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Abstract. We investigate the vertical variability of cloud microphysics in a turbulent convection cloud chamber
through large-eddy simulations coupled with a Lagrangian super droplet (SD) model. Numerical experiments
mimic the convection chamber under construction at the Korea Institute of Science and Technology (KIST),
employing realistic aerosol size distributions derived from field measurements (VOCALS campaign and Seoul,
South Korea). Simulations show that cloud water mixing ratio generally increases with height due to continuous
droplet activation and growth during ascent, but this vertical gradient weakens significantly as aerosol concen-
tration increases. Enhanced aerosol loading intensifies competition for water vapor, shortening phase relaxation
times and suppressing supersaturation variability, resulting in more vertically uniform cloud water mixing ratio
profiles. Lagrangian trajectory analyses reveal that upward motion substantially influences droplet growth and ac-
tivation under clean conditions, but this influence diminishes sharply in polluted environments where the shorter
phase relaxation time keeps supersaturation close to a low quasi-steady value. Furthermore, droplets experienc-
ing sustained upward motion activate more readily, although this effect is weakened considerably in polluted
conditions. In a turbulent convection-chamber setting, we quantify how aerosol loading modulates the vertical
distribution of cloud-water mixing ratio using LES model with Lagrangian super droplet tracking, thereby clar-
ifying the coupled roles of vapor competition and vertical transport. Our results emphasize the critical role of
aerosol loading in shaping vertical microphysical structures and highlight the interplay between vapor compe-
tition and vertical dynamics. These findings provide important insights for improving cloud parameterizations
and understanding aerosol-cloud interactions in both controlled laboratory and atmospheric contexts.

Clouds are key regulators of Earth’s climate, influencing
radiative balance, precipitation, and atmospheric dynamics.
Aerosols, serving as cloud condensation nuclei (CCN), play a
crucial role in cloud formation and significantly impact cloud
microphysical and optical properties. Human activities have
increased aerosol concentrations globally, altering cloud be-

havior and radiative effects. Recent observations also sug-
gest that reduced ship emissions, resulting from tightened
regulations, have substantially decreased aerosol concentra-
tions over the oceans, leading to decreased cloud reflectiv-
ity and accelerated global warming (Hansen et al., 2025).
Among climate forcing components, aerosol—cloud interac-
tions represent a major source of uncertainty. The IPCC AR6
assigns high confidence to effective radiative forcing from
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direct aerosol-radiation interactions, but confidence remains
low to medium for aerosol-cloud interactions, reflecting con-
tinued uncertainties in cloud adjustment processes (IPCC,
2021). This reflects the complex and nonlinear sensitivity
of cloud processes to aerosol properties such as size, num-
ber, and composition (Seinfeld et al., 2016; Carslaw et al.,
2013). Capturing these interactions in models requires de-
tailed understanding of microphysical processes, which are
often difficult to constrain from observations. Laboratory
cloud chambers have been widely used to probe cloud mi-
crophysics under controlled conditions; however, these ex-
periments and measurements are often limited by spatial and
temporal resolution, and isolating individual parameter ef-
fects remains challenging.

The importance of turbulence-induced supersaturation
fluctuations for droplet growth has been highlighted in ex-
perimental studies using the Michigan Tech convection cloud
chamber (known as the Pi Chamber), where aerosol injec-
tion rates are precisely controlled (Chandrakar et al., 2016).
These experiments have demonstrated how turbulence broad-
ens cloud-droplet size distributions, particularly at lower
aerosol concentrations, which enhances droplet size disper-
sion and promotes conditions favorable for precipitation for-
mation. Meanwhile, high-resolution numerical simulations
that replicate chamber conditions can offer a valuable tool to
isolate specific processes, such as droplet activation and su-
persaturation dynamics, and to explore their sensitivities un-
der well-controlled scenarios. In this context, high-resolution
numerical modeling offers a powerful complementary ap-
proach. By replicating chamber conditions within a compu-
tational framework, models can resolve detailed processes
such as aerosol activation, droplet growth, and supersatura-
tion dynamics at scales inaccessible to direct measurement
(Grabowski et al., 2024; Thomas et al., 2023). Furthermore,
they enable systematic variation of aerosol and thermody-
namic properties, facilitating deeper investigation into verti-
cal microphysical evolution and sensitivities to aerosol con-
centration. This modeling approach is especially valuable for
interpreting chamber experiments and extending their impli-
cations to atmospheric conditions beyond the laboratory set-
ting (Grabowski and Pawlowska, 2025).

Previous modeling-based laboratory chamber studies (e.g.,
Thomas et al., 2019; Prabhakaran et al., 2022; Yang
et al., 2023) have significantly advanced our understand-
ing of aerosol—cloud interactions; however, most have relied
on simplified aerosol representations or bin microphysical
schemes. More recent modeling efforts, such as Grabowski
et al. (2024), have incorporated realistic aerosol size distri-
butions using the Lagrangian framework. Yet, their focus has
largely remained on spatially averaged properties and acti-
vation statistics. In contrast, our study centers on the ver-
tical evolution of microphysical structure, using trajectory-
resolved analysis to connect individual droplet growth histo-
ries with ascent time and S fluctuations, an approach still rare
in chamber-scale simulations.
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These previous chamber simulations raise a straightfor-
ward process level question. Why do ¢, profiles tend to in-
crease with height at low aerosol loading and become more
vertically uniform as aerosol concentration increases, and
which mechanisms control this behavior. In this study we test
the hypothesis that changes in CCN concentration modify the
balance between turbulent mixing and microphysical adjust-
ment, and that this timescale balance controls both the verti-
cal structure of ¢, and the spread of condensational growth
along Lagrangian trajectories. Our goal is to use trajectory
resolved diagnostics in LES of a convection cloud chamber
to quantify this aerosol dependent timescale regime and to
provide a framework that can be used to interpret chamber
experiments and link them to shallow boundary layer clouds.

We perform large-eddy simulations (LES) of turbulent
moist convection in a laboratory-scale cloud chamber using
a Lagrangian particle-based microphysics model. This ap-
proach builds upon recent advances in Lagrangian particle-
based microphysics (e.g., Shima et al., 2009; Arabas and
Shima, 2013; Arabas et al., 2015; Grabowski et al., 2019;
Dziekan et al., 2021; Hoffmann and Feingold, 2021; Chan-
drakar et al., 2022; Yang et al., 2023; Morrison et al., 2024),
which support detailed droplet-scale simulations of cloud
microphysics, including aspects of aerosol activation and
growth dynamics. Following the design specifications of the
chamber under construction at the Korea Institute of Sci-
ence and Technology (KIST), which is intended to support
both expansion and convection experiments, the simulation
domain is configured to mimic the convection mode of a
1.5m x 1.5m x 2m cloud chamber. Realistic dry aerosol size
distributions are adopted from field measurements during the
VOCALS campaign (Grabowski et al., 2011) and at a site in
Seoul, South Korea (Park et al., 2023a, b), spanning aerosol
concentrations from clean to polluted conditions. Through
full Lagrangian tracking of individual super droplets, we
quantify how cloud liquid water mixing ratio (g.) evolves
with height. We also assess how this vertical structure re-
sponds to variations in aerosol concentration, with character-
istic timescales of S depletion and droplet ascent. Yang et al.
(2023) observed an increasing trend of cloud water mixing
ratio with height in LES simulations of Pi Chamber. Simi-
larly, Wang et al. (2024a) showed that the cloud water mix-
ing ratio maximum occurred near the Pi Chamber top un-
der the lowest aerosol injection rate condition. However, nei-
ther study systematically investigated the mechanisms driv-
ing this vertical structure. Additionally, Thomas et al. (2022)
reported vertical profiles of cloud water mixing ratio from
LES simulations of the Pi Chamber, showing a similar trend
where cloud water mixing ratio increased with height under
lower aerosol injection rates, resulting in a mid-level max-
imum in cloud water mixing ratio. However, this vertical
gradient diminished as aerosol injection rates increased. No-
tably, in Wang et al. (2024a), the height of maximum cloud
water mixing ratio shifted downward, or became less distinct,
under higher aerosol injection rates. This trend suggests a po-
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tential modulation of vertical condensate structure by aerosol
concentration, which our study addresses using Lagrangian
trajectory-based microphysical diagnostics across systemati-
cally varied aerosol scenarios.

By linking detailed droplet-scale microphysical trajecto-
ries to bulk cloud properties under systematically varied
aerosol conditions, our findings provide novel insights into
the intricate interplay between aerosol properties and cloud
microphysical structure. These insights are expected to sig-
nificantly enhance our ability to accurately represent aerosol-
cloud interactions within atmospheric and climate models,
ultimately reducing uncertainties associated with cloud feed-
back mechanisms in climate projections.

2 Model setup

Numerical simulations in this study were performed us-
ing the babyEULAG model, a simplified three-dimensional,
nonhydrostatic anelastic Eulerian—semi-Lagrangian model
coupled with Lagrangian super droplet microphysics. The
dynamic model is a simplified serial version of the 3D
nonhydrostatic anelastic Eulerian—semi-Lagrangian (EU-
LAG) model (https://www2.mmm.ucar.edu/eulag/, last ac-
cess: 16 April 2026), referred to as babyEULAG (Grabowski,
2020). This Lagrangian particle-based approach to micro-
physics (i.e., using super droplets; Shima et al., 2009;
Grabowski et al., 2019) enables a detailed representation
of droplet size distributions and microphysical processes at
the particle level. Subgrid-scale turbulence is implicitly rep-
resented through the monotone multidimensional positive-
definite advection transport algorithm (MPDATA), eliminat-
ing the need for explicit subgrid-scale parameterizations. De-
tailed model descriptions and numerical schemes are pro-
vided in Grabowski (2020) and Grabowski et al. (2024). The
computational domain was configured to resemble the con-
vection cloud chamber currently under construction at the
Korea Institute of Science and Technology (KIST), which is
cylindrical with a diameter of 1.5 m and a height of 2.0 m (~
3.53m3 in volume). While not exactly identical, the model
domain closely approximates these dimensions, consisting
of 38 x 38 x 101 grid points with uniform grid spacings of
0.04 m horizontally and 0.02 m vertically. A temperature gra-
dient was imposed with bottom and top boundaries set at
299 and 280K, respectively, establishing a 19 K difference
to drive turbulent moist convection. Sidewall temperatures
were fixed at an intermediate value of 289.5 K. The time step
for the simulations was set to 0.025s.

Following Grabowski et al. (2024), the simulations use the
babyEULAG configuration with periodic lateral boundaries
and rigid-lid lower and upper boundaries. At the lower and
upper boundaries, temperature and water vapor mixing ratio
are reset at every time step to prescribed values, and the hor-
izontal velocity components satisfy free-slip. Although the
free-slip condition at the lower and upper boundaries is ide-
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alized relative to the solid plates in an actual chamber, this
dynamical configuration has been evaluated extensively in
previous Pi Chamber simulations. Grabowski (2020) showed
that, in the absence of CCN, the model reproduces the ob-
served mean supersaturation and its standard deviation when
averaged over the interior of the chamber, and Grabowski
et al. (2024) demonstrated that the simulated mean TKE is
close to values inferred from Pi Chamber observations. To
represent the solid chamber walls within the horizontally pe-
riodic framework, we introduce internal sidewall regions at
the 10th grid point in each horizontal direction. Around each
of these planes, a three-grid-point wide relaxation zone is
applied in which all three velocity components are relaxed
toward zero and the thermodynamic variables are nudged to-
ward the prescribed wall state (7 =289.5K, RH = 100 %)
with a relaxation time scale of 0.1 s. Thus, the physical side-
walls of the chamber are mimicked by internal relaxation
zones, while the outer lateral boundaries of the computa-
tional box remain strictly periodic. Because the thin viscous
layers adjacent to the top and bottom plates are not resolved
at our grid spacing, we do not attempt to represent viscous
wall stresses at the resolved scale explicitly. A more com-
plete treatment would require parameterized near-wall fluxes
(momentum, and possibly heat and moisture) constrained
by chamber conditions, but such constraints remain limited,
and the applicability of similarity-based wall functions in
a closed chamber, particularly across different wall orien-
tations, is not well constrained. Recent LES wall-modeling
work for dry Rayleigh—-Bénard convection, a wall-bounded
buoyancy-driven flow relevant to chamber-like configura-
tions, has shown that conventional MOST-based wall treat-
ments can produce substantial errors and that near-surface
vertical velocity can be an important control on wall fluxes
(Wang et al., 2024b). This highlights that near-wall treat-
ment in a convection cloud chamber is itself a nontrivial
modeling problem, so the present specified-state and free-
slip configuration should be viewed as an idealized cham-
ber representation rather than a fully resolved wall-flux for-
mulation. Unless stated otherwise, statistics are computed
over an interior subdomain that excludes a few grid lev-
els adjacent to the top and bottom plates to minimize sen-
sitivity to under-resolved near-wall dynamics. The sensitiv-
ity of the key vertical velocity-supersaturation diagnostics to
this choice is evaluated in Sect. 3.2. In contrast to sidewall
treatments used previously to promote near-wall evaporation
and particle removal, such as 95 % RH at the sidewalls in
Grabowski (2020) and recycling of super droplets entering
wall-adjacent zones in Grabowski et al. (2024), this study
prescribes RH = 100 % at all boundaries, including the wall
zones. To represent laboratory wall-loss processes more re-
alistically, any super droplet that approaches within 0.1 x dx
(for walls normal to x), 0.1 x dy (for walls normal to y), or
0.1 x dz (for the lower or upper boundary) is removed from
the domain. This criterion implicitly includes sedimentation
losses, because droplets settling under gravity are likewise

Atmos. Chem. Phys., 26, 5213-5235, 2026


https://www2.mmm.ucar.edu/eulag/

5216

removed when they come within 0.1 x dz of the lower bound-
ary. The chamber pressure is held constant at 1000 hPa, con-
sistent with Grabowski et al. (2024).

Two aerosol size distributions, identical to those in
Grabowski et al. (2024), were considered: one from air-
craft measurements during the VOCALS campaign (south-
east Pacific; Grabowski et al., 2011) and another from
ground-based observations at Yonsei University, Seoul (Park
et al., 2023a, b). The VOCALS distribution was bimodal
(Aitken and accumulation modes) with an original num-
ber concentration of 198.9cm™3. Following the approach
used in Grabowski et al. (2024), this value was rounded
to 200cm™> for ease of comparison and is hereafter re-
ferred to as VOCALS (200, CTRL). The Seoul distribution
was unimodal, dominated by ultrafine particles typical of
polluted urban environments, with an original number con-
centration of approximately 11400cm 3. To maintain con-
sistency with the VOCALS case, this value was similarly
rounded to 10 Kem ™3, hereafter referred to as 10 K, and is la-
beled as Seoul (10 K, CTRL). Both distributions maintained
their spectral characteristics while systematically scaling to-
tal aerosol concentrations between 60 and 10 Kcm™3. Dis-
tributions were discretized into 30 logarithmically spaced
bins, ranging from 0.002-0.2um (VOCALS) and 0.005-
0.24 um (Seoul). Following assumptions from Grabowski
et al. (2024), NaCl was assumed for VOCALS aerosols,
and (NHy4)>SO4 for Seoul aerosols. These compositions de-
termined critical radius and critical supersaturation for ac-
tivation. Size-dependent critical radius and supersaturation
values were also obtained from Grabowski et al. (2024).
Each super droplet corresponds to a single bin of the 30-
bin aerosol distribution, and the model is initialized with 30
super droplets per grid volume. Figure 1 shows the aerosol
size distributions of the two representative aerosol concentra-
tions (200 and 10 Kcm™3), illustrating how each distribution
maintains its spectral shape while the total number concen-
tration varies.

To sustain quasi-steady aerosol conditions, aerosol parti-
cles were continuously injected at a single grid point near
the chamber’s top boundary. Compared to the treatment in
Grabowski et al. (2024), the present setup offers a more phys-
ically realistic representation of both wall-loss and aerosol
injection processes. The removal of droplets near boundaries,
which implicitly includes droplet sedimentation effects, and
sustained aerosol injection reflect laboratory conditions bet-
ter and support more accurate simulation of quasi-steady
aerosol environments. This sedimentation-induced balance
was also conceptually highlighted by Prabhakaran et al.
(2022). Across all cases, 270 super droplets (SDs) were in-
jected at each model time step, corresponding to 9 SDs per
size bin for the 30-bin aerosol distribution. The physical
aerosol injection rate, expressed in terms of particle number
concentration per second (cm—3s~!), was controlled solely
by adjusting the SD multiplicity. For VOCALS (200, CTRL),
this configuration resulted in 10800 SDs per second (270
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per model time step, 9 SDs per bin), corresponding to ap-
proximately 2.3 million physical aerosol particles per sec-
ond, or 0.51cm—3s~!. The Seoul (10K, CTRL) case ap-
plied a proportionally higher multiplicity to achieve an in-
jection rate of 25.5 cm3s™!, based on the aerosol size dis-
tribution shown in Fig. 1. Following Yang et al. (2023),
efflorescence was not considered, and all aerosol particles
were initialized at their equilibrium haze sizes correspond-
ing to 90 % RH, reflecting the expected rapid hygroscopic
growth under moist chamber conditions. In contrast, the ini-
tial aerosol field at r = 0 was initialized with particles at their
equilibrium wet sizes corresponding to 100 % RH. Figure 2
presents time series of domain-averaged cloud water mix-
ing ratio (g.), cloud droplet number concentration (N,), and
mean droplet radius (ry,) for both VOCALS (left column)
and Seoul (right column) aerosol distributions, sampled at
1 min intervals. Simulation cases are labeled using the region
of origin and aerosol concentration, following the format
“VOCALS (200, CTRL)” or “Seoul (10K, CTRL)”, where
the number indicates the prescribed aerosol concentration (in
cm_3) and “CTRL” denotes the baseline case for each distri-
bution. For statistical analysis in this study, cloud droplets
(haze particles) are defined as hydrometeors with radii larger
(smaller) than 1 pm, following Yang et al. (2023). All three
metrics rise rapidly during the first 15 min, after which they
enter a quasi-equilibrium stage (approximately ¢ > 15min).
The simulated increase of g. with aerosol concentration is
largely attributable to reduced sedimentation losses under
higher droplet number concentrations and smaller mean ra-
dius, which reduce terminal velocities and favor condensate
accumulation, as conceptualized in Shaw et al. (2023). VO-
CALS cases exhibit higher N, and smaller ry, values com-
pared to Seoul cases for the same aerosol concentration,
because the VOCALS aerosol size distributions include a
greater fraction of larger aerosol particles that activate more
readily under similarSconditions. To minimize wall effects,
all statistical quantities (e.g., ¢c, N¢, rm) were computed
using the data from interior grid points located more than
0.08 m from side walls and 0.1 m from top and bottom walls.
To minimize wall effects, all statistical quantities (e.g., gc,
N, rm) were computed using the data from interior grid
points located more than 0.08 m from side walls and 0.1 m
from top and bottom walls. To further assess the role of the
boundaries, we diagnosed the cumulative cloud water loss
at each boundary for the period between 15 and 30 min in
three VOCALS simulations spanning the aerosol concentra-
tion range (60, 200, and 10 Kcm™3, not shown). In the VO-
CALS (60) case, approximately 86 % of the cloud water loss
during this period occurs at the lower boundary and about
14 % at the sidewalls, with almost negligible loss at the up-
per boundary. For VOCALS (200, CTRL) the corresponding
fractions are about 70 % at the lower boundary, 30 % at the
sidewalls, and less than 1 % at the upper boundary, whereas
in VOCALS (10K) they are roughly 38 %, 59 %, and 3 %,
respectively. These diagnostics show that both the bottom
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Figure 1. Dry aerosol size distributions used in the simulation experiments, based on measurements during the VOCALS campaign and at a
site in Seoul, South Korea. Solid lines show the original observational cases (VOCALS: 200 cm_3; Seoul: 10 Kcm_3), while dashed or faded
lines show size distributions rescaled to match alternative aerosol concentrations (VOCALS x 50 — 10K cm™3; Seoul = 50 — ZOOcm_3).
Each bin-resolved concentration is used to assign the multiplicity of corresponding super droplets in the simulation.

plate and the sidewalls act as important sinks for condensate,
while the upper boundary remains a minor loss pathway. The
decreasing share of condensate loss at the lower boundary
from VOCALS (60) to VOCALS (10K) is consistent with
reduced sedimentation losses at higher CCN concentrations
and supports our interpretation that smaller mean droplet size
for larger N, favors condensate accumulation in the chamber
interior. Compared to the treatments in Grabowski (2020)
and Grabowski et al. (2024), the present setup offers im-
proved realization of simulating both wall-loss and aerosol
injection processes. By removing SDs near boundaries (mim-
icking wall loss) and introducing aerosols via controlled in-
jection, the model more faithfully replicates actual cham-
ber behavior, where particles are lost to walls and replen-
ished through external sources. Indeed, Shaw et al. (2023)
observed an increase in g, with aerosol concentration in their
Pi-chamber experiments, consistent with our simulation re-
sults. This consistency further underscores that our contin-
uous aerosol injection scheme more accurately captures the
physical processes involved, in contrast to Grabowski et al.
(2024), who reported no clear increase in g, with increas-
ing aerosol concentration. These refinements strengthen the
physical representativeness of the simulated system.

Droplet collision and coalescence processes were not in-
cluded in these simulations. This choice is based on Thomas
et al. (2022), who demonstrated that collision-coalescence
effects are negligible for a chamber height of 2 m, whereas
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significant impacts emerge only for taller chambers (> 4 m).
Thus, excluding collision-coalescence allows us to isolate
and investigate aerosol-induced effects on condensational
growth and droplet activation.

3 Vertical Variability in Cloud Microphysics

3.1 \Vertical Structure of Cloud Water Mixing Ratio (g¢)

This section analyzes how ¢ varies vertically in the con-
vection cloud chamber. Since simulations reached quasi-
equilibrium around 15 min, vertical profiles presented are av-
eraged over the subsequent 15 min period (15-30 min). Fig-
ure 3 (top panels) shows the vertical profiles of domain-
averaged g, for varying aerosol concentrations based on VO-
CALS and Seoul aerosol distributions. In general, g. in-
creases with height; however, this increase with height weak-
ens with increasing aerosol concentrations. At higher aerosol
concentrations, the vertical distribution of g. becomes in-
creasingly uniform, suggesting more spatially homogeneous
droplet growth within the cloud chamber. To quantify the
vertical variation in ¢, a diagnostic metric, Ag., was intro-
duced. Aq. indicates the relative difference in g. between the
upper and lower portions of the cloud chamber, capturing the
degree of vertical inhomogeneity:

Atmos. Chem. Phys., 26, 5213-5235, 2026
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Figure 2. Time series of domain-averaged microphysical variables for VOCALS (left column) and Seoul (right column) aerosol distributions.
Each colored line corresponds to a different aerosol concentration (em™3), as indicated in the legends. VOCALS cases range from 60—
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where the numerator is the horizontal mean ¢ at z=1.7m
minus the horizontal mean g, at z = 0.3 m, and the denom-
inator is the mean ¢, at these two reference heights during
the quasi-equilibrium period, which is used to normalize the
vertical-contrast metric. These heights are chosen to be sym-
metrically offset from the lower and upper plates (0.3 m from
each boundary) to reduce sensitivity to boundary-adjacent
layers. Figure 3 (bottom panel) shows that Ag. decreases
with increasing aerosol concentration for both VOCALS
and Seoul aerosol distributions. At low aerosol concentra-
tions (60-200 cm™3), Ag, typically ranges between approx-
imately 9 %—15 %, indicating a relatively strong vertical in-
crease in g, that reflects efficient droplet activation and con-
densational growth in the lower part of the chamber where
mixing between warm, moist air from the bottom bound-
ary and cooler air aloft generates enhanced supersaturation.
Conversely, under high-aerosol conditions (> 1000cm_3),
Ag. drops below 5 %, reaching approximately 2 % in certain
Seoul cases, indicative of a vertically uniform cloud struc-
ture. The weakening vertical gradient in g. with increasing
aerosol concentration implies underlying mechanisms: inten-
sified competition for water vapor and therefore low values
of supersaturation (S), which are examined further in the fol-
lowing section.

Atmos. Chem. Phys., 26, 5213-5235, 2026

3.2 Vapor Competition and Supersaturation Dynamics
as Constraints on the Vertical Distribution of Cloud
Water Mixing Ratio

To elucidate the mechanisms behind the simulated reduction
in Ag. at high aerosol concentrations, relationships between
Ag. and key microphysical parameters were analyzed. Fig-
ure 4 shows a strong positive correlation (R = 0.82) be-
tween Ag. and the phase relaxation time, which is defined
as tp = (4m D.Nrm)~!, where D, is a modified molecular
diffusion coefficient for water vapor. A longer T, character-
istic of low aerosol conditions, is linked to a relatively greater
vertical increase in gc. Physically, 7, represents the time re-
quired for cloud droplets to equilibrate with the surround-
ing vapor field. When aerosol concentrations are high, the
number of droplets increases, leading to stronger competi-
tion for available water vapor. As a result, supersaturation is
driven rapidly toward a low quasi-steady value, so individual
droplets experience weaker supersaturation and grow more
slowly, but the population equilibrates sooner and exhibits
limited additional growth aloft, thereby weakening the ver-
tical increase in ¢.. In the polluted cases, the enhanced con-
densational sink keeps supersaturation close to its low quasi-
steady value during ascent, which limits additional condensa-
tional growth aloft and therefore reduces the vertical increase
in gc. The suppression of vertical S gradients under high
aerosol concentrations is clearly illustrated in Fig. 5a and b,
which show vertical profiles of S for the VOCALS and Seoul

https://doi.org/10.5194/acp-26-5213-2026
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Figure 3. Top panels: Vertical profiles of time-averaged cloud water mixing ratio (gc) from 0-2m height for VOCALS (left) and Seoul
(right) aerosol cases at varying aerosol concentrations (60—10 Kcm™3). Each colored line corresponds to a different aerosol concentration
(see legends). Profiles are averaged over the quasi-equilibrium period (15-30 min). Bottom panel: Ag. as a function of aerosol concentration,
where each point represents the averaged value for the quasi-equilibrium period (15-30 min) of each aerosol distribution. Large Ag. indicates
a strong increase of g¢ with height, whereas small or negligible Ag; would indicate a nearly uniform vertical g. profile. Triangles denote

VOCALS cases; circles denote Seoul cases.

cases, respectively. Notably, the near-bottom layer exhibits
predominantly positive mean supersaturation, although both
positive and negative values occur intermittently. This behav-
ior is consistent with moist Rayleigh-Bénard convection re-
sults from a one-dimensional turbulence (ODT) framework
(Chandrakar et al., 2020), supporting the role of the lower
boundary layer as a plausible activation region. As aerosol
loading increases, the vertical variation in S becomes grad-
ually reduced, reflecting enhanced competition for water va-
por and faster equilibration. In other words, higher N, leaves

https://doi.org/10.5194/acp-26-5213-2026

insufficient vapor to sustain S during ascent, resulting in ver-
tically almost uniform g, profiles.

The S histograms in Fig. 5c¢ and d confirm this narrow-
ing distribution, clearly illustrating the diminished variabil-
ity and reduced magnitude of S in polluted cases. Figure 6
further demonstrates a systematic decline in the standard de-
viation of supersaturation (os) with increasing aerosol con-
centrations, reflecting suppressed S fluctuations in more pol-
luted environments. In addition, the domain-mean supersat-
uration (S) also shows a decreasing trend with increasing

Atmos. Chem. Phys., 26, 5213-5235, 2026
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Figure 4. Scatter plot showing the relationship between Agc (%) and phase relaxation time (zp) for VOCALS (triangles) and Seoul (circles)
aerosol cases. Each point represents the averaged value for the quasi-equilibrium period (15-30 min).

aerosols (Fig. 6; see symbol colors), indicating an overall
reduction in the thermodynamic potential for droplet activa-
tion and growth. The minimum critical supersaturation (Scyit)
in the prescribed aerosol spectrum is approximately 0.02 %,
designated to the largest aerosol particles in the size distri-
bution. As aerosol loading increases, K steadily falls toward
this value, often converging near 0.02 % (see Fig. 6). This
behavior is qualitatively consistent with Yang et al. (2025),
who found that mean supersaturation approached the criti-
cal value for their monodisperse aerosol. In our polydisperse
case, S does not collapse to a single value, but instead con-
verges to a narrow range near the minimum Scj; set by the
largest particles. When S is near this threshold, particles with
Serit close to S can repeatedly transition between weak acti-
vation and deactivation as turbulent S fluctuations move con-
ditions slightly above or below their critical value, which
effectively buffers S. This buffering helps explain why, be-
yond a certain aerosol concentration, the domain-mean g. no
longer increases (Fig. 2): enhanced vapor competition limits
additional net activation and condensational growth despite
further increases in aerosol loading. This suppression of S
variability parallels the weakening of the vertical ¢, gradient
discussed earlier. That is, just as vertical differences in g, be-

Atmos. Chem. Phys., 26, 5213-5235, 2026

come less pronounced with increasing aerosol, so does the
vertical structure of S. Figure 2 also shows that each micro-
physical variable, N, rn, or g., exhibits distinct timescales
to reach quasi-equilibrium conditions, with these timescales
varying systematically with aerosol concentration (see Sup-
plement Figs. S1 and S2 for a detailed analysis). Specifically,
the increasing aerosol concentration reduces S (Fig. 6), influ-
encing these equilibrium timescales.

To better understand the dynamical origin of this sup-
pressed variability, we examine how § interacts with verti-
cal motion. Figure 7 illustrates a significant linear correla-
tion (R? = 0.93) between og and the correlation coefficient
between S and vertical velocity (W). This suggests that og
is closely tied to the interaction between W and S. Before
interpreting this relationship, we address a potential con-
cern raised by the mean supersaturation profiles in Fig. 5a
and b, which exhibit oscillations near the lower and upper
rigid boundaries. Two factors likely contribute to these near-
wall oscillations. First, resolved transport and mixing are
inefficient near rigid boundaries in ILES, which can allow
sharp gradients to persist. Second, supersaturation is a diag-
nosed quantity, so small grid-scale perturbations in tempera-
ture and water vapor can translate into comparatively large

https://doi.org/10.5194/acp-26-5213-2026
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fluctuations in S because of the nonlinear saturation rela-
tionship and advection—condensation coupling (Grabowski
and Smolarkiewicz, 1990). Importantly, the W-S correla-
tions reported in Fig. 7 are computed over the interior re-
gion away from the plates, and the aerosol-dependent trends
in Fig. 7 remain unchanged when the boundary-adjacent lay-
ers are included (not shown). With this in mind, we inter-
pret the aerosol dependence of W—S coupling as follows. In
cleaner conditions, the longer phase relaxation time allows
S to respond more directly to vertical motions, as vapor is
not quickly depleted by condensation. However, in polluted
conditions, the short phase relaxation time causes supersat-
uration to relax rapidly toward its quasi-steady value, so su-
persaturation responds only weakly to fluctuations in verti-
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cal velocity W. In other words, the rapid vapor consumption
reduces S response to W variations, effectively decoupling
S from W. This explains the weakened W-S coupling un-
der high aerosol concentrations. To illustrate this W—S cou-
pling more directly, Fig. 8 shows the scatterplot of super-
saturation and vertical velocity. The scatterplots show that
positive S values are preferentially associated with updrafts
(W > 0), whereas negative S occurs mainly in downdrafts
(W < 0), consistent with condensation being most effective
during ascent. As aerosol concentration increases, both the
positive and negative S tails contract toward zero, making
the W-S relationship more symmetric and thereby weaken-
ing the W-S coupling. As noted by Grabowski et al. (2024),
this positive correlation between S and W in the chamber

Atmos. Chem. Phys., 26, 5213-5235, 2026
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arises not from adiabatic cooling driven by the updraft itself,
but rather from the mixing of air volumes (parcels) with dif-
ferent thermodynamic properties originating from the lower
and upper boundaries. Under constant-pressure conditions,
upward motions near the lower boundary transport warmer
and moister air there into the chamber, producing positive
S perturbations. Conversely, downward motions transport air
that is saturated at the cold upper boundary (low absolute
gv) into the warmer chamber interior; as this air warms and
mixes, saturation vapor mixing ratio increases faster than gy,
so the local relative humidity decreases and subsaturation
(S < 0) can occur. This behavior is consistent with observa-
tions from laboratory chamber experiments, which report the
most negative S in downdrafts (Anderson et al., 2021), ac-
celerated vapor consumption reduces droplets’ responsive-
ness to vertical S fluctuations, weakening the coupling be-
tween S and W (small W-S correlation) and reducing the
variability of S (small og). The physical explanation for this
is: as aerosol concentration increases, the total droplet sur-
face area also increases, facilitating faster water vapor con-
sumption; Consequently, positive S in regions of upward
motion is rapidly reduced toward zero; Meanwhile, in re-
gions of downward vertical velocity, the increased droplet
surface area accelerates evaporation, supplying water vapor
efficiently and thereby driving negative S values toward zero
fast. Notably, our simulations show clear sensitivity of both
positive and negative S distributions to aerosol concentra-
tion (Fig. 8), whereas Grabowski et al. (2024) reported neg-
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ligible sensitivity of negative S values to aerosol concentra-
tion. This discrepancy is likely attributable to differences in
aerosol injection methodologies. Repeating the analysis over
the full domain, including the boundary-adjacent layers, re-
duces the absolute magnitude of the W-S§ correlation but
does not change the aerosol-dependent trends or the tight re-
lationship between og and the W—S correlation (not shown).

The simulated suppression of vertical gradients in g, un-
der high aerosol concentrations is most plausibly explained
by constraints imposed by 7. In polluted environments, the
high number of activated droplets dramatically increases the
total surface area available for condensation, which shortens
7, and allows the condensational sink to balance the turbu-
lent source of supersaturation over a short timescale. As a
result, supersaturation remains small away from the produc-
tion region near the lower boundary, and most condensational
growth occurs there rather than being sustained throughout
the full depth of the chamber. Consequently, droplets com-
plete their growth before experiencing the full extent of ver-
tical S variability typically encountered during upward trans-
port. As a result, the effect of vertical motion on condensa-
tional growth is diminished, leading to a vertically uniform
q. structure regardless of height within the convection cham-
ber. This mechanism highlights how fast microphysical ad-
justment, rather than turbulent dynamics, primarily governs
the vertical distribution of cloud condensate under polluted
conditions. To further evaluate this interpretation, the next
section presents a Lagrangian analysis that directly compares

https://doi.org/10.5194/acp-26-5213-2026
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the characteristic timescales of condensation and turbulent
mixing using parcel trajectories, providing a more quantita-
tive framework for understanding the suppression of vertical
microphysical variability.

4 Lagrangian Analysis of Droplet Growth and
Activation

4.1 Trajectory Analysis of Super-Droplets

To investigate how SDs near the chamber base are verti-
cally transported and dispersed, we performed Lagrangian
tracking of all SDs residing within the lowest 0-0.2 m layer
of the chamber at a certain point of time. Rather than an-
alyzing a single case, we repeated this tracking procedure
across multiple start times during the quasi-equilibrium pe-
riod, specifically from 900-1780 s at 20 s intervals, to ensure
statistical robustness and account for temporal variability of
the flow field. Figures 9 and 10 present representative re-
sults for two tracking initiation times: 900 and 1600s, re-
spectively. Panel (a) in each figure shows time—height his-
tograms of SD counts, revealing how SDs rapidly ascend
from near the chamber base toward the upper region, subse-
quently descending and ascending again, with the total count
decreasing due to wall losses. Panel (b) in each figure illus-
trates the spatial distributions of SDs at the initial moments
(t =900s for Fig. 9, and 1600s for Fig. 10), while panel
(c) depict their positions 20s later (f = 920 and 16205, re-
spectively). These figures clearly illustrate that most SDs as-
cend to heights above 1.5 m within approximately 20 s (panel
a), although the detailed spatial distribution and vertical ex-
tent differ depending on the tracking initiation time (panel
).

Given that most SDs ascend from the chamber base to the
upper region (z > 1.5m) within approximately 20, this as-
cent time serves as a proxy for the turbulent mixing timescale
(Tm), that is, the characteristic time over which the supersatu-
ration field changes due to turbulent advection and mixing, in
contrast to the phase relaxation time (tp), which characterizes
changes in supersaturation due to condensational growth.
The turbulent mixing timescale can also be independently es-
timated from the upper height of the chamber (1.5m) and
a characteristic turbulent velocity scale (U ~0.06ms™ 1),
interpreted as the rms turbulent velocity, derived from the
mean turbulent kinetic energy (TKE 2 0.004m?s~%) as U =
(2/3 TKE)!/2. This calculation yields a mixing timescale of
approximately 28 s, which is longer than the previously men-
tioned ascent timescale of ~ 20s, likely because the 20 s esti-
mate primarily considers SDs strongly influenced by ascend-
ing motion. In contrast, 7, becomes significantly shorter un-
der high aerosol concentrations, decreasing from about 14 s
in clean cases to around 1 s in polluted conditions (Fig. 4).
This disparity can be expressed by the Damkohler number
(Da = tin/7p), which quantifies the relative pace of conden-
sation versus turbulent mixing. In polluted environments,
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Da > 1, which indicates that condensation adjusts much
faster than vertical mixing, so the condensational sink rapidly
balances the turbulent source and maintains a low quasi-
steady supersaturation. As a result, supersaturation fluctua-
tions and additional condensational growth aloft are strongly
reduced, and g. becomes nearly uniform with height. This
behavior is consistent with the quasi-steady supersaturation
framework of Chandrakar et al. (2018), in which both the
mean supersaturation and its variance decrease as the sys-
tem timescale 7 = T Tp/(Tm + Tp) becomes smaller. This de-
coupling between vertical motion and S evolution explains
the weakened vertical gradients of g. observed under high
aerosol loading. To further investigate how vertical motion
influences droplet behavior under these conditions, we ana-
lyzed the trajectories of SDs within the lowest 0-0.2 m layer
based on their normalized vertical displacement, using the
VOCALS (200, CTRL) case as a representative example.
Normalized vertical displacement is quantified for each SD
over the 20s tracking interval by comparing its height at a
certain second to that of the previous second. If the SD as-
cended, score of +1 was assigned,; if it descended, —1; and
if there was no change, 0. These 20 values were summed and
divided by 20, yielding a normalized score between —1 (en-
tirely descending) and +1 (entirely ascending). Figure 11a
shows the evolution over time (0-20s) of the mean height
of all SDs grouped by their normalized vertical displacement
bins: each line represents the mean height of SDs and shaded
bands indicate the 25th—75th percentile range. The results
demonstrate a clear trend that shows SDs with higher nor-
malized vertical displacement tending to reach significantly
higher heights. Despite this trend, turbulent motions in the
convection chamber allow some SDs with lower normalized
vertical displacement to reach relatively elevated heights.
Figure 11b presents the results averaged over all tracking
start times (900-1780s). For each start time, the mean SD
height was calculated for each normalized vertical displace-
ment bin, and the shaded bands represent the 25th—75th per-
centile range of these mean height lines across all start times.
The overall trend closely resembles that of the single case
shown in Fig. 11a, confirming the robustness of the normal-
ized vertical displacement metric in capturing vertical trans-
port pathways in the convection chamber.

Building on the Lagrangian tracking framework intro-
duced above, we further investigate how vertical motion in-
fluences droplet growth under varying aerosol conditions.
Specifically, we analyze the size evolution of individual SDs
over 20 s as a function of their normalized vertical displace-
ment. Again, this analysis focuses on SDs initially located
near the chamber base (0-0.2 m layer) and tracked upward
through turbulent mixing. Tracking was initiated at multiple
start times during the quasi-equilibrium period (from ¢ = 900
to 1780s, every 20s), and the results were averaged across
these intervals. Figure 12a presents the mean normalized
droplet growth (dr) of each SD as a function of its normal-
ized vertical displacement. The droplet growth is calculated

https://doi.org/10.5194/acp-26-5213-2026
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using:

Fend — Tstart

r=——Hn— - —"—
(Fend + T'start) /2

where 7t and repg are the radius of each SD at the be-
ginning and end of the 20s interval, respectively. It is clear
that SDs with higher normalized vertical displacement gen-
erally exhibit larger dr compared to those in the lowest nor-
malized vertical displacement bin (—1.0 to —0.78), particu-
larly for normalized vertical displacement bins up to approx-
imately —0.56 to —0.33, across most aerosol concentrations.
This indicates that trajectories that spend more time mov-
ing upward within the supersaturation source region near the
chamber base tend to experience enhanced condensational
growth. Under such conditions, ascending SDs experience
more favorable thermodynamic environments for condensa-
tional growth. However, as aerosol concentration increases,

@

https://doi.org/10.5194/acp-26-5213-2026

dr for ascending SDs becomes less pronounced. In partic-
ular, the VOCALS (10K) and Seoul (10K, CTRL) cases
show significantly reduced differences in growth between as-
cending and descending SDs, suggesting that condensational
growth becomes less sensitive to vertical motion because S
is rapidly buffered near a low quasi-steady value set by the
balance between the boundary-forced vapor supply (trans-
port) and the enhanced condensational sink at high aerosol
loading (short 7p). Figure 12b presents the mean count of
SDs in each normalized vertical displacement bin. SDs that
were removed due to wall-loss were excluded from the count.
Notably, the total SD count tends to increase with aerosol
number concentration. This is because higher aerosol loading
generally leads to smaller activated droplets with lower fall
velocities, thereby reducing sedimentation-driven wall losses
and allowing more SDs to remain within the domain through-
out the tracking period.

Atmos. Chem. Phys., 26, 52135235, 2026
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Figure 12. Relationship between droplet growth and vertical motion behavior over a 20 s period for SDs initially located within 0-0.2 m of
the chamber base at each start time. The analysis is averaged over multiple start times (900-1780 s, every 20 s) during the quasi-equilibrium
period. (a) Mean dr as a function of normalized vertical displacement, which quantifies the fraction of time each SD spent ascending. (b) SD

count within each normalized vertical displacement bin.

A particularly notable feature in Fig. 12a is that the max-
imum dr does not occur at the highest normalized vertical
displacement bin but instead peaks near —0.25, for polluted
conditions. This counterintuitive result can be explained by
the vertical structure of the S field within the chamber. As
shown in Fig. 5a and b, S is high near the bottom bound-
ary, where warm and moist air perturbations are introduced
via wall forcing. Consequently, S is spatially confined to
the lower region of the chamber and becomes progressively
depleted with height. SDs with moderate normalized verti-
cal displacement (around —0.25) tend to remain within this
lower region (z < 0.5m; see Fig. 11) and are repeatedly ex-
posed to grid cells containing higher S. In contrast, SDs
with higher normalized vertical displacement ascend more
rapidly and move beyond the S-generating layer, entering S-
depleted regions where further growth is limited. This mech-
anism explains the turnover in dr (except VOCALS (60) and

Atmos. Chem. Phys., 26, 5213-5235, 2026

Seoul (60)) in Fig. 12a: droplets that ascend too quickly exit
the favorable growth environment before maximizing con-
densational growth. This interpretation is further supported
by the normalized vertical displacement-binned mean S val-
ues shown in Fig. 13a, which represent the average S en-
countered by SDs along their trajectories. In all cases, S
reaches its maximum at a normalized vertical displacement
near —0.25 and steadily declines at higher bins. This trend re-
flects the spatial confinement of the S production zone near
the chamber base and the lack of its regeneration at higher
heights. Under clean conditions, where vapor competition is
weak and the S field persists longer due to slower depletion,
dr continues to increase with normalized vertical displace-
ment. In contrast, under polluted conditions, rapid vapor con-
sumption depletes S more efficiently near the base, limiting
droplet growth even for strongly ascending SDs. Figure 13b

https://doi.org/10.5194/acp-26-5213-2026
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confirms the positive correlation between normalized vertical
displacement and vertical velocity.

4.2 Dependence of Droplet Activation on Vertical
Dynamics

To further investigate how vertical dynamics influence cloud
microphysical evolution, we analyze the activation behavior
of unactivated SDs initially located near the chamber base
(z = 0—0.2m) under varying aerosol conditions. Rather than
focusing on a single time, we apply this analysis across mul-
tiple start times during the quasi-equilibrium period (900—
1780, every 20s). The activation fraction is defined as the
ratio of the number concentration of SDs that become ac-
tivated during the 20s tracking interval to the total num-
ber concentration of initially unactivated SDs located near
the chamber base (z = 0 — 0.2m). Figure 14a shows the ac-
tivation fraction of SDs binned by normalized vertical dis-
placement, averaged for all start times. Each SD was tracked
for 20 s after its respective start time, and its activation sta-
tus was evaluated. The activation fraction increases from the
mostly descending trajectories toward moderately ascending
ones and typically peaks near a normalized vertical displace-
ment of about —0.25, then decreases or changes only weakly
at higher normalized vertical displacements. This pattern
closely resembles dr trends discussed earlier (Fig. 12), where
SDs with moderate normalized vertical displacement experi-
enced the largest size increase. In both the dr (Fig. 12) and
activation fraction (Fig. 14) analyses, the key factor is that
SDs whose normalized vertical displacement lies near —0.25
remain longer within the lower chamber layer (z < 0.5m),
where S is locally enhanced by mixing of air parcels with
contrasting temperature and humidity from the upper and
lower boundaries. As shown in Fig. 5, horizontally averaged
S tends to be the highest near the bottom boundary and de-
creases toward zero with height. Trajectories in this normal-
ized vertical displacement range around —0.25 are repeat-
edly exposed to this supersaturation source region, which
increases both their probability of activation and their con-
densational growth. In contrast, SDs with larger normalized
vertical displacement ascend more quickly out of the lower
layer and spend more time in regions where S has already
been depleted, so both their activation fraction and dr are re-
duced. As aerosol concentration increases, the overall acti-
vation fraction declines due to intensified vapor competition.
In highly polluted cases such as VOCALS (10K) and Seoul
(10K, CTRL), even strongly ascending SDs show limited ac-
tivation, and the difference between ascending and descend-
ing SDs becomes small. This suggests that condensational
growth depletes vapor faster than it can be replenished by
turbulent mixing, reducing S variability and diminishing the
impact of vertical motion. Figure 14b shows the mean num-
ber of unactivated SDs near the chamber base that remained
within the simulation domain and were fully tracked for 20 s
after each start time ( = 900 — 17805, every 20 s), binned by
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normalized vertical displacement. Figure 15a and ¢ show the
three-dimensional locations of the first activation events for
50000 SDs that were randomly selected from the population
of unactivated SDs located between 0 and 0.2m at 1600 s
for VOCALS (200, CTRL) and VOCALS (10K) cases, re-
spectively. Figure 15b and d present the corresponding verti-
cal histograms using 0.02 m height bins. For VOCALS (200,
CTRL), 24 423 of the tracked SDs activate between 1600 and
1620, and a substantial fraction of these activation events
occur well above the source layer near the lower bound-
ary, with activation locations extending through much of the
chamber depth. For VOCALS (10K), only 6512 SDs acti-
vate, and these activation events are almost entirely confined
to heights below about 0.3 m, with a weaker secondary max-
imum near the chamber top where S is also elevated, consis-
tent with the vertical structure of S, as shown in Fig. 5a. As
discussed in Sect. 3.2, the present simulations exhibit super-
saturation oscillations near the lower and upper rigid bound-
aries, and in Fig. 15¢ and d much of the polluted-case ac-
tivation occurs within the near-bottom layer where the posi-
tive supersaturation oscillation is the strongest. This indicates
that activation in polluted conditions is indeed concentrated
in a shallow near-bottom region in the chamber, although the
local magnitude of activation in this boundary-adjacent layer
may be enhanced by the numerical oscillation. We therefore
interpret Fig. 15 primarily as evidence for the vertical con-
finement of activation under polluted conditions, rather than
as a precise quantitative measure of the absolute activation
magnitude near the boundary. Importantly, the main conclu-
sions of this study do not rely on this near-wall feature alone,
because the weakening of the dependence of droplet growth
and activation on vertical motion is also supported by the
interior W-S diagnostics and the trajectory-based statistics
shown in Figs. 7, 12, and 14. Reducing these near-boundary
supersaturation oscillations is an important priority for future
chamber simulations.

These results collectively suggest that, under high aerosol
loading, droplet activation becomes increasingly indepen-
dent of vertical motion due to limited thermodynamic poten-
tial for nucleation. These Lagrangian findings reinforce the
Tm — Tp perspective. Under polluted conditions (Da > 1), in-
tensified vapor competition rapidly depletes available water
vapor, leading to early saturation of condensational growth at
lower heights. This process not only reduces the overall mag-
nitude of droplet growth and activation fraction, as shown in
Figs. 12 and 14, but also weakens the dependence of these
microphysical processes on vertical transport, as quantified
by normalized vertical displacement. As a result, the g, struc-
ture becomes increasingly uniform in the vertical. This high-
lights that the homogenization of cloud condensate in the ver-
tical direction under polluted conditions might be primarily
driven by microphysical timescale constraints

In comparing VOCALS and Seoul cases for the same
aerosol concentrations, dr is greater for Seoul cases, whereas
the activation fraction is higher for VOCALS cases (Figs. 12
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Figure 13. Same as Fig. 12, except for (a) mean S and (b) mean W.

and 14). This difference arises because VOCALS aerosols
contain more large particles that readily activate, resulting
in higher N, and activation fractions. In contrast, Seoul
aerosols include more small particles that activate less ef-
ficiently, leading to fewer activated droplets. Consequently,
these fewer droplets face reduced competition for water va-
por, promoting greater individual growth compared to VO-
CALS.

From a Lagrangian perspective, we interpret our diagnos-
tics as follows. At a given time, the super droplets within
the lowest 0.2 m can be viewed as originating from a com-
mon near-bottom air mass. Turbulent motions then disperse
these droplets along trajectories that differ in their net as-
cent and in their residence time within the near-bottom super-
saturation source region. These differences produce distinct
time-integrated supersaturation exposures, and therefore dis-
tinct condensational growth histories, even for droplets that
start from the same near-bottom layer. In the clean (low-

Atmos. Chem. Phys., 26, 5213-5235, 2026

CCN) cases, supersaturation fluctuations are relatively large,
so growth becomes strongly history dependent and the nor-
malized radius increment, dr, varies substantially across tra-
jectories. In the polluted (high-CCN) cases, supersaturation
fluctuations are damped, so droplets experience more simi-
lar effective supersaturation histories and dr becomes more
uniform. In our simulations, this transition is accompanied
by a weakening of the vertical gradient in g, consistent with
reduced contrasts between strongly ascending and weakly as-
cending trajectories as CCN increases.

5 Concluding Remarks

This study investigated how varying aerosol concentrations
influence cloud microphysical evolution and vertical struc-
ture using idealized simulations of a turbulent moist con-
vection cloud chamber. The simulations employed a large-
eddy simulation (LES) coupled with a Lagrangian super
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Figure 14. (a) Activated droplet fraction over a 20s interval, binned by normalized vertical displacement. The fraction is calculated by
dividing N, of SDs that are in the activated state at t = fstart +20s by the N¢ of unactivated SDs initially located near the chamber base
(z=0-0.2m) at each start time. The analysis is averaged over multiple start times during the quasi-equilibrium period. (b) Mean count
of SDs that were successfully tracked over each 20s interval (starting from ¢ =900 — 1780s every 20s), binned by normalized vertical

displacement.

droplet method (SDM), configured to represent turbulent
convection-mixing processes in a laboratory-scale chamber
currently under construction at the Korea Institute of Science
and Technology (KIST).

Differences emerged in the vertical distribution of cloud
water mixing ratio under varying aerosol conditions. At low
aerosol concentrations, droplets experienced sustained con-
densational growth during ascent, producing significant ver-
tical gradients in cloud water mixing ratio due to prolonged
exposure to supersaturation (). Conversely, at high aerosol
concentrations, the short phase relaxation time induces a low
quasi-steady supersaturation throughout the chamber, so con-
densational growth changes little with height and the cloud

https://doi.org/10.5194/acp-26-5213-2026

water mixing ratio profile becomes nearly vertically uniform.
The Damkdohler number (Da = 11, /1p), defined as the ratio of
turbulent mixing timescales (7, ) to microphysical timescales
(tp), provides a useful framework for interpreting this transi-
tion: under clean conditions, Da is of order unity, so conden-
sation and vertical mixing act on comparable timescales, al-
lowing vertical transport to imprint supersaturation variabil-
ity on droplet growth. In contrast, polluted conditions cor-
respond to large Da (> 1), indicating that condensation de-
pletes supersaturation more rapidly than mixing can regen-
erate it. Lagrangian trajectory analyses further show that in
clean cases, droplet growth and activation are maximized for
trajectories with moderate upward displacement (normalized

Atmos. Chem. Phys., 26, 5213-5235, 2026
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vertical displacement) that remain long within the supersat-
uration source region near the chamber base. In contrast, in
polluted cases, the dependence of growth and activation on
normalized vertical displacement is much weaker, consistent
with the more uniform and strongly damped supersaturation
field. However, at elevated aerosol concentrations, this corre-
lation weakened significantly due to intensified vapor com-
petition, limiting S variability. Thus, under polluted condi-
tions, droplet activation became increasingly independent of
vertical motion, reinforcing the vertical homogenization of
cloud water mixing ratio. These simulation results offer sev-
eral practical implications for cloud chamber experiments.
First, the identified transition in cloud water mixing ratio ver-
tical structure, governed by the relative timescales of conden-
sation and mixing, provides a robust diagnostic framework to
interpret experimental observations. Second, specific micro-
physical signatures, particularly vertical uniformity in cloud
water mixing ratio under polluted conditions, serve as clear
observational markers to diagnose aerosol effects within con-
trolled laboratory settings. Accordingly, the design and inter-
pretation of future chamber experiments may benefit from
considering these mechanisms, as they could fundamentally
influence how droplet activation and condensational growth
manifest under varying aerosol conditions.

Moreover, this study enhances process-level understand-
ing of cloud microphysics by elucidating how aerosol-
induced changes in S variability and droplet activation mech-
anisms directly impact the vertical distribution of cloud
condensate. Although the § generation mechanism in the
chamber differs fundamentally from atmospheric clouds, be-
ing driven by the mixing of air parcels originating from
both lower and upper boundaries with contrasting thermo-
dynamic properties rather than adiabatic cooling, the inter-
play between microphysical timescales and turbulent dynam-
ics remains broadly relevant, offering valuable insights into
aerosol-cloud interactions. Importantly, this is the first study
to identify the mechanisms governing the aerosol-dependent
vertical distribution of cloud condensate in a laboratory con-
vection chamber using Lagrangian super droplet tracking.
This novel approach reveals how vertical motion and vapor
competition jointly modulate droplet growth, offering a new
process-based framework for interpreting chamber experi-
ments and guiding cloud parameterizations.

This behavior can be summarized by a timescale perspec-
tive in which Da (= t,/7p) compares a chamber-scale trans-
port time, Ty, to the phase relaxation time, 7. As CCN
loading increases, the total droplet surface area increases, T,
shortens, and supersaturation perturbations are relaxed more
rapidly toward quasi-equilibrium. The resulting reduction in
supersaturation variance and narrowing of growth histories
is consistent with laboratory evidence from the Pi Chamber
(Chandrakar et al., 2016). Our simulations extend this picture
by showing, in a fully three-dimensional Lagrangian frame-
work, how the same mechanism links supersaturation damp-
ing to both the vertical structure of g, and the sensitivity of
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condensational growth to vertical history for droplets origi-
nating from the same near-bottom air mass.

In atmospheric clouds, this timescale view is closely re-
lated to eddy-hopping and stochastic parcel frameworks for
condensational broadening in shallow cumulus and stratocu-
mulus. When Da is unity, droplets adjust slowly enough
that differences in Lagrangian residence time within re-
gions of enhanced supersaturation are efficiently translated
into differences in condensational growth, favoring spectral
broadening. When Da is large, supersaturation is homoge-
nized more rapidly, so droplets following distinct trajecto-
ries can nevertheless experience similar effective supersatu-
ration histories and grow by comparable amounts. This sug-
gests that higher CCN loading can weaken the imprint of
turbulent history on condensational broadening in cloud in-
teriors, consistent with stochastic entraining parcel studies
(e.g., Abade et al., 2018). This interpretation is also consis-
tent with recent adiabatic cloud simulations based primarily
on 1D turbulent-parcel modeling, complemented by 3D LES
cloud simulations, showing that eddy hopping effect and the
associated turbulence-driven condensational broadening are
stronger under pristine conditions because a longer phase re-
laxation time allows larger supersaturation fluctuations for
the same turbulent vertical-velocity variability, and a larger
peak cloud-base supersaturation activates a broader range of
CCN (Grabowski et al., 2026).

We note that the Da used here differs from the Da com-
monly adopted in entrainment-mixing studies at cloud edges,
where Da often compares a microphysical adjustment time
(frequently evaporation in subsaturated entrained air) to a
small-scale turbulent mixing time across cloudy and envi-
ronmental filaments. In that framework, large Da implies mi-
crophysics can act faster than mixing, promoting inhomo-
geneous mixing signatures. By contrast, our Da compares
phase relaxation to a chamber scale transport time in a near-
saturated, quasi-closed environment where condensational
relaxation dominates. There, a shorter 7, strengthens the neg-
ative feedback on supersaturation perturbations, so increas-
ing CCN primarily damps supersaturation fluctuations and
homogenizes condensational growth histories in the chamber
interior. In atmospheric clouds, both behaviors can coexist,
with CCN damping interior supersaturation variability while
entrainment at cloud edges can still drive locally inhomo-
geneous mixing depending on humidity deficits and mixing
scales.

In addition, pi-chamber studies using flux-based bound-
ary conditions derived from Monin—Obukhov similarity the-
ory report qualitatively similar aerosol-driven weakening of
the vertical gradient of g, (Yang et al., 2023; Thomas et al.,
2022; Wang et al., 2024a), supporting the robustness of our
interpretation. Nevertheless, boundary conditions for labo-
ratory convection chambers are not yet standardized and
can influence near-wall supersaturation variability and acti-
vation statistics; coordinated intercomparisons of specified-
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state versus flux-based plate thermodynamics and lateral-
wall treatments, validated against measurements, are needed.
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