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ABSTRACT: Cloud droplet residual particles provide insight into cloud
formation and processes controlling cloud radiative effects and precipitation.
Aerosol particle size distribution and composition were measured in situ from an
aircraft with a laser aerosol spectrometer (LAS) and an aerosol mass spectrometer
(AMS), respectively, both of which switched between an isokinetic inlet when
flying below cloud base (BCB) and a counterflow virtual impactor (CVI) when
flying in cloud (above cloud base, ACB). Pairs of data linking below-cloud and in-
cloud measurements reveal that the particle effective radius is up to a factor of 2
higher for in-cloud droplet residuals compared to below-cloud aerosol, suggesting
some possible mix of preferential activation of larger particles, cloud processing
that promoted larger droplet residuals, or other effects. Droplet residuals also show
higher mass fractions of organics (and f44) and chloride, with the latter correlated
with factors suggestive of an increased sea salt influence. Case studies of African
dust transported to Bermuda did not show a clear signature of the coarse aerosol
influence in droplet residual measurements, in contrast to sea salt cases. These results leverage a unique airborne data set from
ACTIVATE over the northwest Atlantic, providing insight into preferential particle size and compositions describing the subset of
particles serving as cloud condensation nuclei (CCN).
KEYWORDS: CVI, droplet residuals, size distribution, dust, sea salt, droplet activation, CCN

1. INTRODUCTION
Aerosols serve as cloud condensation nuclei (CCN), which are
the seeds of cloud droplets. The physical and chemical
characteristics of aerosols determine what fraction of them can
serve as CCN at a given supersaturation, which is a central aspect
of understanding aerosol-cloud interactions1,2 that are linked to
the largest uncertainty in estimates of total anthropogenic
radiative forcing.3 It is challenging to know exactly the properties
of the special subset of particles that nucleate into cloud droplets
since it requires capturing those droplets, drying them, and then
subsequently characterizing those droplet residual particles.
Moreover, these residuals carry a history beyond nucleation,
which may involve further cloud processing effects, including,
for instance, coalescence between droplets (i.e., two droplet
residual particles merge into one) and chemical reactions in
droplets that alter the original physicochemical properties of
activated CCN.

Cloud droplet residuals are typically characterized with
surface-based mountaintop measurements owing to the ease

of intercepting clouds at high elevations e.g.,.4−8 While surface-
based measurements often reflect localized aerosol populations,
they can also capture long-range transported and free tropo-
spheric aerosols.9,10 In addition, long-term ground-based
observations provide important insights into seasonal trends in
cloud droplet residual properties.8,9,11 Airborne measurements
complement these observations by allowing in situ sampling
across varying altitudes, geographic locations, and meteoro-
logical regimes, offering a more comprehensive perspective. As
noted by Zelenyuk et al.,12 aircraft measurements are best suited
for CCN characterization due to the ease of comparing in-cloud
CCN properties and below-cloud unactivated aerosol proper-
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ties. However, airborne studies of cloud droplet residuals have
been conducted over short time periods in a fixed region, largely
due to the complexity and cost associated with airborne
sampling. Such campaigns have taken place in regions including
northern Atlantic,13 North Sea,14 north-central Oklahoma,15

most of the western United States,16 southeastern Texas,17

southeast Pacific Ocean,18 Alaska,12,19 and northeast Pacific
Ocean.20,21 This leaves critical gaps in understanding the spatial
and seasonal variability of droplet residual properties, including
over the northwest Atlantic where currently there is only one
report regarding the composition of droplet residual properties
with airborne measurements.22

Depending on the study region, the chemical composition of
droplet residuals reveals key differences from subcloud aerosols.
Sulfate and organics are typically the dominant components in
both droplet residuals and below-cloud aerosols, with at least
one study showing similar relative fractions of each both below
and above cloud base over the northeast Pacific.21 Some studies
have shown that droplet residuals tend to have greater sulfate
content compared to aerosols below and above clouds,12,15

while others show enhanced organic content,16 higher levels of
oxygenated species among the organic fraction,17,22 and
increased fractions of both nitrate and organics.14 In addition,
droplet residuals have been shown to contain significantly higher
fraction of carbonates than ambient aerosols, along with
increased levels of sea salt and black carbon.19 A few past
works have examined size distributions of droplet residuals, with
examples being based on airborne measurements over the
southeast Atlantic,18 the North Sea between Rotterdam
(Netherlands) to Newcastle (United Kingdom),14 and the
North Slope of Alaska,12 in addition to surface based
measurements at Mt. Åreskutan in Central Sweden,6 Puy de
Dôme, France,23 and at the mountain ridge Thüringer Wald in
central Germany.24,25 These works showed that droplet
residuals generally exhibit larger dry diameters than aerosols
outside of clouds. Complementing these findings, seasonal
variability in residual size was observed at the Zeppelin
Observatory in the Arctic, with accumulation mode particles
dominating in warmer months and Aitken mode particles more
prevalent in colder months, indicating a seasonal shift in the size
of activated particles.8

Here, we present findings from simultaneous aircraft-based
measurements of the physical and chemical properties of
ambient aerosol particles below cloud and cloud droplet
residuals conducted during NASA’s Aerosol Cloud meTeorol-
ogy Interactions oVer the western ATlantic Experiment
(ACTIVATE) campaign. Our key research questions are as

follows: (1) What are the dominant chemical and physical
characteristics of ambient aerosols and cloud droplet residual
particles over the northwestern Atlantic and how do they differ
(if at all)? (2) How do these properties vary across different
seasons and geographic locations? A unique aspect of this work
as compared to those in the past is the very extensive statistical
nature of the data set across multiple seasons and years and over
a region offering very wide aerosol and cloud character-
istics.26−28 Furthermore, the systematic and unique strategy of
the ACTIVATE flights is very conducive to this study owing to
the focus being placed on repeatedly alternating flight legs below
and in the cloud.

2. METHODS
This section gives an overview of the instruments deployed
during the 3-year ACTIVATE campaign and the data analyses
used to determine and compare the size distribution and
chemical characteristics of ambient aerosol and droplet residual
particles. Although a brief summary is provided below, more
detailed information on the campaign and instruments used can
be found in Sorooshian et al.29

2.1. Flight Campaign. ACTIVATE took place between
2020 and 2022 with a focus on aerosol-cloud-meteorology
interactions.30 Based mainly out of NASA’s Langley Research
Center with a small subset of flights based out of Bermuda
(Figure 1a), ACTIVATE included six airborne measurement
campaigns conducted during winter and summer each year.29

Two spatially coordinated aircraft conducted systematic flight
profiles in the form of “statistical surveys” comprised of both
clear air and cloud ensemble measurements (hereafter
“ensembles”), whereby a higher-flying King Air (∼9 km
altitude) conducted remote sensing measurements and
launched dropsondes and a lower-flying HU-25 Falcon
conducted in situ measurements of trace gases, aerosol particles,
clouds/precipitation, and atmospheric state parameters in and
just above the marine boundary layer (usually <3 km). In this
study, we focus on the cloud ensembles performed whereby the
Falcon conducted repeated sets of level legs (∼3min in duration
or ∼20 km in distance) in the following nominal order: below
cloud base (BCB), above cloud base (ACB), a second pair of
BCB and ACB, minimum altitude (MinAlt; ∼150 m above sea
level), above cloud top (ACT), and below cloud top (BCT)
(Figure 1b). For this paper, we focus on BCB (subcloud-base
aerosol particles) and ACB (cloud droplet residuals) pairs to
compare their size and composition properties.

2.2. Instrumentation. Aerosol sampling on the Falcon
alternated between an isokinetic inlet,31 which was used to

Figure 1. (a)Map of the sample region, where the circles represent the midpoints of BCB−ACB pairings colored by four categories. The stars indicate
the locations of Bermuda and the main base of operations during ACTIVATE (NASA Langley Research Center in Hampton, Virginia). (b) Typical
flight pattern of a cloud ensemble conducted by the HU-25 Falcon. In this study, we focus on two level legs: below cloud base (BCB) and above cloud
base (ACB), denoted by blue and orange shading, respectively. The gray shading indicates the cloud layer.
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characterize aerosols below and above clouds, and a counterflow
virtual impactor (CVI; Brechtel Manufacturing Inc.) inlet,32

which was employed to analyze cloud residual particles during
cloud penetrations. A key consideration when interpreting the
data collected behind the CVI is the inherent CVI sampling bias
toward larger droplets above the cut size. Additionally, it is
presumed that smaller droplets unable to pass the second
stagnation plane and exit the tip could collide with larger
droplets entering the probe, increasing the droplet size and
producing larger residuals than an individual droplet alone. Two
instruments sampled droplet residuals downstream of the CVI: a
laser aerosol spectrometer (LAS) and an aerosol mass
spectrometer (AMS). Both the LAS and AMS also sampled
behind the isokinetic inlet. The LAS (TSI Inc. Model 3340)
measured dry aerosol number size distribution for diameters
between 100 and 3500 nm at 1 s time resolution. The instrument
was calibrated using monodisperse ammonium sulfate particles
with a refractive index of 1.52, which has been identified to
broadly represent bulk ambient aerosol particles.33 Regular spot-
checks with NIST-traceable polystyrene latex spheres of
appropriate sizes were conducted to verify the long-term
stability in the LAS sizing performance. We caution that some
of the LAS sizing characteristics beyond ∼1000 nm are
vulnerable to its nonmonotonic Mie response, and peaks at
the larger sizes may therefore be artifacts.34,35

A high-resolution time-of-flight aerosol mass spectrometer
(AMS; Aerodyne)36 measured nonrefractory chemical compo-
sition of dried ambient aerosol and droplet residuals including
sulfate, nitrate, chloride, ammonium, and organics for the
diameter range from 60 to 600 nm at a time resolution of 30 s,
amounting to ∼3.3 km horizontal resolution based on the
Falcon’s aircraft speed of ∼110 m s−1. We also utilize the mass
spectral marker m/z 44 for oxygenated hydrocarbons,37 with f44
representing the ratio ofm/z 44 to total organic mass. Due to its
differencing method, AMS measurements can yield negative
mass concentrations in clean conditions, which we retained in
our statistical calculation to prevent biasing the leg-averaged
values.29 Note that for cloud droplet residuals, only speciated
mass fractions from the AMS are reported. Mass concentration
information from the AMS behind the CVI is not reported
owing to appreciable uncertainties due to the nature of the CVI
operation. Contextual information is used in the form of water-
soluble ionic composition from a particle-into-liquid sampler
(PILS; BMI) coupled to offline ion chromatography;38 note that
the PILS was only operated downstream the isokinetic inlet. The
PILS time resolution varies between 5 and 7 min (∼33−46 km),
and the PILS data represent the diameter range of 50−5000
nm.29

We also use 1 s data from the Fast Cloud Droplet Probe
(FCDP; SPEC Inc.) for cloud screening purposes with reliance
on both cloud droplet number concentration (Nd) between 3
and 50 μm and liquid water content (LWC).39,40 Additionally,
we use Two-Dimensional Stereo probe (2D-S) data to calculate
the ice mass fraction (IMF).41 For the pollution category
classification, we use particle number concentrations of 0.003−5
μm, measured by a condensation particle counter (CPC, TSI-
3776).42

For two case study flights, we also use data from the High
Spectral Resolution Lidar − generation 2 (HSRL-2),43 which
was deployed on the King Air and is used here for vertically
resolved information about aerosol types.44 The aerosol types
include urban, marine, polluted marine, fresh smoke, smoke,
pure dust, and dusty mix. The HSRL-2 data are representative of

the column of the atmosphere below the King Air during flights,
which were carefully coordinated with the Falcon such that the
lidar profile measurements were coincident within 5 min in time
and 6 km horizontal distance > 70% of the time.45

2.3. Data Analysis. Because the Falcon requires time/
distance to change the altitude, there is a horizontal gap between
the BCB and ACB level flight legs. In this study, we select pairs of
BCB and ACB legs, ensuring that the horizontal distance
covered during the ACB leg did not exceed 40 km from the end
of its corresponding BCB leg.39 The median distance between
the nearest BCB and ACB legs for each season ranged from 15 to
19.5 km (Figure S1). To confirm cloud presence during ACB
legs, we applied the following criteria:40 LWC > 0.01 g m−3 and
Nd > 10 cm−3. Cloud-free air in BCB legs was assumed to be
present if LWC < 0.001 g m−3 and Nd < 5 cm−3.46 Additionally,
only BCB−ACB pairs with a minimum in-cloud time of 10 s,39

as well as availability of both LAS and AMS data for each pair,
were included in the analysis. Table 1 summarizes the number of

selected BCB−ACB pairs throughout ACTIVATE deploy-
ments, amounting to 569 total pairs, with the winter season
(December−March) deployments yielding the highest number
of pairs (357 pairs).

We next applied an enhancement factor (EF) to the CVI data
to correct for the enrichment of particles32 using the following
equation:

=EF
A v

q
tip plane

sample (1)

Table 1. Median (25th−75th quartile) Values of Aerosol and
Cloud Droplet Variables for Four Seasonal Categories during
ACTIVATEa

LAS Na
(cm−3)

FCDP Nd
(cm−3) LAS re (nm)

(>100 nm) (≤1000 nm) n

Dec−Marb

BCB 329 (229−
457)

0.2 (0.1−
0.3)

138 (109−
248)

119 (104−
142)

357

ACB 37 (19−
61)

293
(165−
489)

295 (190−
436)

198 (153−
248)

May−Junc

BCB 258 (187−
401)

0.5 (0.2−
0.8)

271 (150−
452)

152 (126−
189)

116

ACB 45 (19−
61)

229
(126−
340)

274 (200−
362)

218 (179−
255)

Aug−Sepb

BCB 231 (148−
753)

0.4 (0.2−
0.6)

236 (135−
458)

135 (117−
167)

51

ACB 29 (14−
54)

171 (97−
256)

419 (248−
626)

242 (176−
290)

Bermudab

BCB 257 (199−
326)

0.5 (0.3−
0.7)

273 (157−
472)

153 (127−
188)

45

ACB 16 (9−31) 142 (69−
255)

301 (218−
458)

252 (198−
300)

aData are separated based on two-level legs (BCB, ACB). Bermuda =
flights based out of Bermuda in June 2022. The far right column
shows the number of pairs per category. bStatistically significant
difference in re for both the submicron-only (≤1000 nm) and the full
LAS size range (>100 nm) between BCB and ACB legs based on the
Mann−Whitney U test (p < 0.001). cStatistically significant difference
in re for submicron-only.
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where Atip represents the area of the inlet tip where drops enter,
vplane denotes the aircraft’s velocity, and qsample is the volumetric
flow rate of air sampled through the CVI inlet. The value ofAtip is
1.67 × 10−5 m2, qsample is 15 L min−1, and the aircraft velocity
ranges from 80 to 155 m s−1. For the entire data set discussed
here, the EF was in the range of 5−10.

We also calculate the dry effective radius (re) for both ambient
and droplet residuals using LAS size distribution data, as
described by the equation below:

=
= =

r n r n r/e
i

N

i i
i

N

i i
1

3

1

2

(2)

whereN is the number of bins, ni is the number concentration (#
cm−3) for individual size bins, and ri is the bin-center radius.

ACTIVATE data are presented for four categories based on
time of year and location of measurements: December−March,
May−June, August−September, and “Bermuda”, the latter being
flights in June 2022 based from Bermuda. All other flights were
based in Hampton, Virginia. The Bermuda flights were
conducted to extend the spatial domain of the data set to
farther eastward from the U.S. East Coast and Gulf Stream,
where Hampton-based flights could not reach due to fuel
limitations.

3. RESULTS AND DISCUSSION
3.1. Aerosol Particle and Droplet Residual Number

Size Distributions. We first compare the aerosol number size
distributions of below-cloud ambient aerosol and above-cloud
base droplet residual particles for the four categories defined in
Section 2.3 (Figure 2), with the number concentration statistics
shown in Table 1. We do not focus on above-cloud aerosols as
the predominant aerosol activating into droplets stem from the
BCB legs.39 We caution that this analysis cannot discriminate
residuals that are dried versions of the particles that activated
into cloud droplets from residuals of particles that have
undergone modification due to cloud processing. The data
discussed herein likely reflect a combination of both types of
particles.

Both subcloud aerosol and droplet residual particles showed
similar unimodal number size distributions across the four
categories (Figure 2). Modal diameters for subcloud particles
and droplet residuals range from 112 to 158 nm and 126 to 178
nm, respectively, with median aerosol number concentrations
for subcloud aerosols ranging from 231 to 329 cm−3 and for
droplet residuals from 16 to 45 cm−3. The highest median
aerosol number concentration (Na) for BCB legs, as well as Nd
for ACB legs, were observed in December−March (Table 1).
For context, the median droplet number concentrations
measured by the FCDP during the times of CVI−LAS
measurements ranged from 142 to 293 cm−3 and thus exceeded
the droplet residual concentrations, which is a helpful sanity
check as Nd includes more activated particles below the lowest
diameter of the LAS (100 nm) and due to the innate nature of
CVI sampling that is vulnerable to particle losses and
transmission efficiency dependency on droplet size.32 Past
work for ACTIVATE demonstrates that there can be activation
of particles below 100 nm.47,48

Droplet residual particles exhibited slightly larger modal
diameters than subcloud particles for the August−September
(126 versus 112 nm) and Bermuda (178 versus 158 nm)
categories. A possible reason for the shift to larger sizes in
droplet residuals could be the preferential activation of larger
particles and/or cloud processing that promoted larger droplet
residual particles via some combination of aqueous chemistry to
generate new mass and collision-coalescence of drops to
increase the size of the droplet residuals.49,50 Although based
on only 2022 ACTIVATE data, which had the most flights,
Edwards et al.51 showed that sea salt levels were highest based on
Falcon measurements with the PILS in the Bermuda category,
consistent with a higher modal diameter for droplet residual
particles in that season. Liu et al.52 showed for 2020 ACTIVATE
deployments that the August−September time frame exhibited
higher sea salt aerosol levels than the winter period of February−
March.

For comparison, other studies also reported that modal
diameters of cloud droplet residuals are generally larger than
ambient aerosol particles.6,12 Zelenyuk et al.12 reported that

Figure 2.Dry particle number size distributions for (blue) subcloud aerosol sampled in BCB legs and (orange) cloud droplet residual particles sampled
in ACB legs, with separate y-axes for (left, in blue) ambient aerosol and (right, in orange) droplet residual particles. Shaded areas represent the 25th−
75th percentile range, while blue and orange numbers (in nm) show the modal diameter of aerosol particles and the droplet residuals, respectively.
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particles below cloud show peak abundance at 227 nm, while
cloud residuals peak at 265 nm at the North Slope of Alaska.
Although Graham et al.6 did not provide the exact values, their
plot indicates that the modal diameter of particles before cloud
events is approximately 70 nm, compared to around 140 nm for
cloud residuals on Mt. Åreskutan in Central Sweden.

We also examined the subcloud and droplet residual number
size distributions, binned by temperature, to assess whether
there was a change in modal size with respect to temperature
(Figure S2). In general, the modal size decreased with
decreasing temperature, except during December−March
when it increased for temperature bins colder than −10 °C.
Using available 2D-S and FCDP measurements, we calculated
IMF41 and verified that the clouds sampled during ACB legs
included in this study were predominantly in the liquid phase.
Thus, the reversal in modal size is unlikely to be due to ice-phase
processes and may instead reflect reduced activation of smaller
particles under lower supersaturation conditions.2 Similarly, we
classified our BCB−ACB pairings into different pollution
categories based on subcloud condensation nuclei (CN)
concentration: clean: <300 cm−3; intermediately polluted:
300−900 cm−3, and polluted: 900−1600 cm−3 (Figure
S3).53,54 This categorization allows us to examine whether
pollution levels influence residual particles sizes. We found no
substantial difference in modal diameter between the clean and
intermediate categories, suggesting that increases in aerosol
number concentration within these ranges do not significantly
impact droplet residual size. However, for the polluted category,
the number size distributions shift toward a smaller size range
(except in May−June), likely due to increased competition for
water vapor among the larger number of activated particles. This
trend is consistent with the temperature-binned results, where

droplet residual sizes tended to be smaller at colder temper-
atures, potentially reflecting suppressed condensational growth.
Our findings contrast with observations from a study off the
California coast, which reported minimal differences in residual
particle size distribution across varying pollution levels, with
most variability attributed to number concentrations rather than
mode or volume.54

Owing to the minimum size measured by the LAS, this
instrument cannot capture the Hoppel minimum,55 which
typically exists at smaller sizes (60−100 nm) for the ACTIVATE
data set based on recent studies.39,56,57 The Hoppel minimum, a
gap in the size distribution separating two distinct modes,
typically represents the smallest particles capable of serving as
CCN under specific thermodynamic conditions influenced by
cloud processing.55 Cloud residuals can exist in sizes smaller
than the Hoppel minimum, as reported in studies conducted in
the central Arctic Ocean58 and at Puy de Dôme, France.23

Next, we calculate the re for both submicron-only particles
(≤1000 nm) and for the full size range including supermicron
particles (>100 nm), comparing subcloud aerosols and droplet
residual particles. While the submicron-only data more clearly
highlight the differences, both approaches consistently show
that droplet residuals generally have larger re than subcloud
aerosols (Figure 3). The differences in re are statistically
significant (p-value = <0.001) for all seasons for the submicron-
only range and for the full size range except during May−June.
Median re for droplet residual particles were, on average, larger
than those for subcloud aerosol, particularly during December−
March and August−September for both the submicrometer-
only and full size ranges. Figure S4 shows seasonal histograms of
re differences (ACB−BCB) for particles >100 and ≤1000 nm,
with inset boxplots showing corresponding ACB/BCB re ratios.

Figure 3.Box notch plots comparing effective radius (re) for (blue) subcloud particles and (orange) cloud droplet residual particles for submicron-only
(≤1000 nm) and including supermicron (>100 nm). The median is represented by the horizontal line within each box with the box edges marking the
25th and 75th percentiles. The whiskers extend to the upper boundary (third quartile +1.5 × interquartile range) and the lower boundary (first quartile
−1.5 × interquartile range). Notches around the median denote its 95% confidence interval.

Figure 4. Seasonal comparison of AMSmass fractions for subcloud aerosol (BCB legs) and droplet residual particles (ACB legs). Parts of the Organic
bars are shaded light green to represent the relative fraction of organics comprised of oxygenated organic species represented by the m/z 44 marker.
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Differences are mostly positive, indicating a larger re in droplet
residuals. Seasonal variability is evident, with broader, positively
skewed distributions and higher ratios during December−
March, while differences are near zero and ratios are close to
unity during May−June, indicating minimal differences.
Selected pairs where BCB has a larger re than ACB are explored
further in Section 3.3.2.

3.2. Chemical Properties of Aerosol Particles and
Cloud Droplet Residuals.This section compares the chemical
compositions of ambient aerosols (BCB leg) and droplet
residual particles (ACB leg) using CVI−AMS data. The analysis
builds on a previous study,22 which examined chemical
composition data from 2020 to 2021 across various flight legs.
The distinction in this analysis is both a larger data set as almost
half of the ACTIVATE flights were in 2022 and the inclusion of
data around Bermuda, which extends the data set into a more
remote marine region. The results of the larger data set and
inclusion of Bermuda data are still consistent with Dadashazar et
al.,22 in that droplet residual particles were richer in organic
material and had less sulfate compared to subcloud ambient
aerosol (Figure 4). The difference between BCB and ACB data
is most distinct for the Bermuda data set. Compared with other
studies, AMS measurements of droplet residuals from warm
tropospheric clouds at a ground site on Mt. Åreskutan revealed
that organic and nitrate-containing particles were more readily
activated into cloud droplets than sulfate.5 Additionally,
increased fractions of organics and nitrate in droplet residuals
have been observed in the North Sea.14 Their findings also
suggest that larger aerosol particles were preferentially
incorporated into the droplets. Another study over the northeast
Pacific reported similar relative fractions of organics and sulfate
both below and above cloud base.21

For a more detailed look at individual BCB−ACB pairs, we
computed the organic:sulfate ratio using the mass fraction of
both species and plotted the ratios for subcloud aerosols (x-axis)
and droplet residuals (y-axis) for each season (Figure S5). Points

below the 1:1 line indicate that the organic:sulfate ratio is lower
in droplet residuals compared to subcloud aerosols. Overall, the
ratio is higher in droplet residuals compared to subcloud
aerosols, with only 16% of the total points below the 1:1 line.

The combined LAS and AMS results show that droplet
residuals carry a physicochemical signature of being larger and
more organic-rich than subcloud particles, and that those
organics are more functionalized such as what has been shown in
past studies linked cloud chemistry to production of dicarboxylic
acids like oxalate.59−61 These differences are pronounced,
especially for composition, for the Bermuda data set, which is
unexpected as this area is farthest removed from continental
emissions that would presumably lead to secondary organic
aerosol during cloud processing. One possible explanation could
be due to the type of cloud system encountered during Bermuda
flights. Much of the cloud water samples from Bermuda were
collected during process study flights, which probed deeper
cumulus clouds as detailed by Crosbie et al.48 The flight strategy
of the Falcon in ACTIVATE’s process study flights involved
stacked level legs ranging from below to above clouds, and thus,
there is a more defined bias for ACB measurements to represent
a processed state compared to the BCB precursor state. During
the statistical survey flights closer to the U.S. East Coast, the
BCB−ACB leg pairs do not reflect as clear of a temporal
progression, as the air parcels may have circulated through
clouds multiple times before being sampled at the BCB. This is
speculative and opens an opportunity for future analysis to
examine how different cloud types and flight strategies impact
differences between BCB particles and ACB droplet residuals.

In summary, in addition to the observed compositional shift
toward more organic and oxygenated materials in droplet
residuals, our findings further support the possibility of size
modification through cloud processing, as indicated by the larger
size of residual particles compared to subcloud aerosols.
Understanding the chemical composition of individual cloud
droplets is a powerful approach to advancing knowledge of

Figure 5. (a) Average mass concentration of PILS Na+ and Cl− for August−September for BCB leg. The stacked bar with a red edge (RF36: 21
September 2020) marks the flight date used for the sea salt case study. Shown also are (b) the Falcon flight path, with circles indicating the locations of
BCB−ACB pairings, (c) LAS number size distributions for subcloud particles in BCB legs and droplet residuals in ACB legs, with thick lines
representing the median for RF36, and thin lines representing the median for other flights in the August−September category, (d) calculated effective
radius (re) for submicron-only (≤1000 nm) and including supermicron (>100 nm), and (e) average mass fraction of speciated mass from AMS
including the relative contribution of m/z 44 to total organic mass.
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aerosol-cloud interactions and improving parametrizations of
cloud microphysics and aerosol scavenging processes.62

Continued in situ observational studies are necessary for
refining microphysical models and enhancing accuracy of such
parametrizations.63,64 In particular, information on the droplet
residual composition is essential for evaluating whether models
such as Weather Research and Forecasting model coupled with
chemistry (WRF-Chem) can accurately reproduce observed
trends in droplet residual chemical fractions.65,66 Such insights
also enable better representation of aerosol-cloud interactions
by accounting for the aerosol chemical composition and
spatiotemporal variability of the aerosols that actually serve as
CCN.67

3.3. Case Studies. The case study flights presented below
were identified based on flight scientist notes documented in
Sorooshian et al.29

3.3.1. High Sea Salt Loading.We explore a high sea salt case
flight from 21 September 2020, (RF36) to determine whether
differences in aerosol size are observed (Figure 5). The elevated
sea salt loading during this flight was likely due in part to very
high wind speeds, as noted in the flight scientist’s notes.29 For
this case study, nine BCB−ACB pairs passed the data filtering
criteria (Section 2.3). We leveraged PILS sodium and chloride
measurements to quantify sea salt concentration for this flight,
which was a typical out-and-back flight from Hampton, Virginia
to the northeast. The chloride mass concentration from PILS
measurements for BCB leg ranged from 2.6 to 6.3 μg m−3 (mass
fractions of 0.43 to 0.44), which is elevated compared to the rest
of the flights during this season (0.4−2.8 μg m−3, mass fractions
of 0.03 to 0.42). Similarly, sodium mass concentration ranged
from 2.2 to 4.3 μg m−3 (mass fractions of 0.36 to 0.39), placing it
on the higher end relative to other flights in this season (0.45−
1.9 μg m−3, mass fractions of 0.19 to 0.40).

While AMS cannot robustly measure refractory chemical
composition including sea salt sodium, previous studies have
shown that it can detect signals from certain sea salt
components, including NaCl, chloride, and iodide.22,68−73

Based on this, we examined the mass fraction of chloride
(MFchloride) from the AMS to assess the potential enhancement

during this flight. The median MFchloride values for droplet
residuals and subcloud aerosols were 0.21 and 0.03, respectively,
both higher than their respective seasonal median values of 0.07
and 0.007.

The number concentration of supermicron particles
(Na>1000 nm) in cloud residuals during the 9 ACB legs (2.1−6.5
cm−3) was elevated compared to other flights (except on 26
August 2020, when the highest Na>1000 nm of 24.3 cm−3 was
observed). This is also evident in the number size distributions
(Figure 5c). For BCB legs, Na>1000 nm ranged from 2.2 to 3.5
cm−3, also exceeding the seasonal median (1.4 cm−3). The
calculated median re for the full size range (and submicron-only)
were 572 nm (193 nm) and 633 nm (292 nm) for BCB and ACB
legs, respectively, both higher than the seasonal median values
for August−September, which were 236 nm (135 nm) and 419
nm (242 nm) for BCB and ACB, respectively (Table 1).

This case study provides evidence for the sea salt particle
influence in droplet residual particles from both the number size
distribution and composition perspectives. Sea salt particles
would be expected to increase re,Na>1000 nm, and MFchloride based
on both general expectations and results in Figure 5. Figure 6
shows more broadly for the full ACTIVATE data set the
relationship between MFchloride and Na>1000 nm, showing a
positive relationship for droplet residual measurements in all
four categories albeit with a wide range of correlation
coefficients (r: 0.49−0.68) and innate noise around the best
fit lines. BCB legs show flatter relationships (slopes ≤ 0.007 in
contrast to 0.05−0.08 for ACB) and a wider range of
correlations (r: 0.08−0.38). Figure S6 is consistent in that
there are positive relationships between Na>1000 nm and re but
with stronger correlations for both ACB and BCB measure-
ments. Thus, these data generally support the notion that coarse
sea salt particles are influencing droplet residual properties and
integral to aerosol-cloud interactions in the study region. Based
onmodel results, several studies74,75 have shown that sea salt can
influence cloud droplet activation by either suppressing or
enhancing it, depending on environmental conditions. Under
high sulfate aerosol concentrations and weak updrafts, sea salt
may suppress activation by competing for water vapor, while

Figure 6. Scatterplot of AMS chloride mass fraction versus LAS number particles above 1000 nm (Na>1000 nm). The circles with solid colors correspond
to BCB−ACB pairs used for the sea salt case study in Figure 5. MAD is mean absolute deviation.
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Figure 7. (a) Average mass concentration of PILS Ca2+ for the Bermuda category during BCB legs of different flights. The stacked bars with the blue
edge (RF170: 10 June 2022) and purple edge (RF172: 11 June 2022) indicate the flight dates used for the dust influence case studies. Also shown are
the (b) flight path, with circles indicating the locations of BCB−ACB pairings, (c−d) HSRL-2 aerosol type vertical distribution, (e) LAS number size
distributions for subcloud particles in BCB legs and droplet residuals in ACB legs, and (f) calculated effective radius (re) for submicron-only (≤1000
nm) and supermicron (>100 nm). The thicker broken line in (e) represents the median for RF170, the thicker solid line represents the median for
RF172, and thin lines represent median distributions for other flights based out of Bermuda in June 2022.
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under low sulfate conditions and strong updrafts, it can enhance
droplet formation. This mechanism in which sea salt indirectly
influences sulfate activation, can affect marine boundary cloud
albedo and, ultimately, can influence cloud lifetime and
precipitation processes.74,75

3.3.2. African Dust Influence. Next, we examine two flights
(RF170: 10 June 2022, and RF172: 11 June 2022) performed in
Bermuda that were influenced by Saharan dust, as indicated by
airmass trajectory analysis already shown elsewhere.48,57 Four
BCB−ACB pairs from RF170 and four from RF172 passed the
filtering criteria for these flights.

For 10 June 2020 (RF170), the PILS Ca2+ mean (median)
mass concentration is 0.47 (0.47) μgm−3, while for 11 June 2022
(RF172), the mean (median) is 0.28 (0.16) μg m−3, both higher
compared to the other Bermuda flights (mean = 0.09, median =
0.06 μg m−3). The HSRL aerosol classification scheme for
RF170 showed more diverse aerosol types at the start of the
flight, suggesting more complex source contributions, with a
transition to a more dusty mix signature in the middle of the
flight (Figure 7c). Siu et al.76 also examined this flight and
reported a high depolarization ratio suggestive of the African
dust influence. The flight on the next day (RF172) showed a
more consistent dusty mix layer between the 0.5−2 km altitude,
indicative of long-range transported dust with less mixing
(Figure 7d).

The number of particles above 1000 nm (Na>1000 nm) for
RF170 and RF172 had a median of 3 cm−3, which is elevated
compared to the median value for other flights in this category
(1.4 cm−3). Correspondingly, the re values for these cases for the
full size range were consistently higher in subcloud aerosols than
in droplet residuals but lower for the submicron-only range
(Figure 7f). Unlike the sea salt case study, an increase in particle
size in droplet residuals was not observed, likely reflecting the
lower hygroscopicity of dust particles even after its long-range
transport over the Atlantic as noted by others, too.77,78

Presumably, supermicrometer particles like dust particles act
as CCN due to their larger size even with lower hygroscopicity.
Dust can also becomemore CCN-active through internal mixing
with soluble species like sulfate and nitrate from anthropogenic
sources79,80 or via cloud processing.81,82 However, we cannot
assess the extent to which the dust plume in our study
experienced such processing. The lack of observed enhancement
in the size of droplet residuals may just be due to the low
concentration in the ACB leg. For example, Edwards et al.83

analyzed the influence of African dust on CCN concentration
reaching coastal southeast Florida and observed a lack of
increase in CCN concentration due to the low number
concentration of these presumably larger particles. Since our
data set lacks direct measurements of dust-related chemical
species and particle size distribution in the larger size range in
droplet residuals, further investigation is needed.

4. OUTCOMES AND LIMITATIONS
Our results indicate that droplet residuals are larger in size than
subcloud aerosols and exhibit higher mass fractions of organics
(that are more oxygenated) and chloride. A case study under
high sea salt loading showed enhancements in both effective
radius and mass fraction of chloride in both subcloud and
droplet residuals. In contrast, the transported African dust case
did not show a corresponding increase in the particle size within
droplet residuals. Both the temperature- and pollution-binned
analyses reveal that the modal diameter of droplet residuals
tends to decrease either with decreasing temperature or

increasing aerosol number concentration, indicating that
environmental conditions such as colder temperatures or
enhanced competition for water vapor can shift the residual
size distribution toward smaller modes.

This study builds on prior work on cloud droplet chemistry by
analyzing droplet residual number size distributions that have
remained less explored in this region. While our results are not
unexpected, they are valuable, given the limited observational
data available in the region. Understanding the chemical and
microphysical properties of cloud droplet residuals is essential
for improving aerosol-cloud interaction parametrizations and
refining cloud microphysical models. One important limitation
of this study is that the subcloud aerosols (BCB leg) and cloud
droplet residuals (ACB leg) were not measured simultaneously,
and with the exception of some process study flights like in
Bermuda, the BCB−ACB leg pairs were not vertically stacked
but rather conducted in stair step fashion. Additionally, the
absence of interstitial aerosol measurements limits our ability to
quantify the scavenging efficiency. Also, due to constraints with
CVI operation relating to flow rates and desired time resolution
of in-cloud data, complementary instrumentation such as the
SMPS and PILS could not be integrated, limiting our ability to
more fully characterize the aerosol size distribution (to below
100 nm) and composition (e.g., sea salt, dust tracer species).
While the number of flights during the Bermuda deployment
was smaller compared to other seasons, the data set remains
statistically robust, especially when compared with other
airborne campaign studies. Moving forward, we recommend
that future research efforts expand sampling to other geographic
regions and find creative solutions to add more comprehensive
measurements downstream of CVI inlets.
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