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Abstract

Summertime Arctic aerosol size distributions are strongly controlled by natural regional
emissions. Within this context, we use a chemical transport model with size-resolved
aerosol microphysics (GEOS-Chem-TOMAS) to interpret measurements of aerosol size
distributions from the Canadian Arctic Archipelago during the summer of 2016, as part of
the “NETwork on Climate and Aerosols: addressing key uncertainties in Remote
Canadian Environments” (NETCARE). Our simulations suggest that condensation of
secondary organic aerosol (SOA) from precursor vapors emitted in the Arctic and near
Arctic marine (open ocean and coastal) regions plays a key role in particle growth events
that shape the aerosol size distributions observed at Alert (82.5° N, 62.3° W), Eureka
(80.1° N, 86.4° W), and along a NETCARE ship track within the Archipelago. We refer
to this SOA as Arctic marine SOA (Arctic MSOA) to reflect the Arctic marine-based and

likely biogenic sources for the precursors of the condensing organic vapors.

Arctic MSOA from a simulated flux (500 pg m™ d”', north of 50° N) of precursor vapors
(assumed yield of unity) reduces the summertime particle size distribution model-
observation mean fractional error by 2- to 4-fold, relative to a simulation without this
Arctic MSOA. Particle growth due to the condensable organic vapor flux contributes
strongly (30-50%) to the simulated summertime-mean number of particles with diameters
larger than 20 nm in the study region, and couples with ternary particle nucleation
(sulfuric acid, ammonia, and water vapor) and biogenic sulfate condensation to account
for more than 90% of this simulated particle number, a strong biogenic influence. The
simulated fit to summertime size-distribution observations is further improved at Eureka
and for the ship track by scaling up the nucleation rate by a factor of 100 to account for
other particle precursors such as gas-phase iodine and/or amines and/or fragmenting
primary particles that could be missing from our simulations. Additionally, the fits to
observed size distributions and total aerosol number concentrations for particles larger
than 4 nm improve with the assumption that the Arctic MSOA contains semi-volatile
species; reducing model-observation mean fractional error by 2- to 3-fold for the Alert
and ship track size distributions. Arctic MSOA accounts for more than half of the

simulated total particulate organic matter mass concentrations in the summertime
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Canadian Arctic Archipelago, and this Arctic MSOA has strong simulated summertime
pan-Arctic-mean top-of-the-atmosphere aerosol direct (-0.04 W m™) and cloud-albedo
indirect (-0.4 W m™) radiative effects. Future work should focus on further understanding

summertime Arctic sources of Arctic MSOA.

1. Introduction

Aerosols have an important role in the summertime Arctic climate system. Similar to
their effects in other regions, aerosols interact directly with incoming solar radiation by
scattering and absorption (Charlson et al., 1992; Hegg et al., 1996; Yu et al., 2006;
Shindell and Faluvegi, 2009; Yang et al., 2014) and indirectly through modification of
cloud properties by acting as the seeds for cloud droplet formation (Lohmann and
Feichter, 2005; McFarquhar et al., 2011). In the summertime Arctic, efficient wet
removal by precipitation and the smaller extent of the polar dome limit transport of
pollution from lower latitudes and maintain an atmosphere that is more pristine than in
the Arctic winter and springtime (Barrie, 1995; Polissar et al., 2001; Quinn et al., 2002;
Stohl, 2006; Garrett et al., 2011; Brock et al., 2011; Fisher et al., 2011; Sharma et al.,
2013; Xu et al., 2017). As a result, natural regional Arctic sources make strong
contributions to summertime Arctic aerosol, to the related radiative effects, and to
associated uncertainties (Korhonen et al., 2008; Leck and Bigg, 2010; Heintzenberg and
Leck, 2012; Karl et al., 2013; Carslaw et al., 2013; Heintzenberg et al., 2015; Croft et al.,
2016a; Willis et al., 2016; Burkart et al., 2017a; Mungall et al., 2017; Willis et al., 2017;
Dall'Osto et al., 2017; Breider et al., 2017; Dall Osto et al., 2018b; Leaitch et al., 2018).

Observations indicate that aerosol particle formation and growth events occur frequently
in the summertime Canadian Arctic Archipelago region (within 60-130° W and

60-85° N) (Chang et al., 2011b; Leaitch et al., 2013; Willis et al., 2016; Willis et al.,
2017, Croft et al., 2016a; Burkart et al., 2017a; Burkart et al., 2017b; Collins et al., 2017,
Tremblay et al., 2018). These events contribute towards shaping a summertime aerosol
number size distribution that is characterized by a dominant Aitken mode (particles with
diameters between 10 and 100 nm) in this region (Croft et al., 2016b), similar to

observations at other pan-Arctic sites (Tunved et al., 2013; Asmi et al., 2016; Nguyen et
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al., 2016; Freud et al., 2017; Gunsch et al., 2017; Heintzenberg et al., 2017; Kolesar et al.,
2017). Summertime Arctic aerosol size distributions are also characterized by a
suppressed accumulation mode (particles with diameters between 100 and 1000 nm) due
to the efficient wet removal processes in frequently drizzling low clouds (Browse et al.
2014) and the limited transport from lower latitudes (Stohl, 2006; Law and Stohl, 2007;
Korhonen et al., 2008)

Evidence points to a strong marine biogenic influence on summertime Arctic aerosols
(Leck and Bigg, 2010; Chang et al., 2011a; Heintzenberg et al., 2015; Dall Osto et al.,
2018b). The oceans provide the atmosphere with many particle-relevant trace gases
(Carpenter et al., 2012; Carpenter and Nightingale, 2015; Ghahremaninezhad et al., 2017,
Mungall et al., 2017), as well as primary particles (Gantt and Meskhidze, 2013; Grythe et
al., 2014; Wilson et al., 2015). Arctic melt ponds and melting ice are also sources of
vapors such as dimethyl sulfide (DMS) (Hayashida et al., 2017; Gourdal et al., 2018),
which yield condensable products following oxidation (Barnes et al., 2006) that can form
and grow particles (Kirkby et al., 2011). As well, observations suggest a key role for
Arctic marine secondary organic aerosol (Arctic MSOA) in the Canadian Arctic
Archipelago (Willis et al., 2017; Burkart et al., 2017a; Kdllner et al., 2017; Leaitch et al.,
2018). The condensing vapors that contribute to particle growth by formation of
secondary organics in the Canadian Arctic Archipelago may be more volatile than at
lower latitudes because smaller modes (particle diameters around 20 nm) grow somewhat
more slowly than larger modes (particle diameters around 90 nm) (Burkart et al., 2017a).
However, these vapors are still capable of growing newly formed particles, and the
details about the origin and composition of Arctic MSOA precursors are not well

understood.

In this study, the terminology Arctic MSOA indicates SOA formed from any organic
precursor vapors emitted in open ocean and coastal regions north of 50° N, excluding
methane sulfonic acid, which we treat as a separate aerosol component, consistent with
most filter-based aerosol species mass measurements. In the Canadian Arctic

Archipelago, Arctic MSOA is likely strongly controlled by marine biogenic activity
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(Willis et al, 2017; Leaitch et al., 2018). Due to the spatial and temporal variability, and
diversity of organic precursor vapor sources and chemistry, the chemical character of
Arctic MSOA is not necessarily the same as other types of MSOA arising from
precursors originating in other marine regions, which could be more strongly influenced
by shipping and differing types of marine biogenic activity (Facchini et al., 2008; Rinaldi
et al., 2010). As well, under our definition of Arctic MSOA, the presence of Arctic
MSOA is not limited to the atmospheric marine boundary layer or marine environment

due to transport of precursors and Arctic MSOA to continental regions.

There are few measurements of size-resolved aerosol mass concentrations in the
summertime Arctic (Zabori et al., 2015; Giamarelou et al., 2016; Tremblay et al., 2018).
Such measurements can provide insight about the processes that control the size
distributions. Limited observations indicate that growing Aitken-mode particles with
diameters between 60 and 100 nm in the Canadian Arctic Archipelago are composed
almost entirely of organics, suggesting a strong role for secondary organics (Tremblay et
al., 2018). On the other hand, observations from the Svalbard region (within 74-81 °N
and 10-35 °E) indicate that the smaller sub-12 nm particles are composed primarily of
ammonium sulfate, suggesting that ternary nucleation and early growth involving gas-
phase water, ammonia (NHj3) and sulfuric acid (H,SO4) play a key role in the
development of nucleation-mode aerosols (particle diameters smaller than 10 nm) in the
region (Giamarelou et al., 2016). In the Canadian Arctic Archipelago, summertime gas-
phase NHj; concentrations have been observed to be in the range of a few hundred pptv
(Wentworth et al., 2016), levels that could contribute to initial particle formation (Napari
et al., 2002; Kirkby et al., 2011; Almeida et al., 2013). Sources for NHj3 in this region are
not yet fully understood, but contributors include Arctic seabird colonies, biomass
burning, and possibly other terrestrial sources such as tundra ecosystems that can
contribute to bi-directional exchange (Skrzypek et al., 2015; Croft et al., 2016a; Lutsch et
al., 2016; Wentworth et al., 2016). In addition to NH3, H,SO4 and gas-phase water, other
components of nucleation mode particles (diameters less than 10 nm) could include, but

are not limited to, iodine (Allan et al., 2015; Dall'Osto et al., 2018a), amines (Almeida et
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al., 2013) and fragmentation of primary particles as clouds and fog evaporate (Leck and

Bigg, 2010).

Given the complexity of interacting processes and source-related uncertainties described
above, a coupled model-measurement-based approach enables exploration of the role of
particles of biogenic origin in development of summertime aerosol size distributions in
the Canadian Arctic Archipelago. In this study, we use the GEOS-Chem-TOMAS model

(http://geos-chem.org) with size-resolved aerosol microphysics to interpret aerosol

measurements taken during the summer of 2016 in the Canadian Arctic Archipelago, at
both Alert and Eureka, in Nunavut, Canada, and also along the 2016 CCGS Amundsen
ship track. These measurements include aerosol mass loading, total aerosol number and
aerosol size distributions, some of which were taken as part of the NETwork on climate
and aerosols: addressing key uncertainties in Remote Canadian Environments
(NETCARE) (Abbatt et al. (in prep.)). Section 2 describes our methodology, including
further details about the observations, a model description, and a summary of simulations.
Section 3 interprets simulations and observations to explore the contribution of both
marine primary organic aerosol (arising from sea spray) and Arctic MSOA in shaping the
summertime aerosol size distributions and mass concentrations in the Canadian Arctic
Archipelago. We also consider the role of ternary nucleation, the simulated contribution
to particle nucleation events and size distributions, and comparison with observations.
Section 3 also presents sensitivity studies to explore the role of the volatility of the Arctic
MSOA during growth events, and in shaping aerosol size distributions. Finally, Sect. 3
presents estimates of the contribution of Arctic MSOA to summertime Arctic direct and
indirect aerosol effects. Section 4 presents a summary, and highlights key directions for

future research.

2. Methodology

2.1 Aerosol measurements in the Canadian Arctic Archipelago
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Figurel shows the locations of aerosol measurements, taken at both Alert (82.5° N, 62.3°
W) and Eureka (80.1° N, 86.4° W), in Nunavut, Canada and along the 2016 ship track of
the CCGS Amundsen through the Canadian Arctic Archipelago that we interpret using the
GEOS-Chem-TOMAS model. The measurements at Alert, Nunavut, Canada are made at
the Global Atmospheric Watch (GAW) observatory. Weekly samples of ambient aerosol
are collected on Teflon filters, using a cyclone to limit particles to diameters smaller than
1 pm (PM1.0), and analyzed by ion chromatography for several inorganic ions including
sulfate, ammonium, nitrate, and methane sulfonic acid (MSA). Further details are
provided in Leaitch et al. (2013) and Li and Barrie (1993). Weekly samples are also
collected on quartz filters behind the cyclone (PM1.0) and analyzed for organic and
elemental carbon by thermal volatilization and combustion (Huang et al., 2006), as
described in Sharma et al. (2017) and Leaitch et al. (2018). There is a possibility that
volatile organic carbon (VOC) vapors could also be absorbed on the quartz filters
(Leaitch et al., 2018). As a result, we view these measurements as an upper limit on
organic carbon mass concentrations at Alert as discussed further in Sect. 3.1. Since 2011,
hourly-mean size distributions for particles with diameters from 20 to 500 nm are
measured at Alert using a TSI 3034 Scanning Mobility Particle System (SMPS), which is
verified for sizing on site using mono-disperse particles of polystyrene latex and of
ammonium sulfate generated with a Brechtel Manufacturing Incorporated Scanning
Electrical Mobility Spectrometer. Total particle number concentration for particles larger
than 10 nm in diameter is measured at Alert with a TSI 3772 Condensation Particle

Counter (CPC). The CPC and SMPS agree to within 10% when all particles are large
enough to be counted by both instruments. Data that could be influenced by local camp
activities are filtered from the data set by removing data 1) when the wind direction was
within a 45° angle centred on the Alert camp; 2) during line zeroes to check the
connections to the instruments and any other repetitive occurrence that might influence
the measurements; 3) when logs indicated potential sources nearby (e.g. trucks); and 4) to

account for unknown factors, when data spikes remain that lasted two hours or less.

At Eureka, Nunavut, Canada, aerosol measurements are taken at the RidgeLab of the

Polar Environment Atmospheric Research Laboratory (PEARL) (Fogal et al., 2013),
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which is located on Ellesmere Island at 610 m above sea level and about 480 km
southwest of Alert. Since 2015, size distributions for particles with diameters between 10
and 500 nm have been measured at the RidgeLab using a TSI 3034 SMPS. Data are
recorded every three minutes and averaged to hourly means. Further details about the

instrument and sampling are presented in Tremblay et al. (2018).

Day after 24 July 2016
Figure 1: CCGS Amundsen 2016 cruise track through Canadian Arctic Archipelago color coded by the

number of days after 24 July 2016. Land is shaded in grey. Location of Alert and Eureka shown by red and
cyan stars, respectively.

During the summer of 2016, the research icebreaker CCGS Amundsen travelled through
the Canadian Arctic Archipelago as a part of the NETCARE project (Abbatt et al. (in
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prep)). Figure 1 shows the cruise track for 24 July - 23 August 2016. During the cruise,
total number concentrations of aerosols with diameters larger than 4 nm were measured
with a TSI 3776 ultrafine condensation particle counter (UCPC). Aerosol size
distributions for particles with diameters between 10 nm to 430 nm were measured with a
TSI 3080/3087 SMPS. Data collected while the wind direction was less than 60° to port
and less than 90° to starboard of the ship’s orientation were accepted for further analysis.
We consider all measurements taken over 23 July 2016 to 24 August 2016, when the ship
was north of 66° N. Further details about the instrumental setup and sampling are in
Collins et al. (2017). Measurements of NH; were also taken during the cruise with a
Quantum Cascade Tunable Infrared Laser Differential Absorption Spectroscopy (QC-
TILDAS) analyzer (Ellis et al., 2010). The instrument has a fast response time that
enabled measurements at 1 Hz during the cruise, with measurements taken from 29 July
2016 to 23 August 2016. NH; data were also filtered for wind direction, ship speed and
measured aerosol number concentrations to exclude periods that indicated influence from

the ship exhaust.

Tundra samples were collected in triplicate from three sites near Alert, NU on 14 and 15
July 2016 to estimate tundra NHs; emission potential. The sites ranged from
approximately 1 to 9 km west of the GAW observatory. Sampling and subsequent
analysis for ammonium concentration ([NH,']) and pH were carried out according to
Wentworth et al. (2014). From mid June to the end of July 2016, hourly measurements of
tundra temperature were recorded adjacent to the GAW observatory using commercially
available soil temperatures sensors (iButtons, Maxim Integrated). Tundra [NH,'], pH,
(both based on the 14 and 15 July 2016 soil samples) and hourly temperature were used
to calculate the hourly NH; tundra compensation, which reflects the predicted
equilibrium NHj concentration in the atmosphere above the tundra (Wentworth et al.,
2014). A tundra-air exchange velocity was calculated using a resistance-in-series scheme
with parameterizations from Wesley (1989) and Walker et al. (2014). The average NHj
emissions at the three sites were then calculated as the mean of the products of the
exchange velocity and compensation point, resulting in estimated emission rates of 0.12,

1.4, and 2.2 ng m? s, Here, we adopt the highest value to provide an upper estimate on
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the contribution of the tundra to atmospheric NHs. It should be noted that extrapolating
calculated emissions from discrete tundra samples to the entire Canadian Arctic
Archipelago carries a very large degree of uncertainty. However, the paucity of necessary
tundra measurements and the lack of any terrestrial Arctic NHj3 fluxes prevent a more

rigorous approach.

2.2 Model description

The GEOS-Chem (GC) chemical transport model version v10-01 (http://geos-chem.org)

coupled to the TwO-Moment Aerosol Sectional (TOMAS) microphysics model (Adams
and Seinfeld, 2002; Kodros et al., 2016; Kodros and Pierce, 2017) is employed in this
study. Our model version has 47 vertical levels and a 4° x 5° horizontal resolution. The

GEOS-FP reanalysis (http://gmao.gsfc.nasa.gov) provides the meteorological fields. We

use a TOMAS version with 15 size sections, including dry diameters ranging from 3 nm
to 10 pm (Lee and Adams, 2012). Tracers within each size bin include particle number
and mass of sulfate, black carbon (hydrophobic and hydrophilic), organic carbon
(hydrophobic and hydrophilic), sea salt, dust and water. All simulations are for the
months of July and August 2016, with a one-month spin-up during June that is not

included in our analysis.

2.2.1 TOMAS aerosol microphysics

The TOMAS aerosol microphysics scheme employed in our simulations has 13
logarithmically spaced size sections for aerosol dry diameters from approximately 3 nm
to 1 um, and 2 additional size sections to represent aerosol dry diameters from 1 to 10 um
(Lee and Adams, 2012). Particle formation is treated according to the ternary H,SOs—
NH3—H,0 nucleation scheme described by Baranizadeh et al. (2016). The formation rate
of particles at about 1.2 nm in mass diameter is determined from a full kinetics simulation
by Atmospheric Cluster Dynamics Code (ACDC) (Olenius et al., 2013) using particle

evaporation rates based on quantum chemistry. The scheme is implemented as a look-up

10
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table as a function of gas-phase H,SO4 and NHj; concentrations, relative humidity,
temperature and condensation sink for condensable vapors. Growth and loss of particles
smaller than 3 nm are approximated with the Kerminen et al. (2004) scheme.
Implementation of this scheme is supported by the findings of Giamarelou et al. (2016)
that nucleation-mode particles in the summertime Arctic are predominantly ammoniated
sulfates. All simulations use the Brownian coagulation scheme of Fuchs (1964) and
consider coagulation between all particle sizes, an important sink for particle number,
particularly for those particles with diameters smaller than 100 nm. Coagulation between
aerosols contained in cloud hydrometeors and interstitial aerosols is parameterized as
described in Pierce et al. (2015). An overview of the condensational-growth assumptions
follows the discussion of inventories and secondary organic aerosol (SOA) scheme

below.

2.2.2 Natural emissions

Several natural emissions inventories and parameterizations are used in our study.
Emissions of dimethyl sulfide (DMS) are based on the seawater DMS climatology of
Lana et al. (2011) with modifications for the Canadian Arctic Archipelago region as
described in Mungall et al. (2016), who found that the climatology seawater DMS was
biased low relative to observations from summer 2014. The air-water transfer velocities
for DMS are based on the scheme of Johnson (2010). Natural sources of NH3, along with
biofuel and anthropogenic sources are from the Global Emissions InitiAtive (GEIA)
(Bouwman et al., 1997). For some of our simulations, as described in Sect. 2.3, Arctic
seabird colony NH3 emissions are implemented following Riddick et al. (2012a), Riddick
et al (2012b), Croft et al. (2016a) and Wentworth et al. (2016). Our simulations also
implement an NH; source from Arctic tundra with a fixed emission rate of 2.2 ng m™s™,
an upper estimate based on inferred bi-directional exchange fluxes calculated using soil
measurements made during the summer of 2016 near Alert, which found the tundra can
act as a source of NHj to the atmosphere (Murphy et al. (in prep)). Given the uncertainty
in the tundra source, this source can be viewed as a surrogate for the missing emissions

needed to bring the simulated NH; mixing ratios to agreement with measurements as

11
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discussed in Sect. 3.1. Additionally, natural sources of NHs and organic carbon (OC)
aerosol are included in the biomass burning emissions from the 3-hourly Global Fire
Emissions Database, version 4 (GFED4) for 2016 (Giglio et al., 2013; Van Der Werf et
al., 2017), which is employed in all simulations. Dust emissions employ the Dust
Entrainment and Deposition (DEAD) scheme of Zender et al. (2003), developed in
GEOS-Chem by Fairlie et al. (2007).

Emissions of sea spray in our simulations are based on the Mértensson et al. (2003)
parameterization. We view this parameterization as yielding an upper bound on ultrafine
primary marine emissions. Comparisons with the Jaeglé et al. (2011) parameterization,
employed in the standard GEOS-Chem-TOMAS model, indicate that the Martensson et
al. (2003) parameterization yields greater sub-100 nm fluxes by up to a few orders of
magnitude (Jaeglé et al., 2011). This choice of emissions inventory enables evaluation of
the contribution of sea-spray to simulated ultrafine particle concentration under one of the
inventories that is most favorable to ultrafine sea-spray particle production. Additionally,
as opposed to assuming that all sea spray is sodium chloride, we emit sea spray particles
with diameters smaller than 100 nm as hydrophobic organic carbon aerosol and particles
larger than 100 nm as sodium chloride. This modification was introduced based on
measurements indicating that sub-100 nm sea spray particles are composed mostly of
organics, whereas larger particles have a progressively more dominant salt component
(Collins et al., 2013; Prather et al., 2013; Gantt and Meskhidze, 2013; Quinn et al., 2015).
However, knowledge gaps remain related to the spatial distribution of sea spray

composition and hygroscopicity (Collins et al., 2016).

2.2.3 Anthropogenic emissions

Our simulations also include global anthropogenic emissions from the Emissions

Database for Global Atmospheric Research
(http://edgar.jrc.ec.europa.eu/archived _datasets.php) (EDGAR) inventory. The EDGAR

inventory is overwritten by regional inventories for Europe (European Monitoring and

Evaluation Program (EMEP) (Crippa et al., 2016)), Canada (Criteria Air Contaminant

12
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Inventory), the United States (National Emission Inventory (NEI)), and Asia (MIX
inventory (Li et al., 2017)). As well, the Bond et al. (2007) inventory overwrites the

EDGAR fossil-fuel and biofuel emissions for black and organic carbon.

2.2.4 Chemical mechanism

The GEOS-Chem-TOMAS chemical mechanism represents the reactions of more than
100 gas-phase species, including particle-relevant reactions such as DMS oxidation by
the hydroxyl radical (OH) to produce sulfur dioxide (SO,) by both the addition and
abstraction channels, and also reaction with the nitrate radical (NO3) (Chatfield and
Crutzen, 1990; Chin et al., 1996; Alexander et al., 2012). SO, then undergoes either gas-
phase reactions with OH to produce H>SO4 or aqueous oxidation with either hydrogen
peroxide (H»O,) or ozone (Os;) to produce particulate sulfate. For the aerosol
microphysics scheme, gas-phase H>SOy can join with water vapor and gas-phase NHj for
ternary nucleation of nascent particles, and it can also condense to grow pre-existing
particles. The sulfate produced by aqueous-phase reactions is added to particles that are
large enough to have activated to form cloud droplets, only contributing to the growth of
these larger particles. In general, particles with diameters of 50 nm or larger activate in
our simulations, although observations from the Canadian Arctic Archipelago indicate
that particles as small as 20 nm could activate under some conditions (Leaitch et al.,
2016). Methane sulfonic acid (MSA) that is produced by the DMS-OH-addition channel
contributes to condensational growth of existing particles, as described in Hodshire et al.
(in prep), but does not contribute to particle nucleation in our simulations. In this study,
we did not include additional chemistry related to production of dimethylsulfoxide
(DMSO). As a result, our simulated yields of MSA may be slightly underpredicted, and
sulfate formation slightly overpredicted (Breider et al., 2014).

2.2.5 Secondary organic aerosol scheme

Arctic MSOA is treated with the simplified SOA scheme developed by Kim et al. (2015),

which for all simulations includes SOA precursors from non-marine sources associated
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with terrestrial biogenic, fossil fuel, biofuel, and biomass burning emissions. The scheme
introduces two additional tracers, a gas-phase SOA precursor, and a SOA tracer that is
available to condense on the particles. The gas-phase SOA precursor oxidizes to form
SOA on a fixed timescale of 1-day. For biogenic sources the emissions are distributed
between these two tracers with a 50/50 split to represent the fast oxidation timescale of
biogenic precursors of typically shorter than 1 day. The model employed for this study
does not include aqueous-phase production of SOA. As a part of our sensitivity
simulations (described in Sect. 2.3), additional fixed-flux organic vapor emissions
yielding Arctic MSOA are implemented in the region north of 50° N over open seawater
with a 50/50 split between the gas-phase precursor and the phase that is available for

condensation.

While our simulations do not include initial formation of nascent particles by clusters of
organic vapors, we do allow growth of particles by condensation of organic vapors, as
well as by condensation gas-phase H,SO4 and MSA. In the standard model, all vapors
condense proportional to the Fuchs-corrected aerosol surface area distribution, behaving
like a non-volatile condensing gas (Donahue et al., 2011; Pierce et al., 2011; Riipinen et
al., 2011; Liu et al., 2016; Trostl et al., 2016; Ye et al., 2016). The important role of
organic condensation was found at lower latitude continental sites (Riipinen et al., 2011).
Our simulations investigate this role for the Arctic. We also conduct additional sensitivity
simulations (described in Sect. 2.3), which allow condensation of a fraction of the vapors
according to the mass distribution, behaviour like a semi-volatile as opposed to non-

volatile condensing organic.

2.2.6 Wet and dry deposition

Removal of simulated aerosol mass and number occurs by both wet and dry deposition.
The wet deposition parameterization includes both in-cloud and below-cloud scavenging
as developed by Liu et al. (2001) and Wang et al. (2011), with modifications as described
in detail in Croft et al. (2016b) to more closely link the wet removal to the meteorological

fields for cloud liquid, ice water content, and cloud fraction. To represent the impact of
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drizzle from summertime Arctic low-level clouds, we implemented wet removal from all
Arctic clouds below 500 m using a fixed efficiency of 0.01 s™', similar to the approach of
Browse et al. (2012). In-cloud wet removal in GEOS-Chem-TOMAS is limited to the size
range that can activate to form cloud hydrometeors. Size-dependent dry deposition uses
the resistance in series approach of Wesley (1989). Simulated gas-phase species are also
removed by dry and wet deposition as described in Amos et al. (2012). Removal depends
on solubility such that aerosol precursors including ammonia, and sulphur dioxide are

removed by precipitation, while SOA precursors and dimethyl sulphide are not.

2.2.7 Radiative calculations

The following radiative transfer calculations are conducted off-line using the simulated
summertime-mean aerosol mass and number concentrations to examine the effects of
organic condensation. For calculation of the direct radiative effect (DRE), aerosol optical
depth, single-scattering albedo and asymmetry factor are calculated with Mie code
(Bohren and Huffman, 1983) and use refractive indices from the Global Aerosol Dataset
(GADS) (Koepke et al., 1997). These optical properties, along with cloud fraction and
surface albedo from GEOS-FP assimilated meteorology are input to the Rapid Radiative
Transfer Model for Global Climate Models (RRTMG) (Iacono et al., 2008), to determine
the change in top-of-the-atmosphere solar flux between two simulations, treating all

particles except black carbon as internally mixed and spherical.

We also calculate the cloud-albedo aerosol indirect effect (AIE) with the method
described in Croft et al. (2016a) and Kodros et al. (2016). The cloud droplet number
concentration (CDNC) is calculated off-line using the parameterization of Abdul-Razzak
and Ghan (2002), again using the summertime mean aerosol mass and number
concentrations from our simulations. We assume an updraft velocity of 0.5 m s and treat
all aerosols as internally mixed to determine the hygroscopicity parameter of Petters and
Kreidenweis (2007). For each model grid box, we assume cloud droplet radii () of 10 um

and perturb this value with the ratio of summertime-mean CDNC from simulations
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(acronyms described in Table 1 and simulations described in Sect. 2.3), following Rap et

al. (2013), Scott et al. (2014) and Kodros et al. (2016),

( CDNCBASE+TUNDRA+BIRDS+100xnuc 1/3 (1)
CDNCBASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv

Tperturbed =
Then RRTMG is used to determine the change in top-of-the-atmosphere solar flux
attributed to the change in effective cloud droplet radii, again using the summertime
meteorological data from GEOS-FP. Our AIE calculation is limited to this single aerosol
indirect effect; the impact of Arctic MSOA on additional indirect effects (Lohmann and

Feichter, 2005) requires further investigation in future studies.
2.3 Overview of simulations

Our simulations are conducted with a focus on interpreting the summertime 2016 aerosol
measurements from the Canadian Arctic Archipelago. These simulations are used to
explore the role of biogenic sources in shaping the aerosol size distributions by the
processes of nucleation of particles from gas-phase molecules followed by growth, with a

focus on Arctic MSOA. We also consider the role of marine primary particle emissions.

Table 1 presents simulation acronyms used in the following discussion. Simulation BASE
employs the standard GEOS-Chem-TOMAS model described in Sect. 2.2. We examine
the potential contribution of regional terrestrial NH3 sources to aerosol size distributions
with simulations BASE+BIRDS, BASE+TUNDRA, and BASE+TUNDRA+BIRDS.
Simulation BASE+BIRDS implements seabird-colony NHj3 emissions of 35 Gg spread
uniformly in time between 1 May and 30 September, based on the Riddick et al. (2012a)
and Riddick et al. (2012b) inventory with modifications and spatial distribution as
described in Croft et al. (2016a) and Wentworth et al. (2016). Simulation
BASE+TUNDRA includes a fixed NH; emission of 2.2 ng m™ s from all Arctic tundra
as discussed in Sect. 2.2.2. Simulation BASE+TUNDRA+BIRDS uses both the seabird

colony and tundra NHj sources.
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Simulation Acronyms Description

BASE Base simulation, described in detail in Sect. 2.2.
BIRDS Seabird-colony ammonia emissions included
TUNDRA Tundra ammonia emissions included

AMSOAnv Non-volatile Arctic MSOA

AMSOAnv/sv 30% non- and 70% semi-volatile Arctic MSOA
2xAMSOAnv/sv Double organic vapor emissions of AMSOAnv/sv
100xnuc Particle formation rate scaled by 100-fold

Table 1: Description of acronyms that are used in the simulation names. Simulations are described in detail
by full simulation name in Sect. 2.3.

Simulation BASE+TUNDRA+BIRDS+AMSOAnv adds a source of Arctic MSOA. This
source draws upon measurements presented by Mungall et al. (2017) indicating that the
marine microlayer is a source of oxygenated volatile organic compounds (OVOCs), key
precursors to secondary organic aerosol. Furthermore, Willis et al. (2017) identified a
positive relationship between the ratio of organic to sulfate aerosol mass concentrations
and time spent over open water, suggesting a marine SOA source. Studies from other
regions also identified biogenic VOCs of marine origin, but their marine sources are not
fully identified (Carpenter and Nightingale, 2015; Tokarek et al., 2017; Chiu et al., 2017).
Likewise for the Arctic, the emission rates for these vapors are not well understood
(Burkart et al.,, 2017a). Given this uncertainty, we identified a fixed Arctic MSOA-
precursor vapor source flux (Arctic MSOA formed with a mass yield of unity) from the
ice-free seawater in the Arctic and near Arctic (north of 50° N). The marine organic
vapors are emitted into the simplified SOA scheme described in Sect. 2.2.5 with a 50/50
split between precursor gas (with a 1-day lifetime before forming SOA) and vapor that
instantly condenses to particles in the marine boundary layer. This split represents
variability in the VOCs lifetime for aging to sufficiently low volatility that they can
condense on the particulate phase. At the point of condensation, we assume the vapors to
be effectively non-volatile, with condensation according to the Fuchs-corrected surface

area. A top-down estimate of the flux (500 pg m™ d'; simulated flux magnitude of 468 pg
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m™ d”' north of 50° N, reported to one significant figure due to uncertainty) is adopted
that best represents observations as shown in the following sections within the context of
our simulations, which are an upper limit on primary organic aerosol contribution. To put
the implemented flux in context, this is within an order of magnitude of the isoprene flux
estimated from a north temperate deep lake (Steinke et al., 2018). Future work should

include a bottom-up estimate of the SOA-precursor source flux.

Simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv examines the impact of
particle precursors in addition to H,SO4, NHs and water that could nucleate nascent
particle clusters in the Arctic. These precursors could include (but are not limited to) gas-
phase iodine (Allan et al., 2015; Dall’Osto et al., 2018a), amines (Almeida et al., 2013)
and organics (Riccobono et al., 2014). It is unclear if marine biological activity creates
organic vapors that participate in particle nucleation. Disintegration of larger particles
from evaporating clouds and fog could contribute to the number of nascent particles
(Leck and Bigg, 2010). Unfortunately, a nucleation parameterization does not exist that is
suitable to include interactions of all these materials simultaneously (Riccobono et al.,
2014; Dunne et al., 2016; Gordon et al., 2017). To explore these effects, we scale up the
ternary nucleation by 100-fold to represent the potential effects of particle precursors
with similar spatial origin to those involved in ternary nucleation. Almeida et al. (2013)
and Riccobono et al. (2014) observed increases in nucleation rates by about 100-fold
above the sulfate-ammonia-water vapor system when amines or monoterpene-oxidation
products were added. We treat the 100-fold increase as an estimate of how additional
materials  could enhance  nucleation. @ We  also  conduct  simulation
BASE+TUNDRA+BIRDS+100xnuc, which is otherwise similar to
BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv, but without the condensable marine

organic vapors.

Finally, we conduct simulations to examine the impact of Arctic MSOA volatility.
Burkart et al. (2017a) found that condensing gas-phase materials in the Canadian Arctic
Archipelago were surprisingly more volatile than at lower latitudes. Simulation

BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv is similar  to simulation
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BASE+TUNDRA+BIRDS+100xnuctAMSOAnv, except that 30% of the Arctic MSOA
behaves as non-volatile compounds and condenses according to Fuchs-corrected surface
area, whereas 70% of the Arctic MSOA behaves as idealized semi-volatile compounds
and condenses according to the particle mass distribution (quasi-equilibrium
condensation). This is a larger fraction of semi-volatile vapors than the 50/50 semi-/non-
volatile split employed by Riipinen et al. (2011) for lower latitude continental sites, and
consistent with the findings of Burkart et al. (2017a) for the Canadian Archipelago region
that the condensing vapors were more semi-volatile than at lower latitudes. Simulation
BASE+TUNDRA+BIRDS+100xnuc+2xAMSOAnv/sv  is  similar to  simulation
BASE+TUNDRA+BIRDS+100xnuc+tAMSOAnv/sv, except that for the former, we
double the flux of marine organic vapors to examine the impact of a change in flux since

the geographic distribution of the source rate is highly uncertain.

We calculate the mean fraction error (MFE) (Boylan and Russell, 2006) between our

simulations and observed aerosol size distributions using the following equation.

— 1 yi=N abs|CnD=Co(@)]
MFE NZiZO (Cm(D)+Co(i))/2 (2)

where C,(i) is the integrated value for the i" moment of the simulated aerosol size
distribution and C,(7) is the integrated value for the i moment of the observed size
distribution, for the N moments (zeroth to third). Fractional bias is calculated likewise, but

without the absolute value of the numerator.

3. Results and Discussion

3.1 Summertime aerosol mass concentrations at Alert

Table 2 shows the observed climatological- (data available for years 2011 to 2015),
summertime- (July and August) mean mass concentrations for organic carbon (OC),
NH4+, sulfate (SO; ) and MSA from filter measurements at Alert and also the

summertime mean for our 9 simulations (all for 2016). These long-term observations at
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Alert provide a useful climatology for comparison with our simulations, even if not for
the same years. An organic matter (OM) to OC ratio of 2.1 was applied to convert the
simulated OM to OC. There is uncertainty in the OM/OC ratio, which can range from
about 1.4 to 2.4; however, the larger values are generally associated with rural and remote
regions (Turpin and Lim, 2001; Russell, 2003; Philip et al., 2014). This ratio (2.1) is
within 4% of summertime-mean OM/OC ratios from the Organic Functional Groups
(OFG) measurements from available years (2012-2014) at Alert that are detailed in
Leaitch et al. (2018). Simulation BASE underpredicts the observed annual mean OC
mass concentrations by a factor of about 3, and is below the inter-annual range shown in
Table 2. The simulated OC is strongly sensitive to Arctic MSOA, increasing by a factor
of 2.5 for simulation BASE+TUNDRA+BIRDS+AMSOAnv relative to simulation
BASE+TUNDRA+BIRDS, to yield better consistency with the measurement mean. As
described in Leaitch et al. (2018), these measurements could also include organics from
condensation of volatile organic compounds directly onto the quartz filters, contributing
to a factor of 1.1-2.5 increase in concentrations relative to OFG analysis by Fourier
transform infrared (FTIR) spectroscopy. This is only one of the potential issues with
determining OC based on sampling at such low concentrations over one week.
Furthermore, the measurement OC mass concentrations were not available for the year of
our simulations, and inter-annual variability in summertime OC is large. As a result of
these complexities, we also compare between the year-matched simulated and SMPS
volume distributions (Sect. 3.3), which we consider to be a more robust evaluation of the

simulated particle mass concentrations.

The simulated OC mass concentration is also sensitive to the rate of formation of nascent
particles in our simulations. With an increase in nucleation rate, as in simulation,
BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv relative to simulation
BASE+TUNDRA+BIRDS+AMSOAnv, the simulated OC mass concentrations increase
by about 15% because there are more nucleation- and Aitken-mode particles available to
‘catch’ the condensing vapors, and these smaller particles are less efficiently removed by
wet scavenging. Additionally, the simulations of OC mass concentrations are sensitive to

the assumed volatility of the Arctic MSOA. For the 30/70 split of non-volatile and semi-
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volatile vapors as in simulation BASE+TUNDRA+BIRDS+100xnuctAMSOAnv/sv, the
OC mass concentrations are reduced by about 15% relative to simulation
BASE+TUNDRA+BIRDS+100xnuctAMSOAnv. The semi-volatile vapors condense to
larger particles (Pierce et al., 2011; D’Andrea et al., 2013; Hodshire et al. (in prep.)) that
are more efficiently removed by precipitation. The emissions flux of Arctic MSOA-
precursor

vapors has a nonlinear impact on the simulated OC mass concentrations. Table 2 shows
that the change in mean OC concentrations differs between simulation pairs with the

same absolute change in Arctic MSOA-precursor emissions (simulations

BASE+TUNDRA+BIRDS+100xnuc+2xAMSOAnyv and
BASE+TUNDRA-+BIRDS+100xnuc+AMSOAnv, relative to
BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv and

BASE+TUNDRA+BIRDS+100xnuc).

0oC NH," MSA + SO,
Observations 85.0 16.3 58.8
(37.7,132.9) | (7.6,31.2) | (30.8,97.5)
Simulations
BASE 28.7 2.8 54.8
Extra Ammonia
BASE+BIRDS 27.9 12.6 56.6
BASE+TUNDRA 27.0 20.0 58.5
BASE+TUNDRA+BIRDS 33.3 22.6 66.2
Arctic MSOA (non-volatile)
BASE+TUNDRA+BIRDS+AMSOAnv 72.0 22.0 64.8
Extra Nucleation
BASE+TUNDRA+BIRDS+100xnuc 33.2 23.5 69.2
BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv 82.0 24.1 72.1
Arctic MSOA Volatility (mix non-/semi-volatile)
BASE+TUNDRA-+BIRDS+100xnuc+AMSOAnNv/sv 70.2 23.6 69.7
BASE+TUNDRA+BIRDS+100xnuc+2xAMSOAnv/sv | 104.6 23.4 68.7

Table 2: July and August mean aerosol mass concentrations (ng rn’3) at Alert from measurements (2011-
2015) (brackets show the minimum and maximum annual mean over the measurement period) and GEOS-
Chem-TOMAS simulations (2016) as described in Table 1 and Sect. 2.3 for organic carbon (OC),
ammonium (NH,"), and methane sulfonic acid (MSA) and sulfate (SO,).

We also evaluated the simulation of relevant inorganic ions. Simulation BASE strongly

underpredicts measured ammonium concentrations by a factor of 8. Implementation of
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the seabird-colony and tundra NH3 sources (simulation BASE+TUNDRA+BIRDS) yields
closer model-measurement agreement (within about 40%), although this is a challenging
simulation given the uncertainties in the NHj3 sources within these remote regions.
Relative to measurements taken during the summer 2016 cruise track, simulation BASE
also underpredicts grid-box mean NH; mixing ratios with a mean fractional bias (MFB,
described in Sect. 2.3) (Boylan and Russell, 2006) of -1.98, which is reduced for
simulations BASE+BIRDS (-1.23), BASE+TUNDRA (-0.22), and
BASE+TUNDRA+BIRDS (+0.06).

Implementation of seabird-colony and tundra NHj; sources (simulation
BASE+TUNDRA+BIRDS) also increases the simulated summertime (July and August)
mean sulfate concentrations by about 20% over simulation BASE. The extra free NHj
(simulation BASE+TUNDRA+BIRDS relative to BASE) promotes particle nucleation,
which decreases the mean diameter of the particles available for H,SO4 condensation as
sulfate, slowing sulfate wet scavenging as the smaller particles have less efficient
removal. Scaling up the nucleation rate further increases the sulfate concentrations by
about 10-15% as the concentrations of nucleation- and Aitken-mode particles are further
increased, further reducing the mean diameter of the particles available for condensation
of H,SOy4, and slowing wet scavenging of sulfate. All simulations are within 20% of the
measured sulfate concentrations. As well, we evaluated the model-measurement
agreement for sodium ions and found agreement within a factor of two for all
simulations. These mass-based comparisons offer confidence that the simulations which
include Arctic MSOA are reasonable. In the following sections, we consider the impact
of Arctic MSOA on total aerosol number concentrations and the moments of the aerosol

size distributions.
3.2 Total aerosol number concentrations along the 2016 ship track and at Alert
Figure 2 shows time series measurements during August 2016 of total particle number

concentration for particles with diameters larger than 4 nm conducted from the CCGS

Amundsen (Collins et al., 2017) and for particles with diameters larger than 10 nm at

22



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-895 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry

Discussion started: 18 September 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

657  Alert. The measurement time series shows episodic bursts of particle number
658  concentration greater than 500 cm™. Interestingly, at several times the elevated number
659  concentrations occur at both Alert and at the ship, such as on August 3, 8, 9, 10, 11, 15
660 and 16. Both time series also show relatively lower total number concentrations on
661  August 5 and August 13 to 14, when there was precipitation, and when the ship was in
662  the Nares Strait region shown on Fig.1.
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665 Figure 2: Time series for August 2016 observed number concentration from condensation particle counter
666 (CPC) for aerosols with (a) diameters larger than 4 nm (N4) along Amundsen ship track (Fig. 1) and (b)
667 diameters larger than 10 nm (N10) at Alert (described in Sect. 2.1) and for the simulations as described in
668 Table 1 and Sect. 2.3 (color coded as shown on legend). MFE: mean fractional error between observations
669  and simulations, color-coded to match simulation names.

670
671  Figure 2 also shows the time series of coincidently sampled simulated number
672  concentrations for five of the simulations described in Table 1 and Sect. 2.3. We

673  calculated the model-to-measurement mean fractional error (MFE) (Eq. (2)) for the
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simulations of total number concentration shown on Fig. 2. The BASE simulation is
associated with the greatest MFE values for the ship track (1.44) and Alert (1.84). The
simulations better capture the bursts of particle number when including NHj sources from
seabird colonies and tundra, similar to the findings of Croft et al. (2016a) with MFE
values reduced to 0.75 for both the Alert and ship track time series for simulation

BASE+TUNDRA+BIRDS.

Implementation of Arctic MSOA in simulation BASE+TUNDRA+BIRDS+AMSOAnv
increases the MFE relative to simulation BASE+TUNDRA+BIRDS, to 1.06 for the ship
track and 0.96 for the Alert time series. This MFE increase occurs because more vapors
are available to condense on to the particle surface area, building the condensation sink
for H,SO4, which reduces the simulated formation of nascent particles by ternary
nucleation with H>SOs. These effects reduce the number of ultrafine particles, similar to
that described by D’Andrea et al. (2013), who investigated the impact of

anthropogenically enhanced SOA for a set of sites distributed around the world.

Scaling the nucleation rate by 100-fold reduces the MFE to 0.87 for the ship track and
0.64 at Alert, for simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv. This
scaling acts as a surrogate for the parameterization of particle nucleation by materials in
addition to the simulated gas-phase NH3, H,SO4 and water, as described in Sect. 2.3. This
increased nucleation rate enables ultrafine particles to become more numerous, despite

the increased condensation sink associated with the implemented Arctic MSOA source.

Considering both the 2016 ship track and Alert time series together, the lowest MFE pair
is found for simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv, 0.72 and
0.65, respectively. This simulation treats the Arctic MSOA as a 30/70 mix of non- and
semi-volatile species. Higher volatility condensing vapors enable simulated growth of the
nascent particles at a slower rate (relative to larger particles) than lower volatility
condensing vapors. As a result, the newly formed particles grow more slowly with semi-
volatile Arctic MSOA, which lowers the condensation and coagulation sinks (relative to

non-volatile Arctic MSOA), and increases the total number of particles. As well, there is
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relatively more condensation of the semi-volatile Arctic MSOA to larger particles, which
contribute proportionately less to surface area and more to aerosol mass. These larger
particles are efficiently removed by the frequent low-cloud drizzle of the summertime
Arctic in our simulations. As shown on Fig. 2, the net effect is an increase in the number
of ultrafine particles that better matches the observed time series of total number

concentration.

3.3 Moments of the aerosol size distribution for Alert, Eureka and ship track

Figures 3, 4 and 5 show the 2016 summertime (July and August) median aerosol size
distributions from SMPS measurements at Alert (Fig. 3), Eureka (Fig. 4), and for the
2016 ship track (Fig. 5). The figure panels show the zero™ through third moments of the
aerosol size distribution, aerosol number, integrated diameter (length), surface area and

volume. We define the aerosol number distribution (zero™ moment) as

dN

ny(Dp) = dlogroDy’ 3)
The aerosol integrated diameter (length) distribution (first moment) is

"p (DP) = dloZi,Dp =D dlozllvonp' 4)
The aerosol surface area (second moment) is

15(0y) = Grogromy = ™0 Gogreny ®
The aerosol volume (third moment) is

nV(D?’) = dlo;;/on - %Dg dlozllvon' (6)
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736 Figure 3: July and August 2016 median aerosol size distributions from scanning mobility particle sizer
737  (SMPS) measurements at Alert (82.5° N, 62.3° W) (black) (described in Sect. 2.1) and for five GEOS-
738 Chem-TOMAS simulations (color coded as shown on legend). Grey shading shows SMPS 20™ to 80
739 percentile. Simulations are described in Table 1 and Sect. 2.3. Panels show aerosol distribution moments
740 (a) aerosol number, (b) integrated aerosol diameter, (c) aerosol surface area, and (d) aerosol volume
741  distributions. Note the different vertical scale relative to Figs. 4 and 5.
742
743
744  The observed distributions are similar between the three measurement sets. The number
745  distributions peak in the Aitken mode at the particle diameter of 30-50 nm, which is
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Figure 4: July and August 2016 median aerosol size distributions from scanning mobility particle sizer
(SMPS) measurements at Eureka (80.1° N, 86.4° W) (black) (described in Sect. 2.1) and for five GEOS-
Chem-TOMAS simulations (color coded as shown on legend). Grey shading shows SMPS 20" to 80"
percentile. Simulations are described in Table 1 and Sect. 2.3. Panels show aerosol distribution moments
(a) aerosol number, (b) integrated aerosol diameter, (c) aerosol surface area, and (d) aerosol volume
distributions. Note the different vertical scale relative to Figs. 3 and 5.

similar to summertime observations at other pan-Arctic sites (Tunved et al., 2013; Asmi

et al., 2016; Nguyen et al., 2016; Freud et al., 2017; Gunsch et al., 2017; Heintzenberg et
al., 2017; Kolesar et al., 2017) and also in the central Arctic marine boundary layer
(Heintzenberg and Leck, 2012; Karl et al., 2013; Heintzenberg et al., 2015). Interestingly,
the value for the mode for the number distributions (dN/dlogD,) has its smallest
magnitude of about 200 cm™ at the most northerly site (Alert), and increases moving

southward to about 300 cm™ at Eureka and 400 cm™ for the ship track, which includes the
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766 Figure 5: July and August 2016 median aerosol size distributions from scanning mobility particle sizer
767  (SMPS) measurements for the CCGS Amundsen 2016 ship track (black) (described in Sect. 2.1) and for five
768 GEOS-Chem-TOMAS simulations (color coded as shown on legend). Grey shading shows SMPS 20" to
769 80" percentile. Simulations are described in Table 1 and Sect. 2.3. Panels show aerosol distribution
770 moments (a) aerosol number, (b) integrated aerosol diameter, (c) aerosol surface area, and (d) aerosol
771  volume distributions. Note the different vertical scale relative to Figs. 3 and 4.
772
773
774  most southward extent. This pattern is consistent with the hypothesis of an important role
775  for open water in building summertime aerosol size distributions (Heintzenberg et al.,
776  2015; Willis et al., 2017; Dall’Osto et al., 2018b). A similar pattern is noted for the other
777  three moments of the aerosol distribution.
778
779  Figures 3, 4 and 5 also show the simulated moments for the 3 sets of aerosol
780  distributions. Simulation BASE strongly underpredicts all four moments of the
781  distribution relative to all three of the measurement sets. Table 3 shows the MFE (Eq. (2))
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between the simulations and measurements, using integrated values from the 4 moments
of the distributions, similar to the approach employed by Hodshire et al. (2018). The
MFEs are 1.17, 1.36 and 1.34 for Alert, Eureka, and the ship track, respectively, for
simulation BASE. Implementation of sources of NH3 from seabird-colonies (simulation
BASE+BIRDS) reduces the MFE for all sites, and additional NH; from a tundra source
for simulation BASE+TUNDRA+BIRDS further lowers the MFE at all sites (0.53 for
Alert, 0.80 for Eureka and 0.97 for the ship track).

Mean Fractional Error Ship | Eureka | Alert 3-site mean
BASE 134 | 136 1.17 1.29
Extra Ammonia

BASE+BIRDS 1.16 1.13 0.75 1.01
BASE+TUNDRA 1.01 | 0.86 0.66 0.84
BASE+TUNDRA+BIRDS 0.97 |0.80 0.53 0.77
Arctic MSOA (non-volatile)

BASE+TUNDRA+BIRDS+AMSOAnv 0.43 | 0.35 0.13 0.30
Extra Nucleation

BASE+TUNDRA+BIRDS+100xnuc 0.78 0.30 0.31 0.46
BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv 0.22 | 0.08 0.30 0.20
Arctic MSOA volatility (mix non-/semi-volatile)
BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv 0.11 | 0.24 0.10 0.15
BASE+TUNDRA+BIRDS+100xnuc+2xAMSOAnv/sv 0.22 | 0.09 0.27 0.19

Table 3: Mean fractional error (MFE) (Eq. (2)) between the nine GEOS-Chem-TOMAS simulations
(described in Table 1 and Sect. 2.3) and the SMPS measurements (described in Sect. 2.1) for summertime-
(July and August 2016) median aerosol size distributions at Alert, Eureka and during the CCGS Amundsen
cruise shown in Figs. 3, 4, and 5, respectively.

Figures 3-5 also show that with the NH; from seabird colonies and tundra (simulation
BASE+TUNDRA+BIRDS), an Aiken mode peak develops around 20-30 nm, but there is
an underprediction of the number of aerosols with diameters between 30 nm to 200 nm
and a strong underprediction of the aerosol diameter, surface area and volume moments.
Simulation BASE+TUNDRA+BIRDS also underpredicts the organic carbon mass
concentrations as shown in Table 2. This simulation suggests that condensation of H,SO4
and MSA alone do not yield sufficient particle growth to match observations from the
Canadian Arctic Archipelago, which show frequent particle growth events (Willis et al.,

2016; Collins et al., 2017; Burkart et al., 2017b; Tremblay et al., 2018) and suggest a key
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role for growth by organic vapor condensation (Burkart et al., 2017a; Willis et al., 2017;
Mungall et al., 2017). Marine primary organic aerosols could contribute to the Aitken

mode as investigated further in the following Sect. 3.5.

With the implementation of Arctic MSOA (simulation
BASE+TUNDRA+BIRDS+AMSOAnNv), all four moments of the simulated aerosol
distributions are more consistent with the measurements. The MFE is reduced for the ship
track (0.43), Eureka (0.35) and Alert (0.13). These additional vapors condense on the
simulated particles and build the aerosol diameter, surface area, and volume distributions
to better represent the observations. For the ship track and at Eureka, scaling up the
nucleation rate further reduces the MFE (simulation
BASE+TUNDRA+BIRDS+100xnuc+tAMSOAnv) by maintaining the number of
ultrafine particles despite the increase in the condensation sink that arises with the growth
from the Arctic MSOA. This scaling acts as a surrogate for nucleating vapors that could
be missing in our simulations such as iodine (Allan et al., 2015; Dall Osto et al., 2018a)
and amines (Almeida et al., 2013), and also possible contribution from primary particle
fragmentation (Leck and Bigg, 2010). For Alert, the MFE deteriorates with nucleation
scaling suggesting that the standard ternary scheme yields sufficient particle formation
for that portion of the Canadian Arctic Archipelago under the assumption of growth by

non-volatile vapors.

The simulation with a 30/70 mix of non- and semi-volatile Arctic MSOA, respectively,
(simulation BASE+TUNDRA-+BIRDS+100xnuc+AMSOAnv/sv) yielded the lowest
MFE for the ship track (0.11) and for Alert (0.10). We find a similarly low MFE for
Eureka (0.09) with a doubling of the Arctic MSOA source under the assumption of a
30/70 mixed volatility (simulation
BASE+TUNDRA+BIRDS+100xnuc+2xAMSOAnv/sv). Given that our simulations
employ a fixed flux of Arctic MSOA-precursor vapors, and there is likely spatial
variability in their source flux and oxidative aging to become available for condensation
that is not well captured in our simulations; these intra-regional differences in the flux

strength required to match observations are expected. For the same reasons, the
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simulations do not perfectly capture the increase in the magnitude of the mode for the
number, diameter, area and volume distributions between Alert and Eureka. However,
simulation BASE+TUNDRA+BIRDS+100xnuc+tAMSOAnv/sv (having lowest 3-site-
mean MFE) does capture the larger magnitude of the mode value for all four moments for

the ship track relative to those for Alert and Eureka.

Our finding that a mixture of non- and semi-volatile Arctic MSOA gives a closer fit
between the simulations and observations is in agreement with the measurement-based
findings of Burkart et al. (2017a) that the condensing vapors were surprisingly more
volatile than at lower latitudes. As discussed by Burkart et al. (2017a), these semi-volatile
(as opposed to non-volatile) vapors enable slower growth of the smallest mode of
particles with diameters around 20 nm and faster growth of the larger mode with
diameters around 90 nm. This larger mode is more efficiently removed by precipitation,
maintaining a relatively pristine environment with lower particle mass concentrations that

favors particle formation and growth.

The general improvements of the simulations with the addition of Arctic MSOA offers
support for a key role of marine biogenic emissions in shaping the Arctic size
distributions. Simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv,
specifically, yielded the lowest MFE for the total number concentration time series
comparisons (Fig. 2), and had close agreement with the observed summertime mean
organic carbon mass concentration at Alert (within about 10%, Table 2). As discussed in
Sect. 3.1, several uncertainties affect the interpretation of the model-measurement
comparisons for the quartz filter OC mass concentrations. The model-measurement
fractional bias (FB) for the volume distribution (Table 4) provides a year-matched
constraint on the total aerosol mass concentrations in our simulations without the
complications associated with the quartz filter measurements such as the possibility of
VOC uptake on the filters. Simulation
BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv has the lowest volume distribution
FB for both Alert (+0.07) and the ship track (+0.01), while for Eureka two simulations
had the lowest FB, BASE+TUNDRA-+BIRDS+100xnuc+tAMSOAnv (-0.06) and
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BASE+TUNDRA+BIRDS+100xnuct2xAMSOAnv/sv  (+0.06). For all three sites,
implementation of Arctic MSOA reduced the fractional bias for the volume distribution
relative to an otherwise similar simulation without Arctic MSOA. As shown in Table 2,
all simulations generally matched the mass of sulfatetammonium+MSA (and
contributions of other measured species, e.g. nitrate, were minor) so organic aerosol is

likely the most uncertain species.

Fractional Bias Ship Eureka Alert
Base -0.83 -0.87 -0.54
Extra Ammonia

BASE+BIRDS -0.83 -0.84 -0.50
BASE+TUNDRA -0.84 -0.79 -0.45
BASE+TUNDRA+BIRDS -0.79 -0.74 -0.38
Arctic MSOA (non-volatile)

BASE+TUNDRA+BIRDS+AMSOAnv +0.25 -0.20 +0.19
Extra Nucleation

BASE+TUNDRA+BIRDS+100xnuc -0.75 -0.69 -0.32
BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv +0.36 -0.06 +0.31
Arctic MSOA Volatility (mix non-/semi-volatile)
BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv +0.01 -0.22 +0.07
BASE+TUNDRA+BIRDS+100xnuc+2xAMSOAnv/sv +0.38 +0.06 +0.38

Table 4: Fractional bias (as defined in Sect. 2.3) between the nine GEOS-Chem-TOMAS
simulations (described in Table 1 and Sect. 2.3) and the SMPS volume distribution
measurements (described in Sect. 2.1) for summertime- (July and August 2016) median
aerosol size distributions at Alert, Eureka and during the CCGS Amundsen cruise shown
in panel (d) on Figs. 3, 4, and 5, respectively

3.4 Role of Arctic MSOA during a growth event in Canadian Arctic Archipelago

Figure 6 provides an example of a particle growth event from the summer 2016 CCGS
Amundsen ship track through the Canadian Arctic Archipelago. The observations during
14-15 August 2016 show growth of particles from about 15 nm to about 35 nm over a
period of about 10 hours. Collins et al., 2017 and Burkart et al. (2017a) also report
growth rates of about 2-4 nm h™' for similar size acrosols during other growth events

observed from the CCGS Amundsen during the 2016 cruise. The top right panel shows
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895  that without the source of Arctic MSOA (simulation
896 BASE+TUNDRA+BIRDS+100xnuc), the nascent particles do not exhibit sufficient
897  growth beyond about 15 nm by condensation of H,SO4 and MSA alone. The bottom left
898  panel shows that with the source of non-volatile
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900
901 Figure 6: Time series of size-resolved aerosol number distributions (color contours show dN/dlogD,) for
902 the growth event of 14-15 August 2016 as (a) observed along the Amundsen ship track (described in Sect.
903  2.1) and for the GEOS-Chem-TOMAS simulations along the ship track
904 (b) BASE+TUNDRA+BIRDS+100xnuc, (c) BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv and
905  (d) BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv. Simulations are described in Table 1 and Sect.
906 23.
907
908
909  Arctic MSOA for simulation BASE+TUNDRA-+BIRDS+100xnuc+AMSOAnv, there is
910  growth from about 10 nm to about 50 nm over 10 hours, a growth rate that is faster than
911  observed for this event and faster than reported by Burkart et al., 2017a.
912
913  The bottom right panel of  Fig. 6 shows for simulation
914 BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv, particles grow from about 10 nm to
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20 nm over about 8 hours, which is closer to the observed rate and slower than the
simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv, which assumed non-
volatile Arctic MSOA. Semi-volatile Arctic MSOA also enables faster growth of the
larger mode around 90 nm, in agreement with the observations of Burkart et al. (2017a)
that the larger mode grew faster. We note that the timing of the simulated event shown in
Fig. 6 is not a perfect match to the observations. Capture of the timing of individual
growth events is challenging for global models since sub-grid scale effects, including
spatial variations in the meteorological fields over the time frame of few hours, such as
cloud cover are not perfectly captured for the measurement site by the model resolution.
However, similar to our findings from the previous sections, a source of mixed non- and
semi-volatile Arctic MSOA also yields closer agreement with these measurements from
the Canadian Arctic Archipelago during the summer of 2016. This key role for semi-
volatile Arctic MSOA during the frequent summertime growth events in the Canadian
Arctic Archipelago is consistent with measurement-based studies for this region (Willis et
al., 2017; Collins et al., 2017; Burkart et al., 2017a; Leaitch et al., 2018; Tremblay et al.,
2018).

3.5 Size-resolved aerosol composition

Few measurements are available of the composition of the summertime Arctic Aitken
mode due to insufficient instrument detection limits to detect the extremely low mass
concentrations in this size range (less than 100 ng m™). However the limited information
available does provide insight into the processes that shape the size distribution. For
example, Giamarelou et al. (2016) found that sub-12 nm particles in the Svalbard region
were primarily ammoniated sulfates, pointing to the importance of particle formation by
ternary nucleation of gas-phase NHj3, H,SO4 and water and initial growth by lower

volatility sulfur-containing vapors.
Figure 7 shows the size-resolved mass fractions for the various aerosol components for

simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv. For the simulated sub-

10 nm particles, the simulated summertime (July and August) mean mass fractions at

34



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-895 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 18 September 2018 and Physics

(© Author(s) 2018. CC BY 4.0 License.

946
947
948
949
950
951
952

953
954

955
956
957
958
959
960

961
962
963

Discussions

Alert, Eureka and for the ship track are primarily biogenic sulfate and MSA, which arise
from oxidation of DMS, which is released to the atmosphere by marine biological
activity. Thus, the simulated composition exhibits similarities with the Svalbard
measurements, with the additional identification of a biogenic source. Figure 7 is also
consistent with the strong summertime biogenic sulfate component observed in the

Canadian Arctic Archipelago by Ghahremaninezhad et al. (2016).

(a) Alert ] (b) Ship track

0.5 0.5
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Mass Fraction

0
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Figure 7: Simulated summertime- (July and August 2016) mean size-resolved aerosol component mass
fractions for (a) Alert, (b) Amundsen ship track and (c) Eureka, for the simulation
BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv as described in Table 1 and Sect. 2.3. Other organics
includes all organic aerosol except the Arctic marine secondary organic aerosol (AMSOA). Biogenic
sulfate includes all sulfate derived from the oxidation of dimethyl sulfide (DMS).
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Limited measurements of the composition of particles with diameters between 60 to 100
nm during growth events at Eureka show that these particles are almost entirely
composed of organic compounds, which could also include a minor contribution from
MSA (Tremblay et al., 2018). Unfortunately, these measurements were limited to a few
growth events and cannot be directly compared with the simulated summertime mean
mass fractions shown in Fig. 7. Burkart et al. (2017a) calculated a cloud condensation
nuclei (CCN) hygroscopicity parameter (Petters and Kreidenweis, 2007) for the particles
during a growth event in the Canadian Arctic Archipelago and found a value also
indicating a mostly organic composition for those particles large enough to act as CCN.
Figure 7 shows that our simulation captures an increasing contribution of organics with
particle diameters towards 50-100 nm (sizes that can act as CCN), reflecting the key role
of organics in growth of particles towards sizes that can be climate-relevant by acting as
seeds for cloud droplet formation, or directly scattering and absorbing radiation
(diameters larger than about 100 nm). Semi-volatile organic vapors have also been shown
to have a role in growth of particles after they reach diameters of about 5 nm (Trostl et
al., 2016). However, as noted by Karl et al. (2013) lower volatility vapors are needed for
initial growth over the first few nm. Thus, semi-volatile organic vapors are likely only

important in later growth beyond 10-20 nm.

Figure 7 shows that the simulated contribution of organics is greatest for the ship track,
reflecting the marine source of the condensable organics in our simulation. The ship track
also has the strongest contribution of ‘other organics’ in the sub-100 nm range, with a
peak contribution for particle diameters of 10-30 nm. This sub-100 nm organic
contribution (shaded in dark green on Fig. 7) represents the mass-fraction contribution of
primary marine organics in our simulation. These primary particles also grow to larger
sizes by condensation of Arctic MSOA in our simulations. As described in Sect. 2.2, all
sea spray emissions with diameters smaller than 100 nm are treated as hydrophobic
organic carbon. We use the Martensson et al. (2003) parameterization, which can be
considered as the upper limit of sea spray emissions for the sub-100 nm range, relative to
other parameterizations. As a result, we consider that our simulation provides an upper

limit on the mass fraction of marine primary organic aerosol in the Aitken mode in the
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Canadian Arctic Archipelago region. The primary aerosol, particularly in the marine
boundary layer, is climate-relevant as it grows by condensation of Arctic MSOA towards
sizes of 50 nm to 100 nm. The dark green shading (‘other organics’) on Fig. 7 for sizes
larger than 100 nm represents contributions to the mass fractions by organics that have
been transported from lower latitudes, including those primary and secondary aerosols

from biomass burning and other non-marine lower-latitude sources.

3.6 Impact of Arctic MSOA on climate-relevant aerosol number concentrations,

direct and indirect radiative effects

In this section, we consider the role of Arctic MSOA on the simulated total number
concentration of aerosols with diameter larger than 50 nm (N50) and 100 nm (N100) and
the associated radiative effects using our simulation with the lowest overall model-
measurement MFE (simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnNv/sv)
relative to the simulation without Arctic MSOA (BASE+TUNDRA+BIRDS+100xnuc).
Figure 8 shows the pan-Arctic distribution of the simulated summertime- (July and
August) mean surface-layer N50 and N100 for simulation
BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv. In the Canadian Arctic Archipelago
region, the simulated summertime-mean N50 (50 em” to 100 cm™) and N100 (10 cm™ to
30 cm™) ranges are consistent with monthly mean values from observations at Alert
presented in Croft et al. (2016b). The panels in the middle column of Fig. 8 show that the
addition of Arctic MSOA (simulation
BASE+TUNDRA+BIRDS+100xnuct+AMSOAnv/sv relative to
BASE+TUNDRA+BIRDS+100xnuc) yields a N50 increase of about 50-75 cm™ and a
N100 increase of about 20 cm™ in the Canadian Arctic Archipelago. These differences in
the simulated N50 and N100 are attributed to the process of growth by condensation of

Arctic MSOA, and will have climate-relevant impacts on aerosol radiative effects.
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(a) N50 (b) AMSOA-induced N50 change (c) AIE

(e) AMSOA-induced N100 change

Wm 2]

Figure 8: Impact of Arctic MOSA, simulated summertime- (July and August 2016) mean geographic
distribution of surface-layer aerosol number concentrations for (a) particles with diameters larger than 50
nm (N50) for simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv, (b) surface-layer N50
difference for simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv relative to simulation
BASE+TUNDRA+BIRDS+100xnuc, (c) aerosol indirect effect (AIE) at top of the atmosphere
(methodology described in Sect. 2.2) between these two simulations, attributed to Arctic MSOA
(AMSOA), (d) similar to a) but for N100, (e) similar to (b) but for N100 difference, (f) direct aerosol effect
(DRE) at top of the atmosphere (methodology described in Sect. 2.2) between these two simulations,
attributed to Arctic MSOA (AMSOA).

Figure 8 also shows the geographic distribution of the top-of-the-atmosphere DRE and
cloud-albedo AIE (described in Sect. 2.2) for marine SOA (comparing between
simulations BASE+TUNDRA+BIRDS+100xnuc and
BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv). The pan-Arctic mean DRE
attributed to condensational growth by Arctic MSOA is -0.04 W m™. The simulated
Arctic MSOA effect is largest (about 0.1 W m™ to -0.2 W m™) over the regions of open

water such as Baffin Bay, east of Greenland, and the Bering Sea. These are also regions
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of the largest N100 change since those particles with diameters larger than about 100 nm
contribute strongly to scattering of solar radiation. Although our simulated Arctic
MSOA-precursor vapor flux yielded particle distributions that were in close agreement
with observations from the Canadian Arctic Archipelago (as shown in previous sections),
there is considerable uncertainty about the Arctic MSOA source function such that
terrestrial sources could also be missing from our simulations. These effects could change
the spatial distribution and magnitude of the DRE. Further work is needed to better
understand the source and nature of Arctic MSOA-precursor vapors in the Arctic to

reduce uncertainties in the associated DRE.

The pan-Arctic mean cloud-albedo AIE attributed to Arctic MSOA is about -0.4 W m™.
The AIE shows a similar geographic distribution to the changes in the N50, with largest
values of -1 to -2 W m™ in the Canadian Arctic Archipelago and east of Greenland, again
related to the open water regions associated with the Arctic MSOA-precursor vapor flux
implemented in our simulations. As with the DRE, there is a large uncertainty associated
with the spatial distribution of this AIE due to the uncertainty about the source function
for Arctic MSOA. However, we view this calculation as an indication that the impact of
condensational growth by Arctic MSOA is expected to be relevant for the Arctic climate.
Work is needed to better understand the composition and source flux of Arctic MSOA-

precursor vapors.

4. Conclusions

We used the GEOS-Chem-TOMAS chemical transport model with size-resolved aerosol
microphysics to interpret measurements conducted during the summertime of 2016 in the
Canadian Arctic Archipelago, some as part of the NETwork on Climate and Aerosols:
addressing key uncertainties in Remote Canadian Environments (NETCARE) project
(Abbatt et al. (in prep.)). Three measurement platforms were considered. These platforms
were located at Alert and Eureka, both in Nunavut, Canada and also onboard the CCGS
Amundsen. We focused on examining the key processes that build summertime aerosol

size distributions in this region, particularly the role of Arctic marine secondary organic
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aerosol (Arctic MSOA) condensation. The terminology Arctic MSOA was used to
indicate secondary organic aerosol formed from precursors from marine (open ocean and
coastal) sources north of 50° N, excluding MSA, which we treated as a separate aerosol
component. In the Canadian Arctic Archipelago, Arctic MSOA is likely strongly
controlled by emissions from marine biogenic activity (Willis et al., 2017; Leaitch et al.

2018).

We find that Arctic MSOA contributes strongly to the summertime particle size
distributions in the Canadian Arctic Archipelago. Building on measurement-based studies
from the NETCARE project, we implemented a flux of condensable Arctic MSOA-
precursor vapors into our GEOS-Chem-TOMAS simulations. This fixed flux of 500 pg
m? d"' of Arctic MSOA-precursor vapors (with a yield of unity) emitted from open
seawater in the Arctic and near Arctic (north of 50° N) was a crude representation of the
source function because of the lack of knowledge about the nature and source of Arctic
MSOA. However, implementation of condensable Arctic MSOA in our simulation
reduced the model-to-measurement MFE for the summertime median aerosol size
distributions by a factor of 2-4 across the three measurement platforms, indicating a
strong sensitivity of the simulated size distributions to growth by Arctic MSOA. Without
Arctic MSOA, particle growth to diameters of 50 nm to 200 nm was strongly
underpredicted in our simulations. Increasing the particle nucleation rate by 100-fold
further reduced the MFE for Eureka and the ship track, indicating that additional
materials such as (but not limited to) gas-phase iodine, and/or amines and/or possibly
extremely low volatility organics may be participating in nucleation, and/or other
mechanisms such as particle fragmentation, leading to faster rates than our ternary

scheme.

Introduction of a 30/70 non-/semi-volatile split for the simulated Arctic MSOA reduced
by 2- to 3-fold the model-to-measurement MFE for the summertime aerosol size
distributions for Alert (0.10) and the ship track (0.10), and also yielded the lowest MFE
for Eureka (0.09) if the Arctic MSOA-precursor vapor source flux was doubled. These
findings offer support that the condensing Arctic MSOAs contributing to growth of
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particles with diameters larger than about 20 nm in the Canadian Arctic Archipelago

could contain a large fraction of semi-volatile species.

Size-resolved mass fractions indicated that initial growth of simulated nascent sub-10 nm
particles (arising from ternary nucleation of ammonia sulfuric acid, water vapors)
occurred primarily by condensation involving biogenic sulfate and MSA, both derived
from oxidation of dimethyl sulfide of marine origin. Arctic MSOA contributed about 20-
80% to size-resolved particle mass for diameters between 10 nm and 100 nm, with the
largest contributions for the ship track simulation. The simulated contribution of primary
organics of sea-spray origin to sub-100 nm particle mass fractions was largest for the ship
track simulation in the marine boundary layer, with mass fractions approaching 20% for

particles with diameters around 10 nm to 20 nm.

By comparing our best (lowest MFE) simulations with and without the Arctic MSOA
formed from precursors with marine sources north of 50° N, we found that Arctic MSOA
had a strong summertime- and pan-Arctic-mean top-of-the-atmosphere aerosol direct
radiative effect (DRE) of -0.04 W m™, and cloud-albedo aerosol indirect effect (AIE) of

-0.4 W m™ The comparison of these simulations with and without Arctic MSOA
suggested a strong sensitivity of climate-relevant effects to Arctic MSOA. However, we
caution that a high level of uncertainty is associated with our quantification of these
effects, due to uncertainty about the composition, and source fluxes for these condensing

vapors. Future studies are needed to reduce these uncertainties.

Many knowledge gaps remain regarding the role of organics within the processes that
shape particle size distributions in the Arctic climate system. For example, Willis et al.
(2017) found that the organics in the aerosol in the summertime Canadian Arctic
Archipelago were not like typical biogenic SOA, having instead a character with a long
hydrocarbon chain, implying a fatty-acid-type precursor, which is a common component
of the marine microlayer. Additionally, Mungall et al. (2017) found that the marine
microlayer in the Canadian Arctic Archipelago was a source of OVOCs, which could also

be related to Arctic MSOA. Further measurements are needed to identify the organic
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vapors that yield Arctic MSOA through condensational particle growth, along with their
sources, chemistry, and spatial distribution within the Arctic. Additionally, given the
climate relevance of NHj; through formation of nascent particles, measurements are
needed to better identify and quantify its sources across the summertime Arctic, and to
further examine the spatial distribution of the subsequent Arctic particle growth events.
Further, size-resolved particle concentrations and composition measurements
(particularly for sulfate and organic aerosol), would constrain the controlling processes
for all sub-micron particle diameters. Such work could also reduce uncertainty related to
aerosol effects within the Arctic climate system. This work will also lay a foundation for
prediction of future aerosol effects within the context of our rapidly changing and

warming Arctic, as sea ice extent, biological and anthropogenic activity are altered.
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