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Key Points:

e Summertime Southern Ocean free tropospheric aerosol number is dominated by Aitken
particles recently generated through synoptic uplift.

e Sub-cloud, dominantly sulfur-based cloud condensation nuclei control summertime
Southern Ocean droplet number concentrations.

e Free-tropospheric Aitken aerosol buffer Southern Ocean cloud condensation nuclei and
cloud droplet numbers against precipitation removal.
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Abstract

Controls on the pristine aerosol population over the Southern Ocean (SO) are critical for
constraining the strength of global aerosol indirect forcing. The 2018 SOCRATES aircraft
campaign sampled summertime clouds and aerosols across varied SO synoptic conditions during
repeated southerly transects (140-160°E, 45-62°S). The SO free troposphere (3-6 km) is
characterized by frequent recent particle formation (RPF) events contributing to large (>1000
cm®) and widespread concentrations of condensation nuclei (diameters > 11 nm), consistently
higher than other low cloud regions (e.g. North East Pacific). A SO synoptic uplift mechanism
responsible for producing free tropospheric Aitken-mode particles (11-100 nm) is identified
using SOCRATES measurements, air-mass trajectories, and reanalysis. SO cloud droplet number
concentrations (Ng~100 cm™) are controlled by sub-cloud cloud condensation nuclei (CCN, 100-
1000nm), but direct emissions (i.e. sea spray) are not the largest contributor to summertime
CCN. Sub-micron aerosol number concentration in, above, and sub-cloud is dominated by
sulfur-based particles, consistent with growth of free tropospheric Aitken particles with DMS-
oxidation product volatility signatures. We propose a hypothesis for SO cloud-aerosol
interactions: above-cloud Aitken mode particles grow in and sub-cloud to dominate sub-cloud
summertime CCN, acting to buffer clouds and aerosols against precipitation removal and leading
to persistently high summertime SO Ng4. Aerosol and cloud prediction capabilities in nudged
hindcasts from the Community Atmosphere Model (CAM®6) are tested. CAM6 underpredicts Ngq
but matches observed CCN despite sea-spray dominance in the model, indicating incomplete
representations of biological aerosol production mechanisms and associated summertime
aerosol-cloud interactions.

Plain Language Summary

The remote Southern Ocean (SO) is a unique analog to pre-industrial environments due to
limited continental or anthropogenic influences. Understanding how aerosols are produced in this
region and their influence on clouds, particularly cloud brightness driven by cloud droplet
number, is vital for understanding the change in sunlight reflected by clouds due to the addition
of anthropogenic emissions during industrialization. This is essential for increasing accuracy of
climate change projections. To understand this pristine environment, we analyze novel
observations of SO clouds and aerosols from a summertime aircraft campaign. We present
evidence for a new aerosol production mechanism driven by synoptic storms and sourced from
emissions of ocean biology. This mechanism produces a reservoir of small aerosols above cloud
that are likely the missing source of sub-cloud aerosol that grows into cloud droplets and
influences SO cloud brightness. The importance of these above-cloud aerosols is clear as
biological aerosol is a larger contributor to cloud droplet number than sea-spray aerosol. We
propose that the above-cloud reservoir of biological aerosol is key in creating long-lasting and
bright SO clouds, which has important implications for understanding pre-industrial
environments and their response to anthropogenic aerosol.

1 Introduction

The Southern Ocean (SO) plays a key role in understanding our past and present climate
due to the pristine nature of its aerosol, the closest analog we have to the pre-industrial state
[Hamilton et al., 2014]. Understanding the climate response to changes in anthropogenic aerosol
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will help to reduce the uncertainty in global climate model (GCM) climate sensitivity and
improve climate predictions [Andreae et al., 2005; Forster, 2016]. Recent work has shown that
forcing from aerosol-cloud interactions is the main contributor to uncertainty in total radiative
forcing [Bellouin, 2019], and the poorly understood pre-industrial aerosol state is a leading driver
[Carslaw et al., 2013]. While we cannot measure pre-industrial aerosol, we can examine aerosol-
cloud interactions in the few remaining pristine locations in the present-day in order to reduce
the associated uncertainty in indirect and thus total radiative forcing.

Southern Hemisphere (SH) oceans are an ideal location for studying pre-industrial
aerosol-cloud interactions as they are one of the few remaining pristine aerosol environments and
are frequently cloudy [Hamilton et al., 2014]. The influence of anthropogenic and biomass
burning aerosol is mostly negligible over SH oceans, particularly in the summertime, leaving sea
spray and biologically sourced aerosols as the primary contributors to the aerosol budget.
Aerosols fall roughly into three modes: nucleation or Aitken (diameters between 0.005 and 0.1
um), accumulation (diameters between 0.1 and 2.5 um), and coarse (diameters > 2.5 um)
[Seinfeld and Pandis, 2006]. The number concentration of particles in the SO is dominated by
Aitken mode and small accumulation mode particles while the mass is dominated by coarse
mode particles [Ayers et al., 1997]. Accumulation mode aerosols are the primary cloud
condensation nuclei (CCN) and are of central importance to aerosol-cloud interactions through
their control of cloud droplet number (Ng) and overall cloud albedo [Twomey, 1977].

In the summertime SO and other biologically active pristine marine regions,
phytoplankton emissions of dimethyl sulfide (DMS) play a key role in both production of Aitken
mode particles and growth of CCN [Ayers et al., 1997; Ayers and Gillett, 2000; Ayers and Gras,
1991; Charlson et al., 1987]. CCN grow from coagulation of smaller Aitken or accumulation
mode particles; from vapor deposition onto preexisting particles [Seinfeld and Pandis, 2006];
and from the addition of non-sea-salt sulfate derived from aqueous-phase oxidation of DMS
products in cloud droplets that subsequently evaporate, contributing to the accumulation mode
budget [Charlson et al., 1987; Hobbs, 1971].

Aitken mode particles form through homogeneous nucleation of precursor gases [Seinfeld
and Pandis, 2006]. Two major precursor gases in the marine environment are sulfuric acid
(H2S0,) and methane sulfonic acid (MSA), both oxidation products of DMS [Ayers et al., 1997,
Fitzgerald, 1991]. For gas to particle conversion to occur, precursor gases must be present and
the total aerosol surface area (primarily from coarse and accumulation mode sized aerosols) must
be low enough to discourage vapor deposition on preexisting particles (<10-20 pug cm™) [Covert
et al., 1996]. The latter is more likely in the free troposphere (FT) [Clarke, 1993]. SO
observations indicate particles with diameters < 0.5 um are primarily non-sea-salt sulfate,
indicating formation was assisted by DMS oxidation products [Fitzgerald, 1991]. Along with
sulfuric acid, ions, organics, and other compounds can also play a role in particle formation
[Gordon et al., 2017].

Sea spray aerosol production mechanisms contribute to the upper end of the accumulation
mode size range and the coarse mode [Grythe et al., 2014]. In the wintertime, sea spray
dominates the boundary layer aerosol signature as biogenic sources are inactive. However, most
of the aerosol particles with diameters < 0.2 um are not composed of sea spray or organics in the
summertime but are dominated by non-sea-salt sulfate [Bigg, 2007; Bigg and Leck, 2008;
Fossum et al., 2018]. From a synthesis of observations and modeling studies, entrainment of new
particles from the FT is thought to be the main source of aerosol number in marine regions at low
and middle latitudes [Kerminen et al., 2018].
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Taken together, these studies broadly suggest that the majority of Aitken mode particles
in marine regions are produced through gas to particle conversion of DMS oxidation products,
that these particles may be forming in the FT, and that they are likely important in controlling the
summertime Southern Ocean CCN number concentrations. These three ideas are the fundamental
basis for our analysis and have been the subject of many other papers.

There is evidence for new particle formation occurring aloft in the SH during austral
summer associated with DMS-oxidation products. Aitken and even smaller ultra-fine mode
particles originating in the FT were observed repeatedly in the marine boundary layer during two
ship cruises [Covert et al., 1996]. SH (20-70°S) sampling showed that the aerosol size
distributions were dominated by the Aitken and ultra-fine mode aerosol, with variability in the
SO aerosol concentrations associated with the passage of frontal systems (40-70°S). Aitken and
ultra-fine mode particles rapidly subsided from the FT after the passage of a front in these cases
and had not grown to larger sizes as they had spent little time in the marine boundary layer
(MBL). Because there was no positive correlation between aerosol surface area and the
concentrations of ultra-fine particles, it is likely that these particles were formed elsewhere
before they were carried into the boundary layer [Covert et al., 1996]. More recent ship
observations showed similar behavior: high concentrations of aerosols associated with air
descending from the free troposphere over Antarctica [Humphries et al., 2016]. Two SO aircraft
transects (August 2016 and February 2017) also found high concentrations of new particles
(diameters between 3-7 nm) occurring between altitudes of ~ 3 and 9 km but few new particles
in the MBL [Williamson et al., 2019].

How are these new particles produced aloft? One possibility is the occurrence of cloud
outflow particle production. These mechanisms have been observed in many regions of the world
and across a variety of cloud types (as reviewed in Kerminen et al. [2018]). Particle generation
results when air masses rich in precursor gases are cleansed of their accumulation and coarse
mode aerosol by cloud droplet scavenging and precipitation processes, reducing aerosol surface
area enough to enable new particle formation once the air mass exits the cloud. Only the less
water-soluble gases (e.g. DMS [Seinfeld and Pandis, 2006]) will survive cloud processing, so it
is likely that oxidation of gases to particle precursors happens upon exiting the cloud. Large eddy
scale (LES) simulations of new particle formation in cumulus cloud outflow in the South East
Pacific demonstrate how gases are processed in these events before gas to particle conversion
takes place [Kazil et al., 2011]. Based on this study, in marine environments it is likely that DMS
fluxed from the surface is lifted through clouds before oxidizing into precursor gases (e.g. SO,
and then H,SO,4 and MSA) upon exiting the cloud and being exposed to oxidizing compounds
such as OH. Gas to particle conversion will happen shortly thereafter, assisted by the exposure to
increased actinic flux, colder temperatures, and high relative humidity [Seinfeld and Pandis,
2006] in cloud outflow regions.

Ultra-fine and Aitken mode aerosols formed in cloud outflows can subsequently descend,
grow, and be incorporated into the MBL to contribute to the CCN budget. Clarke et al. [1998]
made an important comparison between particle generation in outflows from SO shallow
cumulus and from deeper convective clouds in the tropics, arguing that in the tropics, particles
descend from higher and more slowly, allowing time for coagulation and growth. This factor,
along with residence time in the MBL [Covert et al., 1996], affects how many aerosols grow to
CCN sizes.

Deep convective clouds have been found to be an important source of new particles in
numerous locations across the world [Kerminen et al., 2018]. An examination of deep convective
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clouds associated with a mesoscale convective system spanning the United States estimated that
new particles formed subsequent to cloud uplift in such systems contribute substantially to upper
tropospheric aerosol concentrations in the mid-latitudes [Twohy et al., 2002]. In the SO, particle
formation, likely from nucleation of co-occurring sulfuric acid, has been observed at the edges of
frontal cloud systems [Weber et al., 2001]. We posit that deep stratiform cloud types in the
Southern Ocean might also be producing new particles, which suggests that deeper clouds may
be contributing significantly to the persistently high concentrations of small particles observed
throughout the depth of the SO free troposphere.

In this paper, we show evidence for widespread recent particle formation occurring in
free tropospheric air sampled at a range of altitudes up to 6 km during the Southern Ocean
Clouds Radiation and Aerosol Transport Experimental Study (SOCRATES) campaign from
January — February 2018 off the coast of Tasmania. SOCRATES sampled clouds and aerosols in
the cold sectors of Southern Ocean cyclones between 45-62°S. This is a regime in which large
concentrations of small aerosols have been observed in the past [Covert et al., 1996] with
sulfuric acid signatures consistent with new particles observed aloft [Weber et al., 2001]. In SO
cyclone cold sectors, global weather and climate models tend to simulate low clouds that do not
reflect enough radiation to space [Bodas-Salcedo et al., 2016; Bodas-Salcedo et al., 2012;
Bodas-Salcedo et al., 2014; Williams et al., 2013]. Excessive glaciation of mixed-phase clouds
IS one explanation, but another contributor may be biases in CCN concentrations, droplet number
concentrations, and the aerosol cloud interactions driving these populations [Bodas - Salcedo et
al., 2019; I L McCoy et al., 2020 in press; Revell et al., 2019]. SOCRATES was designed to
expand our knowledge of the aerosol sources and sinks in these cold sectors and help us better
understand Southern Ocean cloud-aerosol interactions.

We pose two questions in our analysis: what is the mechanism for producing the copious
quantities of Aitken mode sized particles over the SO (3.1)? And how do these small aerosols
influence the clouds in this pristine environment (3.2)? We begin by describing our analysis
methodology, datasets, and models (2). We conclude by discussing the implications of free
tropospheric aerosol particles influencing SO clouds and how that informs state of the art climate
models.

2 Materials and Methods

2.1 Aircraft Sampling

In the SOCRATES campaign [McFarquhar et al., 2020 submitted], the National Science
Foundation Gulfstream-V (GV) aircraft flew out of Hobart, Tasmania, over the SO. Fifteen
flights (Figure 1a) were designed to sample low clouds in the cold sectors of cyclones. Each
research flight (RF) had a similar sampling strategy (Figure 1b). Initially, the GV flew a high (~6
km altitude) survey leg into a region forecast to be dominated by low clouds until a southernmost
latitude was reached, typically 60-62°S. The cloud radar, lidar, and dropsondes were used to
probe the underlying cloudy boundary layer. After descending to an altitude above cloud
(typically ~3 km), the GV returned to Hobart while sampling the boundary layer through
repetitions of a flight module. Each module consisted of 10-minute level legs above cloud, in
cloud, and below cloud at 150 m above the sea surface, followed by sawtooth profiling through
the boundary layer. Module sampling was continued as long as operational constraints allowed,
after which the plane climbed back above the boundary layer to return to Hobart. There were two
exceptions to this method during the campaign: RF11 and 15 had flight paths customized for
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targeting cumulus cloud tops to sample mixed-phase microphysics. The limited observations
obtained north of 45° S are affected by proximity to Tasmania. Thus, our analysis focuses on the

a)

20°S
30°S
40°S
50°S

60°S

SO sampled between 45 and 62°S.

— RFO1 RFO6  evev RF11 b) HCR/HSRL/dropsondes on transit
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Figure 1 a) Flight locations from SOCRATES (dashed lines for cumulus targeting flights, solid for standard modules) and b)
standard flight module plan with identified leg components. Macquarie Island ,a coordinated site for ground observations as
detailed in McFarquhar et al. [2020 submitted] is marked with a star in (a).

The GV was equipped with a wide array of instrumentation [McFarquhar et al., 2020

submitted]. The low-rate, 1 Hz flight, state, and microphysical data from the GV was used in this
analysis [Laboratory, 2019]. The cloud droplet number concentration (Ng) is from the cloud
droplet probe (CDP). Aerosol number concentrations are taken from two instruments for our
analysis, a condensation nuclei counter (CN, all aerosols with diameters larger than ~0.011 um)
and a ultra-high sensitivity aerosol spectrometer (UHSAS or UHSAS100 when adjusted to the
accumulation size range of 0.1 — 10 um from the nominal size range of 0.085 — 1 um). The
models used were a TSI-3760A condensation nucleus counter on a HIAPER modular inlet and
DMT UHSAS-A, S/N 001. The UHSAS provides both size-resolved and integrated
concentrations within this range. Size resolved number concentrations for coarse mode aerosol
are from the CDP (2 — 50 um). The surface area reported in this paper is computed from the
coarse and accumulation mode size distributions, accounting for particles with diameters
between 0.085 and 50 um. Because UHSAS reports a dried aerosol diameter, surface area is
adjusted for swelling associated with the environmental relative humidity. We use the growth
factor reported for extinction coefficients, fyow, in €g. 3 of Chand et al. [2012]. We then scale
this factor by 2/3 to account for surface area growth instead (personal communication Mike
Reeves, NCAR):

2/3
SAynsas = (WDFysas)(1 + fgr/ow eq. 1

As in Chand et al. [2012], the values assumed in calculating fyow are for sulfate aerosols which
have a growth factor between sea salt and pollution aerosols. This is not an unreasonable
assumption as sulfate or sulfur-based aerosols were the most frequently occurring throughout the
campaign (3.1.3).

All aerosol measurements are subject to screening by a cloud and rain mask based on the

CDP and the two-dimensional optical array probe (2D-C). Aerosol observations were discarded
when our empirically chosen thresholds were exceeded: liquid water content from the CDP >
0.01 g m™ or precipitation droplets from the 2DC > 1 L™ [Bretherton et al., 2019]. Samples were
removed for 10 seconds following detection of cloud or drizzle to avoid measurement
contamination. Measured temperature and pressure are used to adjust aerosol concentrations to
mg™* from cm™ to account for volume changes at different levels in the atmosphere. Cumulative

transport )
boundary layer I \ L w W .
4 | clouds _L\ls / 7z 5‘/?
' e /] {3 )
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size distributions are calculated from the drizzle and cloud screened aerosol number
concentration for CN, size resolved UHSAS, and size resolved CDP.

We use aerosol measurements behind a counterflow virtual impactor (CV1) [Noone et al.,
1988; Twohy et al., 1997] to understand aerosol composition using two approaches: i) scanning
transmission electron microscopy (STEM) and X-ray analysis of particles impacted on formvar
carbon grids for particles above, in, and below cloud as in Twohy et al. [2013], and ii)
reconstructed particle volatility estimates from comparing CVI heated CN (using a TSI1-3010
condensation nucleus counter, CNcy,) and UHSAS100 (using a UHSAS-G, S/N 15 as in Kupc et
al. [2018], UHSAS100cy) measurements to un-heated CN, UHSAS100 measurements for free
tropospheric particles. Specific examples from the SOCRATES STEM analysis will be
highlighted here; for complete details see Twohy et al. [2020 submitted]. Normally, the CVI
preferentially separates cloud droplets using a counterflow out the tip. For out of cloud, ambient
aerosol measurements the counterflow is turned off. The CVI has two primary heaters that can
affect particle volatility, one on the probe and one on the long sample line. The CVI probe was
heated to ~50-60°C for the majority of the flights to evaporate water and prevent icing when
sampling inside supercooled clouds. Because of the instrument and inlet configuration required
on the GV, a 4.5m line heated to ~40°C was run between the inlet of the CVI and the instrument
rack. The total residence time in the CVI probe and sample line is 2.3 seconds. During their
passage through the heated probe and sample line, smaller, more volatile ambient aerosol
particles are evaporated. The result of this setup is that for the majority of flights during the
campaign the instruments behind the CVI sampled only particles not volatile at ~50°C. During
the second half of the campaign, the temperature of the CVI instrument was varied between ~25-
60°C to allow for a more detailed investigation of the particle volatility observed. Particles have
volatilized in this arrangement when their diameter is reduced to below the CNcy, detection limit
(11 nm). Since the CVI has two primary heated regions, the instrument (probe and tip) and
sample line, and they behave differently when the heaters are turned off, the maximum of these
three temperatures is used for estimating the volatility temperature (i.e. CVI tip, probe, and
sample line). Because this analysis approach was not foreseen, the volatilization estimates
produced are inexact but still useful.

We use observations from the 2015 Cloud System Evolution in the Trades (CSET)
campaign [Albrecht et al., 2019] in the North East Pacific (NEP) to provide a sub-tropical
comparison for SOCRATES. This comparison follows in the footsteps of Clarke et al. [1998] in
establishing the uniqueness of Southern Ocean observations. CSET sampled the stratocumulus to
trade cumulus transition between California and Hawaii using a similar modular strategy as in
SOCRATES for sampling the cloudy boundary layer. In CSET, the GV used similar wing-
mounted instrumentation to SOCRATES, including the CN, UHSAS, CDP, and 2DC
[Laboratory, 2017]. This allows a parallel data screening and analysis methodology to be
applied to both campaigns.

The CSET and SOCRATES flight paths approximately fall along common distance axes.
During CSET, this axis was a diagonal line between the coast of California and Hawaii
[Bretherton et al., 2019]. During SOCRATES, the axis was roughly a north-south line between
Hobart, Tasmania and the coast of Antarctica (Figure 1a). Average structures describing the
mean profiles along these axes are developed for analysis. Observations for each flight are sorted
into 500 m altitude layers, projected along the appropriate axis, and the median value for the
variable in question is computed for each 2.5° bin. Only bins with at least ten 1 Hz flight
observations are considered and aerosol samples are subject to the same precipitation and cloud
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screening as described above. Along with deriving individual flight composites, these individual
composites are averaged together to develop a mean campaign composite as in Bretherton et al.
[2019]. These gridded structures are particularly useful in comparing variables not sampled
simultaneously, such as cloud droplet number and aerosol concentrations.

2.2 Air-mass Back Trajectories

Interpreting SOCRATES aerosol observations requires knowledge of their air mass
histories. We used the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT)
model [Stein et al., 2015] to provide this context. HYSPLIT back trajectories were based on
Global Data Assimilation System (GDAS) meteorology on a 0.5° by 0.5° grid. Seventy-two hour
back-trajectories were calculated for each 10-minute flight segment, based on the aircraft
altitude, latitude, and longitude at the mean segment time. The maximum CN concentration for
the flight segment (CNwmax10) Was used to identify likely instances of recent particle formation
(RPF) since very high CN is indicative of RPF events in this pristine environment. We split the
campaign trajectories by CNwax1o quartiles: the upper quartile (CNmax10>2500 mg™) is considered
to be comprised of RPF cases and the lower three quartiles (CNwa10<2500 mg™) are considered
unclear or non-RPF cases. This RPF identification method allows us to statistically analyze air
mass histories. Clement et al. [2002] assessed timescales for sulfuric acid particle formation and
growth and found that recently formed particles in the upper troposphere will be observable
(~12.5-30 nm) within ~5 hours. Because both the instrumentation and exact conditions of this
study (i.e. in the outflow of a mid-latitude storm system) are different from the FT events during
SOCRATES, a more appropriate time estimate for when recently formed particles is likely ~10
hours, the upper end of the estimation from Clement et al. [2002].

2.3 Nudged Global Climate Model Simulations

A goal of both the SOCRATES and CSET campaigns was to evaluate the fidelity of
current global climate models (GCMs). One central strategy was to compare campaign
observations with reanalysis-nudged hindcasts from GCMs, as applied by Bretherton et al.
[2019] for CSET. This approach is applied for SOCRATES to evaluate version 6 of the
Community Atmosphere Model (CAMG6), which uses the MAM4 aerosol scheme detailed in Liu
et al. [2016]. CAM6 SOCRATES simulations and microphysics are described in detail by
[Gettelman et al., 2020 submitted]. CAM6 is nudged by wind, temperature, and surface pressure
fields from MERRAZ reanalysis [Gelaro et al., 2017] with a 1-day relaxation timescale. This
ensures the large-scale structure of simulated storms are close to the reanalysis, enabling
simulation of similar profiles of clouds, humidity, and aerosols in the model when compared to
aircraft observations at a given location and time. Clouds, humidity, and aerosols are not nudged
in CAMBSG, allowing a critical appraisal of their accuracy using the GV measurements. CCN at
~0.6% super-saturation is determined to be the nearest analog to UHSAS100 (which was
measured at a fixed super saturation close to ~0.6% during SOCRATES) for these simulations.
CN is the sum of aerosol number concentration for coarse, accumulation, and Aitken mode. Both
aerosol variables include in and out of cloud values from the model. Cloud droplet number
concentration is reported as in cloud. Here we focus on comparing the measured aerosols and
cloud droplet number concentrations with CAMG.
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3 Results
3.1 Synoptically Generated Recent Particle Formation

3.1.1 Observations of Recent Particle Formation in the Southern Ocean and Sub-Tropics

Frequent high concentrations of small aerosol particles were observed in SOCRATES
throughout the depth of the SO free troposphere. Bursts of high CN concentrations with
simultaneously low UHSAS100 concentrations were observed in the mid troposphere (~6 km)
and above cloud (~3 km) on many of the flights. The high total aerosol concentrations are
dominated by predominantly small particles with diameters of 0.01 to 0.1 um, observed as the
difference between CN and UHSAS100, which provides evidence for relatively recent particle
formation.

Two example flight segments have been selected to highlight typical signatures that we
interpret as evidence for RPF: one segment from a mid-tropospheric survey leg (Figure 2b, 6 km
altitude, 1200 km long) and the other from an above cloud leg (Figure 2a, 3 km altitude, 300 km
long). The first signature of RPF events is high CN (often exceeding 2500 mg™) that is rapidly
varying, often with up to tenfold changes in concentration over a few km. The CN variability
may be a marker of bursts of particle formation or boundaries between different air masses at
different stages of nucleation [Clement et al., 2002]. This is often accompanied by an
anticorrelation between UHSAS100 accumulation mode and CN concentrations, a sign of
particle formation events [Covert et al., 1996]. Finally, particle surface area estimated from the
coarse and accumulation mode is below 10 um? mg™ in these segments, a threshold associated
with new particle formation [Covert et al., 1996]. This low surface area is common in the SO
free troposphere but very uncommon in the underlying boundary layer. Note that RPF events
identified by the CNmax1o Criteria (2.2) are marked for reference.
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a) RF09: Survey Leg

10°

—— CN —— UHSAS100 —— Surface Area
104 E10*

Surface Area (um? mg~1)

Number Concentration (mg™?)

Latitude (°N)
b) RF05: Above Cloud Leg
— CN —— UHSAS100 —— Surface Area

10°

Number Concentration (mg™1)
Surface Area (um? mg1)

-56.4

Latitude (°N)

Figure 2 Example cases for suspected RPF events observed in (a) survey-leg sampling in the mid-troposphere during RF09, and
(b) above cloud leg sampling during RF05. Observations are shown against time as flight proceeded south (note difference in
length scale between a and b). Number concentrations (left) for total (CN, orange) and accumulation mode (UHSAS100, purple)
particles. Surface area for coarse and accumulation mode aerosol (right, pink). Dotted lines for 2500 mg™ (orange) and 10 zm?
mg™ (pink) are included for reference. HYSPLIT trajectory initial locations are marked, solid stars for likely non-RPF events
(CNax10>2500 mg™) and open stars for regions of suspected RPF events (CNyaao>2500 mg™). Trajectory altitude profiles are
shown for the segment of RF09 in (a) in McFarquhar et al. [2020 submitted].

Outflow from cumulus congestus rising above the mean boundary layer is known to be a
region of new particle formation in the SO [Clarke et al., 1998]. SOCRATES sampled in or
downwind of such regimes only infrequently. However, high particle concentrations, suggesting
recent RPF events, were observed at all elevations of the free troposphere, as is shown in the
following height-based separation analysis. SOCRATES data is split into sampling from the
mid-troposphere (MT: Z > 4.5 km, a and b), above-cloud (AC: 1.5 <Z <4.5 km, c and d), and
sub-cloud (SC: Z < 1.5 km, e and f) regions (as in Figure 1b). At each level, normalized pdfs of
CN and UHSAS100 are computed. Results are shown in Figure 3 along with CSET observations
that will be discussed subsequently. In both the MT and AC sampling, a significant percentage of
SOCRATES samples have CN well above 1000 mg™ (Figure 3b, d). The UHSAS100 PDF at
these levels shows infrequent concentrations in excess of 100 mg™, indicating these high CN
concentrations are mainly Aitken mode particles (Figure 3a, c). Quantifying the 1000 mg™ and
above range gives us information about both the recently formed particles (bursts of which are
captured by our stricter RPF event definition for statistical analysis, 2500 mg™) and the slightly
lower concentrations of older, coagulated Aitken particles which still significantly contribute to
the total aerosol amount. SC concentrations of CN in excess of 1000 mg™ are less frequent but
the PDF still retains significant probability near 1000 mg™ (Figure 3f). As inthe MT and AC
sampling, the majority of particles SC are smaller than the accumulation mode size range (Figure
3e, f). However, we see a consistent shift with height in the UHSAS100 pdfs: at lower altitudes,
the higher UHSAS100 concentrations become more common. The high CN concentrations
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become less common SC. This suggests that there is some coagulation and growth occurring as
the aerosols descend into the boundary layer (subtly shifting UHSAS100 distributions to higher
concentrations). However, CN is not significantly depleted until the SC which indicates cloud
processing is key.

0.3 CSET SOCRATES Comparison - UHSAS CSET SOCRATES Comparison - CN
a) MT — C:35.73 — C:459.44 b) MT
021 (4.5sZ<8km) —— 5:25.47 | | — 5:686.81
0.11 !
0.0 - : ; : : ; : : : ;
0.3
c) AC — C:41.44 —— C:217.07 d) AC
+ 0.27 (1.5=Z=4.5km) — $:331 || — $:515.63
a 0.1
0.0
0.3
e) SC —— C:55.61 —— C:146.06 f) SC
0.27 (z=1.5km) —— $:50.41 | | =— S:379.75
0.11
0.0- . ; ; . ‘ . ; : .
10° 10! 10?2 103 104 10° 10! 107? 103 104
Number Concentration (mg™1) Number Concentration (mg~1)

Figure 3 PDFs of number concentrations for UHSAS100 (a, c, €) and CN (b, d, f) for different altitudes: mid-troposphere (a, b),
above cloud (c, d), and sub-cloud (e, f). SOCRATES observations (orange) are contrasted with CSET observations (purple).

How different is the SO aerosol structure from the structure in subtropical marine regions
and what does that information tell us about new particle production in the SO? We compare
height-matched number concentration pdfs for UHSAS100 and CN from CSET at the same
levels as in SOCRATES (Figure 3). At all altitude levels there is more accumulation mode
aerosol and, because total aerosol concentrations are lower, less Aitken mode aerosol in CSET
than in SOCRATES. Accumulation mode aerosols have a wider range of high concentrations
that can occur in the subtropics compared to the SO (Figure 33, c, e), potentially affecting the
variability in Ng and cloud albedo in these regions. Lower and less variable CN concentrations
typify CSET compared to SOCRATES. SC CN campaign pdfs are the most separated (Figure 3f)
while MT CN pdfs are the most similar (Figure 3b).

If local wind-driven sea-spray production was primarily responsible for driving below
cloud aerosol number production, we would expect a higher ratio of accumulation to