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ments of single particle size and
composition reveal aerosol size and mixing state
dictate their activation into cloud droplets†

G. Saliba, ‡a D. M. Bell, §a K. J. Suski,{a J. D. Fast, a D. Imre,b G. Kulkarni, a

F. Mei, a J. H. Mülmenstädt,a M. Pekour,a J. E. Shilling, a J. Tomlinson,a

A. C. Varble, a J. Wang, c J. A. Thornton d and A. Zelenyuk *a

Shallow convective clouds are common in many regions of the world. Currently, aerosol–cloud

interactions parameterizations for convective clouds are a major source of uncertainty in global climate

model predictions of radiative forcing. Size and composition of individual aerosol particles are the most

important properties that determine aerosol activation into cloud droplets and the impacts of aerosol on

aerosol–cloud-climate interactions. A challenge to accurately describe aerosol activation is often due to

a lack of measurements of individual particle size and composition, making it necessary to rely on

simplistic and, most often, unrealistic aerosol mixing state assumptions, which are known to lead to

significant errors in predicted concentrations of cloud condensation nuclei (CCN). We present the

aircraft-based single-particle measurements of the size and composition of individual below-cloud

particles, interstitial aerosol particles, and cloud droplet residuals during two contrasting seasons.

Measurements reveal enhanced contribution from larger and sulfate-rich particles in cloud droplet

residuals and provide direct evidence for sulfate and isoprene-epoxydiol-derived secondary organic

aerosol (IEPOX-SOA) formation in cloud droplets. We observe a strong dependence of the size and

composition of below-cloud aerosol on their cloud droplet activation fraction during the spring

campaign, when the observed dynamic range in aerosol properties was large. Furthermore, we report

clear seasonal differences in the aerosol activation fraction (0.38 ± 0.21 for spring and 0.20 ± 0.08 for

summer) over the Atmospheric Radiation Measurements (ARM), Southern Great Plains (SGP) atmospheric

observatory in Oklahoma, consistent with high fluxes of biogenic volatile organic compounds that drive

the formation and growth of less-hygroscopic organic components during summer but not during

spring when the measured aerosol composition was more variable. A closure between measured cloud

droplet number concentrations and predicted CCN (using k-Köhler theory and measurement-

constrained aerosol properties, including their mixing state) revealed that the effective supersaturations

of shallow cumuli ranged between 0.06% and 0.24%. This study highlights the importance of measuring

particle-by-particle variability in size and composition, and mixing state of aerosol population to

accurately represent their activation into shallow cumuli cloud droplets, even at a background site like SGP.
Environmental signicance

Fair weather, shallow convective clouds are ubiquitous over land, but their representation in models is poorly constrained. Size and composition of individual
aerosol particles are the most important properties that determine aerosol activation into cloud droplets and the impacts of aerosol on aerosol–cloud-climate
interactions. A challenge to accurately describe aerosol activation is oen due to a lack of measurements of individual particle size and composition, making it
necessary to rely on simplistic and, most oen, unrealistic representations of aerosol mixing state. Here, we present the measurements of the size and
composition of individual below-cloud particles and cloud droplet residuals (particles that remain aer evaporation of cloud water) during two contrasting
seasons. We demonstrate that below-cloud aerosol hygroscopicity and size strongly affect their activation during spring, when below-cloud aerosol properties
were highly variable, as compared to summer, when the activated fraction was low and aerosol composition was dominated by oxygenated organic components,
consistent with higher summertime surface emissions of biogenic volatile organic compounds.
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1 Introduction

Shallow, fair-weather, convective clouds over land cover 10–30%
of the surface,1 which is enough to affect Earth's radiation
budget on global2 and regional3 scales. Shallow cumuli are
linked to surface properties and uxes,4–7 emphasizing the
importance of understanding how shis in natural and
anthropogenic land use, surface properties, and emissions
affect shallow cumuli properties. Aerosol number concentra-
tions were shown to alter properties of shallow cumuli,3,8–12

although these effects are oen obfuscated by large-scale
meteorological forcing,13 making it difficult to draw robust
conclusions regarding the role of aerosol properties on cloud
droplet activation. Currently, aerosol–cloud interaction param-
eterizations in global climate models are a large source of
radiative uncertainty.14

Furthermore, there are uncertainties regarding cloud
coupling to the sub-cloud layer, including the sensitivity of
cloud condensation nuclei (CCN) concentrations to variability
in aerosol properties, including their size and chemical
composition, within a population. This is especially true for
continental shallow convective clouds4 due to complex below-
cloud aerosol composition, including the formation of
secondary organic aerosol (SOA) that can signicantly alter
particle hygroscopicity (e.g., Massoli et al.15) and CCN activity.

Ultimately, climate and cloud aerosol effects are controlled
by the subset of particles that act as CCN. CCN activity depends
on the properties of individual particles, which are oen not
measured. Individual ambient particles represent a complex
mixture of multiple chemical components.16–22 Because of the
inherent complexity of aerosol mixing state, resolving aerosol
activation oen relies on simplistic and unrealistic aerosol
mixing state assumptions (e.g., complete internal or external
mixture) or idealized treatment of their composition.23–28 These
assumptions are known to lead to signicant errors in predicted
CCN concentrations.22,28–34 Validation of these assumptions
comes from closure studies, where different mixing state and
composition scenarios are tested to produce the closest agree-
ment with measurements (Kulkarni, et al. and references
therein).28 These simplistic assumptions have commonly been
used with various degrees of success.29,35,36 Moreover, there is
large variability in the reported sensitivity of aerosol composi-
tion and mixing state on their CCN activity from eld observa-
tions. For instance, Padró et al.37 reported that CCN closure was
highly sensitive (+20% to +240% overprediction) to the different
mixing state and chemical composition scenarios in Atlanta,
GA. Furutani et al.38 reported large errors (−30% to +70%) in
predicted CCN number concentrations, when assuming
constant composition for different air masses sampled along
the southern coast of California. Ching et al.22 used trans-
mission electron microscopy to analyze the size, composition,
and morphology of ∼32 000 single particles collected from
urban, mountain, and rural sites in Japan to demonstrate that
all the samples exhibit a wide range of mixing states and that
assumption of homogeneous chemical composition could lead
to signicant error (up to 90%) in the predicted CCN
© 2023 The Author(s). Published by the Royal Society of Chemistry
concentrations.22 In contrast, Dusek et al.39 and Rose et al.40

reported that use of average aerosol composition was sufficient
to represent CCN measurements. Similarly, Jurányi et al.41

concluded that for reliable CCN predictions at the Jungfraujoch
alpine site it is important to know the average chemical
composition, but the temporal variability in aerosol chemical
composition could be neglected.

In addition, multiple assumptions regarding aerosol
composition and mixing state are oen required to satisfacto-
rily achieve CCN closure, but these assumptions oen break
down in different locations or during different times of the day,
andmay not reect the true nature of ambient particles.42 Lance
et al.43 found that treating the aerosol as externally mixed during
morning rush hours in Mexico city, but not during other times
of the day, achieved the best CCN closure. Cubison et al.44 found
good CCN closure assuming size-dependent composition and
treating fresh organic and soot particles as externally mixed
over Riverside, CA. Wang et al.45 concluded that CCN concen-
trations can be derived with sufficient accuracy by assuming
internal mixture and bulk composition during the daytime and
tens of kilometers away from primary organic sources. Roberts
et al.46 found that bulk chemical measurement predicted CCN
concentrations reasonably well when sampling over the Cal-
ifornia Central Valley, but not when sampling the marine
boundary layer, which was attributed to the presence of exter-
nally mixed aerosol.

Most recently, Kulkarni et al.28 performed a CCN closure
study using airborne measurements of below-cloud non-
refractory bulk aerosol chemical composition, aerosol size
distributions, and CCN concentrations measured by CCN
counter (CCNC) at two instrument supersaturations (0.24% and
0.46%) during the Holistic Interactions of Shallow Clouds,
Aerosols and Land Ecosystems (HI-SCALE) eld campaign in
the spring and summer of 2016.28 They found that the best CCN
closure was achieved assuming either that all particles are
composed of pure organics, or that particles are externally
mixed and composed of pure sulfates, nitrates, and organics,
with hygroscopicity values for organic particles varying between
0.04 and 0.17. The assumption that particles are internally
mixed led to systematic overprediction of CCN concentrations
over the SGP site and the largest differences between the
measured and predicted CCN concentrations. To improve
agreement with ±20% with the measured CCN concentrations
required varying additional parameters, e.g., density and the
fraction of insoluble organics. Most importantly, all three
assumptions of aerosol mixing state are not supported by the
single-particle measurements conducted during the very same
eld campaign. Furthermore, the measurements of bulk aero-
sol composition are mass-based, while both CCN activation and
single-particle measurements are number-based.

These reported differences between predicted and measured
CCN concentrations are not surprising given that ambient
particles exhibit various degrees of external mixture19,21,22,47 and
demonstrate the importance of measuring the aerosol mixing
state to improve CCN predictions. Recent improvements in
aerosol representation32 can account for more realistic aerosol
mixing states, but improving the representation of aerosol
Environ. Sci.: Atmos., 2023, 3, 1352–1364 | 1353
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activation requires coincident eld observations of size,
composition, andmixing state of below-cloud aerosol and cloud
droplet residuals, which are scarce, e.g.,.21,48,49 The high spatial
variability50 and small horizontal extent (∼1 km)51,52 of shallow
cumuli makes them particularly difficult to comprehensively
sample. Highly sensitive instrumentation such as single-
particle mass spectrometers have the potential to accurately
represent the size, composition, and real-world mixing state of
ambient particles, especially during aircra sampling and thus
detect a clear aerosol signature on the properties of shallow
cumuli.

Here we present measurements collected during HI-SCALE
eld campaign4 over the Atmospheric Radiation Measure-
ments (ARM), Southern Great Plains (SGP) atmospheric obser-
vatory in Oklahoma53 during two seasons, characterized by
below-cloud aerosol with very different composition and
investigate the role of single particle size and composition, and
mixing state of ambient aerosol population on cloud activation
fraction of continental shallow cumuli.

2 Experimental
2.1 Campaign overview and instrumentation

The Holistic Interactions of Shallow Clouds, Aerosols, and Land
Ecosystems (HI-SCALE) eld campaign occurred in the spring
and summer of 2016 near the Department of Energy's ARM
climate research facility at SGP. A detailed overview of HI-SCALE
is presented in Fast et al.4 Briey, 38 ights were conducted
from Bartlesville, Oklahoma onboard the ARM Aerial Facility's
Gulfstream 1 (G-1) aircra platform54 to characterize the below-,
in-, and above-cloud aerosol. 6.5 hours out of 57.8 ight hours
(11%) and 1.1 hours out of 47.8 ight hours (2.3%) were spent
sampling clouds during spring (Apr. 25 – May 20) and summer
(Aug. 29 – Sep. 22), respectively.

Sampling alternated between an isokinetic inlet (for char-
acterization of below-cloud, interstitial, and above-cloud aero-
sol) and a counterow virtual impactor inlet (CVI, for
characterization of cloud residuals).55 The CVI inlet transmitted
only droplets with aerodynamic diameters larger than ∼13 mm,
resulting in ∼20% (range = 0.2–64%) of droplets being trans-
mitted through the CVI inlet. Because condensation growth
alone leads to narrow droplet size spectrum, the width of
droplet size distribution is oen dominated by other processes,
such as entrainment mixing (e.g.,56), and not the dry particle
sizes. Therefore, the reported composition and size of droplet
residuals are expected to be representative of the entire droplet
population, since larger droplets are not necessarily associated
with more hygroscopic and/or larger residual particles.57

Aerosol size distributions (mobility diameter, dm) in the size
range from 10 nm to 0.4 mm were measured using a fast inte-
grated mobility spectrometer (FIMS)58 and used to quantify total
particle number concentrations and concentration of particles
in accumulation mode (with diameters >0.1 mm). Cloud
condensation nuclei (CCN) measurements were performed
using a cloud condensation nuclei counter (CCNC, DMT),59

operating at two instrument supersaturations: 0.24% and
0.46%.
1354 | Environ. Sci.: Atmos., 2023, 3, 1352–1364
Ambient number size distributions were also measured
using a wing-mounted passive cavity aerosol spectrometer
probe (PCASP, PMS Inc., size range from 125 nm to 2.9 mm
optical aerosol diameter) and an ultra-high-sensitivity aerosol
spectrometer (UHSAS, DMT, size range from 73 nm to 683 nm
optical aerosol diameter). PCASP measurements were used to
quantify interstitial aerosol number concentrations, when the
FIMS was used to sample cloud droplets residuals behind the
CVI, and UHSAS measurements were used for ights when
FIMS measurements were not available. Cloud droplet number
size distributions in the size range from 0.75 mm to 50 mm
diameter were measured using a wing mounted fast cloud
droplet probe (FCDP).

Size (vacuum aerodynamic diameter, dva) and composition
of individual aerosol particles and cloud droplet residuals in the
size range from 50 nm to 2 mm were characterized using single
particle mass spectrometer, miniSPLAT, described in detail
elsewhere.21,47 miniSPLAT detects and characterizes ∼50% of 83
nm-diameter particles, and nearly 100% of spherical particles in
the size range from 125 nm to 600 nm sampled by the
instrument.47

2.2 Cloud periods and activation fraction

To reduce the inuence of cloud edges we dene cloud periods
using a cloud ag, which marks periods with cloud droplet
number concentration (Nd) larger than 3 cm−3. The activation
fraction is dened as the ratio of Nd and the sum of Nd and
interstitial (not activated) aerosol. The activation ratio has been
extensively used to interpret laboratory (e.g., ref. 60 and 61) and
eld (e.g., ref. 25, 37, 38, 62–64) CCN measurements. Using the
activation fraction eliminates the effects of variable particle
concentrations. Because UHSAS and PCASP have a lower cutoff
of∼0.1 mm, in this study the activation fraction is representative
of accumulationmode particles only. Considering only particles
>0.1 mm diameter is not expected to signicantly affect our
conclusions since 83% (median value for ight averages) of
cloud residuals were >0.1 mmmobility diameter, consistent with
the low effective cloud supersaturations encountered during HI-
SCALE.

2.3 Single particle characterization

During HI-SCALE, miniSPLAT sized over 140 million individual
particles and acquired mass spectra of ∼700 000 of them,
characterizing both refractory and non-refractory fractions of
each particle. Measured single particles vacuum aerodynamic
diameters were grouped to produce one-minute averaged dva
size distributions. The dva distributions were then normalized
to the total number of particles sized per minute.

The single particle mass spectra were classied into
hundreds of classes, which are then merged into nodes by
sequentially combining similar clusters, as detailed in Zelenyuk
et al.65 For simplicity, similar aerosol classes have been subse-
quently combined into 10 distinct, physically meaningful,
aerosol types, with the nal particle classes including all the
particles in the original dataset. These aerosol types include
sulfate- and nitrate-rich particles internally mixed with
© 2023 The Author(s). Published by the Royal Society of Chemistry
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organics, fresh and oxygenated/aged organics (Org1 and Org2,
respectively, with latter characterized by dominant 44CO2

+

peak), soot, biomass burning aerosol (BB, characterized by
strong 39K+ peak, and signatures of organic and elemental
carbon, polyaromatic hydrocarbons, and some inorganics
(213K3SO4

+)), BB SOA (which is correlated strongly with the BB
and exhibit high intensity organic peaks at e.g., 43C2H3O/C3H7

+,
59C3H7O

+), dust, pyridine-containing particles (characterized by
intense 80C5H5NH

+ peak), and isoprene-epoxydiol-derived
(IEPOX) SOA, with characteristic peaks identied in the labo-
ratory studies (e.g., 101C5H9O2

+, 105C4H9O3
+, 87C4H7O2

+,
83C5H7O

+, 75C3H7O2
+, 71C4H7O

+).47,66 Soot particles were found
to be internally mixed with small amounts of organics and
hygroscopic components, as expected from fresh emissions.

3 Results and discussion
3.1. Timeseries

Fig. 1 shows, as an example, the data obtained during two HI-
SCALE ights conducted on April 25 (a–d) and May 1, 2016 (e–
h). The top panels present the altitude proles showing that for
both ights, measurements were conducted below-cloud, in-
cloud (magenta datapoints), and above-cloud, with the shaded
sections marked by the CVI ag = 1, indicating sampling
droplet residuals through the CVI. Also shown are the normal-
ized miniSPLAT-measured particle dva size distributions (b and
f), particle compositions, plotted as number fractions of parti-
cles of different types (c and g), and the fraction of cloud acti-
vated particles (d and h). The measured concentrations of cloud
droplets and interstitial particles, used to calculate the fraction
of cloud activated particles, are shown in Fig. S1.†

The data clearly indicate large temporal and spatial varia-
tions in aerosol properties, including the signicant differ-
ences in size and composition of particles within the boundary
layer and in the free troposphere. Below-cloud particles
sampled on April 25 were larger (dva = 0.33 ± 0.02 mm) as
compared to particles sampled on May 1 (dva = 0.25 ± 0.02
mm). In contrast, particles sampled in the free troposphere on
April 25 where signicantly smaller (mobility diameter dm =

0.05 ± 0.01 mm with most particles below miniSPLAT detec-
tion), compared to May 1 (dva = 0.29 ± 0.01 mm). Changes in
particle size were accompanied by changes in particle
composition. On April 25 more than 50% of below-cloud
particles were organics (Org1 and Org2), as compared to
<30% for May 1 when sulfate-rich particles represented the
dominant aerosol type. BB, BB SOA, and dust particles
comprised 20 ± 8% of the particles sampled above the
boundary layer as compared to 11 ± 5% below-cloud level on
April 25. In contrast, on May 1 particles with mass spectra
dominated by protonated pyridine ion (H+C5H5N) accounted
for over 60% of above-cloud aerosol compared to <1% below-
cloud. Although the origin of these particles has not yet been
fully established,67–69 pyridine-containing particles are
commonly observed in the free troposphere.69–71

The comparison of the size and compositions of below-
cloud particles with those of cloud residuals shows that the
fraction of more hygroscopic sulfate-rich particles increased
© 2023 The Author(s). Published by the Royal Society of Chemistry
from 18 ± 6% for below-cloud aerosol to 55 ± 9% for cloud
residuals for April 25, and from 66± 19% to 91± 1% for May 1,
indicating preferential activation of these particles and/or
formation of sulfate in the cloud droplets.21 The data also
show decreased relative contributions from less hygroscopic
organic, BB, BB SOA, and soot particles, consistent with their
lower CCN efficiencies.72 The larger contribution of sulfate-rich
particles to residuals observed during May 1 compared to April
25 can explain the smaller size of cloud droplet residuals
during May 1 (dva = 0.26 ± 0.01 mm) as compared to April 25
(dva = 0.35 ± 0.03 mm), consistent with the fact that more
hygroscopic aerosols require smaller activation diameters.
Similar sulfate enrichment in cloud residuals was observed for
Arctic clouds and was attributed to preferential activation of
more hygroscopic particles47 and observation of in-cloud
droplet processing.21

The dva size distributions shown in Fig. 1b and f indicate that
the vacuum aerodynamic diameters of cloud residuals are larger
than those of below-cloud particles. Similarly, Fig. S2† shows
that their mobility diameters are larger as well. As with the
differences in composition, the increase in cloud droplet
residual size could be caused by more efficient activation of
larger particles and/or aqueous chemistry that adds hygroscopic
components (e.g., sulfate and IEPOX-SOA) and increases the
particle size.49,73

An example of in-cloud sulfate formation is evident in
Fig. 1c, which shows an increase in the fraction of sulfate-rich
particles in the interstitial particles (magenta points and CVI
ag = 0, Fig. 1a) compared to below cloud particles. Number
fractional contribution of sulfate-rich particles was 44 ± 9%
during the interstitial leg as compared to 26 ± 7% for the two
adjacent below-cloud legs. This most likely is the result of in-
cloud sulfate formation followed by droplet recirculation,
a process very common in these types of clouds. Similar to in-
cloud sulfate formation, the data show that IEPOX-SOA was
enhanced in cloud droplet residuals (7 ± 3%) compared to
below-cloud aerosol (2 ± 1%) (Fig. 1c) for April 25, consistent
with recent work74 that suggests that the higher volume of cloud
droplets can be more conducive to IEPOX-SOA formation as
compared to deliquesced aerosol particles. The larger fractional
abundance of IEPOX-SOA in cloud droplet residuals for April 25
compared to May 1 despite a smaller contribution from acidic
seeds can be explained by lower gas-phase concentrations of
IEPOX during May 1 (4.6 ± 1.9 pptv) compared to April 25 (33.8
± 13.6 pptv).

The data presented in Fig. 1d and h point to signicant
variability for the activation fraction within each ight and
between the two ights. For instance, 25 ± 19% of the particles
with diameters >0.1 mm activated during April 25 as compared
to 68 ± 31% during May 1. The higher average activation frac-
tion observed during May 1 cannot be explained by the in-cloud
updra velocities (Fig. S3a†) and is likely due to higher contri-
bution from sulfate-rich particles and lower below-cloud aero-
sol concentrations: 918 ± 347 cm−3 (May 1) and 1676 ± 676
cm−3 (April 25). Entrainment mixing of drier air75 can also
contribute to the observed variability in activation fraction on
short timescales.
Environ. Sci.: Atmos., 2023, 3, 1352–1364 | 1355

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ea00052d


Fig. 1 Timeseries for measurements conducted during April 25 and May 1 flights, left and right columns, respectively: (a and e) the altitude
profiles with cloud periods marked in magenta, and the shaded section representing sampling through the CVI; (b and f) vacuum aerodynamic
diameter size distributions normalized by sum; (c and g) number fractions of different aerosol types; and (d and h) droplet activation fractions.
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3.2. Composition of below-cloud aerosol and cloud droplet
residuals

Here, we compare the composition of below-cloud aerosol and
cloud droplet residuals on seasonal timescales. Only data from
cloudy ights are included for a consistent comparison (total of
17 ights). The spring and summer campaigns were charac-
terized by different meteorological conditions, biogenic volatile
organic compound (VOC) emissions, and hence aerosol
composition, size distributions, and number concentrations.
The higher surface temperatures during summer (24.2± 1.8 °C)
compared to spring (14.1 ± 4.5 °C, Fig. S4†) served as a strong
driver for biogenic VOC emissions at SGP,76 resulting in ∼2
times higher isoprene and a-pinene concentrations during
summer as compared to spring.77 Surface RH were similar for
the two campaigns: 78.1 ± 10.3% (spring) and 73.3 ± 9.0%
(summer). Below-cloud accumulation-mode particle number
concentrations (N100) also increased from 535 ± 266 cm−3
1356 | Environ. Sci.: Atmos., 2023, 3, 1352–1364
(spring) to 841 ± 313 cm−3 (summer), although total below-
cloud number concentrations were comparable for the two
campaigns: 3382 ± 1786 cm−3 (spring) and 3601 ± 723 cm−3

(summer).
The miniSPLAT measurements of below-cloud aerosol

composition indicate substantial seasonal differences (Fig. 2a
and c). During spring, sulfate-rich particles represented the
dominant aerosol type. In contrast, organic particles (Org1 +
Org2) accounted for 64% of the below-cloud particles during
summer, consistent with lower bulk aerosol densities estimated
during summer.78 Oxygenated organic (Org2) particles repre-
sented a signicantly larger number fraction of particles during
summer (34.2% and 53% of organics) compared to spring (4.5%
and 20% of organics), consistent with the enhanced formation
of SOA components during summer from higher biogenic VOC
emissions and solar radiation, and in line with previous
observations at SGP.79 The larger contribution from IEPOX-SOA
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Composition of aerosol particles below-cloud (a and c) and
cloud droplet residuals (b and d) sampled during spring (upper panels)
and summer (lower panels) for 17 cloudy flights (8 in spring and 9 in
summer) for which below-cloud aerosol and cloud droplet residuals
were characterized.
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particles to below-cloud aerosol observed during spring (5.5%)
compared to summer (2%), despite higher summer isoprene
(and IEPOX) emissions, is likely due to higher contribution
from sulfate-rich seed particles (44% during spring and only 8%
during summer), which are essential for multiphase formation
of IEPOX-SOA (e.g., Surratt et al.80).

The differences between below-cloud particles and cloud
droplet residuals observed for individual ights (Fig. 1) also hold
on seasonal scales. Cloud droplet residuals were enriched in
sulfate-rich particles compared to below-cloud aerosol during
spring and summer (Fig. 2). The campaign average contribution of
sulfate-containing particles increased from 44% for below-cloud
aerosol to 51% for cloud droplet residuals during spring, and
from 8% for below-cloud aerosol to 31% for cloud droplet resid-
uals during summer. The enhancement in sulfate-rich particles in
cloud droplet residuals was mirrored by decreased contributions
from organics and soot particles, especially during summer.
Organic particles (Org1 + Org2) accounted for 23% of below-cloud
particles but only 6% of cloud droplet residual number during
spring. Similarly, organics accounted for 64% of below-cloud
particle number but their contribution was 29% of cloud droplet
residuals during summer. These trends are predicted by model
simulations (e.g. Sanchez et al.81), and consistent with measure-
ments reported for other locations (e.g., by Sellegri et al.82 at
a mountainous site in France and Zelenyuk et al.21,47 in Arctic).

Fig. 2 also shows that oxygenated Org2 particles accounted
for a higher fraction of organics in cloud droplet residuals (62%
© 2023 The Author(s). Published by the Royal Society of Chemistry
in summer and 35% in spring) as compared to below-cloud
aerosol (53% in summer and 20% in spring), indicating their
higher hygroscopicity as compared to fresh Org1 particles,
consistent with previous observations.15,83

The differences in the fractional contribution from nitrate-
rich particles between below-cloud and cloud droplet resid-
uals were small during spring, but signicant during summer,
in line with previous studies (e.g., Hayden et al.84). The contri-
bution of IEPOX-SOA particles was signicantly larger in cloud
droplet residuals as compared to below-cloud aerosol, sug-
gesting that the larger size of cloud droplets facilitated the rapid
uptake of IEPOX and hence formation of IEPOX-SOA, as
proposed by Tsui et al.74
3.3. Factors driving the variability of the activation fraction

Here, we correlate the ight averaged activation fraction with
ight averaged meteorological variables, including T, RH,
updra velocity, as well as aerosol properties, which include
below-cloud accumulation mode number concentrations (N100),
particle hygroscopicity (k), and cloud droplet residual diameter.
Below-cloud aerosol properties (e.g., hygroscopicity) were
consistent during each ight (as illustrated by the small (<10%)
relative one-standard deviation in measurements, Fig. 3) to
justify the use of ight average. Particle hygroscopicity was
assumed to be: 0 for soot and dust,85,86 0.1 for Org1, BB, and BB
SOA, 0.2 for Org2 and IEPOX-SOA, and 0.4 for sulfate- and
nitrate-rich particles (i.e., 50–50% mix of organics and sulfate/
nitrate, estimated based on the measured particle density78).
Although soot and dust particles were oen mixed with small
amounts of hygroscopic sulfate and nitrate components (as
evidenced by the particle mass spectra), these particles
contributed <5% of particle number concentrations. Conse-
quently, omitting these compounds from the CCN analysis is
unlikely to have a signicant impact on our results.

During the spring season, the activation fraction increases
linearly (R2 = 0.68) from 0.1 to 0.6 as below-cloud aerosol k

increased from 0.15 (organic-rich aerosol) to 0.35 (mixture of
organics and more hygroscopic components, e.g., sulfate),
(Fig. 3a). The strong positive correlation shown in Fig. 3a indicates
that a larger fraction of the below-cloud accumulation-mode
particles activated when these particles were more hygroscopic.
In contrast, we observed no correlation between the activation
fraction and below-cloud hygroscopicity for summer due to
a small dynamic range in below-cloud particle hygroscopicity
during summer (k= 0.17± 0.02, Fig. 3b) compared to spring (k=
0.27± 0.07, Fig. 3a). Differences in below-cloud hygroscopicity for
the two seasons are attributed to high contribution from organic-
rich particles during summer (as shown in Fig. 2). The high
biogenic uxes of organic vapor precursors during summer
resulted in more homogeneous aerosol composition. Therefore,
assuming a seasonally average k during summer will likely result
in reasonable CCN predictions above SGP,28 however, this
assumption clearly breaks down during spring, when we observe
signicant day-to-day variability in aerosol composition.

It is also clear from Fig. 3a and b that larger particle diam-
eters were required to activate less hygroscopic particles; the
Environ. Sci.: Atmos., 2023, 3, 1352–1364 | 1357

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ea00052d


Fig. 3 Scatter plot of 18 flight-averaged activated cloud droplet fraction versus the below-cloud aerosol hygroscopicity for spring (a) and
summer (b) and versus below-cloud N100 for spring (c) and summer (d). Datapoints in (a) and (b) are colored by the average mobility diameter of
cloud residuals and by the below-cloud aerosol hygroscopicity in (c) and (d). Vertical and horizontal “error” bars are the one-standard deviations
from 1Hzmeasurements except for hygroscopicity (0.02 Hz). Linear fits and their fit 98% confidence bands are shown. Open circles in (a) indicate
flights for which particle size distributionmeasurements were not available. There were only 9 datapoints in (d) compared to 10 in (b) because we
lacked below-cloud aerosol number concentrations information for a single flight during summer.
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average mobility diameter of cloud droplet residuals was dm =

0.15 ± 0.02 mm for all ights with a below-cloud aerosol k > 0.3
compared to dm = 0.20 ± 0.04 mm for all ights with a below-
cloud aerosol k < 0.2, consistent with previous
measurements.87–89

The activation fraction was negatively correlated with N100

during spring (R2 = 0.46, Fig. 3c) but not during summer
(Fig. 3d), potentially due to a saturation effect from higher
aerosol number concentrations and lower aerosol hygroscop-
icity measured during the summer campaign as compared to
the spring one. The negative correlation shown in Fig. 3c indi-
cates a non-linear relationship between cloud droplet number
concentrations and N100,90,91 likely driven by a suppression of
cloud supersaturations from increased competition for water
vapor between the numerous particles.63,90,92,93 In fact, N100 and
calculated effective cloud supersaturation (Section 3.4) were
negatively correlated (Fig. S5†). Observed seasonal differences
in the activation fraction (0.38 ± 0.21 for spring compared to
0.20 ± 0.08 for summer) cannot be attributed to differences in
updra velocities (Fig. S3b†).

The activation fraction was also negatively correlated with
surface temperatures (R2 = 0.67, Fig. S4a†); however, this rela-
tionship is largely driven by the strong dependence of k on
temperature (R2 = 0.9, Fig. S4b†). In addition to the effects of
below-cloud aerosol hygroscopicity and number concentrations
1358 | Environ. Sci.: Atmos., 2023, 3, 1352–1364
on the activation fraction, entrainment mixing of drier air can
completely evaporate cloud droplets near cloud edges94 and
decrease the activation fraction.91,92 However, these non-
adiabatic effects are beyond the scope of this study.
3.4. Shallow cumuli effective supersaturations

Supersaturation was shown to play a critical role in determining
the cloud activation fraction (e.g., Gillani et al.,91 Jia et al.92,95).
However, supersaturations are difficult to measure96 and they
remain poorly constrained.97 Effective cloud supersaturations
have been estimated using a closure between cloud droplet
number and CCN measurements at various supersatura-
tions,81,98,99 using a closure between cloud droplet number and
CCN predicted from Köhler theory,100,101 or using remote
sensing techniques (e.g., Yang et al.97).

Here, we estimate the effective cloud supersaturations using
cloud droplet number – CCN closure, with CCN concentrations
calculated using k-Köhler theory and below-cloud aerosol
number size distributions, hygroscopicity, and measured real-
world mixtures for 12 (out of 17) cloudy ights for which
concurrent measurements were available, following the meth-
odology illustrated in Fig. S6.† First, ight averaged CCN
concentrations between 0.01 and 0.5% supersaturations
(CCN(SS)) are calculated using k-Köhler theory, in 0.01%
© 2023 The Author(s). Published by the Royal Society of Chemistry
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increments using the measured real-world mixtures of the
different particle clusters identied (i.e., different k values for
the different identied aerosol types). For simplicity, the same
below-cloud particle number size distributions were used for all
particle types. To account for inherent variability in particle-to-
particle composition within each particle class, we accounted
for a 20% error in hygroscopicity values and propagated that
error in our calculations. Then, the effective cloud supersatu-
ration is estimated as the supersaturation value that minimizes
jCCN(SS) − Ndj for each ight, where Nd are the measured ight
averaged cloud droplet number concentrations.

Fig. 4 shows that the activation fraction correlated strongly
(R2 = 0.9) with calculated effective supersaturations for all
cloudy ights (expect one), consistent with previous observa-
tions.91,100,102 This relationship accounts for the effects of below-
cloud particle k, size distribution, and real-world mixing state
because these quantities are used as inputs to the calculations
of supersaturations. The strong correlation between activation
fraction and effective cloud supersaturations indicates that
individual measurements of particle properties (size and
chemical composition) and their variability can be used to
accurately describe in situ droplet activation for continental
shallow cumuli.
Fig. 4 Flight averaged activation fraction versus calculated effective
cloud supersaturation (SS) for real-world mixture of compositions with
different k values for the different aerosol types. Colors represent the
ratio of cloud activation fraction to CCNCmeasured activation fraction
at 0.24%, marked by the vertical line. Circle and triangle represent
spring and summer, respectively. Linear fit (excluding the highlighted
datapoint) is shown as solid black line. Horizontal bars are the sensi-
tivity of retrieved SS to changes in below-cloud number size distri-
butions and hygroscopicity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
The average calculated effective cloud supersaturation for
the entire HI-SCALE campaign was 0.11 ± 0.05%. Seasonal
average effective cloud supersaturation for continental shallow
clouds was higher during spring (0.13 ± 0.06%) compared to
summer (0.08 ± 0.03%), although the difference was not
statistically signicant at a 5% threshold on a two-sample t-test.

Most importantly, it is possible to examine the validity of the
calculated effective supersaturations by using the CCNC-
measured activation fraction at a xed supersaturation of
0.24%. We expect the ratios of the in-cloud activation fraction to
the below-cloud activation fractionmeasured by CCNC at 0.24%
to converge to unity when the calculated effective supersatura-
tion is close to 0.24% and be <1 when it is lower than 0.24%,
which are indicated in Fig. 4 by the color of the datapoints.
Using supersaturations calculated with measured below-cloud
size, composition, and real-world mixture information, we
nd that all datapoints in Fig. 4 with calculated SS <0.24% have
measured Nd/CCN0.24% ratios <1, and when the calculated
effective maximum supersaturation was in the vicinity of 0.24%,
that ratio was ∼1.2.

4 Conclusions

We present measurements taken during the spring and summer
of 2016 as part of the HI-SCALE eld campaign. The size and
composition of individual particles sampled below-cloud and
behind a CVI inlet (cloud droplet residuals) were characterized
using the single particle mass spectrometer, miniSPLAT. Below-
cloud aerosol information was used to investigate aerosol acti-
vation without invoking simplifying assumptions regarding
aerosol composition andmixing state. Cloud droplet residuals of
shallow cumuli were larger and more hygroscopic than below-
cloud particles, consistent with Köhler activation theory and
the aqueous chemistry in-cloud droplets (i.e., sulfate and IEPOX-
SOA formation). For ight-averaged data, below-cloud aerosol
composition, size, and number concentrations were correlated
with shallow cumuli activation fraction. Furthermore, clear
seasonal differences in the aerosol activation fraction (0.38 ±

0.21 for spring and 0.20 ± 0.08 for summer) over the SGP were
observed, consistent with high biogenic surface ux emissions
that drive the formation and growth of organic components
during summer. The seasonal difference in activation fraction is
the result of lower aerosol hygroscopicity (k = 0.17 ± 0.02 for
summer and 0.27 ± 0.07 for spring) and higher accumulation-
mode particle concentrations (841 ± 313 cm−3 for summer and
535 ± 266 cm−3 for spring) measured during summer that lower
effective cloud supersaturation. Using a closure between cloud
droplet number concentrations and CCN predicted using k-
Kõhler and below-cloud measurement-constrained aerosol
properties and their mixing state yielded effective supersatura-
tions of shallow cumuli of 0.13 + 0.06% during spring and 0.08 +
0.03% during summer. The calculated supersaturations were
validated by in situ CCNC-measurements at 0.24%. This study
highlights the importance of individual particle measurements
of size and composition, to accurately represent their activation
into shallow cumuli cloud droplets, even at a background site
like SGP.
Environ. Sci.: Atmos., 2023, 3, 1352–1364 | 1359
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J. Mikkilä, M. R. Canagaratna, W. H. Brune, T. B. Onasch,
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R. Sarda-Estève, M. L. McGuire, C. H. Jeong,
E. McGillicuddy, I. P. O'Connor, J. R. Sodeau, G. J. Evans
and J. C. Wenger, Quantitative determination of
carbonaceous particle mixing state in Paris using single-
particle mass spectrometer and aerosol mass
spectrometer measurements, Atmos. Chem. Phys., 2013,
13, 9479–9496.

19 R. C. Moffet and K. A. Prather, In-situ measurements of the
mixing state and optical properties of soot with
implications for radiative forcing estimates, Proc. Natl.
Acad. Sci., 2009, 106, 11872–11877.

20 S. Takahama, S. Gilardoni, L. M. Russell and
A. L. D. Kilcoyne, Classication of multiple types of
organic carbon composition in atmospheric particles by
scanning transmission X-ray microscopy analysis, Atmos.
Environ., 2007, 41, 9435–9451.

21 A. Zelenyuk, D. Imre, M. Earle, R. Easter, A. Korolev,
R. Leaitch, P. Liu, A. M. Macdonald, M. Ovchinnikov and
W. Strapp, In Situ Characterization of Cloud
Condensation Nuclei, Interstitial, and Background
Particles Using the Single Particle Mass Spectrometer,
SPLAT II, Anal. Chem., 2010, 82, 7943–7951.

22 J. Ching, K. Adachi, Y. Zaizen, Y. Igarashi and M. Kajino,
Aerosol mixing state revealed by transmission electron
microscopy pertaining to cloud formation and human
airway deposition, npj Clim. Atmos. Sci., 2019, 2, 22.

23 R. H. Moore, R. Bahreini, C. A. Brock, K. D. Froyd, J. Cozic,
J. S. Holloway, A. M. Middlebrook, D. M. Murphy and
A. Nenes, Hygroscopicity and composition of Alaskan
Arctic CCN during April 2008, Atmos. Chem. Phys., 2011,
11, 11807–11825.

24 G. Roberts, G. Mauger, O. Hadley and V. Ramanathan,
North American and Asian aerosols over the eastern
Pacic Ocean and their role in regulating cloud
condensation nuclei, J. Geophys. Res.: Atmos., 2006, 111,
D13205.

25 T. M. VanReken, T. A. Rissman, G. C. Roberts,
V. Varutbangkul, H. H. Jonsson, R. C. Flagan and
J. H. Seinfeld, Toward aerosol/cloud condensation nuclei
(CCN) closure during CRYSTAL-FACE, J. Geophys. Res.:
Atmos., 2003, 108(D20), 4633.

26 S. Lance, A. Nenes, C. Mazzoleni, M. K. Dubey, H. Gates,
V. Varutbangkul, T. A. Rissman, S. M. Murphy,
A. Sorooshian, R. C. Flagan, J. H. Seinfeld, G. Feingold
and H. H. Jonsson, Cloud condensation nuclei activity,
closure, and droplet growth kinetics of Houston aerosol
during the Gulf of Mexico Atmospheric Composition and
Climate Study (GoMACCS), J. Geophys. Res.: Atmos., 2009,
114, D00F15.

27 A. Asa-Awuku, R. H. Moore, A. Nenes, R. Bahreini,
J. S. Holloway, C. A. Brock, A. M. Middlebrook,
T. B. Ryerson, J. L. Jimenez, P. F. DeCarlo, A. Hecobian,
R. J. Weber, R. Stickel, D. J. Tanner and L. G. Huey,
© 2023 The Author(s). Published by the Royal Society of Chemistry
Airborne cloud condensation nuclei measurements
during the 2006 Texas Air Quality Study, J. Geophys. Res.:
Atmos., 2011, 116, D11201.

28 G. Kulkarni, F. Mei, J. E. Shilling, J. Wang, R. P. Reveggino,
C. Flynn, A. Zelenyuk and J. Fast, Cloud Condensation
Nuclei Closure Study Using Airborne Measurements Over
the Southern Great Plains, J. Geophys. Res.: Atmos., 2023,
128, e2022JD037964.

29 N. Riemer, A. P. Ault, M. West, R. L. Craig and J. H. Curtis,
Aerosol Mixing State: Measurements, Modeling, and
Impacts, Rev. Geophys., 2019, 57, 187–249.

30 F. Zhang, Y. Wang, J. Peng, J. Ren, D. Collins, R. Zhang,
Y. Sun, X. Yang and Z. Li, Uncertainty in Predicting CCN
Activity of Aged and Primary Aerosols, J. Geophys. Res.:
Atmos., 2017, 122, 11723–11736.

31 J. Ren, F. Zhang, Y. Wang, D. Collins, X. Fan, X. Jin, W. Xu,
Y. Sun, M. Cribb and Z. Li, Using different assumptions of
aerosol mixing state and chemical composition to predict
CCN concentrations based on eld measurements in
urban Beijing, Atmos. Chem. Phys., 2018, 18, 6907–6921.

32 J. Ching, J. Fast, M. West and N. Riemer, Metrics to quantify
the importance of mixing state for CCN activity, Atmos.
Chem. Phys., 2017, 17, 7445–7458.

33 L. Fierce, N. Riemer and T. C. Bond, Toward Reduced
Representation of Mixing State for Simulating Aerosol
Effects on Climate, Bull. Am. Meteorol. Soc., 2017, 98, 971–
980.

34 M. Mahish, A. Jefferson and D. R. Collins, Inuence of
Common Assumptions Regarding Aerosol Composition
and Mixing State on Predicted CCN Concentration,
Atmosphere, 2018, 9, 54.

35 K. Broekhuizen, R. Y. W. Chang, W. R. Leaitch, S. M. Li and
J. P. D. Abbatt, Closure between measured and modeled
cloud condensation nuclei (CCN) using size-resolved
aerosol compositions in downtown Toronto, Atmos. Chem.
Phys., 2006, 6, 2513–2524.

36 G. Kulkarni, F. Mei, J. Shilling, J. Wang, R. P. Reveggino,
C. Flynn, A. Zelenyuk and J. Fast, loud Condensation
Nuclei Closure Study Using Airborne Measurements over
the Southern Great Plains, J. Geophys. Res.: Atmos., 2023,
e2022JD037964.
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