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Abstract. Marine boundary layer (MBL) clouds exert a strong cooling influence on Earth’s climate, yet their response to
aerosol perturbations remains one of the largest uncertainties in climate projections. A key challenge is identifying which
aerosol and meteorological factors control cloud droplet number concentration (Ng), especially when boundary-layer
structure alters the transport of surface-emitted aerosol to cloud base. Here, we combine aircraft and ground-based
measurements from the Aerosol and Cloud Experiments in the Eastern North Atlantic (ACE-ENA) campaign with the
aerosol activation parameterization to quantify controlling factors on Ny during different seasons. We found that summer and
winter boundary layer decoupling modulates the vertical transport of aerosols within the MBL and thereby influences cloud
condensation nuclei number concentration (Nccn) at cloud base. In both seasons, decoupling occurs for roughly 32% of the
total time, during which ~60% of accumulation-mode and ~75% of Aitken-mode aerosols fail to reach the cloud layer. The
out-of-cloud accumulation-mode particle number concentration (Na) is higher in summer than in winter, whereas the
corresponding Ny is comparable between the two seasons. Sensitivity experiments show that N is the dominant control on
N4 in summer, whereas cloud droplet formation in winter is additionally sensitive to Aitken-mode aerosol number
concentration (N,i;) and size. In contrast, seasonal variations in updraft velocity and aerosol hygroscopicity have weaker
effects. These results help clarify how boundary-layer coupling and aerosol size distributions jointly regulate marine cloud

droplet formation and provide observational constraints for representing aerosol-marine cloud interactions in climate models.
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1 Introduction

Marine boundary layer (MBL) clouds exert a substantial net cooling effect on the global climate (Kang et al., 2022; Wu et
al., 2017). This cooling effect is fundamentally governed by two key aerosol-cloud interactions (ACIs) (Grosvenor et al.,
2014). The Twomey effect describes how an increase in aerosol concentrations increases cloud droplet number concentration
(Ng), decreases mean droplet size, and thereby enhances cloud albedo with fixed cloud liquid water path (Twomey, 1977).
The Albrecht effect suggests that the suppression of drizzle by these smaller droplets increases cloud lifetime (Albrecht,
1989). Consequently, the estimation of the cloud climate effect by climate models largely relies on the Ng.

Nq is closely linked to the number concentration of aerosol particles available for activation near cloud. Aerosol particles that
activate at a prescribed supersaturation S are called cloud condensation nuclei (CCN), and their number concentration is
denoted Ncew. Ideally, Ncon would be measured in cloud-free air immediately below or adjacent to cloud base, where it most
directly characterizes the aerosol population available for activation and minimizes the effects of MBL vertical distribution
(Jia et al., 2026). Because of the difficulty in measuring out-of-cloud CCN at the global scale (Virtanen et al., 2025), studies
commonly use aerosol proxies, such as acrosol optical depth (AOD) (Rosenfeld et al., 2023), surface-measured
accumulation-mode aerosol number concentrations (Nac) (Braga et al., 2022), and the number concentration of aerosol
particles larger than the Hoppel minimum diameter (HM, typically ~40—150 nm) (Gong et al., 2023). The HM is a local
minimum in the particle number size distribution (PNSD) between the Aitken (~30—80 nm) and accumulation modes (~80—
1000 nm), which is often used as an empirical proxy for an effective activation diameter (Hoppel et al., 1990). However, the
extent to which surface-based aerosol proxies represent cloud-base aerosol populations depends strongly on the MBL
coupling state (Su et al., 2022). In a coupled MBL, vigorous mixing ensures ground aerosols represent those at the cloud
base. Conversely, decoupled conditions create a vertical disconnect, where a sub-cloud stable layer restricts the upward
transport of aerosols, causing surface and cloud-base aerosol populations to diverge. Thus, MBL coupling determines
whether surface measurements characterize the aerosol reservoir at cloud base.

For aloft aerosol particles transported to cloud base, the fraction that activates is jointly controlled by meteorological
conditions and aerosol properties (e.g., acrosol hygroscopicity (x), particle size distribution (PNSD) of aerosols) (Braga et
al., 2021; Efraim et al., 2024; Reutter et al., 2009). Among the meteorological factors, cloud-base updraft velocity (w) is a
primary control on the maximum supersaturation (Smax), Which further determines the minimum particle size that can be
activated (Reutter et al., 2009; Gong et al., 2023). The sensitivity of Ny to Ncen differs between CCN-limited and updraft-
limited conditions. The former refers to the state where CCN are insufficient, in which N4 increases with the available
aerosol number concentration. In contrast, the latter refers to the regime in which CCN supply is abundant, while the
supersaturation generated by the updraft is insufficient to activate all available particles. Ng becomes more sensitive to w than
to aerosol loading (Reutter et al., 2009; Noble and Hudson, 2014).

In addition to meteorological conditions, N is intricately sensitive to PNSD and « of aerosols, and the relative importance of

these properties remains debated. Recent evidence suggests that the effective aerosol population, i.e., acrosol particles that
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exceed a critical activation diameter, is more decisive than the total number concentration (Hernandez Pardo et al., 2019).
Furthermore, in clean marine environments with low N, Aitken-mode aerosols can serve as a vital CCN reservoir,
particularly under stronger updrafts (w > 0.6 m s7!) that enable higher supersaturations and low Ny (Pohlker et al., 2021).
Several studies indicate that x significantly influences N4 under polluted conditions or at very low w, where supersaturation
is limited (Reutter et al., 2009). Conversely, other observations suggest that variability in x has a negligible effect on Ny
compared to PNSD (Hernandez Pardo et al., 2019; Karydis et al., 2012). Despite these advances, it remains unclear when
surface-based aerosol proxies, particularly Na.., adequately represent the cloud-base aerosol population. It is also unresolved
how cloud-base w and aerosol PNSD jointly regulate the contribution of Ng.

Both coupling state and aerosol population exhibit pronounced seasonal variability (Rémillard et al., 2012; Zheng et al.,
2018). Whether the relative controls of meteorological parameter (i.e., w) and aerosol physicochemical properties on Ng
persist across contrasting meteorological and aerosol regimes is unclear. To quantify the competing role of meteorological
and aerosol drivers for Ny, we conducted comprehensive ground-based and aircraft observations during the Aerosol and
Cloud Experiments in the Eastern North Atlantic (ACE-ENA) field campaign across two seasons. The Eastern North
Atlantic (ENA) site serves as a natural laboratory with profound seasonal contrasts in synoptic weather patterns and aerosol
loading (Wang et al., 2022; Wood et al., 2015). The mechanistic complexities associated with ACI within MBL are
conceptually summarized in Fig. 1. Building on this conceptual framework, this study specifically aims to: (1) quantify how
the atmospheric coupling and decoupling states modulate the vertical transport of aerosols, and (2) evaluate the relative
impacts of meteorological conditions, specifically w, and aerosol physicochemical properties (e.g., x, PNSD, aerosol number
concentration) on N4 across summer and winter seasons. These insights are critical for refining the representation of marine-

aerosol-cloud interactions in global climate models.
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Figure 1. Schematic illustrating the mechanistic complexities in quantifying aerosol-cloud interactions (ACIs) within the
MBL in this study. The diagram highlights the intricate, competing factors governing aerosol activation and cloud droplet

formation.

2 Methods and model simulation
2.1 Airborne measurements

During the ACE-ENA campaign, the Gulfstream-1 (G-1) research aircraft conducted 20 flights during the summer intensive
observation period (IOP 1: 21 June-21 July 2017) and 19 flights during the winter IOP (IOP 2: 19 January—18 February
2018). These aircraft observations were available only during the daytime. The aircraft was based at Lajes Field on Terceira
Island in the Azores. Flights typically featured horizontal legs at multiple levels, including near the ocean surface (~40 m
above mean sea level, AMSL), below cloud base, outside clouds, within clouds, and at cloud top. Flight tracks, as shown in
Fig. S1, were confined within a 50-km radius of the ENA observatory and spanned altitudes from ~40 to ~3000 m AMSL.
We analyzed data from 16 research flights (6 in summer and 10 in winter) that contained at least one horizontal leg with both
out-of-cloud aerosol and cloud droplet size distributions. Other flights were excluded because they lacked suitable cloud
sampling or did not have stable out-of-cloud FIMS measurements. We also confirmed that the out-of-cloud aerosol size
distributions along the horizontal leg remained relatively consistent so that the sampling was conducted within the same air
parcel (Table S1).

The G-1 was equipped with a suite of instruments for characterizing meteorological parameters, aerosol particles, and cloud
droplets (Wang et al., 2022). Particle number size distributions aloft (PNSD,, 10 < D, < 600 nm) were measured at 1 Hz
using a Fast Integrated Mobility Spectrometer (FIMS, Wang et al., 2018). We also calculated the aloft accumulation-mode
(Nace-a) and the aloft Aitken-mode particle number concentrations (Nai.a) from PNSD4 by using a two-mode log-normal
fitting method (Gong et al., 2020). Total particle number concentrations on the flight (Nionm-a; Dp > 10 nm) were measured
by a condensation particle counter (CPC; model 3772, TSI Inc., Shoreview, Minnesota). Cloud droplet size distributions (2—
50 um) were measured at 1 Hz using a Fast Cloud Droplet Probe (FCDP, SPEC Inc., Boulder, Colorado), and cloud liquid
water content (LWC) and measured Ny were derived by integrating the cloud droplet size distributions.

In this study, flight segments are used only when the out-of-cloud Nionm-a Was relatively stable, with the coefficient of
variation within 20%. We also exclude flight segments influenced by new particle formation (NPF) or by pollution

transported from the upper troposphere by removing cases where aerosol number concentration increases with altitude.

2.2 Surface measurements

Ground-based aerosol and meteorological measurements were collected at the ENA observatory on Graciosa Island, Azores
(39°05'N, 28°01'W; 30.5 m AMSL). The dataset analyzed in this study encompasses the summer (June—August 2017) and
winter (December 2017—February 2018) seasons and is restricted to daytime hours (06:00-21:00 local time) to match the

4
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timing of aircraft observations. Surface meteorological conditions at the ENA site (Fig. S2) exhibit distinct seasonal patterns
during the two IOPs. For example, summer temperatures are approximately 6 °C higher than winter (Fig. S2a). In contrast,
ground relative humidity (RH) remains comparable across both seasons (Fig. S2b). Sea level pressure shows a slight
difference, with median values of approximately 1021 hPa in summer and 1026 hPa in winter (Fig. S2c¢). Wind directions
during summer and winter are comparable, mainly from the southwest and northeast (Fig. S2d). Winter is characterized by
higher wind speeds, with distinctively more frequent occurrences exceeding 12 ms™'.

Ground particle number size distributions (PNSDg, 10 < D, < 470 nm) were measured using a Scanning Mobility Particle
Sizer (SMPS; model 3938, TSI Inc., Shoreview, Minnesota). The seasonal average PNSDs are shown in Fig. Al. Aerosol
concentrations are higher in summer than in winter. The ground Aitken-mode (MNag) and accumulation-mode aerosol
number concentrations (Naccg) are calculated from PNSDg by using the two-mode log-normal fitting method. x was derived
from the activation spectra of size-selected acrosols using a size-resolved cloud condensation nuclei (SCCN) system. The
system couples a differential mobility analyzer (DMA 3081, TSI) with a condensation particle counter (CPC 3010, TSI) and
a cloud condensation nuclei counter (CCNC). Aerosols were size-selected at 40, 50, 75, 100, and 150 nm. For each diameter,
the CCNC supersaturation was scanned by varying the temperature gradient (AT = 4, 6.5, and 10 K) and/or the sampling
flow rate (0.3 to 1.0 L min!). To represent the distinct hygroscopic properties of different aerosol populations, the Aitken-
mode x was defined as the median value across three selected diameters (40, 50, and 75 nm), while the accumulation-mode
was represented by the x measured at 150 nm (Gong et al., 2023; Reutter et al., 2009).

Updraft velocity at the cloud base height (CBH) is retrieved from the Doppler Lidar (Gong et al., 2023; Ghate et al., 2021),
following the methodology of Borque et al. (2016). The lidar retrievals have a temporal resolution of 5 s and a vertical
resolution of 30 m. During aircraft sampling periods, an additional CBH check was performed using LWC. Cloud bases are
defined as the lowest altitude where LWC > 0.03 g m™> persists for at least 10 s (10 consecutive data points).
Thermodynamic profiles, specifically water vapor mixing ratio (g, g H.O / kg wet air) and potential temperature (6), were
derived from balloon-borne radiosonde soundings (Holdridge, 2020). Table S2 lists the measurement parameters and
instrumentation details.

To estimate the degree of coupling states below cloud base, we used layer-mean differences in ¢ and € between the near-
ground level (represented at ~100 m, Zheng et al., 2021) and the layer immediately below cloud base (~50 m below cloud
base height). The near-ground level was used to minimize direct surface conditions influences, while the below cloud base
height was used to reduce potential retrieval uncertainty (Noble and Hudson, 2014; Jones et al., 2011). Specifically, the

thermodynamic differences of ¢; and 6 were calculated as follows:
AQt = CIt,mzar—ground level — qt,below cloud base » (1)

A6 =6 below cloud base — 6 near—ground level » (2)

The Aq; and A@ values used here are leg-mean values from the two specified sampling levels. Consistent with previous
studies of MBL coupling and decoupling (Zeider et al., 2025; Dong et al., 2015), our analysis was also restricted to cloudy
5
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conditions. Clear-air periods without cloud occurrence were outside the scope of this work. We applied the criteria for the
different coupling states proposed by Zeider et al. (2025). The vertical profiles are classified into four regimes based on the

two-layer differences Aq, and A8 (Table 1).

Table 1. Criteria used to define the thermodynamic coupling states in the MBL.

Degree Criteria

Strong coupled AI<1.0K,Ag:<08 g'kg!
Moderate, coupled with high A8 A>1.0K, Ag:<0.8 g'kg!
Moderate, coupled with high Ag; AI<1.0K,Ag:>0.8 g-kg™!
Decoupled AO>1.0K, Ag:> 0.8 g'kg!

2.2 Estimation of N4 using activation parameterization

N4 was also simulated using the physically based activation parameterization developed by Abdul-Razzak and Ghan (2000),
hereinafter ARG. The ARG scheme provides an analytical expression in an ascending air parcel, based on the interplay
between adiabatic cooling and water vapor depletion (particle growth).

The parameterization assumes a multi-modal lognormal PNSD. In this study, we considered two modes (i = 1, 2): the Aitken
and accumulation modes. For each mode, the inputs include the aerosol number concentration (), geometric mean diameter
(u), geometric standard deviation (o), and the hygroscopicity parameter ().

First, the maximum supersaturation (Smax) is determined by Eq. (3):

1

S = { —[f (EF +a (nffn;{)“” | ®

where /=2 is the total number of aecrosol modes considered in this study. Sy is the critical supersaturation for a particle with a

diameter equivalent to the x of mode i. The terms 7; and (" are dimensionless parameters, which are both dependent on the w,
surface tension, growth coefficient that relates to the diffusivity of water vapor in air and air thermal conductivity
parameters, and temperature-dependent thermodynamic parameters that link updraft-driven cooling to the condensational
sink of water vapor. And 7; is also related to aerosol number concentration in mode i. The geometric coefficients f; and g,

which depend on the ¢ of mode i, are defined as Eqs. (4) and (5):
fi =0.5exp(2.5In%q;) , 4)
gi=1+025Ing;, 5)

Once Smax 18 determined, the total activated Ny is obtained by integrating the PNSD for all particles with a critical

supersaturation less than Smax. This is expressed using the complementary error function as Eq. (6):
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Ny =iy Nis[1—erf(u)], (©)

where N; is the number concentration of acrosol mode i. /=2 is the total number of acrosol modes considered in this study. u;

is a dimensionless parameter relating the critical supersaturation of the mode to the Smax as Eq. (7):

S .
2 ln(s,:;lx)
u; = 3\/51,”0,!' 5 (7)
This analytical approach allows for the efficient calculation of calculated N4 under varying w and aerosol conditions without

the need for explicit time-dependent numerical integration.

3 Results and Discussion
3.1 Difference between measured Ng and N4 in different seasons

The relationship between measured Ng in low-level clouds (< ~2200 m in this study) and the out-of-clouds Nacc-a measured in
adjacent cloud-free air exhibits distinct seasonal contrasts (Fig. 2). Each point represents the paired median values of
measured Ny and Nyeca within a given flight altitude bin. The median values of Nye-a span ~21-361 cm™ in summer and
~10-131 cm™ in winter. The seasonal median Nacc.a values were 220.87 cm™ in summer and 33.48 cm™ in winter, with
corresponding mean Nyc.a of 219.54 + 95.79 cm™ in summer and 48.74 + 34.33 ¢cm™ in winter. The summer-to-winter
median ratio of Nycc.a Was 6.60. In comparison, the seasonal median of measured Ny values were 135.78 cm™ in summer and
87.09 cm™ in winter, with corresponding mean measured Ny of 133.35 + 57.73 cm™ in summer and 88.74 + 42.82 cm™ in
winter. Measured Ny corresponds to a smaller summer-to-winter median ratio of 1.56. Although both summertime measured
Ng and Nyee-a Were higher on average, the seasonal contrast in measured Ng was much weaker than that in Naec.a, consistent
with the results from Wang et al. (2022). A zero-intercept linear fit N; = aN,.._4 was used to quantify the difference
between measured Ny and Nyec-a. The fitted slope a was 0.57 in summer, which was lower than «a in winter (a = 1.46). The
wintertime slope greater than unity suggests that accumulation-mode aerosols alone are insufficient to account for the
observed droplet population, implying a possible contribution from Aitken-mode particles to measured Ny in winter. In
contrast, the lower summertime slope suggests that accumulation-mode aerosols are sufficient to activate into cloud droplets

during summer.
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Figure 2. The measured Nq versus Nac-a in adjacent cloud-free air. Red and blue squares represent data from the summer
(Jun—Aug 2017) and winter (Dec 2017-Feb 2018) periods, respectively. The red and blue dashed lines indicate the

corresponding zero-intercept linear fits. The black dashed line indicates the 1:1 relationship.

Potential mechanisms driving the seasonal cycle of Ny and the enhanced winter activation efficiency include: (1) differences
in the degree of MBL coupling between winter and summer regulate aerosol vertical gradients. Specifically, decoupled states
restrict the upward transport of surface aerosols, resulting in lower aerosol concentrations aloft. (2) seasonal differences in
cloud-base updraft velocity may affect cloud activation. (3) seasonal differences in aerosol physicochemical properties, such
as Aitken and accumulation mode geometric mean diameters (tait and acc), concentrations (Naic and Nycc), acrosol geometric
standard deviation (0.t and gacc), and hygroscopicity in both Aitken and accumulation modes (xait and xacc). In the following

section, we will quantify the controlling factors of the seasonal variation of marine low-level Ng.

3.2 Mixing states of MBL affect aerosol vertical transport
3.2.1 Cases study

Figures 3a—3d illustrate representative cases of vertical profiles of thermodynamic properties (g. and &) and PNSD during a
coupled (12 February 2018) and a decoupled MBL (6 July 2017), respectively. Figures 3a and 3c show the profiles of ¢; and
6, while Figures 3b and 3d show the corresponding PNSD profiles for the coupled and decoupled cases, respectively. The
grey shading denotes the cloudy layer between the cloud base and cloud top, while the purple dash-dotted line marks the

maximum height directly influenced by the surface fluxes. The green and blue dotted lines mark the near-ground level and
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cloud base height, respectively. The vertical differences in ¢ and 6 between these two levels were used to assess the
coupling states.

This coupled case exhibits strong agreement between airborne FIMS-measured PNSD4 and ground-based SMPS-measured
PNSDg at approximately 40 m altitude (Fig. 3b). PNSD from ground to higher altitudes shows distinct Aitken and
accumulation modes. The airborne-to-ground concentration ratios for the accumulation mode (Racc = MNace-a / Nace-G) and the
Aitken mode (Rait = Nait-a / MNait-g) are about 0.85-0.98 and 0.69-1.15, respectively. At the top-flight level (~1269 m), the
Aitken and accumulation-mode concentrations remain comparable to the ground-level concentrations (Rai = 1.15 and Raec =
0.98). These good agreements between ground-level and flight measurements again indicate a well-mixed state of aerosol
particles along MBL.

In the decoupled case (Fig. 3¢ and d), both Ag; and A& exceeded the thresholds for the coupled regimes from the near-ground
level to the cloud base height. The vertical thermodynamic structure shows a well-mixed surface layer (~725 m) separated
from the upper MBL below cloud base height. Figure 3¢ shows ¢: and 6 are relatively homogeneous (A8 < 1.0 K, Ag:<0.8
g-kg™!) below approximately 725 m (shown as the purple dash-dotted line). The primary cloud base height was located near
1181 m, with intermittent cloud fragments below. Airborne PNSD4 measurements at 42, 272, 919, and 1431 m AMSL show
that the two lowest levels ( 42 and 272 m) were within the surface mixed layer. As shown in Fig. 3d, the PNSDy at 42 m
closely matches the ground-based PNSDg, with Racc and R values of 1.16 and 0.75, respectively. At the two sampling levels
above the mixed-layer top (919 and 1431 m), N, decreases sharply, with R, dropping to 0.43—0.51, while the R, shows a
relatively moderate decrease to 0.54—0.61. This decrease suggests that decoupling depletes the transportation of surface
aerosol to the upper MBL. The stronger depletion of accumulation-mode aerosols than of Aitken-mode aerosols indicates
other aerosol-removal processes, such as cloud processing or scavenging of aerosol particles within fragmented cloud layers

below the primary cloud base.



https://doi.org/10.5194/egusphere-2026-6243
Preprint. Discussion started: 15 October 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere\

® SMPS Observed

SMPS (ASL: 40m)

—FIMS( 39m R CC:U.BS Rai': 0.73)

——FIMS (1046m Ram: 0.90 Ra“: 0.92)
FIMS (1122m R__:0.85 Ran: 0.69)

—FIMS (1208m R__:0.87 Rait: 0.90)

)

~———FIMS (1269m R__:0.98 R_;:1.15

[

0
@@ |, (b)
3000 800
2500
§ 600 -
2000 A G ]
£ S
‘D 4 1". QCL
T 1500 1 2 - 5 400 1
= - )] |
< { 3
1000 3
{ 200 -
500 r 12 February 2018 !
Coupled 5
290 295 300 10
8 (K)
LWC (g m™)
0 1 2 3
-1
q,(gkg )

© , 5 10 15 (d)

® SMPS Observed

SMPS (ASL: 40m)

—oFIMS( 42m R__:1.16 R_:0.75)
acc ait

——FIMS (272m R, _:0.97 R_:0.74)
FIMS (919m R, _:0.43 R_;:0.54)
———FIMS (1431m R__:0.51 R ;1 0.61)

3000 : 4 _
1600
2500 1 1400
1200 -
2000 4 @ ]
- £
E S 1000 1
8 1500 Q
o
3 o 800 -
= o
< i)
1000 S 6007
400
500 l ]
6 July 2017 200 1
Decoupled j ]
0 : - 0
290 300 310 10"
8 (K)

10

Dp (nm)



235

240

245

250

255

260

265

https://doi.org/10.5194/egusphere-2026-6243
Preprint. Discussion started: 15 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Figure 3. Comparison of aerosol and meteorological properties for a coupled case on 12 February 2018 (a, b) and a
decoupled case on 6 July 2017 (¢, d). (a, ¢) Vertical profiles of potential temperature (8; red circle) and water vapor mixing
ratio (gqy; blue square) from balloon-borne radiosondes, alongside aircraft-measured liquid water content (LWC; black). Gray
shaded area marks the cloudy layer between the cloud-top and cloud-base levels. The purple dash-dotted line denotes the
decoupling interface within the marine boundary layer (MBL), and the green and blue dotted lines mark the near-ground
level and below the cloud base, respectively. (b, d) Particle number size distributions (PNSDs) over the diameter range 10-
1000 nm measured at different altitudes within the MBL. Black dots represent ground-based SMPS measurements (PNSDg),
while the black solid lines represent the fitted PNSDg. Colored lines represent airborne FIMS measurements at different
altitudes (PNSDa). The ratios of aloft-to-ground concentrations for the Aitken mode (Rait = Naita / Nairg) and the

accumulation mode (Racc = Nace-a / Nace-G) are indicated in the legend.

3.2.2 Statistical analysis of coupled states in two seasons

To verify the impact of coupled states on aerosol vertical transport, we conducted statistical analysis of Rait (Nait-a / Nait-g) and
Race (Nace-a / Nace-g) for 36 and 56 flight cases during the summer (IOP1) and the winter campaigns (IOP2), respectively. As
shown in Fig. 4a, the majority of the data was collected under coupled conditions (22/36 cases in summer and 42/56 cases in
winter), with 14 decoupled cases observed during the summer period and 14 in winter. The low frequency of decoupled
conditions in the aircraft dataset is likely attributed to the timing of flight operations, which were concentrated around local
noon, when the MBL is typically well mixed.

For coupled cases, the R (the dark yellow boxplots) remains highly consistent (median ~0.84—0.94) from the ground up to
1000 m, whereas the R, (the dark purple boxplots) exhibits a pronounced decrease with height, with a median of
approximately 0.37-0.54 from the ground up to 1000 m. The decreasing trends of Aitken-mode aerosol concentrations were
also observed over the Southern Great Plains by Wang et al. (2023), and they attributed this reduction to interstitial
coagulation with cloud droplets. Moreover, the significant discrepancy between ground-level and aloft Aitken-mode
concentrations may stem from enhanced ground-level Aitken aerosol production during summer at the ENA site (Gallo et
al., 2023). The oxidation products from marine dimethyl sulfide (DMS) and secondary organic aerosol (SOA) formed via the
photo-oxidation of oxygenated volatile organic compounds (OVOCs) likely drive the growth of ground Aitken-mode
aerosols (Mungall et al., 2017; Zheng et al., 2018). The strong decrease of accumulation-mode and Aitken-mode aerosols
may be attributed to the scavenging of aerosol particles within fragmented cloud layers below the primary cloud base.

For decoupled cases, Ra..c (the light yellow boxplots) and Rai (the light purple boxplots) show a sharp decrease from the
ground up to 1000 m, with median values of Racc = 0.39 and R, = 0.24, corresponding to reductions of 60.5% and 75.1%,
respectively. This decrease confirms that thermodynamic decoupling acts as a physical barrier that restricts the upward
transport of near-surface aerosols. A modest increase is observed at higher altitudes, approximately 1000—1500 m, where R
and Racc increase to 0.66 and 0.57, respectively. Since cases with evident pollution and free-tropospheric entrainment have

been removed, these increasing states likely reflect residual aerosol from previous MBL mixing or weak intermittent mixing
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near the upper boundary layer rather than direct surface-to-cloud-base transport. Nevertheless, the reductions in aerosol
concentration at high altitude compared to ground level reinforce the need to consider MBL coupling when using surface
aerosol measurements as proxies for cloud-base CCN.

Figure 4b presents the statistical proportion of MBL coupling states during summer and winter derived from A# and Ag:
measured by high-resolution balloon-borne soundings across 368 cases. Coupled regimes dominate in both summer and
winter, whereas decoupled cases account for approximately one-third of cases, 32.6% in summer and 32.0% in winter. The
two moderately coupled categories together account for 22-25% across all cases. Following Zeider et al. (2025), the
moderately coupled category with high Af is more influenced by processes above the MBL, whereas the moderate category
with high Ag; reflects stronger surface influences. The much larger occurrence of moderately coupled with high Aé cases in

summer than in winter (9.1% versus 1.7%) suggests a stronger influence of above-MBL entrainment during summer.

(a) (b)
1.8
N, (Coupled) [|N__ (Decoupled) | . [ Winter
IV, (Coupled) []Nalt (Decoupled) ' Decoupled 32.6% I summer
1.4
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1 _.s (Mod, High qt)
=" - T """""" I =
tos £
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r0-2 (Strong) 44.9%
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Figure 4. Statistical analysis of aerosol transport and MBL coupling states. (a) Vertical profiles of the aloft-to-ground
aerosol concentration ratios for the accumulation mode (Nace-a / Nace-G, blue) and Aitken mode (Nait-a / MNair.g, red), derived
from aircraft and ENA site measurements. (b) Seasonal proportion of coupling states (summer vs. winter) derived from

balloon-borne radiosonde soundings.
3.3 Quantify the impacts of updraft velocity and aerosol properties on V4

3.3.1 Difference between the ARG-simulated and the measured Vg4

We analyzed the probability density functions (PDFs) of key meteorological and aerosol parameters governing ACI in
summer and winter (Fig. A2). These include the meteorological parameter (updraft, w) and aerosol physicochemical
properties, specifically the size (Nait, Nace, Laits Hace, Oait, and dace of the PNSD) and hygroscopicity (xaic and xacc) of aerosol. The

PDF analysis reveals a seasonal contrast in both updraft conditions and aerosol properties. Regarding w, summer is
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associated with relatively weak updrafts, with a median updraft velocity of 0.16 m s™!, whereas winter exhibits
comparatively stronger updraft conditions (median w = 0.24 ms™").

In addition to updraft differences, the PDF analysis shows seasonal shifts in the physical characteristics of aloft acrosols.
Summer is characterized by higher aerosol loading, with N (204.81 cm ™, median value) and Nyce (240.92 cm ™3, median
value) more than four- and sevenfold higher than their winter median values (49.54 and 33.48 cm™), respectively. The
Aitken-mode diameters of aerosol in summer (median of u.x = 57.18 nm) are significantly larger than those in winter
(median of it = 37.08 nm), but the accumulation-mode diameters in both seasons are comparable. The o, and gacc remain
stable with inter-seasonal differences of o < 0.05. These results indicate that the seasonal variation of aerosols is featured by
changes in aerosol abundance and particle mode size, while the aerosol geometric standard deviation remains relatively
constant. Meanwhile, x values of ground-level aerosol are comparable between summer and winter, with differences of #ait
and rx,ec being 0.01 and 0.07, respectively, suggesting similar acrosol chemical compositions between summer and winter.
We applied the ARG scheme using w, Kait, Kace, MNait, Nace, fait, Hace, Oait, and dace Of the PNSD to ARG-simulated Ny and
quantify their relative contributions to ARG-simulated Ny variability. We note that the i, xacc Values are measured at ground
level, but Mait, Nace, Mait, face, Oait, and oair are measured at cloud level. To the best of our knowledge, this is the first time that
the measured out-of-cloud PNSD parameters have been integrated into the ARG model to estimate their contribution to
ARG-simulated Ny. Figure 5 illustrates the comparison between in-situ measured Nq and ARG-simulated Ng4. The simulation
achieves a strong correlation in both seasons (R? > 0.81). The observed-to-simulated Ny ratio is approximately 0.5 in summer
and slightly below 1.0 in winter, indicating that the dominant controls on ARG-simulated Ny differ between seasons, as

discussed in the following section.
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Figure 5. Comparison of ARG-simulated cloud droplet number concentrations (Ng) simulated by the ARG scheme versus
those measured by FCDP on the G-1 aircraft in cloud. Red and blue dots represent data from the summer (June—August
2017) and winter (December 2017 — February 2018) campaigns, respectively. The black dashed line indicates the 1:1

relationship. Colored dashed lines represent the corresponding zero-intercept linear fits.

3.3.2 Controlling factors of cloud droplet formation

To evaluate the drivers of the contrasting seasonal biases in N4, we performed a cross-substitution sensitivity analysis
between summer and winter (Figs. 6 and 7) based on the 9 primary factors controlling aerosol CCN activation. Specifically,
in each experiment, one input variable in the ARG parameterization was replaced at a time with its corresponding median
value (Table S3) from the opposite season, while the remaining eight input parameters were kept at the original values of the
season. Specifically, one summer input parameter was replaced by its winter median value for the summer simulations, while
one winter input parameter was replaced by its summer median value for the winter simulations. The ARG parameterization
was then rerun using the modified set of inputs. The sensitivity of aerosol activation to each factor is quantified as b / a,
where « is the original regression slope between measured and ARG-simulated N4 and b is the slope after replacing one input
parameter with its corresponding opposite-season median value. Figures 6 and 7 illustrate how changes in individual input
variables affect the performance of the ARG-simulated Ny, and help identify which variables contribute to its contrasting
seasonal biases.

We first test whether the seasonal difference in w can explain the Ny discrepancy. Summer updrafts are slightly weaker than
winter updrafts, with summer median w = 0.16 m s™', while winter w = 0.24 m s™'. Replacing summer w with the winter
season median value increases ARG-simulated Ng by ~7% (Fig. 6a). This response can be explained by the fact that summer
clouds are aerosol-rich but updraft-limited, increasing w enhances the peak supersaturation and allows additional aerosol
particles to activate. Since the original simulation already overestimates Ny, the additional increase in w would further
increase simulated N4 and therefore slightly degrade the agreement with observations.

The sensitivity tests with aerosol physical properties indicate N plays a governing role in cloud droplet formation.
Substituting summer N,.. with the lower winter values (33.48 cm ™3, ~1/8 of the summer original median value) substantially
reduces the ARG-simulated Ny (Fig. 6¢). This perturbation produces the largest response among all tested parameters, with a
slope ratio of 1.79 (Fig. 6c), indicating that summer Ny is primarily controlled by the abundance of accumulation-mode
particles. Physically, a weak summer w limits the production of supersaturation, while abundant accumulation-mode
particles provide a large population of potential CCN and a large total particle surface area for water-vapor condensation.
The condensation growth consumes water vapor, suppressing the maximum supersaturation. Under weak w conditions,
particles compete for the limited supersaturation, and only a fraction of the available particles can activate into cloud
droplets.

Aitken-mode properties have weaker effects than accumulation-mode aerosols. Replacing summer i (with a median value

of 57.18 nm) by the winter smaller value (37.08 nm) produces a modest response, with a slope ratio of 1.17 (Fig. 6f).
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Replacing summer N, with the winter median value of 49.54 cm™ (~1/4 of the summer original median value) yields a
slightly weaker response than i, with a slope ratio of 1.14 (Fig. 6b). This indicates that i, which is also the proximity of
Aitken-mode particles to the critical activation diameter, is slightly more important than their total number. The smaller
winter i, shifts the Aitken-mode population farther from the activation threshold, whereas changes in N, mainly affect the
number of particles that are too small to activate.

Other aerosol physical shape parameters (uacc, Gait, and oacc) and chemical properties (such as i and xacc) exert only a minor
influence, with narrow sensitivity ratios of 0.96—1.01 (Figs. 6d—e and 6g—i). This weak sensitivity likely reflects that
moderate changes in aerosol geometric standard deviation or hygroscopicity parameters do not substantially alter the ARG-

simulated Nj.
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Figure 6. Quantifying the impact of individual meteorological and aerosol parameters on the closure between measured and

ARG-simulated cloud droplet number concentration in the summer period. In each experiment, the summer simulations were

repeated by replacing a single input parameter with its corresponding winter median value, while all other input parameters

were kept at their original summer values: (a) updraft velocity (w); (b-c) number concentrations (N, and Nacc) for Aitken and

accumulation modes, respectively; (d-e) geometric standard deviations (cait and gacc); (f-g) geometric mean diameter (u,ir and
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lacc); and (h-1) hygroscopicity parameters (xa.i and xacc). Here, a denotes the original regression slope between measured and
ARG-simulated Ny, and b denotes the regression slope after replacing the indicated input parameter with its winter median

value. b / a represents the relative change in the regression slope caused by the single-parameter substitution.

Winter is characterized by a lower aerosol loading (Nae = 33.48 ¢cm >, ~1/8 of the summer original median value) and a
relatively stronger updraft (with a median w = 0.24 m s™!, compared with w = 0.16 m s! in summer). Consistent with the
summer sensitivity results, ARG-simulated winter Nq remains a moderate response to the w with a sensitivity ratio of 1.08
(Fig. 7a). The responses t0 G, Tace, Kait, and Kace are also weak, with narrow sensitivity ratios of 0.97-1.04 (Figs. 7d—e and
7g—1). These results indicate that updraft, hygroscopicity, and aerosol geometric standard deviation stay relatively consistent
and exert secondary influences on Ny in both seasons.

Among the aerosol physical parameters, N, continues to exert a dominant control. Replacing the low winter Ny with high
summer values introduces a significant change of ARG-simulated winter Ny with a sensitivity ratio of 0.32 (Fig. 7c). This
strong response highlights the primary role of accumulation-mode particles as readily activatable CCN in both seasons.
Winter Ny also exhibits similar sensitivity to both N, and u,ic. Substituting winter N,;; with the larger summer value yields a
ratio of 0.75 (Fig. 7b), and replacing the smaller winter u,it with the larger summer value gives a ratio of 0.76 (Fig. 7f). These
comparable responses suggest that both the abundance of Aitken-mode particles and their diameters regulate winter cloud
droplet activation. Figure A3 shows that the activation fraction of Ny / Nacc frequently exceeds 2.0 in winter, indicating that
accumulation-mode particles alone cannot explain the ARG-simulated Ny. This is because accumulation-mode aerosol has a
low concentration in winter, they are insufficient to consume the generated water vapor. The resulting high Smax enables the
activation of Aitken-mode particles. These findings confirm that in the remote winter MBL, the system lacks sufficient
accumulation-mode aerosol to contribute to the CCN population, leaving Aitken-mode aerosol particles to act as critical
drivers for cloud droplet formation.

Overall, the sensitivity experiments show that Ng is mainly controlled by aerosol availability rather than by changes in
background w. More specifically, aerosol-rich conditions in summer intensify the competition for water vapor among
particles, thereby suppressing the generation of high supersaturation. In winter, the limited availability of accumulation-
mode aerosol weakens this competition, producing high supersaturation conditions that favor the activation of smaller

particles, thereby enhancing the sensitivity of N4 to Aitken-mode properties (Naic and fai).
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Figure 7. Quantifying the impact of individual meteorological and aerosol parameters on the closure between measured and
385 ARG-simulated winter cloud droplet number concentration. In each experiment, the winter simulations were repeated by
replacing a single input parameter with its corresponding summer median value, while all other input parameters were kept
at their original winter values: (a) updraft velocity (w); (b-c) number concentrations (Ni: and Ng) for Aitken and

accumulation modes, respectively; (d-e) geometric standard deviations (cait and gacc); (f-g) geometric mean diameter (u,ir and
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lacc); and (h-1) hygroscopicity parameters (xa.i and xacc). Here, a denotes the original regression slope between measured and
ARG-simulated N4, and b denotes the regression slope after replacing the indicated input parameter with its summer median

value. b / a represents the relative change in the regression slope caused by the single-parameter substitution.

4 Conclusions

This study examines how seasonal differences in marine boundary layer (MBL) structure regulate the vertical transport of
surface aerosols and the activation of aloft aerosols into cloud droplets, and hence cloud droplet number concentration (Ng)
over the Eastern North Atlantic (ENA). By integrating aircraft measurements from the Aerosol and Cloud Experiments in the
Eastern North Atlantic (ACE-ENA) campaign with synchronous ground-based observations, we show that seasonal changes
in boundary-layer coupling states and aerosol availability jointly regulate cloud droplet activation.

The vertical structure of the MBL, whether it is well-mixed (coupled) or not (decoupled), modulates the seasonally available
near-surface aerosol for cloud activation. Our analysis does not explicitly account for additional sources of MBL aerosols,
such as new particle formation in the upper MBL and aerosol entrainment from the free troposphere, which may also be
important sources of the MBL aerosol population (Wang et al., 2021; Zheng et al., 2018). These processes were not
considered as independent factors because their individual contributions cannot be explicitly quantified within the present
parameterization. Instead, our analysis focuses on how the MBL coupling states affect the vertical transport efficiency of
near-surface aerosols and the representativeness of ground-based aerosol measurements for cloud-level activated aerosols.
Thermodynamic decoupling is highly prevalent (occurring in ~1/3 of both summer and winter), and the two seasons show
quite comparable frequency (summer about 32.6% and winter about 32.0%). This decoupling limits the vertical transport of
near-surface aerosols into the cloud layer and reduces the representativeness of ground-based aerosol measurements for
cloud-level cloud condensation nuclei (CCN). Consistently, our observations indicate that only 60% of the near-surface
accumulation-mode aerosol concentration (used as a proxy for CCN) is aloft under the decoupled case.

Sensitivity analyses using the ARG parameterization and out-of-cloud particle parameters further quantify the major physical
drivers of Ny in each season. In summer, simulated Ng is highly sensitive to accumulation-mode aerosol concentrations (Nacc,
with a sensitivity ratio of 1.79) but only weakly sensitive to seasonal changes in w (sensitivity ratio of 0.93).

The winter MBL is characterized by lower accumulation-mode aerosol concentration and a more CCN-limited activation
regime. The lower N, reduces competition for water vapor among aerosol particles, enabling high supersaturations that
favor the activation of Aitken-mode particles. This is evidenced by the high Ng / Na ratio (> 2) observed in winter,
indicating that accumulation-mode particles alone cannot explain cloud droplet numbers and that Aitken-mode particles also
contribute. Winter Vg is also sensitive to the Aitken-mode number concentration (N,i) and geometric mean diameter (uit),
with the sensitivity ratios of 0.75 and 0.76, respectively.

Across both seasons, aerosol hygroscopicity parameter (x) and geometric standard deviation parameter (o) exert only a

secondary influence (sensitivity ratios of 0.96—1.04). These results show that seasonal Ny variability is controlled primarily
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by aerosol abundance and size-related physical properties, with N, predominantly contributing to CCN in both seasons, and
Aitken-mode particles becoming important under winter CCN-limited conditions. Because the sensitivity analysis used out-
of-cloud aerosol properties, the influence of MBL coupling states is implicitly reflected in the aerosol inputs rather than
treated as a separate sensitivity factor.

In summary, this study provides two main observational constraints for representing marine aerosol-cloud interactions in
models. First, the representativeness of surface aerosol measurements for cloud-base CCN depends strongly on the MBL
vertical mixing states and has large uncertainty under decoupled MBL conditions. Models should therefore account for the
coupled or decoupled structure of the MBL when linking surface aerosol properties to cloud droplet activation, rather than
assuming that surface aerosol concentrations are directly representative of the cloud layer. Second, commonly used aerosol
activation parameterizations (e.g., Abdul-Razzak and Ghan, 2000) may exhibit biased under high N, conditions. Our
sensitivity analysis shows that N dominates simulated Ny in summer, under abundant accumulation-mode aerosol
conditions, whereas N, and u,ix become additionally important under winter accumulation-mode-limited conditions. In
contrast, aerosol size-distribution parameters (o), x, and updraft velocity (w) had comparatively weaker effects over the
observed ranges.

These results also have implications for marine cloud brightening (MCB), which proposes spraying fine sea-salt particles
into marine clouds to make them brighter and more reflective. Based on the results in this study, we think MCB has
diminishing effectiveness under aerosol-rich, weak-updraft summer conditions, because additional seed particles could
intensify competition for water vapor, reduce Smax, and limit further increases in N4 and cloud albedo. Consequently, MCB

would likely fail to increase Ng4 or cloud albedo during these high aerosol loading regimes.

Appendix A

This appendix provides 3 additional figures that are discussed in the main manuscript. Figure Al presents ground particle
size distributions (PNSDg) measured by SMPS during the summer and winter seasons. Figure A2 presents probability
density functions (PDFs) of key parameters controlling ACI. Figure A3 presents the sensitivity of the aerosol activation

fraction (N4 / Nacc) to w, calculated using the Abdul-Razzak and Ghan (2000) parameterization.
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Figure Al. Ground particle size distributions (PNSDg) measured by SMPS during the summer and winter seasons. Solid

lines represent the median distributions, and the shaded regions denote the interquartile range (25th—75th percentile).
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Figure A2. Probability density functions (PDFs) of key parameters controlling aerosol-cloud interactions (ACI): (a) updraft

velocity (w); (b—c) aerosol hygroscopicity (x) for the Aitken and accumulation modes, respectively; (d—f) Aitken-mode

properties, including (d) number concentration (Vait), (€) geometric mean diameter (u.ir), and (f) geometric standard deviation

(0ait); and (g—1) accumulation-mode properties, including (g) number concentration (Nacc), (h) geometric mean diameter (gacc),

and (i) geometric standard deviation (gacc)-
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Appendix B: Summarize the Abbreviations of Variables

ACE-ENA: Aerosol and Cloud Experiments in the Eastern North Atlantic
ACI: Aerosol-cloud interaction
460 AMSL: Above mean sea level
ARG: Abdul-Razzak and Ghan Scheme
CCN: Cloud condensation nuclei
ENA: Eastern North Atlantic
HM: Hoppel minimum
465 LWC: Liquid water content
MBL: Marine boundary layer
Ng: Cloud droplet number concentration
Ncen: Cloud condensation nuclei number concentration
Nionm-a: Total particle number concentration aloft for D, > 10 nm
470 N Aitken-mode aerosol number concentration
Nace: Accumulation-mode aerosol number concentration

Mait.g: Ground Aitken-mode aerosol number concentration
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Nace-g: Ground accumulation-mode aerosol number concentration

Naii-a: Aloft Aitken-mode aerosol number concentration

Nace-a: Aloft accumulation-mode aerosol number concentration

PNSD: Particle number size distribution

PNSDg: Ground particle number size distribution

PNSDa4: Aloft particle number size distribution

SCCN: Size-resolved cloud condensation nuclei measurement

w: Updraft velocity

g Water vapor mixing ratio

Agq:: Difference in water vapor mixing ratio between the near-ground level and below cloud base
0: Potential temperature

A@: Difference in potential temperature between the near-ground level and below cloud base
x: Aerosol hygroscopicity parameter

Lait: Geometric mean diameter of the Aitken-mode aerosol size distribution

lace: Geometric mean diameter of the accumulation-mode aerosol size distribution

oait: Geometric standard deviation of the Aitken-mode aerosol size distribution

oace: Geometric standard deviation of the accumulation-mode aerosol size distribution

Data availability

The ACE-ENA data used in this study are available at the ARM Climate Research Facility data archive

(www.arm.gov/research/campaigns/aaf2017ace-ena).

Author contributions

L.W. and X.G. contributed to Conceptualization, Data curation, and Formal analysis. L.W. performed Investigation,
Methodology, Visualization, and Writing — original draft. X.G. contributed to Data curation and assisted with formal
analysis. J.Z., J.C., XX, Y.C, S.C, Y.Z., ZZ., Y.W., and X.G. provided help with the Methodology, as well as the
Validation. X.G. served as the lead supervisor for the study. All authors contributed to Writing — review & editing, read and

approved the final manuscript.

Competing interests

The authors declare that there are no conflicts of interest for this manuscript.

24



505

510

515

520

525

530

535

https://doi.org/10.5194/egusphere-2026-6243
Preprint. Discussion started: 15 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Disclaimer

Copernicus Publications remains neutral with regard to jurisdictional claims made in the text, published maps, institutional
affiliations, or any other geographical representation in this paper. While Copernicus Publications makes every effort to
include appropriate place names, the final responsibility lies with the authors. Views expressed in the text are those of the

authors and do not necessarily reflect the views of the publisher.

Acknowledgements

We acknowledge all staff and scientists involved in the ACE-ENA project. We also acknowledge the Atmospheric Radiation
Measurement (ARM) User Facility, a US Department of Energy (DOE) Office of Science User Facility Managed by the

Biological and Environmental Research Program, for providing the data.

Financial support

This research is supported by the National Natural Science Foundation of China (NSFC) (42505070) and Westlake
University-Muyuan Joint Research Institute (WU2024MY 002, WU2025MY 008).

References

Abdul-Razzak, H. and Ghan, S. J.: A parameterization of aerosol activation: 2. Multiple aerosol types, J. Geophys. Res.-
Atmos., 105, 6837-6844, https://doi.org/10.1029/1999JD901161, 2000.

Albrecht, B. A.: Aecrosols, cloud microphysics, and fractional cloudiness, Science, 245, 1227-1230,
https://doi.org/10.1126/science.245.4923.1227, 1989.

Borque, P., Luke, E., and Kollias, P.: On the unified estimation of turbulence eddy dissipation rate using Doppler cloud
radars and lidars, J. Geophys. Res.-Atmos., 121, 5972-5989, https://doi.org/10.1002/2015JD024543, 2016.

Braga, R. C., Ervens, B., Rosenfeld, D., Andreae, M. O., Forster, J.-D., Fiitterer, D., Hernandez Pardo, L., Holanda, B. A.,
Jurkat-Witschas, T., Kriiger, O. O., Lauer, O., Machado, L. A. T., Pohlker, C., Sauer, D., Voigt, C., Walser, A., Wendisch,
M., Poschl, U., and Pohlker, M. L.: Cloud droplet formation at the base of tropical convective clouds: closure between
modeling and measurement results of ACRIDICON-CHUVA, Atmos. Chem. Phys.,, 21, 17513-17528,
https://doi.org/10.5194/acp-21-17513-2021, 2021.

Braga, R. C., Rosenfeld, D., Andreae, M. O., Pohlker, C., Péschl, U., Voigt, C., Weinzierl, B., Wendisch, M., Péhlker, M.
L., and Harrison, D.: Detrainment dominates CCN concentrations around non-precipitating convective clouds over the
Amazon, Geophys. Res. Lett., 49, €2022GL100411, https://doi.org/10.1029/2022GL100411, 2022.

Dong, X., Schwantes, A. C., Xi, B., and Wu, P.: Investigation of the marine boundary layer cloud and CCN properties under
coupled and decoupled conditions over the Azores, J. Geophys. Res.-Atmos., 120, 61796191,
https://doi.org/10.1002/2014JD022939, 2015.

Efraim, A., Braga, R. C., Rosenfeld, D., Lauer, O., Franco, M. A., Kremper, L. A., Péhlker, C., Andreae, M. O., Dias-Junior,
C. Q., and Pohlker, M. L.: Secondary droplet activation during condensational growth in convective clouds and its detection
from satellites, Atmos. Res., 299, 107196, https://doi.org/10.1016/j.atmosres.2023.107196, 2024.

Gallo, F., Uin, J., Sanchez, K. J., Moore, R. H., Wang, J., Wood, R., Mei, F., Flynn, C., Springston, S., Azevedo, E. B.,
Kuang, C., and Aiken, A. C.: Long-range transported continental aerosol in the eastern North Atlantic: three multiday event

25



540

545

550

555

560

565

570

575

580

https://doi.org/10.5194/egusphere-2026-6243
Preprint. Discussion started: 15 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

regimes influence cloud condensation nuclei, Atmos. Chem. Phys., 23, 4221-4246, https://doi.org/10.5194/acp-23-4221-
2023, 2023.

Ghate, V. P., Cadeddu, M. P., Zheng, X., and O'Connor, E.: Turbulence in the marine boundary layer and air motions below
stratocumulus clouds at the ARM Eastern North Atlantic site, J. Appl. Meteorol. Clim., 60, 1495-1510,
https://doi.org/10.1175/JAMC-D-21-0087.1, 2021.

Gong, X., Wex, H., Voigtlander, J., Fomba, K. W., Weinhold, K., van Pinxteren, M., Henning, S., Miiller, T., Herrmann, H.,
and Stratmann, F.: Characterization of aerosol particles at Cabo Verde close to sea level and at the cloud level — Part 1:
Particle number size distribution, cloud condensation nuclei and their origins, Atmos. Chem. Phys., 20, 1431-1449,
https://doi.org/10.5194/acp-20-1431-2020, 2020.

Gong, X., Wang, Y., Xie, H., Zhang, J., Lu, Z., Wood, R., Stratmann, F., Wex, H., Liu, X., and Wang, J.: Maximum
supersaturation in the marine boundary layer clouds over the North Atlantic, AGU Adv., 4, €2022AV000855,
https://doi.org/10.1029/2022AV000855, 2023.

Grosvenor, D. P., Hartmann, D. L., and McCoy, D. T.: Observed Southern Ocean cloud properties and shortwave reflection.
Part I: Calculation of SW flux from observed cloud properties, J. Climate, 27, 8836—8857, https://doi.org/10.1175/JCLI-D-
14-00287.1, 2014.

Hernandez Pardo, L., Toledo Machado, L. A., Amore Cecchini, M., and Sanchez Gacita, M.: Quantifying the aerosol effect
on droplet size distribution at cloud top, Atmos. Chem. Phys., 19, 7839-7857, https://doi.org/10.5194/acp-19-7839-2019,
2019.

Holdridge, D.: Balloon-borne sounding system (sonde) instrument handbook, DOE Office of Science Atmospheric Radiation
Measurement (ARM) Program, DOE/SC-ARM-TR-029, https://doi.org/10.2172/1020712, 2020.

Hoppel, W. A., Fitzgerald, J. W., Frick, G. M., Larson, R. E., and Mack, E. J.: Aerosol size distributions and optical
properties found in the marine boundary layer over the Atlantic Ocean, J. Geophys. Res.-Atmos., 95, 3659-3686,
https://doi.org/10.1029/JD095iD04p03659, 1990.

Jia, H., Quaas, J., Kroese, W., van Diedenhoven, B., Gryspeerdt, E., Béhm, C., Block, K., and Hasekamp, O.: Optimal
choice of proxy for cloud condensation nuclei reduces uncertainty in aerosol-cloud-climate forcing, Sci. Adv., 12, eaea4828,
https://doi.org/10.1126/sciadv.aca4828, 2026.

Jones, C. R., Bretherton, C. S., and Leon, D.: Coupled vs. decoupled boundary layers in VOCALS-REX, Atmos. Chem.
Phys., 11, 7143-7153, https://doi.org/10.5194/acp-11-7143-2011, 2011.

Kang, L., Marchand, R. T., Wood, R., and McCoy, I. L.: Coalescence scavenging drives droplet number concentration in
Southern Ocean low clouds, Geophys. Res. Lett., 49, ¢2022GL097819, https://doi.org/10.1029/2022GL.097819, 2022.
Karydis, V. A., Capps, S. L., Russell, A. G., and Nenes, A.: Adjoint sensitivity of global cloud droplet number to aerosol and
dynamical parameters, Atmos. Chem. Phys., 12, 9041-9055, https://doi.org/10.5194/acp-12-9041-2012, 2012.

Mungall, E. L., Abbatt, J. P. D., Wentzell, J. J. B., Lee, A. K. Y., Thomas, J. L., Blais, M., Gosselin, M., Miller, L. A.,
Papakyriakou, T., Willis, M. D., and Liggio, J.: Microlayer source of oxygenated volatile organic compounds in the
summertime  marine  Arctic  boundary  layer, P. Natl. Acad. Sci. USA, 114, 6203-6208,
https://doi.org/10.1073/pnas.1620571114, 2017.

Noble, S. and Hudson, J. G.: CCN and vertical velocity influences on droplet concentrations and supersaturations in clean
and polluted stratus clouds, J. Atmos. Sci., 71, 312-331, https://doi.org/10.1175/JAS-D-13-086.1, 2014.

Pohlker, M. L., Zhang, M., Campos Braga, R., Kriiger, O. O., Poschl, U., and Ervens, B.: Aitken mode particles as CCN in
aerosol- and updraft-sensitive regimes of cloud droplet formation, Atmos. Chem. Phys., 21, 11723-11740,
https://doi.org/10.5194/acp-21-11723-2021, 2021.

Rémillard, J., Kollias, P., Luke, E., and Wood, R.: Marine boundary layer cloud observations in the Azores, J. Climate, 25,
7381-7398, https://doi.org/10.1175/JCLI-D-11-00610.1, 2012.

Reutter, P., Su, H., Trentmann, J., Simmel, M., Rose, D., Gunthe, S., Wernli, H., Andreae, M., and Pdschl, U.: Aerosol- and
updraft-limited regimes of cloud droplet formation: influence of particle number, size and hygroscopicity on the activation of
cloud condensation nuclei (CCN), Atmos. Chem. Phys., 9, 7067—7080, https://doi.org/10.5194/acp-9-7067-2009, 2009.
Rosenfeld, D., Kokhanovsky, A., Goren, T., Gryspeerdt, E., Hasekamp, O., Jia, H., Lopatin, A., Quaas, J., Pan, Z., and
Sourdeval, O.: Frontiers in satellite-based estimates of cloud-mediated aerosol forcing, Rev. Geophys., 61, €2022RG000799,
https://doi.org/10.1029/2022RG000799, 2023.

26



585

590

595

600

605

610

615

620

625

https://doi.org/10.5194/egusphere-2026-6243
Preprint. Discussion started: 15 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Su, T., Zheng, Y., and Li, Z.: Methodology to determine the coupling of continental clouds with surface and boundary layer
height under cloudy conditions from lidar and meteorological data, Atmos. Chem. Phys., 22, 1453-1466,
https://doi.org/10.5194/acp-22-1453-2022, 2022.

Twomey, S.: The influence of pollution on the shortwave albedo of clouds, J. Atmos. Sci.,, 34, 1149-1152,
https://doi.org/10.1175/1520-0469(1977)034%3C1149:TIOPOT%3E2.0.CO:2, 1977.

Virtanen, A., Joutsensaari, J., Kokkola, H., Partridge, D. G., Blichner, S., Seland, O., Holopainen, E., Tovazzi, E., Lipponen,
A., Mikkonen, S., Leskinen, A., Hyvirinen, A.-P., Zieger, P., Krejci, R., Ekman, A. M. L., Riipinen, I., Quaas, J., and
Romakkaniemi, S.: High sensitivity of cloud formation to aerosol changes, Nat. Geosci., 18, 289-295,
https://doi.org/10.1038/s41561-025-01662-y, 2025.

Wang, J., Wood, R., Jensen, M. P., Chiu, J. C., Liu, Y., Lamer, K., Desai, N., Giangrande, S. E., Knopf, D. A., Kollias, P.,
Laskin, A., Liu, X., Lu, C., Mechem, D., Mei, F., Starzec, M., Tomlinson, J., Wang, Y., Yum, S. S., Zheng, G., Aiken, A. C.,
Azevedo, E. B., Blanchard, Y., China, S., Dong, X., Gallo, F., Gao, S., Ghate, V. P., Glienke, S., Goldberger, L., Hardin, J.
C., Kuang, C., Luke, E. P., Matthews, A. A., Miller, M. A., Moffet, R., Pekour, M., Schmid, B., Sedlacek, A. J., Shaw, R.
A., Shilling, J. E., Sullivan, A., Suski, K., Veghte, D. P., Weber, R., Wyant, M., Yeom, J., Zawadowicz, M., and Zhang, Z.:
Aerosol and cloud experiments in the Eastern North Atlantic (ACE-ENA), Bull. Amer. Meteorol. Soc., 103, E619-E641,
https://doi.org/10.1175/BAMS-D-19-0220.1, 2022.

Wang, Y., Pinterich, T., and Wang, J.: Rapid measurement of sub-micrometer aerosol size distribution using a fast integrated
mobility spectrometer, J. Aerosol Sci., 121, 12-20, https://doi.org/10.1016/].jaerosci.2018.03.006, 2018.

Wang, Y., Zheng, G., Jensen, M. P., Knopf, D. A., Laskin, A., Matthews, A. A., Mechem, D., Mei, F., Moffet, R., Sedlacek,
A. J., Shilling, J. E., Springston, S., Sullivan, A., Tomlinson, J., Veghte, D., Weber, R., Wood, R., Zawadowicz, M. A., and
Wang, J.: Vertical profiles of trace gas and aerosol properties over the eastern North Atlantic: variations with season and
synoptic condition, Atmos. Chem. Phys., 21, 11079-11098, https://doi.org/10.5194/acp-21-11079-2021, 2021.

Wang, Y., Bagya Ramesh, C., Giangrande, S. E., Fast, J., Gong, X., Zhang, J., Tolga Odabasi, A., Oliveira, M. V. B.,
Matthews, A., Mei, F., Shilling, J. E., Tomlinson, J., Wang, D., and Wang, J.: Examining the vertical heterogeneity of
aerosols over the Southern Great Plains, Atmos. Chem. Phys., 23, 15671-15691, https://doi.org/10.5194/acp-23-15671-2023,
2023.

Wood, R., Wyant, M., Bretherton, C. S., Rémillard, J., Kollias, P., Fletcher, J., Stemmler, J., de Szoeke, S., Yuter, S., Miller,
M., Mechem, D., Tselioudis, G., Chiu, J. C., Mann, J. A. L., O’Connor, E. J., Hogan, R. J., Dong, X., Miller, M., Ghate, V.,
Jefferson, A., Min, Q., Minnis, P., Palikonda, R., Albrecht, B., Luke, E., Hannay, C., and Lin, Y.: Clouds, aerosols, and
precipitation in the marine boundary layer: An ARM Mobile Facility deployment, Bull. Amer. Meteorol. Soc., 96, 419-440,
https://doi.org/10.1175/BAMS-D-13-00180.1, 2015.

Wu, P., Dong, X., Xi, B., Liu, Y., Thieman, M., and Minnis, P.: Effects of environment forcing on marine boundary layer
cloud-drizzle processes, J. Geophys. Res.-Atmos., 122, 4463—4478, https://doi.org/10.1002/2016JD026326, 2017.

Zeider, K., McCauley, K., Dmitrovic, S., Siu, L. W., Choi, Y., Crosbie, E. C., DiGangi, J. P., Diskin, G. S., Kirschler, S.,
Nowak, J. B., Shook, M. A., Thornhill, K. L., Voigt, C., Winstead, E. L., Ziemba, L. D., Zuidema, P., and Sorooshian, A.:
Sensitivity of aerosol and cloud properties to coupling strength of marine boundary layer clouds over the northwest Atlantic,
Atmos. Chem. Phys., 25, 24072422, https://doi.org/10.5194/acp-25-2407-2025, 2025.

Zheng, G., Wang, Y., Aiken, A. C., Gallo, F., Jensen, M. P., Kollias, P., Kuang, C., Luke, E., Springston, S., Uin, J., Wood,
R., and Wang, J.: Marine boundary layer aerosol in the eastern North Atlantic: seasonal variations and key controlling
processes, Atmos. Chem. Phys., 18, 1761517635, https://doi.org/10.5194/acp-18-17615-2018, 2018.

Zheng, G., Wang, Y., Wood, R., Jensen, M. P., Kuang, C., McCoy, 1. L., Matthews, A., Mei, F., Tomlinson, J. M., Shilling,
J. E., Zawadowicz, M. A., Crosbie, E., Moore, R., Ziemba, L., Andreae, M. O., and Wang, J.: New particle formation in the
remote marine boundary layer, Nat. Commun., 12, 527, https://doi.org/10.1038/s41467-020-20773-1, 2021.

27



