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Abstract. In cumulus clouds, aerosol concentrations control cloud droplet concentrations, modifying cloud radiative properties,
precipitation processes, and cloud electrification. However, mechanisms of aerosol-deep convection interactions are not well
understood due to complex cloud dynamics and microphysics. We investigate the interaction of aerosols with isolated deep
convection using Large Eddy Simulations during the TRacking Aerosol Convection interactions ExpeRiment (TRACER) in
the Houston area, using a joint cell-thermal tracking algorithm. Cumulus thermals are droplet generators, since supersaturation
and droplet nucleation coincide with thermal centers, where the strongest updrafts occur. Primary ice crystal formation does
not take place inside thermals, but at layers where previous thermals detrained moisture. As subsequent thermals containing
supercooled droplets penetrate these layers, hail and graupel form at or near these thermals. Higher aerosol concentrations
result in higher droplet concentrations that suppress drizzle, delay warm rain processes, and transport more moisture aloft. This
increases snow and ice amount, as well as graupel and hail, also associated with more lightning. Also, thermals initiate slightly
higher, are slightly larger and faster, suggesting a weak invigoration. We also find more thermals per cell, albeit fewer isolated
cells. Convection aggregates more, explaining the lower isolated cell count, and enhancing convection, especially near the end
of the 24-hour integration. This non-linear mesoscale feedback is likely triggered by temperature and moisture responses due
to aerosol-thermal interactions. Additional time-lagged aerosol-reinialization experiments show that the mesoscale response
is the predominant forcing for the invigoration. These changes happen within one day, on a smaller scale than previously

suggested.
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1 Introduction

Research over the past few decades has shown that aerosols can impact the microphysics, dynamics, and electrification of
clouds (Tao et al., 2012). Higher aerosol concentrations result in smaller but more numerous cloud droplets, increasing cloud
albedo (Twomey, 1974), cloud cover and lifetime (Albrecht, 1989; Ackerman et al., 2000), and delaying warm precipitation
processes (e.g., Andreae et al., 2004; Givati and Rosenfeld, 2004). However, when mixed-phase clouds come into play, some
results suggest “invigoration” of convection due to an enhancement of vertical velocity and ice-microphysical processes (An-
dreae et al., 2004; Koren et al., 2005; Lin et al., 2006; Li et al., 2011; Hu et al., 2019; Abbott and Cronin, 2021; Yin et al., 2024).
The former process is called warm-phase invigoration, whereas the latter process is called cold-phase invigoration (Rosenfeld
et al., 2008).

The mechanisms behind these impacts are not yet fully understood. Khain et al. (2008) classified invigoration/suppression of
deep convection as a function of ambient humidity associated with condensation increases/decreases due to enhanced aerosols,
which highlights how different ambient conditions can lead to different responses to aerosol concentrations. Such responses are
also not linear and can depend on other factors such as aerosol size. For example, using observations over the Houston area, Hu
et al. (2019) found that for environments with similar Convective Available Potential Energy (CAPE), convective clouds have
a higher radar echo-top height and increased lightning activity for aerosol concentrations up to 1000 cm~2. They also report
that increasing aerosol concentrations above about 1200 cm~3 in fact decreases lightning activity, and that differences between
urban and rural areas are only present at low aerosol concentrations (less than 500 cm™~3). More recently, Yin et al. (2024) show
that fine aerosols invigorate deep convective systems by making them deeper and longer lived, whereas coarse sea salt aerosols
inhibit convective vertical growth, but enhance warm rain production. On the other hand, convective invigoration is still debated
in terms of warm- and cold-phase microphysics processes (Varble et al., 2023; Oktem et al., 2023; Fan et al., 2025). This is
primarily due to the lack of fundamental understanding of the cloud microphysics associated with cloud turbulence/dynamics
within the convective core, and also their dynamical feedback at different spatio-temporal scales (Hirt et al., 2020; Stephens
et al., 2024).

It is widely accepted that cumulus clouds consist of updrafts that are transient in nature and actually resemble rising bubbles
(e.g. Scorer and Ludlam, 1953; Saunders, 1961; Blyth et al., 2005; Sherwood et al., 2013; Yano, 2014; Romps et al., 2021).
These bubbles, or “thermals”, are coherent volumes of rising air, typically with an internal toroidal circulation, as shown by
observations (e.g. Damiani et al., 2006) and high-resolution simulations (e.g. Hernandez-Deckers and Sherwood, 2016; Peters
et al., 2020). Although conceptual models of such clouds for numerical simulations where they are not explicitly resolved have
mainly been developed assuming a “steady, entraining plume” (e.g. Arakawa and Schubert, 1974), there has been a growing
interest in introducing the thermal concept to better describe cumulus clouds and possibly improve cumulus parameterizations.

Sherwood et al. (2013) proposed that the internal circulation within thermals could explain how high entrainment rates do
not necessarily imply substantial drag, a conclusion that is not necessarily consistent with the classical steady entraining-plume
concept. Romps and Charn (2015) showed that, nevertheless, thermals do sustain significant drag that balances buoyancy, so

that they rise at nearly constant speed. Hernandez-Deckers and Sherwood (2016) performed a more detailed momentum budget
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analysis, which highlighted the transient nature of thermals, and Hernandez-Deckers and Sherwood (2018) tested multiple
entrainment relations for thermals, finding that thermal size is the most relevant determining factor, but it explains only 20%
of total variance. Other studies have further investigated thermals and their properties within clouds, with a particular interest
in the development of new cumulus parameterizations (e.g. Morrison and Peters, 2018; Morrison et al., 2020a; Peters et al.,
2020; Romps et al., 2021; Gu et al., 2020; Morrison et al., 2023; Stanford et al., 2025).

Recent research increasingly utilizes thermals as a fundamental reference frame for investigating convective microphysical
processes within numerical simulations. For instance, Hernandez-Deckers et al. (2022), hereafter HD22, emphasized the critical
role of thermals as “cloud droplet/raindrop producers”, demonstrating that the formation of cloud droplets and their subsequent
growth into raindrops are strongly governed by internal thermal circulations, supersaturation levels, and cloud nucleation
processes. Sampling convective regions through the reference of thermals has proven to be a more effective approach for
examining microphysical processes and their sensitivity to background aerosol number concentrations compared to methods
relying solely on grid point selection based on specific thresholds.

Furthermore, Matsui et al. (2024), hereafter MA24, utilizing thermal tracking to analyze simulated dry- and wet-season deep
convection over the Amazon, demonstrated a distinct role for thermals in cold-phase microphysics. Their findings indicated that
ice and snow crystals predominantly form outside of thermals, specifically in regions where prior thermals have detrained cloud
droplets. Subsequently, when droplet-laden thermals ascend into this ice-rich layer, riming processes are enhanced, leading to
the production of graupel and hail embryos within the thermal cores. These two studies collectively highlight the importance
of thermals and their ensembles as a crucial framework for understanding the development of convective microphysics within
moist deep convection, influenced by both background aerosols and thermodynamic environments.

This study investigates the impact of aerosols on the microphysics and dynamics of isolated deep convective cells using
large-eddy simulations (LES) coupled with Lagrangian tracking of convective cells and thermals. The manuscript is structured
as follows: Section 2.1 details the selection of sea-breeze-driven isolated deep convection events observed around the Houston
Metropolitan area and the characterization of background aerosol concentrations based on seasonal in situ measurements.
Section 2.2 describes the LES model configuration, which incorporates a sophisticated double-moment microphysics scheme
with an explicit representation of electric charging and discharging processes. A novel joint cell-thermal-tracking algorithm,
developed for this study and applied to the high spatiotemporal resolution LES output, is presented in Section 2.3. Section 3
will present the results of these analyses, aiming to disentangle the complex interactions between microphysics, dynamics, and
electrification within simulated isolated deep convection as a function of background aerosol concentrations. Furthermore, the
intricate feedback mechanisms associated with cumulus thermals will be examined and discussed. Finally, Section 4 provides

a summary of the findings, a discussion of potential uncertainties, and an outline of future research directions.
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2 Data and Methods
2.1 TRACER campaign

The US Department of Energy (DOE) Atmospheric Radiation Measurement (ARM) program’s TRacking Aerosol Convec-
tion interactions ExpeRiment (TRACER) took place between October 2021 and September 2022 in the region in and around
Houston, TX, with the goal of observing thunderstorms in the region together with their aerosol and thermodynamic environ-
ments (Jensen et al., 2025). The first ARM Mobile Facility (AMF1) captured a full suite of surface meteorological conditions,
released frequent sounding balloons, and included detailed radiometric measurements. High-resolution scanning polarimetric
radars characterized storm lifecycle, while surface-based, boat, and drone-borne instrumentation sampled aerosol and ther-
modynamic conditions in the boundary layer. Additional detection antennas were used to augment the Houston Lightning
Mapping Array (HLMA), improving coverage and accuracy of lightning flash detection (Bruning et al., 2024). Observations
were emphasized during an Intensive Observing Period (IOP) from 1 June to 30 September, 2022 when thunderstorm cells
were automatically tracked, additional sondes were released, and guest instrumentation was brought to bear on environmental
and aerosol sampling.

Aerosol size distributions were derived from Scanning Mobility Particle Sizer (SMPS) observations (Singh and Kuang,
2024) at the AMF1 site, during the TRACER field campaign (Jensen et al., 2022, 2025). The SMPS is a part of the operating
Aerosol Observing Systems (AOS), which serves as the primary ground-based platform for in situ aerosol measurements
(Uin et al., 2019). The SMPS measures aerosol size distribution (dN/dlogDp) for particle diameters (Dp) ranging from 10 to
500 nanometers (nm). The dN/dlogDp values were integrated across different size bins to calculate the total aerosol number
concentration.

Two aerosol regimes are considered, representing clean and polluted conditions, based on measurements taken from 17 June
to 7 August 2022. The clean regime is defined by samples with the total aerosol concentration below the 10th percentile. The
polluted regime includes samples with concentrations above the 90th percentile. The aerosol modal representation presented
here is based on a combination of qualitative assessment and closure of total number concentration between the observations
and the best fit modes. Following Seinfeld and Pandis (2006), the aerosol size distributions were approximated using a sum
of up to three lognormal functions, individually representing nucleation, Aitken, and accumulation modes. The parameters,
including number concentration (Na), median diameter (Dm), and the standard deviation (Sigma) for the modal distributions,
are shown in Table 1 for clean and polluted regimes. These values are homogeneously initialized within the regional LES.

Note that there are several approaches to distinguishing clean and polluted conditions, such as separating continental and
maritime regimes (Matsui et al., 2020a; Iguchi et al., 2020) or employing more gradual classifications rather than focusing
solely on extreme values (Hernandez-Deckers et al., 2022). In this study, however, we adopt a more fundamental separation to

examine the model’s behavior in simulating aerosol impacts on sea—breeze—driven isolated deep convection.
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Table 1. Lognormal aerosol modal parameters derived from SMPS observations for clean and polluted cases: Number concentration (Na),

median diameter (Dm) and standard deviation (Sigma).

Aerosol properties Mode 1 Mode 2 Mode 3
(Nucleation)  (Aitken) (Accumulation)

Na (clean) (cm™2) 352 391 260
Na (polluted) (cm %) 11518 3462 454
Dm (clean) (nm) 17 54 165
Dm (polluted) (nm) 20 51 167
Sigma (clean) 1.6 1.5 1.4
Sigma (polluted) 1.6 1.6 1.5

2.2 NU-WREF simulations

The NASA-Unified Weather Research and Forecasting (NU-WREF; e.g. Peters-Lidard et al., 2015) model was utilized as a
limited-area weather model to simulate convection, the behavior of which is analyzed by the thermal and cell tracking algo-
rithm. NU-WRF is a superset of the National Center for Atmospheric Research (NCAR) WRF Advanced Research core (ARW;
Skamarock et al., 2008) with additional components developed at NASA Goddard Space Flight Center. The version of NU-
WREF used here, tailored for simulating the cases of the TRACER field campaign, is denoted as NU-WRF with Electrification,
a Polarimetric radar Instrumental simulator, and Cloud condensation nuclei (NU-WRF EPIC). NU-WRF EPIC is based on
NU-WREF version 9 patch 3 and WRF-ARW version 3.9.1.1.

Three nested simulation domains, with horizontal grid spacings of 3, 1, and 0.2 km, were set up to cover an approximately
200 km x 170 km area around the Houston metropolitan area. The initial conditions for all domains, as well as the lateral
boundary conditions for the outermost domain, were prepared using the ECMWF Reanalysis 5th Generation (ERAS5) dataset
(Hersbach et al., 2020). First, the two larger domains with grid spacings of 3 and 1 km were simulated simultaneously to
produce the lateral boundary conditions for the 0.2 km domain. Then, the innermost domain was simulated at near LES scales,
and the results were used for analysis. Model atmospheric columns extended from the surface up to 100 hPa and were divided
into 91 layers across all domains.

The 2017 versions of the Goddard shortwave and longwave radiation schemes (Chou and Suarez, 1999; Chou et al., 2001;
Matsui et al., 2020b), which do not incorporate the radiative effects of aerosols, were used to calculate the atmospheric radiation
flux and heating. No planetary boundary layer (PBL) parameterization scheme was used in the simulations for LES, while the
level-2.5 Mellor-Yamada-Nakanishi-Niino (MYNN) turbulence scheme (Nakanishi and Niino, 2006, 2009) was used for large-
domain simulations. The physics and structure of the surface layer were parameterized based on the traditional Monin-Obukhov

similarity theory (Monin and Obukhov, 1954). The community Noah land surface model with multi-parameterization (Niu
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et al., 2011; Yang et al., 2011) was used to calculate land surface processes and surface heat fluxes. The Moderate Resolution
Imaging Spectroradiometer (MODIS) global dataset with 21 land use categories and 30-minute horizontal resolution (e.g.
Friedl et al., 2002) was used for categorizing land use and land cover. A single-layer urban canopy model (Kusaka et al.,
2001; Kusaka and Kimura, 2004; Chen et al., 2011) was used to incorporate urban effects for metropolitan areas. No subgrid
convection parameterization was used in any domain.

The National Severe Storms Laboratory (NSSL) two-moment bulk microphysics scheme was used to calculate grid-scale
cloud microphysics. This microphysics scheme predicts the mass and number concentrations of the six hydrometeor categories
(cloud water, rain, ice crystals, snow, graupel, and hail). Bulk densities are also predicted for the graupel and hail categories,
allowing “graupel” to represent the range from rimed snow to frozen drops. The cloud microphysics parameterization is coupled
with parameterizations for cloud electrification (Mansell et al., 2005, 2010) and bulk discharge processes (Fierro et al., 2013).
Both non-inductive and inductive charging were considered, as both processes have proven important in simulating various
thunderstorm modes, including thundersnow (Harkema et al., 2024).

The nucleation process of cloud water droplets from aerosol particles in NU-WRF EPIC is calculated based on the param-
eterization developed in Abdul-Razzak and Ghan (2000) from tri-modal size distributions, with Na specified from the SMPS
observations (Section 2.1). Heterogeneous ice nucleation is based on the parameterization from DeMott et al. (2010). The Na
values are initialized as horizontally homogeneous without the addition of aerosols during the simulations. The initial vertical
distribution of Na is homogeneous from the ground to 1,500 meters above the mean sea level. Above that level, Na decreases
with increasing height, with an 800-meter scale height. The kappa value for the aerosol particles was set at 0.12. This value
was calculated from the cloud condensation nuclei (CCN) observations at the TRACER-AMF1 site (Koontz et al., 2021) and
represents the average value over the deployment.

A semi-diagnostic method (Fridlind et al., 2017) was employed to track aerosol number concentrations. This approach
predicts CCN concentrations at each time step for a specified supersaturation. Cloud droplet number concentration increases
only when the predicted number of activated CCN exceeds the existing cloud droplet number concentration. Notably, this
nucleation scheme does not explicitly account for aerosol loss; aerosol removal is only considered during the conversion of
cloud droplets to raindrops.

Note that considerable uncertainties remain for the parameterization of many microphysical processes, including initial
formation of rain through collision-coalescence, vapor growth of ice, and secondary ice production, among other processes
(Morrison et al., 2020b). The consequences of these individual uncertainties in the aggregated and emergent behavior of a deep

convective thunderstorm are complex and may be substantial, but are outside the scope of this study.
2.3 Lagrangian Cell and Thermal Tracking

The convective cells within the simulations were tracked using the open-source Tracking and Object-Based Analysis of Clouds
(TOBAC) software (Heikenfeld et al., 2019; Sokolowsky et al., 2024). Storm cells were identified at each model output time
step (1 minute in this study) as contiguous regions within the simulated 2D composite reflectivity field exceeding a minimum

threshold of 15 dBZ (defined as a TOBAC ‘feature’). The spatial extent of each feature was determined through watershed
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segmentation and subsequently linked across time steps. A final processing step evaluated cell merging and splitting to re-
fine storm cell tracks. To isolate deep convective cells, criteria based on minimum/maximum area (25~400 km?), minimum
duration (>30 min), and maximum reflectivity (> 25 dBZ) throughout cell lifecycles were applied to exclude too small/large
anomalous cells. Additionally, a maximum number of neighboring features was defined to exclude aggregated cells from the
analysis.

Each of these cells generally comprises numerous updrafts, which often manifest as small, short-lived cumulus thermals
(Blyth et al., 2005; Damiani et al., 2006; Sherwood et al., 2013; Yano, 2014). Within each identified isolated convective cell
defined by TOBAC, these thermals were tracked following the methodology outlined by Hernandez-Deckers and Sherwood
(2016). Specifically, subdomains of tracked isolated cells were defined at each model-output time step (1 minute); then, the
thermal-tracking algorithm is applied to this subdomain that encompasses each tracked cell. While previous studies (e.g.,
HD22 and MA24) focused on a fixed sub-domain for the entire time period, this new technique allowed us to track thermals of
multiple moving targets individually.

The thermal tracking method identifies and follows coherent, rising quasi-spherical volumes of air using the velocity, pres-
sure, temperature, and water content fields. Initially, local maxima of vertical velocity are identified and tracked over time, and
these points are considered the centers of potential rising thermals. Based on the trajectories of these centers, each thermal’s
center ascent rate is estimated at each output time step. A spherical radius is then determined such that the average vertical
velocity within this volume matches the estimated ascent rate, providing an estimate of the thermal’s size. Subsequently, the
vertical momentum budget of each thermal is computed using the temperature, pressure, and water content fields, serving as
a criterion to validate the correct identification of tracked thermals. Further details regarding this identification and tracking
method are provided in Hernandez-Deckers and Sherwood (2016). While acknowledging that thermals are not strictly spheri-
cal, this tracking method assumes a spherical shape, which has been demonstrated to be a reasonable first-order approximation
(Hernandez-Deckers and Sherwood, 2016).

Following the identification and tracking of thermals, composites are computed by averaging thermals normalized by their
radius and weighted by their mass flux. This compositing can be performed for selected subsets of thermals, such as those
categorized by altitude or stage of development, yielding valuable statistical insights into the microphysical and dynamical
characteristics of thermals, and consequently, convection, given that thermals are the building blocks of convective cells. A
similar methodology has been applied in prior research; for instance, Hernandez-Deckers and Sherwood (2018) utilized it to
examine the impact of entrainment on cumulus convection, HD22 employed it to investigate warm microphysical processes
within thermals, and MA24 used it to explore the dry-wet season contrast in convective mixed-phase microphysics over the
Amazon. In this study, we employ this approach to investigate the response of cold- and warm-phase microphysics and electri-

fication processes within thermals to varying aerosol loading conditions during isolated deep convective events.
2.4 Case selections

Prior to this study, NU-WRF EPIC simulations with horizontal grid spacings of 3 and 1 km were conducted to support the
daily operations of the TRACER field campaign. The forecast performance was concurrently evaluated against the NEXRAD
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Figure 1. Geopotential height at the 700 hPa level and the horizontal wind at the 850 hPa level at 2100 UTC on (a) August 4 and (b) August
7,2022, from the ERAS reanalysis.

radar composite using a polarimetric radar simulator and composites (Matsui et al., 2023). Polarimetric radar-based skill scores
were calculated for the daily forecasting results. TOBAC analysis was also employed to quantify the number of isolated cells
during the IOP from both NEXRAD observations and NU-WRF EPIC-simulated NEXRAD signals. These comparisons (not
shown here) indicated that higher model forecasting skill scores were strongly correlated with a larger number of isolated
cells, suggesting that NU-WRF EPIC tends to exhibit better forecasting skill for isolated convective cases. Based on a careful
investigation of these results, two representative cases were identified to investigate the aerosol impact on the cumulus thermals
of isolated convective cells: 4 August and 7 August, 2022. The simulations started at 00 UTC each day.

Figure 1 illustrates the geopotential heights at 700 hPa and the horizontal winds at 850 hPa at 2100 UTC for the two cases.
According to Wang et al. (2022), who conducted an analysis and classification of the summer synoptic regimes over this region
at a climatological scale, the synoptic pattern on 4 August is categorized roughly as a post-trough regime. In this regime, the
Houston area was located to the west of a trough, and it was dominated by a weak northerly wind developed between the
eastern trough and the western ridge. In contrast, the synoptic pattern on 7 August is categorized as an anticyclonic regime,
characterized by a high pressure system over the Gulf and coastal area. These are conditions conducive to the sea-breeze
development and isolated convection in the afternoon, under stable and weak synoptic forcing.

Figure 2 shows the composite radar reflectivity from the LES domain at the time when convective development is near
the peak in each case. At these times, convection was simulated on the northwestern side of the Houston metropolitan area.
The magnitude and structure of the composite radar reflectivity are quite different for the clean/polluted aerosol cases. The
subsequent section presents a detailed analysis of the characteristics of convection and cloud microphysics through Lagrangian

tracking of convective cells and thermals.
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Figure 2. Composite radar reflectivity (color field) with horizontal wind at 10 m above the ground level (black arrows) in the model simula-
tions, overlaid with the coastline (black line) and urban-rural classification (red lines) defined by the U.S. Census Bureau for the year 2020,

with (a, ¢) Clean and (b, d) polluted aerosol conditions.

3 Results
3.1 Cumulus thermals

The TOBAC cell tracking algorithm identified and tracked 17 isolated convective cells in the 4 August clean case, 18 in the 7
August clean case, 6 in the 4 August polluted case, and 7 in the 7 August polluted case. Figure 3 illustrates the locations and
evolutions of the tracked cells for the 4 August polluted case, along with time-altitude plots of mass flux for individual thermals
within one of the tracked cells. Notably, most thermals exhibit relatively low mass flux (92-95% of thermals have mass flux
lower than 2 x 10° kg m s~1), as well as short lifetimes (90% of thermals live less than 9 min), and short travel distances
(85-90% travel less than 2 km), consistent with prior findings (e.g., Sherwood et al., 2013; Hernandez-Deckers and Sherwood,
2016). However, a subset of thermals, initiated during the mature stage of the convective cell, displays comparatively longer
lifespans (1% of thermals live 12 min or longer), greater travel distances (1% of thermals travel at least 4 km), higher final
altitudes (1% of thermals reach above 10km), and larger contributions to the mass flux (1% of thermals have at least 4 x 10°
1

kg m s7* mass flux), likely playing a key role in mixed-phase precipitation processes (MA24). It is also important to note

that clear “lucky” thermals are not captured during the deepest time of convection (1300 1340). That is, thermals that would
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Figure 3. a) Isolated convective cells identified through cell tracking and their life cycles for the 7 August polluted case. Colors indicate life
cycle stage while box size indicates sizes of cells. b) Time-height trajectories of tracked thermals and mass flux (color shade) from Cell 3

[the largest boxes in a)]; dashed line corresponds to the -40°C level, and the dotted line to the 0°C level.

initiate at the cloud base and ascend continuously to the cloud top, which contrasts with the common conceptualization of deep
precipitating convection (e.g., Emanuel, 1994). These robust, strong thermals typically occur from the middle height of the
convective cells. It is also possible that smaller shallow thermals may merge to form larger thermals, which can penetrate to
the cloud top and behave as “lucky thermals”. However, the potential impacts of such merging processes have not yet been
investigated in this study.

The thermal tracking algorithm identified a total of 1263 thermals within the isolated cells of the clean cases (434 in the 4
August case and 829 in the 7 August case), and 561 thermals in the polluted cases (87 in the 4 August case and 474 in the
7 August case). Notice that although fewer thermals were identified in the polluted cases compared to the clean cases, there
are actually more identified thermals per cell in the polluted cases ( 43 thermals/cell for polluted against 36 thermals/cell for
clean). Furthermore, the lower number of tracked cells in the polluted cases does not necessarily indicate less overall convective
activity. In fact, convection in the polluted cases tends to exhibit greater aggregation compared to the clean cases (e.g., Fig. 2),
resulting in fewer identified “isolated” cells, but not necessarily less convection overall (discussed in Section 3.2). Additionally,
it is worth considering that radar-based cell identification can be biased towards precipitation particles because radar reflectivity
is related to the sixth moment of hydrometeor sizes. Consequently, some polluted cells may suppress precipitation, becoming
less detectable by the radar reflectivity threshold used by TOBAC (Section 2.3). Hereafter, statistical composites of thermal
properties integrate all tracked thermal properties from detected isolated cells of the 4 and 7 August simulations for “clean”
and “polluted” cases, and their difference (“polluted-clean”).

Figure 4 shows cross-sections of vertically and time averaged thermal composites. Similar to HD22 and MA?24, after iden-
tifying individual thermals, the analysis centers on each thermal’s peak vertical velocity (thermal maxima) as a reference
point. For all cross-sections shown here, thermal properties are averaged using mass flux-based weights to emphasize stronger
thermals. Note that this may result in slight differences when averaging for the entire column (Fig. 4) and when averaging
at different altitudes (Figs. 7-8), since thermals reach their maxima at different heights. However, this does not affect our

interpretation of results.
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Figure 4. Composites of (a) vertical velocity, (b) cloud water mixing ratio, (c) rain water mixing ratio, (d) ice+snow mixing ratio, (e)
graupel+hail mixing ratio, (f) absolute value of volume charge density and (g) absolute value of electric potential, averaged over altitude and
the entire thermal lifetime for the clean cases (left column), polluted cases (middle column) and their difference (right column). The bolded
values indicate the in-thermal averages of each quantity. The background wind fields shown in the third column are taken from the clean

cases.

Variations in background aerosol conditions exert influence on thermal properties. Specifically, the polluted case exhibits

higher cloud water mixing ratios compared to clean cases (Fig. 4b), aligning with enhanced droplet nucleation and condensa-
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tion. This increased droplet concentration subsequently suppresses warm-rain processes in the polluted case (Fig. 4c), a finding
consistent with HD22’s results using a different double-moment microphysics scheme. The NU-WRF EPIC simulations show
that enhanced condensation is associated with increased vertical velocities (Fig. 4a) in contrast to HD22, who did not find
enhanced vertical velocities associated with enhanced condensation. This discrepancy will be discussed later.

The increased cloud droplet concentrations in polluted cases result in higher concentrations of ice, snow, and graupel/hail
(Fig. 4d), similar to the dry/wet-season contrasts in simulated tropical continental deep convection in MD24. The enhanced
condensation likely leads to detrainment after thermals reach neutral buoyancy, followed by the freezing of these cloud droplets
via heterogeneous ice nucleation, gradually forming ice layers around the top of the convective clouds. Subsequent thermals
entrain this ice and snow into droplet-rich thermal cores when penetrating the ice layers. This thermal-driven process promotes
the generation of rimed particles (graupel/hail). Consequently, ice and snow particles exhibit a more homogeneous distribution
along the thermal boundaries compared to other hydrometeors, which tend to be concentrated within the thermal cores. The
subsequent figures provide a more thorough explanation of these processes.

The electrical properties (Fig. 4f,g) in the thermals show patterns consistent with the graupel-ice crystal collisional charging
mechanism, as reviewed by Bruning et al. (2024). Charge density is larger in the same region where graupel and hail (Fig. 4e)
are precipitating from the thermals. In the polluted cases, regions of greater ice and snow concentration above (but not at the
center of) the thermal also show enhanced charge density. Electric potential shows the integrated effect of charge, with maxima
in the clean case above and between the thermal’s internal circulation, and extending to ice crystals laterally outside and above
the thermal. The presence of thermal-internal potential gradients (i.e., electric fields) also suggests that flashes are more likely
to initiate in the vicinity of thermals, as also inferred by Salinas et al. (2022); however, it was difficult to capture from this
simulation due to the limited number of flash samples.

Figure 5 presents normalized histograms of thermal properties for both clean and polluted cases. The median of the thermal
radii is approximately 0.7 km in both scenarios; however, the polluted case exhibits a tail extending to larger radii, reaching
up to 2.3 km (Fig. 5a). Vertical velocity (W, Fig. 5b) and vertical travel distance (AZ, Fig. 5c) are also marginally greater in
the polluted case, while thermal entrainment rates are lower (Fig. 5f). This is consistent with findings by Hernandez-Deckers
and Sherwood (2018), since entrainment is mainly determined by thermal size. Thermal lifetimes appear comparable between
the two cases (Fig. Se). The most distinct and interesting difference is the thermal initiation height (Zg), with the polluted case
showing a median value approximately 0.5 km higher (Fig. 5d), and is discussed further in the following figure and analyses.
This increased starting point, together with slightly faster thermals with similar lifetimes results in higher final altitudes (Fig.
5h). Also, the slightly faster and larger thermals result in slightly higher average mass flux (Fig. 5g). It should be noted that
these differences are mostly small and that the total number of thermals tracked is less than half in the polluted cases compared
to the clean cases.

Figure 6 illustrates the vertical profiles of thermal states under both polluted and clean atmospheric conditions. Analysis
of the thermal number density (N, number of thermals per vertical bin and number of cells) in Figure 6a reveals a notable
upward shift and increase in the vertical distribution of thermals above 3-4 km altitude in polluted conditions compared to

clean conditions. Furthermore, vertical profiles of thermal radius and vertical velocity (Figs. 6b,c) indicate that the slightly
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Figure 5. Histograms of (a) thermal radius R, (b) ascent rate W, (c) distance traveled AZ, (d) starting height Zo, (e) lifetime, (f) entrainment

rate €, (g) mass flux, and (h) final altitude Z; for the clean cases (blue) and the polluted cases (red). Vertical dotted lines indicate the median

values, which are annotated to the right of each figure.

larger thermals observed under polluted conditions are present at most altitudes. Concurrently, faster thermals are particularly

prominent between 5-9 km in polluted environments.

Furthermore, the polluted scenario exhibits a substantial increase in cloud droplet (Qc) mixing ratio alongside a decrease in

raindrop (Qr) mixing ratio (Figs. 6d,e). This microphysical shift leads to a greater abundance of ice and snow mixing ratios

(Qi+s), attributed to the enhanced lofting of water above the melting layer. On the other hand, graupel and hail mixing ratios

(Qg+h) increase slightly with polluted conditions between 6-8km, but decrease between 8-10km altitude. However, since there

are more thermals between 6-8km than between 8-10km, the overall difference is an increase in graupel and hail (Fig. 4e).

13



300

305

310

315

320

https://doi.org/10.5194/egusphere-2025-5149
Preprint. Discussion started: 24 October 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

N R w Qc Qr Qi+s Qg+h Pe Vv
12
—clean
1041 —polluted / | —
g « i
<56
N
4
2
o (a) (b) (c) (d) (e) () 9 (h) (i)
0 5 10 15 05 1.0 2 4 6 0 1 20 1 20 1 20 1 2 -0.1 0.0 0.1 -20-10 0 10 20
km~cell=! km ms™! gkg™! gkg! gkg™! gkg™?! nC/m3 MV

Figure 6. Vertical profiles of mean thermal properties: (a) thermal number density, (b) median thermal radius, (c) ascent rate, (d) cloud water
mixing ratio, (e) rain water mixing ratio, (f) ice+snow mixing ratio, (g) graupel+hail mixing ratio, (h) volume charge density, and (i) electric
potential. Median values in (b)-(i) are only shown where the number of thermals is at least 0.5% of the total sample size (6996 time steps for

clean cases and 3126 for polluted cases).

While the population of thermals that reaches the charge-bearing layers is small, net-charge structure (Fig. 6h) produced
by all thermals shows a positive-above-negative charge dipole in the upper mixed phase region, as observed. In observations,
about 10% of flashes also discharge a lower-altitude negative-above-positive charge dipole just above the melting level, and as
shown in Fig. 12, that lower charge dipole was present here and was therefore generated outside the thermal reference frame.

The lower (upper) charge in a dipole is typically carried on graupel (ice crystals), implying that only negative charging
to graupel took place within the thermals. Enhancement of charge and potential in the polluted case (Figs. 4f,g and 6h.i) is
primarily realized as a net enhancement of the negative charge center at 8 km altitude, consistent with less graupel aloft and
more graupel at lower altitudes (Fig. 6g). The polluted case apparently has no effect on the net charge carried on ice crystals
near 10 km, consistent with the generation of these species outside the thermal, as noted above. The net effect of enhancing
the net charge and electrical potential on graupel enhances the electric potential overall, and therefore, from conservation of
energy, should result in more flashes per thermal in the polluted cases, and as shown below, is what was modeled.

Fig. 7 presents cross-sectional composites of thermal properties at different altitude levels for the clean case. This averaging
process, similar to that applied in Figure 4, weights the composite by the magnitude of the thermal mass flux at each reference
level. Vertical velocity (W) tends to increase with elevation, reaching its peak at 8.5 km in this sample. Supersaturation (S)
becomes discernible at 5.5 km and maximizes at 8.5 km, while significant cloud droplet (Qc) concentrations are primarily
captured at lower elevations (2.5-4.5 km). Raindrop (Qr) concentrations peak at slightly higher elevations (2.5-6.5 km), which
is associated with droplet loss due to the coalescence process.

These composites also reveal the evolution of variables within rising thermals. Notably, cloud water (Qc) is strongly coupled
to the thermal’s internal circulation, with its highest concentrations observed at the thermal’s center where updraft velocities
are strongest (DH22). Rainwater (Qr) development starts around 3 km altitude, coinciding with the region of most intense
updrafts (W), and starts falling out from the thermal references. Conversely, the composites of ice and snow mixing ratios
suggest that these particles are likely not generated within thermals in the mixed-phase zone, a finding consistent with MA24
regardless of the different sophistication of microphysics schemes (i.e., single- and double-moment microphysics with/without

detailed nucleation schemes). Instead, ice crystals appear to form outside of thermals, likely originating from cloud water
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Figure 7. Cross sections of composites by altitude (rows) for (columns, left to right): vertical velocity, supersaturation with respect to water,

cloud water mixing ratio, rain mixing ratio, ice+snow mixing ratio and graupel+hail mixing ratio, corresponding to the clean cases.

detrained from preceding thermals. Homogeneous distributions in the previous cross-section plot (Fig. 4d) also indicate this.
As “younger” thermals subsequently penetrate this layer, where ice and snow are already present, the formation of graupel and
hail is initiated.

Furthermore, ice and aggregation layers (Qi+s) are present and are entrained in thermals at the 6.5 and 8.5 km levels. Notably,
graupel and hail particles (Qg+h) exhibit strong concentrations at the center of updraft core and also directly below the thermal
cores at 8.5 km. This spatial distribution suggests that most of the riming process occurs at thermal cores due to the presence of
thermal-generated droplets and entrained ice and snow aggregate particles in the mixed-phase level. This is in agreement with
the thermal-driven graupel generation mechanism investigated in MA24 (including time-lapse analysis), despite differences
in model dynamics, microphysics, and convective cases used in this study. The only differences from MA?24 are the presence

of cloud droplets well above the 0°C isothermal level ( 8.5 km), which is attributed to the treatment of super-cooled droplets
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in a more sophisticated double-moment microphysics scheme used in this study, i.e., through single versus double moment
microphysics with and without detailed cloud and ice nucleations.

It is also possible that riming between newly formed ice crystals at thermal core and existing droplets within the thermal
contributes to in-thermal graupel generation. However, heterogeneous ice nucleation generation is generally weak at relatively
warm temperatures (DeMott et al., 2010) compared with those characteristic of homogeneous nucleation levels. In this context,
the MA24 sequential thermal-driven graupel generation theory appears to provide a more plausible explanation; A more de-
tailed thermal-by-thermal analysis will be required in future studies to better understand this process, since the present analysis
combines both younger and older thermals.

Fig. 8 illustrates the differences in cross-sectional composites of thermal properties between polluted and clean atmospheric
conditions at various altitude levels. The observed variations in these composites closely align with those presented in Figure 6.
Specifically, the vertical velocity in the polluted case appears stronger around 5.5-6.5 km altitude compared to the clean case.
Regarding microphysical constituents, cloud droplet (Qc) concentrations are predominantly larger in the polluted case, whereas
raindrop (Qr) concentrations are greater in the clean cases. Due to limited condensation, supersaturation (S) is observed to be
larger in the clean cases. Polluted case enhanced ice and snow aggregate (Qi+s) concentrations at 8.5km due to enhanced
cloud droplet (Qc) concentrations, but graupel and hail (Qg+h) concentration are mixed results at this level, as it is shown in
Fig. 6g. Taken together with Fig. 6, these thermal composites clearly demonstrate the impact of background aerosol number

concentrations on the simulated thermal dynamics and, consequently, on updraft core microphysical processes.
3.2 Changes in mesoscale environment

The aerosol sensitivities of cumulus thermal properties raise a critical question: What mechanisms drive these responses?
Specifically, is this sensitivity primarily due to isolated microphysical feedback from warm- and/or cold-phase processes, or is
it a consequence of time-sequential mesoscale environmental changes? Recent extensive reviews of aerosol-deep convection
interactions have reached contrasting conclusions. Varble et al. (2023) summarized that warm-phase (condensation impact) is
theoretically feasible, but observationally weak at most, while cold-phase (freezing impact) is theoretically unrealistic, em-
phasizing methodological flaws and limited robustness in prior studies. In contrast, Fan et al. (2025) contend that aerosol
invigoration remains plausible under specific meteorological and aerosol conditions, particularly in relatively clean environ-
ments. Together, these perspectives underscore that the complexity of mesoscale environments and thermodynamic feedback
presents substantial challenges to quantifying the impacts of aerosols on deep convection.

To address this question, first, the time series of all-sky full-domain-mean differences in hydrometeor and thermodynamic
profiles are depicted (Fig. 9). The left and right columns of the profiles represent the 4 August and 7 August cases, respectively.
Each profile illustrates the differences between the polluted and clean cases for various quantities. Red shading indicates larger
values in the polluted case, while blue shading signifies larger values in the clean case.

Cloud droplet mixing ratios differences (dQc) are consistently positive (red shaded) throughout the sampling periods in
both cases (Fig. 9a,g). This indicates that the polluted cases exhibit higher cloud droplet concentrations during these periods.

Conversely, rain mixing ratio (dQr) differences are initially negative (blue shaded), suggesting a decrease in rain in the polluted
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Figure 8. Difference between polluted and clean cases (polluted-clean) for cross sections of composites by altitude (rows) for (columns, left
to right): vertical velocity, supersaturation, cloud water mixing ratio, rain mixing ratio, ice+snow mixing ratio and graupel+hail mixing ratio.

The background wind fields are taken from the clean cases.

cases, but switch to positive differences (red shaded) in the last few hours, especially for the 7 August case (Fig. 9b,h). This
period also exhibits clear increases in graupel and hail, suggesting enhanced cold-precipitation processes in the polluted case
(Fig. 9d.,j). Typically, a greater amount of Qc, associated with an increasing number of cloud droplets, tends to suppress warm-
rain production (Fig. 6 and as discussed in DH22).

The difference in water vapor (dQv) and air temperature (dT) appears to be relevant to those of cloud (dQc) and raindrops
(dQr). Specifically, dQv remains consistently positive around 4-5 km height and near the surface (Fig. 9¢,k), where dQc is also
consistently positive, suggesting that the positive dQv is likely due to greater evaporation of cloud droplets in the polluted cases.
Xue and Feingold (2006) conducted LES simulations of trade cumuli, demonstrating a coherent vertical structure between

droplet evaporation fate and cloud liquid water content. Conversely, dQv is strongly negative around 2-3 km height, which
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Figure 9. All-sky full-domain mean profile of polluted-clean differences in a&g) cloud droplet mass mixing ratio (dQc), b&h) rain mixing
ratio (dQr), c&i) ice and snow mixing ratio (dQis), d&j) graupel and hail mixing ratio (dQgh), e&k) water vapor mixing ratio (dQv), f&l) air
temperature (dT). The left (right) column shows 4 August (7 August) cases.
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Figure 10. Time series of column lightning flash density (LIGHTDENS) from the clean and polluted cases.

we attribute to the greater evaporation of raindrops in the clean cases. Consequently, air temperature exhibits opposite signs of
change at different heights compared to these hydrometeor profiles (Fig. 9f,1); i.e., more water vapor due to raindrop evaporation
cools the air temperature. Typically, full-domain averaging incorporates a mixture of air masses and therefore exhibits some
inconsistencies (e.g., enhanced near-surface evaporation in the polluted case). Nevertheless, the overall temperature and water
vapor responses remain consistent throughout the analysis period.

Other consistent signals due to enhanced aerosols is the simulated column lightning density, exhibiting substantial dif-
ferences between polluted and clean atmospheric conditions (Fig. 10). Despite only a slight increase in graupel and hail,
the polluted case showed enhanced lightning densities, whereas the clean case frequently produced no lightning at all (e.g.,
19:00-21:00 UTC on 4 August). The greater production of lightning flashes in the polluted case was also associated with the
dominance of cloud ice and snow, largely due to enhanced cloud droplet freezing (Fig. 9). Increased lightning activity in the
polluted case was both immediate and consistent throughout intense convective periods, agreeing with the thermal tracking

analyses that clearly indicate the immediate impact of aerosols on convective microphysics.
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Figure 11. a-b,e-f) Mean surface precipitation and c-d,g-h) time evolutions of meso-LLC from 16Z to 24Z for 4 August and 7 August
cases. The left and right column shows clean and polluted cases, respectively. The boundaries of meso-LLC are defined using a threshold of

8 x 10™°s™*, and are shaded according to their corresponding UTC time.
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To understand the time-space evolution of mesoscale environment and precipitation, mesoscale low-level wind convergence
(meso-LLC) fields are derived and analyzed. First, the simulated wind convergence was computed for each grid cell and then
averaged between surface and 5 km altitude to generate LLC fields. Second, they are spatially averaged over 10 km x 10 km
horizontal window to define meso-LL.C. The meso-LLC field is a critical parameter that determines the exact location and
timing of deep convection and microphysics development (e.g., Birch et al., 2013).

The temporal evolution of meso-LLC boundaries corresponds closely to the peak locations of the time-averaged surface
rainfall fields (Fig. 11). Several clusters of meso-LLC developed during the analysis period, generally appearing at different
locations, because of the sea-breeze-driven isolated convective cases. In the final hours, however, meso-LLCs (red contours)
became more tightly clustered in the polluted cases compared to the clean cases on both 4 August and 7 August. In particular,
the polluted case on 7 August exhibited markedly stronger and more consolidated clusters than the corresponding clean case.
Consequently, rainfall in the polluted runs tended to be organized into fewer, larger groups, whereas rainfall in the clean runs
was more dispersed into multiple smaller groups. Similar behavior has been reported in previous aerosol-deep convection
simulation studies, although the storm types differ (e.g., Iguchi et al., 2020).

It is important to note that these changes in meso-LLC fields are purely driven by aerosol influences on cloud microphysics,
as aerosol direct (e.g., radiation) effects were not considered in these sensitivity experiments. Both experiments also utilized
identical initial and lateral boundary conditions, but different initial aerosol number concentrations in the polluted and clean
cases (Section 2.2). In earlier times (until 20Z), the polluted case does not enhance cold-phase precipitation (Fig. 9b-h), while
the polluted case consistently increases condensation and droplet number, suppresses warm-rain formation, and increases cloud
ice and lightning discharge (Fig. 10). Appreciable strengthening only occurred in the late convective stage—suggesting a time-
sequential impact on the mesoscale environment.

To verify this hypothesis, additional numerical sensitivity experiments were conducted to isolate the in-storm microphysics
impact of aerosols on convective clouds from the impact of mesoscale environmental change, particularly for the 7 August
case. Although the original simulations were initiated with “clean” and “polluted” conditions (Section 2.2), prolonged integra-
tion allows for the evolution of unique cloud, mesoscale environments, and CCN loss after nearly a day of simulation time.
Thus, CCN concentrations can be largely different from the initialized values. To reduce these uncertainties, aerosols were
re-initialized at 22:00 UTC on August 7th for both the clean and polluted cases. These are the times when the polluted runs
enhance cold-precipitation processes (Fig. 9) associated with consolidated meso-LLC fields (Fig. 11).

Table 2 lists the names of the experiments. Note that the CleanRun(ReClean) and PollRun(RePolluted) experiments are
specifically designed to make sure re-initializing clean/polluted aerosol conditions as described in Table 1, regardless of the
altered aerosol concentrations from the initial conditions after 22 hours of integration.

Figure 12 (left column) shows vertical profiles of droplet number concentrations, rain, ice, and graupel mixing ratios, and
total space charge averaged over the entire domain for all-sky conditions and from 227 to 00Z (every 1 minute). The thick solid
blue and red lines represent the original sensitivity experiments under clean (CleanRun(CTRL)) and polluted (PollRun(CTRL))
aerosol conditions, respectively, that evolved unique meso-LLC fields (Fig. 11). PollRun(CTRL) shows larger amounts of rain,

ice, and graupel than CleanRun(CTRL) experiment during this time period, consistent with those of Fig 9. The magnitude of
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Table 2. Experiment names and descriptions of the additional sensitivity simulations. Clean and polluted aerosol concentrations are defined

in Table 1.

Experiment Description

CleanRun(CTRL) Control (original) clean aerosol run
CleanRun(ReClean) Clean-aerosol run re-initialized with clean aerosols
CleanRun(RePoll) Clean-aerosol run re-initialized with polluted aerosols
PollRun(CTRL) Control (original) polluted-aerosols run
PollRun(ReClean) Polluted-aerosol run re-initialized with clean aerosols

PollRun(RePolluted)  Polluted-aerosol run re-initialized with polluted aerosols

total space change of PollRun(CTRL) shows more intensified multi-mode electric charging than CleanRun(CTRL), consistent
with those of Fig. 10.

The PollRun(RePoll) and CleanRun(ReClean) experiments show slight differences from the CleanRun(CTRL) and Poll-
Run(CTRL) experiments, respectively, suggesting that the spatial distributions of aerosol concentrations are altered through
advection and aerosol microphysics loss throughout the model integration (Fig. 12, left column). All members of the polluted
experiments (PollRun(CTRL), PollIRun(ReClean), PollRun(RePoll)) show higher values of rain, ice, and graupel mixing ratios,
and larger dipoles in total space charge than those of the clean experiments (CleanRun(CTRL), CleanRun(ReClean), Clean-
Run(RePoll)), suggesting that the mesoscale environment created by the PollRun(CTRL) experiment plays a dominant role in
shaping the hydrometeor and electrification profiles.

Although not shown here, similar aerosol-reinitialization experiments were conducted for 4 August case, reinitializing pol-
luted aerosols enhanced the cold-precipitation process. These results suggest that even over relatively short integration periods,
the influence of aerosols on isolated deep convective cloud development strongly depends on the prevailing mesoscale envi-
ronment, even within the single modeling framework employed in this study.

The right column of Fig. 12 shows similar profiles from the convective-core sampling, based on the minimum thresholds of
column condensate (0.1g m~?) and maximum vertical velocity (greater than 4.0 m s~1). While domain all-sky sampling can
quantify the total magnitude of hydrometeor profiles, the convective-core sampling shows that cloud droplet number concen-
trations (Nc) follow nearly identical values among the polluted-aerosol experiments group (PollRun(CTRL), PollRun(RePoll),
and CleanRun(RePoll)), as well as among the clean-aerosol experiments group (CleanRun(CTRL), CleanRun(ReClean), and
PollRun(ReClean)), regardless of the different mesoscale environment (Fig. 12b).

The large Nc also certainly reduces rain mixing ratio (Qr, Fig. 12d),and enhances ice mixing ratio (Qi, Fig. 12f) within the
convective cores. As discussed earlier, charging outside thermals produces a weak positive charge center (Fig. 12j, between

5-6 km). The polluted experiment group (PollRun(CTRL), PollRun(RePoll), and CleanRun(RePoll)) also exhibit an upper-
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Figure 12. Time and domain mean profiles of: (a, b) cloud droplet concentrations (Nc), (c, d) rain mixing ratio (Qr), (e, f) ice mixing ratio
(Qi), (g, h) graupel mixing ratio (Qg), and (i, j) total space charge (SCTOT) from the 7 August case. Note that the temporal integration is from

22:00Z to 24:00Z on 7 August. The left column shows all-sky (domain-wide) statistics; the right column shows convective-core statistics.
level negative charge center between 12-16 km, probably either due to relatively deep positive charging of graupel resulting in

negative ice crystals aloft or due to screening layer formation from ion drift on longer-lived storm tops. Such enhancements to

positive charging to graupel are expected, given the larger cloud droplet number concentrations modeled herein.
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4 Summary and Discussion

This study conducted NU-WRF EPIC LESs for two golden cases (4 August, 2022 and 7 August, 2022) over the Houston area
during the TRACER field campaign to investigate how aerosols impact sea-breeze-driven isolated deep convection. Each case
was simulated with both low initial aerosol concentrations (“‘clean’) and with high initial aerosol concentrations (“polluted”)
defined from the climatology of the field measurements. TOBAC was used to first identify isolated convective cells, within
which then individual thermals were identified and tracked.

The polluted conditions exhibited more consolidated and less scattered convection, as well as lower numbers of isolated
convective cells and thermals, albeit more thermals per cell. Based on composites of the tracked thermals by cases (“polluted”
or “clean”) and by elevation, several features were identified: regarding warm rain microphysical processes, it is found that
higher aerosol concentrations increase droplet number concentrations, leading to the suppression of warm rain, and more water
droplets being transported aloft, consistent with previous studies (e.g., Givati and Rosenfeld, 2004, HD22). In the same way as
HD?22, it is found that thermals act as water droplet generators and thus play a crucial role in this mechanism. As more cloud
droplets reach higher levels, more ice and snow is produced.

With more sophisticated microphysics parameterization, our results, consistent with MA24, indicated that the ice and snow
crystals are most likely formed outside of thermals in the mixed-phase zone, but ice formation require water droplets that have
been detrained by dissipated thermals. Thus, thermals play an indirect role in ice formation, also suggesting the cold-phase
invigoration (Rosenfeld et al., 2008) is not supported from our thermal analysis. However, thermals become once more directly
responsible for the formation of graupel and hail, as subsequent thermals inject supercooled water droplets to these layers
where ice and snow are already present. Thus, more supercooled droplets in the polluted case add more riming and graupel
production in the thermals. Therefore, more graupel and hail could be produced in the polluted cases at lower levels of the
mixed-phase zone, as more ice and snow crystals are available, which depicts more detailed paths of aerosol-cloud interactions
within the convective cores than previous studies (Rosenfeld et al., 2008).

The electrification properties of clouds were also investigated using the model’s parameterization of cloud electrification and
bulk discharge processes. Consistent with enhanced graupel and hail, which imply increased ice—crystal collisional charging,
greater charge density, steeper electric potential gradients near thermals, and ultimately more flashes were produced in the
polluted simulations, consistent with the findings of Hu et al. (2019).

However, apart from the responses of microphysical properties, responses in terms of other properties of thermals are rather
subtle, except that they tend to initiate at higher elevations in the polluted simulations, therefore suggesting a general upward
shift in the location of thermals, and thus convection. Thermal entrainment rates are also slightly smaller in the polluted
simulation than in the clean ones, consistent with slightly larger thermals. Otherwise, a weak increase in size and vertical
velocity is also found for the polluted cases. This slightly higher vertical velocity could imply a limited invigorating effect due
to aerosol warm-phase, but does not support cold-phase invigoration theories due to the limited ice formation within thermals.
These results agree with detailed process modeling (Grabowski and Morrison, 2020) as well as with idealized 1D parcel model

(Igel and van den Heever, 2021).
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Figure 13. Thermal-driven cloud-scale aerosol feedback mechanisms.

Our domain-wide analyses and additional sensitivity experiments indicate that the background aerosol concentrations grad-
ually perturb vertical profiles of water vapor and temperature through the thermals’ contributions. Fig. 13 illustrates how the
aerosol concentrations can affect water vapor profiles through thermal morphologies identified through the analyses. The pol-
luted case tends to have slightly stronger convergence and updraft in the warm-phase clouds (not shown here) so that it could
evaporate cloud droplets at elevated levels once they are lifted by thermals, resulting in pumping more boundary-layer water
vapor to higher levels. Conversely, clean-case cumulus thermals generate more warm rain through the coalescence of cloud
droplets, with sedimented raindrops evaporating at lower levels. This process brings down water vapor to lower elevation levels,
thus “draining” water vapor. At this stage of warm-phase clouds, the polluted aerosol concentrations do not induce warm-phase
invigoration, but provide consistent changes in water vapor vertical profiles.

Note that our investigation does not include direct measurements of evaporation and condensation rate; however, LES studies
from Xue and Feingold (2006) demonstrated that higher aerosol concentrations enhance overall cloud evaporation, and net
evaporation (condensation minus evaporation) becomes larger near the cloud top, where net condensation becomes peaked
near cloud base, therefore supporting our idea. This unique evaporation process also induces a temperature feedback, with
more evaporation of cloud droplets aloft in the polluted cases, which induces a cooling, whereas less evaporation of raindrops
at lower levels implies a warming relative to the clean cases.

The changes in temperature and water vapor profiles, together with cloud radiative forcing, likely change the mesoscale
environment to enhance cold-precipitation processes toward the end of the simulation period in the polluted cases. In particular,
the mesoscale convergence field in the 7 August polluted simulation became sufficiently consolidated and robust to initiate a
sequence of deep convective events between 227 and 24Z. Additional sensitivity experiments showed that re-initialized aerosol
concentrations slightly modified the vertical distributions of hydrometeors and electrification within convective cores; however,
the overall intensity and spatial extent of convection were governed primarily by the mesoscale environment.

This result seems to be consistent with the mechanism proposed by Abbott and Cronin (2021), whereby higher aerosol

concentrations lead to clouds lofting more condensate. The additional condensate moistens the surrounding environment,
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reducing buoyancy dilution and ultimately enhancing larger-scale ascent and convection. In our case, however, the relevant
timescale is only one day, substantially shorter than the 60-day integration reported by Abbott and Cronin (2021). Fan et al.
(2025) summarize the recent studies related to aerosol impact through feedback between circulation and meteorology. They
argue that a large-domain (>500 km) simulation setup is required to capture such feedback mechanism. However, our results
capture the dramatic change in mesoscale environment using relatively small regional LES domain within 24-hour integration.

This complexity of aerosol-deep convective interaction likely contributes to the diversity reported by aerosol-cloud interac-
tion model intercomparison projects (MIPs) in sea-breeze environment (Marinescu et al., 2021; Saleeby et al., 2025; van den
Heever et al., 2025). While increased background aerosol concentrations can similarly enhance cloud droplet numbers and
suppress warm-rain processes across different cloud-resolving models, evolution of mesoscale environments strongly varies
across different models. This variability is likely attributed to differences in dynamic cores and microphysics packages, which
induce unique mesoscale cloud feedback and rest of cloudiness and precipitation fields. At least, quantifications of changes in
mesoscale environment will be required for future MIP activities.

Most recently, Wang et al. (2025) provide one of the first observational, conditional analyses of aerosol impacts on isolated
deep convection using ground-based measurements from the TRACER campaign. This analysis enhances the understanding of
how aerosol loading influences convective properties while acknowledging context dependence and uncertainties. It is possible
to generate observation-equivalent fields from the NU-WRF EPIC framework and conduct similar sampling and systematic
analysis from the simulated instrument-observables parameters to verify this process in the future.

Other noteworthy future effort includes more gradual perturbations of aerosol concentrations (e.g., DH22), rather than the
extreme clean and polluted conditions examined in this study. Perturbing different aerosol size modes (coarse, accumulation,
and Aitken) would also help clarify the role of fine-mode aerosols (Yin et al., 2024). To better capture gradual perturbations
in the mesoscale environment, additional sensitivity experiments will be needed, including (1) modifying the latent heat of
raindrop evaporation to assess temperature and pressure impact on sea-breeze circulation, and (2) adjusting cloud radiative
forcing to evaluate the influence of cloud-radiation feedbacks on land—sea-breeze circulations. These topics are beyond the

scope of the present study but are expected for the next pathway.

Code and data availability. The NASA Data Portal hosts (1) codes and plots for mesoscale environment analyses (https://portal.nccs.nasa.
gov/datashare/cloudlibrary/TRACER/TRACER_ACP2025.tar.gz) and (2) thermal tracking and analysis codes (https://portal.nccs.nasa.gov/
datashare/cloudlibrary/THERMALY/). The data from the Scanning Mobility Particle Sizer (SMPS) at the Atmospheric Radiation Measurement
(ARM) user facility site are available at http://dx.doi.org/10.5439/1476898.
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