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This study uses airborne field data from the MONterey Aerosol Research Campaign (MONARC: northeast Pacific

– summer 2019) and Aerosol CloudmeTeorology Interactions oVer thewestern ATlantic Experiment (ACTIVATE:

northwest Atlantic – winter and summer 2020) to examine relationships between giant cloud condensation

nuclei (GCCN) and cloud composition to advance knowledge of poorly characterized GCCN–cloud

interactions. The analysis compares cloud water composition data to particle concentration data with

different minimum dry diameters between 1 and 10 mm (hereafter referred to as GCCN) collected below and

above clouds adjacent to where cloud water samples were collected. The northeast Pacific exhibited higher

GCCN number concentrations above 1 mm, but with a sharper decline to negligible values at higher minimum

diameters (5–10 mm) as compared to the northwest Atlantic. Vertical profiles of GCCN data revealed the

larger influence of sea salt with major reductions above typical boundary layer heights for the two regions.

Interrelationships between GCCN and cloud water composition revealed the following major conclusions: (i)

sub-cloud GCCN data are better related to cloud water species concentrations in contrast to above-cloud

GCCN data owing to overwhelming influence of sea salt relative to dust; (ii) GCCN number concentrations at

the lowest (highest) minimum dry diameters were best related to cloud water sea salt concentrations for the

northeast Pacific (northwest Atlantic) in part due to hardly any GCCN above 5 mm for the northeast Pacific; (iii)

the northwest Atlantic exhibited stronger near-surface winds and turbulence linked to the enhanced levels of

larger GCCN and the stronger relationship with cloud water sea salt levels; and (iv) linear regression models

have marginal success in predicting cloud water sea salt levels. This study demonstrates feasibility in relating

cloud water chemical data with supermicrometer particle data to tease out insights about GCCN–cloud

interactions, with results relevant to designing future lab, modeling, and field studies.
Environmental signicance

Aerosol–cloud interactions represent one of the largest uncertainties in our understanding of climate change and a specic aspect of these interactions that is
especially poorly characterized is how particles with dry diameters exceeding 1 micrometer (e.g., dust and sea salt) interact with clouds. This work explores using
two airborne instrument datasets that are not commonly used together to gain insights into potential interactions between giant cloud condensation nuclei
(GCCN) and boundary layer clouds. These include wing-mounted optical probes for supermicrometer particle data and cloud water composition. The results of
this work point to signicant relationships between GCCN concentrations and sea salt levels (and not dust) in cloud water, with these relationships sensitive to
factors such as region, minimum diameter threshold for GCCN, and other environmental factors such as sub-cloud turbulence. This study motivates continued
research into GCCN–cloud interactions by leveraging composition data.
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1. Introduction

The rst and second indirect aerosol effects on climate
hypothesize that clouds inuenced by more particles result in
smaller droplets and higher cloud albedo (all else held xed),
slower collision–coalescence, and suppressed precipitation.1–4

In contrast, giant cloud condensation nuclei (GCCN) have been
shown to lead to larger droplets, quicker collision–coalescence,
faster onset of rain, and potentially increased precipitation.4,5

Since the early work of Houghton,6 numerous studies have
sought to explain the nature of GCCN in warm clouds,5,7–14

although differences exist in research studies as summarized
here briey.

Giant salt particles produce large cloud droplets that initiate
coalescence above cloud base,15 particularly in warm convective
clouds.16 Seeding continental and stratocumulus clouds with
GCCN initiates precipitation,17–19 which can be rapid such as
with warm cumulus clouds.20 Another study showed that GCCN
enhanced rain amount in warm continental clouds but did not
have the same effect in maritime clouds.21 Enhanced sea salt
GCCN levels have been shown to coincide with an increase in
marine stratocumulus precipitation rate.18,22 Dror et al.23 used
marine size distributions to observe the impact of GCCN on rain
yield and found increased precipitation only above a dry
diameter of 5 mm. For stratocumulus clouds, GCCN effects are
thought to be most evident under conditions of either high
cloud condensation nuclei (CCN) concentration and liquid
water content (LWC) or low CCN concentrations and LWC.24 In
convective clouds and trade wind cumuli, GCCN is most effec-
tive as the concentration of smaller CCN increases.25–29 This is
generally consistent with the conclusion reached that GCCN
can override precipitation suppression in polluted clouds.11,30 In
contrast to these ndings, Hindman et al.,31 found that GCCN
are more effective when CCN levels are low in non-raining warm
cumulus clouds. It is problematic that major uncertainties
remain in understanding effects of GCCN because these parti-
cles are abundant globally (e.g., sea salt and dust) and are not
treated well in climate models.32 A reason leading to conicting
results and limiting advancement of knowledge into GCCN is
the challenge of characterizing their properties and abundance
in the atmosphere.

Some of the earliest airborne collection methods targeting
GCCN involved using silver rods outside the aircra and coated
glass microscope slides, which were analyzed under a micro-
scope upon landing.14,33 GCCN have been measured using wing-
mounted optical probes on airborne platforms including the
Cloud Aerosol and Precipitation Spectrometer (CAPS) and
Forward Scattering Spectrometer Probe (FSSP), differences of
which relate primarily to the size range and number of size bins;
these methods have documented limitations such as over-
estimating size.34–37 Another method of studying GCCN is via
post-ight analysis of collected particles with Scanning Electron
Microscopy (SEM).21,31 Although much more challenging,
remote sensing methods have also been used to examine rela-
tionships between presumed GCCN and clouds.11,29,38 The use of
many techniques lends itself to varying results linked in part to
© 2022 The Author(s). Published by the Royal Society of Chemistry
differences in how GCCN are quantied and dened (Section S1
and Table S1†), which complicates intercomparisons between
studies.

Reid et al.34 noted how studies of coarse mode particles
would greatly benet from the use of ion chromatography
chemistry data for species such as sea salt's chloride and
sodium. Building on that recommendation, recent studies have
employed cloud and rainwater collection coupled to ion chro-
matography as a way to deduce potential relationships between
GCCN (e.g., dust, sea salt) and clouds.39,40 Although wing-
mounted optical probes have limitations, they are arguably
the central instruments the research community has to rely on
for rapid supermicrometer measurements and thus researchers
need to make use of them.34 This study aims to use wing-
mounted probe data in relation with cloud composition to
explore GCCN–cloud relationships to motivate continued
research in this regard to learn more about aerosol–cloud
interactions until more advanced instrumentation is developed
for rapid and accurate size-resolved GCCN measurements; in
this work GCCN are used interchangeably with particles having
dry diameters $1 mm. This effort is important since the other
method of trying to use composition data to learn about GCCN–
cloud interactions is exclusively based on surface data from
monitoring networks measurement aerosol and precipitation
data.41–43 Those studies have the obvious disadvantage of not
knowing if the sampled aerosol had any connection to the
clouds that formed the precipitation sampled at the surface.

This work focuses on two objectives: (i) compare and
contrast number concentration in different regions for GCCN
based on using optical probe measurements that are converted
to dry diameter; and (ii) quantify relationships between below
and above cloud GCCN measurements versus cloud water
concentrations of key chemical tracers linked to sea salt (Na+,
Cl�) and dust (non-sea salt [nss] Ca2+). Related to the second
objective, this work explores sensitivity of cloud composition–
GCCN relationships to differences between (i) marine regions
(northeast Pacic versus northwest Atlantic), (ii) below versus
above cloud GCCN data, (iii) different minimum dry diameter
thresholds for GCCN data, and (iv) seasonal factors. The results
of this study are important with regard to how to use commonly
available airborne measurements to better understand GCCN
characteristics and relationships with clouds, even in the face of
uncertainties with the measurements (e.g.,34). Ultimately,
a better understanding of GCCN has important implications for
their treatment in models and for general understanding of
their sources, vertically resolved size distribution characteris-
tics, and relationships with cloud microphysics.

2. Methods
2.1. Monterey aerosol research campaign (MONARC)

MONARC was based in Marina, California and occurred
between 28 May and 14 June 2019. The Center Interdisciplinary
Remotely Piloted Aircra Studies (CIRPAS) Twin Otter aircra
was used to perform 14 research ights over the northeastern
Pacic Ocean (Fig. 1). A detailed description of the entire
instrument payload is described elsewhere.44 The instruments
Environ. Sci.: Atmos., 2022, 2, 738–752 | 739
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Fig. 1 (a) Flight tracks for MONARC. (b) Typical sampling strategy for the Twin Otter during cloudy ensembles during MONARC. The green and
red circles show collection start and end times of individual cloud water samples, respectively.
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used in MONARC for this study are summarized in Table 1 and
include the following: cloud and aerosol spectrometer – forward
scattering (CASF; particle diameter (Dp) � 0.6–60 mm) measured
aerosol and droplet size distributions; cloud imaging probe
(CIP; Dp � 16–1563 mm) measured droplet size distributions;
particle volume monitor (PVM-100A; Dp � 3–50 mm) measured
cloud liquid water content (LWC); global positioning system
and inertial navigation system (GPS/INS) measured velocity and
altitude of the aircra; EdgeTech Vigilant chilled mirror
hygrometer (EdgeTech Instruments, Inc.) measured water vapor
mixing ratio; Rosemount Model 102 sensor measured temper-
ature; a nadir-facing infrared radiation pyrometer (Heitronics
KT 19.85) measured skin surface temperature; Mohnen slotted-
rod collector was used for cloud water collection.45 For the latter
collector, past work45 characterized collection performance for
droplets with mass mean diameters between 5 and 35 mm, but
that is not restrictive in terms of other collection sizes. A total of
101 cloud water samples were collected using the modied
Mohnen slotted-rod that manually is protruded above the roof
of the aircra during cloud penetrations. Samples in both
campaigns were collected in polyethylene vials and stored at �
5 �C for post-ight chemical analysis using the same laboratory
and associated instruments and techniques summarized in
Section 2.3.46,47
740 | Environ. Sci.: Atmos., 2022, 2, 738–752
2.2. Aerosol cloud meteorology interactions over the western
atlantic experiment (ACTIVATE)

ACTIVATE is based out of NASA Langley Research Center
(Hampton, Virginia) with the rst year of ights in 2020 having
already taken place between February–March (deployment 1) and
August–September (deployment 2). More ights were conducted
in 2021 and 2022 but those are not the focus of this work owing
partly to data still being collected and/or not fully having under-
gone quality control for public use at the time of developing this
study. ACTIVATE uses a two-plane approach with one plane
focused on in situ aerosol data collection in the marine boundary
layer (HU-25 Falcon) and the other ying at higher altitudes (�9
km) conducting remote sensing and launching dropsondes (King
Air). Recent ACTIVATE studies summarize instrument details
relevant to this work.48–51 This study focuses exclusively on HU-25
Falcon data during the winter and summer campaigns in 2020,
which included 40 ights over the northwest Atlantic Ocean
(Fig. 2). Relevant measurements were taken with instruments
summarized in Table 1 including the following: fast cloud droplet
probe (FCDP; Dp � 3–50 mm) measured aerosol, droplet size
distributions, and LWC; two-dimensional stereo probe vertical
direction (2DS-V; Dp � 29–1465 mm) measured droplet size
distributions; turbulent air motion measurement system
(TAMMS) measured 3-D winds; diode laser hygrometer (DLH)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of field campaigns used in the study including base of operations, date, and instrument details. ACTIVATE dates correspond to
the first two deployments of the mission

Campaign Base Date Campaign Base Date

MONARC
Marina,
CA 5/28/19–6/14/19 ACTIVATE

Hampton,
VA 2/14/20–3/12/20, 8/13/20–9/30/20

Instruments Size (mm) Measurements Instruments Size (mm) Measurements

Cloud and aerosol
spectrometer (CAS)

Dp: 0.6–60 Aerosol size distributions Fast cloud droplet
probe (FCDP)

Dp: 3–50 Aerosol size distributions & liquid
water content

Cloud imaging probe
(CIP)

Dp: 16–1563 Droplet size distributions Two-dimensional
stereo probe vertical
direction (2DS-V)

Dp: 29–1465 Droplet size distributions

Particle volume
monitor (PVM-100A)

Dp: 3–50 Liquid water content Axial cyclone cloud
water collector (AC3)

See Section
2

Cloud water composition

Mohnen slotted rod
collector

See Section
2

Cloud water composition Turbulent air motion
measurement system
(TAMMS)

— 3D winds

Global positioning
system and inertial
navigation system
(GPS/INS)

— Latitude, longitude, altitude Applanix POS system
(POS AV)

— Latitude, longitude, altitude

EdgeTech vigilant
chilled mirror
hygrometer

— Dew point temperature & water vapor
mixing ratio

Diode laser hygrometer
(DLH)

— Dew point temperature & water
vapor mixing ratio

Rosemount model
102 sensor

— Temperature Rosemount model 102
sensor

— Temperature

Nadir-facing infrared
thermometer
(Heitronics KT 19.85)

— Surface temperature Nadir-facing infrared
thermometer
(Heitronics KT 15)

— Surface temperature
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measured water vapor mixing ratio (WVMR); Rosemount Model
102 sensor measured temperature; axial cyclone cloud water
collector (AC3) was used to collect cloud water samples analyzed
offline for speciation. The AC3 can collect droplets with effective
diameter >20 mm with over 60% collection efficiency39 but it can
still collect smaller droplets too. A total of 98 cloud water samples
were collected using an AC3 during the 2020 ACTIVATE ights.
2.3. Cloud water chemical analysis

For both MONARC and ACTIVATE, cloud water samples were
analyzed for 21 different species using ion chromatography (IC;
Dionex ICS-2100). The ow rate of the instrument was set at 0.4
mL min�1. The anions were measured with a multistep gradient
method using potassium hydroxide (KOH) as an eluent, a Dionex
IonPac ASH11-HC 2 mm by 250 mm column, and an AERS 500e
suppressor. The cations weremeasured with an isocratic method
using methanesulfonic acid (MSA) eluent, a Dionex IonPac
CS12A 2 mm by 250 mm column, and a Dionex CERS 500e
suppressor. Both columns had a 25minute sampling period. The
species that are most relevant to this study are tracer species for
sea salt (Na+, Cl�) and nss Ca2+, which is a tracer for dust.43,52

Methods from Azadi Aghdam et al.53 were used for the nss Ca2+

calculation relying on previously established mass ratios
between calcium and pure sea salt. Cloud water samples
measured using IC were reported in aqueous concentration (mg
L�1) and converted to air equivalent concentrations via multi-
plying concentrations by the LWC (g m�3) during the sample
© 2022 The Author(s). Published by the Royal Society of Chemistry
collection time that was in cloud (criteria: LWC $ 0.02 g m�3)
and dividing by the density of liquid water. The LWC criteria for
in-cloud sampling is based on past work using the same value to
discriminate between cloud and cloud-free air.54–56 This criteria
was also used to dene cloud base and top heights during
vertical slant proles. The few cases of rain or ice (i.e., wintertime
ACTIVATE ights) did not impact the conclusions of this work
and thus LWC (Dp � 3–50 mm) was deemed to be sufficient for
calculations of air equivalent concentrations rather than inclu-
sion of rain or ice water content.

As data from two separate cloud water collectors are used in
this study, it is important to note that the Mohnen slotted-rod
collector was directly compared to the AC3 on the CIRPAS
Twin Otter during the Fog and Stratocumulus Evolution (FASE)
campaign over the same study region as MONARC.39 Results
indicated that campaign-mean cloud water constituent levels
exhibited good agreement for the majority of the trace species
between the two collectors on the same aircra. The ratio of the
median aerosol equivalent mass concentration for Na+ and Cl�

between the AC3 and slotted rod collector was 1.27 and 1.31,
respectively. Speculation of the offset with higher absolute
levels measured via the AC3 was linked to differences in the
collection of small droplets between the two collectors.
2.4. Flight approach

Both campaigns generally exercised the same ight pattern
including repeated level legs at different altitudes below, in, and
Environ. Sci.: Atmos., 2022, 2, 738–752 | 741
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Fig. 2 (a) Flight tracks for ACTIVATE deployments 1–2 in 2020. (b) Typical sampling strategy for the HU-25 Falcon during cloudy ensembles
during ACTIVATE. The green and red circles show collection start and end times of individual cloud water samples, respectively.
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above clouds, referred to as ensembles (e.g.,49). Representative
ensembles and associated sampling strategies during cloud
scenes for MONARC and ACTIVATE are shown in Fig. 1 and 2,
respectively: MINALT ¼ minimum ight altitude, BCB ¼ below
cloud base, ACB ¼ above cloud base, BCT ¼ below cloud top,
ACT ¼ above cloud top. MONARC had additional legs including
a mid-cloud leg (MC) and free troposphere (FT) leg (Fig. 1) that
are not relevant to this work.

2.5. Calculations

2.5.1. Converting to dry diameter. Aerosol particles
measured by the CAS and FCDP are at ambient relative
humidity (RH) conditions. For equal footing between data
collected at different RHs, it is necessary to relate all such size
distribution measurements to a reference of dry conditions. To
do this, a growth factor parameterization57 was used to convert
each diameter at a given ambient RH to that for 80% RH.
Subsequently, the 80% RH diameter was divided by two
(assuming sea salt) in order to get the nal dry diameter.57,58

This method has been applied in past studies, one of which
showed that compared to other parameterizations existing in
the literature59 that the percent difference in nal dry diameter
when using ambient Dp values between 3 and 10 mm at 90% RH
was #3%.60 The assumption of sea salt for the diameter
parameterization calculations is reasonable for
742 | Environ. Sci.: Atmos., 2022, 2, 738–752
supermicrometer particles measured in both the northeast
Pacic61,62 and northwest Atlantic.63,64 We compare particle
concentration data to nss Ca2+ (a dust tracer) for which this
parameterization is inaccurate as dust is not nearly as hygro-
scopic as sea salt; however, the analysis presented is still robust
in terms of intercomparing nss Ca2+ to GCCN concentrations
based on usage of multiple minimum dry diameters even
though each underestimates the dry diameter if a particle was of
dust origin. As it is difficult to generalize the hygroscopicity of
dust particles,65 it is not possible to quantify how much of an
underestimate in dry diameter occurs for dust under different
RH conditions. As will be shown, sea salt was much more
abundant than dust anyhow in both study regions.

The focus of the GCCN data is largely on number concen-
trations to reduce sensitivity of results to sizing uncer-
tainties34–37 that are compounded when converting number to
volume concentrations; however, volume concentration results
are also shown to an extent to demonstrate that qualitative
trends evident from the number concentration data are
preserved when using volume. Volume concentration is more
relatable to the mass concentration units of species analyzed
from the cloud water samples.

2.5.2. Linear regressions. Linear regression modeling was
performed between cloud water tracer species, cumulative
particle number (N) concentrations above different dry
© 2022 The Author(s). Published by the Royal Society of Chemistry
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diameters (1 mm [termed N>1], 2 mm [N>2], 3 mm [N>3], 5 mm [N>5],
10 mm [N>10]), and other environmental parameters to deter-
mine which relationships had the highest correlation. These
ve dry diameters represent a range of minimum dry diameters
representing GCCN in the literature (Table S1†). The model was
in the following form:

M ¼ a0 + a1x1 +. + anxn (1)

where M is the air-equivalent mass concentration of a given
cloud water tracer species (mg m�3), an represents a tting
parameter, and xn represents N concentrations at various dry
diameters and different environmental predictor parameters.
The success of the regression is determined by the coefficient of
determination (R2) and p-value. Statistical signicance is
determined by whether p values were below 0.05 in this work.
Results were obtained when using 1, 2, and 3 parameters to
predict Na+, which was used in place of M in eqn (1).

2.5.3. Additional calculation details. A few special cases
occurred in ight that require clarication in terms of data
analysis choices made. If more than one cloud water sample
was collected during an ensemble, their resulting chemical data
were averaged to represent that particular ensemble. Cloud
water data in each ensemble were matched to other cloud-free
data by using averaged quantities from level legs before and
aer the collected sample(s). Aerosol data coinciding with LWC
$ 0.02 g m�3 were omitted to avoid cloud contamination. Level
legs with precipitating cloud were omitted using the criteria of
rain water content (RWC)$ 0.02 g cm�3. RWC was calculated by
converting droplet size distribution data from the CIP in
MONARC and the 2DS-V in ACTIVATE to total volume concen-
tration.61,66,67 Cloud top height was determined using slant
proles and knowledge of when LWC transitioned from above
to below 0.02 g m�3. Lastly, a parameter relevant to turbulence
(aw) was quantied as the standard deviation of vertical wind
speed along entire MINALT legs.

3. Results and discussion
3.1. Number concentration statistics and vertical proles

Table 2 summarizes the aerosol number concentration statis-
tics at ve different minimum dry diameters for each campaign,
including separation of results for winter and summer deploy-
ments for ACTIVATE. Table 2 focuses on MINALT data adjacent
to where cloud water samples were obtained. This level is
chosen as it is closest to the ocean surface, which is the source
Table 2 Average � standard deviation (medians in parenthesis) values
cm�3) above different minimum dry diameters ranging 1 to 10 mm for
summer deployments. These data were collected at the MINALT level a

MONARC ACTIVATE: all

N>1 1.33 � 0.91 (1.02) 0.38 � 0.27 (0.30)
N>2 0.11 � 0.17 (0.40) 0.25 � 0.17 (0.22)
N>3 0.02 � 0.02 (0.01) 0.11 � 0.07 (0.11)
N>5 0.0013 � 0.0025 (0.00) 0.01 � 0.01 (0.01)
N>10 0.00 � 0.00 (0.00) 0.001 � 0.001 (0.001

© 2022 The Author(s). Published by the Royal Society of Chemistry
of sea salt. Both campaigns expectedly show a reduction in
number concentration as the minimum dry diameter increases
from 1 to 10 mm, with a key difference being that there were
negligible values during MONARC for minimum dry diameters
$5 mm. RegardingMINALT data, MONARC exhibited higher N>1

concentrations with amean of 1.33� 0.91 cm�3, which dropped
off to 0.11 cm�3 ($2 mm), 0.02 cm�3 ($3 mm), and 0.0013 cm�3

($5 mm). Past work based on size-resolved aerosol lter
measurements by the MONARC study region showed that the
overwhelming majority of sea salt mass is between aerodynamic
diameters of 1.8 and 5.6 mm,55,68 consistent with the reduction
in GCCN number concentrations starting around 5 mm.

In contrast to MONARC, ACTIVATE had measurable GCCN
reaching up to a minimum dry diameter of 10 mm regardless of
season, with the cumulative concentrations above 1 mm being
0.38 cm�3, which dropped off to 0.25 cm�3 ($2 mm), 0.11 cm�3

($3 mm), 0.01 cm�3 ($5 mm), and 0.001 cm�3 ($10 mm). In
general, the summer deployment had higher mean and median
concentrations up to a minimum diameter of 3 mm, in contrast
to winter having comparable concentrations for minimum
diameters between 5 and 10 mm.

Contextual number concentration vertical proles are shown
for particles with dry diameter exceeding 1 mm (Fig. 3), where
CAS (MONARC) and FCDP (ACTIVATE) data were binned in 50
m vertical increments. Section S1 and Table S1† show that
GCCN are oen dened using 1 mm dry diameter, which is used
for the vertical proles here to not be restrictive with larger
minimum size thresholds. Subsequent sections explore
different minimum size thresholds to determine how well they
correlate to cloud water sea salt and dust tracer species.

The northeastern Pacic in summertime is characterized by
a shallower boundary layer69 explaining the marked drop-off in
concentrations above �400 m, explained by the signicant
reduction of sea salt particles in the free troposphere.60 In the
MBL, median levels within specic vertical bins are approxi-
mately 1 cm�3. In contrast, ACTIVATE data reveal a drop-off in
particle concentration above 1 km owing to the deeper MBL,
especially in the wintertime when MBL heights typically exceed
those of summertime by a few hundred meters.49,70,71 Median
concentrations were below 1 cm�3 within the MBL regardless of
season. Fig. 3 supports the assumption of GCCN being largely sea
salt as dust would most likely be present in the free troposphere.

To put concentrations from Fig. 3 in context, Jung et al.18

noted that just 10�2 to 10�4 cm�3 of salt particles above 1 mm
diameter have the potential to enhance cloud base rain rate by
calculated from cumulative particle number concentrations (units of
MONARC and ACTIVATE, including the latter divided into winter and
djacent to each cloud water sample

ACTIVATE: winter ACTIVATE: summer

0.23 � 0.12 (0.23) 0.61 � 0.28 (0.68)
0.16 � 0.09 (0.17) 0.40 � 0.18 (0.39)
0.09 � 0.05 (0.09) 0.13 � 0.09 (0.14)
0.01 � 0.01 (0.01) 0.01 � 0.01 (0.00)

) 0.001 � 0.001 (0.001) 0.001 � 0.002 (0.0002)
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Fig. 3 Vertical distribution of particle number concentration with dry diameter above 1 mm (N>1) based on cumulative data from (a) MONARC, (b)
ACTIVATE winter, and (c) ACTIVATE summer. The shaded area is between the 25th and 75th percentile and the black line represents the median.
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four times leading to depletion of cloud water via rainout. Thus,
these levels are appreciable and motivate the subsequent
discussion of relationships between GCCN concentrations and
cloud water composition.
3.2. Analysis of species

We next address which cloud water species relevant to GCCN
(Na+, Cl�, nss Ca2+) were best related to GCCN concentrations
Table 3 Linear regression results between MINALT/ACT GCCN particle n
versus cloud water tracer species for MONARC, ACTIVATE, ACTIVATE w
number of points used in the calculations in parenthesis. The bolded va

Number Na+ MINALT Na+ ACT Cl� MINALT

MONARC
N>1 0.43 (30) 0.30 (30) 0.38 (30)
N>2 0.37 (27) 0.27 (22) 0.27 (27)
N>3 0.11 (24) 0.18 (13) 0.12 (24)
N>5 0.05 (12) 0.00 (8) 0.03 (12)
N>10 0.00 (0) 0.02 (1) 0.00 (0)

ACTIVATE: all
N>1 0.19 (53) 0.03 (51) 0.17 (53)
N>2 0.26 (53) 0.03 (51) 0.24 (53)
N>3 0.32 (53) 0.01 (51) 0.30 (53)
N>5 0.36 (53) 0.06 (46) 0.34 (53)
N>10 0.58 (44) 0.00 (24) 0.57 (44)

ACTIVATE: winter
N>1 0.06 (32) 0.03 (32) 0.05 (32)
N>2 0.07 (32) 0.02 (32) 0.06 (32)
N>3 0.08 (32) 0.02 (32) 0.07 (32)
N>5 0.08 (32) 0.01 (31) 0.07 (32)
N>10 0.19 (28) 0.07 (20) 0.19 (28)

ACTIVATE: summer
N>1 0.11 (21) 0.14 (19) 0.09 (21)
N>2 0.20 (21) 0.12 (19) 0.18 (21)
N>3 0.41 (21) 0.02 (19) 0.39 (21)
N>5 0.60 (21) 0.11 (15) 0.58 (21)
N>10 0.76 (16) 0.00 (4) 0.74 (16)

744 | Environ. Sci.: Atmos., 2022, 2, 738–752
(Table 3). Regardless of dry diameter threshold or region, GCCN
number concentration was best correlated with cloud water Na+

and Cl� in contrast to nss Ca2+, which suggests that sea salt
particles are the main source of GCCN in both regions. This is
consistent with Fig. 3 showing how the predominant source of
GCCN is likely sea salt in the MBL rather than dust plumes that
are expected in the free troposphere owing to long-range
transport. R2 values are slightly higher for Na+ in contrast to
umber concentrations (cm�3) above different minimum dry diameters
inter, and ACTIVATE summer. The values in the table represent R2 with
lues are statistically significant with p values below 0.05

Cl� ACT nss Ca2+ MINALT nss Ca2+ ACT

0.16 (30) 0.33 (27) 0.07 (27)
0.12 (22) 0.13 (24) 0.05 (20)
0.05 (13) 0.11 (21) 0.02 (12)
0.01 (8) 0.00 (11) 0.02 (7)
0.02 (1) 0.00 (0) 0.05 (1)

0.03 (51) 0.09 (15) 0.00 (15)
0.03 (51) 0.06 (15) 0.00 (15)
0.01 (51) 0.23 (15) 0.01 (15)
0.06 (46) 0.03 (15) 0.02 (13)
0.00 (24) 0.13 (14) 0.03 (4)

0.03 (32) 0.48 (5) 0.35 (5)
0.02 (32) 0.61 (5) 0.34 (5)
0.02 (32) 0.59 (5) 0.25 (5)
0.01 (31) 0.04 (5) 0.21 (5)
0.06 (20) 0.54 (5) 0.07 (2)

0.14 (19) 0.02 (10) 0.02 (10)
0.12 (19) 0.00 (10) 0.02 (10)
0.02 (19) 0.19 (10) 0.04 (10)
0.12 (15) 0.03 (10) 0.02 (8)
0.00 (4) 0.13 (9) 0.04 (2)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Cl�, potentially due to chloride depletion reactions reducing
Cl� levels.72,73 The statistically signicant relationships
demonstrate there is value in using cloud water chemical data
for GCCN studies, as also concluded from recent studies based
on data for the northeast Pacic.22,60 It is important to distin-
guish between differences in those two studies and this one.
Schlosser et al.60 examined the relationship between aerosol
volume concentration above a dry diameter of 1 mm in the sub-
cloud region with cloud water Na+, and showed a positive
correlation (n¼ 17 points, R2¼ 0.50); our study focuses more on
number concentration and not volume concentration to reduce
dependence on sizing issues with wing-mounted optical probes
(e.g.,34). The other study by Dadashazar et al.22 examined rela-
tionships of particle number concentration at ambient RH
above 5 mm in the sub-cloud region relative to cloud water Cl�

data and also found a positive relationship. We additionally
examine how relationships between GCCN concentrations and
cloud water composition depend on the (i) altitude level of the
GCCN data, (ii) minimum GCCN dry diameter, (iii) region, and
(iv) season.
3.3. Analysis of altitude level

Cloud water concentrations of sea salt species exhibited higher
R2 values with MINALT GCCN concentrations in contrast to ACT
concentrations (Table 3). While in ACTIVATE the only statisti-
cally signicant R2 values were for MINALT GCCN data, MON-
ARC revealed signicant relationships for sea salt species both
for MINALT and ACT. The R2 values for nss Ca2+ largely showed
insignicant results regardless of whether the data were from
MINALT or ACT levels. Note that BCB levels of GCCN are not
used in this work as MINALT is deemed to be sufficient to
represent the sub-cloud environment (for simplicity) and avoids
any potential cloud artifact issues; the correlations between
cloud water species were stronger for GCCN data at the MINALT
level relative to the BCB level. For the subsequent discussion,
MINALT GCCN data are exclusively relied on while ACT data are
not considered from this point on.
Fig. 4 Cloud water sodium versusMINALT particle number concentratio
separated by winter and summer, and (c) 10 mm for ACTIVATE separated b
of data points are in parenthesis. The R2 value of the cumulative data po

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.4. Determination of dry diameter threshold

We next examine how relationships varied between cloud water
composition and GCCN concentrations using ve different
minimum dry diameter thresholds between 1 and 10 mm. For
MONARC, 1 mm yielded the highest R2 values between GCCN
concentration and Na+ (0.43) and Cl� (0.38) for the MINALT
level. In contrast for ACTIVATE, 10 mm yielded the highest R2

values between GCCN particle number with Na+ (0.58) and Cl�

(0.57) for MINALT. Fig. 4 shows representative scatterplots
between GCCN number concentrations and cloud water Na+

levels for both campaigns, whereas Fig. S1† shows similar
results when basing the analysis on GCCN volume concentra-
tions. We do not believe differences between MONARC and
ACTIVATE instrumentation are sufficiently large to explain the
different minimum dry diameters for the two regions and
presume differences stem largely from regional differences in
environmental conditions. Furthermore, there were hardly any
measured values for N>5 and N>10 in MONARC. It is expected
that if there are measurable amounts of the largest particles
($10 mm), that those N concentrations would be better linked to
cloud water sea salt levels as the latter is a mass-based
measurement depending on diameter to the third power.

Table S2† shows analogous results to Table 3 but when using
GCCN volume concentration rather than number concentra-
tion. The qualitative trends remain the same in terms of the
best performing minimum dry diameters per campaign;
furthermore, only sea salt species exhibited signicant rela-
tionships with GCCN volume concentrations. The overall GCCN
volume concentrations in ACTIVATE were better correlated to
Na+ as compared to MONARC regardless of minimum dry
diameter. This is likely due to how ACTIVATE in general had
more particles at the largest sizes that drive up volume
concentrations, which better relate to cloud water mass
concentrations as compared to smaller sizes.

Environmental factors noted in the literature to impact sea
salt production and concentrations include sea surface
temperature,74,75 wave kinematics,76,77 boundary layer
n above a dry diameter of (a) 1 mm for MONARC, (b) 1 mm for ACTIVATE
y winter and summer. (b and c) Red¼winter, black¼ summer. Number
ints for panels (b) and (c) are 0.06 and 0.58, respectively.
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stability78,79 and depth,57,60 precipitation,80,81 fetch,82 and ocean
salinity.83,84 Table 4 shows that there are notable differences in
some environmental parameters between the two regions based
on mean and median values. Notable is that the turbulence
parameter aw was especially pronounced in ACTIVATE being
more than threefold larger on average, which presumably could
aid in the ascent of larger ($5 mm) sea salt particles; there is
ample evidence linking high winds to sea spray production
(e.g.,57,85) include spume droplets with diameters exceeding 40
mm.86 Sea surface temperature was also considerably higher in
ACTIVATE, although it is suspected that wind speed and
turbulence differences played a greater role in ACTIVATE
exhibiting both higher N>10 concentrations and a stronger
relationship between concentrations at larger sizes and cloud
water sea salt levels. Fig. S2† shows scatterplots for N>1 (MON-
ARC and ACTIVATE) and N>10 (ACTIVATE) versus ve relevant
environmental parameters with the key result being that the
highest linear regression coefficients of determination are for
aw and wind speed. The correlations between GCCN and these
two latter environmental parameters were especially high for
N>10 in ACTIVATE. We caution that factors governing the size
distribution of sea salt particles in the marine boundary layer
are complex (e.g.,57) and more work is warranted to better
characterize what governs regional and vertical differences in
the size distribution of large particles in the marine
atmosphere.

3.5. ACTIVATE seasonal analysis

ACTIVATE's mission design to y in different seasons allows for
analysis to isolate potential factors altering GCCN–cloud rela-
tionships between winter and summer. There were marked
differences in water vapor mixing ratio and temperature with
higher levels of both in the summer as compared to winter
(Table 4), in contrast to higher aw and cloud top height in the
winter. While results from previous sections (3.2–3.4) are
preserved when examining each season alone, the key differ-
ence is that the summer exhibited higher correlations between
N and V (regardless of minimum diameter threshold) and sea
salt concentrations in cloud water (Tables 2 and S2†). The
summer had a cluster of four points from Research Flight 36 (21
September 2020) with Na+ levels exceeding 150 mg m�3 driving
up the R2 value (Fig. 4), which would otherwise have been 0.16
Table 4 Average values (medians in parenthesis) for environmental par
summer. The first seven rows represent values measured during MINA
relevant to clouds with RWC calculated with data during the period of c

Parameters MONARC ACT

Temperature (K) 286 (286) 287
Surface temperature (K) 287 (287) 295
Pressure (mb) 1013 (1014) 989
Relative humidity (%) 91.33 (90.83) 59.2
Water vapor mixing ratio (ppmv) 8.68 (8.59) 7.30
Horizontal wind speed (m s�1) 10.97 (11.35) 10.4
sw (m s�1) 0.27 (0.27) 0.95
Rain water content (g m�3) 0.04 (0.01) 0.00
Cloud top height (m) 449 (420) 1940

746 | Environ. Sci.: Atmos., 2022, 2, 738–752
when omitting those samples, which is similar to the winter.
Furthermore, the R2 of the cumulative ACTIVATE dataset
without those four points in Fig. 4 is 0.15. We caution though
that removal of those points still does not alter the ndings of
Section 3.4 that concentrations of increasingly larger minimum
dry diameters for GCCN were better correlated with cloud water
sea salt levels. Research ight 36 was notable for having
enhanced boundary layer wind speeds and aw with values
associated with the MINALT legs of the cloud water samples
being 16.1–17.5 m s�1 and 1.20–1.49 m s�1, respectively, which
are on the high end of ACTIVATE data (Table 4). Two conclu-
sions can be reached: (i) the gap in R2 improvement in summer
(relative to winter) when retaining the four high Na+ points
increases as a function of minimum dry diameter suggestive of
greater ease of loing up larger salt particles with stronger
winds and turbulence; and (ii) when omitting the four high Na+

samples, there was insignicant seasonal difference in the
GCCN–Na+ relationship.

3.6. Cloud water sea salt concentration predictor variables

Regression modeling was used to examine what variables are
most successful for predicting cloud water sea salt tracer
species concentrations. Table 5 reports results for each
campaign separately when using 1, 2, and 3 parameter models.
Here we rely mainly on Na+ as it is insensitive to sea salt reac-
tions with acids in contrast to Cl�. Predictor variables included
N concentrations (N>1 for MONARC and N>10 for ACTIVATE),
horizontal wind speed, water vapor mixing ratio, cloud top
height, RWC, and aw. Previous work focusing on predictions of
N>1 (rather than Na+ in this study) in the northeastern Pacic
with a more limited dataset revealed that the strongest predic-
tors were MBL depth and cloud base rain rate with turbulent
kinetic energy more inuential for volume concentrations of
particles larger than a dry diameter of 1 mm.60 For the same
region Dadashazar et al.22 showed stronger GCCN relationships
with cloud water Cl� at reduced values of rain rate and
enhanced values of aw.

In terms of 1-parameter models, the parameter best corre-
lated with Na+ for MONARC (coefficient sign in parenthesis) was
N>1 (+), followed by aw (+), water vapor mixing ratio (�), wind
speed (+), RWC (�), and cloud top height (�). The signs of the
coefficients are consistent with more vigorous winds and
ameters from MONARC, ACTIVATE, ACTIVATE winter, and ACTIVATE
LT legs whereas the last two rows are based on data at higher levels
loud water collection

IVATE: all ACTIVATE: winter ACTIVATE: summer

(285) 282 (285) 294 (294)
(295) 293 (295) 298 (298)
(1001) 982 (1000) 1000 (1002)
1 (60.53) 51.36 (60.59) 71.16 (72.47)
(5.13) 3.94 (4.04) 12.43 (13.01)
0 (9.13) 10.26 (9.45) 10.61 (9.45)
(1.04) 1.04 (1.07) 0.84 (0.78)
3 (0.0002) 0.002 (0.0002) 0.006 (0.0002)
(1803) 2053 (1907) 1721 (1789)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Linear regression modeling results relating cloud water Na+

levels to various parameters shown below. Results are separated when
modeling for 1, 2, or 3 of the top ranked parameters predicting Na+.N>1

(MONARC) and N>10 (ACTIVATE) are not shown for the 2- and 3-
parameter sets of rows although they represented one of the
parameters for those models. The sign of the coefficients in front of
each parameter is shown. n ¼ number of points; WVMR ¼water vapor
mixing ratio; RWC ¼ rain water content; CTH ¼ cloud top height

MONARC Predictors Sign R2 p n

1 parameter N>1 + 0.43 8.72 � 10�5 30
aw + 0.20 1.36 � 10�2 30
WVMR � 0.18 1.79 � 10�2 30
Wind speed + 0.11 8.00 � 10�2 30
RWC � 0.03 3.42 � 10�1 30
CTH � 0.00 8.49 � 10�1 30

2 parameter WVMR � 0.63 1.52 � 10�6 30
aw + 0.46 2.61 � 10�4 30
Wind speed + 0.43 5.02 � 10�4 30
CTH + 0.43 5.09 � 10�4 30
RWC � 0.43 5.22 � 10�4 30

3 parameter WVMR/RWC �/� 0.66 2.64 � 10�6 30
Wind speed/WVMR �/� 0.64 5.73 � 10�6 30
WVMR/CTH �/� 0.64 6.57 � 10�6 30
WVMR/aw �/� 0.63 7.56 � 10�6 30
Wind speed/aw �/+ 0.52 2.36 � 10�4 30
RWC/aw �/+ 0.46 1.00 � 10�3 30

ACTIVATE Predictors Sign R2 p n

1 parameter N>10 + 0.58 3.31 � 10�11 44
Wind speed + 0.33 7.64 � 10�6 52
aw + 0.21 1.30 � 10�3 46
RWC � 0.02 4.39 � 10�1 35
WVMR � 0.02 3.69 � 10�1 53
CTH � 0.01 5.42 � 10�1 44

2 parameter CTH � 0.61 3.52 � 10�9 40
WVMR + 0.59 2.43� 10�10 44
Wind speed � 0.58 5.57 � 10�10 43
aw � 0.57 1.08 � 10�8 37
RWC + 0.51 1.19 � 10�5 31

3 parameter WVMR/CTH � 0.62 2.06 � 10�8 40
Wind speed/CTH �/� 0.61 3.61 � 10�8 39
aw/CTH �/� 0.60 9.68 � 10�7 33
Wind speed/WVMR �/+ 0.59 2.74 � 10�9 43
WVMR/aw � 0.58 6.05 � 10�8 37
Wind speed/aw �/� 0.57 6.59 � 10�8 37
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turbulence promoting more cloud water sea salt levels via sea
salt transport to clouds. Furthermore, reduced RWC is consis-
tent with less scavenging of GCCN which would interfere with
the intended GCCN–Na+ relationships22 sought aer in this
work. The R2 value of the 1 parameter models peaked at 0.43 for
N>1 with a signicant reduction for the other 1 parameter
models; p values for only the top four models were below 0.05.
MONARC's 2 and 3 parameter models revealed slight improve-
ment beyond the peak R2 values of 0.43 for the N>1 single
parameter model, with values reaching only as high as 0.66 for
the best 3 parameter model. When excluding consideration of
N>1, the ranking and combination of best predictors did not
follow the order of parameters from the 1 parameter models
due to co-variance of these parameters with each other and
© 2022 The Author(s). Published by the Royal Society of Chemistry
other potentially inuential factors. Similarly, the sign of the
coefficients in front of the 2nd or 3rd parameters is inconsistent
with what ideally is expected from the 1 parameter models.

ACTIVATE's 1 parameter models showed that aer N>10, the
top predictors were wind speed (+), aw (+), RWC (�), water vapor
mixing ratio (�), and cloud top height (�). The sign of all the
parameters matched those of MONARC's 1 parameter models,
but with the order of most inuential parameters varying
slightly. It can be concluded that the best related environmental
parameter aer N>1/N>10 is either wind speed or aw, both of
which are related to the general dynamics inuential for emis-
sions and mixing of GCCN in the boundary layer. The 1
parameter models had slightly higher R2 values for ACTIVATE,
but interestingly (unlike MONARC) there was hardly any
improvement in the 2 and 3 parameter models (peak R2 ¼ 0.62)
for ACTIVATE versus the R2 of 0.58 for the best single parameter
model relying on just N>10. This emphasizes the non-linear
nature of factors impacting Na+ levels in cloud water, and that
the 1 parameter models provide the most value in Table 5 in
terms of knowing regionally what factors to rst order are most
important.

4. Limitations of this study

Aerosol–cloud interactions are difficult to study, which is why
methods are employed with currently available datasets that,
while imperfect, still can afford useful insights to advance
knowledge. An avenue to pursue in this regard is to leverage
composition data providing information about the CCN acti-
vating into droplets, which can be useful for studies of GCCN–
cloud interactions. This work extends the use of airborne data
linking cloud-free supermicrometer particle data with cloud
water composition showing signicant relationships between
the two pointing to GCCN–cloud interactions.

The two key datasets used in this study have limitations,
including notably the sizing uncertainties of wing-mounted
optical probes.34 A comparison between the performance of
the two wing-mounted probes is outside the scope of this work
but warrants a deeper look for studies aiming to use such data
in more quantitative ways. Parameterizations used to convert
from ambient to dry conditions are also imperfect and a source
of uncertainty, especially as ambient inorganic sea salt may
exhibit lower hygroscopicities as compared to pure sodium
chloride.59 The cloud water collectors also sample droplets
resulting from activated particles with initial size distributions
that are unknown but presumably skewed to larger particles
since mass concentrations scale with diameter to the third
power. Comparisons between MONARC and ACTIVATE are
imperfect owing to different instruments used for the particle
and cloud water measurements. Therefore, results of this study
and past ones of this nature22,60 cannot be used in a fully
quantitative way owing to aforementioned issues, but their
main purpose is served here to provide qualitative ‘clues’ into
a very poorly understood topic with eld data: GCCN–cloud
interactions. The results are promising to motivate more
research utilizing these types of measurement capabilities since
they represent what the community currently has to use for
Environ. Sci.: Atmos., 2022, 2, 738–752 | 747
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airborne research. Areas requiring deeper analysis for both
regions is the importance of air mass history and fetch82,87 as
some of the analysis in this work relied on relating MINALT
level data to cloud data, with the issue being that the cloud data
may have been impacted by conditions farther upwind as
compared to the adjacent MINALT legs relative to when a cloud
water sample was obtained.

5. Conclusions

This work used airborne data from MONARC and ACTIVATE
campaigns to examine statistics associated by supermicrometer
(dry Dp $ 1 mm) particle concentrations in the northeast Pacic
and northwest Atlantic, in addition to relationships between
such concentrations and cloud water concentrations for sea salt
(Na+, Cl�) and dust (nss Ca2+) species. The following are notable
ndings from this work:

� Supermicrometer particle number concentrations are
highest in the boundary layer of both regions with a sharp drop
off in the free troposphere owing to the overwhelming inuence
of sea salt (rather than dust) on GCCN levels. Supermicrometer
particle concentrations were higher in the northeast Pacic
than the northwest Atlantic, but the former also had a much
sharper reduction in N concentrations at larger minimum dry
diameters (5–10 mm).

� Sea salt is much more abundant than dust in the cloud
water of both regions, which is consistent with sub-cloud GCCN
levels (rather than above-cloud levels) exhibiting stronger rela-
tionships with cloud water sea salt levels.

� GCCN number concentrations were better related to cloud
water sea salt at the lowest minimum dry Dp of 1 mm in the
northeast Pacic in contrast to N concentrations at the highest
minimum dry Dp of 10 mm in the northwest Atlantic. It is
presumed that enhanced winds and turbulence in the latter
region could be linked to higher N>10 levels and stronger rela-
tionships with cloud water sea salt, which is arguably best
related to the largest GCCN sizes owing to mass's dependence
on diameter to the third power.

� There was no major difference between GCCN and cloud
water sea salt interrelationships between ACTIVATE's winter
and summer data aer excluding a few data points from one
ight with unusually high near-surface winds and turbulence,
which drove up the strength of N>10 relationships with cloud
water sea salt levels. This points to how the combination of
datasets used here to study GCCN–cloud relationships are
clearer at higher winds and when GCCN concentrations are
enhanced.

� Linear regressionmodels with up to 3 predictor parameters
exhibit limited success in predicting cloud water Na+ levels,
with the best predictors aer N levels in both regions being
either near-surface values of aw and wind speed for MONARC
and ACTIVATE, respectively.

This study has implications for modeling studies exploring
the use of different size denitions for GCCN in studies of
aerosol–cloud interactions (e.g.,23). The results of these types of
studies are important in light of growing attention towards
marine cloud brightening efforts that need to account for
748 | Environ. Sci.: Atmos., 2022, 2, 738–752
GCCN, which would offset the intended brightening desired
from smaller CCN according to the Twomey effect.88 Analysis of
data analogous to this study for mixed-phase clouds will be
helpful to advance this type of analysis for another category of
clouds impacted in ways that may differ with warm clouds.
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