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Abstract. The NASA North Atlantic Aerosols and Marine Ecosystems Study (NAAMES) ship and aircraft field
campaign deployed to the western subarctic Atlantic between the years 2015 and 2018. One of the primary goals
of NAAMES is to improve the understanding of aerosol–cloud interaction (ACI) over the Atlantic Ocean under
different seasonal regimes. ACIs currently represent the largest source of uncertainty in global climate mod-
els. During three NAAMES field campaigns (NAAMES-1 in November 2015, NAAMES-2 in May 2016, and
NAAMES-3 in September 2017), multiple 10 h science flights were conducted using the NASA C-130 aircraft to
measure marine boundary layer aerosol and cloud properties. The standard flight pattern includes vertical spirals
where the C-130 transitioned from high altitude to low altitude (and vice versa), collecting in situ measurements
of aerosols, trace gases, clouds, and meteorological parameters as a function of altitude. We examine the data
collected from 37 spirals during the three NAAMES field campaigns, and we present a comprehensive charac-
terization of the vertical profiles of aerosol properties under different synoptic conditions and aerosol regimes.
The vertical distribution of submicron aerosol particles exhibited strong seasonal variation, as well as elevated
intra-seasonal variability depending on emission sources and aerosol processes in the atmospheric column. Pris-
tine marine conditions and new particle formation were prevalent in the wintertime (NAAMES-1) due to low
biogenic emissions from the surface ocean and reduced continental influence. Higher concentrations of submi-
cron aerosol particles were observed in the spring (NAAMES-2) due to strong phytoplankton activity and the
arrival of long-range-transported continental plumes in the free troposphere with subsequent entrainment into
the marine boundary layer. Biomass burning from boreal wildfires was the main source of aerosol particles in
the region during the late summer (NAAMES-3) in both the marine boundary layer and free troposphere.
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1 Introduction

Atmospheric aerosols act as cloud condensation nuclei and
significantly affect cloud microphysical properties and for-
mation pathways. Subtropical marine low clouds are the
most impacted by perturbations in aerosol properties and
are highly sensitive to changes in cloud condensation nuclei
(CCN) concentrations (Twomey, 1977; Warren et al., 1988;
Albrecht, 1989; Moore et al., 2013; Wood et al., 2017). How-
ever, at present, the complex interactions among aerosols and
low-cloud systems in marine environments constitute one of
the largest uncertainties in climate models (Carslaw et al.,
2013; Simpkins, 2018), limiting the accuracy of future cli-
mate model predictions. One of the main reasons for this
uncertainty is the incomplete representation of aerosol prop-
erties and processes and their spatial distribution under dif-
ferent synoptic conditions in remote marine regions, where
aerosol loadings are lowest and cloud droplet sensitivities are
greatest (Moore et al., 2013).

Recently, the North Atlantic Ocean has been the target of
many research field campaigns, aiming to improve process-
level understanding of marine aerosols in remote environ-
ments (Wood et al., 2015; Behrenfeld et al., 2019; Sorooshian
et al., 2020; Wang et al., 2021). The region is characterized
by pervasive low-lying clouds that often form under the pres-
ence of low aerosol concentrations of a few hundred parti-
cles per cubic centimeter; although, perturbations may re-
sult from episodic continental transport and synoptic weather
systems (Wood et al., 2017). Through the year, aerosol con-
centrations and properties in the atmospheric column are im-
pacted by different sources, including marine biogenic emis-
sions from the surface ocean (O’Dowd et al., 2004; de Leeuw
et al., 2011; Quinn et al., 2015; Sanchez et al., 2021) and
the entrainment of both biogenic and anthropogenic parti-
cles from the free troposphere (FT; Raes, 1995; Honrath,
2004; Clarke et al., 2013; Hamilton et al., 2014; Dzepina et
al., 2015; García et al., 2017). Furthermore, several aerosol
processes, such as new particle formation, condensational
growth of existing particles, and aerosol removal by coales-
cence scavenging, also play a key role in shaping aerosol
budget and aerosol vertical distribution in the Atlantic region
(Bates et al., 1998; Wood et al., 2017; Sanchez et al., 2018;
Zheng et al., 2018).

The aerosol population in the marine boundary layer
(MBL) is often dominated by particles of marine origin (Ri-
naldi et al., 2010; Lapina et al., 2011; de Leeuw et al., 2014).
The emission of ocean-derived particles into the MBL fol-
lows different pathways and is driven by meteorological con-
ditions and ocean biological activity, thus exhibiting strong
seasonal variations. Sea spray aerosol (SSA) which includes
sea salt, non-sea-salt sulfate, and particulate organic mat-
ter are directly emitted in the MBL by bubble bursting and
wave-breaking processes at the atmosphere–ocean interface.

Previous studies have shown that high wind speeds during
fall and winter intensify the breaking of waves, and sea
spray enriched with organics is the main contributor to the
MBL aerosol mass and a strong contributor to the CCN bud-
get (Quinn et al., 2017). Simultaneously, ocean ecosystems
are responsible for the emission of marine volatile organic
compounds (VOCs) that oxidize in the atmosphere and con-
dense onto existing particles, leading to new particle for-
mation (Facchini et al., 2008; Rinaldi et al., 2010; Bates
et al., 2020). The dominant ocean-derived biogenic VOC is
dimethylsulfide (DMS), which is formed from a metabolite
produced by marine phytoplankton called dimethylsulfonio-
propionate (DMSP) (de Leeuw et al., 2011; Quinn et al.,
2015). Once released in the atmosphere, DMS oxidizes to
sulfuric acid and methanesulfonic acid (MSA), and it can
cause the condensational growth of existing particles (Pandis
et al., 1994; Hodshire et al., 2019; Lv et al., 2019; Sanchez et
al., 2021). Several studies have found correlations between
MBL sulfate concentrations and the phytoplankton seasonal
cycle (Pandis et al., 1994; Bates et al., 1998; Quinn et al.,
2014; Andreae et al., 2003) and/or chlorophyll a (Chl-a) lev-
els in the ocean (that is sometimes used as a rough proxy for
marine biomass concentration) (Bates et al., 1992; O’Dowd
et al., 1997, 2004; Ovadnevaite et al., 2014; Saliba et al.,
2020), while DMS-produced sulfate has been suggested as
the largest source of CCN in the remote marine MBL (Charl-
son et al., 1987; Pandis et al., 1994; O’Dowd et al., 1999;
Korhonen et al., 2008; Sanchez et al., 2018).

Although regional ocean sources play a substantial role in
controlling the aerosol budget over the North Atlantic, ear-
lier studies suggested that long-range-transported particles
of continental origins are the major sources of aerosols in
the FT over midlatitude oceans (Raes, 1995; Honrath, 2004;
Pio et al., 2008; Dzepina et al., 2015; Wang et al., 2021).
Aerosol particles originating in the North American conti-
nental boundary layer can be transported in the FT for several
days and subsequently entrain into the MBL. The presence
of North American pollution outflow and biomass burning
particles from US and Canadian boreal forests in the North
Atlantic region have been previously reported (Zhao et al.,
2012; Parrington et al., 2012; García et al., 2017; Zheng et
al., 2018) and have been associated with high CCN concen-
tration events (Wood et al., 2015).

In this context, a quantitative understanding of aerosol
properties and processes, as well as the competing influ-
ences of long-range transport versus local boundary layer
aerosols, is crucial to assess the near-cloud aerosol burden
under different atmospheric air mass types and constrain the
CCN budget over the North Atlantic region. Motivated by
this need, NASA conducted the North Atlantic Aerosols and
Marine Ecosystems Study (NAAMES) field campaigns in the
western North Atlantic Ocean (WNAO) region between 2015

Atmos. Chem. Phys., 23, 1465–1490, 2023 https://doi.org/10.5194/acp-23-1465-2023



F. Gallo et al.: Aerosol vertical profiles over the western North Atlantic Ocean 1467

and 2018. NAAMES targets specific phases of the annual
phytoplankton cycle:

– NAAMES-1 (November 2015), winter transition – Chl-
a concentrations (< 1 mg m−3), high wind and sea
states;

– NAAMES-2 (May–June 2016), bloom climax transition
– increasing Chl-a levels (> 1 mg m−3), relatively calm
sea state and wind conditions;

– NAAMES-3 (August–September 2017), declining
phase – lower phytoplankton activity (Chl-a concentra-
tions< 0.7 mg m−3); and

– NAAMES-4 (March–April 2018), accumulation phase
– elevated and variable Chl-a concentrations (ranging
from 0.5 to 3.5 mg m−3).

A detailed description of the project and each deployment is
given by Behrenfeld et al. (2019). During the campaigns, si-
multaneous ship- and aircraft-based observations of aerosols,
trace gases, and clouds were collected in order to improve
understanding of the aerosol and CCN budget and their con-
trolling processes over the WNAO.

This study leverages aircraft and ship-based in situ mea-
surements of aerosol, trace gases, and meteorological param-
eters collected during the NAAMES field campaigns. We
examine and discuss the vertical profiles of aerosol proper-
ties under different aerosol and meteorological regimes in
relation to diverse emission sources, sink mechanisms, and
thermodynamic structure of the atmospheric column. With
this work, we aim to achieve a quantitative understanding
of aerosol seasonal variations over the WNAO and provide a
framework for improving process-level understanding of ma-
rine aerosol–cloud interactions (ACIs), which are critical to
adequately link observations and climate modeling. This pa-
per should be of interest to those seeking to understand the
vertically resolved, seasonal climatology of the remote ma-
rine atmosphere. In addition, we provide key observational
constraints for evaluating aerosol–cloud interactions in mod-
els.

2 Measurements and methodology

2.1 NAAMES C-130 flights overview

The NAAMES field campaigns took place in the western
North Atlantic Ocean region (38–65◦ N and 34–50◦W). The
NASA C-130 aircraft flew during the first three campaigns
(C-130 measurements are not available for NAAMES-4) to
provide vertical observations of the MBL and lower FT struc-
ture. Standard flight patterns were performed during each
10 h flight to investigate the atmospheric composition and
meteorology below, in, and above clouds. Vertical spirals
were conducted where the C-130 descended from high al-
titude to low altitude (and vice versa), collecting measure-
ments as a function of altitude. This study focuses on the

measurements collected during the discrete aircraft spirals,
which were the periods when the C-130 sampled the same
area in a relatively short time at different altitudes. Here, we
analyze and discuss aerosols, trace gases, clouds, and mete-
orology data from a total of 37 spirals (7, 14, and 16 spi-
rals from NAAMES-1, NAAMES-2, and NAAMES-3, re-
spectively). Data were collected at 1 Hz between altitudes of
∼ 7500 and ∼ 80 m. To allow for a direct comparison be-
tween spirals, the data were averaged to 100 m altitude inter-
vals. The list of the spirals analyzed in this study is shown
in Table 1, and it includes UTC interval times, minimum and
maximum altitude ranges, and geographical coordinates. Ad-
ditionally, we analyze the ship-based aerosol measurements
collected on the research vessel (R/V ) Atlantis, heretofore
referred as “surface ocean measurements”, during C-130 spi-
ral times to link aerosol property observations from the ver-
tical column and surface ocean.

All the instruments deployed aboard the C-130 aircraft
sampled through a low-turbulence isokinetic inlet. A list of
C-130 and R/V Atlantis measurements and instruments ex-
amined in this study is given here and summarized in Table 2.
Measurements of submicron particle number concentration
on the aircraft were reported at 1 Hz and standard tempera-
ture and pressure (STP 273.15 K and 1031.25 hPa) from two
condensation particle counters (CPCs): the CPC model 3025,
with a nominal lower cutoff diameter of 3 nm (TSI Inc., St.
Paul, MN), and the CPC model 3772, with lower cutoff diam-
eter of 10 nm (TSI Inc., St. Paul, MN). On the ship, aerosol
number concentrations with lower cutoff diameter of 10 nm
were made using the CPC model 3010 (TSI Inc., St. Paul,
MN) and are reported at ambient, surface conditions. The to-
tal number concentration (NCN) reported in the text refers to
the measurements of submicron particle number concentra-
tion with Dp > 10 nm and obtained through the CPC models
3772 (C-130) and 3010 (R/V Atlantis) unless they are stated
as otherwise. On the C-130, the particle number size distri-
butions with diameters (Dp) between 100 and 3500 nm were
measured with a laser aerosol spectrometer (LAS) (model
3340, TSI, St. Paul, MN). In this study, we combine the mea-
surements from the CPC 3025, the CPC 3772, and the LAS
to describe the submicron size distribution by dividing the
data into three rough size modes:

1. newly formed particles (NP) consisting of sizes between
Dp = 3 to 10 nm,

2. Aitken (At) mode aerosols betweenDp = 10 to 100 nm,
and

3. accumulation (Ac) mode aerosols between Dp =

100 nm to 1 µm.

The number concentration of NP (NNP) is the difference be-
tween the submicron number concentrations of particles with
Dp > 3 nm (as measured by CPC 3025) and Dp > 10 nm (as
measured by CPC 3772). Similarly, we calculate the num-
ber of At mode particles (NAt) as the difference between the
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Table 1. UTC interval times, minimum and maximum altitude ranges, and geographical coordinates of the C-130 spirals analyzed in this
study.

UTC time Altitude (km) GPS coordinates

Date Spiral no. Start End Start End Latitude Longitude

N
A

A
M

E
S

1
12 Nov 2015 S1 1 13:00 13:21 6.95 0.14 50.117 316.638

14 Nov 2015
S1 2 13:24 13:41 6.23 0.15 54.038 321.650

S2 3 15:01 15:23 6.28 0.09 54.160 318.486

17 Nov 2015
S1 4 14:40 14:59 6.13 0.10 50.745 320.349

S2 5 16:07 16:22 0.93 6.18 49.799 320.279

18 Nov 2015 S1 6 14:45 15:02 6.26 0.09 46.459 323.307

23 Nov 2015 S1 7 12:25 12:46 6.72 0.10 42.495 320.200

N
A

A
M

E
S

2

13 May 2016 S1 8 21:09 21:30 7.22 0.17 43.907 300.019

18 May 2016 S1 9 11:19 11:40 6.25 0.09 44.476 315.524

19 May 2016 S1 10 13:54 14:15 6.16 0.09 42.952 317.048

20 May 2016 S1 11 14:58 15:15 0.10 5.75 42.250 317.750

S1 12 14:17 14:41 0.09 6.67 38.585 321.415

26 May 2016 S2 13 15:44 16:08 6.71 0.08 38.766 321.234

S3 14 18:24 18:39 0.19 6.54 45.319 314.681

27 May 2016 S1 15 12:28 12:52 6.27 0.10 45.653 314.347

28 May 2016 S1 16 13:36 13:55 6.35 0.09 44.493 315.507

29 May 2016
S1 17 12:11 12:33 6.37 0.09 44.486 315.514

S2 18 13:44 13:56 0.10 3.36 40.713 319.287

30 May 2016
S1 19 14:46 15:07 6.44 0.12 44.675 315.325

S2 20 17:39 17:58 6.40 0.11 43.078 316.922

1 Jun 2016 S1 21 15:12 14:17 6.18 0.10 38.358 321.642

N
A

A
M

E
S

3

4 Sep 2017
S1 22 13:36 13:56 6.752 0.095 43.058 316.261

S2 23 16:07 16:21 6.791 0.095 42.020 317.589

S1 24 11:35 11:58 6.857 0.086 44.157 318.224

6 Sep 2017 S2 25 13:59 14:28 0.098 7.543 44.356 316.636

S3 26 14:57 15:11 7.523 0.093 44.384 316.264

S1 27 12:34 12:54 6.842 0.106 47.658 319.421

8 Sep 2017 S2 28 14:43 15:04 0.565 6.851 47.243 319.729

S3 29 15:32 15:45 6.836 0.209 47.454 320.813

9 Sep 2017
S1 30 12:25 12:41 6.838 0.122 48.453 323.646

S2 31 14:27 14:47 6.890 0.098 48.478 321.049

S1 32 17:57 18:14 6.267 0.081 51.830 319.418

12 Sep 2017 S2 33 18:44 19:03 0.075 6.036 51.718 320.429

S3 34 19:29 19:45 6.276 0.121 51.450 321.654

16 Sep 2017
S1 35 11:57 12:12 6.297 0.093 54.032 321.048

S2 36 14:24 14:38 6.489 0.133 52.739 320.015

17 Sep 2017 S1 37 12:29 12:44 6.268 0.106 53.377 320.571
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number concentrations measured by the CPC 3772 and the
LAS. The NAc mode number concentrations were directly
measured by the LAS and defined as the corresponding num-
ber concentration. The total number concentration and the
number of particles in the NP, At, and Ac modes are reported
in the text as geometric means and geometric standard de-
viations, unless stated otherwise. The relative contribution
of each aerosol mode to the total particle concentration was
calculated as the ratio of NP, At, and Ac number concentra-
tions to NCN. A cloud condensation nuclei (CCN) counter
(Droplet Measurement Technologies, DMT) measured the
concentration of aerosol particles that act as cloud conden-
sation nuclei (Roberts and Nenes, 2005; Rose et al., 2008)
at a fixed water vapor supersaturation (SS) of 0.21 % at 1 Hz
and STP on the aircraft and at a water vapor supersaturation
level of 0.2 % and ambient temperature and pressure on the
ship. In order to avoid artifacts due to C-130 inlet shatter-
ing impacting the CPCs, LAS, and CCN measurements, spi-
ral portions affected by the presence of cloud droplets were
removed and, when possible, were integrated with measure-
ments collected during the C-130 above-cloud legs subse-
quent to the spirals. Aerosol composition was investigated
using an Aerodyne Research high-resolution aerosol mass
spectrometer (HR-ToF-AMS; DeCarlo et al., 2006) on both
the aircraft and ship. The AMS provides single-particle com-
position measurements of the mass concentrations of non-
refractory organics, sulfate, nitrate, and ammonium at 30 s
intervals on the ship and 1 Hz on the aircraft.

We assess the contribution of anthropogenic sources using
a single-particle soot photometer at 0.1 Hz (SP2, DMT, Boul-
der, CO), which measures refractory black carbon (BC) par-
ticle mass as well as a Los Gatos Research (LGR) CO/CO2
gas analyzer to measure carbon monoxide (CO) mixing ra-
tios. To identify ocean biological emissions, dimethylsul-
fide (DMS) mixing ratio measurements were conducted with
a proton-transfer-reaction time-of-flight mass spectrometer
(PTR-ToF-MS) at 1 Hz (Müller et al., 2014; NAAMES-1
data are not available as gas-phase concentrations were gen-
erally below detection limits). A cloud droplet probe (CDP,
DMT, Boulder, CO) measured the number concentrations of
cloud droplets for droplet size ranging between 2 and 50 µm
in diameter on the aircraft. CDP measurements made below
300 m are excluded from the analysis due to the potential
presence of fog layers and sea spray (Sinclair et al., 2019).

Potential temperature (θ ) and relative humidity (RH) were
measured through meteorological sensor packages. H2O
mixing ratio (w) measurements on the aircraft were made
using the H2O channel of the LGR CO/CO2 gas analyzer
described above. In this study, we use the vertical profiles
of potential temperatures and H2O mixing ratio to determine
the heights of the MBL, defined as the level of the maximum
gradient of thermal inversion and H2O mixing ratio profiles
(Chan and Wood, 2013; Wang and Wang, 2014; Dong et al.,
2015). Furthermore, MBL potential temperature and H2O
mixing ratio gradients are used to identify when the upper

portion of the sub-cloud layer is coupled or decoupled to the
ocean surface layer.

3 Results and discussion

3.1 Vertical structure of the atmospheric column

Vertical gradients of potential temperature, H2O mixing ra-
tio, and relative humidity play important roles in shaping the
structure of the vertical column (Dong et al., 2015). Here, we
evaluate θ , w, and RH vertical profiles to assess the thermo-
dynamic structure of the atmospheric vertical column dur-
ing the three NAAMES campaigns. Figure 1a shows that po-
tential temperature vertical distributions are relatively sim-
ilar within the three NAAMES campaigns with mean ver-
tical column θ slightly higher during the summer (mean
θ = 294± 11, 297± 12, and 310± 12 K during NAAMES-
1, NAAMES-2, and NAAMES-3, respectively) and cold air
breaks occasionally affecting the column thermodynamics.
H2O mixing ratio is higher for the spring campaign and ex-
hibits variability within days during all the seasons, with at
least one day per campaign showing values< 4000 ppmv and
another day> 12000 ppmv (Fig. 1b). RH levels are higher in
the winter and spring than in the summer (especially in the
MBL where they show higher frequency of RH values above
74 %), and inter-day variability is observed across all seasons
(Fig. 1c). A comprehensive summary statistics of MBL and
FT θ , w, and RH variations during the three NAAMES field
campaigns is provided in Table 3.

Marine boundary layer heights show strong seasonal vari-
ability. Mean MBL heights are higher in the winter and
spring (1776± 313 and 1657± 445 m, respectively) during
NAAMES-1 and NAAMES-2 and decrease in the summer
(mean value of 1144± 311 m). Furthermore, in most of the
cases analyzed, within the upper part of the MBL we observe
the presence of a residual layer, a zone of transition between
the surface mixed layer and FT that has a strong gradient in
thermodynamic properties and influence FT–MBL exchange
(Lenschow et al., 2000; Katzwinkel et al., 2012; Dadashazar
et al., 2018). A similar seasonal trend has been previously ob-
served in the eastern North Atlantic (Wang et al., 2021) and is
likely related to different seasonal synoptic conditions: (1) a
strong gradient of surface pressure between the Icelandic
Low and the Azores High and enhanced convective activities
in the winter that cause the MBL to deepen and (2) strength-
ening of the high-pressure system over the North Atlantic in
the summer and fall that leads to a stronger and lower in-
version altitude (Rémillard et al., 2012; Wood et al., 2015).
Furthermore, we found that in winter and spring the MBL is
more often decoupled in two separate layers (a surface mixed
layer at the surface ocean and an upper decoupled layer)
than in the summer (MBL decoupling occurrence in 58 %,
64 %, and 37 % of the cases analyzed during NAAMES-1,
NAAMES-2, and NAAMES-3, respectively; Fig. 2). Indeed,
in winter and spring, when the MBL is deeper, the turbu-
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Table 2. Measurements of aerosol and cloud properties on the C-130 used in this study.

Measurement Symbol Unit Instrument

Total aerosol number concentration NCN cm−3 TSI CPC model 3025A (Dp)> 3 nm
TSI CPC model 3772A (Dp)> 10 nm

Accumulation mode aerosol
(100 nm<Dp < 1000 nm)

Ac cm−3 TSI LAS model 3340

CCN number concentration at 0.21 % SS CCN cm−3 DMT CCN counter

Aerosol mass composition
(NH4, SO4, chloride, organics)

µg std m−3 Aerodyne HR-ToF-AMS

Number concentration of cloud droplets
(2 µm<Dp < 50 µm)

Nd DMT CDP

Black carbon mass concentration BC ng m−3 DMT SP2

CO mixing ratio CO ppbv LGR CO/CO2 gas analyzer

Dimethylsulfide mixing ratio DMS ppbv PTR-MS

Potential temperature θ K Meteorological sensor packages

Relative humidity RH % Meteorological sensor packages

H2O mixing ratio w ppmv LGR CO/CO2 gas analyzer

Table 3. Summary statistics of meteorological parameters, trace gases, and aerosol properties measured during the three NAAMES field
campaigns. The numbers are shown as mean± standard deviation. NCN and NCCN values indicate geometric mean ∗ geometric standard
deviation.

Parameters NAAMES-1 NAAMES-2 NAAMES-3

MBL height 1776± 313 1657± 445 1144± 311

MBL FT MBL FT MBL FT

θ (K) 279± 8 298± 8 296± 11 302± 9 292± 5 315± 9

W (ppmv) 5204± 2937 2001± 2712 5422± 4404 3475± 2640 8323± 1928 2008± 2201

RH (%) 78± 15 43± 26 55± 27 45± 23 63± 19 22± 17

CO (ppmv) 90± 3.3 86± 7.2 104± 8.5 109± 18.8 112± 17 107± 32.7

BC (ng m−3) 8.3± 21 5.1± 4.8 9.4± 8 30.7± 35 21± 28 15± 28
(1.8± 0.9)∗

DMS 0.034± 0.03 0.014± 0.02

Sulfate (µg std m−3) 0.03± 0.03 0.07± 0.03 0.2± 0.16 0.18± 0.11 0.25± 0.16 0.14± 0.07

Organics (µg std m−3) 0.07± 0.03 0.08± 0.06 0.25± 0.18 0.77± 1.21 1.03± 1.12 1.03± 1.12

NCN (cm−3) 96 ∗ 2.6 286 ∗ 1.9 345 ∗ 2 553 ∗ 2 442 ∗ 1.9 860 ∗ 1.6

NCCN (cm−3) 15 ∗ 2.3 41 ∗ 2.4 72 ∗ 2.2 89 ∗ 3.3 79 ∗ 3.5 61 ∗ 3.4

∗ MBL BC levels, removing data affected by the ship-traffic events discussed in Sect. 3.2.
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Figure 1. Vertical profiles of potential temperature (a), H2O mixing ratio (b), and relative humidity (c) during NAAMES-1, NAAMES-2,
and NAAMES-3. Relative humidity measurements from the meteorological sensor package are not available for the spirals conducted on
26 May 2016; therefore, RH measurements were collected via radiosonde ship launch on 26 May 2016 at 14:26 UTC.

lent motions from the surface heating become separated from
the radiative turbulence in the cloud layer and the MBL or-
ganizes into two separated layers with their own circulation
(Albrecht, 1989; Jones et al., 2011; Dong et al., 2015). On the
contrary, in the summer, shallower MBLs and strong MBL

inversions favor more effective vertical mixing over the en-
tire depth of the boundary and the development of single-
layer stratocumulus clouds whose top well correlates with
the inversion (Rémillard et al., 2012; Ho et al., 2015). The
height of the marine boundary layer has a role in the degree

https://doi.org/10.5194/acp-23-1465-2023 Atmos. Chem. Phys., 23, 1465–1490, 2023



1472 F. Gallo et al.: Aerosol vertical profiles over the western North Atlantic Ocean

of MBL decoupling with the surface ocean and, therefore, in
regulating MBL cloud development and coverage (Wood and
Bretherton, 2006; Wood, 2012).

The number concentrations of cloud droplets (Nd) mea-
sured by the CDP also vary annually with a maximum in
spring and minima during the winter and summer, in accor-
dance with previous studies conducted in the western and
eastern North Atlantic Ocean (Sinclair et al., 2020; Wang
et al., 2021; Fig. 2). In-cloud geometric mean and geo-
metric standard deviation Nd values are 43∗7, 52∗3.6, and
32∗4.3 cm−3 for NAAMES-1, NAAMES-2, and NAAMES-
3, respectively, and lower Nd values are associated with de-
coupled MBL conditions. However, it is worth noting that the
mean Nd value during NAAMES-1 was affected by particu-
larly high droplet concentrations (ranging between 71 and
109 cm−3) occurring on 12 November 2015, and it would
have been significantly lower (14∗2.1 cm−3 with maximum
Nd = 37 cm−3) if excluding that case. Furthermore, while
spring exhibits thicker clouds (bases ∼ 1000 m extending up
to 3000 m) and persistent multilayer clouds, during the sum-
mer we observe higher frequency in single thin layers (max-
imum thickness 500 m) of clouds at lower altitudes. The sea-
sonal variability in Nd and cloud vertical distribution be-
tween the three campaigns is driven by different meteoro-
logical processes (including MBL decoupling degree) and
changes in cloud condensation nuclei (CCN) concentrations.
Indeed, stratocumulus clouds can form within both the deep
and shallow MBL (Rémillard et al., 2012); however, under
decoupling conditions, as observed in the winter, the stra-
tocumulus in the upper decoupled layer might not experience
the same aerosol conditions as at the surface ocean. Further-
more, being separated from the ocean moisture supply and
often exposed to the entrainment of warm and dry FT air,
stratocumulus bases tend to rise and cloud droplets evaporate
(Nicholls and Turton, 1986; Gerber, 1996), while cumulus
clouds can form at the top of the surface mixed layer, origi-
nating a new dynamical organization of the MBL (Bretherton
and Wyant, 1997).

3.2 Regional marine environments versus continental
periods

We assess the seasonal and spatial variations of CO, black
carbon, and DMS concentrations as well as the non-
refractory aerosol chemical composition to disentangle com-
peting contributions of air masses from continental origins
versus regional emissions. A number of previous studies have
shown that CO and BC, mainly produced from incomplete
combustion of fossil fuel and biomass burning, are good
tracers of non-marine aerosols and thus good tracers to in-
vestigate events of long-range transport of continental air
masses in remote regions (Parrish et al., 1998; Stohl et al.,
2002; Duncan, 2004; Shank et al., 2012). Measurements of
non-refractory aerosol chemical composition such as sul-
fate, organics, nitrate, and ammonium also provide an im-

portant insight into aerosol sources in the WNAO. In a re-
cent work, Corral et al. (2021) found that BC, sulfate, and
organic aerosols in WNAO are mainly the result of continen-
tal emissions from the eastern US. Meanwhile, DMS is an
indicator of local ocean biological activity (Andreae et al.,
1985; Charlson et al., 1987; Bates et al., 1992).

During NAAMES-1, we observe a mean CO concentra-
tion of 87.2± 6.6 ppbv and no significant variations within
days. CO vertical profiles show similar concentrations at all
the altitudes sampled, being only slightly higher in the MBL
(mean= 90.1± 3.3 ppbv) than in the FT (mean= 86.1±
7.2 ppbv; Table 3, Figs. 3a, 4a, and SI.1.a in the Supple-
ment). BC concentrations are also generally low (mean of
8.3±21 ng m−3 in the MBL and 5.1±4.8 ng m−3 in the FT),
characteristic of unpolluted conditions observed during the
winter (Table 3, Figs. 3b, 4b, and 6a). The only exceptions
are 12 and 14 November 2015 when BC exhibits peaks in
the MBL up to 101.4 and 106.2 ng m−3, respectively, at alti-
tudes< 1500 m (Figs. 4b and SI.3.a.1–3). The enhanced BC
levels might be the result of ship-traffic emissions. Analy-
sis of 5 d HYSPLIT frequency backtrajectory data indicate
the arrival of air masses from the Arctic suggesting clean
maritime influence (Fig. SI.2.a–b). Furthermore, Worldview
FIRMS VIIRS Fire and Thermal Anomalies products show
absence of wildfires on the air mass transport path prior to
the arrival to the NAAMES-1 domain, therefore excluding
the contributions from biomass burning to the BC level ob-
served (Fig. SI.2.c). After removing the BC measurements
affected by ship-traffic emissions (data discarded altitude<
1500 m on 12 November 2015 and altitude< 1050 m on 14
November 2015), we found mean BC concentrations in the
MBL of 1.8± 0.9 ng m−3 and lower than in the FT. Non-
refractory aerosol chemical composition analysis also reveals
low concentrations of sulfate (0.05± 0.03, 0.03± 0.03, and
0.07± 0.03 µg std m−3 at the surface ocean, in the MBL,
and in the FT, respectively; Figs. 3c, 5a, and 6b) and or-
ganic (0.1±0.07, 0.05±0.08, and 0.08±0.06 at the surface
ocean, in the MBL, and in the FT, respectively) aerosol mass
(Figs. 3d, 5b, and SI.1.b in the Supplement). No correlations
between CO and BC, BC and sulfate, or BC and organics are
found in the MBL (Fig. 7a–c). Similarly, despite a higher
level of BC in the FT, we could not find correlations be-
tween FT BC and FT CO (linear regression R2 value is 0.01;
Fig. 7d). On the other hand, the correlations between BC and
sulfate and between BC and organics in the FT are moderate
(the linear regression R2 values are 0.64 and 0.40, respec-
tively; Fig. 7e and f). These results indicate that although the
predominantly low-aerosol environment with only reduced
ocean emissions, the WNAO in the winter is subjected to mi-
nor episodes of anthropogenic pollution, such as ship-traffic
emissions in the MBL and transport of continental polluted
air masses in the FT that influence the atmospheric vertical
column.

The highest mean CO and BC values are observed
during NAAMES-2, being 107.9± 15.7 ppbv and 24.8±
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Figure 2. MBL and FT thermodynamic structure and vertical profiles of droplet concentration during NAAMES-1, NAAMES-2, and
NAAMES-3.

32.1 ng m−3, respectively. Maximum CO and BC concentra-
tions in the springtime have been previously reported over
the North Atlantic and are related to more frequent contri-
butions from North American continental outflow which is
lofted into the FT and transported over the ocean by westerly
frontal passages and convection that occasionally mix emis-
sions down into the MBL (Zhao et al., 2012; Wood et al.,
2015; Zheng et al., 2018). Namely, field studies conducted
in several locations over the North Atlantic Ocean region
have shown background concentrations of BC ranging be-
tween 10 and 40 ng m−3 under unperturbed marine condi-
tions (O’Dowd et al., 2004; Shank et al., 2012; Pohl et al.,
2014; Cavalli et al., 2016), while BC concentration up to
600 ng m−3 have been reported during periods of time af-
fected by intense continental emission plumes (Corrigan et
al., 2008). Along the vertical column, mean CO levels re-
main almost constant (mean MBL CO= 104.4± 8.5 ppbv,
and mean FT CO= 109± 18.8 ppbv) (Table 3, Figs. 3a, 4a,
and SI.1.a in the Supplement), while in the case of BC, we
observe a well-defined vertical trend with 3-fold lower con-
centrations in the MBL (mean MBL BC= 9.4± 8 ng m−3)
than in the FT (mean FT BC= 30.7± 35 ng m−3; Table 3,
Figs. 3b, 4b, and 6a). It is important to note that BC con-
centrations in the FT also have a statistically relevant higher
variability due to the occurrence of high-concentration BC
events (BC> 30 ng m−3) during some of the flights ana-
lyzed, namely, on 20, 28, 29, and 30 May 2016 (Fig. 3b).
Excluding the abovementioned events, BC concentrations
are still higher than what was observed during NAAMES-
1, suggesting minor but persistent contributions from con-
tinental polluted emissions over the entire period. Overall,
BC is not well correlated with CO (linear regression R2

=

0.29, and R2
= 0.28 in the MBL and FT, respectively), but

the correlation improves in the FT when BC concentrations
are> 30 ng m−3 (linear regressionR2

= 0.79; Fig. 8a and d).
Possible explanations for this are different CO and BC life-
times and removal mechanisms. Indeed, while CO has an at-
mospheric lifetime of months and while its concentration is
mainly driven by hydroxyl radical (OH) oxidation (Novelli et
al., 1998; Seinfeld and Pandis, 2016), BC lifetime is shorter,
and it is removed through cloud and precipitation scaveng-
ing processes (Cape et al., 2012; Bond et al., 2013). Sul-
fate loadings are 0.2± 0.08 µg std m−3 at the surface ocean,
0.2± 0.16 µg std m−3 in the MBL, and 0.18± 0.11 in the
FT (Table 3, Figs. 3c, 5a, and 6b), and the mixing ratio of
DMS in the MBL during NAAMES-2 is the highest observed
during the three field campaigns (values up to 0.325 ppbv),
which is consistent with other work conducted in the North
Atlantic region (Yoon et al., 2007; Quinn et al., 2019; Saliba
et al., 2020; Sanchez et al., 2021; Fig. 4c). The organic mean
loadings and associated standard deviations follow a differ-
ent trend, being lower in the MBL (0.4± 0.15 µg std m−3 at
the surface ocean and 0.25± 0.18 µg std m−3 in the MBL)
and more elevated in the FT (0.77±1.21 µg std m−3; Table 3,
Figs. 3d, 5b, and SI.1.b in the Supplement). In the MBL
the correlation between BC and sulfate is moderate (R2

=

0.69), suggesting that part of the sulfate has marine origin
(Fig. 7b). Simultaneously, in the FT we found linear regres-
sion R2

= 0.27 when BC concentrations are< 30 ng m−3

and R2
= 0.67 and for BC> 30 ng m−3 (Fig. 7f). The weak

correlation between sulfate and BC when BC is< 30 ng m−3

is driven by the measurements collected on 19 and 26 May
2016. Excluding those spirals, the linear regression would
generate an R2

= 0.61, in agreement with what is observed
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Figure 3. Vertical profiles of mean and standard deviation (grey shadow) of CO (a), BC (b), sulfate (c), organics (d), and geometric mean
geometric standard deviation of NCN (e), and NCCN (f) during the three NAAMES field campaigns. Empty grey dots in (b), represent mean
of BC when data affected by the ship-traffic events discussed in Sect. 3.2 are removed.
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Figure 4. Vertical profile CO (a), black carbon (b), and DMS (c) during NAAMES-1, NAAMES-2, and NAAMES-3.

in the MBL and in the FT for BC> 30 ng m−3. This result
might indicate sulfate mass production from DMS oxidation
in the FT occurring after the loft of DMS from the MBL.
Similar results were observed for the correlation between BC
and organics, with the linear regression R2 values 0.64 in
the MBL and 0.42 and 0.91 in the FT for BC< 30 ng m−3

and BC> 30 ng m−3, respectively. Again, the modest corre-
lation found in the MBL provides evidence of an additional

source of organic particles not related to long-range transport
of continental air masses. In a recent field study conducted in
the Arctic, Mungall et al. (2017) showed that the sea surface
microlayer at the ocean–atmosphere interface is enriched by
dissolved organic carbon content (e.g., surfactants and plank-
ton exudates) and can be an important source of oxygenated
volatile organic compounds in the MBL, which can be lofted
to the FT and possibly contribute to the total submicron non-
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Figure 5. Vertical profile non-refractory aerosol chemical composition of aerosol particles during NAAMES-1, NAAMES-2, and NAAMES-
3: sulfate (a), total organics (b).

refractory mass along the vertical column. Simultaneously,
in the FT, the stronger correlation between BC and organ-
ics when BC> 30 ng m−3 is accompanied by mean organic
mass ∼ 4-fold higher during periods when BC< 30 ng m−3,
indicating the contributions from anthropogenic sources of
continental origins with high organic components.

During NAAMES-3, CO and BC concentrations vary sig-
nificantly within flights (Figs. 3a, 4a, SI.1.a (CO) in the Sup-
plement, 3b, 4b, and 6a (BC)). The lowest mean CO and
BC concentrations are observed on 8 and 9 September (CO
mean of 83.5± 6.5 ppbv, BC mean 3.9± 3.4 ng m−3) and
remain relatively constant throughout the vertical column
(Fig. SI.3.c.27–31). Minimum CO levels in the summer have
been reported by several studies (Honrath, 2004; Wood et al.,
2015; Zheng et al., 2018) and are found to be associated with
photolytic destruction due to high summertime OH levels
(Novelli et al., 1998). However, the analysis conducted on the
data collected on the other days of the NAAMES-3 field cam-
paign shows higher mean and standard deviation CO and BC
values of 124.7±27.3 ppbv and 22.3±32.5 ng m−3, respec-

tively. High concentrations of CO and BC have been related
to the long-range transport of continental biomass burning
plumes over the WNAO due to the US and Canadian wild-
fire season (Honrath et al., 2004; Val Martín et al., 2006).
Low-altitude (below ∼ 3000 m) transport of CO from North
America to the Atlantic Ocean has been observed in summer
by earlier studies (Li et al., 2005; Owen et al., 2006), while
Zheng et al. (2020) reported upper troposphere transport of
biomass burning particles from western Canadian wildfires
over the eastern North Atlantic in late August 2017. The
distributions of CO and BC along the vertical columns are
non-uniform and characterized by ∼ 800 to 2000 m height
layers with CO levels> 200 ppbv and BC concentrations>
100 ng m−3 at different altitudes, depending on the day, or
even on the time of the day. Here we observe the highest
concentration of CO and BC and diverse multilayer struc-
tures on 4, 6, and 12 September 2017. Namely, on 4 Septem-
ber we found CO> 200 ppmv and BC> 30 ng m−3 at alti-
tudes> 4.2 km and in the residual layer (1. 2 to 1.8 km),
which entrained into the MBL in the late afternoon (spiral 2
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Figure 6. MBL (green bars) and FT (blue bars) mean values of BC (a), and sulfate (b) for each C-130 spirals during NAAMES-1, NAAMES-
2, and NAAMES-3. The red circles denote the ratio between MBL and FT mean values for the parameters considered (logarithmic scale).

at 16:07 UTC). Similar enhanced CO and BC concentrations
were also observed on 6 September between 1.9 and 3 km
and in the MBL and on 12 September in the FT at altitudes>
4 km (Fig. 4a and b). Correlation between BC and CO is
moderate and slightly lower in the MBL (R2

= 0.47 for
BC< 30 ng m−3 and R2

= 0.41 for BC> 30 ng m−3) than
in the FT (R2

= 0.52 for BC< 30 ng m−3 and R2
= 0.57

for BC> 30 ng m−3; Fig. 9a and d). Our result is consistent
with Val Martín et al. (2006), who observed higher variabil-
ity in BC than CO at Pico Mountain (in the eastern North
Atlantic) due to different fire emission rates and wet scav-
enging during the transport to the site. Mean mass concen-
trations of non-refractory sulfate are 0.12± 0.13 µg std m−3

at the surface ocean, 0.25± 0.16 µg std m−3 in the MBL,
and 0.14± 0.07 µg std m−3 in the FT (Table 3, Figs. 3c, 5a,
and 6b). Compared to NAAMES-2 sulfate mass in the MBL
is higher, and mixing ratio of DMS is lower than in the
spring, being up to 0.11 ppbv in the MBL (Fig. 4c). These
results are likely related to the combination of phytoplank-

ton abundance and productivity reduction at the end of the
summer and beginning of fall which cause DMS levels to
decline (Lana et al., 2011), as well as increased sunlight and
enhanced concentrations of OH which lead to DMS oxida-
tion and sulfate mass production (Zawadowicz et al., 2021).
Supporting our hypothesis, highest concentrations of sulfate
in the MBL are associated with the lowest level of DMS on
6, 8, and 9 September, while we observed the opposite trend
on 4, 16, and 17 September 2017 (Figs. 4c and 5a). In the
FT, sulfate concentrations are lower than during NAAMES-
2. Accordingly, the correlation between BC and sulfate is
weak and only slightly improves in the FT when BC concen-
tration are> 30 ng m−3 (R2

= 0.38 for BC< 30 ng m−3 and
R2
= 0.11 for BC> 30 ng m−3 in the MBL, and R2

= 0.09
for BC< 30 ng m−3 and R2

= 0.51 for BC> 30 ng m−3 in
the FT; Fig. 8b, c, and e) and excluding the presence of a
strong anthropogenic source of sulfate. Mean mass concen-
trations of non-refractory organics are 0.49±0.42 µg std m−3

at the surface ocean, 1.03± 1.12 µg std m−3 in the MBL,
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Figure 7. Correlation between BC and CO (a, d), BC and sulfate (b, e), and BC and organics (c, f) in the MBL (red) and FT (blue) during
NAAMES-1.

and 1.03± 1.12 µg std m−3 in the FT (Table 3, Figs. 3d, 5b,
and SI.3.b) and higher than during the other two NAAMES
field campaigns. The correlation between BC and organics is
moderate, and R2 is ∼ 0.5 in both MBL and FT (R2

= 0.54
for BC< 30 ng m−3 and R2

= 0.59 for BC> 30 ng m−3 in
the MBL, and R2

= 0.56 for BC< 30 ng m−3 in the FT;
Fig. 9c and f); however, when BC> 30 ng m−3, mean or-
ganic mass is ∼ 6-fold higher, and the linear regression be-
tween BC and organics generates an R2

= 0.5. Our obser-
vations are supported by previous work showing that in
biomass burning plumes, aerosol composition is typically
dominated by organics which can cover BC particles with
a thick coating (Ditas et al., 2018), while concentrations of
sulfate are lower and increase with aging (Schlosser et al.,
2017).

3.3 Aerosol properties and processes in the western
North Atlantic region

3.3.1 Seasonal variations of submicron aerosol particle
concentrations and size distribution

The concentration and vertical distribution of submicron
aerosol particles over the WNAO vary through the year as
a function of emission sources and aerosol processes. In this
section, we discuss how a combination of NAAMES mea-
surements constrain the concentration and size distribution
of aerosol particles in the atmospheric column and their sea-
sonal variations. In Figs. 10a and 3e we show the vertical dis-
tribution ofNCN during the three NAAMES campaigns.NCN
exhibits strong seasonal variations and marked vertical gradi-
ents with lower geometric mean concentrations in the winter
and higher in spring and summer. During NAAMES-1, geo-
metric mean aerosol number concentrations are 94.3 ∗ 3.5,
96.9 ∗ 2.6, and 286 ∗ 1.9 cm−3 at the surface ocean, in the
MBL, and in the FT, respectively (Table 3 and Fig. SI.1.c
in the Supplement). These low values are likely due to a
combination of minimal contributions from phytoplankton
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Figure 8. Correlation between BC and CO (a, d), BC and sulfate (b, e), and BC and organics (c, f) in the MBL (red) and FT (blue) during
NAAMES-2.

activities and continental anthropogenic sources, as well as
particle loss by in-cloud precipitation and coalescence scav-
enging during NAAMES-1 (Quinn et al., 2019). Similar re-
sults were also observed by Pennypacker and Wood (2017)
in an earlier study conducted in the eastern North Atlantic
region. The aerosol number concentrations in both MBL and
FT are dominated by particles withDp < 100 nm. Geometric
mean NNP values are 32 ∗ 3.1 and 24 ∗ 2.2 cm−3 in the MBL
and the FT, respectively, and the average fraction of the NP
mode particles is higher than in the other seasons in both
MBL and FT, both being roughly a third of NCN (Fig. 10b).
However, it is worth noting that the absolute number con-
centration of particles in the NP remains low due to a low
level of VOC precursors. New particle formation events have
been widely reported in environments characterized by low
aerosol surface area, cold air temperature, and high actinic
fluxes (Clarke, 1993; Hoppel et al., 1994; Raes et al., 1997;
Russell et al., 1998; Petters et al., 2006; Seinfeld and Pandis,
2016; Sanchez et al., 2018), as well as occurring after con-
vective mixing between FT and MBL from the passage of
a cold front (Hoppel et al., 1994; Bates et al., 1998; Clarke
et al., 1998; Pirjola et al., 2000). However, new particle for-

mation occurs regularly also in the upper part of the MBL
when aerosol surface area and air temperature are low such
as observed in the WNAO during the wintertime (Kolstad
et al., 2009; Zheng et al., 2021). Therefore, the occurrence
of recently formed particles in the MBL observed during
NAAMES-1 is likely associated with nucleation processes
in the MBL, rather than entrainment from the FT, because
of reduced aerosol surface area and low temperature dur-
ing NAAMES-1. Once formed, new particles have the po-
tential to contribute to the Aitken mode by condensational
growth and coagulation (Kerminen et al., 2018). During the
NAAMES-1 field campaign, the geometric mean concentra-
tions of particles in the Aitken mode are 57 ∗ 2.6 cm−3 in the
MBL and 231 ∗ 2.1 cm−3 in the FT, accounting for 50 %–
60 % of NCN (Fig. 10c). Entrainment from the FT has been
recognized as the major source of Aitken mode particles
in the MBL, while in the FT the relative contribution from
growth of NP and long-range transported particles is still un-
clear (Clarke et al., 1998; Andreae et al., 2018). The con-
centration of larger particles with Dp > 100 nm is generally
low with geometric mean MBL NAc = 7∗2.2 cm−3 and FT
NAc = 14∗2.2 cm−3, representing only a small percentage of
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Figure 9. Correlation between BC and CO (a, d), BC and sulfate (b, e), and BC and organics (c, f) in the MBL (red) and FT (blue) during
NAAMES-3.

NCN (∼ 6 % in the MBL and ∼ 3 % in the FT; Fig. 10d). In
the North Atlantic region, controlling processes of the accu-
mulation mode in the MBL include the entrainment of accu-
mulation mode particles from the FT, condensational growth
of Aitken mode aerosols, and sea spray aerosol production,
while the major source of accumulation mode particles in
the FT is the long-range transport of anthropogenic particles
(Zheng et al., 2018). Reduced transport of particles from con-
tinental regions in the winter might explain the low FT NAc
observed here and low contribution from FT entrainment to
MBL NAc. Similarly, the condensational growth of Aitken
mode particles in the MBL is expected to be a weak source
of NAc in the winter due to low MSA and sulfate oceanic
emissions. The major source of accumulation mode parti-
cles in the MBL during winter is the production of sea spray
aerosols due to high wind speed, surpassing the contribution
from the condensational growth (Zheng et al., 2018).

High geometric meanNCN values are found in both spring
and summer, consistent with previous studies conducted in
the North Atlantic Ocean region (Wood et al., 2015; Zheng
et al., 2018; Quinn et al., 2019). Overall, the concentra-
tions of particles in the MBL are 1.4- to 4-fold lower than

in the FT and showed high variability within flights (Ta-
ble 3 and Fig. SI.1.c in the Supplement). Geometric mean
NCN values are 243.6 ∗ 2, 345.3 ∗ 2, and 553.5 ∗ 2 cm−3 at
the surface ocean, in the MBL, and in the FT, respectively
(Fig. 10a). Geometric mean NNP during NAAMES-2 are
82 ∗ 3.5 cm−3 in the MBL and 180 ∗ 3 cm−3 in the FT, and
the nucleation mode accounted for roughly a quarter of the
total number of particles (Fig. 10b). Interestingly, we find
that higher NCN values are associated with enhanced con-
centration of particles in the nucleation mode. Indeed, when
NCN is > 1000 cm−3, nucleation particle concentrations are
> 354 cm−3, and the nucleation mode contributes to > 43 %
and up to 84 % of the total particle concentration, becom-
ing predominant over the Aitken and accumulation modes.
The passage of cold fronts associated with higher biogenic
precursors in the spring over the WNAO might be the cause
of the elevated NCN observed. Geometric mean concentra-
tions of particles in the Aitken mode are 218 ∗ 1.8 cm−3 in
the MBL and 394 ∗ 1.9 cm−3 in the FT, accounting for just
over half of NCN (Fig. 10c), while the geometric means of
accumulation mode particle concentration is 40 ∗ 2.3 cm−3

in the MBL (11 % of NCN) and 44 ∗ 3.5 cm−3 in the FT (7 %
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Figure 10. Vertical profile ofNCN (a),NNP/NCN (b),NAt/NCN (c), andNAc/NCN (d) during NAAMES-1, NAAMES-2, and NAAMES-3.
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of NCN; Fig. 10c). Stronger ocean emissions and high DMS
levels in the spring favor the growth of nucleation particles
into Aitken and accumulation modes through condensation
and coagulation (O’Dowd et al., 1997; Andreae et al., 2003).
Here, we find substantially higher concentrations of accumu-
lation particle modes (133 ∗ 2.5 cm−3) when BC levels are
higher than the threshold values of 40 ng m−3 (Pohl et al.,
2014; Cavalli et al., 2016), indicating a further contribution
to NAt and NAc from long-range transport of particles from
polluted continental areas (Zhao et al., 2012; Wood et al.,
2015).

The highest concentrations of submicron aerosol particles
are observed during NAAMES-3 in both MBL and FT. Ele-
vatedNCN values over the North Atlantic Ocean during sum-
mer have been reported by previous studies (Wood et al.,
2015; Zheng et al., 2020) and are likely related to the trans-
port of biomass burning plumes from boreal wildfires (Hon-
rath et al., 2004; Val Martín et al., 2006; Dzepina et al., 2015;
Zhang et al., 2017; Mardi et al., 2021). Summer 2017 was
an extreme wildfire season in the northwestern United States
and western Canada (Kloss et al., 2019). The intense heat-
ing generated above the fires led to the development of fire-
trigged pyrocumulonimbus, releasing smoke particles into
the lower extratropical stratosphere which were then trans-
ported over the Atlantic Ocean (Khaykin et al., 2018; Peter-
son et al., 2018). Here, we find geometric mean NCN val-
ues to be 220.3 ∗ 1.8, 441.8 ∗ 1.9, and 860.15 ∗ 1.6 cm−3 at
the surface ocean, in the MBL, and in the FT, respectively
(Table 3, Figs. 10a and SI.1.c in the Supplement). Further-
more, we observe a change in aerosol population charac-
terized by a shift towards larger particles, as expected in
presence of aged biomass burning aerosols (Niemi et al.,
2005; Petzold et al., 2007). The concentrations of particles
in the nucleation mode are 52 ∗ 2.5 and 160 ∗ 2.4 cm−3 in
the MBL and in the FT, respectively, and the contribution
to the total particle concentration is lower than in other
seasons, representing 11 % of MBL NCN and 18 % of FT
NCN (Fig. 10b). Simultaneously, the Aitken mode contri-
bution to NCN remains similar to the other seasons, being
58 % in the MBL (NAt = 268∗1.9 cm−3) and 60 % of NCN
in the FT (NAt = 526∗1.9 cm−3; Fig. 10c), while the con-
centrations of particles in the accumulation mode are higher
than during NAAMES-1 and NAAMES-2, being 76 ∗ 3.6 and
62 ∗ 3.3 cm−3 in the MBL and in the FT, respectively, and
contributing to 17 % of MBL NCN and 14 % of FT NCN
(Fig. 10d). Interestingly, we find that enhanced concentra-
tions of accumulation mode particles are associated with in-
creased levels of sulfate in the MBL and elevated concen-
trations of CO, BC, and organics in the FT. These obser-
vations suggest that, in addition to the large contribution
from biomass burning plumes, the condensational growth of
Aitken mode particles due to biogenic emissions from ocean
surface also represent an important source of accumulation
mode aerosols. Mungall et al. (2017) found that the for-
mation of secondary organic aerosol from oxygenated gas-

phase organic compounds due to photochemistry and/or oxi-
dation at the surface layer might contribute to the growth of
Aitken mode particles during periods of low biological activ-
ity, which is consistent with our observations.

3.3.2 CCN seasonal variations

Seasonal changes in total aerosol number concentration, size
distribution, and chemical composition influence the ability
of the particles to act as cloud condensation nuclei (CCN).
Here, we assess the concentration of CCN (NCCN) during the
three NAAMES field campaigns at water vapor supersatura-
tion (SS) of 0.21 %, which is a reasonable estimate for the
maximum supersaturation in marine boundary layer clouds
where CCN activation occurs (Korolev and Mazin, 2003;
Clarke and Kapustin, 2010; Wood, 2012; Fig. 11a). Further-
more, we calculate the CCN activation fractions (AFs) de-
fined as the ratio of NCCN at the determined supersatura-
tion (SS) of 0.21 % to the total submicron aerosol number
(Fig. 11b).

Overall,NCCN is lower during the winter than in the spring
and significantly increases in the summer, while the verti-
cal distribution of CCN in the atmospheric column is dif-
ferent between seasons. During NAAMES-1 cloud conden-
sation nuclei concentrations in the MBL are lower than in
the FT, being the geometric means NCCN of 15 ∗ 2.3 and
41 ∗ 2.4 cm−3 in the MBL and FT, respectively (Table 3,
Figs. 3f, 11a, and SI.3.d). Similarly, the potential activa-
tion fraction exhibits higher mean values in the MBL (mean
potential AF= 27 %) than in the FT (mean potential AF=
16 %; Fig. 11b). The low concentrations of CCN in the
MBL are likely related to reduced marine biological activity
and therefore low phytoplankton DMS and VOC contribu-
tions. However, the higher MBL activation fraction observed
in the MBL suggests that particles in the marine boundary
layer are more CCN active than FT aerosols. In this context,
wind-generated sea spray aerosols at the surface ocean might
play an important role in CCN formation (Quinn and Bates,
2011). Supporting this hypothesis, Sanchez et al. (2018) re-
port that during NAAMES-1 sea spray particles contribute
> 50 % to the CCN budget. Furthermore, frequent precip-
itation in the winter might also contribute to lower CCN
concentration in the MBL through coalescence scavenging
(Sharon et al., 2006; Pennypacker and Wood, 2017). Simul-
taneously, the prevailing nucleation particle mode associated
with low occurrence of continental plumes in the wintertime
constrained the CCN budget in the FT.

During NAAMES-2, we found geometric means NCCN of
72 ∗ 2.2 cm−3 in the MBL and 89 ∗ 3.3 cm−3 in the FT (Ta-
ble 3, Figs. 3f, 11a, and SI.3.d), with potential activation frac-
tions of 34 % and 29 %, respectively (Fig. 11b). CCN budget
over the WNAO in spring is the result of a combination of
elevated biogenic emissions in the MBL and the arrival of
aerosol particles of continental origins in the FT. Support-
ing the attribution of high springtime CCN to biogenic in
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Figure 11. Vertical profile NCCN (a), and CCN activation fraction (b) during NAAMES-1, NAAMES-2, and NAAMES-3.

the MBL and to continental in the FT, we found that elevated
NCCN and potential activation fraction (> 60 %) values in the
MBL are associated with the presence of particles in the ac-
cumulation mode and sulfate mass, thus suggesting the con-
tribution to CCN from hygroscopic phytoplankton-derived
aerosols to CCN concentrations (Sanchez et al., 2018; Quinn
et al., 2019). Simultaneously, enhanced CCN concentrations
and AF values in the FT are associated with BC levels>
60 ng m−3 and organic and sulfate aerosol masses > 1.3 and
> 0.26 µg std m−3, respectively, likely indicating the influ-
ence of long-range transported pollution on the CCN budget
at high altitudes. The similar MBL and FT NCCN mean val-
ues observed here suggest that the entrainment of CCN from
the FT does not serve as direct source of CCN particles in
the MBL. Instead, FT particles of continental origins can en-
ter the MBL, grow through condensation, and subsequently
be detected, thus contributing to the CCN concentrations in
the MBL during the springtime.

Mean cloud condensation nuclei values in the summer
are similar to spring, being 79 ∗ 3.5 cm−3 in the MBL
and 61 ∗ 3.4 cm−3 in the FT (Table 3, Figs. 3f, 11a,
and SI.3.d), with mean potential activation fractions of 26 %
and 13 % in the MBL and FT, respectively (Fig. 11b).
However, CCN concentrations during NAAMES-3 vary sig-
nificantly within flights, and NCCN values> 300 cm−3 in
the FT are accompanied by CO levels ∼ 190 ppbv, BC
concentrations> 90 ng m−3, and organic aerosol mass>
4.8 µg std m−3, which is consistent with the arrival of
transported continental particles discussed in Sect. 3.3.1
and the subsequent entrainment of FT particles in the
MBL due to favorable meteorological conditions. In the
MBL, we observe elevated concentrations of CCN and
enhanced potential activation fraction values (NCCN val-
ues> 120 cm−3, AF> 37 %) associated with sulfate aerosol
mass> 0.72 µg std m−3, suggesting that the CCN budget is,
to a large degree, also related to biological activities at the
surface ocean. Indeed the final phase of the phytoplankton
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bloom and microbial activities are responsible for the emis-
sions leading to elevated concentrations of sulfate that en-
hance the concentrations of CCN in the MBL (Saliba et al.,
2020).

4 Conclusions

In this study, we analyze in situ measurements of aerosols,
trace gases, and meteorological parameters collected during
three NAAMES field campaigns. We find that the properties
and vertical distribution of aerosol particles over the west-
ern North Atlantic Ocean exhibit strong seasonal variabil-
ity due to diverse aerosol controlling processes and synoptic
meteorological conditions. Here, we provide a characteriza-
tion of the aerosol vertical profiles under different aerosol
and meteorological regimes during NAAMES-1, NAAMES-
2, and NAAMES-3 field campaigns, occurring in winter,
spring, and summer, respectively. Pristine marine conditions
of low aerosol concentrations and trace gas mixing ratios
were observed during the winter and were to a large degree
related to minor influences of long-range transported conti-
nental plumes and reduced biological activity at the surface
ocean. The occurrence of recently formed particles is preva-
lent in both MBL and FT due to low aerosol surface area
caused by wet scavenging occurring during cold front pas-
sages, although particle concentrations remain in a very low
number regime. The concentration of larger particles with
Dp > 100 nm is generally low and consistent with the re-
duced contribution from continental sources and higher oc-
currence of precipitation. Higher concentrations of aerosol
particles were found in the spring and summer. Springtime
vertical profiles of CO, BC, DMS, and mass concentration of
non-refractory particles suggest that there is an influence of
long-range transported anthropogenic particles in the FT, and
biogenic oceanic emissions strongly contribute to the MBL
onNCN and CCN budgets. In the summer, we found biomass
burning from boreal wildfires to largely contribute to aerosol
concentrations and impact aerosol population. Particularly,
enhanced concentration of large particles (Dp > 100 nm) and
cloud condensation nuclei were observed along with elevated
concentrations of CO, BC, and organics in the FT. This result
highlights the importance that long-range transported con-
tinental aerosol particles have in shaping aerosol properties
over the North Atlantic Ocean.

With our findings, we aim to inform future studies for eval-
uating key aerosol processes over remote midlatitude oceans,
including the role of aerosols on cloud microphysics and con-
trol on precipitation. Ultimately, this analysis could provide
new knowledge to constrain the parametrization of aerosol–
cloud interactions in climate models.
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