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Abstract. The eastern North Atlantic (ENA) is a region dominated by pristine marine environment and sub-
tropical marine boundary layer clouds. Under unperturbed atmospheric conditions, the regional aerosol regime
at the ENAI@IT 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 the ENA is
impacted by particles transported from continental sources, aerosol properties within the marine boundary layer
change significantly, affecting the concentration of cloud condensation nuclei (CCN). Here, we investigate the
impact of long-range transported continental aerosol on the regional aerosol regime at the ENA using data col-
lected 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 in the Eastern North Atlantic[@% (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 black carbon concentration to identify
multiday events (with duration >24 consecutive hours) of long-range continental aerosol transport at the 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 10d backward trajectories analysis, and we evaluate CALIPSO
aerosol products to assess, respectively, the origins and compositions of aerosol particles arriving at the ENA.
Subsequently, we group the events into three categories, (1) mixture of dust and marine aerosols, (2) mixture
of marine and polluted 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 nu-
clei in terms of potential activation fraction and concentrations at supersaturation of 0.1 % and 0.2 %. The arrival
of plumes dominated by the mixture of dust and marine aerosol at the ENA in the winter caused significant
increases in baseline Ny. Simultaneously, the baseline particle size modes and CCN potential activation frac-
tion remained almost unvaried, while cloud condensation nuclei concentrations increased proportionally to N.
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Events dominated by a mixture of marine and polluted continental aerosols in spring, fall, and winter led to a
statistically significant increase in baseline Ny, a shift towards larger particular sizes, a higher CCN potential
activation fractions, and cloud condensation nuclei concentrations of >170 % and up to 240 % higher than dur-
ing 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
baseline aerosol particle concentrations at the ENA. However, particle diameters were larger than under baseline
conditions, and CCN potential activation fractions were >75 % higher. Consequentially, cloud concentration nu-
clei concentrations increased by ~ 115 % during the period affected by the biomass burning events. Our results
suggest that, through the year, multiday events of long-range continental aerosol transport periodically affect the
ENA and represent a significant source of CCN in the marine boundary layer. Based on our analysis, in 2017,
the multiday aerosol plume transport dominated by a mixture of dust and marine aerosol, a mixture of marine
and polluted continental aerosols, and biomass burning aerosols caused increases in the Nccn baseline regime
of, respectively, 6.6 %, 8 %, and 7.4 % at SS 0.1 % (and, respectively, 6.5 %, 8.2 %, and 7.3 % at SS 0.2 %) at the

ENA.

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 re-
gions 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). How-
10 ever, the interactions among marine boundary layer (MBL)
aerosol number concentration (Nyo), cloud condensation nu-
clei (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
15 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-
cloud systems in the North Atlantic Ocean to improve the

20 parametrization of aerosol and cloud processes in the MBL
(Albrecht et al., 1995; Rémillard et al., 2012; Wood et al.,
2015; Behrenfeld et al., 2019; Sorooshian et al., 2020; Re-
demann et al., 2021; J. Wang et al., 2021). The observations
collected have provided invaluable insights into the potential

25 role of aerosols in controlling cloud properties and precipi-
tation. Namely, perturbations in aerosol properties have been
found to be associated with strong synoptic meteorological
variability (Rémillard et al., 2012), variations in CCN num-
ber concentrations (Nccn) and cloud optical depth (Liu et al.,

a0 2016), and increases in larger longer-lasting cloud cover, pre-
cipitation suppression, and cooling (Rosenfeld et al., 2014).
Further efforts have been focused on examining the influ-
ence of long-range transport of continental particles on un-
perturbed aerosol marine regimes. These studies underline
ss the potential of long-range transported aerosols of continen-
tal origins to alter the concentration of aerosols, cloud con-
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densation nuclei, and cloud droplets and the efficiency of pre-
cipitation formation (Garrett and Hobbs, 1995; Dadashazar
et al., 2021; Tomlin et al., 2021; J. Wang et al., 2021). De-
spite the importance of this topic, a quantitative understand-
ing of the cloud condensation nuclei budget changes over the
North 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 inter-
actions in extratropical marine environments, in 2013, the
U.S. Department of Energy’s (DOE) Atmospheric Radia-
tion 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 McComiskey, 2016), in the Azores
Archipelago. The ENA ARM site is located on the remote
Graciosa Island, one of the smallest and least populated is-
lands of the archipelago. Variations in synoptic meteorologi-
cal 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 repre-
sentative measurements and an excellent location to investi-
gate the impact of long-range transport of continental parti-
cles on low-cloud systems in pristine marine regions (Wood
etal., 2015; J. Wang et al., 2021).

The ENA facility includes an aerosol observing system
(AOS) for the continuous measurements of aerosol physical,
optical, and chemical properties and the associated meteoro-
logical parameters at time resolutions from seconds to min-
utes (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 under-
standing 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
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periods (IOPs) (June—July 2017 and January—February 2018)
of the ARM Aerosol and Cloud Experiments in the East-
ern 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 (J. Wang et al., 2021).
High correlation (slope = 1.04 £ 0.017501, 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 representative-
ness of the AOS surface measurements when the boundary
layer is well mixed (Gallo et al., 2020).

The recent results from the ACE-ENA campaigns have
advanced the knowledge of aerosol process (Zawadowicz
et al., 2021; J. Wang et al., 2021; Zheng et al., 2021) and
cloud structures and processes (Gao et al., 2020; Yeom et al.,
2021) in the remote MBL as well as allowed the evaluation
of algorithms for remote sensing retrievals (Wu et al., 2020).
However, many mechanisms underlying aerosol-cloud inter-
actions over the North Atlantic remain unresolved. Within
the ACE-ENA scientific objectives yet to be addressed, the
complete understanding of the key controlling processes that
shape the CCN budget in the MBL is critical (J. Wang et
al., 2021). Motivated by this need, in this study, we leverage
the AOS datasets collected at the ENA during the entire year
2017 to constrain the influence of long-range transported par-
ticles with different continental origins on the cloud con-
densation nuclei concentrations in the pristine marine en-
vironment. First, we develop an algorithm that integrates
aerosol property indicators of the presence of continental
particles to detect multiday (>24 consecutive hours) trans-
ported aerosol plume events at the ENA. Changes in spe-
cific aerosol properties caused by the arrival of continental
air masses over the ENA region have been described in pre-
vious literature. Namely, increased concentrations of submi-
cron aerosol particles have been reported in the western and
eastern North Atlantic by a number of previous studies (Gar-
rett 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 scat-
tering 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 thresh-
olds for each of the aerosol parameters discussed above to
detect periods affected by continental air masses (Sect. 2.2).

Once the multiday aerosol plume transport events have
been detected by the algorithm, we assess aerosol regimes
at the ENA under both regional aerosol baseline conditions
(Sect. 3.1) and during the period of times impacted by the

arrival of continental aerosol particles (Sect. 3.2). Namely,
we first evaluate aerosol sources and sinks under unper-
turbed marine conditions providing the necessary frame-
work 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 the ENA during the multiday events using HYSPLIT
backward trajectories and Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) classification,
respectively, and we quantitatively assess the influence of the
events on aerosol properties at the ENA through statistical
analysis. In Sect. 3.2 we present three case studies repre-
sentative of the diverse continental aerosol plumes arriving
at the ENA through the year: a mixture of marine aerosols
and dust (Sect. 3.2.1), a 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 con-
centrations and shifts in size distribution, and CCN potential
activation factor and concentrations at the ENA (Sect. 3.2.4).

With this study, we aim to provide key observational con-
straints to parametrize the influence of changes in base-
line Ny and particle size modes due to aerosol perturba-
tion events on CCN regimes. Ultimately, our results might
be used as a proxy to estimate the CCN budget over remote
oceans and to inform climate models improvements and val-
idation.

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) at the ENA ARM fixed facility on Graciosa Island
(39°5'28" N, 28°1'36” W) (Bullard et al., 2017; Uin et al.,
2019; Uin and Smith, 2020), between 1 January 2017 and
31 December 2017. The ENA ARM AOS comprises of one
container that samples aerosols using instrumentations con-
nected to a central not-heated inlet located approximately
10m above ground. A list of the AOS measurements ana-
lyzed here, including references for each instrument, is given
in Table 1 and summarized in the following sections. The
pressure and temperature for the aerosol data is the same as
reported in the ARM data archive which is given at ambi-
ent conditions to allow for direct comparison with the other
data at the ENA. If desired for future global comparison,
data can be calculated at standard temperature and pressure
(STP) using the AOS meteorology data. All of the data are
collected, ingested, and quality controlled by the U.S. DOE
ARM user facility (Peppler et al., 2008; Uin et al., 2019).
Calibrations were completed in accordance with the ARM
instrument handbooks. No abnormalities were found during
the periods that would affect the data reported here.
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Table 1. Aerosol observing system measurements at the ENA ARM site analyzed in this study.

Measurement Symbol  Unit Instrument Reference
Submicron aerosol number Niot cm ™3 Condensation Particle Counter Kuang and Mei (2019)
concentration CPC Model 3772, TSI Inc.
Size distribution of submicron cm ™3 Ultra-High-Sensitivity Aerosol Uin et al. (2016a)
aerosols (70 to 1000 nm) Spectrometer
UHSAS, DMT
Number concentration of cloud CCN cm™3 Cloud Condensation Nuclei Counter Roberts and Nenes (2005);
condensation nuclei CCN Model CCN-100, DMT Rose et al. (2008);
Uin et al. (2016b)
Aerosol growth factor Humidified Tandem Differential Lopez-Yglesias et al. (2014);
Mobility Analyzer Uin et al. (2016¢)
HTDMA Model 3002, Bretchel
Aerosol absorption coefficients  Bypg Mm~!  Particle Soot Absorption Photometer Bond et al. (1999);
PSAP 3-), Radiant Research Virkkula et al. (2005);
Virkkula (2010);
Springston (2018)
Aerosol scattering coefficients Bgca Mm™! Integrating Nephelometer Costabile et al. (2013);
Neph, Model 3563, TSI Uin et al., (2016d)
Non-refractory sulfate and pm_3 Aerosol Chemical Speciation Monitor Ng et al. (2011); Watson, 2017)

organic

Aerodyne Research

Prior to conducting any data analysis, periods impacted by
local aerosol events (~ 23 % of the 2017 datasets used in the
study) were removed from submicron aerosol number con-
centration (Nyy), 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; Gallo and
Aiken, 2022).

o

2.1.1  Aerosol physical properties

10 Measurement of submicron particle number concentrations
(Niot) with particle diameter (Dp) >10nm are made with
a Condensation Particle Counter (CPC) Model 3772 (TSI,
Inc., Shoreview, MN, USA) (Kuang et al., 2019). A Ultra-
High Sensitivity Aerosol Spectrometer (UHSAS) (Droplet

1s Measurement Technologies, Inc., Longmont, CO, USA) is

used for sizing particles with D, between 70 and 1000 nm

(Uin, 2016a). Size distributions of submicron aerosol par-

ticles are described by separating the data into three size

modes: (1) Aitken (At) mode aerosols with D, < 100nm,

(2) accumulation (Ac) mode aerosols with D}, between 100

and 300, and (3) large accumulation (LA) mode aerosols

with D, between 300 and 1000. The number concentration
of the accumulation (Nac) and large accumulation (Npa)
mode aerosols are directly measured by the UHSAS, while
2s CPC and UHSAS measurements are combined to calculate

the Aitken (Na¢) mode as the difference between total par-

2

=1

ticle number concentrations and the sum of the two larger
modes: Naty = Niot — (Nac + NpLa). Number concentrations
of cloud condensation nuclei (Nccn) are measured using a
Cloud Condensation Nuclei (CCN) Counter (Droplet Mea-
surements Technologies Inc.) at five levels of supersatura-
tions from 0.1 % to 1% (Roberts and Nenes, 2005; Rose
et al., 2008; Uin, 2016b). Here, we utilize CCN measure-
ments collected at the determined supersaturation (SS) lev-
els of 0.1 % and 0.2 % which represent typical maximum su-
persaturations in marine boundary layer clouds where CCN
activation occurs (Korolev and Mazin, 2003; Clarke and Ka-
pustin, 2010; Wood, 2012). Furthermore, we combine CPC
and CCN measurements to calculate the aerosol potential ac-
tivation fraction (AF) as the ratio of Nccn to the total submi-
cron 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.) (Uin, 2016c). Par-
ticle hygroscopic growth (HG) at subsaturated conditions is
calculated as the ratio of the geometric mean mobility diam-
eter of the humidified particles (d,(RH)) (RH >85 %) to the
dry diameter (dgq) (RH between 6.1 % and 7.3 %). According
to the kappa-Kohler theory (Petters and Kreidenweis, 2007)
and using HG, we calculate the hygroscopicity parameter «
for dry particles with Dy = 50, 100, 150, 200, and 250 nm as

A
exp <HG a3 )

K:(HG3—1> s -1 (1)
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where A is the Kelvin parameter defined as

4oy My
"~ RTpw

, @)

My, oy, and pw are, respectively, the molar mass, the surface
tension, and the density of the water. R is the universal gas
constant, and 7T is the temperature. The instrument and its
mode of operation are described in detail by (Lopez-Yglesias
et al., 2014).

2.1.2 Aerosol optical and chemical properties

Aerosol absorption coefficients (Bjyps) are measured at ENA
using a 3-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, the 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 include corrections for the mass flow cal-
ibration and filter loading (Springston, 2018). Aerosol scat-
tering coefficients (Bsca) at ENA are measured at A of 450,
550, and 700 nm using a TSI integrating nephelometer (TSI,
model 3563) (Uin, 2016d). ARM archive nephelometer data
include corrections for truncation and illumination errors
(Uin, 2016d). Prior to measurement, the PSAP and neph-
elometer sample air passes through an impactor that period-
ically switches between 1 and 10 um cut-point sizes (Uin et
al., 2019). The Baps and By, values discussed in this study
refer to measurements collected at 1 um cut-point sizes. The
Bgca at 450 nm was scaled to the measured BgpsA of 464
through interpolation based on the scattering Angstrom ex-
ponent (SAE) (Costabile et al., 2013). In this study we use
aerosol light absorption (Baps) and scattering (Bgca) coef-
ficients to calculate the single scattering albedo (SSA) at
464 nm, defined as SSA = (Bgca) / (Babs + Bsca)- Equivalent
black carbon (BC) concentrations are estimated from (Bjps)
with an assumed mass-absorbing cross section of 6.4 m? g~!
at 648 nm (Bond and Bergstrom, 2006). Bulk particle com-
position measurements of the mass concentrations of non-
refractory sulfate and organics are provided by an Aerodyne
research aerosol chemical speciation monitor (ACSM) (Ng
et al., 2011; Watson, 2017).

2.2 Multiday transported aerosol plume event
identification algorithm and statistical analysis

We developed an algorithm to detect multiday transported
aerosol plume events, which relies on the variations of physi-
cal and optical aerosol properties caused by long-range trans-
port of particles in the eastern North Atlantic. The application
of the algorithm requires continuous measurements of the
following three parameters: number concentrations of parti-
cles with optical particle dry diameter (Dp) between 100 and

1000 nm, submicron SSA at 464 nm wavelength, and black
carbon concentration. The measurements are averaged over
6 h periods which are sufficiently short to detect variations in
mass properties but also sufficiently long to remove the effect
of hourly variations due to diurnal cycles and processes that
occur on a small timescale (Wood et al., 2017; Dadashazar
et al., 2021) and match the time frequency of the HYSPLIT
backward trajectories discussed below (the utilization of 7
and 8 h periods was also tested and lead to the same results).
The thresholds for the three aerosol parameters are estab-
lished based on earlier works conducted in the eastern North
Atlantic region that describe their variations during the pe-
riod affected by transport of continental air masses. Namely,
Pennypacker and Wood (2017) observed at ENA daily me-
dian number concentrations of Dy 100 to 1000 nm particles
above 100 cm™ during periods dominated by high sea-level
pressure and large-scale subsistence with air masses origi-
nating from North America approaching the Azores from
the northwest. In the same study, the high median concen-
tration of particles Dp 100-1000 nm regime was found to be
associated with median and 75th percentile SSA values of
0.92 and 0.95, respectively, at 470 nm wavelength. Black car-
bon concentrations ranging between 10 and 40ngm™ dur-
ing clean conditions have been reported by field studies con-
ducted in different locations in the North Atlantic (O’Dowd
et al., 2004; Shank et al., 2012; Cavalli et al., 2016). Quinn
et al. (2019) and Sakerin et al. (2021) have reported aver-
age BC concentrations between 15 and 25ngm™> and 37
and 44 ngm~3, respectively, in the western North Atlantic
during the NAAMES field campaigns and during cruise ex-
peditions conducted between 2007 and 2020 over the North
Atlantic Ocean. A threshold of 75 ng m~ has been typically
utilized to indicate the presence of continental influenced air
masses (Cooke et al., 1997; Kleefeld, 2002; Junker et al.,
2006), while Pohl et al. (2014) have used BC concentra-
tions ranging from 20 and 44 ngm~3 to identify clean back-
ground in the subtropical Atlantic. In more recent works,
Facchini et al. (2008) and O’Dowd et al. (2014) determined
BC 50ngm™3 as a threshold value to identify combustion
influences at Mace Head. Similarly, Saliba et al. (2020) and
Lawler et al. (2020) used the same criterion to separate ambi-
ent marine from continental periods in the western North At-
lantic. Based on this literature, the algorithm flags the data as
affected by long-range transported aerosols when the follow-
ing conditions occur at the same time for at least 24 consecu-
tive hours (four consecutive 6 h periods): (1) median number
concentration of D, 100-1000 nm particles >100 cm ™ over
6h period, (2) median submicron single scattering albedo
at A 464nm <0.95, and (3) mean black carbon concentra-
tions >40ngm~3. Tt is important noting that the utilization
of medians instead of means for number concentrations of
Dy 100-1000 nm particles and SSA to constrain periods im-
pacted by long-range transport events in Pennypacker and
Wood (2017) is due to the need of minimize the potential
impacts of unidentified outlier. In our study, we performed
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post-data processing methods prior to conducting any data
analysis to remove short-duration high-concentration aerosol
events (Gallo et al., 2020), and we obtained similar mean
and median values (difference between mean and median
values <12 %) for the three parameters used to develop the
multiday transported aerosol plume event identification algo-
rithm. Therefore, to allow a better comparison of our results
to the previous literature, the algorithm relies on the utiliza-
tion of median values for number concentrations of particles
with Dy between 100 and 1000 nm and submicron SSA at
464 nm wavelength and of mean values for the black carbon
concentration.

Once the multiday transported aerosol plume events are
detected, their origins and transport paths are evaluated by
performing 10d backward trajectories arriving at 50 and
500 m above the ENA site. The analyses are conducted us-
ing the Hybrid Single-Particle Lagrangian Integrated Trajec-
tory (HYSPLIT) 4 model (Stein et al., 2015) with a time step
of 6h using the National Center Environmental Prediction
(NCEP) Global Data Assimilation System (GDAS) meteo-
rological data and model vertical velocity as input. In ad-
dition, Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
lite 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, to assess the correlation between ori-
gin and composition of the multiday transport events and
their influence on baseline aerosol properties at ENA, we
perform a post hoc Tukey—Kramer honest significant differ-
ence (HSD) test (Haynes, 2013) to determine whether the
arrival of the continental aerosol plumes produced statisti-
cally significant changes on (a) baseline aerosol number con-
centrations (A Nyo), (b) aerosol mode sizes in terms of rel-
ative Aitken and accumulation mode contributions to N
(expressed as the ratio between Na¢ and Nac (ANat/Nac)),
and (c) CCN potential activation fraction (AAF). The sig-
nificance probability was assessed at the probability level of
p<0.05, and statistical analyses were performed using Igor
Pro 8 with the Statistic package (WaveMetrics Inc.).

3 Results and discussion

The entrainment of continental particles from long-range
transport represents a significant source of aerosols over mid-
latitude oceans and has 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 the ENA during the

year 2017. Measurements affected by local aerosol events
were removed prior the application of the algorithm follow-
ing Gallo et al. (2020). Once the events had been identified,
we removed the measurements affected by the arrival of con-
tinental aerosol plumes and we extracted the aerosol base-
line conditions (period of time not affected by local aerosol
events and/or long-range transported plumes) to assess the
aerosol seasonal regimes at ENA (Sect. 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 are evalu-
ated (Sect. 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 the ENA shows
seasonal variations likely related to a combination of dif-
ferent regional emission sources and sink mechanisms. In
remote marine regions like the 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; Lap-
ina et al., 2011; Sanchez et al., 2018). Overall, we found
lower concentrations of submicron particles in the win-
ter (January—February, and November—December 2017) and
higher during late spring and summer (Fig. 1). Namely, the
minimum monthly Ny; mean value was observed in Jan-
uary 2017 (260 % 143 cm™3), while the maximum monthly
Niot mean value was reached in June 2017 (523 259 cm™3),
approximately 2 times the winter minimum. Our results
are consistent with earlier studies and field campaigns con-
ducted in the North Atlantic Ocean region which report
low wintertime Ny 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 (Pen-
nypacker and Wood, 2017; Zheng et al., 2018; Quinn et
al., 2019; Gallo et al., 2023). Likewise, the concentration
of particles in the Aitken and accumulation modes follows
similar seasonal trends with monthly mean minima in Na¢
and Nac in January 2017 (Nay = 148:&810m_3) and in
November (Nac = 90453 cm_3), respectively, and maxima
in June 2017 (Na; = 360497 cm 3 Nae = 195+ 79 cm—3)
(Fig. 1). Interestingly, we observed that summer (June—
September 2017) mean N values, which are approximately
double those in the winter, are considerably higher than the
correspondent median Na. values (Fig. 1). There is mini-
mal influence of local aerosol sources on accumulation mode

55

60

65

70

75

80

85

90

95

00



F. Gallo et al.: Long-range transported continental aerosol in the eastern North Atlantic 7

aerosol measurements at the ENA and the data utilized here
have been filtered to remove the impact of potential lo-
cal emissions (Gallo et al., 2020). However, in the sum-
mer, MBL baseline aerosol concentrations might be influ-
enced by the entrainment of diluted and aged continental
particles from the free troposphere, which likely contributes
to enhanced concentration of particles in the accumulation
mode (J. Wang et al., 2021). This observation is consis-
tent with previous studies investigating aerosol vertical pro-
files during the summer ACE-ENA field campaign (J. Wang
et al., 2021) and over the western North Atlantic during
the NASA North Atlantic Aerosol and Marine Ecosystems
Study campaign (NAAMEYS). Particles in the large accumu-
lation mode (not shown) showed the opposite seasonal trend,
1s reaching the maximum monthly mean value in the winter

(Npa=14+£9 cm™3 in January) and the lowest concentra-

tions in the summer (Npa =7 +4cm™ in August). How-

ever, throughout the entire year, the total aerosol number

concentration among the three particle modes is dominated
20 by the Aitken mode (yearly mean Aitken mode contribu-

tion to Nyt = 61 % %3 %), while the accumulation mode

is lower (yearly mean Accumulation mode contribution to

Niot = 35 % £+ 4 %), and the large accumulation mode repre-

sents only a small percentage of Ny (yearly mean large ac-
25 cumulation mode contribution to Nyt = 3 % =+ 1 %). Further
analysis of the measured size distribution from the UHSAS
instrument (measurement size range 70-1000nm) during
winter (January, February, November, and December 2017)
and summer (May to September 2017) at the ENA provide an
insight into seasonal variations of particle size. In the win-
tertime, mean particle size Dp peaks at 128 nm (Fig. 2a),
while in the summer mean mode D, shifts towards slightly
larger sizes, peaking at 147nm (Fig. 2b). While the UH-
SAS lower size limit is at Dp = 70 nm, the UHSAS size dis-
ss tribution measurements associated with the calculated Nag,

Nac, and Ny 4 suggest aerosol bimodal structure for both win-

ter and summer. In the absence of the entrainment of parti-

cles of continental origins, the size distribution of particles

in the MBL is shaped by different seasonal surface-ocean
40 biogenic emissions, aerosol removal processes, and mete-
orological regimes (Behrenfeld et al., 2019). New particle
formation events in the upper part of the decoupled MBL
have been reported by previous studies and are due to a
combination of reduced existing aerosol surface area, pas-
sage of cold fronts, reactive gas availability, and high actinic
fluxes (Bates et al., 1998; Kolstad et al., 2009; Zheng et al.,
2021). In the winter, more frequent precipitation and drizzle
at ENA lead to the removal of large particles, such as sea
spray aerosols, and consequently low existing aerosol sur-
face availability, which are associated with wintertime cold
temperature and enhance the occurrence of new particle for-
mation events. Once formed, the new particles grow into
larger particles, strongly contributing to Na;. The removal
of Aitken mode particles is largely driven by coagulation,
ss while the condensational growth into Ac mode is weak due to
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Figure 1. Box and whisker plot of monthly submicron aerosol num-
ber concentrations (box bottom at 25 %, box top at 75 %, whisker
bottom at 10 %, and whisker top at 90 %). Mean (circles) and me-
dian (open circles) of total number concentration (black), number
of Aitken (yellow), and accumulation (green) modes.

low dimethyl sulfide (DMS) concentrations in the MBL and
only represents a minor source of MBL Nj (Zheng et al.,
2018). On the contrary, sea spray aerosol production at the
surface ocean due to enhanced wintertime wind speeds up
to 21.7ms~! (Aiken et al., 2019) substantially contributes
to large accumulation mode concentrations, explaining the
higher Ny, observed in January (Vignati et al., 2010; Zheng
et al., 2018; Quinn et al., 2019). During late spring and sum-
mer, the phytoplankton bloom is responsible for strong ocean
emissions of dimethylsulfide, whose oxidation products have
been found to enhance the condensational growth of nucle-
ation mode particles into the Aitken and subsequently to
the Ac modes (O’Dowd et al., 1997; Andreae et al., 2003;
Zheng et al., 2018). Furthermore, photochemistry and/or ox-
idation of oxygenated gas-phase organic compounds of ma-
rine origin produce secondary organic aerosols at the surface
layer which contribute to the growth of Aitken mode parti-
cles during late summer when phytoplankton activity is lower
(Mungall et al., 2017). In a previous study conducted at the
ENA between 2015 and 2018, Zheng et al. (2018) assessed
the correlations between wind speeds and particle size. In
the summer, no correlations between wind speeds and Na¢
and N, were reported, while Ny o was observed to strongly
correlate with wind speeds, therefore suggesting that the con-
tribution from sea spray is limited to the large accumulation
mode.
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Figure 2. Particle size distribution in winter (a) and summer (b) at
ENA. The whiskers and boxes show the 90th, 75th, median, 25th,
and 10th percentiles, and the circles represent the mean value per
each size bean circle. Discontinuity is at around 270 nm due to tech-
nical limitations of the UHSAS (handoff region between two inter-
nal gain stages).

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 stud-
ies 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.,
10 2008; Quinn and Bates, 2011; Sanchez et al., 2018; Zheng
et al., 2018). Here, we assess the seasonal variations of CCN
concentrations (Nccn) at the 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 con-
centration values were low, as expected for clean ma-
rine environments (Ovadnevaite et al.,, 2014), and sea-
sonal variations were noticeable at both super-saturations
20 (Fig. 3). Lower monthly mean Nccn values were reported

3

o

in the winter and spring (minimum in December 2017 and
Ncen,01% =69 £27 cm~3 at SS of 0.1 and Ncen02% =
108 +38cm > cm™> at SS 0.2%), while monthly Nccen
mean values were higher in the summer (maximum monthly
Ncen mean values in July 2017 and were 141 453 cm 3
at SS of 0.1 and 178 £68cm™ at SS 0.2%). The CCN
potential activation fraction follows a different seasonal
trend, exhibiting higher values in late summer/fall and win-
ter (mean AF SS 0.1 % was 0.27 £0.03 and mean AF SS
0.1 % was 0.41 £0.02) and lower values in the spring (mean
AF SS 0.1 % was 0.22£0.01 and mean AF SS 0.2 % was
0.324+0.04). The low number particle concentration and
consequently low concentrations of cloud condensation nu-
clei observed in the MBL can be to a large degree attributable
to reduced ocean biological activity in the winter. Further-
more, CCN removal through in-cloud coalescence scaveng-
ing processes associated with high occurrence of precipita-
tion events in the winter and spring might also play a role in
constraining CCN concentrations (Sharon et al., 2006; Zheng
et al., 2018; Sanchez et al., 2022). Howeyver, 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. Supporting our
finding, J. Wang et al. (2021) reported a high precipitation
rate and an increase in CCN coalescence scavenging, ac-
companied by enhanced Na. activation at the ENA during
the ACE-ENA winter field campaign. A slightly lower ra-
tio of Nac to Nio in the winter than in the summer (mean
accumulation mode ratio to Nyt = 31 % and 37 %, respec-
tively, in the winter and in the summer) suggests that parti-
cle compositions play an important role in CCN formation
at the ENA. Consistent with our observations, earlier stud-
ies 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 aerosols generated by phytoplankton activities at
the surface ocean. (Quinn and Bates, 2011; Sanchez et al.,
2018; O’Dowd et al., 2004). The higher summertime Nccn
observed here are in agreement with previous studies con-
ducted at the ENA, which also found a correlation between
elevated Ncen and concentration of cloud droplet (Wood et
al., 2015; J. Wang et al., 2021) and reduced precipitation
(Rémillard and Tselioudis, 2015; Giangrande et al., 2019),
thus suggesting minimal CCN removal through wet scav-
enging. Simultaneously, strong volatile organic compound
(VOC) emissions at the surface ocean due to the final phase
of the phytoplankton bloom and microbial activities lead to
the formation of highly hygroscopic secondary sulfate parti-
cles which grow quickly into CCN by condensation and well
explain the elevated Nccn and potential activation fractions
found here (Saliba et al., 2020; Zawadowicz et al., 2021).
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Figure 3. Box and whisker plot of Ncen,0.1% (@) and Ncen,0.2 9% (b), mean Nccn is the blue circles, median -, box bottom at 25 %, box
top at 75 %, whisker bottom at 10 %, and whisker top at 90 %, mean Nyt is the black circles, and CCN potential activation fraction is the red

circles.

3.2 Multiday transported aerosol plume events at ENA
in 2017

We apply the algorithm for detecting multiday aerosol plume
transport events at the ENA to the in situ aerosol measure-
ments collected at ENA ARM during 2017. We identify nine
events affecting the ENA through the entire year. The du-
ration of the events was typically greater than 2d, with an
average time period of 3 d, and a total duration of 642 h cor-
responding to ~ 7.5 % of the year. A summary of the events,
including duration, origins, aecrosol 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 parti-
cles at A 464 nm, and mean black carbon concentration) is
shown in Table 2.

The origin of the air masses arriving at the ENA and their
paths, assessed by performing 10d HYSPLIT backward tra-
jectories, indicates 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 At-
lantic MBL in the late fall and winter associated with cy-
clonic dust storms in the North Africa region (Nakamae and
Shiotani, 2013; Choobari et al., 2014; Laken et al., 2014; Lo-
gan et al., 2014; Cuevas et al., 2017). Similarly, air masses
from the Arctic might also represent a source of mineral dust
at the ENA in the spring (Zheng et al., 2018). In the case of
the Arctic, the atmospheric load of dust particles is the result
of bare soil surface and glacial outwash plains, and it is pro-
jected to increase over the next years as a consequence of the
retreat of glaciers (Bullard et al., 2016; Tobo et al., 2019). In
accordance with these observations, we found two events of
southward transport from northern African and Portuguese
flows to the ENA in the months of November and Decem-
ber 2017, likely favored by Arctic anticyclone, polar vortex,
and midlatitude circulation and an event of transport from
Arctic in March 2017. A large fraction of air masses arriv-

ing at the ENA throughout the year are attributed to transport
from industrialized continental areas such as North Europe,
Canada, and North America due to midlatitudes cyclones
and convection (Garcia et al., 2017). Continental aerosol par-
ticles are emitted in the boundary layer by anthropogenic
processes and are subsequently transported for several days
within the free troposphere before entrainment into the ma-
rine boundary layer over the North Atlantic Ocean (Honrath,
2004; Wood et al., 2015; Cavalli et al., 2016). Here, we ob-
served two aerosol transport events with northern European
origins in the months of January and April 2017. We also
identified aerosol transport events from North America and
Canada between May and September 2017. Our results are
consistent with previous studies conducted in the North At-
lantic 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 out-
flow and biomass burning emissions (Honrath et al., 2004;
Alves et al., 2007; Dzepina et al., 2015; Garcia et al., 2017;
Zheng et al., 2020; J. Wang et al., 2021)

Analyses of CALIPSO aerosol products provide further
insights on the type of aerosols transported. Consistent with
the origin of the emission sources, we observed dust and
marine aerosol mixtures associated with transport from the
Arctic and Canada in March 2017 and from North Africa
in November and December 2017, while the airflows orig-
inating from industrialized areas (January, April, May, and
October 2017) typically consisted of a mixture of polluted
continental aerosol, smoke, and marine particles. Simultane-
ously, NASA Worldview VIIRS 375 observations of the mul-
tiday aerosol plume transport events occurring in August and
September 2017 show an elevated concentration of smoke
over the ENA due to a particularly intense wildfire season
in North America and Canada, therefore suggesting the pres-
ence of biomass burning aerosols as also previously observed
by Zheng et al. (2020).
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Table 2. Summary of multiday transported aerosol plumes events that affected the ENA in 2017 including duration, aerosol emission origins,
and CALIPSO classification. The values of the three aerosol properties used by the algorithm to detect the events (median concentration of
particles with Dp 100-1000 nm, median SSA 1 pym 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).

Event Duration Origin (HYSPLIT) CALIPSO aerosol Median concentra- Median SSA 1 pm Mean BC
(hours) classification tion particles Dp (A 464 nm) (ng m’3)
100-1000 nm
7 to 11 January 114 Northern Europe Mixture of dust, polluted conti- 365 cm™3 0.87 229 +41ng m—3
nental aerosols, and smoke 83em=3 0.96 36+21ng m=3
12 to 15 March 72 Arctic/Canada Mixture of dust and marine 319cm—3 0.93 115437 ngm 3
aerosols 9l em™3 0.96 35+19ngm™>
20 to 22 April 54 Northern Europe Mixture of marine and polluted 460 em™3 0.94 121 +£27ng m~3
continental aerosols and smoke 99 cm ™3 0.95 29+21ng m=3
21 to 22 May 36 North America Polluted continental aerosol 608 cm—3 0.94 142+ 16ng m—3
and smoke 93cm™3 0.97 33+20ngm™>
26 to 29 August 84 North America Elevated smoke 332cm—3 0.94 181 + 58 ngm 3
105cm™3 0.95 40+£25ngm™—>
9 to 13 September 96 North America/Canada  Data not available 289 cm~3 0.93 175£39ng m~3
103 em™3 0.96 39+22ngm—>
11 to 13 October 48 Hurricane Ophelia Mixture of dust, marine and 329¢m—3 0.89 144 +69ng m3
polluted continental aerosols, 99 cm™3 0.96 30+ 19ng m=3
and smoke
26 to 28 November 54 North Africa Mixture of dust and marine 271cm 3 0.91 181+29ng m—3
aerosols 81cm™3 0.96 34+21ng m3
7 to 10 December 84 North Africa Mixture of dust and marine 235cm ™3 0.92 103+ 18ng m—3
aerosols 80cm™—3 0.96 26+ 18ngm™3

Finally, through statistical analysis we were able to cor-
relate the aerosol plumes origin, their composition, and the
influences that they exert on Ny and particle size seasonal
regime at the ENA to group the multiday transport events
with similar characteristics into the following three cate-
gories: (1) dust and marine mixture events — including the
March 2017 event with Arctic and Canadian origins and the
November and December 2017 events from North Africa,
which caused a statistically significant increase in baseline
Nyt and statistically non-significant shifts in baseline size
distribution and CCN potential activation fractions; (2) pol-
luted continental and marine mixture — including January,
April, May, and October 2017 events originating in continen-
tal industrialized areas, which caused statistically significant
changes in baseline submicron particle number concentra-
tion, baseline size distribution, and baseline CCN potential
activation fractions; (3) biomass burning — including the Au-
gust and September 2017 events, which caused statistically
non-significant changes in baseline submicron aerosol parti-
cles but did produce statistically significant shifts in baseline
particle size distribution and an increase in the CCN potential
activation fraction.

In the following three sections, we discuss case studies
representative of the diverse continental plumes arriving at
the ENA through the year, while in Sect. 3.2.4, Table 3, and
Fig. 8 we provide a summary statistic of the three multiday
event regimes mentioned above.

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 southeastward
and enhancing trade winds over the Sahara (Chiapello, 2005;
Riemer et al., 2006; Alonso-Pérez et al., 2011; Nakamae and
Shiotani, 2013). Sahara dust intrusions in the North Atlantic
MBL have been 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).
During the transport over the ocean, dust particles typically
mix with marine aerosols (Peshev et al., 2019), undergoing
heterogenous chemical reactions and removal mechanisms
that alter their composition and size and, as a consequence,
their influence on the CCN aerosol baseline regime. In this
study, we identified the arrival of air masses from the west-
ern Sahara and Mauritania to the ENA between 7 and 12 De-
cember 2017 (Fig. 4). Here, we assess CALIPSO retrievals,
aerosol hygroscopicity parameters as a function of dry parti-
cle size (kgTpMA ), non-refractory sulfate and organic mass,
concentrations of black carbon, and CO to confirm the nature
of the aerosol particles arriving at the ENA during the event
(Fig. 7c). CALIPSO aerosol profiles indicate the presence of
a mixture of dust and marine aerosol in the marine boundary
layer. Simultaneously, kgrpma values were 0.22, 0.30, 0.37,
0.32, and 0.37, respectively, for dry particles with D, = 50,

30

35

40

45

50



F. Gallo et al.: Long-range transported continental aerosol in the eastern North Atlantic

Table 3. Summary of the characteristics of each type of multiday aerosol plume transport event. Italic values indicate statistically significant
A.

Dust and marine mixture

Polluted continental and marine
mixture

Biomass burning

Events date (year 2017) and origin

12 to 15 March — Arctic/Canada
26 to 28 November — North Africa
7 to 10 December — North Africa

7 to 11 January — North Europe
20 to 22 April — North Europe
21 to 22 May — North America
11 to 13 October — hurricane

26 to 29 August — North America

9 to 13 September — North America

Statistical analysis

A Niot >110% Between 95 % and 110 % <25 %
ANA¢/Nac <1% >200 % >200%
AAF) 19 ~5% SS 0.1 % Between 30 % and 75 % >75%
AAF) 19 ~7% SS 0.2 % Between 35 % and 100 % >75%
Size mode fraction

N ¢ contribution to Niot ~59 % ~42 % ~33 %
Nac contribution to Nyot ~38% ~56 % ~63 %

11

100, 150, 200, and 250 nm (Fig. 7a). For representative at-
mospheric aerosol particles, the hygroscopicity parameter
kaTDMA ranges from O to 1.4, where high values (>0.5) indi-
cate very hygroscopic inorganic species such as sodium chlo-
ride, and low values indicate non-hygroscopic organic en-
riched compounds (0.01 <kgTpma <0.5 slightly to very hy-
groscopic, and kgytpma <0.01 non-hygroscopic components)
(Petters and Kreidenweis, 2007). Although freshly emitted
Sahara dust particles are typically not soluble, depending on
10 the transport path and environmental conditions during the
transport, heterogenous chemical interactions with other at-
mospheric particles and trace gases can influence their com-
position and enhance their hygroscopicity (Levin, 2005; Kal-
los et al., 2007; Astitha et al., 2010). The kgtpma values ob-
15 served here were accompanied by mean sulfate and organic
mass concentrations, respectively, 1.63 and 0.91 pg m~3, cor-
responding to 7-fold and 2-fold increase, respectively, in sul-
fate and organic masses compared to the baseline regime dur-
ing the month of December 2017, suggesting that sulfates
20 of marine and anthropogenic origins likely coat the dust,
making the particles more hygroscopic (Fig. 7c) (Koehler
et al., 2009; Choobari et al., 2014; Zhang et al., 2014).
Mean black carbon concentrations during the event were also
higher than for the rest of the month (event mean BC was
25 101 £ 17 and up to 120 ng m~ against baseline mean BC in
December 2017 which was 26 £ 8ng m’3), while CO lev-
els remained constant (event mean CO was 101.4 & 3 ppmv
against baseline mean CO in December 2017 which was
100.9 + 9 ppmv). Consistent with our results, previous stud-
a ies found that aerosol from biomass burning activities occur-
ring during the dry season in the Sahel region (Boreal winter)
can mix with the dust, affecting the composition of the par-
ticles without the transport of smoke over the Atlantic (Ben-
Ami et al., 2009; Redemann et al., 2021). The arrival of the
35 aerosol plume at the ENA was associated with an increase in
mean submicron aerosol number concentration of approxi-

3

mately double that under baselinel@% conditions (mean event
Niot = 683 £ 135 cm™> compared to monthly mean Ny De-
cember 2017 was 313 4+ 128 cm_3). Aitken and accumula-
tion mode particle concentrations both double, while the rel-
ative contributions of the two modes to Ny, remained sim-
ilar to baseline with mean Aitken contribution of 59 % and
mean accumulation contribution of 38 % of Nyo (Nat/Nac
change = 0.3 %) (Fig. 7b), indicating that the particles arriv-
ing at the ENA during the event had a size distribution sim-
ilar to that of the regional aerosol. The peak of the size dis-
tribution in the accumulation mode was at 127 nm for both
event and baseline aerosol regimes, while the concentration
of Dp>200nm particles was only 11 % of Nac. Our results
are in good agreement with previous studies conducted over
the central Atlantic Ocean (Astitha et al., 2010) and in the
Cape Verde region (Formenti et al., 2003) which found a high
number concentration of particles in the Aitken mode, asso-
ciated with the arrival of a mixture of dust and anthropogenic
sulfate from North Africa. Namely, Formenti et al. (2003)
reported Nai/Nac ratio ~ 1.5-3 and size distribution dom-
inated by particles with D150 nm. The size of dust parti-
cles over the Atlantic Ocean is the result of a combination of
different source regions, dust generation mechanisms, atmo-
spheric synoptic conditions, and sink mechanisms. A num-
ber of previous studies have focused on the evolution of the
size distribution of dusty aerosols during transport over the
North Atlantic and report rapid loss of coarse mode parti-
cles due to gravitational settling and wet deposition just off
the coast of Africa, while finer particles remain in suspen-
sion 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 follow-
ing a similar trend of Ny (mean event Ncen = 70£27
and 109431 cm™ compared to monthly mean Ncen De-
cember 2017 which was 165432 and 280 & 36cm ™3, re-
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12 F. Gallo et al.: Long-range transported continental aerosol in the eastern North Atlantic

spectively, for SS 0.1 % and 0.2 %, and corresponding in-
creases by factors of 2.3 and 2.5, respectively, over baseline
value observed during the month of December 2017) lead-
ing to almost no change in CCN potential activation frac-
tion (event AF was 0.25 and 0.42 compared to AF in De-
cember 2017 which was 0.26 and 0.42, respectively, for SS
0.1 % and 0.2 %). Furthermore, the linear regression between
Niot and Ncen during the event and under baseline condi-
tions shows similar slopes (at SS 0.1 %: Nccen = 0.23 Niot,
and Ncen = 0.18 Ny, respectively, during the event and un-
der baseline conditions at SS 0.2 %: Ncen = 0.40No: and
Ncen = 0.30Nyy; during the event and under baseline con-
ditions, respectively), indicating that the enhanced concen-
tration of CCN observed during the event is mainly due
to higher Ny (Fig. 7d). Furthermore, when comparing the
potential activation fraction to the ratio of Na. and N
we observed a good linear regression (AF =0.42Nac/Nat,
with 72 =0.93 at SS 0.1 %, and AF=0.67Nac/Na;, with
r2=0.90 at SS 0.2 %), suggesting a strong correlation be-
tween CCN activation and particle size (Fig. 7e).

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

Air masses from the Arctic and Europe occasionally reach
the northeast 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 trans-
port event of marine and polluted continental aerosol mixture
at the ENA which occurred between 20 and 22 April 2017.
The aerosol plume originated from the Arctic and, before
entraining into the MBL at ENA, traveled 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). Typically, during the trans-
port to the ENA, air masses are contaminated by industrial
and urban pollution over industrialized European regions.
The source apportionment of aerosol in Europe has been
examined in previous studies by means of long-term stud-
ies and long-term station and satellite retrievals (Ng et al.,
2010; Yang et al., 2020; Bressi et al., 2021; Chen et al,,
2022). Over Europe, the major contribution to aerosol emis-
sions in central and northern Europe is by particles from
solid fuel combustion with both residential and urban/indus-
trial origins (Karagulian et al., 2015; Thunis et al., 2018),
while biomass burning from wild fires (Pio et al., 2008) and
agricultural fires only contributes marginally in eastern Eu-
rope (Stohl et al., 20027E7). As a result, non-refractory sul-
fates, primary organic aerosols, and BC are emitted in the
atmosphere, leading to average annual concentrations (pe-
riod including years 2014 to 2018) over Europe of 1.80,
0.94, and 0.23 ug m 3, respectively (Yang et al., 2020). How-
ever, the types of emission sources and aerosol contributions
vary seasonally, leading to higher aerosol mass concentra-
tions in the wintertime and lower in the summertime (Yang

et al., 2020; Chen et al., 2022). Typically, freshly emitted ur-
ban/industrial particles are the result of incomplete combus-
tion processes and consist of soot and hydrophobic organic
compounds that do not show high hygroscopic growth (Swi-
etlicki et al., 2008). However, once in the atmosphere, photo-
chemical aging processes and changes in mixing state (e.g.,
coating of hydrophilic material) increase particle hygroscop-
icity (Weingartner et al., 19970¢5]; Wang et al., 2010) and
their ability to act as CCN (Wittbom et al., 2014). Here, we
observed kgrpma Vvalues almost constantly across the mea-
sured particle size range of 50 to 250 nm (kgTpma Vvalues
were 0.44, 0.44, 0.49, 0.48, and 0.49, respectively, for dry
particles with D, = 50, 100, 150, 200, and 250 nm), which
suggests the presence of aged, well-mixed particles (Fig. 7f).
Mass concentrations of non-refractory sulfate and organics
were, respectively, 1.03 and 0.50 ug m=3 and were almost 3-
fold and 5-fold higher than during the baseline regime (mean
sulfate and organic concentrations in April 2017 were 0.36
and 0.11 pgm—3, respectively) (Fig. 7h). Furthermore, mean
BC concentration were 121 £33 and up to 176 ngm—3 dur-
ing the time period affected by the transport of particles from
northern Europe and higher than what was observed dur-
ing baseline conditions (monthly mean in April 2017 was
36 + 16 cm > ng m—3(%), which also confirmed the pres-
ence of particles with urban and industrial origins. CO lev-
els were also slightly higher than under baseline conditions,
ranging between 120 and 135 ppb (baseline CO concentra-
tion <112 ppb) indicative of a moderately polluted bound-
ary layer (Spackman et al., 201 1FE5). A statistically signifi-
cant increase in Ny baseline regime was observed during the
event (mean Ny event was 804 + 155 cm™3 against monthly
mean Ny April 2017 which was 414 £ 124 cm_S). The ac-
cumulation mode particle concentration was 3-fold higher
during the event than under baseline conditions with the size
distribution peaking between 135 and 140 nm, while the in-
crease in N was statistically significantly lower (= +25 %)
(Fig. 7g). Consequently, the mean particle diameter shifted
toward larger sizes and the contribution of the accumula-
tion mode to Ny, became predominant over the Aitken mode
(At contribution was 40 %, accumulation contribution was
57 %, corresponding to change in Na;/Nac = 148 %). Dur-
ing the event, Nccn exhibited mean values of 179 445 cm™3
at SS 0.1 % (compared to the monthly mean of April 2017
which was 84 +37cm™3) and 379 +23cm™3 at SS 0.2%
(compared to the monthly mean of April 2017 which was
122 + 67 cm™3). The total CCN active fraction was also sta-
tistically significantly higher during the event than under
the baseline regime, being 30% at SS 0.1 % and 49 % at
SS 0.2% and corresponding to a 34 % and 53 % increase
at SS 0.1 % and SS 0.2 %, respectively. Accordingly, the
slopes of the linear regression between Ny, and Nccn are
higher during the event than under baseline conditions (at
SS 0.1 %: Ncen = 0.28 Nyor and Noen = 0.19 Ny, respec-
tively, during the event and under baseline conditions, and
at SS 0.2 %: Ncen = 0.46 Ny and Ncen = 0.28 Ny during
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Figure 4. CALIPSO trajectories (blue) and HYSPLIT back trajectories (red) arriving at S0 m a.g.1. above the ENA site on 7 December 2017

(© Google Earth 2015).

the event and under baseline conditions, respectively) indi-
cating the enhanced ability of the continental transported par-
ticles to act as CCN (Fig. 7i, ji&). While comparing the po-
tential activation fraction to the ratio of Nac. and Na¢, the
shape of the curves generated were different at SS 0.1 % and
0.2 % (Fig.7j). A linear regression was generated at SS 0.1 %
(AF=0.1740.07Nac/Na¢, with r2 =0.83) versus a log-
normal distribution at SS 0.2 %. These results suggest that,
while at lower supersaturation the number of activated parti-
cles was mainly driven by a shift towards larger particle size;
at higher supersaturation particle composition also played a
strong role. Thus, the increase in Nccn during the event was
likely trigged by the combination of high N, elevated rela-
tive contribution of accumulation mode particles to Ny, and
high kgrpMmA values. Supporting our findings, previous stud-
ies have hypothesized that shortly after emitted in the atmo-
sphere, sulfate particles mix with BC and other inorganic and
organic species. As a consequence, during the transport par-
ticles can reach larger D, and become more hygroscopic due
to the presence of sulfate in the mixture, therefore enhancing
the CCN active fraction (Swietlicki et al., 2008; Massling et
al., 2015).

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 (Hon-
rath, 2004; Alves et al., 2007; Dzepina et al., 2015; Gar-
cia et al.,, 2017). Zhang et al. (2017) reported that 16 %,
15 %, and 13 % of the air masses intercepted at Pico Moun-
tain, respectively, in spring, summer, and fall are influenced
by North American anthropogenic sources with 7.3 % be-
ing associated with wildfire influences. Namely, during sum-
mer 2017, several severe wildfires raged in the United States
and northwest Canada (Kloss et al., 2019). Biomass burn-
ing particles in the smoke from the wildfires are typically
released into the lower extratropical stratosphere and trans-
ported by cold fronts through the jet stream eastward over
the Atlantic Ocean, where cold descending airstreams favor
their entrainment in the MBL (Owen et al., 2006; Khaykin
et al., 2018; Peterson et al., 2018). Here we present a de-
tailed characterization of a long-range transport event of
biomass burning aerosols that affected the ENA between 9
and 13 September 2017. During this period, the arrival of air
masses from North America are associated with an elevated
number of active wildfires in North America and Canada, as
observed by NASA Worldview VIIRS 375 active fires counts
between 1 and 15 September 2017. (Fig. 6). Long-range
transported biomass burning aerosols from North Ameri-
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can and Canadian wildfires at the ENA in August 2017
have also been reported by a previous study (Zheng et al.,
2020). The presence of biomass burning particles is con-
firmed by the analysis of aerosol optical properties (data
s not shown), which shows mean aerosol absorption coeffi-
cients at A 648nm=1.0440.28 Mm~! and mean SSA at
A 464 =0.93 £0.02, in agreement with values reported by
previous studies of North American aged wildfire aerosols
(Clarke et al., 2007; Zheng et al., 2020), The xpTDMA
10 values were lower than baseline conditions at 0.32, 0.31,
0.28, 0.28, and 0.29 for particles with Dy = 50, 100, 150,
200, and 250, respectively, (Fig. 7k), while mean sulfate
and organic concentrations were, respectively, 4-fold and
9-fold higher than under the baseline regime (being that
15 mean sulfate and organic concentration during the event was
1.75 and 4.25ugm™3, respectively, and during the month
of September 2017 was 0.4 and 0.46 ugm™3, respectively)
(Fig. 7m). Simultaneously, mean BC concentrations were
175 £9ngm~3 during the time period affected by the trans-
20 port of particles from northern Europe (vs. monthly mean
BC in August 2017 which was 39 +22ngm~>) and mean
CO =186+ 64 ppb (against mean baseline CO concentra-
tion in August 2017 which was 94 &7 ppb) was indicative
of moderately polluted boundary layer. The substantially el-
25 evated concentration of organics and BC particles during the
event (up to 8.65ugm™> and 841 ngm™3) explains the low
hygroscopicity of the aerosol particles in the plume, as re-

ported by earlier laboratory studies on aged biomass fuel rep-
resentative of North American wildfires (Petters et al., 2009;
Lathem et al., 2013) (Fig. 7i). The event did not cause a statis-
tically significant increase in particle number concentrations
(mean event Ny = 530+ 189 cm ™3 compared to monthly
mean Ny December 2017 which was 421 4139 cm’3),
which were dominated by particles with Dp>100 nm (mean
Aitken and accumulation contributions to Ny = 37 % and
58 %, respectively) (Fig. 71). Fresh biomass burning aerosol
commonly has a unimodal distribution with D, between 30
and 100 nm (Hosseini et al., 2010; Levin et al., 2010). How-
ever, during the transport events, aerosol processes such as
coagulation and condensation of organic material onto ex-
isting particles lead to the formation of larger particles with
Dy, between 170 and 300 nm and to narrower size distribu-
tion compared to that of freshly emitted particles (Zellner,
2000; Dentener et al., 2006; Janhll et al., 2010). Associated
with the above-mentioned shift in size distribution, we found
potential activation fractions (0.44 and 0.70 at SS 0.1 % and
70 % at SS at 0.2 %, respectively) approximately twice those
under baseline conditions, suggesting that the transported
aerosol particles are more effective as CCN. Similarly, the 2
and slopes obtained through linear regression between Ny
and Nccn are higher under periods affected by the events
compared to baseline conditions (r> =0.56 with a slope
of 0.44£0.005 at SS 0.1% and r? = 0.66with a slope of
0.68 +0.007 at SS 0.2 % during the event, against r> = 0.32
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with a slope of 0.22 +0.001 at SS 0.1 % and > = 0.40 with a
slope of 0.34 4+ 0.007 at SS 0.2 %) (Fig. 7n). The CCN con-
centration was higher (respectively, 220 % at SS 0.1 % and
227 % at SS 0.2 %) during the event then for the rest of the
month of September 2017. Furthermore, comparing the po-
tential activation fraction to the ratio of Nac and Na¢, we ob-
tained lognormal distributions at both SS 0.1 % and SS 0.2 %,
indicating that particle composition also affects the concen-
tration of particles that can act as CCN (Fig. 70). These re-
sults demonstrate that aged wildfire aerosols dominate the
accumulation mode and act better as CCN and affect CCN
budget at the ENA with potential effects on Earth’s albedo,
cloud’s lifetime, and precipitation (Albrecht, 1989).

3.2.4 Continental aerosol influences on regional
aerosols properties and CCN

Multiday aerosol plume transport events at the ENA influ-
ence regional aerosol properties and CCN concentrations.
However, the extent of changes in Ny and particle size mode
are dependent on the origin and composition of the trans-
ported particles and affect CCN concentrations differently.
Here, we provide a summary statistic of the influence of con-
tinental aerosol emissions on baseline aerosol population and
baseline CCN concentrations at the ENA for the three multi-
day event regimes discussed in Sect. 3.2.

The arrival of the mixture of marine aerosol and dust
plumes as observed in the months of March 2017, with Arctic
and Canadian origins, and in November and December 2017
originated in North Africa and provoked a statistically signif-
icant increase in Ny (123 %), accompanied by statistically
non-significant shifts in size distribution and a CCN poten-
tial activation fraction (Fig. 8a). Namely, particle concen-
trations in the Aitken and accumulation modes show com-
parable increase (mean increase was 117 % and 146 %, re-
spectively, for Na; and Na) (Fig. 8a), and consequently the
relative Aitken and accumulation mode contributions to Nt
remain almost constant (Na¢/Nac changes <1 %), with the
mean Aitken and accumulation modes being, respectively,
59 % and 38 % of the total number concentration (Fig. 8b)
and similar to the baseline condition (where the At mode
contributes 61 % and the accumulation mode 36 % to Nio)
(Fig. 8b). The gravitational settling of coarse particles during
the transport to the ENA is likely the reason why we did not
find statistically significant shifts towards larger particle sizes
(Lawrence and Neff, 2009; Mahowald et al., 2014, Friese et
al., 2016). Although wet scavenging might also have played
a role in the removal of coarse particles. The arrival of the
aerosol plumes at the ENA also leads to higher CCN concen-
trations (mean increase was 122 % and 162 %, respectively,
at SS 0.1 % and SS 0.2 %) than under an 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 19 = 0.26 and AFy,9 = 0.42 against mean AF
under unperturbed aerosol conditions: AFy ¢ = 0.27 and
AFp29 = 0.41) (Fig. 8a). These results indicate that a mix-
ture of dust and marine aerosol particles has the same ability
of acting as CCN that marine regional aerosol at the ENA
has, and the elevated Nccn are a consequence of increased
Niot.

The multiday aerosol plume transport events that oc-
curred in the months of January, April, May, and Oc-
tober 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 statistically significant changes in base-
line submicron particle number concentration, size distri-
bution, and CCN potential activation fraction. Furthermore,
we found a ~4-fold higher aerosol absorption coefficient
at 648nm and a mean absorption Angstrom exponent at
1460/648 nm = 1.04 4 0.1 Mm ™! during the events, and the
mean black carbon concentration was 177£76 and up
to 319ngm~> against the mean concentration under un-
perturbed aerosol conditions of 354 16ngm™ (data not
shown), as expected for aerosols 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 the ENA experienced
a mean increase of 108 % due to 37 % and 256 % mean in-
creases, respectively, in the Na; and Na. modes (and cor-
responding to Na¢/Nac changes >200 %) (Fig. 8a). There-
fore, the accumulation mode became predominant over the
Aitken mode. Namely, during multiday aerosol plume trans-
port events, the average contributions of the Aitken mode
to the total number particle concentrations was 42 % (be-
tween 35 % and 45 % depending on the event), while the av-
erage contributions of the accumulation mode to Ny; was
56 % (between 45 % and 60 %) (Fig. 8b). The aforemen-
tioned changes in the baseline aerosol regime in terms of
number particle concentrations and shifts in size distribu-
tions caused higher CCN concentrations (mean increase was
176 % and 240 %, respectively, at SS 0.1 % and SS 0.2 %)
and statistically significant increases in CCN potential acti-
vation fractions (mean AF during the event: AFy ¢ = 0.34
and AFp29 = 0.55 corresponding to AF increases between
25 % and 50 %) (Fig. 8a). This result suggests that polluted
particles of continental origins with D,>100nm are suffi-
ciently large to readily serve as CCN and have the potential
to substantially increase CCN concentrations in marine re-
mote regions (Hudson and Xie, 1999).

Finally, the long-range transport of smoke and biomass
burning aerosols identified in the months of August and
September 2017 did not impact the concentration of submi-
cron aerosol particles, causing only a weak increase (< +
25 %) in submicron number particle concentrations. How-
ever, the events led to statistically significant shifts in particle
size distribution and an increase in the CCN potential acti-
vation fraction with respect to baseline conditions, namely
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Figure 6. NASA Worldview VIIRS 375, active fires between 1 and 15 September 2017 (red circles) and HYSPLIT back trajectories arriving
at 50ma.g.l. above the ENA site on 10 September 2017 (© Google Earth 2015).

these events caused only a weak increase (< + 25 %) in sub-
micron number particle concentrations accompanied by the
decrease of Aitken mode particle concentrations (mean re-
duction was —39 % and down to —50 %) and the increase of
accumulation mode particle concentrations (mean increase =
+115%) (Fig. 6i, j). Thus, during the high CCN activa-
tion events, Aitken mode particles only represented 33 % of
Niot, While mean accumulation mode contribution to Nyt was
63 % (Fig. 8b). The shift in size distribution corresponded to
a decrease in the N/ Nac ratio of ~ 300 %. Simultaneously,
mean CCN concentrations and AF values were 118 % and
119 % higher during the event compared to baseline condi-
tions at SS of 0.1 % and 0.2 %, respectively, and were associ-
ated with an elevated mean CCN potential activation fraction
(=0.46 at SS 0.1 %, and 0.74 at SS 0.2) (Fig. 8a). These find-
ings suggest that the shape of the submicron particle size dis-
tribution exerts a considerable effect on the ability of aerosols
to act as CCN, and the arrival of biomass burning aerosols
from continental wildfires statistically significantly affects
the CCN concentrations at the ENA.

4 Conclusions

Multiday aerosol events due to long-range transport of conti-
nental aerosols are observed at the ENA throughout the year.
In this study, we develop an algorithm that integrates submi-
cron aerosol size distribution, single scattering albedo, and
black carbon concentration measurements to identify multi-
day aerosol plume transport events occurring at the ENA in

2017. In the year 2017, we identified nine events of long-
range transported particles (with durations >24h), corre-
sponding to ~7.5% of the year. Analysis of 10d HYS-
PLIT backward trajectories and CALIPSO aerosol products
indicate different origins and aerosol compositions of the
air masses arriving at the ENA during the transport events.
Namely, we observed the arrival of (1) a mixture of dust and
marine aerosols from the Arctic and Canada in March 2017
and from North Africa in November and December 2017,
(2) a 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 burn-
ing aerosol from North America and Canada in the months
of August and September 2017. Subsequently, we assess
the influence of aerosol plumes composition on CCN con-
centrations at the ENA, investigating the mechanisms that
trigger the increase in Nccn. The events characterized by
the arrival of a mixture of dust and marine aerosols at the
ENA caused statistically significant increases in Ny, while
the aerosol size distribution and CCN potential activation
fraction remained similar to baseline conditions, indicating
that greater Nccn were attributable to the elevated concen-
tration of particles during the event. High CCN concentra-
tions are attributed to both high Ny and also the domi-
nance of particles large enough to act as CCN (D, >100nm)
from mixed marine and polluted continental aerosol plumes.
Conversely, despite only causing slight increases in baseline
Niot, the events dominated by the arrival of biomass burning
aerosols were characterized by the presence of particles with
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Figure 7. Case study of December 2017 (leftmost), April 2017 (center), and September 2017 (rightmost) events. Submicron particle size
distribution under baseline conditions (blue) and during the events (red) and kgrpma (open circles) during the events (a, f, kK); Aitken,
accumulation, and large accumulation mode contributions to (b, g, 1); non-refractory sulfate and organic aerosols (¢, h, m); scatter plot of
Nccn versus Niot during the event (red circle) and fitting lines for the events at SS 0.1 % (red) and at SS 0.2 % (dark red) (d, i, n); and plot
of potential activation ratio versus Na./N or the events at SS 0.1 % (red) and at SS 0.2 % (dark red) (e, j, 0).

a strong ability to act as CCN, leading to 2-fold higher Nccn. aerosol event is identified, the analysis of changes in baseline
Based on our analysis, the transport of continental particles Nior and particle size distribution, as well as their correlation,
at the ENA caused a total Nccn increase by ~22 % with might be used as a proxy to estimate how CCN are affected.
respect to the CCN baseline regime, impacting ~28d and Based on the characteristics of the type of events discussed

s strongly contributing to the CCN concentrations at the ENA above, in the future an algorithm to predict Nccn variations 15
in 2017. Namely, we observed that plumes dominated by a during multiday events of long-range transport of aerosols
mixture of dust and marine aerosols, a mixture of marine and could be developed and validated at the ENA to inform stud-
polluted continental aerosols, and biomass burning aerosols ies at other locations and constrain model predictions of CCN

can cause, respectively, a 6.5%, 8 %, and 7.4 % increase regime perturbations over remote oceans. Furthermore, the
10 in Ncen. Furthermore, we showed that, once the multiday influences of aerosol perturbations on cloud properties and 2o
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cloud adjustments at the ENA might be explored in future
studies using ARM-retrieved cloud optical properties and
value-added products as well as ARM ceilometer lidar and
KAZR?2 datasets upon evaluations of radar and lidar tech-
niques and the validation of retrieved observations against in
situ measurements.
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