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Abstract. The aerosol–cloud–precipitation interactions within the cloud-topped marine boundary layer (MBL)
are examined using aircraft in situ measurements from Aerosol and Cloud Experiments in the Eastern North At-
lantic (ACE-ENA) and Southern Ocean Clouds, Radiation, Aerosol Transport Experimental Study (SOCRATES)
field campaigns. SOCRATES clouds exhibit a larger number concentration and smaller cloud droplet effective
radius (148.3 cm−3 and 8.0 µm) compared to ACE-ENA summertime (89.4 cm−3 and 9.0 µm) and wintertime
clouds (70.6 cm−3 and 9.8 µm). The ACE-ENA clouds, especially during the winter, feature stronger drizzle
formation via droplet growth through enhanced collision–coalescence that is attributed to a relatively cleaner en-
vironment and deeper cloud layer. Furthermore, the aerosol–cloud interaction (ACI) indices from the two aircraft
field campaigns exhibit distinct sensitivities, indicating different cloud microphysical responses to aerosols. The
ACE-ENA winter season features relatively fewer aerosols, which are more likely activated into cloud droplets
under the conditions of sufficient water vapor availability and strong turbulence. The enriched aerosol loading
during ACE-ENA summer and SOCRATES generally leads to smaller cloud droplets competing for the limited
water vapor and exhibiting a stronger ACI. Notably, the precipitation susceptibilities are stronger during the
ACE-ENA than during the SOCRATES campaigns. The in-cloud drizzle behavior significantly alters sub-cloud
cloud condensation nuclei (CCN) budgets through the coalescence-scavenging effect and, in turn, impacts the
ACI assessments. The results of this study can enhance understanding and aid in future model simulation and
assessment of the aerosol–cloud interaction.

1 Introduction

Marine boundary layer (MBL) clouds substantially impact
the Earth’s climate system (Dong and Minnis, 2023). Sus-
tained by large-scale subsidence and cloud-top longwave ra-
diative cooling, MBL clouds, typically located beneath the
temperature inversion at the MBL top, persistently reflect the
incoming solar radiation and modulate the radiative balance
(Albrecht et al., 1995; Wood et al., 2015; Dong et al., 2023).
The climatic significance of MBL cloud radiative effects,
which remains largely uncertain (IPCC, 2023), is closely

linked to cloud microphysical properties that are substan-
tially influenced by surrounding aerosol conditions (Chen et
al., 2014; Feingold and McComiskey, 2016). Observational
evidence demonstrates that cloud microphysical responses
to aerosols, defined as the aerosol–cloud interaction (ACI),
can be typically viewed as decreased cloud droplet effec-
tive radii (rc) and increased number concentrations (Nc) with
more aerosol intrusion under conditions of comparable cloud
water content (Feingold and McComiskey, 2016). The ACIs
have been extensively investigated by different observational
platforms, such as aircraft (Hill et al., 2009; Diamond et al.,
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2018; Gupta et al., 2022), ground-based and satellite obser-
vations (Painemal et al., 2020; Zhang et al., 2022; Zheng et
al., 2022a), and model simulations (Wang et al., 2020; Chris-
tensen et al., 2023) over different maritime regions like the
southeastern Pacific (Painemal and Zuidema, 2011), north-
eastern Pacific (Braun et al., 2018), southeastern Atlantic
(Gupta et al., 2022), and eastern North Atlantic (Zheng et
al., 2022a).

Furthermore, a larger number of small cloud droplets can
sometimes extend cloud longevity and spatial coverage and
modulate the precipitation processes in the MBL clouds, re-
flecting the cloud adjustments to aerosol disturbances (Al-
brecht, 1989; Bellouin et al., 2020). Precipitation, particu-
larly in the form of drizzle, is common in MBL clouds (Wood
et al., 2015; Wu et al., 2020), and the turbulence forced by
stratocumulus cloud-top radiative cooling can increase the
cloud liquid water path and contribute to drizzle produc-
tion (Ghate and Cadeddu, 2019; Ghate et al., 2021). The
drizzle formation and growth processes are deeply entwined
with the MBL aerosols and dynamics. Frequent aerosol in-
trusions in the MBL have been found to lower the efficiency
of collision–coalescence, which results in the suppression of
precipitation frequency and strength. Such a phenomenon
can be quantified and assessed via the cloud precipitation
susceptibility (Feingold and Seibert, 2009; Lu et al., 2009;
Sorooshian et al., 2009; Duong et al., 2011). The assess-
ments of precipitation susceptibility are examined to be un-
der the influences of methodology (Terai et al., 2012), cloud
morphology (Sorooshian et al., 2009; Jung et al., 2016), am-
bient aerosol concentrations (Duong et al., 2011; Jung et
al., 2016; Gupta et al., 2022), and cloud thickness (Terai
et al., 2012; Jung et al., 2016; Gupta et al., 2022). The in-
cloud turbulence and wind shear can effectively enhance the
collision–coalescence efficiency, stimulate drizzle formation
and growth, and consequently lead to an enhanced precipi-
tation rate and amount (Chen et al., 2011; Wu et al., 2017).
Cloud-top entrainment of drier and warmer air can poten-
tially deplete small cloud droplets and shrink large droplets
via evaporation, thereby impacting cloud-top microphysi-
cal processes, depending on the homogeneous or inhomo-
geneous mixing regimes (Lehmann et al., 2009; Jia et al.,
2019).

Conversely, precipitation has been shown to exert a sub-
stantial influence on the MBL aerosol and cloud con-
densation nuclei (CCN) budget through the coalescence-
scavenging effect. The coalescence scavenging refers to the
process in which cloud or drizzle droplets, containing aerosol
particles inside, merge with each other. Upon the collision–
coalescence of cloud droplets, the dissolved aerosol masses
within the cloud droplets also collide and merge into a larger
aerosol core, leading to larger aerosol particles upon droplet
evaporation. The sub-cloud aerosols are then replenished
into the cloud layer, experiencing growth within the cloud
through cloud and drizzle droplet collision–coalescence and
subsequently falling and evaporating outside the cloud again.

Eventually, the residual aerosols undergoing this cloud-
processing cycle will gradually decrease in number concen-
tration and increase in size (Flossmann et al., 1985; Feingold
et al., 1996; Hudson and Noble, 2020; Hoffmann and Fein-
gold, 2023). In addition, the drizzle drops, upon falling out
of the cloud base, can result in net reductions in sub-cloud
aerosols and CCN budgets via precipitation-scavenging pro-
cesses (Wood, 2006; Zheng et al., 2022b). Quantitative esti-
mates of these effects remain ambiguous and inconclusive,
which are subject to multiple factors such as aerosol physic-
ochemical characteristics, cloud morphology, and MBL dy-
namics and thermodynamics conditions (Sorooshian et al.,
2009; Duong et al., 2011; Diamond et al., 2018; Brunke et al.,
2022). Thus, more studies on the aforementioned processes
regarding MBL aerosols and clouds over different maritime
regions are warranted to pursue an in-depth understanding of
aerosol–cloud–precipitation interactions (ACPIs).

The eastern North Atlantic (ENA) is a desirable region
for exploring MBL clouds in the mid-latitude, with Gra-
ciosa island in the Azores (39.09° N, 28.03° W) represent-
ing a focal point for studies of ACPIs. Located between the
mid-latitude and subtropical climate zones, Graciosa island
is subject to the meteorological influence of both the Ice-
landic Low and the Azores High and the influence of aerosols
ranging from pristine marine air masses to those heavily in-
fluenced by continental emissions from North America and
northern Europe (Logan et al., 2014; Wood et al., 2015;
Wang et al., 2020). Addressing the need for sustained re-
search into the MBL clouds, the recent Aerosol and Cloud
Experiments in the Eastern North Atlantic (ACE-ENA) air-
craft campaign (J. Wang et al., 2022) was conducted in the
summer (June and July) 2017 (ACE-ENA Sum) and win-
ter (January and February) 2018 (ACE-ENA Win). During
these two intensive operation periods (IOPs) of ACE-ENA,
the research aircraft accrued abundant in situ measurements
of aerosols, clouds, and drizzle properties, providing invalu-
able resources for studying the ACI and ACPI processes.
During the summer, the Azores is located at the eastern part
of the high-pressure system, while during the winter, the cen-
ter of the Azores High shifts to the eastern Atlantic and is
primarily located directly over the Azores (Mechem et al.,
2018; J. Wang et al., 2022). Furthermore, both ACE-ENA
Sum and ACE-ENA Win IOPs featured anomalously strong
high-pressure systems compared to the 20-year climatology,
as shown in Fig. S1 in the Supplement. This meteorological
pattern is favorable for the prevailing and persistent stratocu-
mulus clouds observed during ACE-ENA, especially dur-
ing the winter IOP, where the enhanced large-scale subsi-
dence can lead to stronger and sharper temperature inver-
sions above the stratocumulus-topped MBL (Rémillard and
Tselioudis, 2015; Jensen et al., 2021; Marcovecchio et al.,
2023). The ACE-ENA Sum is characterized by anomalously
low MBL heights and substantial MBL decoupling (Miller et
al., 2022; J. Wang et al., 2022). The winter IOP was under
the frequent impacts of the mid-latitude systems and preva-
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lent precipitation-generated cold pools featured, where evap-
orative cooling alters the thermodynamical structure of the
MBL, sustains and enhances turbulence mixing, and hence
contributes to dynamical perturbations that can influence the
behavior of the MBL (Terai and Wood, 2013; Zuidema et
al., 2017; Jenson et al., 2021; J. Wang et al., 2022; Smal-
ley et al., 2024). In recent years, many observational studies
based on ACE-ENA data have focused on the seasonal con-
trasts of the aerosol distributions and sources (Y. Wang et
al., 2021b; Zawadowicz et al., 2021), the cloud and drizzle
microphysics vertical distributions (Wu et al., 2020a; Zheng
et al., 2022b), and the impacts of MBL conditions on the
cloud structure and morphology (Jensen et al., 2021). How-
ever, they seldom analyze the comprehensive interactions be-
tween aerosol, clouds, and precipitation.

Over the Southern Ocean (SO), the Southern Ocean
Clouds, Radiation, Aerosol Transport Experimental Study
(SOCRATES) field campaign (McFarquhar et al., 2021) was
conducted during the austral summer (January and Febru-
ary 2018), which marks another valuable piece of the MBL
cloud research. The SO, being one of the cloudiest re-
gions globally, is predominantly influenced by naturally pro-
duced aerosols originating from oceanic sources due to its
remoteness, where the anthropogenic and biomass-burning
aerosols exert minimal influence over the region (McCoy et
al., 2021; Sanchez et al., 2021; Twohy et al., 2021; Zhang
et al., 2023). The aerosol budget in this region is primarily
shaped by biological aerosols, which nucleate from the ox-
idation products of dimethyl sulfide (DMS) emissions, and
by sea spray aerosols. Hence, the SO provides an unparal-
leled natural laboratory for discerning the influence of these
natural aerosol emissions on the MBL clouds under a pre-
industrial natural environment. The summertime SO region,
particularly near the SOCRATES focus area, is character-
ized by more frequent closed-cell mesoscale cellular con-
vection structures (Danker et al., 2022; Lang et al., 2022).
Furthermore, the MBL clouds over the SO predominantly
consist of supercooled liquid water droplets which coexist
with mixed- and ice-phase processes (Y. Wang et al., 2021a;
Xi et al., 2022), while the precipitation phases are examined
to be primarily dominated by liquid hydrometeors (Tansey
et al., 2022; Kang et al., 2024). The in situ measurements
collected from SOCRATES have cultivated many studies on
aerosols, clouds, and precipitation over the SO using both
in situ measurements and model simulations (McCoy et al.,
2020; Altas et al., 2020; D’Alessandro et al., 2021) and pro-
vide an opportunity to study the liquid cloud processes under
a colder climate. As shown in Fig. S1c, our composite analy-
sis of the synoptic pattern shows that the SOCRATES cloud
cases used in this study are located ahead of the anomalously
strong thermal ridge and behind the thermal trough, provid-
ing an environment favorable to closed cellular MBL cloud
structures (McCoy et al., 2017; Lang et al., 2022). Since the
region of selected SOCRATES cloud cases crosses a larger
latitudinal zone and is under a more consistent influence of

mid-latitude cyclone systems than the ACE-ENA during the
summer IOP, the cloud sampling periods used in this study
majority reside in the closed-cell MBL stratocumulus decks.

The cloud cases selected from the ACE-ENA and
SOCRATES campaigns share similar cloud morphology
(stratocumulus), while experiencing different aerosol sources
and meteorological conditions. A synergistic approach that
compares data from these different field campaigns can pro-
vide valuable insights to the community regarding the domi-
nant physical processes of the interactions between aerosols,
clouds, and precipitation under the influence of different
MBL dynamic and thermodynamic conditions. This study
targets the similarities and differences in the MBL aerosol,
cloud, and drizzle properties, their distribution and evolution,
and, more appealingly, the ACIs and ACPIs between the two
campaigns. The data and methods used in this study are in-
troduced in Sect. 2. The aerosol and CCN properties in the
above- and sub-cloud regimes, as well as the vertical distri-
butions of MBL cloud and drizzle properties, are examined
in Sect. 3. The ACI, precipitation susceptibility and drizzle
impacts on the sub-cloud aerosols and CCN (ACPI) are dis-
cussed in Sect. 4. Finally, the results are summarized, and the
importance of this study is discussed in Sect. 5.

2 Data and methods

2.1 Cloud and drizzle properties

The in situ measurements of MBL cloud properties are tem-
porally synchronized to 1 Hz resolution, corresponding to
approximately 100 m (5 m) of the horizontal (vertical) sam-
pling. The sampling locations of the selected cases are in-
dicated by the white dots in Fig. S1. The Fast Cloud Droplet
Probe (FCDP) on board the aircraft during ACE-ENA can de-
tect droplets with diameter (Dp) ranging from 1.5 to 50 µm,
with the size bins of the probe between 1 and 3 µm (Glienke
and Mei, 2020). SOCRATES used a similar cloud droplet
probe (CDP) to measure droplets from 2 to 50 µm at a
2 µm probe size bin width. Both ACE-ENA and SOCRATES
leverage the 2D-S Stereo Probe (2DS) to discern droplets
with diameters from 5 to 1280 µm (Lawson et al., 2006;
Glienke and Mei, 2019). The 2DS in situ measurements are
used as additional screening to eliminate the ice particles
with diameters larger than 200 µm. Moreover, the Univer-
sity of Washington Ice–Liquid Discriminator product, which
is a machine-learning-based single-particle-phase classifica-
tion of the 2DS images (Atlas et al., 2021), is used to iden-
tify small ice crystals when available. Through these three
datasets, we can tease out the ice-dominated period to the
highest extent possible and focus on the liquid cloud pro-
cesses and ACI during SOCRATES (Y. Wang et al., 2021).

Although these in situ measurements can provide “ground-
truth” datasets, their uncertainties must be properly analyzed,
and the data quality must be controlled before being applied
to scientific studies. The uncertainties in the FCDP in sizing
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and concentration are approximately 30 % and 20 %, respec-
tively (Baumgardner et al., 2017). Considering the significant
uncertainty in the concentration of smaller particles from a
photodiode probe such as 2DS (Baumgardner and Korolev,
1997; Wang et al., 2021), a diameter of 40 µm is used as the
demarcation line between cloud droplets and drizzle drops
(Wood, 2005). Then the droplet number concentrations in
the overlapping size bin between FCDP and 2DS are redis-
tributed, assuming a gamma distribution, and thereby a com-
plete size spectrum of cloud and drizzle can be merged from
FCDP and 2DS measurements. Hence, the cloud and drizzle
microphysical properties can be calculated.

The cloud droplet number concentration (Nc) is given by

Nc =

40∫
2

n
(
Dp
)

dDp. (1)

The cloud droplet effective radius (rc; Hansen and Travis,
1974) is given by

rc =

∫ 40
2 r3

pn
(
Dp
)

dDp∫ 40
2 r2

pn
(
Dp
)

dDp
. (2)

The cloud liquid water content (LWCc) can be calculated by

LWCc =
4
3
πρw

40∫
2

D3n
(
Dp
)

dDp, (3)

where ρw is water density.
Similarly, the drizzle drop number concentration (Nd) and

liquid water content (LWCd) can be calculated using the
size distribution from 40 to 1280 µm. Particularly, the driz-
zle mean mass diameter (Dmmd) is given by

Dmmd =

(∫ 1280
40 D3

pn
(
Dp
)

dDp∫ 1280
40 n

(
Dp
)

dDp

)1/3

. (4)

This quantity is chosen because the Dmmd denotes the di-
ameter of average mass (the third-moment average) of the
drizzle size distribution, which provides the link between the
number concentration and the mass concentration of drizzle
droplets in a sample (Hinds, 1999).

Adapting the method in Zheng et al. (2022b), the cloud
base precipitation rate (RCB) is given by

RCB(mmh−1)= 6π × 10−4
∫ 1280µm

40µm
D3

p,mmn
(
Dp,mm

)
·U∞

(
Dp,mm

)
dDp,mm.

(5)

In order to match the unit conversion, the Dp,mm is the di-
ameter in units of millimeters; n(Dp,mm) is the drizzle num-
ber concentration in every size bin with a unit of m3 mm−1;
and U∞

(
Dp,mm

)
is the terminal velocity in a given size bin,

which is calculated from the full Reynolds number theory as
in Pruppacher and Klett (2010).

The combined threshold of Nc > 5 cm−3 and LWCc >

0.01 gm−3 is used for determining the valid cloud samples
and cloud boundaries (Wood, 2005; Zheng et al., 2022b). The
complete cloud vertical profiles from sub-cloud to the above-
cloud are selected during the ACE-ENA and SOCRATES
IOPs, in which the flight strategy includes sawtooth and spi-
ral cloud transects and ramping cloud sampling. The pre-
cipitation conditions are determined by whether samples of
Nd > 0.001 cm−3 exist below the cloud base height. In to-
tal, the selected numbers of cloud (precipitating cloud) pro-
files are 18 (13), 26 (13), and 28 (24) for ACE-ENA Sum,
ACE-ENA Win, and SOCRATES, respectively. The detailed
selected cloud profiles, with their cloud-base heights (zt),
cloud-top heights (zb), and cloud thicknesses (Hc = zt− zb),
are listed in Table S1 in the Supplement, along with the cloud
profile macrophysics.

Furthermore, the assessments of ACI are significantly im-
pacted by the MBL dynamic and thermodynamic conditions.
Jones et al. (2011) suggested that the MBL would be in a
well-mixed and coupled condition when the difference in
the liquid water potential temperature (θL) and total water
mixing ratio (qt) between the bottom of MBL and the inver-
sion layer is less than 0.5 K and 0.5 gkg−1, respectively. The
cases selected for this study feature both coupled and decou-
pled MBL conditions, particularly during ACE-ENA Sum,
which is characterized by anomalously low MBL heights and
substantial MBL decoupling. Previous studies found that un-
der decoupled conditions the aerosols, CCN, and moisture
sources near the surface are disconnected from the cloud
layer aloft, hence exerting a much less effective impact on
cloud microphysics (Zheng et al., 2022a; Christensen et al.,
2023; Su et al., 2024). Therefore, we adapt and modify the
metric in Jones et al. (2011) to calculate the sub-cloud cou-
pled layer in order to quantify the degree to which aerosols
and CCN-measured sub-cloud are in a well-mixed state and
can represent the actual interaction (or contact) with the
cloud layer. In this study, the qt and θL at the cloud base are
calculated, and then their vertical variations are examined,
starting from the altitude of the cloud base (zb) and looking
downward. As such, the coupled point height (zcp) is defined
as the altitude where the downward vertical changes in qt and
θL exceed 0.5 K and 0.5 gkg−1, respectively. Hence, the cou-
pled layer thickness (Hcp = zt− zcp) is defined as the layer
between the cloud-top height (zt) and coupled point height
(zcp); hence, the selection of the aerosols and CCN within
the below-cloud part of the coupled layer can be viewed as
being in contact with the cloud. An example of the coupled
layer identification is shown in Fig. S2. Therefore, the de-
gree of MBL decoupling (Dcp) can be quantified as the ra-
tio of the coupled point height (zcp) to the cloud base height
(zb), where Dcp = zcp/zb. As shown in Table S1, the ACE-
ENA Sum features, with the highest degree of decoupling
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(averaged Dcp = 0.504) compared to the ACE-ENA Win
(Dcp = 0.370) and SOCRATES (Dcp = 0.277).

2.2 Aerosol properties

The total aerosol number concentrations (Na) from ACE-
ENA and SOCRATES are measured by the airborne con-
densation particle counter (CPC) models 3772 and 3760A,
which count the number of aerosols with a diameter (Dp)
larger than 3 and 11 nm, respectively (Kuang and Mei,
2020; UCAR/NCAR, 2022). Additionally, the Passive Cav-
ity Aerosol Spectrometer Probe (PCASP) on board the ACE-
ENA aircraft is capable of sizing the aerosol with Dp,
ranging from 0.1 to 3.2 µm (Goldberger, 2020). The ultra-
high-sensitivity aerosol spectrometer (UHSAS) measures the
size-resolved aerosol distribution from 0.06 to 1.0 µm dur-
ing SOCRATES (Uin and Goldberger, 2020). Therefore,
the number concentrations of accumulation mode aerosols
(NACC; 0.1–1 µm) can be discerned from the PCASP and
UHSAS aerosol size distributions. Aitken mode aerosols
(NAit, < 0.1 µm) from ACE-ENA are retrieved by the Fast
Integrated Mobility Spectrometer (FIMS), which can size the
aerosol down to 9 nm (Olfert et al., 2008), while the NAit
from SOCRATES is limited to 0.06–0.1 µm due to the limi-
tation of UHSAS. As for the CCN measurements, the ACE-
ENA utilized the dual-column CCN counter at two constant
supersaturation levels of 0.15 % and 0.35 % (Uin and Mei,
2019), while the CCN number concentration (NCCN) dur-
ing SOCRATES was measured under various supersatura-
tion levels from 0.06 % to 0.87 %, using a scanning CCN
counter (Roberts and Nenes, 2005). In this study, NCCN at
0.35 % supersaturation (NCCN 0.35 %) is used to ensure a di-
rect comparison between ACE-ENA and SOCRATES. The
aerosol measurements are in the temporal resolution of 1 Hz.
Note that the aerosol and CCN data are quality-controlled by
removing the data point where the Nc+Nd value is greater
than 5 cm−3 or Nd value is greater than 0.01 cm−3 to filter
out the contamination of the cloud droplets and drizzle water
splashing.

The sub-cloud aerosols and CCN are selected within the
below-cloud-base part of the coupled layer, which is de-
scribed in Sect. 2.1, in order to better assess aerosol–cloud
interactions. The above-cloud aerosols and CCN are selected
between the cloud top and 200 m above. Note that the selec-
tion criteria of 200 m above the cloud top would inevitably
induce uncertainty in the cloud-top ACI assessment, depend-
ing on the vertical trend of the individual aerosol profile.
Over the southeastern Atlantic, Gupta et al. (2021) conducted
an analysis focusing particularly on the differing impacts
when biomass-burning aerosols are in contact with marine
stratocumulus cloud tops, using 100 m above as the demar-
cation, compared to when they are separated by various dis-
tances and found that significant differences were observed
in cloud microphysics, owing to different droplet evaporation
and nucleation, compared to profiles in which aerosols and

cloud layer are separated. That result is in agreement with
the modeling sensitivity study over the eastern North At-
lantic by Wang et al. (2020), who found that aerosol plumes
can exert impacts on the cloud-top microphysics only when
they are in close contact with the cloud layer. During much
of the ACE-ENA campaign, nearly constant (and sometimes
decreasing) vertical atmospheric profiles of aerosol concen-
tration were observed within a few hundred meters above
the cloud top. Aerosol intrusions due to long-range trans-
port, particularly during the summer season, were observed
to induce an elevated aerosol layer in higher altitudes that
was not in contact with the cloud layer. The frequent new-
particle-formation events during SOCRATES significantly
alter the free-troposphere Aitken mode aerosol budget, but
the aerosols would need to further subside to impact the
cloud (McCoy et al., 2021; Zhang et al., 2023). Note that
from previous studies on ACE-ENA and SOCRATES, the
aerosol vertical profiles within ∼ 200 m above the cloud lay-
ers are typically found to have less variation (Wang et al.,
2020; Wang et al., 2021; McCoy et al., 2021; Zhang et al.,
2023), hence representing the aerosol layers in contact with
the cloud. Hence, the 200 m criterion used in this study pro-
vides a sufficient sample size population for statistical anal-
ysis.

3 Aerosol, cloud, and drizzle properties of selected
cases

3.1 Aerosols and CCN in above- and sub-cloud regimes

The probability density functions (PDFs) of aerosols, CCN,
and cloud microphysical properties from selected cases dur-
ing the ACE-ENA and SOCRATES field campaigns are pre-
sented in Fig. 1. Notably, the Na, NAcc, and NCCN 0.35 % val-
ues from SOCRATES are the highest among the three IOPs,
followed by the ACE-ENA Sum and ACE-ENA Win, as il-
lustrated in both the above-cloud (Fig. 1a–c) and sub-cloud
regimes (Fig. 1d–f). Such variations can be linked to the dif-
ferent aerosol sources in the ACE-ENA and SOCRATES re-
gions, especially during the summer and winter seasons over
the Azores.

In the SOCRATES region, according to the previous stud-
ies involving back-trajectory analyses, dominant air masses
within the MBL primarily originate from the south or from
the west, skirting the Antarctic coast (Zhang et al., 2023).
While the air masses above the MBL follow a similar trans-
port pathway, they can also originate from the tip of southern
Africa and be transported southeast along the warm conveyor
belt (McCoy et al., 2021). Above-cloud aerosol NCCN 0.35 %
values analyzed during SOCRATES (674.6 cm−3) are pri-
marily constituted by the Aitken mode aerosols because
the mean NAcc is only 62.5 cm−3. Previously, McCoy et
al. (2021) reported average NCCN 0.35 % values of 680.69,
546.28, and 465.05 cm−3 for the mid-troposphere and above-
and below-cloud for the multiple SOCRATES cases, respec-
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Figure 1. Probability density functions (PDFs) of Na, NACC, and NCCN 0.35 % in the above-cloud (a–c) and sub-cloud (d–f) regimes and the
cloud microphysical properties of Nc (g), rc (h), and LWCc (f) within the cloud layer. The statistical metrics in the legends denote the mean
and standard deviation values for all samples in three IOPs. The ACE-ENA Sum, ACE-ENA Win, and SOCRATES values are color-coded
in pink, purple, and green, respectively.

tively. For individual cases, the above-cloud aerosols vary
from 200 to over 1000 particles per cubic centimeter (Mc-
Coy et al., 2021; Zhang et al., 2023). These aerosols are pre-
dominantly produced from the oxidation of biogenic gases,
notably dimethyl sulfide (DMS) emitted by marine biological
productivity (Sanchez et al., 2021; McCoy et al., 2020). The
rising air currents in the MBL transport these particles into
the free troposphere with dominant aerosol population over
the SO (McCoy et al., 2021; Sanchez et al., 2021). Hence, it
reinforces the notion that the SO represents a pre-industrial
marine environment, where the influence of anthropogenic
and biomass-burning aerosols is mostly negligible (McCoy
et al., 2020, 2021).

Conversely, the ENA region experiences aerosols of var-
ied origins, spanning maritime air masses to those heavily
influenced by continental emissions from North America or
northern Europe, especially during the summer season (Lo-
gan et al., 2014; Wang et al., 2020). The summer air mass
back-trajectories within the MBL strongly feature recircu-

lating flow around the Azores High. During the wintertime,
however, the air masses predominantly originate in the free
troposphere, are transported above the MBL, and are then
further entrained to the MBL by large-scale subsidence, in-
dicating less influence from continental pollution (Y. Wang
et al., 2021b). During the ACE-ENA Sum, the MBL is en-
riched by sulfate and carbonaceous particles (Y. Wang et al.,
2021b; Zawadowicz et al., 2021). This enhancement is at-
tributed both to local generation from DMS and to the long-
range transport from the continental air masses, resulting in
the mean Na of 312.6 cm−3 and 301.5 cm−3 for above- and
sub-cloud regimes, respectively. The ACE-ENA Win exhibits
the lowest aerosol and CCN concentrations, which are pre-
dominantly sourced from local maritime influences and cou-
pled with reduced continental air mass intrusions (Zheng et
al., 2018; Y. Wang et al., 2021b).

Figure 1a and d reveal that there are more above-cloud
Na values during the three IOPs than sub-cloud values, espe-
cially during SOCRATES. The higher above-cloud Na val-
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Figure 2. Aerosol size distributions (Dp = 0.06–3 µm) for above-cloud (a) and sub-cloud (b) regimes. The vertical dashed line at Dp =
0.1 µm and at Dp = 1 µm denotes the demarcations between accumulation mode, Aitken mode, and coarse mode aerosols. The inner plots
denote a smaller range of Aitken mode size distribution (Dp = 0.01–0.06 µm) available from ACE-ENA. The ACE-ENA Sum, ACE-ENA
Win, and SOCRATES values are color-coded in pink, purple, and green, respectively.

ues from the three IOPs are primarily contributed by Aitken
mode aerosols because their corresponding NAcc values are
much lower (Fig. 1a and b). It is interesting to note that the
above-cloud NCCN 0.35 % values exceed the NAcc values for
all three IOPs (Fig. 1b and c), implying that a significant
fraction of Aitken mode aerosols can be activated to become
CCN, corroborating findings from earlier studies (McCoy et
al., 2021; Zheng et al., 2021). For the sub-cloud regime, the
Na values for SOCRATES and ACE-ENA Win are ∼ 70 %–
80 % of their corresponding above-cloud values, and the Na
during ACE-ENA Sum is almost identical to its above-cloud
value. Notice that the sub-cloud NAcc values from the three
IOPs are more than double the above-cloud NAcc values, and
most of the sub-cloud accumulation mode aerosol can be ac-
tivated to become CCN at supersaturation (SS) of 0.35 %. It
is interesting to note that the higher NCCN 0.35 % at the sub-
cloud layer during SOCRATES may partially be a result of
aerosols being positively impacted by cloud dynamic pro-
cesses (Fig. 1e and f), which is suggested by previous studies
(McCoy et al., 2021; Zhang et al., 2023) and will be further
discussed in the following paragraphs.

To further investigate the above- and sub-cloud aerosol
properties from the three IOPs, the aerosol droplet size distri-
butions are analyzed in Fig. 2. It is evident that SOCRATES
aerosols have the highest concentrations of Aitken mode

particles (Dp = 0.06–0.1 µm, given that the < 0.06 µm is
not available from UHSAS) for the above- and sub-cloud
regimes. McCoy et al. (2021) and Zheng et al. (2021) iden-
tified analogous origins and formations of the above-cloud
Aitken mode aerosols over the SO and ENA regions and con-
cluded that these aerosols primarily originate from the nucle-
ation of photo-oxidation products of DMS, notably H2SO4
and methanesulfonic acid (MSA), in the free troposphere.
The differential concentrations can be ascribed to the fact
that sea surface DMS concentrations in the SO are gener-
ally higher than those in the ENA region (Aumont et al.,
2002; Zhang et al., 2023). Moreover, DMS emissions in the
ENA during the summer season surpass those during win-
ter (Zawadowicz et al., 2021). For the accumulation mode
aerosols (0.1–1 µm), the NAcc values for both above- and
sub-cloud regimes during SOCRATES decrease monotoni-
cally with particle size. The results in Fig. 2 further support
the finding that Aitken mode aerosols are dominant over the
SO. The NAcc values during ACE-ENA show slight uplifts
for the small accumulation mode aerosols (< 0.3 µm), par-
ticularly during the summer, reflecting the signal of poten-
tial long-range transport of fine-mode aerosols (Wang et al.,
2020; Y. Wang et al., 2021b). Consequently, such a compar-
ison reinforces the notion that the SO represents a largely
pre-industrial marine environment for which the influence
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of anthropogenic and biomass-burning aerosols is minimal
(McCoy et al., 2020, 2021; Zhang et al., 2023).

When contrasting the aerosol size distributions in the sub-
cloud regime (Fig. 2b) with those in the above-cloud regime,
the influence of cloud processing on aerosols is discernibly
non-trivial, particularly under the cloud-topped MBL condi-
tions examined in this study. The free tropospheric aerosols
can be entrained and contribute to the population of Aitken
mode aerosols within the MBL, and the sub-cloud aerosols
can also be subject to the influence of new particle formation
in the upper MBL, though they are arguably less effective
than those within the free troposphere (Zheng et al., 2021).
Additionally, in-cloud Brownian capture can lead to a sub-
stantial reduction in Aitken mode aerosols (Hudson et al.,
2015; Wyant et al., 2022), providing the rationale for the ob-
served decrease in Aitken mode aerosols from the above-
to sub-cloud regime, especially for particles smaller than
0.07 µm. In addition, cloud chemical processing, such as the
aqueous-phase condensation of sulfuric gas onto the aerosol
cores inside the cloud droplets, is particularly pronounced
during the transitioning of Aitken mode aerosols to accu-
mulation mode aerosols (Hudson et al., 2015; Zhang et al.,
2023).

The larger Aitken mode aerosols (> 0.07 µm) in the above-
and sub-cloud regimes can effectively grow to accumulation
mode aerosols through coagulation and water vapor diffu-
sional growth (Covert et al., 1996), contributing to the ele-
vated accumulation mode aerosol distribution and increased
NAcc in the sub-cloud regime. These processes are evi-
dent by the decrease in the critical supersaturations from
above-cloud (between 0.35 %–0.4 %) to sub-cloud regimes
(between 0.3 %–0.35 %) during SOCRATES (Fig. S3) be-
cause the aerosol droplet sizes are enlarged and more read-
ily become CCN. Furthermore, the collision–coalescence
combines mixtures of large and small cloud droplets and
results in the sub-cloud aerosol residuals shifting towards
the larger size upon the drizzle droplet evaporation below
the cloud. This partially elucidates the observed increase in
the tail-end of the accumulation mode aerosol distribution
for all three IOPs. The elevation in the sub-cloud coarse
mode aerosols observed for both ACE-ENA IOPs (as seen
in Fig. 2) can be attributed to the evaporation of collision–
coalescence-enlarged drizzle droplets and the intrusion of
sea spray aerosols (e.g., sea salt), as illustrated and analyzed
based on a summertime case study that exhibits the sig-
nal of cloud-processing aerosols (Zheng et al., 2022b), and
the long-term aerosol physicochemical properties over the
ARM-ENA ground-based observatory (Zheng et al., 2018),
particularly during the winter season where the production
of sea spray aerosol is prevalent.

3.2 Distribution of bulk cloud microphysical properties

The PDFs of MBL cloud microphysical properties (Nc, rc,
and LWCc) derived from aircraft in situ measurements from

the three IOPs are shown in Fig. 1g–i. The mean microphysi-
cal properties for the individual cloud profiles are listed in Ta-
ble S2. SOCRATES has the highest sub-cloud aerosols and
CCN and subsequently feature a larger number of smaller
cloud droplets, given the highestNc (148.3 cm−3) and small-
est rc (8 µm) values among the three IOPs. These results
have further confirmed and reassured our understanding of
the aerosol first indirect effect in which a larger population
of aerosols induces a higher number concentration of small
cloud droplets under constrained liquid water content condi-
tions, and thus, the MBL clouds reflect more incoming so-
lar radiation (Twomey, 1977). The ACE-ENA Win clouds
feature the fewest Nc (70.6 cm−3) and largest rc (9.8 µm)
values, while the Nc and rc (89.4 cm−3 and 9 µm) during
ACE-ENA Sum fall between the SOCRATES and ACE-ENA
Win values. Considering the aerosol competing effect against
the available water vapor, the relatively abundant aerosols in
SOCRATES might account for the observed narrower rc dis-
tribution, which peaks between 6–10 µm. SOCRATES has
a lower-cloud layer water vapor mixing ratio (figure not
shown) compared to ACE-ENA because the SO region has
been observed to contain less precipitable water vapor than
the ENA region due to the colder sea surface temperatures
(Marcovecchio et al., 2023). Therefore, the aerosol and cloud
properties in Fig. 1 promise a further examination of the dif-
ferent cloud microphysical responses to aerosols via the ACI
process. Note that the NCCN 0.35 % values are lower than Nc
values during the ACE-ENA Win, which is also confirmed in
previous studies (J. Wang et al., 2022; Wang et al., 2023).
This interesting phenomenon can potentially be attributed
to a combination of factors, including lower MBL aerosol
sources, stronger in-cloud coalescence-scavenging depletion
of sub-cloud aerosols, and the aircraft snapshots capturing
the equilibrium states of aerosols and cloud due to enhanced
aerosol activations induced by stronger updrafts during the
ACE-ENA Win (J. Wang et al., 2022). This thereby compels
further investigation into the potential impacts of precipita-
tion on the MBL CCN budget, which is further discussed in
Sect. 4.

3.3 Vertical distributions of cloud and drizzle
microphysics

The vertical distributions of the cloud and drizzle micro-
physical properties within the cloud layer from the three
IOPs are shown in Fig. 3. To ensure the representativeness
of the vertical profiles, all of the in-cloud samples are ver-
tically smoothed using a triangular moving average method
and are inverse-distance-weighted in every 50 m moving al-
titude window. Furthermore, the altitude is then normalized
by zi =

Z−Zbase
Ztop−Zbase

, where zi = 0 denotes the cloud base, and
zi = 1 denotes the cloud top. Consistent with previous dis-
cussions on the bulk microphysics distribution, the mean Nc
values from SOCRATES are consistently higher than ACE-
ENA Sum and ACE-ENA Win for the entire cloud layer, with
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a slight increase ranging from the cloud base to the upper–
middle part (zi ≈ 0.85) and then decreasing toward the cloud
top (Fig. 3a). All rc values from the three IOPs show a near-
linear increase from cloud base to top, with the smallest val-
ues observed during SOCRATES and the largest values ob-
served during ACE-ENA Win (Fig. 3b).

The warmer and drier air near the cloud top entrains into
the cloud layer and further mixes downward, often resulting
in the evaporation of small cloud droplets and the shrinking
of droplet sizes, which oppose condensational growth (Desai
et al., 2021). Decreases in bothNc and LWCc and the reduced
growth of rc near the cloud-top (zi > 0.85) support signals
of cloud-top entrainment mixing during all three IOPs. It is
interesting to note that the rc values from SOCRATES in-
crease monotonically from the cloud base to the top, while
the rc values from both ACE-ENA Sum and ACE-ENA Win
increase until zi ≈ 0.8 and then remain nearly constant, al-
though all of their Nc values (at zi ≈ 0.8) decrease towards
the cloud top. When dry air entrainment occurs at the cloud
top, some of the upper-level smaller cloud droplets will
evaporate, leading to decreases in Nc (Fig. 3a). As a re-
sult, the nearly constant rc values (at zi > 0.8) might rep-
resent the equilibrium balance between two competing pro-
cesses, namely cloud droplet condensational and collision–
coalescence growths and the entrainment-mixing evapora-
tion effects.

Carrying the distinct discrepancies in the mean val-
ues for all layers, the Nc and rc values from ACE-ENA
Sum and ACE-ENA Win clouds experienced similar ver-
tical evolutions to SOCRATES. The increases in rc (δrc)
from cloud base to cloud top are 4.03, 4.78, and 5.85 µm,
with percentage increases of 66 %, 68 %, and 79 %, for
SOCRATES, ACE-ENA Sum, and ACE-ENA Win, respec-
tively. Even though, theoretically, the condensational growth
effect would be more pronounced on smaller cloud droplets
due to their smaller surface area (Wallace and Hobbs, 2006),
SOCRATES exhibits the thickest mean cloud thickness but
experienced the least rc increase among the three IOPs. This
suggests that high-aerosol loading limits the overall growth
of the cloud droplet size distribution (DSD) in SOCRATES
clouds, while in contrast, the ACE-ENA Win clouds show
the strongest rc increase. This comparison indicates different
cloud microphysical responses to aerosol perturbations in the
three IOPs, which will be further discussed in Sect. 4.1. The
LWCc values from the three IOPs are comparable to each
other. The vertical distributions of MBL cloud microphysi-
cal properties examined in this study are in good agreement
with the previous studies conducted on these two field cam-
paigns (Wu et al., 2020a; Y. Wang et al., 2021a; Wang et
al., 2022, 2023). Cloud adiabaticity is a key parameter as it
provides insight into the degree of mixing and microphysical
processes occurring within clouds. The sub-adiabatic condi-
tions indicate that the LWCc is less than what would be ex-
pected in an adiabatic scenario, often due to processes such
as in-cloud collision–coalescence and entrainment mixing

(Hill et al., 2009; Braun et al., 2018; Gao et al., 2020; Wu
et al., 2020b). In addition, the cloud adiabaticity is defined as
fad = LWCc/LWCad, where LWCad denotes adiabatic LWC
(Wu et al., 2020b). As shown in Fig. S4, the clouds from all
three IOPs feature certain levels of sub-adiabaticity above the
cloud base. Considering the inter-cloud-layer mean fad, the
campaign mean fad values are 0.689±0.229, 0.542±0.143,
and 0.490± 0.207 for SOCRATES, ACE-ENA Sum, and
ACE-ENA Win, respectively.

To quantitatively evaluate the impact of the cloud-top
entrainment-mixing rate on cloud droplets, we adapt the
method of Albrecht et al. (2016), where the cloud-top en-
trainment rate (we) can be expressed as

we = Aσ · σw/Riσ , (6)

where the turbulence kinetic energy (TKE) dissipation co-
efficient Aσ is empirically taken as 26 as in Albrecht et al.
(2016), and the Riσ is the buoyancy Richardson number cal-
culated by (g/θ0) · (1θvh/σ

2
w). σw denotes the standard de-

viation of the vertical velocities taken near the cloud top
(zi > 0.9), and h is the MBL height. θ0 is the reference poten-
tial temperature, and 1θv is the virtual potential temperature
difference across the temperature inversion layer above the
cloud. Given the valid cloud-top virtual potential temperature
and vertical velocity measurements for the selected cloud
cases, the averaged we values are 0.570± 0.834, 0.581±
0.560, and 0.960±1.127 cms−1 for SOCRATES, ACE-ENA
Sum, and ACE-ENA Win, respectively. The stronger we
during ACE-ENA Win might be induced by the generally
weaker cloud-top inversions and stronger near-cloud-top tur-
bulence (Fig. 5a), compared to the summertime when the
ENA is dominated by the large-scale high-pressure sys-
tem (Ghate et al., 2021). Within the above-cloud inversion
layer, the temperature (water vapor mixing ratio) differences
1T (1q) are 1.76 K (−1.75 gkg−1), 1.54 K (−1.66 gkg−1),
and 1.48 K (−1.09 gkg−1) for SOCRATES, ACE-ENA Sum,
and ACE-ENA Win, respectively. The virtual potential tem-
perature differences 1θv are 4.90, 5.16, and 3.82 K, for
SOCRATES, ACE-ENA Sum, and ACE-ENA Win, respec-
tively, indicating relatively drier entrained air masses dur-
ing SOCRATES and ACE-ENA Sum. Considering the near-
cloud-top proportion of cloud where the LWCc experienced
decrease, the difference in LWCc (between the cloud-top
value and the upper–middle cloud maximum for the mean
profiles) for the ACE-ENA Sum (−0.032 gm−3) is higher
than the reductions in ACE-ENA Win (−0.018 gm−3) and
SOCRATES (−0.009 gm−3), although thewe for ACE-ENA
Sum is comparable to SOCRATES and much lower than
ACE-ENA Win values. The warmer and drier entrained air
can partially contribute to the greater LWCc reduction and
the lower fad (0.39) during the ACE-ENA Sum than those
during the ACE-ENA Win (fad = 0.45) and SOCRATES
(fad = 0.66) near the cloud top (Fig. S4). For the three IOPs,
the Nc and LWCc values exhibit stable trends from the cloud
base, followed by noticeable decreases near the cloud-top
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Figure 3. Vertical distributions of Nc (a), rc (b), LWCc (c), Nd (d), Dmmd (e), and LWCd (f). Here the zi = 0 denotes the cloud base,
and zi = 1 denotes the cloud top. Shaded areas denote the inter-cloud-case standard deviations. The ACE-ENA Sum, ACE-ENA Win, and
SOCRATES values are color-coded in pink, purple, and green, respectively.

mixing zone, while the changes in rc trends near the cloud
top were not as dramatic as the others. Such characteris-
tics of the cloud microphysics vertical profiles indicate the
signal of inhomogeneous mixing, which occurs when dry
and warm air mixes unevenly and slowly with the cloud air,
hence partially evaporating the cloud droplets (Lehmann et
al., 2009; Lu et al., 2011). The results are consistent with pre-
vious research results regarding stratocumulus clouds over
multiple field campaigns (Brenguier et al., 2011; Jia et al.,
2019) and with the findings for selected cases during ACE-
ENA (Yeom et al., 2021) and SOCRATES (Sanchez et al.,
2020). The near-cloud-top rc profiles (zi > 0.8) for the ACE-
ENA cases exhibit fewer increases compared to SOCRATES,
which could possibly be attributed to more effective mix-
ing due to the stronger entrainment rate, particularly during
ACE-ENA Win, eventually reaching a smaller equilibrium in
terms of mean sizes.

Figure 3d–f illustrate the normalized profiles of MBL driz-
zle microphysical properties. The Nd values from the three
IOPs mimic each other, which all maximize at the cloud
top and then monotonically decrease toward the cloud base
(Fig. 3d), while their LWCd values follow a similar trend, al-
beit with relatively large differences (Fig. 3f). In contrast to
theNd and LWCd trends, theDmmd values gradually increase
from cloud top to cloud base (Fig. 3e), making physical sense

since the drizzle droplets are typically formed near the cloud
top and continuously grow via a collision–coalescence pro-
cess while falling. The ACE-ENA Win drizzle Dmmd and
LWCd values are distinctively larger than those in ACE-ENA
Sum and SOCRATES. It is interesting to note that near the
cloud top (zi > 0.9), ACE-ENA Win has comparable Nd but
much larger Dmmd than the other two IOPs, suggesting that
there were more larger drizzle embryos formed from large
cloud droplets (Fig. 3b) during ACE-ENA Win. It is note-
worthy that the Dmmd in the region in the lower-half of the
ACE-ENA Win clouds experienced rapid growth from ∼ 80
to ∼ 105 µm (Fig. 3e), and this increment of ∼ 25 µm con-
tributed to most of theDmmd growth from cloud top to cloud
base (33.5 µm), indicating a stronger warm-rain process dur-
ing the winter.

In order to further analyze the cloud-to-drizzle conver-
sion processes, the cloud and drizzle DSDs are catego-
rized into four segments, based on their relative position
within the cloud layer, as follows (Fig. 4): upper cloud (zi >

0.8; Fig. 4a), upper–middle cloud (0.5≤ zi < 0.8; Fig. 4b),
lower–middle cloud (0.2≤ zi < 0.5; Fig. 4c), and lower
cloud (zi < 0.2, Fig. 4d). The cloud DSDs (Dp < 40 µm)
from the three IOPs gradually shift towards larger sizes, mov-
ing from the lower- to the upper-cloud regions. This is ac-
companied by the narrowing of the cloud DSD ranges, as

Atmos. Chem. Phys., 24, 10323–10347, 2024 https://doi.org/10.5194/acp-24-10323-2024



X. Zheng et al.: Distinctive aerosol–cloud–precipitation interactions in marine boundary layer clouds 10333

Figure 4. Cloud and drizzle size distributions for (a) upper cloud (zi > 0.8), (b) upper–middle cloud (0.5≤ zi < 0.8), (c) lower–middle cloud
(0.2≤ zi < 0.5), and (d) lower cloud (zi < 0.2). The vertical dashed line atDp = 40 µm denotes the demarcation between cloud droplets and
drizzle drops. The ACE-ENA Sum, ACE-ENA Win, and SOCRATES values are color-coded in pink, purple, and green, respectively.

evidenced by the decline in the relative dispersion of cloud
droplets (ε), which is defined as the ratio between the stan-
dard deviation and the mean radius of the distribution. At
the lower portion of the cloud (Fig. 4d), the relatively greater
value of ε represents the co-existence of the newly formed
small cloud droplets from recently activated CCN and the
sedimentation of larger droplets from the upper sections of
the cloud. In addition, the discrepancies in ε between the
three IOPs may be attributed to the sub-cloud aerosol differ-
ences, which essentially resided in different microphysical
regimes. Y. Wang et al. (2021a) stated that higher aerosol
loading would lead to increased ε due to the water va-
por competition effect, supporting the discrepancy between
SOCRATES and ACE-ENA Sum, which can be categorized
as a water-vapor-limited regime. Meanwhile, ACE-ENA Win
exhibits the characteristics of an aerosol-limited regime in

which the cloud DSDs tend to be narrower than in the water-
limited regime, due to enhanced droplet growth, and the ε
values further decrease with height via the condensational
narrowing effect (J. Chen et al., 2018).

Notably, for the four cloud portions from cloud base to
cloud top, the skewness of summer (winter) cloud DSDs is
0.627 (0.271), 0.358 (0.175), 0.098 (−0.063), and −0.362
(−0.554), respectively. The cloud DSDs during ACE-ENA
Win exhibit a more pronounced negative skew (to the left)
than those during ACE-ENA Sum, which can be partially
attributed to the activation of more sub-cloud coarse mode
aerosols becoming larger cloud embryos, as demonstrated in
Fig. 2. These coarse mode aerosols, whether from the pri-
mary production of sea spray or the residuals of evaporated
drizzle drops, are more easily activated (or re-activated) into
larger cloud droplets when they intrude (or recirculate) into
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the cloud layer (Hudson and Noble, 2020; Hoffmann and
Feingold, 2023). Nevertheless, it is challenging to pinpoint
the actual origins of coarse mode aerosols from the perspec-
tive of aircraft observational snapshots, thus requiring further
numerical modeling work. Ascending within the cloud, the
process of water vapor condensation perpetually pushes the
DSD towards larger sizes, culminating in a more negatively
skewed DSD. Concurrently, the cloud-top entrainment mix-
ing plays a pivotal role in minimizing ε in the upper-cloud
region, as elaborated by Lu et al. (2023).

In the upper region of the cloud (Fig. 4a), the ACE-ENA
Win clouds contain more cloud droplets close to 40 µm, al-
though the mean Nc is lower. This scenario is conducive
to the formation of larger drizzle embryos compared to
summertime clouds, as depicted in Fig. 3e. In comparison,
the SOCRATES clouds feature a pronounced log-normal
DSD compared to during ACE-ENA, as the DSDs peak
at Dp ∼ 15 µm throughout the cloud, and subsequently, the
lack of larger cloud droplets results in the smaller drizzle
embryos near the cloud top. As the newly formed drizzle
drops descend and continuously grow through the collision–
coalescence process, the drizzle DSDs (Dp > 40 µm) are
noticeably broadened. From upper- to lower-cloud regions,
the longer tails of the drizzle DSDs expand at the cost of
smaller drizzle drops and cloud droplets via the collision–
coalescence process. The clouds observed during ACE-ENA,
especially in wintertime, contain more larger drizzle drops
(Dp > 200 µm) than SOCRATES, which is reflected in the
distinct differences in the verticalDmmd, as shown in Fig. 3e.

It has been intensively studied that in-cloud turbulence
can stimulate collision–coalescence and consequently en-
hance the drizzle evolution processes (Pinsky et al., 2007;
Grabowski and Wang, 2013; Wu et al., 2017; S. Chen et al.,
2018). The turbulence strength is characterized by the turbu-
lence kinetic energy (TKE), which is calculated as

TKE=
1
2

(u′2+ v′2+w′2), (7)

where the turbulent perturbations of vertical (w′2) and hori-
zontal (u′2 and v′2) components are calculated as the simple
moving variance in a 10 s window centered at the measure-
ment time, without window weighting function, using 1 Hz
data for all three IOPs. The w data are confined to an abso-
lute aircraft roll angle of less than 5° (Cooper et al., 2016).
Given the average aircraft ground speed of ∼ 140 m s−1 and
vertical speed of ∼ 5 ms−1 (Atlas et al., 2020), the smallest
resolved wavelength is 140 m. Hence, within the 10 s mov-
ing window, the ∼ 50 m in the integral vertical range is able
to resolve the eddies up to ∼ 1400 m in size and preserve the
potential of capturing the inertial subrange.

As shown in Fig. 5, the vertical wind variances (Fig. 5b)
in ACE-ENA Win (layer mean of 0.244 m2 s−2) are gener-
ally higher than those in ACE-ENA Sum (0.153 m2 s−2) and
SOCRATES (0.147 m2 s−2), while the horizontal wind vari-

ances (Fig. 5c and d) are comparable between ACE-ENA
Sum and ACE-ENA Win but much higher than SOCRATES,
resulting in higher TKE during ACE-ENA. Note that the
higher w′2 near the cloud top corresponds to the stronger
entrainment rate in ACE-ENA Win. Near the cloud top, tur-
bulence effectively enhances coalescence between the larger
cloud droplets, primarily by increasing the relative velocities
between droplets (Magaritz-Ronen et al., 2016; Ghate and
Cadeddu, 2019), and this is especially true for the vertical
component w′2 of TKE. The horizontal turbulence compo-
nents, the u′2 and v′2, can also play a role in mixing the ambi-
ent air masses and contribute to the broadening of DSD (Wu
et al., 2017). The use of TKE provides an illustration of how
the in-cloud turbulence during ACE-ENA is stronger than
that observed during SOCRATES. That being said, the quan-
titative evaluation of the turbulent enhancement of collision–
coalescence requires access to the eddy dissipation rate, as
typically used in model parameterizations (Grabowski and
Wang, 2013; Witte et al., 2019). The smallest scales resolv-
able with the 1 Hz measurement used in this study are on
the order of 140 m, thus capturing only the larger-scale end
of the inertial subrange and larger turbulent motions. Con-
sequently, the ability to resolve smaller eddies and turbu-
lent structures, crucial for understanding the energy cascade
within the inertial subrange, is limited by coarse spatial and
temporal resolutions and aliasing issues (Siebert et al., 2010;
Muñoz-Esparza et al., 2018; Kim et al., 2022). Therefore, to
fully resolve the spectrum of turbulence and quantitatively
examine the energy dissipation and mixing processes, ac-
cess to higher-frequency measurements is required to cap-
ture smaller eddies within the inertial subrange (Siebert et al.,
2010; Lu et al., 2011; Wacławczyk et al., 2017). Additionally,
further quantifying the entrainment-mixing mechanisms also
requires high-frequency eddy dissipation and accurate exam-
ination of the mixing timescale (Lehmann et al., 2009; Lu et
al., 2011) for individual profiles. Though currently beyond
the scope of this study, utilizing the high-rate measurements
of velocities available from SOCRATES (at 25 Hz) and ACE-
ENA (at 20 Hz) to explore those mechanisms further will be
of interest to future investigations.

Drizzle formation and evolution in the ACE-ENA Win
clouds are noticeably stronger than in the other two IOPs,
which could be attributed to multiple factors. First, the ambi-
ent aerosols and CCN during winter are substantially fewer,
featuring clean environments that promote the formation of
generally larger cloud droplets due to the availability of more
water content per droplet. Larger cloud droplets are more
likely to collide and coalesce into drizzle drops, leading to
relatively heavier precipitation (Chen et al., 2011; Duong et
al., 2011; Mann et al., 2014). Furthermore, deeper cloud lay-
ers with a mean thickness of (392.4 m) during ACE-ENA
Win were observed when compared to the ACE-ENA Sum
clouds (336.3 m). In a thicker cloud layer with sufficient tur-
bulence, the residence times of large cloud droplets and driz-
zle drops would become longer, and the chance of collision–
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Figure 5. Vertical distributions of in-cloud TKE (a), w′2 (b), u′2 (c), and v′2 (d). Shaded areas denote the inter-cloud-case standard devia-
tions. The ACE-ENA Sum, ACE-ENA Win, and SOCRATES values are color-coded in pink, purple, and green, respectively.

coalescence growth could be effectively increased by recir-
culating the drizzle drops (Brost et al., 1982; Feingold et al.,
1996; Magaritz et al., 2009; Ghate et al., 2021). Additionally,
the prevalence of winter season precipitation–evaporation-
induced MBL cold pools disturbs the MBL thermodynamics
and contributes to turbulent mixing (Zuidema et al., 2017)
and can provide a strong dynamical forcing perturbation to
the warm-rain process (Jenson et al., 2021; J. Wang et al.,
2022; Smalley et al., 2024). The physical hypotheses from
previous studies could potentially serve as the explanation
for the phenomena that the ACE-ENA Win drizzle DSD
is sufficiently broadened, and the Dmmd is enlarged toward
the cloud base. In comparison, although SOCRATES ex-
hibits even thicker clouds (487.4 m), the drizzle processes are
seemingly suppressed by the much higher ambient aerosol
and CCN concentrations.

4 Aerosol–cloud–precipitation interactions (ACPIs)

4.1 Cloud microphysical responses on aerosols

The impacts of aerosol loading on cloud microphysical prop-
erties can be assessed by the aerosol–cloud interaction (ACI)
index, which can be quantified as both

ACIN =
∂ ln(Nc)

∂ ln(NCCN 0.35 %)
, (8)

and

ACIr =−
∂ ln(rc)

∂ ln(NCCN 0.35 %)
, (9)

which emphasizes the cloud microphysical responses to
CCN via the relative logarithmic change in Nc and rc to the
change inNCCN 0.35 % (Feingold et al., 2003; McComiskey et
al., 2009). Physically, the ACI process involves aerosols in-
truding into the cloud layer, activating as cloud droplets, and
subsequently altering cloud DSD and dispersion (Zheng et
al., 2022a, b) under varying water vapor conditions. There-
fore, the cloud microphysical responses within the lower re-
gion of the cloud are assessed, which is the first stage in

which the sub-cloud CCN can directly interact with the cloud
droplets. Furthermore, the similarity in the vertical integral
of LWCc (as shown in Fig. 3c) provides comparable liquid
water between three IOPs for the assessment of newly gen-
erated cloud embryos from activated CCN because the ACIr
is normally assessed under a fixed liquid water (Zheng et al.,
2020).

Considering all the cases from three IOPs with avail-
able CCN measurements (some cases without CCN measure-
ments during SOCRATES), the Nc and rc values at the lower
cloud (zi < 0.2) are plotted against the sub-cloudNCCN 0.35 %
in Fig. 6a and b, and the ACI indices are calculated as
ACIN,CB and ACIr,CB (CB denoting the assessment near the
cloud base). The ACI indices from three IOPs are in the
ACI range of the previous studies in MBL clouds (Twohy
et al., 2005; Lu et al., 2009; Diamond et al., 2018) using
aircraft in situ measurements. Note that the availability of
valid sub-cloud measurements inevitably limits the sample
size, especially for SOCRATES, as shown in Table S2. As
shown in Fig. 6a, the ACIN,CB for ACE-ENA Win (0.748)
is higher than ACE-ENA Sum (0.617), indicating that Nc is
more sensitive to the sub-cloud NCCN 0.35 % during the win-
ter. In other words, aerosols intruding into the cloud layer
are easily activated to become cloud droplets. The Nc sen-
sitivity for the SOCRATES cloud (0.692) lies between the
two ACE-ENA IOPs. The ACIN,CB values from three IOPs
are generally higher than the ACIN values from the layer
mean Nc against the sub-cloud NCCN 0.35 % (not shown). Pre-
vious studies have shown that the enhanced vertical turbu-
lence (updraft velocity) can effectively facilitate CCN re-
plenishment into the cloud layer (Hu et al., 2021; Zheng et
al., 2022a, b) and increase the actual in-cloud supersatura-
tion (Brunke et al., 2022), thus leading to a more efficient
cloud droplet formation, enhancing the ACIN,CB. By cor-
relating the mean TKE values with the CCN activation ra-
tio (Nc/NCCN 0.35 %) for all individual cloud cases, the three
IOPs show moderate but statistically significant correlation
coefficients of 0.36, 0.55, and 0.51 for ACE-ENA Sum, ACE-
ENA Win, and SOCRATES, respectively. This result rein-
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Figure 6. Scatterplots of the (a) Nc and (b) rc at the lower cloud (zi < 0.2) against the sub-cloud NCCN 0.35 % and the (c) Nc and (d) rc at
the upper cloud (zi > 0.8) against the above-cloud NCCN 0.35 %. The statistical metrics in the legends denote the ACI values and standard
errors and the absolute values of correlation coefficients (in parentheses). The ACE-ENA Sum, ACE-ENA Win, and SOCRATES values are
color-coded in pink, purple, and green, respectively.

forces the notion that the CCN activation fractions, partic-
ularly during the ACE-ENA Win, are significantly corre-
lated with in-cloud turbulence intensities. Furthermore, more
coarse mode aerosols during ACE-ENA Win are also favor-
able to the activation efficiency (Dusek et al., 2006).

As for the rc responses to CCN (Fig. 6b), the typical
Twomey effect, where more CCN compete against avail-
able water vapor and result in smaller cloud droplets, is evi-
dent by different cloud susceptibility between the three IOPs.
SOCRATES features a higher ACIr,CB (0.311), suggesting
that an increase in NCCN 0.35 % can result in a significant de-
crease in rc compared to ACE-ENA Sum (0.206) and ACE-
ENA Win (0.263). Although the absolute range of varia-
tion for rc during SOCRATES is smaller, the slope is much
deeper (Fig. 6b). Recall that the sub-cloudNCCN 0.35 % during
SOCRATES is generally higher than ACE-ENA and contains

more small-sized aerosols (as indicated in Fig. 2b). Conse-
quently, after activation, the lower part of the cloud exhibits
a higher number of smaller cloud droplets for SOCRATES,
as shown in Fig. 4d. Therefore, as more CCN intrudes into
the cloud, the competition for water vapor among newly
activated cloud droplets becomes more pronounced, given
the similar water availability. In contrast, the presence of
larger cloud droplets near the cloud base, whether activated
from coarse-mode aerosols or remaining as residuals from
collision–coalescence, would elevate the rc, especially un-
der the relatively lesser CCN condition, hence inevitably
dampening the ACIr,CB during ACE-ENA. However, a more
comprehensive investigation into the cloud microphysical
responses to CCN intrusions under a larger range of vari-
ous water supply conditions, and further untangling the ACI
from the meteorological influences, will require additional
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aircraft cases from more field campaigns. Examples include
the VAMOS Ocean–Cloud–Atmosphere–Land Study (VO-
CALS; Wood et al., 2011), the Cloud System Evolution in the
Trades (CSET; Albrecht et al., 2019), the ObseRvations of
CLouds above Aerosols and their intEractionS (ORACLES;
Redemann et al., 2021), and the Aerosol Cloud meTeorology
Interactions oVer the western ATlantic Experiment (ACTI-
VATE; Sorooshian et al., 2019). Note that the ACIr,CB val-
ues in Fig. 6b are also larger than the results from the layer
mean rc against sub-cloud NCCN 0.35 %, since the layer mean
microphysics is more subject to the cloud droplet evolu-
tion processes such as condensational growth and collision–
coalescence.

To investigate the ACI indices at the upper level of the
cloud, the Nc and rc values at the upper cloud (zi > 0.8)
are plotted against the above-cloud NCCN 0.35 % in Fig. 6c
and d, and the ACI indices are calculated as ACIN,CT and
ACIr,CT (denoting the assessments near the cloud top). Com-
pared to the ACIN,CB and ACIr,CB, the ACIN,CT and ACIr,CT
are much weaker, especially for ACIr,CT, as the near-cloud-
top droplets are too large for above-cloud aerosols to exert
a significant influence on rc (Diamond et al., 2018; Gupta
et al., 2022). The weaker cloud-top Nc dependence on the
NCCN 0.35 % could be due to the legacy of the sub-cloud CCN
impacts on Nc being conveyed to the cloud top. This oc-
curs because free-tropospheric aerosols and CCN can be en-
trained into the MBL before and during the cloud process, as
observed in the assessment of inter-cloud cases. Note that the
LWCc values near the cloud top for the three IOPs are not
comparable to each other, which might also induce uncer-
tainty in the near-cloud-top ACI assessment. These weaker
relationships support the notion that although the aerosols
entrained into the upper-cloud region can affect the cloud
microphysics to a certain degree, the effects are less pro-
nounced than those from the sub-cloud aerosols (Diamond
et al., 2018; Wang et al., 2020) because the MBL cloud
Nc and rc variations are dominated by the condensational
growth, collision–coalescence, and entrainment-mixing pro-
cesses near the cloud top.

4.2 Precipitation susceptibility

The precipitation susceptibility relies on the assessment of
relative responses in the precipitation rate to the change inNc
(Feingold and Seibert, 2009; Sorooshian et al., 2009), which
is defined as

So =−
∂ ln(RCB)
∂ ln(Nc)

, (10)

where the RCB is the cloud base precipitation rate calculated
in Sect. 2 (Eq. 5). By incorporating all the cloud cases, in-
cluding both precipitating and non-precipitating clouds (the
RCB can also be calculated based on the drizzle DSD near the
cloud base), the So value accounts for the impact of cloud

droplets on the potential precipitation ability of the cloud
(Terai et al., 2012).

As shown in Fig. 7a, the RCB values generally have a neg-
ative correlation with increased layer mean Nc for all three
IOPs. The So values are 0.979, 1.229, and 1.638, with the
absolute values of correlation coefficients being 0.33, 0.29,
and 0.45 for SOCRATES, ACE-ENA Sum, and ACE-ENA
Win, respectively. The regression relationships are statisti-
cally significant, with p < 0.05 for all three IOPs. These cor-
relation coefficient values fall within the reasonable range
found in previous studies on precipitation susceptibility in
the MBL stratus and stratocumulus clouds (Jung et al., 2016;
Gupta et al., 2022) and indicate statistically significant de-
pendences of RCB on Nc. A previous study by Terai et al.
(2012) found that the So values decrease with the increas-
ing cloud thickness over the southeastern Pacific, and Jung
et al. (2016) found that the So is more pronounced within
the medium deep clouds with thicknesses of ∼ 300–400 m
in the MBL stratocumulus over the eastern Pacific. Gupta et
al. (2022) found that the So values are generally higher un-
der low ambient Na conditions in the southeastern Atlantic
MBL. In this study, RCB for the ACE-ENA Win is more
susceptible to the layer mean Nc than the ACE-ENA Sum
and SOCRATES, which can be partially attributed to the ex-
istence of more larger drizzle drops (as shown in Fig. 4d)
near the cloud base in ACE-ENA Win. As previously dis-
cussed, the ACE-ENA Win featured enhanced collision–
coalescence, suggested by the stronger in-cloud turbulence,
and a possible drizzle-recirculating process, as indicated by
the previous study. And such mechanisms might explain the
low Nc conditions with more larger drizzle drops, leading
to the increase in So values during ACE-ENA Win. In com-
parison, the aerosol of SOCRATES is largely composed of
fine Aitken mode aerosol, which results in smaller cloud
droplets. Thus, collision–coalescence is ineffective during
SOCRATES, which leads to the relatively narrower drizzle
DSDs, where the warm-rain processes are suppressed, and,
in turn, diminishing the sensitivity of RCB to Nc (Stevens
and Feingold, 2009; Fan et al., 2020; Gupta et al., 2022).

It is well known that the RCB values can be parameter-
ized or predicted by assuming an approximate relation with
Nc and cloud thickness (Hc), which is usually parameter-
ized in the form of RCB ∝ cH

3
cN
−1
c (Lu et al., 2009; Kang

et al., 2024). Following the same method, we derive the re-
lationships from three IOPs in Fig. 7b, where the RCB are
positively (negatively) proportional to the Hc (Nc), with the
exponential parameters in the range of the typical values in
the MBL clouds (Comstock et al., 2004; van Zanten et al.,
2005; Lu et al., 2009). The statistical coefficient of determi-
nation (R2) values of RCB againstHc (Nc) are 0.696 (0.177),
0.419 (0.212), and 0.165 (0.295) for the ACE-ENA Sum,
ACE-ENA Win, and SOCRATES, respectively, suggesting
that the RCB in ACE-ENA clouds may be more determined
by Hc, while the RCB in SOCRATES clouds could be less
dependent on both Hc and Nc. Note that the relationship for
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Figure 7. Scatterplots of the cloud base precipitation rate RCB against the (a) layer mean Nc and (b) H 3
c /Nc. The ACE-ENA Sum, ACE-

ENA Win, and SOCRATES values are color-coded in pink, purple, and green, respectively.

the SOCRATES values in this study reveals a similarRCB de-
pendence onNc but a smaller dependence on the cloud thick-
ness than the study by Kang et al. (2024), who concluded a
relationship of RCB = 1.41× 10−9H 3.1

c N−0.8
a , based on the

rain rate retrieved from radar and lidar measurements and
the aerosol concentration also from SOCRATES. The dis-
crepancies are possibly due to the different sample selections
and different methods in the RCB calculation. Note that the
mean cloud thicknesses of ACE-ENA Sum (336.3 m), ACE-
ENA Win (392.4 m), and SOCRATES (487.4 m), are within
the thickness range found to exhibit stronger So (Terai et al.,
2012; Jung et al., 2016; Gupta et al., 2022).

4.3 Drizzle impacts on sub-cloud CCN and implication
to ACI

Multiple studies on the MBL clouds have concluded that
the in-cloud drizzle formation and evolution processes can
effectively impact the sub-cloud CCN budgets via the
coalescence-scavenging effect (Wood, 2006; Diamond et al.,
2018; Zheng et al., 2022b; Zhang et al., 2023). Drizzle drops
are formed and grow via the collision–coalescence process
by collecting cloud droplets and small drizzle drops, re-
sulting in the consumption of CCN (the precursor of cloud
droplet), but in the meantime, the in-cloud Nc can be con-
tinuously buffered by the sub-cloud CCN replenishment.
Although the sub-cloud aerosols (especially in large size)
would be added if the drizzle fell and evaporated outside the
cloud, the increment cannot compensate for the loss. There-
fore, the net result of the whole process is usually presented
as the depletion of sub-cloud CCN residuals, and such a driz-
zle modulation on the CCN budget could be substantial in
moderate-to-light drizzles or even non-precipitating clouds,

depending on the collision–coalescence efficiency (Feingold
et al., 1996; Wood, 2006; Kang et al., 2022).

The CCN loss rate due to the coalescence-scavenging ef-
fect can be calculated as

LCCN =−
KHc

Hcp
·Nc ·RCB, (11)

where the constantK (2.25 m2 kg−1) denotes the drizzle col-
lection efficiency (Wood, 2006; Diamond et al., 2018). Hc is
cloud thickness, andHcp is the coupled layer thickness to en-
sure that the change in the cloud layer can be sufficiently con-
veyed throughout the layer. The calculated CCN loss rate for
individual cases is listed in Table S2. Considering all cloud
(precipitating cloud) scenarios, the mean CCN loss rates
are −7.69± 13.96 cm−3 h−1 (−10.45± 15.56 cm−3 h−1),
−6.29± 11.65 cm−3 h−1 (−12.11± 14.64 cm−3 h−1), and
−4.94± 7.96 cm−3 h−1 (−5.58± 8.43 cm−3 h−1) for ACE-
ENA Sum, ACE-ENA Win, and SOCRATES, respectively.
As the results indicate, the ACE-ENA clouds experience a
more substantial sub-cloud CCN loss than SOCRATES, es-
pecially in wintertime-precipitating clouds. Recall that the
assessment of ACIr,CB relies on the relative changes in rc
and NCCN, while the different LCCN for individual cases can
result in the shrinking of the NCCN variation ranges (imagine
the abundant CCN are depleted by the coalescence scaveng-
ing). In other words, the given change in rc corresponds to
a narrowed change in NCCN. Mathematically speaking, the
assessment of ACIr,CB depends on the ratio of the numer-
ator (change in rc) and the denominator (change in NCCN).
Under the circumstances of substantial cloud-processing to
the aerosols, the altered sub-cloud CCN budgets are reflected
as a smaller denominator, versus the less altered numera-
tor, and are hence mathematically presented as an enlarged
ACIr,CB. Therefore, the coalescence-scavenging effect can
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Figure 8. ACIr,CB as a function of the sub-cloud NCCN 0.35 % retrospective time for (a) all clouds and (b) precipitating clouds.

not only deplete the sub-cloud CCN but also quantitatively
amplify the assessment of cloud microphysics susceptibili-
ties (Feingold et al., 1999; Duong et al., 2011; Jung et al.,
2016; Zheng et al., 2022b). In order to examine the poten-
tial impact of the aforementioned processes on the ACI as-
sessment, a sensitivity analysis is conducted by simply retro-
specting the sub-cloud NCCN 0.35 % according to their LCCN.
For each retrospective time step 1T , the rc values are held
unchanged, and the retrospective NCCN 0.35 % values for in-
dividual cloud cases are given by NCCN 0.35 %−LCCN ·1T ,
and then the ACIr,CB can be recalculated. Note that assum-
ing a constant rc value over time inevitably induces uncer-
tainty and biases, as it does not consider the microphysical
processes affecting the cloud droplet mean size. However,
previous numerical experiments show that the noticeable im-
pact on the cloud mean radius through collision–coalescence
necessitates a high degree of CCN depletion, and the quan-
tified percentage changes in droplet mean sizes are several
times smaller than the changes in CCN depletion (Feingold
et al., 1996). Hence, the retrospective method, from an ob-
servational snapshot point of view, provides a direction that
enables the assessment of ACIr,CB as if before the sub-cloud
aerosols and CCN are scavenged by in-cloud coalescence-
scavenging and precipitation-scavenging processes.

As shown in Fig. 8, the ACIr,CB values tend to decrease
with the retrospective time, which indicates the retrospec-
tive CCN variation range is enlarged and counteracting the
coalescence-scavenging amplification. The detailed illustra-
tion of the different ACIr,CB calculated from the scattered
rc and sub-cloud NCCN 0.35 % is shown in Fig. S5. Note that
the ACIr,CB decreasing rates for the precipitating clouds
(Fig. 8b) are not as strong as for all clouds because the
non-precipitating clouds have smaller LCCN largely due to
weaker collision–coalescence. Hence, the retrospective pe-
riod used here might quickly exceed the actual time of cloud-

processing to become effective on aerosol and CCN. In other
words, the actual time needed to trace back to the sub-
cloud CCN concentration before they were cloud-processed
is shorter than the retrospective time tested here in Fig. 8.
This results in the faster decrease in ACIr,CB in the non-
precipitating cloud. The retrospective of the sub-cloud CCN
budget will yield an alternative assessment of ACI, assuming
that the drizzle processes have not yet significantly impacted
the sub-cloud CCN budget, especially for the assessment un-
der the precipitating clouds. However, examining the exact
precipitating timing is challenging since the aircraft provides
a snapshot of the cloud and aerosol information. Thus, this
retrospective study only provides a possible direction, and
the result should be interpreted with caution.

5 Summary and conclusions

Based on the aircraft in situ measurements during ACE-ENA
and SOCRATES, the vertical distributions and the evolu-
tions of the aerosol, cloud, and drizzle properties are investi-
gated under cloud-topped MBL environments. The aerosols
and CCN from SOCRATES are the highest among the three
IOPs, followed by ACE-ENA Sum, and ACE-ENA Win, in
descending order, in both above- and sub-cloud regimes. The
differences can be attributed to the differences in aerosol size
distributions between ACE-ENA and SOCRATES, which
are largely due to the aerosol sources in those regions.
SOCRATES features the pre-industrial natural environment
enriched by aerosols from marine biological productivity and
without the contamination of anthropogenic aerosols, while
the ACE-ENA features the aerosols from varied sources, in-
cluding maritime and continental emissions, with distinct
seasonal variations. Examining the aerosol size distributions
in sub-cloud versus above-cloud regimes manifests the sig-
nificant influence of cloud processing on aerosols. Accord-
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ing to previous studies, physical processing like in-cloud
Brownian capture can reduce Aitken mode aerosols, while
the chemical processes transform Aitken mode aerosols to
larger sizes, moving them toward the accumulation mode.
In addition, the in-cloud coalescence processes could also
shift sub-cloud aerosol residuals to larger sizes, as multiple
aerosols combine into a single aerosol core inside the cloud
droplet during collision–coalescence. Those physical mech-
anisms could potentially explain the observed increase in the
tail of the aerosol size distribution for all IOPs, and it will be
of interest for future research to prove such hypotheses.

As for the cloud and drizzle properties, the SOCRATES
clouds feature a larger number of smaller cloud droplets
than the ACE-ENA Sum and ACE-ENA Win clouds, with
the rc growth (and percent increases), from cloud base to
top, being 4.03 µm (66 %), 4.78 µm (68 %), and 5.85 µm
(79 %) for SOCRATES, ACE-ENA Sum, and ACE-ENA
Win, respectively. The cloud-top entrainment mixing is ev-
ident in the observed decline in both Nc and LWCc near the
cloud top. The mean cloud-top entrainment rates (we) are
0.570± 0.834, 0.581± 0.560, and 0.960± 1.127 cms−1 for
SOCRATES, ACE-ENA Sum, and ACE-ENA Win, respec-
tively. The strongest we during ACE-ENA Win is a result
of weaker cloud-top inversions and stronger near-cloud-top
turbulence. The values of the TKE for three IOPs are gener-
ally within the ranges of previous studies (Atlas et al., 2020;
Ghate et al., 2021). For drizzle vertical distribution, Nd val-
ues from the three IOPs all exhibit decreases from cloud top
to cloud base, while Dmmd are in opposite directions with
a maximum at the cloud base. The ACE-ENA Win clouds
feature more prominent drizzle formation and evolution ow-
ing to the combined effects of relatively cleaner environ-
ment, deeper cloud layer, and slightly stronger in-cloud ver-
tical turbulence, which is speculated to substantially enhance
the collision–coalescence and the drizzle re-circulating pro-
cesses, compared to the other two IOPs. Satellite retrievals
of droplet number concentration heavily rely on the adia-
batic cloud assumption and are usually given as a constant
of fad = 0.8; the in situ observational evidence found in this
study further confirms the unrealistic nature of this assump-
tion. It will be of interest to utilize multiple aircraft mea-
surements (campaigns) to explore the variability in MBL
cloud and drizzle microphysical properties over different ma-
rine regions. This can help examine potential predictors for
fad, which will aid in satellite-based retrievals and aerosol–
cloud interaction assessments (Painemal and Zuidema, 2011;
Grosvenor et al., 2018; Painemal et al., 2021).

Comparing the seasonality of the cloud-base precipitation
rate (RCB) during ACE-ENA, there are more cases with large
observed RCB during the winter season, which is consistent
with J. Wang et al. (2022). Notably, the sensitivity of RCB to
Nc is more pronounced for the ACE-ENA during both win-
ter (with precipitation susceptibility So = 1.638) and summer
(So = 1.229) compared to SOCRATES (So = 0.979). This
could possibly be hypothesized as the result of turbulence-

driven in-cloud droplet interactions, which could result in
much higher RCB induced by larger drizzle drops near the
cloud base for ACE-ENA, especially under low Nc condi-
tions. Furthermore, RCB can be approximated by a relation-
ship involving Nc and Hc, as suggested in prior research.
The relationships established in this study indicate that the
So in ACE-ENA clouds can be partially determined by Hc,
while in SOCRATES clouds the So is less influenced by Hc
and Nc. Based on the physical mechanisms found in the
previous study, a possible hypothesis can be leveraged to
explain the observed results. That is, the combination of a
deeper cloud layer and relatively lower ambient aerosol con-
centration, eventually leading to stronger drizzle production
and evolution during ACE-ENA, especially during the win-
ter season, results in more robust precipitation susceptibil-
ity. And further numerical simulations and experiments are
warranted to prove this hypothesis. Note that considering the
combined factors of aerosol loadings, cloud morphology and
thicknesses, and the assessment methodology, the derived So
values in this study are generally higher (or close to the upper
end) compared to previous studies (Lu et al., 2009; Duong et
al., 2011; Terai et al., 2012; Jung et al., 2016; Gupta et al.,
2022).

The investigations of the ACI via the ACIN,CB and
ACIr,CB indices reveal that during the ACE-ENA Win, Nc
is more sensitive to changes in NCCN 0.35 %, indicating that
aerosols more readily activate to become cloud droplets com-
pared to those in the ACE-ENA Sum, which is consistent
with the previous assessment by J. Wang et al. (2022) on
the seasonal dependency of the relationship between Nc and
aerosols. One influencing factor is the strong dynamic mech-
anism that speeds up the infusion of CCN into the cloud
layer, thus aiding droplet formation. The moderate but statis-
tically significant correlation coefficients between the CCN
activation fractions and the TKE agree with a previous study
that found the local activation fraction of CCN to be strongly
associated with increased updrafts (Hu et al., 2021). Further-
more, the presence of larger aerosols during ACE-ENA Win
enhances the droplet activation process. The SOCRATES
IOP highlights a higher ACIr,CB, indicating a pronounced
decrease in rc with increasing NCCN 0.35 %. The ACIr,CB in
ACE-ENA is dampened by the presence of more larger cloud
droplets near the cloud base, particularly under relatively
higherNCCN 0.35 %. However, the combined effect of the rela-
tively cleaner environment and sufficient water vapor results
in stronger cloud microphysical responses during the ACE-
ENA wintertime than in the summertime. Note that the ACI
indices from this study lie in the higher end of the ACI ranges
estimated via remote sensing (McComiskey et al., 2009;
Dong et al., 2015; Zheng et al., 2022a), possibly because the
aircraft assessment of ACI is based on measurements where
the aerosols are in direct contact with the cloud layer. Ar-
guably, the assessment of Nc responses to NCCN 0.35 % would
inevitably be affected by the collision–coalescence process
near the cloud base, where, simultaneously, the CCN replen-
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ishment buffers the Nc, and the collision–coalescence pro-
cess depletes Nc. Hence, finding a layer where these two ef-
fects maintain a dynamic balance in Nc might aid in a more
accurate assessment and more fundamental understanding of
the ACI, which might be revealed by the large eddy simula-
tions or parcel model simulations.

Additionally, the in-cloud drizzle formation and evolution
processes significantly influence the sub-cloud CCN budgets
via the coalescence-scavenging effect, which can potentially
exaggerate the assessment of cloud microphysics suscepti-
bilities. Based on the CCN loss rate (LCCN) from ACE-
ENA and SOCRATES, a sensitivity analysis is performed
focusing on retrospectively adjusting the sub-cloud CCN ac-
cording to their LCCN. Results showed that this adjustment
led to a decreased ACIr,CB, highlighting the significance of
the coalescence-scavenging process on the ACI assessment.
However, due to the fact that aircraft only provide a snap-
shot of the clouds and aerosol information, determining the
precise drizzle timing for the individual cloud is challeng-
ing. Hence, findings from this retrospective approach provide
only a direction or theory and should be taken cautiously.
Nevertheless, pursuing further modeling experiments on this
matter may be worthwhile. For example, the exact drizzling
time could be pinpointed within a model using an Eulerian
framework or traced using a Lagrangian framework. Never-
theless, the CCN adjustment could more accurately reflect
the true characteristics of the cloud and the MBL CCN bud-
get, potentially aiding in a more precise assessment of ACI.
Therefore, future research would focus on model simulations
of MBL clouds from ACE-ENA and SOCRATES and further
assess the modeled ACI under the observational constraints,
as well as the continuous development of the warm rain mi-
crophysical parameterizations, in order to aid in the better
represent the MBL clouds in multiple regions.
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