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20  Abstract.
The Eastern North Atlantic (ENA) is a region dominated by pristine marine environment and subtropical marine boundary
layer clouds. Under unperturbed atmospheric conditions, the regional aerosol regime at ENA varies seasonally due to different
seasonal surface-ocean biogenic emissions, removal processes, and meteorological regimes. However, during periods when
the marine boundary layer aerosol at ENA is impacted by particles transported from continental sources, aerosol properties
25 within the marine boundary layer change significantly, affecting the concentration of cloud condensation nuclei. Here, we
investigate the impact of long-range transported continental acrosol on the regional aerosol regime at ENA using data collected
at the U.S. Department of Energy’s (DOE) Atmospheric Radiation Measurement (ARM) User Facility on Graciosa Island in
2017 during the Aerosol and Cloud Experiments (ACE-ENA) campaign. We develop an algorithm that integrates number
concentrations of particles with optical particle dry diameter (D,) between 100 and 1000 nm, single scattering albedo, and
30 black carbon concentration to identify multiday events (with duration > 24 consecutive hours) of long-range continental aerosol
transport at ENA. In 2017, we detected nine multiday events of long-range transported particles that correspond to ~7.5% of
the year. For each event, we perform HYSPLIT 10-day backward trajectories analysis, and we evaluate CALIPSO aerosol
products to assess respectively origins and compositions of aerosol particles arriving at ENA. Subsequently, we group the
events into three categories 1) mixture of dust and marine aerosols from North Africa, 2) mixture of marine and polluted
35 continental aerosols from industrialized areas, and 3) biomass burning aerosol from North America and Canada, and we
evaluate their influence on aerosol population and cloud condensation nuclei in terms of potential activation fraction and
concentrations at supersaturation of 0.1% and 0.2%. The arrival of dust and marine aerosol mixture plumes at ENA in the
winter caused significant increases in Ny Simultaneously, the particle size modes and CCN potential activation fraction
remained almost unvaried, while cloud condensation nuclei concentrations increased proportionally to N.:.. Events dominated
40 by mixture of marine and polluted continental aerosols in spring, fall, and winter led to statistically significant increase in Nz,
shift towards larger particular sizes, higher CCN potential activation fractions, and cloud condensation nuclei concentrations
> 170% and up to 240% higher than during baseline regime. Finally, the transported aerosol plumes characterized by elevated
concentration of biomass burning aerosol from continental wildfires detected in the summertime did not statistically contribute

to increase aerosol particle concentrations at ENA. However, particles diameters were larger than under baseline conditions
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and CCN potential activation fractions was > 75% higher. Consequentially, cloud concentration nuclei concentrations
increased ~115% during the period affected by the events. Our results suggest that, through the year, multiday events of long-
range continental aerosol transport periodically affect ENA and represent a significant source of CCN in the marine boundary
layer. Based on our analysis, in 2017, the multiday aerosol plume transport events at ENA caused a total Nccy increase at SS
5 0.1% of ~22% (23% at SS 0.2%) being 6.6% (6.5% at SS 0.2%), 8% (8.2% at SS 0.2%), and 7.4% (7.3% at SS 0.2%)
respectively the contribution attributable to plumes dominated by mixture of dust and marine aerosols, mixture of marine and
polluted continental aerosols, and biomass burning aerosols. Changes in baseline N« and particle size modes during the events

might be used as a proxy to estimate the contribution to Nccw.

10 1 Introduction

Atmospheric aerosols are one of the key components of the climate system interacting with clouds and affecting cloud radiative
properties, height, and water content (Twomey, 1974; Albrecht, 1989). Remote marine low-lying cloud regions are thought to
be the most affected by changes in aerosol properties because clouds are optically thin and the background aerosol
concentration is low (Moore et al., 2013; Rosenfeld et al., 2014; Wood et al., 2015). However, the interactions among marine
15 boundary layer (MBL) aerosol number concentration (N:r), cloud condensation nuclei (CCN) and cloud droplet concentration
under different aerosol loading are still poorly understood and remain one of the largest sources of uncertainties in climate
models and future climate projections (Bony, 2005; Carslaw et al., 2013; Fan et al., 2016; Seinfeld et al., 2016).
Over the past years, an increased number of studies and field campaigns have been dedicated to remote marine low-clouds
systems in the North Atlantic Ocean to improve the parametrization of aerosol and cloud processes in the MBL (Albrecht et
20 al., 1995; Rémillard et al., 2012; Wood et al., 2015; Behrenfeld et al., 2019; Sorooshian et al., 2020; Redemann et al., 2021;
Wang et al., 2021). The observations collected have provided invaluable insights into the potential role of aerosols in
controlling cloud properties and precipitation. Namely, perturbations in aerosol properties have been found to be associated
with strong synoptic meteorological variability (Rémillard et al., 2012), variations in CCN number concentrations (Nccy) and
cloud optical depth (Liu et al., 2016), and increases in larger longer lasting cloud cover, precipitation suppression, and cooling
25 (Rosenfeld et al., 2014). Further efforts have been focused on examining the influence of long-range transport of continental
particles on unperturbed aerosol marine regimes. These studies underline the potential of long-range transported aerosols of
continental origins to alter the concentration of aerosols, cloud condensation nuclei, cloud droplets and efficiency of
precipitation formation (Garrett and Hobbs, 1995; Dadashazar et al., 2021; Tomlin et al., 2021; Wang et al., 2021). Despite
the importance of this topic, a quantitative understanding of the cloud condensation nuclei budget changes over the North
30 Atlantic Ocean as a function of aerosol perturbations due to continental emissions is still missing and the aerosol indirect
forcing remains uncertain (Carslaw et al., 2013).
With the goal of characterizing aerosol and cloud interactions in extratropical marine environments, in 2013, the U.S.
Department of Energy’s (DOE) Atmospheric Radiation Measurement (ARM) User Facility established a long-term fixed site
Facility in the Eastern North Atlantic (ENA) (Mather and Voyles, 2013; Dong et al., 2014; Logan et al., 2014; Feingold and
35 McComiskey, 2016), in the Azores Archipelago. The ENA ARM site is located on the remote Graciosa Island, one of the
smallest and least populated islands of the archipelago. Variations in synoptic meteorological conditions and the entrainment
of transported continental aerosol particles from the free troposphere into the marine boundary layer periodically affect the
local conditions in the Archipelago throughout the year. These features make the ENA ARM site well-suited for collecting
open ocean representative measurements, and an excellent location to investigate the impact of long-range transport of

40 continental particles on low-cloud systems in pristine marine regions (Wood et al., 2015; Wang et al., 2021).
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The ENA Facility includes an Aerosol Observing System (AOS) for the continuous measurements of aerosol physical, optical,
and chemical properties, and the associated meteorological parameters at time resolutions from seconds to minutes (Uin et al.,
2019). In situ AOS observations provide an unprecedented opportunity to robustly study the interaction between aerosols and
clouds to achieve a quantitative understanding of the key controlling processes that drive aerosol properties and the CCN
budget in the MBL. In addition to the AOS routine measurements, during two Intensive Operating Periods (IOPs) (June-July
2017 and January-February 2018) of the ARM Aerosol and Cloud Experiments in the Eastern North Atlantic (ACE-ENA)
field campaign, the ARM Aerial Facility (AAF) Gulfstream-159 (G-1) research aircraft flew over the ENA site and provided
in-situ characterizations of the marine boundary layer and lower free troposphere structure, as well as the vertical distribution
and horizontal variability of low clouds and aerosols (Wang et al., 2021). High correlation (slope = 1.04 +/- 0.01, 2 = 0.7)
between AOS submicron number concentrations of particles at the ENA fixed site and AAF measurements were found during
the summer indicating the broader regional representativeness of the AOS surface measurements when the boundary layer is
well mixed (Gallo et al., 2020).

In this study, we leverage the AOS datasets collected at ENA during 2017 to constrain the influence of long-range transported
particles with different continental origins on the cloud condensation nuclei concentrations in pristine marine environment.
First, we develop an algorithm that integrates aerosol property indicators of the presence of continental particles to detect
multiday (> 24 consecutive hours) transported aerosol plume events at ENA. Changes in specific aerosol properties caused by
the arrival of continental air masses over the ENA region have been described in previous literature. Namely, increased
concentrations of submicron aerosol particles have been reported in the Western and Eastern North Atlantic by a number of
previous studies (Garrett and Hobbs, 1995; Logan et al., 2014; Pennypacker and Wood, 2017; Sanchez et al., 2022).
Simultaneously, elevated levels of black carbons (BC) and low submicron single scattering albedo (SSA) values in different
locations in the North Atlantic region have been associated with the presence of continental air masses containing products
from incomplete fossil fuel combustion and biomass burning (Kleefeld, 2002; Junker et al., 2006; Costabile et al., 2013;
O’Dowd et al., 2014; China et al., 2015; Cavalli et al., 2016). Based on these studies, we develop our algorithm and define
specific thresholds for each of the aerosol parameters discussed above to detect periods affected by continental air masses
(Section 2.2).

Once the multiday aerosol plume transport events have been detected by the algorithm, we assess aerosol regimes at ENA
under both regional aerosol baseline conditions (Sect. 3.1) and during period of times impacted by the arrival of continental
aerosol particles (Sect. 3.2). Namely, we first evaluate aerosol sources and sinks under unperturbed marine conditions
providing the necessary framework to understand the influence of continental transport on marine aerosol population and CCN
budget. Subsequently, we determine the origins and types of aerosols transported at ENA during the multiday events using
Hysplit backward trajectories and Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO)
classification respectively, and we present three case studies representatives of the diverse continental aerosol plumes arriving
at ENA through the year: mixture of dust and marine aerosols (Sect. 3.2.1), mixture of polluted continental and marine aerosols
(Sect. 3.2.2), and biomass burning aerosols (Sect. 3.2.3). In addition, we provide a summary statistic of multiday aerosol plume
transport event influences on aerosol physical properties, such as variation in particle number concentrations and shifts in size

distribution, and CCN potential activation factor and concentrations at ENA (Sect 3.2.4).

2 Measurements and methodology
2.1 ENA ARM facility

Measurements of in situ aerosol properties examined in this study were collected though the Aerosol Observing System (AOS)
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at the ENA ARM fixed facility on Graciosa Island (39° 5’ 28” N, 28° 1’ 36” W), approximately 10 m above ground level

(Bullard et al., 2017; Uin et al., 2019), between January 1%, 2017 and December 31%, 2017. A list of the AOS measurements

analyzed here, including references for each instrument, is given in Table 1 and summarized in the following sections.

Prior to conducting any data analysis, periods impacted by local aerosol events were removed from submicron aerosol number
5 concentration (Nwr), size distribution, single scattering albedo, black carbon, and cloud condensation nuclei datasets using the

ENA-Aerosol Mask algorithm specifically developed for the AOS measurements at ENA (Gallo et al., 2020).

2.1.1 Aerosol physical properties

Measurement of submicron particle number concentrations (Vi) with optical particle diameter (Dp) > 10 nm are made with a
Condensation Particle Counter (CPC) Model 3772 (TSI, Inc., Shoreview, MN, USA) (Kuang et al., 2019). A Ultra-High
10 Sensitivity Aerosol Spectrometer (UHSAS) (Droplet Measurement Technologies, Inc., Longmont, CO, USA) is used for
sizing particles with D, between 70 and 1000 nm (Uin, 2016b). Size distributions of submicron aerosol particles are described
by separating the data into three size modes: 1) Aitken (At) mode aerosols with D, < 100 nm, 2) Accumulation (Ac) mode
aerosols with D, between 100 and 300, and 3) Large Accumulation (LA) mode aerosol with D, between 300 and 1000. The
number concentration of the Accumulation (N4c) and Large Accumulation (Nz4) modes aerosol are directly measured by the
15 UHSAS, while CPC and UHSAS measurements are combined to calculate the Aitken (N4) mode as the difference between
total particle number concentrations and the sum of the two larger modes: Nat = Nior — (Nac + Nr4). Number concentrations of
cloud condensation nuclei (Nccv) are measured using a Cloud Condensation Nuclei (CCN) Counter (Droplet Measurements
Technologies Inc.) at five levels of supersaturations from 0.1% to 1% (Roberts and Nenes, 2005; Rose et al., 2008). Here, we
utilize CCN measurements collected at the determined supersaturation (SS) levels of 0.1% and 0.2% which represent typical
20 maximum supersaturations in marine boundary layer clouds where CCN activation occurs (Korolev and Mazin, 2003; Clarke
and Kapustin, 2010; Wood, 2012). Furthermore, we combine CPC and CCN measurements to calculate the aerosol potential
activation fraction (AF) as the ratio of Nccv to the total submicron aerosol number. Finally, the hygroscopicity of aerosol
particles with initial dry size from 50 to 250 nm is measured using a Humidified Tandem Differential Mobility Analyzer
(HTDMA) (Brechtel Manufacturing, Inc.). Particle hygroscopic growth (HG) at subsaturated conditions is calculated as the
25 ratio of the geometric mean mobility diameter of the humidified particles (dn(RH)) (RH > 85%) to the dry diameter (du).
According to the kappa-Kohler Theory (Petters and Kreidenweis, 2007) and using HG, we calculate the hygroscopicity
parameter x for dry particles with D, =50, 100, 150, 200, and 250 nm as:
o (i)

= 3— —— —
k= (HG—1) 0 1

where A is the Kelvin parameter defined as:

40y My
RT pw

30 A=

M,,, 0,, and py, are, respectively, the molar mass, the surface tension and the density of the water. R is the universal gas
constant and T is the temperature. The instrument and its mode of operation are described in detail by (Lopez-Yglesias et al.,

2014).

2.1.2 Optical properties and black carbon

35 Aerosol absorption coefficients (Bass) are measured at ENA using a three-wavelength Particle Soot Absorption Photometer
(PSAP) at A of 464, 529, and 648 nm. The instrument is described in detail by Bond et al. (1999) and Virkkula et al. (2005).
The response of the PSAP is affected by mass flow calibration, filter loading, amount of light scattered by the particles, the
flow rate, and the spot size of the sample (Bond et al., 1999; Virkkula et al., 2005; Virkkula, 2010). ARM archive PSAP data

includes corrections for the mass flow calibration and filter loading (Springston, 2018). Aerosol scattering coefficients (Bsca)

4
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at ENA are measured at A of 450, 550, and 700 nm using a TSI Integrating Nephelometer (TSI, model 3563). The Bsc. at 450
nm was scaled to the measured Buss A of 464 through interpolation based on Scattering Angstrom Exponent (SAE) (Costabile
et al., 2013). In this study we use aerosol light absorption (Buss) and scattering (Bsca) coefficients to calculate the single
scattering albedo (SSA) at 464 nm defined as SSA = (Bsca) / (Babs + Bsea). Equivalent black carbon (BC) concentrations are

5 estimated from (Bass) with an assumed mass absorbing cross section of 6.4 m? g'! at 648 nm (Bond and Bergstrom, 2006).

2.2 Multiday transported aerosol plume event identification algorithm and statistical analysis

We develop an algorithm to detect multiday transported aerosol plume events, which relies on the variations of physical and
optical aerosol properties caused by long-range transport of particles in the Eastern North Atlantic. The application of the
algorithm requires continuous measurements of the following three parameters: number concentrations of particles with optical
10 particle dry diameter (D)) between 100 and 1000 nm, submicron SSA at at 464 nm wavelength, and black carbon concentration.
The measurements are averaged over 6-hour periods and the thresholds for the three acrosol parameters are established based
on earlier works conducted in the Eastern North Atlantic region that describe their variations during the period affected by
transport of continental air masses. Namely, Pennypacker and Wood (2017) observed at ENA daily median number
concentrations of D, 100 to 1000 nm particles above 100 cm™ during periods dominated by high sea-level pressure and large-
15 scale subsistence with air masses originating from North America approaching the Azores from the northwest. In the same
study, the high median concentration of particles D, 100-1000 nm regime was found to be associated with median and 75"
percentile SSA values of 0.92 and 0.95 respectively, at 470 nm wavelength. Black carbon concentrations ranging between 10
and 40 ng m~ during clean conditions have been reported by field studies conducted in different locations in the North Atlantic
(O’Dowd et al., 2004; Shank et al., 2012; Pohl et al., 2014; Cavalli et al., 2016) and a threshold of 75 ng m has been typically
20 utilized to indicate the presence of continental influenced air masses (Cooke et al., 1997; Kleefeld, 2002; Junker et al., 2006).
In more recent works, Facchini et al. (2008), O’Dowd et al. (2014), and Saliba et al. (2020) have used BC 50 ng m™ as a
threshold value to identify combustion influences at Mace Head. Based on this literature, the algorithm flags the data as affected
by long-range transported aerosols when the following conditions occur at the same time for at least 24 consecutive hours (four
consecutive 6-hours periods): 1) median number concentration of D, 100 - 1000 nm particles > 100 cm™ over 6 hours period,
25  2) median submicron single scattering albedo at A 464 nm < 0.95, and 3) mean black carbon concentrations > 40 ng m>.
Once the multiday transported aerosol plumes events are detected, their origins and transport paths are evaluated by performing
10-day backward trajectories arriving at 50 m and 500 m above the ENA site. The analysis are conducted using the Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) 4 model (Stein et al., 2015) with a time step of 6 hours using
National Center Environmental Prediction (NCEP) Global Data Assimilation System (GDSA) meteorological data and model
30 vertical velocity as input. In addition, Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) aerosol
products within the first 1500 m of the vertical column (corresponding to the mean MBL depth over mid-latitude ocean
(Rémillard et al., 2012)) are used, when available, to assess the predominant types of aerosol particles arriving at ENA during
the events (Omar et al., 2009). CALIPSO classification includes six types of aerosol mixtures: clean continental, clean marine,
dust, polluted continental, polluted dust, and smoke (Burton et al., 2013). Finally, post hoc analysis are performed using Tukey-
35 Kramer Honest Significant Different (HSD) test (Haynes, 2013) to determine whether there is significant difference between
N, size distribution, Nccwn, and CCN potential activation fraction (at SS 0.1% and 0.2%) means under unperturbed regional
aerosol conditions and during the periods of time affected by long-range transported continental aerosols. The significance

probability was assessed at the probability level of p < 0.05.

40 3 Results and discussion
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The entrainment of continental particles from long-range transport represents a significant source of acrosols over mid-latitude
oceans and have the potential of altering the regional aerosol regimes (Garrett and Hobbs, 1995; Honrath, 2004; Roberts et al.,
2006; Garcia et al., 2017; Zhang et al., 2017; Zheng et al., 2018). Here, we apply the algorithm to detect multiday transported
aerosol events at ENA during the year 2017. Once the events have been identified, we first assess the aerosol seasonal regimes
at ENA under baseline conditions by removing the measurements affected by the arrival of continental aerosol plumes (Section
3.1). Subsequently, the multiday aerosol plume transport events are examined and categorized based on origin and composition
and their impacts on aerosol physical properties, such as variation in particle number concentrations and shifts in size

distribution, which affects the ability of particles to act as CCN era evaluated (Section 3.2).

3.1 Regional aerosol regime under baseline conditions
3.1.1 Concentration and size distribution of submicron aerosol particles

The concentration of submicron aerosol particles and their size distribution under baseline conditions at ENA show seasonal
variations likely related to a combination of different regional emission sources and sink mechanisms. In remote marine regions
like ENA, particles of marine origin, including sea spray aerosols and marine aerosols formed by biogenic volatile organic
compounds produced by marine phytoplankton, dominate the aerosol population in the marine boundary layer (Rinaldi et al.,
2010; Lapina et al., 2011; Sanchez et al., 2018). Overall, we found lower concentrations of submicron particles in the winter
and higher during late spring and summer (Fig. 1). Namely, the minimum monthly N:r mean value was observed in January
2017 (260 + 143 cm®), while the maximum monthly N mean value was reached in June 2017 (523 + 259 cm™), approximately
two times the winter minimum. Our results are consistent with earlier studies and field campaigns conducted in the North
Atlantic ocean region which report low wintertime N as the result of reduced contribution from ocean biological activities
and higher occurrence of in-cloud precipitation and coalescence scavenging during winter months compared to the spring and
summer (Pennypacker and Wood, 2017; Zheng et al., 2018; Quinn et al., 2019). Likewise, the concentration of particles in the
Aitken and Accumulation modes follow similar seasonal trends with monthly mean minima in N4 and N in January 2017
(N4 = 148+ 81 cm™) and in November (N4 = 90 + 53 cm) respectively, and maxima in June 2017 (N4 = 360 £ 97 cm™ Nac
=195 £+ 79 cm?) (Fig. 1). Interestingly, we observed that summer mean N, values, which are approximately doubled than in
the winter, are significantly higher than the correspondent median Nac values (Fig. 1). The influence of local aerosol sources
on Ac mode aerosols measurements at ENA is minimal and the data utilized here has been filtered to remove impact of potential
local emissions (Gallo et al., 2020). However, in the summer, MBL baseline aerosol concentrations might be influenced by
the entrainment of diluted and aged continental particles from the free troposphere which likely contributes to enhanced
concentration of particles in the Ac mode (Wang et al., 2021). This observation is consistent with previous studies investigating
aerosol vertical profiles during the summer ACE-ENA field campaign (Wang et al., 2021), and over the Western North Atlantic
during the NASA North Atlantic Aerosol and Marine Ecosystems Study campaign (NAAMES). Particles in the LA mode (not
shown) showed the opposite seasonal trend reaching the maximum monthly mean value in the winter (Nz4 = 14 £ 9 cm™ in
January) and the lowest concentrations in the summer (Nz4 = 7+ 4 cm™ in August). However, throughout the entire year, the
total aerosol number concentration among the three particle modes is dominated by the At mode (yearly mean At mode
contribution to Nir = 61% + 3%) while the Ac mode is lower (yearly mean Ac mode contribution to N = 35% + 4%) and LA
mode represents only a small percentage of N (yearly mean LA mode contribution to N = 3% =+ 1%). Further analysis of
the measured size distribution from the UHSAS instrument (measurement size range 70 - 1000 nm) during winter (January,
February, November, and December 2017) and summer (May to September 2017) at ENA provide an insight into seasonal
variations of particle size. In the wintertime mean particle size D, peaks at 128 nm (Fig. 2a), while in the summer mean mode

Dy is shifts towards slightly larger sizes peaking at 147 nm (Fig. 2b). While the UHSAS lower size limit is at D, = 70 nm, the
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UHSAS size distribution measurements associated with the calculated Nar, and N4c and N, suggest aerosol bimodal structure
for both winter and summer. In the absence of the entrainment of particles of continental origins, the size distribution of
particles in the MBL is shaped by different seasonal surface-ocean biogenic emissions, aerosol removal processes, and
meteorological regimes (Behrenfeld et al., 2019). New particle formation events in the upper part of the decoupled MBL has
been reported by previous studies and are due to a combination of reduced existing aerosol surface area, passage of cold fronts,
reactive gas availability and high actinic fluxes (Bates et al., 1998; Kolstad et al., 2009; Zheng et al., 2021). At ENA, more
frequent precipitation and drizzle in the winter lead to the removal of large particles, such as sea spray aerosols, and
consequently low existing aerosol surface availability, which associated with wintertime cold temperature enhance the
occurrence of new particles formation events. Once formed, the new particles grow into larger particles strongly contributing
to the Aitken mode. The removal of At mode particles is largely driven by coagulation, while out-of-cloud condensation of At
mode particles into Accumulation mode is weak due to DMS concentrations in the MBL (Zheng et al., 2018). While the
condensational growth of Aitken mode aerosols only represent a minor source of Accumulation mode particles in the winter,
enhanced wind speeds cause the production of sea spray aerosols at the ocean surface which significantly contribute to larger
modes and explain the higher concentration of particles in the LA mode observed in January (Vignati et al., 2010; Zheng et
al., 2018; Quinn et al., 2019). During late spring and summer, the phytoplankton bloom is responsible for strong ocean
emissions of dimethylsulfide, whose oxidation products have been found to enhance the condensational growth of nucleation
mode particles into the Aitken and subsequently to the Accumulation modes (O’Dowd et al., 1997; Andreae et al., 2003; Zheng
et al., 2018). Furthermore, photochemistry and/or oxidation of oxygenated gas-phase organic compounds produce secondary
organic aerosols at the surface layer which contribute to the growth of Aitken mode particles during late summer when

phytoplankton activity is lower (Mungall et al., 2017).
3.1.2 CCN concentrations and potential activation fraction

The concentration of CCN in the remote marine boundary layer is dominated by ocean-derived particles. Previous studies have
reported that the major sources of CCN over the Atlantic Ocean include sea salt aerosols enriched in organics and marine
biogenic gases that oxidize and condense onto existing particles (Charlson et al., 1987; Pandis et al., 1994; O’Dowd et al.,
2004; Yoon et al., 2007; Korhonen et al., 2008; Quinn and Bates, 2011; Sanchez et al., 2018; Zheng et al., 2018). Here, we
assess the seasonal variations of CCN concentrations (Nccv) at ENA under baseline conditions, and we investigate the CCN
potential activation fractions to evaluate how the different aerosol seasonal regimes affect the ability of the particles to act as
CCN.

Throughout the year 2017, mean monthly CCN concentration values were low, as expected for clean marine environments
(Ovadnevaite et al., 2014) and seasonal variations are noticeable at both super-saturations (Fig. 3). Lower monthly mean Nccy
values were reported in the winter and spring (minimum in December 2017 and Nccvo.12 = 69 + 27 cm™ at SS of 0.1 and
Neeno.zss = 108 38 cm™ em™ at SS 0.2%) while monthly Nccy mean values were higher in the summer (maximum monthly
Ncevmean values in July 2017 and = 141 + 53 cm™ at SS of 0.1 and = 178 + 68 cm™ at SS 0.2%). The CCN potential activation
fraction follows a different seasonal trend exhibiting higher values in late summer/fall and winter (mean AF SS 0.1% = 0.27 +
0.03, and mean AF SS 0.1% = 0.41 + 0.02) and lower in the spring (mean AF SS 0.1% = 0.22 + 0.01, and mean AF SS 0.1%
=0.32+0.04). As observed in the previous section, reduced ocean biological activity in the winter leads to low number particle
concentration and consequently to low concentrations of cloud condensation nuclei in the MBL. Furthermore, CCN removal
through in-cloud coalescence scavenging processes associated with high occurrence of precipitation events in the winter and
spring might also play a role in constraining CCN concentrations (Sharon et al., 2006; Zheng et al., 2018). However, the higher
CCN potential activation fraction in wintertime than in the spring indicates that winter aerosol particles have a more elevated
ability to act as cloud condensation nuclei. A slightly lower ratio of Nac to Niw: in the winter than in the summer (mean Ac mode

ratio to Nior = 31% and 37% respectively in the winter and in the summer) suggest that particle compositions play an important

7
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role in CCN formation at ENA. Consistent with our observations, earlier studies have pointed out that wind-generated sea
spray aerosols enriched by particulate organic matter and biogenic sulfate, as observed at ENA in the winter are a stronger
source of CCN than phytoplankton-derived aerosols (Quinn and Bates, 2011; Sanchez et al., 2018; O’Dowd et al., 2004).
Summertime high Nccv and CCN potential activation fraction are to a large degree related to a combination of fast
5 condensational growth, reduced wet scavenging and elevated sulfate ocean emissions caused by the final phase of the

phytoplankton bloom and microbial activities (Saliba et al., 2020).

3.2 Multiday transported aerosol plume events at ENA in 2017

We apply the algorithm for detecting multiday aerosol plume transport events at ENA to the in-situ aerosol measurements

10  collected at ENA ARM during 2017. We identify 9 events affecting ENA through the entire year. The duration of the events
was typically greater than 2 days with an average time period of 3 days, and total duration of 642 hours corresponding to ~7.5%
of the year. A summary of the events, including duration, origins, aerosol CALIPSO classification and values of the three
aerosol properties used to identify the events (median number concentration of D, 100-1000 nm particles, mean single
scattering albedo of submicron particles at A 464 nm, and mean black carbon concentration) is shown in Table 2.

15 The origin of the air masses arriving at ENA and their paths, assessed by performing 10-day Hysplit backward trajectories,
indicate a seasonal pattern likely controlled by seasonal meteorological regimes and atmospheric circulation in the Northern
Hemisphere (Zhao et al., 2012). A number of studies reported Sahara dust intrusions into the North Atlantic MBL in the late
fall and winter associated with cyclonic dust-storms in the North Africa region (Nakamae and Shiotani, 2013; Choobari et al.,
2014; Laken et al., 2014; Logan et al., 2014; Cuevas et al., 2017). In accordance with these observations, we found two events

20 of southward transport from northern African and Portuguese flows to ENA in the months of November and December 2017,
likely favoured by Artic anticyclone, polar vortex, and midlatitude circulation. A large fraction of air masses arriving at ENA
throughout the year are attributed to transport from industrialized continental areas as North Europe, Canada, and North
America due to midlatitudes cyclones and convection (Garcia et al., 2017). Continental aerosol particles are emitted in the
boundary layer by anthropogenic processes and are subsequently transported for several days within the free troposphere before

25 entrainment into the marine boundary layer over the North Atlantic ocean (Honrath, 2004; Wood et al., 2015; Cavalli et al.,
2016). Here, we observed two aerosol transport events with Northern European origins in the months of January and April
2017. We also identified aerosol transports events from North America and Canada between May and September 2017. Our
results are consistent with previous studies conducted in the North Atlantic region which reported dominant eastward direction
from North America in the late spring and summers (Zhao et al., 2012) and high aerosol loading due to pollution outflow and

30 biomass burning emissions (Honrath et al., 2004; Alves et al., 2007; Dzepina et al., 2015; Garcia et al., 2017; Zheng et al.,
2020; Wang et al., 2021b).

Analysis of CALIPSO aerosol products provide further insights on the type of acrosols transported. Consistent with the origin
of the emission sources we observe dust and marine aerosol mixtures associated with transport from the Artic and Canada in
March 2017, and from North Africa in November and December 2017, while the airflows originating from industrialized areas

35 (January, April, May, and October 2017) typically consisted of a mixture of polluted continental aerosol, smoke, and marine
particles. Simultaneously, NASA Worldview VIRS 375 observations of the multiday aerosol plume transport events occurring
in August and September 2017 show elevated concentration of smoke over ENA due to a particularly intense wildfire season
in North America and Canada, and therefore suggesting the presence of biomass burning aerosols as also previously observed
by Zheng et al., 2020.

40 In the following three sections, we discuss specific case studies representatives of the diverse continental plumes arriving at
ENA through the year. Furthermore, in section 3.2.4, Table 3, and Fig. 8, we provide a summary statistic of the of the influence

of continental acrosol emissions on aerosol population and CCN concentrations at ENA.
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3.2.1 Multiday transport event of dust and marine mixture aerosols from North Africa

The transport of air masses from North Africa to the North Atlantic ocean region during the winter is the result of the shift of

the subtropical high pressure system south-eastward, and enhancing trade winds over the Sahara (Chiapello, 2005; Riemer et

al., 2006; Alonso-Perez et al., 2011; Nakamae and Shiotani, 2013). Sahara dust intrusions in North Atlantic MBL have been

5 reported by a number of studies (Choobari et al., 2014; Laken et al., 2014; Cuevas et al., 2017) especially between January and
March (Alonso-Pérez et al., 2007). In this study, we identified the arrival of air masses from Western Sahara and Mauritania

to ENA between December 7% and December 12, 2017 (Fig. 4). Here, we assess CALIPSO retrievals, aerosol hygroscopicity
parameters as a function of dry particle size (kurpma), and concentrations of black carbon and CO to confirm the nature of the
aerosol particles arriving at ENA during the event (Fig. 7a-d). CALIPSO aerosol profiles indicate a mixture of dust and marine

10 aerosol in the marine boundary layer. Simultaneously, xurpma values were = 0.22, 0.30, 0.37, 0.322, 0.37 respectively for dry
particles with D, =50, 100, 150, 200, and 250 nm (Fig. 7a). For representative atmospheric aerosol particles, the hygroscopicity
parameter xurpma ranges from 0 to 1.4 where high values (> 0.5) indicate very hygroscopic inorganic species such as sodium
chloride, and low values indicate non-hygroscopic organic enriched compounds (0.01 < xurpms < 0.5 slightly to very
hygroscopic, and xurpma < 0.01 non-hygroscopic components) (Petters and Kreidenweis, 2007). The xurpma values observed

15 here suggest the potential presence of insoluble minerals such as Saharan dust mixed to slightly hygroscopic organic enriched
compounds of marine origins (Koehler et al., 2009; Zhang et al., 2014). Mean black carbon concentrations during the event
were higher than for the rest of the month (event mean BC = 101 + 17 ng m™ and up to 120 ng m against baseline mean BC

in December 2017 = 26 + 8 ng m™), while CO levels remain constant (event mean CO = 101.4 + 3 ppmv against baseline mean

CO in December 2017 = 100.9 + 9 ppmv). Consistent with our results, previous studies found that aerosol from biomass

20 burning activities occurring during the dry season in the Sahel region (Boreal winter) can mix with the dust affecting the
composition of the particles without transport of smoke over the Atlantic (Ben-Ami et al., 2009; Redemann et al., 2021). The
arrival of the aerosol plume at ENA was associated with an increase in mean submicron aerosol number concentration
approximately doubled that under than under baseline conditions (mean event N = 683 + 135 cm™ compared to monthly
mean Nor December 2017 = 313 + 128 cm™). Aitken and Accumulation mode particle concentrations both double, while the

25 relative contributions of the two modes to Niw remained similar to baseline with mean At contribution = 59% and mean Ac
contribution = 38% of Nwr (Nar / Nac change = 0.3%) (Fig. 7b), indicating that the particles arriving at ENA during the event

had a size distribution similar to that of the regional aerosol. The peak of the size distribution in the Accumulation mode was

at 127 nm for both event and baseline aerosol regimes, while the concentration of D, > 200 nm particles was only 11% of Nac.

The evolution of the size distribution of dusty aerosols during transport over the North Atlantic has been the focus of previous

30 studies that report loss of coarse mode particles due to gravitational settling and wet deposition just off the coast of Africa,
while finer particles remain in suspension and can be transported for longer distances (Maring, 2003; Kalashnikova and Kahn,
2008; Lawrence and Neff, 2009; Mahowald et al., 2014; Friese et al., 2016). The concentration of CCN increased during the
event following a similar trend of Ni: (mean event Nccy = 70 + 27 cm™ and 109 + 31 cm™ compared to monthly mean Nccy
December 2017 = 165 + 32 cm~and 280 + 36 cm™ respectively for SS 0.1% and 0.2%, and corresponding increases by factors

35 of 2.3 and 2.5 respectively over baseline value observed during the month of December 2017) leading to almost no change in
CCN potential activation fraction (event AF = 0.25 and 0.42 compared to AF in December 2017 = 0.26 and 0.42 respectively

for SS 0.1% and 0.2%). Furthermore, the linear regression between Nio; and Ncew during the event and under baseline conditions
show similar slopes (at SS 0.1%: Ncev = 0.23Niwor, and Neev = 0.18Nior respectively during the event and under baseline
conditions at SS 0.2%: Nccv = 0.40N.or and Ncev = 0.30Nsor during the event and under baseline conditions respectively),

40 indicating that that the enhanced concentration of CCN observed during the event, is mainly due to higher N (Fig. 7c). When

comparing the potential activation fraction to the ratio of N and N4 we observed a good linear regression (AF= 0.42N/Nar,
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with 72 =0.93 at SS 0.1%, and AF= 0.67N4/Nu:, with 7* =0.90 at SS 0.2%) suggesting a strong correlation between CCN
activated and particle size (Fig. 7d).

3.2.2 Multiday transport event of polluted continental and marine mixture aerosols from North Europe

5 Airmasses from the Artic and Europe occasionally reach the North East Atlantic during the spring months (Zheng et al., 2018),
while transport from this region during summer and winter is rare (Zhang et al., 2017). Here, we describe a transport event of
marine and polluted continental aerosol mixture at ENA which occurred between April 20" and April 22", 2017. The aerosol
plume originated from the Artic and before entraining into the MBL at ENA, travelled for several days over Northern Europe
(Fig. 5). CALIPSO aerosol retrievals indicate the presence of a mixture of marine and polluted continental aerosols (Table 2).

10 Typically, during the transport to ENA, air masses are contaminated by industrial and urban pollution over industrialized
European regions. Observational studies have pointed out that a major contribution to aerosol emissions in Central and
Northern Europe is by particles from solid fuel combustion with both residential and urban/industrial origins (Chirico et al.,
2010; Fuller et al., 2013; Lin et al., 2018), while biomass burning from wild-fires (Pio et al., 2008) and agricultural fires only
contribute marginally in eastern Europe (Stohl et al., 2007). As a result, BC, primary organic aerosols, and VOC are emitted

15  inthe atmosphere by incomplete combustion processes. These particles show no significant hygroscopic growth, however once
in the atmosphere, photochemical aging processes and changes in mixing state (e.g. coating of hydrophilic material)
significantly increase the hygroscopicity of the particles (Weingartner et al., 1995; Wang et al., 2010) and their ability to act
as CCN (Wittbom et al., 2014). Here, we observed xurpm4 values almost constant across the measured particle size range of
50 to 250 nm (xurpma values = 0.44, 0.44, 0.49, 0.48, 0.49 respectively for dry particles with D, = 50, 100, 150, 200, and 250

20 nm) which suggest the presence of aged, well-mixed particles likely dominated by sulphate and organic compounds (Petters
and Kreidenweis, 2007) (Fig. 7¢). Furthermore, mean BC concentration = 121 + 33 ng m™ and up to 176 ng m™ during the
time period affected by the transport of particles from Northern Europe, and higher than what was observed during baseline
conditions (monthly mean in April 2017 = 36 + 16 ¢cm™ ng m™) also confirmed the presence of particles with urban and
industrial origins. CO levels were also slightly higher than under baseline conditions ranging between 120 and 135 ppb

25  (baseline CO concentration < 112 ppb) indicative of moderately polluted boundary layer (Spackman et al., 2008). Statistically
significant increase in Nior was observed during the event (mean Nior event = 804 £ 155 cm™ against monthly mean Nior April
2017 = 414 + 124 cm3). The Ac mode particle concentration was by 3-fold higher during the event with the size distribution
peaking between 135 and 140 nm, while the increase in N4 was significantly lower (= +25%) (Fig. 7e,f). Consequently, the
mean particle diameter shifted toward larger sizes and the contribution of the Accumulation mode to N.: became predominant

30 over the Aitken mode (At contribution = 40 %, Ac contribution = 57% corresponding to change in Na: / Nac = 148%). During
the event, Nccy exhibited mean values of 179 + 45 cm™ at SS 0.1% (compared to monthly mean April 2017 = 84 + 37 cm™),
and 379 £ 23 cm™ at SS 0.2% (compared to monthly mean April 2017 = 122 + 67 cm™). The total CCN active fraction was
also significant higher during the event being 30% at SS 0.1%, and = 49% at SS 0.2%, and corresponding to 34% and 53%
increase at SS 0.1% and SS 0.2% respectively. The prevalence of moderately hygroscopic particles in the accumulation mode

35 were likely responsible for the higher CCN-activation fractions observed during the period affected by the entrainment of long-
range transported aerosols. The slopes of the linear regression between N:wr and Nccw are higher during the event than under
baseline conditions (at SS 0.1%: Nccv = 0.28Niwr and Neev = 0.19Nw: respectively during the event and under baseline
conditions, and at SS 0.2%: Nccy = 0.46Nior and Ncev = 0.28Nior during the event and under baseline conditions respectively)
indicating the enhanced ability of the continental transported particles to act as CCN (Fig. 7g). Thus, increase in Nccv during

40 the event were likely trigged by the combination of high N, elevated relative contribution of Ac mode particles to Newr, and
high kurpma values. These observations are supported by the shape of the curves generated comparing the potential activation

fraction to the ratio of N4 and N4 (Fig. 7h). The linear regression at SS 0.1% (AF= 0.17 + 0.07N4/Na:, with 1% =0.83) versus

10
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the lognormal distribution observed at SS 0.2% indicate that, while at lower supersaturation the number of activated particles
was mainly driven by a shift towards larger particle size, at higher supersaturation particle composition also played a strong

role.

5 3.2.3 Multiday transport event of biomass burning aerosols from North America

Pollution and biomass burning aerosols from North America commonly impact the remote North Atlantic region (Honrath,
2004; Alves et al., 2007; Dzepina et al., 2015; Garcia et al., 2017). Zhang et al. (2017) reported that the 16%, 15%, and 13%
of the air masses intercepted at Pico Mountain respectively in spring, summer and fall are influenced by North America
anthropogenic sources with the 7.3% being associated with wildfire influences. Namely, during summer 2017, several severe
10  wildfires raged in United States and northwest Canada (Kloss et al., 2019). Biomass burning particles in the smoke from the
wildfires are typically released and into the lower extratropical stratosphere and transported by cold fronts through the jet
stream eastward over the Atlantic Ocean where cold descending airstreams favour their entrainment in the MBL (Owen et al.,
2006; Khaykin et al., 2018; Peterson et al., 2018).Here we present a detailed characterization of a long-range transport event
of biomass burning aerosols that affected ENA between September 09""and September 13%, 2017. During the period in analysis,
15  the arrival of air masses from North America are associated with elevated number of active wildfires in North America and
Canada as observed by NASA Worldview VIIRS 375 active fires counts between September 1% and September 15, 2017.
(Fig. 6). Long-range transported biomass burning acrosols from North American and Canadian wildfires at ENA in August
2017 have been also reported by a previous study (Zheng et al., 2020). Aerosol optical properties and aerosol hygroscopicity
parameters confirm the presence of biomass burning particles. Namely, mean aerosol absorption coefficients at A 648 nm =
20  1.04 +0.28 Mm™' and mean SSA at A 464 = 0.93 + 0.02 are in agreement with values reported by previous studies of North
American aged wildfire aerosols (Clarke et al., 2007; Zheng et al., 2020). Furthermore, xrnrpm4 values were lower than under
baseline conditions at 0.32, 0.31, 0.28, 0.28, 0.29 for particles with D, = 50, 100, 150, 200, and 250 respectively,(Fig. 71) likely
due to high concentration of organics (total organics up to 8.65 ug m=, Aerosol Chemical Speciation Monitor data not shown)
as reported by earlier laboratories studies on aged biomass fuel representative of North American wildfires (Petters et al., 2009;
25 Lathem et al., 2013) (Fig. 7i). The event did not cause a significant increase in particle number concentrations (mean event Nior
=530 & 189 cm™ compared to monthly mean Nior December 2017 = 421 + 139 cm™) which were dominated by particles with
Dp > 100 nm (mean At and Ac contributions to Nwr = 37% and 58% respectively) (fig. 7j). Fresh biomass burning aerosol
commonly has an unimodal distribution with D, between 30 and 100 nm (Hosseini et al., 2010; Levin et al., 2010). However,
during the transport events, aerosol processes such as coagulation and condensation of organic material onto existing particles
30 lead to the formation of larger particles with D), between 170 and 300 nm and to narrower size distribution compared to that of
freshly emitted particles (Zellner, 2000; Dentener et al., 2006; Janhéll et al., 2010). Consequently, these aerosol particles are
more effective as CCN as suggested by the CCN potential activation fraction values = 0.44 and 0.70 at SS 0.1% and 70% at
SS at 0.2%. These potential activation fractions are approximately twice the values found under baseline conditions. Similarly,
the 72 and slopes obtained through linear regression between N and Nccw are higher under periods affected by the events
35 compared to baseline conditions (+* = 0.56 with a slope of 0.44 + 0.005 at SS 0.1% and 12 = 0.66 with a slope of 0.68 = 0.007
at SS 0.2% during the event, against 7> = 0.32 with a slope of 0.22 £ 0.001 at SS 0.1% and 7% = 0.40 with a slope of 0.34 =
0.007 at SS 0.2%) (Fig. 7k). The CCN concentration was 220% and 227% higher respectively at SS 0.1% and SS 0.2% during
the event then for rest of the month of September 2017. Furthermore, comparing the potential activation fraction to the ratio
of N4 and N4 we obtained lognormal distributions at both SS 0.1% and SS 0.2% indicating that particle composition also
40 affect the concentration of particles that can act as CCN (Fig. 71). These results demonstrate that aged wildfire aerosols
dominated by accumulation mode particles have a strong ability to act as CCN and affect CCN budget at ENA with potential
effects on Earth’s albedo, clouds lifetime and precipitation (Albrecht, 1989).

11
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3.2.4 Continental aerosol influences on regional aerosols properties and CCN

Multiday aerosol plume transport events at ENA influence regional aerosol properties and CCN concentrations. However, the
extent of changes in Nw: and particle size mode are dependent on the origin and composition of the transported particles and
affects CCN concentrations differently. To assess the correlation between origin and composition of the multiday transport
events and their influence on baseline aerosol properties at ENA, we perform post hoc Tukey-Kramer HSD analysis
determining whether the arrival of the continental aerosol plumes produced statistically significant changes on a) baseline
aerosol number concentrations, b) aerosol mode sizes in terms of relative Aitken and Accumulation modes contributions to
Nt (expressed as the ratio between Na: and Nac (Na: / Nac)), and ¢) CCN potential activation fraction (Table 3).

The arrival of mixture of dust and marine aerosol plumes as observed in the month of March 2017 with Artic and Canada
origins, and in November and December 2017 from North Africa, cause statistically significant increase in N (123%),
accompanied by statistically non-significant shifts in size distribution and CCN potential activation fraction (Fig 8a). Namely,
particle concentrations in the At and Ac mode show comparable increase (mean increase = 117% and 146% respectively for
Na and Nac) (Fig. 8a), and consequently the relative Aitken and Accumulation mode contributions to Nir remain almost
constant (N4 / Nac changes < 1%), with the mean At and Ac modes being respectively 59% and 38% of the total number
concentration (Fig. 8b) and similar to the baseline condition (where At mode contributes 61% and Ac mode 36% to Ni:) (Fig.
8b). The gravitational settling of coarse particle during the transport to ENA is likely the reason why we did not find significant
shifts towards larger particle sizes (Lawrence and Neff, 2009; Mahowald et al., 2014; Friese et al., 2016). The arrival of the
aerosol plumes at ENA also lead to higher CCN concentrations (mean increase = 122% and 162% respectively at SS 0.1% and
SS 0.2%) than under unperturbed aerosol regime. However, these increases were not accompanied by statistically significant
changes in CCN potential activation fractions which remained similar to the baseline conditions during the entire duration of
the event (mean AF during the event: AFy % =0.26 and AFy 2 = 0.42 against mean AF under unperturbed aerosol conditions:
AFo.19 = 0.27 and AFo2% = 0.41) (Fig. 8a). These results indicate that mixture of dust and marine aerosol particles have the
same ability of acting as CCN that marine regional aerosol at ENA have, and the elevated Nccw are a consequence of increased
Niot.

The multiday aerosol plume transport events that occurred in January, April, May, and October of 2017, dominated by a
mixture of marine and polluted continental aerosol and originated in continental industrialized areas such as Northern Europe,
and North America, caused significant changes in submicron particle number concentration, size distribution, and CCN
potential activation fraction. Furthermore, we found ~ 4-fold higher aerosol absorption coefficient at 648 nm and mean
absorption Angstrom exponent at A 460/648 nm =1.04 + 0.1 Mm"! during the events, and mean black carbon concentration
was = 177 + 76 ng m™ and up to 319 ng m™ against mean concentration under unperturbed aerosol conditions of 35 + 16 ng
m (data not shown), as expected for aerosol with enhanced contribution from fossil fuel and urban pollution sources (Clarke
et al., 2007; Cazorla et al., 2013). During the events, the number concentration of submicron particles at ENA experienced a
mean increase of 108% due to 37% and 256% mean increases respectively in the N4 and N4 modes (and corresponding to Nu:
/ Nac changes > 200%) (Fig. 8a). Therefore, the Accumulation mode became predominant over the Aitken mode. Namely,
during multiday aerosol plume transport events the average contributions of the At mode to the total number particle
concentrations was 42% (between 35% and 45% depending on the event), while the average contributions of the Ac mode to
Nt was 56% (between 45% and 60%) (Fig. 8b). The aforementioned changes in aerosol concentrations and shifts in size
distributions caused higher CCN concentrations (mean increase = 176% and 240% respectively at SS 0.1% and SS 0.2%) and
statistically significant increases in CCN potential activation fractions (mean AF during the event: AFo ;% = 0.34 and AFo.2 =

0.55 corresponding to AF increases between 25% and 50%) (Fig. 8a). This result suggests that polluted particles of continental

12



https://doi.org/10.5194/acp-2022-637 Atmospheric
Preprint. Discussion started: 29 September 2022 Chemistry
(© Author(s) 2022. CC BY 4.0 License. and Physics

10

15

20

25

30

35

40

Discussions

origins with D, > 100 nm are sufficiently large to readily serve as CCN, and have the potential to substantially increase CCN
concentrations in marine remote regions (Hudson and Xie, 1999).

Finally, the long-range transport of smoke and biomass burning aerosols identified in months of August and September 2017
did not impact the concentration of submicron aerosol particles, but did cause statistically significant shifts in particle size
distribution and an increase in the CCN potential activation fraction. These events caused only a weak increase (< +25%) in
submicron number particle concentrations accompanied by the decrease of Aitken mode particle concentrations (mean
reduction = -39% and down to -50%) and increase of Accumulation mode particle concentrations (mean increase = +115%)
(Fig. 61, j). Thus, during the High CCN activation events, At mode particles only represented 33% of Ntot, while mean Ac
mode contribution to N was = 63% (Fig. 8b). The shift in size distribution corresponded to a decrease in the Na/Nuc ratio of
~300%. Simultaneously, mean CCN concentrations and AF values were 118% and 119% higher during the event compared to
baseline conditions at SS of 0.1% and 0.2% respectively, and associated with elevated mean CCN potential activation fraction
(= 0.46 at SS 0.1%, and 0.74 at SS 0.2) (Fig. 8a). These findings suggest that the shape of the submicron particle size
distribution exerts a significant effect on the ability of aerosol to act as CCN, and the arrival of biomass burning aerosols from

continental wildfires significantly affects the CCN concentrations at ENA.

4. Conclusions

Multiday aerosol events due to long-range transport of continental aerosols, are observed at ENA throughout the year. In this
study we develop an algorithm that integrates submicron aerosol size distribution, single scattering albedo and black carbon
concentration measurements to identify multiday aerosol plume transport events occurring at ENA in 2017. In the year 2017,
we identified nine events of long-range transported particles (with durations >24 hours), corresponding to ~7.5% of the year.
Analysis of 10-day HYSPLIT backward trajectories and CALIPSO aerosol products indicate different origins and aerosol
compositions of the air masses arriving at ENA during the transport events. Namely, we observe the arrival of 1) mixture of
dust and marine aerosols from the Artic and Canada in March 2017, and from North Africa in November and December 2017,
2) mixture of marine and polluted continental aerosols from Northern Europe and North America in January, April, May, and
October 2017, and 3) pollution and biomass burning aerosol form North America and Canada in the months of August and
September 2017. Subsequently, we assess the influence of the aerosol plumes composition on CCN concentrations at ENA,
investigating the mechanisms that trigger the increase in Nccn. The events characterized by the arrival of mixture of dust and
marine aerosols at ENA causeed statistically significant increases in N, while the aerosol size distribution and CCN potential
activation fraction remained similar to baseline conditions, indicating that greater Nccv were attributable to the elevated
concentration of particles during the event. Mixture of marine and polluted continental aerosol plumes showed high CCN
concentrations attributable to both high Nrr, and predominance of large particles (D, > 100 nm) of sufficient size to readily
serve as CCN. Conversely, despite only causing slight increases in M, the events dominated by the arrival of biomass burning
aerosols were characterized by the presence of particles with strong ability to act as CCN leading to two-fold higher Nccw.
Based on our analysis, in 2017, the transport of continental particles at ENA, caused a total Nccw increase by ~22%, impacting
~28 days, and strongly contributing to the CCN concentrations at ENA. Namely, we observed that plumes dominated by
mixture of dust and marine aerosols, mixture of marine and polluted continental aerosols, and biomass burning aerosols can
cause respectively 6.5%, 8%, and 7.4% increase in Nccn. Furthermore, we showed that, once the multiday aerosol event is
identified, the analysis of changes in baseline N.: and particle size distribution as well as their correlation, might be used as
proxy to estimate how CCN is affected. Based on the characteristics of the type events discussed above, the development of
an algorithm to predict Nccy variations during multiday events of long-range transport of aerosols and their influence on CCN

concentrations at ENA might be explored in the future.
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Tables and figures
Table 1. Aerosol Observing System measurements at ENA ARM site analyzed in this study.
Measurement Symbol Unit Instrument Refrence
Submicron aerosol number 3 Condensation Particle Counter
concentration N cm CPC Model 3772, TSI Inc. (Kuang et al., 2019)
Size distribution of submicron aerosols 3 Ultra-High-Sensitivity Aerosol Spectometer .
(70 to 1000 nm) om UHSAS, DMT (Uin, 2016b)
Number concentration of cloud 3 Cloud Condensation Nuclei Counter X
condensation nuclei CCN om CCN Model CCN-100, DMT (Roberts and Nenes, 2005; Rose et al., 2008)
Aerosol growth factor Humidified Tandem Differential Mobility Analyzer . i
HTDMA Model 3002, Bretchel (Lopez-Yglesias et al., 2014; Uin, 2016)
. . . Particle Soot Absorption Photometer (Bond et al., 1999; Virkkula et al., 2005;
1 > B s :
Aerosol absorption coefficients Bavs Mm PSAP 3-1, Radiant Research Virkkula, 2010)
Aerosol scattering coefficients Bsca Mm! Integrating Nephelometer (Costabile et al., 2013)
Neph, Model 3563, TSI ?

5 Table 2. Summary of multiday transported aerosol plumes events that affected ENA in 2017 including duration, aerosol emission origins,
CALIPSO classification. The values of the three aerosol properties used by the algorithm to detect the events (median concentration of
particles with D, 100-1000 nm, median SSA 1 um at A 464 nm, and mean BC values) are shown in the rightmost column during each
event (first line) and under baseline condition (in italic, second line).

Duration . . .

Event Origin (Hysplit) CALIPSO aerosol classification Median concentration Median SSA 1 pm Mean BC

(hours) particles D,100-1000 nm (2. 464 nm) (ng m?)
January 07 to 11 114 Northern Europe Mixture of dust, polluted 365 cm? 0.87 229 +41 ng m?
continental aerosols and smoke 83 em 0.96 36 +21 ngm?
March 12 to 15 72 Artic/Canada Mixture of dust, and marine 319 cm? 0.93 115+37ngm>
aerosols 91 em® 0.96 35+19ngm?
April 20 to 22 54 Northern Europe Mixture of marine and polluted 460 cm™ 0.94 121 £27 ng m?
continental aerosols, and smoke 99 cm” 0.95 29 +21 ngm?
May 21 to 22 36 North America Polluted continental aerosol and 608 cm 0.94 142 £ 16 ng m>
smoke 93 em? 0.97 33 420 ngm?
August 26 to 29 84 North America 332 em’ 0.94 181 + 58 ng m**
Elevated smoke 105 ems 0.95 40 £25 ng m

North
September 09 to 13 96 . 289 cm™ 0.93 175 39 ng m
America/Canada Data not available 103 em? 0.96 39 #22ngm?
Hurricane Mixture of dust, marine and
October 11 to 13 48 o . 329 cm™ 0.89 144 + 69 ng m?
Ophelia polluted continental aerosols, and 99 e 0.96 3019 ngm?
smoke

November 26 1028 54 North Africa Mixture of dust, and marine 271 em? 0.91 181 £29 ng m™
aerosols 81 em3 0.96 34 £21 ngm?
December 07 to 10 84 North Africa Mixture of dust, and marine 235 cm? 0.92 103 + 18 ng m™
aerosols 80 em3 0.96 26 +18 ng m

10  Table 3. Summary of the characteristics of each

Dust and Marine mixture

Statistically significant change in Nio
Nt increase > 110%

statistically non-significant shift in size (Na /
Nac)
N/ Nac change < 1%

N contribution to Nu: ~ 59%
N contribution to N ~ 38%

Statistically non-significant change in CCN
potential Activation fraction
AFo.1% increase ~ 5%,

AFo2y, increase ~ 9%

pe of multiday aerosol plume transport event
Polluted continental and Marine

mixture

Statistically significant change in N
N increase between 95% and 110%

Nt/ Nae change > 200%
N contribution to N ~ 42%
N contribution to N ~ 56%

activation fraction

AFo.1% increase between 30% and 75%

Statistically significant shift in size (N4 / Nac)

Statistically significant change in CCN potential

AFo2v increase between 35% and 100%

Biomass burining

Statistically non-significant change in Nior
Nior increase < 25%

Statistically significant shift in size (N / Nac)
Nt/ Nac change > 200%

Ny contribution to N ~ 33%
N contribution to Neor ~ 63%

Statistically significant change in CCN potential
activation fraction
AFo.1% and AFo2v increase > 75%
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Figure 1. Box and whisker plot of monthly ubmicron aerosol number concentrations (box bottom at 25%, box top at 75%, whisker
bottom at 10%, and whisker top at 90%). Mean (circles) and median (open circles) of total number concentration (black), number of
Aitken (yellow), and accumulation (green) modes.
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Figure 2. Particle size distribution in winter (a) and summer (b) 2017, per each size bean mean circle, and median -, box bottom at
25%, box top at 75%, whisker bottom at 10%, and whisker top at 90%). Discontinuity at around 270 nm due to UHSAS (handoff
10 region between two internal gain stages).
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Figure 3. Box and whisker plot of Nccw,.12 (2) and Neew,0.22 (b), mean Necy blue circles, median -, box bottom at 25%, box top at 75%,
whisker bottom at 10%, and whisker top at 90%, mean N, black circles, and CCN potential activation fraction blue open circles.
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Figure 4. CALIPSO trajectories (blue) and Hysplit back trajectories (red) arriving at 50 m a.g.1. above the ENA site on December 07, 2017
(© Google Earth 2015).
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Figure 5. CALIPSO trajectories (blue), and Hysplit back trajectories (red) arriving at 50 m a.g.1. above the ENA site on April 21, 2017 (©
Google Earth 2015).
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5 Figure 6. NASA Worldview VIIRS 375 Active fires between September 1 and 15, 2017 (red circles), and Hysplit back trajectories arriving
at 50 m a.g.1. above the ENA site on September 10, 2017 (© Google Earth 2015).
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Figure 7. Case study of December 2017 (a to d), April 2017 (e to h), and September 2017 (i to 1) events. Submicron particle size distribution

10 under baseline conditions (blue) and during the events (red), and xurpma (open circles) during the events (a, e, i), At, Ac, and LA mode
contributions to (b, f, j), scatter plot of Nccy versus Ny, during the event (red circle) and fitting lines for the events at SS 0.1% (red) and at
SS 0.2% (dark red) (c, g, k), plot of potential activation ratio versus N, / N4, or the events at SS 0.1% (red) and at SS 0.2% (dark red) (d,
h, 1).
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Figure 8. Mean percentage change in Ny, Nai, Nac, Ncen-o.12, and CCN potential activation fraction at SS 0.1% for each type of event (a);
At, Ac and LA particle modes relative contribution to N, for baseline and each type of event.

27



