of a growth event as shown in
Table 1. FLEXPART was run in backward mode for 6 days driven by meteorological data from the National Centers for
Environmental Prediction (NCEP) Climate Forecast System (CFS V2) 6 hourly product (Saha et al. 2014) to calculate the

spatially resolved potential emissions sensitivity (PES), which is proportional to the residence time of a tracer above a given
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grid cell. PES represents the amount of time that an air mass is influenced by emissions within a given grid cell during the
duration of the FLEXPART run. In this study, the PES is time-integrated over a period of 6 days before the particle release

time.

3. Results and Discussion
3.1 Summertime Aerosol Size Distributions
3.1.1 Observations at Eureka and Alert

Figure 1 shows the aerosol size distributions measured at the PEARL RidgeLab and at Alert for 16 June to 26
September 2016. Particle growth events are evident at both sites. Approximately 40 events with elevated concentrations of
small particles (< 20 nm diameter) were observed at the PEARL RidgeLab during this period, 22 of which were followed by
growth lasting between 2 to 6 days. The sudden appearance of these Aitken mode particles is consistent with previous field
observations performed in the Canadian Arctic during research flights and cruises (Chang et al. 2011; Leaitch et al. 2013;
Willis et al. 2016; Collins et al. 2017). While the sources of these particles remains poorly understood, this previous work
suggested that the formation and growth of ultrafine particles may be due to marine biological activity and the oxidation of
DMS and volatile organic compounds (VOCs). The sustained particle growth observed at the PEARL RidgeLab and at Alert,
as well as in the previously published work cited above suggests that there is a significant atmospheric reservoir of chemical
compounds with volatilities that are low enough to partition to a condensed phase and could thus also be contributing to the
nucleation process. Nevertheless, it is not possible to rule out primary marine emissions as a source of particles that provide
the necessary surface area for condensing gases (Leck and Bigg 2005). During certain events that exhibit the appearance of
Aitken mode particles and subsequent growth, there are also signs of successive events that merge into the growth events
from previous days, consistent with other observations in the Arctic (Collins et al. 2017).

Despite being almost 500 km apart, the particle growth events occurred at similar times at both the PEARL
RidgeLab and Alert (Figure 1). While simultaneous nucleation events at sites as far apart as 350 km have been observed in
continental regions where SO, concentrations are high (Jeong et al. 2010; Crippa and Pryor 2013), to our knowledge this
work is the first time such a correlation of specific events has been observed in the Arctic, although monthly averages have
been previously compared (Freud et al. 2017). It is also important to note substantial topographic barriers exist between the
two stations that are located on opposite sides of the Arctic Cordillera, which hinders direct passage of air masses between
the two sites (see discussion of back-trajectories in Section 3.1.3). The particle number concentrations measured at the two
sites for diameters between 10 and 487 nm are similar for both sites (Figure 2a) and the number concentrations of particles
between 20 and 70 nm at the two sites show a moderate correlation with a correlation coefficient of 0.61 (Figure 2b). These
results confirm that the growth events have a tendency to occur at similar times at both sites, demonstrating that conditions
can exist in the Arctic that are favourable for aerosol growth over distances of at least 500 km, even though mesoscale

circulation at the two sites is likely very different (Persson and Stone 2007).
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Similar to Figure 1, the aerosol size distributions at the PEARL RidgeLab and Alert were measured for a portion of
summer 2015 (26 July to 26 September 2015) as shown in the bottom panels of Figure 3. Again there is a clear association of
Aitken mode particles and their subsequent growth at the two sites, leading to the conclusion that the similarities in the
growth events at the two sites are not specific to 2016.

In order to evaluate the influence of the appearance of small particles and growth events on the particle number
concentrations at the two sites, the total concentration measured by the SMPS is summarized in Figure 4 in a series of box
and whisker plots for 2015 and 2016. (Data are only shown for the period of 27 July to 9 September, since measurements at
Eureka were unavailable before 27 July 2015.) It is observed that the particle concentrations are similar at the two sites for
period studied. For Eureka, the plots indicate a slight increase in the 10™, 25" 50™ 75" and 90" percentiles in 2016
compared to 2015. In addition, there are similar increases in the particle concentration for Alert when comparing the two
years, except for the 90™ percentile which is much higher in 2015. During this year, two events with very elevated particle
concentration were observed at Alert and coinciding events were observed at Eureka, but at Eureka the particles
concentrations were much lower, which explains the higher 90™ percentile in 2015 at Alert. The reason for the occurrence of
these particular events is unknown. Except for this deviation, the particle number concentrations at the two sites are in
general rather similar in both 2015 and 2016. It is important to note that for summer 2016, the mean is approximately 50 —
100 particles cm™ higher than the results shown in Figure 4 if the data for the entire summer of 2016 are used to calculate the
percentiles. This observation is explained by the fact that the total duration of the growth events is longer in June and July

compared to the months of August and September.

3.1.2 Case Studies of Aerosol Growth Events

To further analyze the growth events and periods with elevated concentrations of ultrafine particles, two different
sets of case studies were selected comprising five (Table 1) or 28 events (Table S1). The 28 events represent all the growth
events observed during the measurement period, and the smaller set is used to calculate growth rates because the events do
not overlap with proceeding or subsequent growth events and exhibit relatively smooth growth curves. For the smaller set of
case studies near Eureka, the measured particle size distributions are shown in Figure 5, along with the temperature profiles
measured using radiosondes launched from the Eureka Weather Station. The initial growth rates are also included in Table 1
(Kulmala et al. 2004; Hussein et al. 2005; Salma et al. 2011). Looking more closely at the meteorology of the five growth
events, one can evaluate the optimal conditions that favor the presence of the growth events at the PEARL RidgeLab. In
particular, the absence of an inversion below the PEARL RidgeLab would correspond to air masses measured at the site that
are more influenced by local, less photochemically aged and possibly marine sources. In contrast, if the sources of aerosol
mass during growth are the sea or the land surface and within the stable stratification, then these influences are expected to
be less important when an inversion is present below the PEARL RidgeLab. Figure 5 demonstrates that while temperature
inversions that terminate with a maximum below 600 m (the altitude of the PEARL RidgeLab) do sometimes exist before or

at the beginning of a growth event, the presence of such inversions is infrequent and often weak (less than 2°C). These
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inversion conditions will thus result in air masses measured by the instruments at PEARL that are directly influenced by
local emissions near or below the PEARL RidgeLab.

Furthermore, to more systematically analyze the growth events for the summers of 2015 and 2016 at the PEARL
RidgeLab, a histogram of the number of events binned by the average inversion temperature (i.e. the temperature at the top
of the inversion minus that at the bottom) during each event is plotted in Figure 6. (All the growth events used in creating
Figure 6 are summarized in Table S1 and the particle size distributions are shown in Figure S3.) One can see a clear
tendency that particle growth events (and presumably nucleation) are more commonly observed when the inversion is
weaker or not present. Thus, it can be concluded from Figure 6 that the observation of growth events is more likely when the
air at the PEARL RidgeLab is influenced by more recent surface emissions that are likely less photochemically aged. In
contrast, when the inversion is strong, the aerosol and aerosol precursor species are more chemically aged due to slower
transport into the free troposphere and thus the existing particles have already grown to sizes corresponding to the
accumulation mode. A few growth events are observed when the temperature inversion is larger, which may be due to the
fact that the radiosondes are launched at the Eureka Weather Station located 11 km to the southwest of the PEARL
RidgeLab. Thus, the temperature profile measured by a radiosonde may not be fully representative of that at the RidgeLab.
Nevertheless, the observations reported here are consistent with previous work (Willis et al. 2016; Collins et al. 2017)
suggesting that similar events measured in the Canadian Arctic are attributable to marine sources.

Many previous studies have characterized aerosol growth rates in remote regions including the Arctic. In particular,
Collins et al. (2017) reported growth rates ranging from 0.2 — 15.3 nm h™' during two research cruises conducted in the
Canadian Arctic. Using the same analysis method, growth rates ranging from 0.1 — 1.0 nm h™' were determined for the
aerosols at the PEARL RidgeLab and at Alert; these values (Table 1) are similar to the range reported in Collins et al. and
similar to those reported by Nieminen et al. (2018) for Alert. Furthermore, the growth rates are similar for all the events
analyzed in Table 1, with an average and a standard deviation of 0.5 nm hr' and 0.3 nm hr”', respectively. This finding
suggests that the atmospheric processes (e.g. the condensation of semi-volatile or low volatility vapors to the particle

surfaces as discussed below) and conditions governing the growth events are rather consistent in this study.

3.1.3 Back-Trajectory Analysis

To understand the influence of the air mass history on the occurrence of the growth events, back-trajectories were
calculated using FLEXPART (Figure S4). This calculation permits the evaluation with precision of the spatial distribution of
the potential emissions sensitivity at the beginning of each growth event. In general, these calculations show that the aerosols
measured at the PEARL RidgeLab are mostly influenced by source regions located in the Canadian Arctic Archipelago, in
Baffin Bay and to the north of Ellesmere Island. However, the analyzed growth events do not have the same air mass history.
Five of the growth events are impacted by air from the area of Baffin Bay and the Canadian Arctic Archipelago (GE 3 at
Eureka and Alert, GE 6, GE 32, and GE 38). These results mostly coincide with the research reported by Collins et al.
(2017), in which they observed high concentrations of ultrafine particles in these regions. On the other hand, for growth
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event 30, which began on 25 June 2016, the FLEXPART calculation indicated a different air mass history compared to the
four other growth events. Specifically, the FLEXPART back-trajectory for growth event 30 shows an influence from areas
near and further north of Alert, and there is a small contribution from areas in the Nares Strait. Interestingly, NASA
WorldView Images (https://worldview.earthdata.nasa.gov/) show that on 25 June 2016 and for several preceding days the
ocean in these regions was mostly covered in sea-ice, but there were large areas of open water. In conclusion, growth events
can occur within air masses with different back-trajectories, as also reported by Collins et al. (2017), but this work extends
this finding to a new domain of the Arctic and to a greater number of growth events. Lastly, by comparing GE 3 at Eureka

and at Alert one finds that the growth event has a similar growth rate and a similar back-trajectory at the two sites.

3.2 Aerosol Bulk and Size Resolved Chemical Composition

AMS measurements of aerosol composition and concentration for the summer of 2015 are shown in Figures 3A and
3B, where one sees the mass concentrations for the four dominant types of non-refractory aerosol. During two major growth
events in July and August (GE 3 and GE 6), it can be seen that the aerosol organic fraction represents a large majority of the
aerosol mass. In contrast, later in the year there is a period of larger particle diameters, and during this period the mass
concentration of sulphate is higher than the organic component (approximately 30 August 2015 to 5 September 2015).

While sulphate is a key contributor to nucleation at lower latitudes and is an oxidation product of dimethyl sulphide
(DMS) from marine emissions, relatively little sulphate is observed during growth events. At the same time, the observation
of relatively high bulk organic aerosol concentrations during Arctic summer is consistent with previous analyses of organic
aerosol functional groups in samples collected at Alert (Leaitch et al. 2018). Since the bodies of water in the vicinity of
Eureka were relatively open and not covered in sea ice during this period, the water may have been a source of precursors to
the observed aerosol mass, which would be consistent with the correlation of the occurrence of growth events and the
breakdown of the temperature inversion below the altitude of the PEARL RidgeLab. It is possible that methanesulphonic
acid (MSA), an atmospheric oxidation product of DMS, could be contributing to the overall organic mass (Park et al. 2017).
However, when the mass spectra for GE 3 and GE 6 are compared against that measured for MSA in the laboratory (Figure
S5) (Phinney et al. 2006), it is observed that the ambient spectra are very different from the MSA spectrum. In particular, the
relative intensity of m/z 79 is much lower in the ambient spectra. Furthermore, in the MSA spectrum the sulphate fragments
at m/z 48 and 64 are much greater than the organic fragments at m/z 43 and 44 whereas these organic fragments have greater
intensity in the ambient spectra. Lastly, the correlation coefficient for the two average ambient mass spectra (R = 0.84) is
much higher than the correlation coefficient between each ambient spectrum and the spectrum measured for MSA (R = 0.60
and 0.48 for GE 3 and GE 6 versus MSA, respectively). When taken together, these differences between the ambient and
MSA mass spectra indicate that other organics are contributing to the aerosol mass besides MSA.

Following the measurements of the bulk aerosol composition show in Figure 3, the dependence of the composition
on the particle size is analyzed in Figure 7. The PToF data reveal that the smallest particles sampled by the AMS (less than

100 nm in diameter) during the two different growth events were enriched in organics, with little to no sulphate. Above 100
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nm, the measured aerosol composition changes depending on the particles size and the larger aerosol particles contain a
greater fraction of sulphate.

To further evaluate the organic aerosol composition only, two important fragments in the measured mass spectra of
the organic aerosol, m/z 43 and 44, are plotted in Figure 7e and Figure 7f. For the organic aerosol, m/z 44 corresponds to the
concentration of carboxylic acids, whereas m/z 43 correlates with other oxygen containing functional groups in the particle
phase (e.g. alcohols). The size-resolved measurements of these fragments show that the organic composition varies with
particle size. The smallest particles are less oxidized, with the fraction of carboxylic acids increasing with the particle
diameter between 100 and 500 nm. While this relative trend is observed for both growth events, the absolute ratios of m/z 43
to m/z 44 are not the same, which indicates some variation in the amount oxidation of the organic aerosol during growth
events. Overall, the size-resolved measurements indicate that for the two growth events analyzed here, which occurred
during summer 2015, the mass of the growing particles is predominately organic matter.

To complement the analysis of the organic aerosol composition shown in Figure 7, the fractions of the total organic
mass measured at m/z 43 and at m/z 44 (abbreviated as f;; and fy,) are plotted against each other in Figure 8, in which the
data are colored as a function of time. Lambe et al. (2011) demonstrated in a series of lab studies that secondary organic
aerosol (SOA) formed from a variety of different precursors, both anthropogenic and biogenic, falls within a well-defined
space in the fy, versus f;; plot, which is shown as the black triangle in Figure 8. The organic aerosols measured at the
PEARL RidgeLab have fy, and fy; ratios that are consistent with the previous work of Lambe et al. and others (Ng et al.
2011). Furthermore, the f;4 and fy; values for the seven hours at the beginning or at the end of each growth event were
averaged and plotted in Figure 8 in order to evaluate the overall change in SOA composition. For GE 3, there is a clear trend
during the evolution of the growth event wherein both f;4 and fj; increase, which is consistent with an increase in the relative
concentration of carboxylic acids and non-acid oxygenates in the organic aerosol. For GE 6, the change in composition is
less evident. The value of fy, increases, but f;; decreases, and in addition the trend with time is not as clear as for GE 3. A
possible explanation for the decrease in f,; during GE 6 is a decrease in the C;H;" fragment, which originates from alkyl
groups in the organic aerosol. Regardless, one can conclude that the aerosol growth events coincide with an increase in the
amount of oxidation of the organic aerosol likely due to, in part, the production of carboxylic acids. This finding is consistent
with the size-resolved composition measurements shown in Figure 7, where smaller particles have a higher fraction of m/z
43 and larger particles formed later during the growth events have a higher fraction of m/z 44.

In summary, the concentration and evolution of oxygenated organics as well as the presence of small organic
particles measured by the AMS together suggest that SOA formation contributes to particle growth measured at the PEARL
RidgeLab. While the origin of the SOA precursors is not known, it can be concluded that the organic composition is not
consistent with SOA formation from MSA alone. Recently published work has suggested that marine microbial processes
may be an important source of these VOCs (Collins et al. 2017). Abiotic heterogeneous processes in the marine boundary
layer may also be a source of oxidized VOCs as indicated in several laboratory studies (Bruggemann et al. 2017; Chiu et al.

2017). Consistent with this previous research, the first growth event observed at the PEARL RidgeLab in 2016, coincided
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approximately with the melting of the sea ice in the Slidre Fjord and the Eureka Sound located to the south and west of the
PEARL RidgeLab. Observations of the sea ice taken from the PEARL RidgeLab are shown in the Supporting Information
(Figure S6). The pictures show, for summer 2016, the sea ice during the first (25 June 2016) and last (10 September 2016)
growth events. Also shown are two additional images. One is of the first time that open water is observed (14 July 2016),
and the other is the last available image of the sea ice for 2016 (28 September 2016). On 25 June, it is not possible to see
regions of open water during the first growth event. However, open water is observed 300 km to the south of Eureka on the
same day in NASA worldview images (https://worldview.earthdata.nasa.gov/). Moreover, the NASA worldview images
show open water on 7 July in Eureka Sound and Slidre Fjord. It should also be noted that the first growth event occurred
much later than the polar sunrise, which was approximately 21 February 2016. During the last observed growth event (10
September 2016) there is very little or no sea ice, and open water is observed to be persistent until the end of September.
This is consistent with measurements of DMS and MSA at Alert which show relatively high concentrations persisting into
September (Sharma et al. 2012; Leaitch et al. 2013). Given these observations, there is a possible relationship between the
onset of the growth events and the melting of the sea ice in the region around Eureka. This observation is consistent with
back-trajectory analyses showing that newly formed particles measured during summertime cruises in the Arctic Ocean are
associated with air that has experienced more open water or melting sea ice regions (Heintzenberg et al. 2015; Dall'Osto et
al. 2017). Whereas, the decrease in the number of events in September is more likely due to the lack of solar radiation as
shown in Figure S7 or measured previously at Alert (Sharma et al. 2012), which limits photochemistry. This finding supports
the recent suggestion that photochemical processing of emissions from the ocean may be a source of ultrafine particles in the
Arctic (Collins et al. 2017).

4. Conclusions

In this study, new particle growth events were characterized during the summers of 2015 and 2016 at the PEARL
RidgeLab (in Eureka, Nunavut, Canada) as well as at Alert, Canada. Both sites are located on Ellesmere Island separated by
a distance of 480 km providing an opportunity to evaluate the growth events on a regional scale for the complete 2016
summer season as well as for a portion of the 2015 summer season. During both years, frequent growth events occurred and
these events were correlated between the sites. In addition to the concomitant events, the particle concentrations measured at
Alert and the PEARL RidgeLab were similar, with the 10®, 25" 50", 75" and 90" percentiles not varying by more than a
factor of 1.67 suggesting the growth events are not isolated local events. Additionally, the analysis of the growth rates from a
subset of events at the PEARL RidgeLab and Alert gives an average rate of particle growth of 0.5(+0.3) nm hr". In total, the
measurements of the particle number size distribution support the conclusion that particle nucleation and growth events can
occur over spatial scales of at least 500 km in the Canadian Arctic Archipelago.

Moreover, in this study AMS measurements showed that particles smaller than 100 nm in diameter are
predominately organic with the organic-to-sulphate ratio increasing for smaller particle sizes. This result is in contrast to

previous indirect measurements of aerosol composition using a volatility tandem differential mobility analyzer system
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installed near Ny-Alesund, Svalbard (Giamarelou et al. 2016), which suggested that the Aitken mode particles were
predominately ammonium sulphate, although it was not possible in that study to conclusively distinguish ammonium
sulphate from organics with similar volatility. The amount of oxidation of the organic fraction also changes with particle
size, with the ratio of m/z 43 to m/z 44 increasing for smaller particles sizes, which is consistent with a greater fraction of
non-acid oxygenates relative to carboxylic acids. The relative concentrations of oxygenated organics were also analyzed in
plots of f,4 against fj3, and it was observed that the oxidation of the organic aerosol mass tends to increase during the growth
events. Overall, the AMS measurements support the conclusion that condensation of organic vapors contributes to particle
growth.

It has been recently suggested that secondary organic aerosols formed from VOCs emitted by marine sources may
be an important source of ultrafine particles in the Arctic during summertime. The results of the research presented here are
consistent with this possibility. In addition to the SMPS and AMS measurements discussed above, when comparing the
growth events against the inversion layer height and temperature change, the growth events are most likely to reach the
PEARL RidgeLab when the inversion is non-existent or weak allowing the site’s instruments to sample the boundary layer
which presumably contains fresh marine emissions. In addition, the onset of the growth events approximately coincides with
the opening of the sea ice near the PEARL RidgeLab, rather than polar sunrise. However, future work should focus on the
incorporation of more sea ice data as well as further gas phase measurements to understand the timing and chemical

processes driving particle nucleation and growth.
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Table 1. Particle growth rates for five growth events during the summers of 2015 and 2016.

Growth Event Time period (UTC) Growth rate
Number Start End (nm/h)
GE 3 (Eureka) 2015-07-29 05:00 2015-07-30 11:00 0.420 +0.004
GE 3 (Alert) 2015-07-29 03:00 2015-07-30 12:00 0.50 +0.02
GE 6 (Eureka) 2015-08-02 04:00 2015-08-03 05:00 0.12 £0.08
GE 30 (Eureka) 2016-06-25 14:00 2016-06-27 20:00 1.01 £0.08

GE 32 (Eureka) 2016-07-04 05:00 2016-07-09 07:00 0.44 +0.01

GE 38 (Eureka) 2016-07-21 19:00 2016-07-25 19:00 0.352 + 0.004
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Fig 1. The size resolved particle concentration measured by SMPS instruments during summer 2016 in Alert
(a) and at the PEARL RidgelLab (b) in the Canadian Arctic Archipelago.

20



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-428 Atmospheric

Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 8 May 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License. Discussions

(@)
2 2500
S O Eureka
= 2000 + Alert
2 1500
5 1000
§ 500 Ao B G g o8 2 - ~
o 0 T e il e Al R g W TOUW
T 2016-06-16 2016-07-02 2016-07-18 2016-08-03 2016-08-19 2016-09-04 2016-09-20
o
Date (UTC)
(b) 3

2010 Slope = 0.51 £ 0.07

7 R=0.61

S 15 +

E - 2016-09-09

R 107 2016-08-20 &

o T

S | 2016-07-31 €

E 2016-07-11 &

0 2016-06-21
0 5 10 15 20x10°

Eureka 20 to 70 nm (cm's)

Fig 2. Total particle number concentrations measured at the PEARL RidgelLab near Eureka and in Alert
during summer 2016 for sizes between 10 — 487 nm (a). Scatter plot showing the correlation of the particle
number concentrations measured in Alert and near Eureka (b). The data in the scatter plot correspond to
particle diameters between 20 and 70 nm.
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Fig 3. Aerosol mass spectrometry measurements of aerosol composition taken at the PEARL RidgelLab near
Eureka (a). The total concentration of non-refractory PM; aerosol measured by the mass spectrometer is
also compared against the total PM; concentration measured by the SMPS and OPC, and exhibits good
agreement with a linear regression analysis yielding a slope of 1.16 and a correlation coefficient of 0.89 (b).
In addition, the size resolved particle concentration measured by SMPS instruments during summer 2015 in
Alert (c) and at the PEARL Ridgelab (d) are shown in the bottom two panels. All data are plotted on the

same time scale.
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Fig 4. Box and whiskers plots of the total particle number concentrations (for diameters between 10 — 487
nm) measured during summer 2015 and during summer 2016 in Alert and at the PEARL Ridgelab near
Eureka. The data plotted correspond to the period of 27 July to 9 September for both years. The plots
indicate the 10t", 25, 50th, 75th and 90t percentiles.
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Fig 5. Five selected growth events near Eureka; the grey dashed line indicates the start of the growth event
(a, c, e, g, i). In the right column, vertical temperature profiles every 12h during the growth events are
shown, including one day prior (24h) to the start of the growth event (b, d, f, h, j).
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Fig 6. Histogram of the number of growth events near
Eureka, binned by the average change in the
temperature from 10 to 600 m above sea level. The
average temperature change of each event is provided
in Table S1, and is calculated from radiosonde
measurements, as shown in Figure 5.
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Fig 7. Size-resolved aerosol chemical composition for GE 3 (a, c, €) and GE 6 (b, d, f) measured near Eureka.
The absolute organic and sulfate aerosol mass concentration (a, b), the corresponding mass fractions (c, d),
and the nitrate-equivalent mass concentration of the m/z 43 and 44 fragments (e, f) are shown for each
growth event. The data for m/z 44 is not shown below 100 nm due interference from gaseous CO,.

26



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-428 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 8 May 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

@ l | | | () | | | |
i 8 07290500 FH-rrrrrr'l'l 0.4 @ 05022200 H‘I‘I—I_I—I‘Fl
to 07-29 12:00 to 08-03 05:00

@ 07300400 O O O QO O @ 08020400 © O © ©
034 007-3011:00 @ @ @ 2 2 [ 034 t008-0211:00 @ @ @ @ [

: © N DO OO : © N O O

O+~ OO O ~ v« O

[or e I e B en) N N N M

RIRRINAG 239399
“_2{0.2— ® (S N U N S 0.2+ O ®© ® ® [

o . i e e e ¢ e s e o

T W WWWwWw ‘ 0 0 0 W

T - T ] - - =
0.1 =i;i' eleNoNo Nl - 0.1 \ o o o o |

: NANANANAN : N N NN
0.0 - 0.0 -

I I | | I I | I
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
fas fas
GE 3 GE 6

Fig 8. Scatter plot of the organic aerosol fraction measured at m/z 43 versus that measured at m/z 44
during GE 3 (a) and GE 6 (b) near Eureka. Also shown are the average values corresponding to the first
seven and final seven hours of the growth event.
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