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Abstract. This study focuses on quantifying the conditional relationship between aerosol and convective precip-
itation properties of isolated deep convective clouds (DCCs) in the Houston–Galveston region, after adjusting for
confounding effects. We leverage comprehensive ground-based observations from the TRacking Aerosol Con-
vection interactions ExpeRiment (TRACER) to estimate aerosol effects on convective echo top height (ETH),
intensity, and area separately. Our results show that greater aerosol number concentrations generally have a
limited impact on these convective properties, showing relationships consistent with the possibility of both in-
vigoration and suppression effects. Under certain conditions, where ultrafine particles are abundant, aerosols
exhibit a positive effect on ETH, increasing it by about 1 km. However, it is inevitable to consider measurement
uncertainties and the limitations of temporal and spatial resolution in the data, as these factors can further con-
tribute to uncertainties in our estimates. In DCCs associated with sea breezes, the estimated aerosol effects on
DCCs are found to be more pronounced. However, this heightened effect could be attributed to the exclusion of
key confounders such as boundary layer updrafts in the analysis.
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1 Introduction

Deep convective clouds (DCCs) play a crucial role in the
Earth’s water cycle, as they generate a significant amount of
global precipitation (e.g., Tan et al., 2015; Feng et al., 2016),
regulate the global energy cycle through latent heat release
(e.g., Tao et al., 2010), and participate in vertical mass trans-
port (e.g., Wang et al., 2019; Gupta et al., 2024), thereby
driving large-scale atmospheric circulations that impact cli-

mate sensitivity (e.g., Sanderson et al., 2008; Del Genio,
2012). Despite their significance for weather and climate, ac-
curately simulating DCCs in state-of-the-art numerical mod-
els remains challenging (e.g., Wang et al., 2020a, 2022b;
Prein et al., 2021). Even fundamental convective charac-
teristics such as updraft strength, cloud-top height, anvil
mass detrainment, and the variations of these attributes over
the diurnal cycle are difficult to simulate (e.g., Moncrieff,
2010; Bony et al., 2016). While field campaign data anal-
yses have provided valuable insights into DCC processes
(e.g., Polavarapu and Austin, 1979; Dye et al., 2000; Long
et al., 2011; Chi et al., 2014; Barth et al., 2015; Jensen
et al., 2016; Martin et al., 2017; Geerts et al., 2017; Var-
ble et al., 2021; van den Heever et al., 2021; Jensen et al.,
2022; Reid et al., 2023; Kollias et al., 2025), conventional
model–observational validations mostly rely on bulk precip-
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itation characteristics and/or sparse cloud dynamics observa-
tions from a small set of cases, thus offering only a limited
understanding of the processes involved. Furthermore, case
studies, by their nature, are confined to specific geographical
regions, restricting model assessments to specific environ-
mental forcing conditions (e.g., Prein et al., 2022; Ramos-
Valle et al., 2023).

Aerosol–cloud interactions in DCCs, particularly the
aerosol effects on convective dynamics, the focus of this
study, are among the most complex and challenging pro-
cesses to simulate accurately. This difficulty was evidenced
in a recent model intercomparison project (MIP) conducted
by the Deep Convective Cloud Working Group of the
Aerosol, Cloud, Precipitation and Climate (ACPC) initiative.
This MIP was the first of its kind to assess the range of DCC
sensitivity to aerosol loading across a suite of state-of-the-art
convective-system-resolving models (van den Heever et al.,
2018). Analysis of this suite of simulations conducted by
Marinescu et al. (2021) focused on aerosol-induced changes
to the terms in the vertical velocity momentum equation
under prescribed low and high number concentrations of
cloud condensation nuclei (CCN) for a DCC case. This study
showed substantial variability among the models in terms of
the precipitation amount and updraft velocity and their sen-
sitivity to aerosol loading. The significant differences among
the various models highlight an urgent need to resolve the
lack of convergence in aerosol–DCC interaction process rep-
resentations within such high-resolution modeling frame-
works.

Numerous studies have aimed to shed light on the complex
nature of aerosol–DCC interactions towards improving their
representations in the models, sparking the description of
several different underlying physical mechanisms (e.g., An-
dreae et al., 2004; Khain et al., 2005; van den Heever et al.,
2006; Rosenfeld et al., 2008; Lebo and Seinfeld, 2011; Li
et al., 2011; Fan et al., 2018; Nishant et al., 2019; Grabowski
and Morrison, 2020; Abbott and Cronin, 2021). The leading
mechanisms include (1) “cold-phase” invigoration, where
high aerosol number concentrations, acting as CCN, nucle-
ate more cloud droplets, delaying hydrometeor growth via re-
duced collision–coalescence, lofting more liquid water above
the freezing level, enhancing the total latent heating associ-
ated with freezing, increasing the buoyancy of rising convec-
tive parcels, and ultimately invigorating convective updrafts
(e.g., Khain et al., 2005; van den Heever et al., 2006; Rosen-
feld et al., 2008); (2) “warm-phase” invigoration, where high
aerosol number concentrations nucleate more cloud droplets
and reduce supersaturation with respect to liquid water, in-
creasing latent heat release through additional condensation
of water vapor and invigorating convective updrafts (e.g.,
Lebo, 2018; Fan et al., 2018, 2020); and (3) “humidity en-
trainment” invigoration, where high aerosol number concen-
trations increase the environmental humidity by producing
clouds that detrain more condensed water into the surround-
ing air, leading to higher humidity that favors large-scale as-

cent and stronger convective updrafts (Abbott and Cronin,
2021). This wide range of plausible mechanisms highlights
the need for constraining this important problem with current
observations. The lack of clear understanding further under-
scores the need for more robust and high-resolution observa-
tional data along with the development of advanced statistical
methods and modeling frameworks that can better elucidate
the complexity of aerosol–DCC interactions.

Despite a range of hypothetical mechanisms for aerosol–
DCC invigoration, recent studies continue to challenge these
theories, revealing a spectrum ranging from enervation to in-
vigoration (e.g., Grabowski and Morrison, 2020; Igel and
van den Heever, 2021; Dagan, 2022; Romps et al., 2023;
Peters et al., 2023). From an observational perspective, this
challenge arises, in part, from a lack of key supporting obser-
vations of vertical velocity, hydrometeor microphysical prop-
erties, and water vapor supersaturation within the convective
core regions of DCCs, all of which would assist in provid-
ing further clarity on aerosol–DCC interactions. Moreover,
the thermodynamic and kinematic regimes under which these
interactions may be significant remain unresolved. Quanti-
fying aerosol impacts on DCCs is further complicated be-
cause small-scale perturbations in large-scale vertical veloc-
ity, relative humidity, and other meteorological factors, such
as wind shear and atmospheric instability, can potentially
affect DCC intensity in a manner comparable to aerosol-
induced changes (e.g., Fan et al., 2009; Storer et al., 2010;
Grant and van den Heever, 2015; Lebo, 2018; Dagan et al.,
2020; Park and van den Heever, 2022). Disentangling aerosol
impacts on DCCs from those driven by meteorological fac-
tors is therefore difficult (e.g., Varble et al., 2023).

To accurately assess the relationships between aerosol and
DCC properties, a variety of techniques and methods have
been developed from both modeling and observational per-
spectives. On the modeling side, a range of statistical meth-
ods and modeling frameworks have been established, includ-
ing the simple factor separation approach (van den Heever
and Cotton, 2007; Grant and van den Heever, 2014), more
sophisticated statistical emulators (Lee et al., 2011; Johnson
et al., 2015; Wellmann et al., 2018; Park and van den Heever,
2022), and the piggybacking approach (Grabowski, 2015).
These techniques have achieved some success in separating
aerosol effects from the impacts of other forcing factors on
DCC development. Though individual modeling studies have
quantified aerosol effects on DCCs, it is important to note
that significant disagreement remains between these studies,
even on the sign of the effects, largely due to variations in
model configurations and the methods used to analyze them
(Varble et al., 2023). From the observational side, achiev-
ing this separation remains a long-standing challenge. Many
observational studies have used multivariable models or ma-
chine learning approaches to quantify the relationships be-
tween aerosol and DCC interactions (e.g., Li et al., 2011;
Storer et al., 2014; Veals et al., 2022; Zang et al., 2023). How-
ever, it is important to emphasize that properly selecting and
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accounting for meteorological covariates or confounders is
key to successfully estimating the changes in DCCs that are
solely due to aerosol impacts. Furthermore, it is vital to em-
ploy comprehensive, high-resolution observations of DCCs
and aerosols to capture these intertwined physical processes
and identify potential “fingerprints” of aerosol–DCC invigo-
ration.

This study presents a statistical investigation into the
aerosol–DCC interactions using comprehensive ground-
based observational datasets. The datasets were collected
during the TRacking Aerosol Convection interactions Ex-
peRiment (TRACER; Jensen et al., 2023) in Houston–
Galveston, operated by the US Department of Energy
(DOE) Atmospheric Radiation Measurement (ARM) facil-
ity (Mather and Voyles, 2013). We focus on DCCs occurring
during the summer months in 2022 from June to September,
the TRACER intensive operational period (IOP). During the
IOP, detailed measurements of cloud, aerosol, and thermo-
dynamic profiles are available and the synoptic conditions
show less variation compared to other seasons. We employ
a self-organizing map (SOM) approach (Kohonen, 1990) to
identify the major synoptic regimes conducive to the forma-
tion of isolated DCCs. By performing our analysis on cases
within the same synoptic regime, we minimize the impact of
large-scale ascent on the convective properties (Wang et al.,
2022a). Multiple linear regression (MLR) is then used to es-
timate the aerosol effects on DCC properties, with the inclu-
sion of essential covariates in the analysis.

2 Instrumentation and datasets

2.1 DCC properties

As the first step in the investigation, we employ a Lagrangian
framework to detect the formation and propagation of DCC
rainfall cores and quantify their convective characteristics
throughout their life cycle. The term “DCC rainfall cores”
typically refers to the convective regions in DCCs with heavy
rainfall rates at the surface with a maximum value exceed-
ing 10 mm h−1 (e.g., Wang et al., 2018; Zhang et al., 2021).
The maximum height of these cores can serve as a proxy
for the maximum updraft velocity, as it is related to the
ability of convective updrafts to lift large hydrometeors to
higher altitudes, signifying deeper convective systems (e.g.,
Heymsfield et al., 2010; Liu and Zipser, 2013; Guo et al.,
2018). Note that this simplified representation neglects im-
pacts aerosols may have on cloud microphysical processes
(e.g., collision–coalescence, riming), which will, in turn, af-
fect radar reflectivity and, consequently, the DCC echo top
height (ETH). Quantifying such influence is challenging in
the absence of in situ observations of the cloud microphysical
and dynamical properties (e.g., hydrometeor phase/size dis-
tribution, updraft velocity). The reliance on this proxy also
stems from the lack of direct measurements of convective
vertical velocity for DCCs investigated here, a significant

limitation not only for this study but also for many previous
observational studies. Nevertheless, using ETH as a proxy al-
lows for comparison of our findings with prior studies, which
is valuable for the scientific community and for providing
modeling constraints on simulations of the aerosol–DCC in-
teractions.

More specifically, we tracked the trajectory of DCC rain-
fall cores using TINT (TINT Is Not TITAN – Thunderstorm
Identification, Tracking Analysis and Nowcasting; Dixon
and Wiener, 1993), a convective cell tracking algorithm de-
veloped by Raut et al. (2021). Building upon our prior re-
search (Wang et al., 2024), we have effectively used this al-
gorithm to analyze the level-II data (NOAA, 1991) from the
S-band Doppler weather radar KHGX-Houston at 1 km hor-
izontal resolution within a domain of 400 km× 400 km cen-
tered around the radar location. As a result, we have gener-
ated a comprehensive tracked DCC rainfall core dataset for
the TRACER IOP during the summer of 2022 (Wang et al.,
2024).

In that study and the current one, DCC rainfall cores
are defined using radar observations as contiguous areas
where the 2 km radar reflectivity (Z) is greater than 10 dBZ,
the lower limit for rain echo detection by Next Generation
Weather Radar (NEXRAD) systems, and the maximum 2 km
Z value exceeds 40 dBZ (Anagnostou, 2004; Moroda et al.,
2021). Note that different reflectivity thresholds varying from
30 to 40 dBZ have been selected for studying DCC con-
vective cores in various climate conditions, depending on
the objectives of the studies (e.g., Giangrande et al., 2023;
Gupta et al., 2024). Additionally, these cores must exhibit
a 30 dBZ ETH exceeding 5 km above ground level at some
point during their lifetime to exclude shallow convective
cells, aligning with a similar definition used by Dixon and
Wiener (1993). Further details regarding additional criteria
for identifying and tracking these rainfall cores can be found
in Sects. S1 and S3 and in Wang et al. (2024). Note that us-
ing fixed thresholds may potentially influence the selection
of DCCs investigated in the study, particularly in conditions
where DCCs contain fewer raindrops due to the presence of
a large number of background aerosols.

The first identification of the DCC rainfall core using the
tracking algorithm is designated as the initiation of surface
rainfall associated with the DCC core. The tracking algo-
rithm can no longer identify the core once the DCC ceases
to produce moderate precipitation (maximum 2 km Z <

40 dBZ), marking the termination of the convective stage. In
other words, the tracked lifetime of the cores excludes the
early initiation stage of non-precipitating cumulus clouds,
the dissipation stage of non-precipitating anvil clouds, and
the lightly precipitating periods during either stage. Table 1
details the number of DCC rainfall cores tracked and consid-
ered when using different radii from the main TRACER site
to identify DCCs.

The DCC intensity is quantified using the maximum
30 dBZ ETH of the tracked core as the primary indicator
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Table 1. Number of DCC cases tracked in 2022 from June to
September when considering different radii to the M1 site and under
different scenarios.

Distance 6 h 4 h Sea-breeze days,
to M1 soundings soundings 6 h soundings

20 km 43 29 12
30 km 61 46 22
40 km 70 54 29
50 km 86 70 38

(e.g., Liu and Zipser, 2013; Guo et al., 2018). Additionally,
some studies have used the maximum height of the 10 dBZ
or 15 dBZ echo as proxies for cloud depth and convective
updraft strength (e.g., Hu et al., 2019; Veals et al., 2022).
Therefore, to test the sensitivity of the results to our assumed
proxy, we also consider the maximum 15 dBZ ETH, calcu-
lated using the KHGX-Houston radar data, as a secondary
indicator of convective intensity.

2.2 Meteorological variables

Meteorological conditions are crucial in shaping the for-
mation and evolution of DCCs and may covary with
aerosol properties, complicating the accurate quantification
of aerosol–DCC interactions (e.g., Lee et al., 2008; Storer
et al., 2010; Grant and van den Heever, 2015; Lebo, 2018;
Dagan et al., 2020; Park and van den Heever, 2022; Zang
et al., 2023; Varble et al., 2023). These meteorological vari-
ables or convective indices, influencing both aerosol acti-
vation and convective updraft strength, are termed “con-
founders” or “confounding variables” (Jesson et al., 2021).

The convective indices analyzed in this study include con-
vective available potential energy (CAPE), lifting conden-
sation level (LCL), level of neutral buoyancy (LNB), envi-
ronmental lapse rate (ELR) between 3 km and the surface
(ELR3), ELR between 6 and 3 km (ELR6), low-level vertical
wind shear from the surface to 5 km (LWS), and low-level
mean relative humidity below 5 km (RH). These variables
have been identified in previous studies as the most influen-
tial meteorological factors altering the impacts of aerosols on
convective updrafts and precipitation because these factors
regulate the kinematic and microphysical processes in DCCs
and the kinematic–microphysical feedback (e.g., Khain et al.,
2008; Khain, 2009; Nishant et al., 2019; Fan et al., 2009; Tao
et al., 2012; Storer et al., 2010, 2014; Varble, 2018; Wang
et al., 2020a; Veals et al., 2022; Sun et al., 2023; Masrour
and Rezazadeh, 2023).

To quantify these convective indices, measurements
from the ARM balloon-borne sounding system (SONDE)
launched at the M1 site are used. Radiosondes were typically
launched four times a day at approximately 05:30, 11:30,
17:30, and 23:30 UTC during the TRACER campaign, with
additional launches at 19:00, 20:30, and 22:00 UTC on en-

hanced operational days (as listed in Table S1 in the Sup-
plement). These radiosondes provide in situ measurements
of profiles of atmospheric thermodynamic state, wind speed,
and wind direction. To address the sensitivity of the calcu-
lation of these variables to the choice of initial parcel condi-
tions, three scenarios are considered. These scenarios involve
lifting different air parcels to initiate a convective cloud: the
surface-based parcel (sfc), the most unstable parcel (mu),
and the mixed-layer parcel (mix). Detailed information on
these calculations can be found in Wang et al. (2020b). Note
that, in the calculations, we assume that the parcel undergoes
undiluted ascent in a pseudo-adiabatic process (neglecting
hydrometeor loading).

Note that, in addition to the convective indices mentioned
above, other factors such as entrainment rate (Abbott and
Cronin, 2021; Peters et al., 2023) may also be important
in regulating the aerosol–DCC interactions; however, no di-
rect measurements of these quantities are available from
TRACER. Therefore, these factors are not included in the
analysis. The potential biases in the quantification of the
aerosol effects due to these exclusions will be discussed in
Sect. 4.6.

2.3 Surface aerosol measurements

The Aerosol Observing System (AOS; Uin et al., 2019)
within the ARM mobile facility (AMF; Miller et al., 2016)
was used for in situ aerosol measurements at the surface.

The dual-column CCN counter (Column A and Column B)
was used to determine CCN number concentrations (Nccn).
This instrument measures the number and size of activated
aerosol particles for each column at a specific supersaturation
(SS) level. Particle size, after humidification, can be mea-
sured between 0.75–10 µm, and the range of particle number
concentration measurement depends on the SS caused by the
growth kinetics of activated particles. Column A has vary-
ing SS set points between 0 % and 1 % at a frequency of
1.5 h, while Column B has a fixed SS set point of 0.35 %.
Due to the unavailability of Column B data at the time of
the study, only Column A data were considered. The dataset
used includes the number concentration of CCN at SS set
points of 0.1 %, 0.2 %, 0.4 %, 0.6 %, 0.8 %, and 1 %, which
are referred to as Nccn01, Nccn02, Nccn04, Nccn06, Nccn08, and
Nccn1, respectively. Note that these measurements were bias-
corrected based on a CCN closure study using methods de-
veloped by Petters and Kreidenweis (2007). As direct mea-
surements of SS in convective cloud updrafts are not avail-
able (i.e., updraft SS is unknown), we consider all six param-
eters as potential predictors (individually) in the MLR model.

Moreover, the total aerosol number concentrations includ-
ing ultrafine particles (< 100 nm in diameter) in the nucle-
ation and Aitken mode along with larger, accumulation-mode
aerosols are considered. The total aerosol number concentra-
tions have the potential to influence DCC evolution, assum-
ing that these particles may be activated as CCN in DCC up-
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drafts in which a range of SS values may be present (e.g.,
Politovich and Cooper, 1988). These quantities were mea-
sured by the condensation particle counter (CPC) installed as
part of the ARM AOS (Singh and Kuang, 2024). Two types
of CPC instruments were used in the AOS: ultrafine CPC in-
struments (CPCU) and fine-mode CPC instruments (CPCF).
The CPCU counts aerosol particles with diameters ranging
from 3 to 3000 nm (Nufp), while CPCF counts aerosol parti-
cles with diameters ranging from 10 to 3000 nm (Ncn).

The Ncn and Nufp were measured at a temporal resolu-
tion of 1 min; Nccn at various SSs had two measurements per
hour, and radiosondes, used to derive meteorological param-
eters, were launched four to seven times per day. To syn-
chronize the two datasets, we employ two commonly used
methods from previous studies to explore the sensitivity of
results to the averaging process. One approach entails aver-
aging the aerosol properties over a 1 h period following the
launch of a radiosonde (post-sounding averaging; e.g., Veals
et al., 2022). The second method involves utilizing a 1 h pe-
riod preceding the initial identification of the rainfall cores,
representing the aerosol conditions before the detection of
precipitation at the surface (pre-rain averaging).

Based on a t test (Welch, 2005), the differences between
the distributions of the aerosol properties derived using the
post-sounding averaging and the pre-rain averaging are sta-
tistically insignificant. This is true for all aerosol properties
considered in this study. In addition, the median values of
the aerosol parameters from these two averaging methods
are also comparable, with relative differences ranging from
2 % (Nccn02) to 23 % (Nccn01). Similar results are found when
comparing the variability of aerosol properties within the 1 h
averaging period, showing a consistent median value of the
standard deviation for these parameters across all the DCC
samples.

2.4 Pairing environmental variables with tracked DCCs

In the next step, we align environmental variables (aerosol
and meteorology) with tracked DCC properties. This is
achieved by identifying DCC rainfall cores that form within
6 h after launching each sounding, within a maximum dis-
tance of 50 km from the M1 site. The DCC tracking results
are then averaged to represent the mean DCC properties for
each corresponding sounding. More specifically, in terms of
ETH, we identify the maximum ETH throughout a tracked
DCC lifetime (one ETH for one DCC), and then we aver-
age these ETHs to represent the mean ETH of these qualified
DCCs. The specifics of the number of samples are detailed
in Table 1.

The choice of a 6 h time gap and a 50 km distance thresh-
old as the upper limit represents a compromise between cap-
turing representative environmental conditions and maintain-
ing a sufficient sample size. We do want to emphasize the
possibility of substantial temporal and spatial variability in
the thermodynamic conditions around the M1 site. Local

phenomena such as sea breeze, bay breeze, urban effects, and
other factors may complicate the extent to which the environ-
mental measurements at the M1 site represent the actual air
mass injected into the DCCs (e.g., Rapp et al., 2024; Wang
et al., 2024).

To account for the heterogeneous and evolving nature of
meteorological conditions that may impact DCC develop-
ment, we evaluate the spatial and temporal scales of me-
teorological influences on DCC rainfall core characteristics
through sensitivity tests. These tests involve examining DCC
rainfall cores initially identified within a radius of 20, 30, 40,
and 50 km from the M1 site, considering two different groups
of soundings: those launched within 4 h and those within 6 h
before the initial identification of the DCC rainfall cores.

Given the temporal and spatial constraints of the current
observations, the purpose of these tests is to strike the best
possible balance between accurately characterizing the ini-
tial conditions where DCCs are embedded with the available
observations and maintaining a sample size that optimizes
the performance of the subsequent analysis.

Note that various pairing methods have been used in prior
observational studies on aerosol–DCC interaction with the
goal of expanding the sample size. One approach involves
searching for a sounding launch within a specific period pre-
ceding the identification of each tracked DCC within a de-
fined domain (Veals et al., 2022). This increases the number
of samples to be equal to the number of tracked DCCs, in
contrast to our original method where the number of samples
is equivalent to the number of sounding launches. It is cru-
cial to acknowledge that different DCCs may correspond to
the same sounding profiles in the Veals et al. (2022) method,
limiting the natural variability of the pre-convection environ-
ment across different cases. Therefore, the subsequent anal-
ysis is exclusively conducted on datasets generated from the
original method of using the mean properties of DCC rainfall
cores tracked within 4 or 6 h after the launch of each sound-
ing.

3 Methodology

To assess the potential impacts of aerosols on DCC proper-
ties, an approach incorporating the use of SOM and MLR is
used.

First, we use the SOM method (Sect. 3.1) to classify the
synoptic weather regimes with the aim of singling out DCC
cases occurring within the context of weak synoptic-scale
forcing. This choice serves to mitigate the potential influ-
ence of large-scale ascent on the evolution of DCCs. In other
words, we aim to exclude large-scale, dynamically driven
convective clouds, such as mesoscale convective systems,
since the aerosol effect may be overwhelmed by meteorologi-
cal forcing (Chakraborty et al., 2016; Storer et al., 2010). The
characteristics of the synoptic regimes over the Houston–
Galveston region, details of the SOM setup, training process,
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and further information on the SOM method can be found in
Wang et al. (2022a).

Second, we determine the relationships between aerosol
and DCC properties using the MLR model and estimate the
aerosol effects on DCCs based on the partial regression co-
efficient associated with the aerosol predictor. Note that we
control for potential confounding variables, meaning that
these variables are also included as independent variables be-
sides aerosol properties. In the context of this study, these
confounders refer to convective indices – such as CAPE –
that may influence both aerosol number concentrations and
DCC characteristics.

3.1 Minimizing the influence of variability in
synoptic-scale forcing

In this subsection, we describe the first step in which we use
an unsupervised machine learning technique, SOM, to cate-
gorize synoptic weather patterns in the Houston–Galveston
area. The purpose of this step is to focus on DCC–aerosol
relationships while minimizing the influence of synoptic-
scale ascents such as those that are associated with strong
synoptic-scale troughs and onshore winds.

In our prior studies (Wang et al., 2022a), we identified
three main synoptic patterns in the Houston–Galveston re-
gion using the SOM approach, including a pre-trough, a
post-trough, and an anticyclonic regime. The input data for
the SOM analysis were 700 hPa geopotential height anoma-
lies (recorded at 00:00 UTC) from the European Centre for
Medium-Range Weather Forecasts (ECMWF) Reanalysis
version 5 (ERA5; Hersbach et al., 2020) during the summer
months (June to September) of 2010 to 2022. Among these
regimes, the anticyclonic regime is the most frequent, rep-
resenting 49 % of all days across the 13-year dataset, occur-
ring predominantly in July and August. The corresponding
regime for each day during the TRACER IOP can be found
in Fig. S1 in the Supplement.

During the anticyclonic regime, a high-pressure system
typically resides over the Houston–Galveston area as the
Bermuda High has shifted toward the west. The region is po-
sitioned on the inner eastern edge of a ridge at 500 hPa and on
the inner western edge of an anticyclonic system at 850 hPa.
This configuration creates a stable synoptic background char-
acterized by large-scale subsidence over the study area, weak
horizontal winds throughout the troposphere, and moderate
column water vapor content (Wang et al., 2022a). These
conditions are favorable for the formation of locally forced,
isolated DCCs with minimal LWS and moderate low-level
moistening (Wang et al., 2024). As such, this environment
is conducive to studying the interactions between DCCs and
aerosols. Conversely, the pre-trough and post-trough regimes
are associated with large-scale trough intrusions and mois-
ture transport from the Gulf of Mexico, which are more likely
to promote organized convective clouds over the region that
are primarily driven by large-scale dynamics (Wang et al.,

2022a). Therefore, these specific cases are excluded from our
study, aligning with our emphasis on evaluating aerosol im-
pacts on locally driven DCCs, which are comparatively less
influenced by the large-scale ascent.

3.2 Aerosol–ETH association

Given our potential predictors, namely aerosol or CCN num-
ber concentrations at various SS levels, we aim to identify the
most relevant aerosol parameters impacting the DCC ETH.
In other words, the “valid” predictors are those that demon-
strate a significant association with DCC ETH.

To achieve that, we evaluate the performance of a simple
linear regression (SLR) model when attempting to predict
DCC ETH using each aerosol parameter individually. The p
value of each SLR model is assessed, indicating the statisti-
cal significance of the associations between ETH and aerosol
parameters.

Figure 1 illustrates the p values resulting from each fit-
ted model, with 30 and 15 dBZ ETH as the dependent vari-
able and each aerosol parameter (Nccn at various SSs, Ncn,
or Nufp) as the predictor (derived from the two averaging
methods described above). A p value below 0.05 signifies a
statistically significant association between the predictor and
dependent variables. The most notable feature from Fig. 1
is that only a small fraction (20 out of 128, accounting for
16 %) of the SLR models are statistically significant. This
result suggests that, in the majority of scenarios, the CCN
and aerosol number concentrations are not reliable influ-
encers of changes in DCC ETH, suggesting limited impacts
of aerosol loading on DCC ETH. Among the “valid” SLR
models (p < 0.05), all of them use Ncn or Nufp as the pre-
dictor variable. This implies that aerosol loading potentially
influences DCC ETH if smaller aerosol particles are consid-
ered in the analysis.

3.3 Identification of confounding variables

In this subsection, our primary objective is to identify a spe-
cific set of confounding variables from a range of convective
indices introduced in Sect. 2.2. To achieve this, we assess the
Pearson correlation coefficients (R) between 30 dBZ ETH as
well as 15 dBZ ETH and selected convective indices, as de-
lineated in Table 2 and shown in Fig. 2.

Positive R values between 0.2 and 0.4 are evident when
examining the relationship between LNB, CAPEmu, LCL, or
ELR3 and 30 dBZ ETH. The positive association between
CAPEmu and 30 dBZ ETH can primarily be attributed to
the direct impact of CAPE on the maximum potential ve-
locity of updrafts, independent of entrainment and hydrome-
ter loading effects (Weisman and Klemp, 1984; Kirkpatrick
et al., 2011). This relationship finds support in observations
across diverse climate regions, including Darwin, Australia
(Kumar et al., 2013), the Sierras de Córdoba mountain range
(Veals et al., 2022), and the central Amazon (Wang et al.,
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Table 2. Pearson correlation coefficients (R values) between convective indices and DCC ETH. The most unstable parcel is used in the
calculations of the convective indices. DCCs were identified within different distances, ranging from 20 to 50 km, from the ARM M1 site.
Only the R values that pass the significance tests are included.

Distance to M1 LNB CAPE LCL LFC ELR3 ELR6 LWS RH

Outcome variable: 30 dBZ ETH

20 km × × × × × × × ×

30 km × × × × 0.3 × × ×

40 km × 0.3 0.2 × 0.3 × × ×

50 km 0.2 0.2 0.3 × 0.4 × × ×

Outcome variable: 15 dBZ ETH

20 km × × × × × × −0.3 ×

30 km × × × × × × × ×

40 km × × × × × × × ×

50 km 0.2 0.3 × × × × × ×

Figure 1. Simple linear regression model p value for each aerosol
number concentration as a predictor for different aerosol averaging
periods. Different colors represent different maximum distances be-
tween aerosol and DCC measurements (km in radius from the M1
site). The horizontal line indicates p= 0.05 and the white hatch lines
indicate “valid” models (p< 0.05). Note that for some models, the
p value is zero, which is not visible on the plot.

Figure 2. Correlation matrix between the meteorological variables
and aerosol number concentrations for DCC cases identified within
a radius of 50 km from the M1 site. The correlation matrix is a table
showing Pearson R values between sets of variables. The meteoro-
logical variables are calculated using ARM soundings when assum-
ing that the most unstable parcel would rise to form convection. The
black hatch lines indicate nonsignificant R values.

2019). This robust association is also present when using
surface parcels but diminishes with mixed-layer parcels (Ta-
ble S2). Additionally, the LNB shows weak, positive correla-
tion with both 30 and 15 dBZ ETH, since it is highly corre-
lated with CAPE (Fig. 2).

Concerning LCL, its impact on 30 dBZ ETH can be ex-
plained by its previously demonstrated positive correlation
with the width of updrafts at cloud base (McCaul and Cohen,
2002; Mulholland et al., 2021). In other words, a higher LCL
tends to promote wider boundary layer updrafts. These wider
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updrafts are more likely to evolve into expansive and deeper
updraft cores within DCCs since they experience less dilu-
tion of buoyancy due to entrainment compared to narrower
updraft cores. Consequently, this leads to a higher 30 dBZ
ETH. Similarly, a steeper ELR3 is closely linked to a higher
LCL (R = 0.9, Fig. 2) and, subsequently, a higher 30 dBZ
ETH. This steeper ELR3 also corresponds to a “fatter” buoy-
ancy profile (Zipser and LeMone, 1980), where CAPE is
concentrated at lower levels. An air parcel accelerates more
rapidly through these levels, reducing the exposure time for
entrainment and other processes (Wang et al., 2020b). There-
fore, a higher 30 dBZ ETH may be expected.

LWS is another essential factor governing DCC updraft in-
tensity and regulating aerosol–DCC interactions, particularly
in organized DCCs (e.g., Fan et al., 2009; Baidu et al., 2022).
However, in the specific isolated DCC environment studied
here, it has no association with 30 dBZ ETH, but it does have
a weak, negative correlation with 15 dBZ ETH. Therefore,
LWS is excluded (included) as a confounding variable when
the 30 dBZ ETH (15 dBZ ETH) is considered to be the de-
pendent variable in the next step.

Overall, LNB, CAPE, LCL, and ELR3 exhibit weak to
moderate R values across various scenarios, making them
suitable potential covariates for predicting 30 dBZ ETH
alongside aerosol properties. However, high correlation is
found between LNB and CAPE (R = 0.9, Fig. 2) as higher
values of CAPE indicate greater atmospheric instability, al-
lowing air parcels to rise to higher altitudes and thus poten-
tially higher LNB. Similarly, strong correlation is also exhib-
ited between ELR3 and LCL (R = 0.9, Fig. 2), which can be
attributed to their shared relationship with temperature vari-
ations in the lower atmosphere. To address multicollinear-
ity concerns, only one variable from each pair is selected
as a confounding variable, which can otherwise lead to in-
creased variance in estimated coefficients within the MLR
model. Further discussion on multicollinearity is presented
in Sect. S4.

Finally, CAPE and ELR3 are chosen due to their higher
R values with 30 dBZ ETH compared to their counterparts.
Following a similar logic, CAPE and LWS are selected as
confounders when the 15 dBZ ETH is used as the dependent
variable in the MLR model. Moreover, these selected con-
founding variables exhibit a stronger association with aerosol
parameters compared to other convective indices (Fig. 2).
Similar findings are reported in previous studies by Varble
(2018). Using the surface and mixed-layer parcel, a consis-
tent conclusion is drawn (Figs. S2 and S3).

3.4 MLR

The main step involves fitting an MLR model to our data. In
our case, the MLR model includes the dependent variable,
Y , which represents the 30 dBZ (15 dBZ) ETH, and the inde-
pendent variable,X, which represents aerosol properties. We
also include two additional variables, which are A= CAPE

and B = ELR3 for Y = 30 dBZ ETH and A= CAPE and
B = LWS for Y = 15 dBZ ETH to account for confounding
effects.

Therefore, the MLR model can be expressed as follows.

Y = β0+β1X+β2A+β3B (1)

Here, β0 is the intercept, and β1, β2, and β3 are the estimated
regression coefficients.

Note that the aerosol properties, X, are transformed into
a binary distribution (0 or 1) to first help address poten-
tial biases associated with the Nccn measurements/calcula-
tions during TRACER. Cases with Nccn at various SSs, Ncn,
or Nufp above the median value are categorized as polluted
cases with a scaled value of 1, while cases below the me-
dian value are classified as clean cases with a scaled value
of 0. Most importantly, this transformation facilitates the es-
timation of the average aerosol effects on DCCs because in
this case, β1 represents the expected difference in Y between
when X = 1 and X = 0, holding A and B constant. In other
words, β1 is the average effect (or group difference) of X on
Y while adjusting for A and B. The unit of coefficient β1 is
the same as the unit of Y .

In addition, we perform standardization on the confound-
ing variables. This standardization process transforms the
variables so that they have a mean of 0 and a standard de-
viation of 1. It is achieved by subtracting the mean of each
variable from each observation and then dividing by its stan-
dard deviation.

We run model diagnostics to ensure the validity, reliabil-
ity, and interpretability of the fitted MLR model as well as
ensuring the robustness of coefficients. This is achieved by
examining the key assumptions (i.e., linearity, homoscedas-
ticity, normality, independence, and multicollinearity) of the
MLR models as described in Sect. S4. Overall, all scenarios
presented in Sect. 3.2 satisfy these assumptions. In addition,
we also calculated the adjusted R2 values, the 95 % con-
fidence intervals for each independent variable (Table S4).
The adjusted R2 values are generally below 0.5 and rarely
increase even when all the potential confounders discussed
in Sect. 2.2 are included. This result indicates that other con-
founding variables, beyond those included or discussed here,
likely exist but are not accounted for. These variables may
not have been measured or discovered to have a relation-
ship with the dependent variables, which will be discussed in
Sect. 4.6. Additionally, the small sample size may contribute
to the low adjusted R2, as high variability in the dependent
variable can artificially suppress the correlation.

4 Results

In this section, we first provide an overview of the charac-
teristics of the DCC properties and their associated aerosol
and meteorological conditions in the Houston–Galveston re-
gion. Then, we present the estimated aerosol effects on DCC
properties and discuss potential uncertainties of the results.
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Figure 3. Histograms with density kernel estimation (solid lines) of
meteorological variables from the ARM soundings launched prior
to DCC cases identified within a radius of 50 km from the M1 site.
The bin size is defined by the difference between the maximum and
minimum values of each variable divided by the number of bins,
which is fixed at 10 for each panel.

4.1 DCC properties and their associated environmental
conditions

In Fig. 3, we illustrate the distributions of selected convec-
tive indices representative of the pre-convective conditions.
During the selected DCC days, the influence of anticyclonic
large-scale flow leads to moderate low-level moistening, re-
sulting in medium to high low-level RH (mean RH values
below 5 km) of approximately 70 % (Fig. 3o). This moisten-
ing causes air parcels to saturate quickly at lower levels when
lifted, leading to a relatively low mean LCL of 1 km (Fig. 3g–
i), although this value is higher compared to the LCL values
in more humid conditions, such as an oceanic environment
with a mean low-level RH of 80 % (Wang et al., 2020b). The
LCL is in close proximity to the LFC, with a smaller median
difference of 100 m when using the most unstable parcel and
a larger difference of 600 m when using a mixed-layer parcel
(Fig. 3j–l). Consequently, the convective inhibition (CINmu)

is relatively low, with a median value of −0.7 J kg−1 (not
shown).

Under these conditions, (adiabatically) lifted parcels can
ascend to significant heights, even reaching the tropopause,
with a mean LNBmu of 14.6 km (Fig. 3d). When consid-
ering mixed-layer parcels, the mean value of LNBmix de-
creases to 13.9 km as expected (Fig. 3f). This environment
allows for the accumulation of significant CAPEmu through-
out the troposphere, with a median value of approximately
3407 J kg−1 (Fig. 3a). There are only small changes in CAPE
values when using the surface parcel in the calculation com-
pared to CAPEmu (Fig. 3b), which implies that the majority
of the most unstable parcels are from near-surface levels. Un-
der such circumstances, using surface aerosol measurements
to represent the in-cloud aerosol properties may result in re-
duced uncertainty compared to applying the same assump-
tion to study elevated DCCs. The LWS is relatively weak,
with a mean value of 5.7 m s−1 (Fig. 3n), compared to LWS
values that support the initiation of organized convective sys-
tems (Baidu et al., 2022).

The distributions of convective properties associated with
DCCs initiated under such meteorological conditions are il-
lustrated in Fig. 4. In this demonstration, the selected DCC
cases are those identified within a 50 km radius from the
ARM M1 site. The definitions of these properties can be
found in Sect. S2. These tracked DCC rainfall cores show
intense rainfall rates, exhibiting a mean maximum 2 km Z
of 54 dBZ (Fig. 4a). The maximum 30 dBZ ETH for half
of these cores extends above 7 km (Fig. 4b). These cores
are small in size, with their maximum area having a median
value of approximately 52 km2 during their lifetime (Fig. 4c),
confirming their more isolated nature. Most of these rainfall
cores form in the afternoon hours with a peak in the num-
ber of cores initiating around 20:00 UTC, corresponding to
15:00 local time (Fig. 4d). This observation confirms that
these cases are predominantly locally driven under weak syn-
optic forcing and influenced by surface heating and/or sea-
breeze circulations (Wang et al., 2022a). It is therefore no
surprise that these cores propagate at a relatively slow speed
of 5 ms−1 (Fig. 4e) and have a relatively short duration of less
than an hour (51 min, Fig. 4f). The influence of aerosol num-
ber concentrations on these locally driven DCC rainfall cores
is expected to be more discernible compared to DCCs with
significant large-scale forcing, given the limited large-scale
ascent and minimal convection organization in such cases.

Figure 5 illustrates the spatial distribution of DCC prop-
erties, showing a notable cluster along a line perpendicular
to the coastline and northwest of the M1 site. This pattern
can potentially be attributed to the interplay between sea
breeze, bay breeze, and urban-heat-island-induced circula-
tions, which may create a conducive environment for DCC
initiation and/or collisions (Mejia et al., 2024). Such events
appear to result in larger cell areas, as depicted in Fig. 5c, and
slightly longer lifetimes compared to cells located outside
this zone (Fig. 5f), consistent with findings by Hahn et al.
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Figure 4. Histograms with density kernel estimation (solid lines)
of the maximum 2 km radar reflectivity, 30 dBZ ETH, and 30 dBZ
rainfall core area along with initiation time, mean propagation
speed, and lifetime for each DCC rainfall core identified within a
radius of 50 km from the M1 site. The bin width is set to 2 dBZ for
(a), 1 km for (b), 20 km2 for (c), 2 h for (d), 0.5 m s−1 for (e), and
10 min for (f).

(2025). Additionally, it is observed that these cells tend to
initiate later in the day (Fig. 5d), aligning with the timing
of sea- and bay-breeze propagation and their convergence
with urban heat island circulations in this region. Note that
the spatiotemporal heterogeneity of these precipitation cores
adds complexity to our study, as it relies on point measure-
ments of environmental variables. While this approach is a
practical solution given the absence of a comprehensive mea-
surement network during TRACER, it highlights the need for
long-term field campaigns with enhanced instrumentation to
achieve better spatial coverage across regions with complex
multiscale forcings.

Throughout the DCC days, the Houston–Galveston re-
gion experienced diverse aerosol number concentrations. As
shown in Fig. 6, the distribution of aerosol number con-
centrations spans a considerable range, with a prominent
peak at smaller-number-concentration bins. The mean values
of these SS-determined distributions are significantly differ-
ent according to results from a t test, except for Nccn1 and
Nccn08. More specifically, this environment exhibits mean to-
tal aerosol number concentrations of 7332 cm−3 for Ncn and
10 683 cm−3 for Nufp during the study period (Fig. 6g, h),

Figure 5. Dots indicate locations where the cell ETHs are maxi-
mized on maps for cells initiated within 50 km of the M1 site. The
colors in these panels indicate cell properties as shown in Fig. 4.

showing high pollution levels. The most polluted instances
occurred in mid-July (e.g., 12, 13 July) and mid-August (e.g.,
10, 11, 17 August), exceeding the 95th percentile values of
the distributions shown in Fig. 6.

In addition, the Houston–Galveston region is found to
have a unique combination of different aerosol species dur-
ing the summer months (Fig. S4), according to the aerosol
composition measurements from the aerosol chemical spe-
ciation monitor (ACSM) at the M1 site. The predominant
aerosol type measured is total organics, constituting 49 %
(2.24 µg m−3) of the total aerosol mass concentration, fol-
lowed by sulfate at 34 % (1.54 µg m−3), ammonium at 13 %
(0.61 µg m−3), nitrate at 3 % (0.14 µg m−3), and chloride at
< 1 % (0.03 µg m−3). This broad spectrum of aerosol species
and their mass concentration is indicative of diverse emission
sources, including both anthropogenic (e.g., from city, ships,
refineries; Rivera et al., 2010; Wallace et al., 2018) and nat-
ural emissions (e.g., from agricultural activities, vegetation;
Bean et al., 2016; Yoon et al., 2021) from nearby and/or dis-
tant locations.

4.2 Average aerosol effects on DCC ETH

Figure 7 illustrates the estimated average effect of aerosol
number concentration on 30 and 15 dBZ ETH for all scenar-
ios and varying distances (20 to 50 km) from the M1 site. The
“valid” scenarios are indicated by the white hatch lines, rep-
resenting cases with a relatively higher association between
aerosol number concentration and ETH. The confounding
meteorological variables are calculated using the most un-
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Figure 6. Histograms with density kernel estimation (solid lines)
of CCN number concentrations measured at different SS levels and
total aerosol number concentrations for DCC cases identified within
a radius of 50 km from the M1 site. The bin width is set to 500 cm−3

for (a–d), 200 cm−3 for (e), 20 cm−3 for (f), 1000 cm−3 for (g), and
2000 cm−3 for (h).

stable parcel in this figure, and the post-sounding aerosol av-
eraging method is used.

The findings reveal a positive average aerosol effect for
Ncn and Nufp with values ranging from 0.7 to 2.2 km. It im-
plies that higher aerosol number concentration values corre-
spond to an increase in 30 dBZ ETH within DCCs, thereby
suggesting a deeper DCC in polluted conditions compared to
that in clean conditions. We observe similar results when us-
ing 15 dBZ ETH as the dependent variable and when using
different air parcels for calculating confounding variables, as
illustrated in Table 3.

Interestingly, for the remaining scenarios, the estimated
average aerosol effects are mostly negative (Fig. 7), high-
lighting the potential for contradictory results when a dif-
ferent aerosol variable is used in the analysis. Even for the
“valid” scenarios, the significance of the estimated aerosol
effects is challenged by the inconsistent 95 % confidence in-
tervals for the coefficients of the aerosol variables in the fitted
MLR models (Table S4). Specifically, the 95 % confidence
intervals for the aerosol variables sometimes cross 0, mak-
ing it difficult to conclude that the aerosols have a clear and
meaningful relationship with the ETH. This finding is con-
sistent with the relatively small or minimal average aerosol

Figure 7. Average aerosol effects on (a) 30 dBZ ETH and (b)
15 dBZ ETH estimated for each potential exposure variable. Differ-
ent colors represent different maximum distances between measure-
ments of environmental variables and DCC properties. The meteo-
rological variables are calculated using ARM soundings (6 h) when
assuming that the most unstable parcel would rise to form convec-
tion. The white hatch lines indicate “valid” results.

effects observed for these scenarios in Figs. 7 and 8. These
aerosol effects could also be likely within the natural vari-
ability of these variables and the uncertainty range of the
measurements or may be influenced by the sampling meth-
ods used.

In a separate test, we ran the MLR model without any con-
founders, and we found that the estimated mean aerosol ef-
fects on 30 dBZ ETH across all “value” scenarios increased
by about 0.4 km. These results highlight the importance of
controlling for confounders while quantifying aerosol im-
pacts on convective properties.

We also conducted a sensitivity test to examine whether
the diurnal cycle affects the estimated aerosol effects on
ETH. The results indicate that the average aerosol effects are
only around 0.1 km lower than those presented in Fig. 7 for
those “valid” scenarios, where the diurnal cycle was not con-
trolled for. This suggests that the diurnal cycle has a limited
influence on the aerosol effects on ETH under the specific
environmental conditions of this study.

Note that the observational findings presented in this study
do not unequivocally lend support to or negate the warm-
phase invigoration pathway. The role of in-cloud SS is vi-
tal in determining the occurrence of warm-phase invigora-
tion within DCCs (e.g., Romps et al., 2023). Unfortunately,
direct in situ measurements of SS within convective updrafts
remain unavailable, despite estimates using aircraft measure-
ments for limited climate and vertical velocity regimes (e.g.,
Politovich and Cooper, 1988; Pinsky and Khain, 2002; Ko-
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Table 3. Average aerosol effects on ETH (km) using different con-
founders and dependent variables when using Ncn and Nufp as in-
dependent variables.

CAPEmu, CAPEsfc, CAPEmix,
Confounders ELR3 ELR3 ELR3

6 h soundings, post-sounding averaging

30 dBZ ETH 1.0 1.0 1.0
15 dBZ ETH 0.8 0.7 0.8

6 h soundings, pre-rain averaging

30 dBZ ETH 1.1 1.1 1.1
15 dBZ ETH 1.4 0.8 0.8

4 h soundings, post-sounding averaging

30 dBZ ETH 1.2 1.2 1.2
15 dBZ ETH 1.2 1.2 1.3

4 h soundings, pre-rain averaging

30 dBZ ETH 1.2 1.2 1.2
15 dBZ ETH 1.1 1.1 1.2

rolev and Mazin, 2003; Prabha et al., 2011; Romps et al.,
2023).

Similarly, the presented aerosol effects do not conclusively
confirm or reject the possibility of other hypothesized aerosol
invigoration mechanisms (e.g., cold-phase, humidity entrain-
ment invigoration). As shown in Fig. 4b, a substantial por-
tion of the 30 dBZ ETH associated with the studied rainfall
cores extends beyond 5 km. Consequently, the observed pos-
itive aerosol effects under specific conditions suggest poten-
tial evidence of cold-phase invigoration or partitioning be-
tween warm- and cold-phase invigoration. However, to fully
support these invigoration mechanisms, we need to further
assess the relative importance of additional latent heat release
and hydrometeor loading (e.g., Igel and van den Heever,
2021). Testing for the presence of these mechanisms requires
supporting measurements of hydrometeor and latent heat-
ing profiles in the convective updraft region, which were not
available during the majority of the TRACER IOP. Moreover,
while entrainment is found to alter aerosol–DCC interactions
(e.g., Peters et al., 2023), the absence of direct measurements
of convective vertical velocity presents a challenge in evalu-
ating the significance of this process.

In summary, we quantify the average aerosol effects on
ETH using observational datasets. However, gaining a com-
prehensive understanding of the plausible pathways driving
aerosol-induced effects on ETH necessitates advanced in-
strumentation and specific field campaign designs, which are
capable of capturing SS levels, measuring vertical velocity
within updrafts, and understanding the intricate dynamics
and microphysical processes occurring within DCCs.

Figure 8. Average aerosol effects on 30 dBZ ETH estimated for
each potential exposure variable after controlling for confounders
(ELR3 and CAPE) for DCCs identified during sea-breeze days only.
The post-sounding aerosol averaging period is considered. Differ-
ent colors represent different maximum distances between measure-
ments of environments and DCCs. The meteorological variables are
calculated using ARM soundings (6 h) when assuming that the most
unstable parcel would rise to form convection. The white hatch lines
indicate “valid” results.

4.3 Impacts of the sea-breeze circulations on
aerosol–DCC interaction

The ARM M1 site is located close to Galveston Bay (6 km)
and the Gulf of Mexico (50 km), frequently experiencing
bay- and gulf-breeze circulations (simplified as sea-breeze
circulations in the following text) during the summer months
(Wang et al., 2024). Despite focusing on cases within the an-
ticyclonic regime to exclude large-scale ascent contributions
to the development of DCCs, sea-breeze fronts can still act
as mesoscale forcing mechanisms, inducing upward motions
within the boundary layer and influencing aerosol–DCC in-
teractions.

Our recent study (Wang et al., 2024) indicates that at least
44 % of the DCC rainfall cores analyzed here are associ-
ated with days on which these circulations and boundaries
are observed to cross the ARM M1 site. In that study, we
identified sea-breeze circulation days based on observations
from NEXRAD, Geostationary Operational Environmental
Satellites (GOES), and ARM surface meteorology data (e.g.,
wind fields, water vapor mixing ratio). Specifically, 64 sea-
breeze circulation cases were identified during the TRACER
IOP. As shown in Table 1, 38 rainfall cores, with a sounding
launch within 6 h prior to rainfall initiation, were tracked dur-
ing these days within 50 km of the ARM M1 site in this study.

We applied the MLR model to DCCs that are associ-
ated with sea-breeze circulations, maintaining the same con-
founding variables since they showed moderate correlations
with both ETH and aerosol variables (R values ranging from
0.4 to 0.5). Figure 8 illustrates the average aerosol effects
on 30 dBZ ETH, which is around 1.4 km for these “valid”
cases. It is higher than estimates for scenarios including all
cases. This enhanced effect could be due to the potential ex-
clusion of confounding variables that are not major contrib-
utors to non-sea-breeze cases. One important variable could
be boundary layer updrafts, which consistently increase at
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Figure 9. Same as Fig. 7a but for cell area as the dependent variable
and CAPE as the confounding variable.

the leading edge of sea-breeze fronts as observed from the
Doppler lidar measurements (Wang et al., 2024). Since this
observation is only available at the ARM M1 site and not
for each tracked rainfall core, it is challenging to include
this confounding variable. The exclusion of this confounding
variable may lead to an overestimation of the aerosol effects
on ETH as discussed in the previous section.

Interestingly, we found more “valid” models (19) for the
sea-breeze cases compared to scenarios including all cases.
This suggests that the aerosol influence is a robust signal
here, even though the extension of the ETH is not more than
15 %. This robustness may be due to the coherent separa-
tion of clean versus polluted cases when using different ex-
posure variables. This is supported by the observations that
the DCC environment is much cleaner after the passage of
sea-breeze fronts.

4.4 Average aerosol effects on precipitation intensity
and area

In this subsection, we extend our investigation to estimate
the impacts of aerosols on precipitation intensity and area.
Precipitation intensity is assessed using the maximum 2 km
radar reflectivity, while precipitation area is evaluated based
on the maximum area with 2 km Z> 30 dBZ of the tracked
precipitation core throughout the cell life cycle. All steps in
our methodology remain the same for these applications, ex-
cept that the dependent variable is either maximum radar re-
flectivity or precipitation core area instead of ETH. The con-
founding variable considered in this analysis is only CAPE,
as it is the only one that shows a correlation coefficient higher
than 0.3 with both ETH and aerosol properties.

Figure 9 presents the aerosol effects on the core area for
different potential exposure variables. Only one model is
“valid”, which corresponds to the scenario with DCCs iden-
tified within 30 km of the M1 site using Nccn measured at
SS of 0.8 %. This finding implies that only on rare occasions
does the aerosol number concentration impact the precipi-
tation core area expansion by approximately 39 km2. Given
the fact that this area expansion is only observed in limited
scenarios, it is less conclusive compared to the effects of
aerosols on DCC ETH.

Figure 10. Same as Fig. 7a but using maximum reflectivity as the
dependent variable and CAPE as the confounding variable.

Regarding the aerosol effects on precipitation intensity,
Fig. 10 shows 10 effective models, significantly more than
those considering core area as the dependent variable. Al-
though the mean aerosol effect across all “valid” scenar-
ios is positive, the magnitude is around 2 dBZ, which falls
within the uncertainty range of NEXRAD (3 dBZ; Gou,
2003; Ryzhkov et al., 2005). Therefore, we cannot conclu-
sively determine that aerosol loading results in heavier pre-
cipitation for the DCC cases evaluated in this study.

4.5 Sensitivity of the aerosol effect estimation

We explore the robustness of aerosol effect estimates by ex-
amining various factors that could influence the calculations.
These factors include the data averaging period for aerosol
measurements and the time gap between environmental mea-
surements and DCC rainfall initiation (e.g., Nelson et al.,
2021; Fast et al., 2024).

When using the pre-rain method for the aerosol averag-
ing process, as shown in Fig. 1b and d, we observe that the
effective aerosol properties remain consistent with those ob-
tained using the post-sounding method (Fig. 1a, c), involving
Ncn and Nufp. The mean positive aerosol effects on 30 and
15 dBZ ETH when using Ncn and Nufp aligns closely with
the results obtained using the post-sounding aerosol averag-
ing method (Table 3). These findings suggest that our results
have minimal sensitivity to the data averaging period for the
measured aerosol properties used in this study.

Regarding the influence of the time gap between measure-
ments of DCC and environmental properties on the estima-
tion of the average aerosol effect, we exclude the cases when
the nearest soundings were launched more than 4 h before
the initiation of DCC rainfall cores. As shown in Table 3,
the mean aerosol effect on 30 dBZ ETH and 15 dBZ ETH
across all “valid” scenarios are very similar to results using
6 h soundings.

The shorter the time difference, in theory, the more accu-
rately the sounding measurement should represent the envi-
ronment in which the DCCs are embedded. Therefore, these
results reinforce the conclusion from previous sections, sug-
gesting that aerosol invigoration is, for the most part, con-
strained and requires all aerosol particles to be activated in
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convective updrafts if it is to be effective. However, the num-
ber of samples is reduced by approximately 20 % when lim-
iting our analysis to 4 h soundings. Additionally, the percent-
age of cases heavily influenced by sea-breeze circulations
also changes. These changes could all potentially impact the
estimated aerosol effects.

In summary, the assessment of aerosol effects appears to
be independent of the timing of environmental measurements
relative to the initiation of DCCs and the accuracy with which
these measurements reflect the air ingested into the DCC up-
draft cores. Nonetheless, the collective findings indicate a
restricted impact of aerosols on DCCs across all sensitivity
tests conducted.

4.6 Potential uncertainties

In this study, we have accounted for important confounders
that could influence the aerosol–DCC interactions according
to previous studies and also our evaluations, but there may
still be some confounders that we did not observe or dis-
cover that could impact our results. For example, Peters et al.
(2023) discovered that entrainment rate influences whether
aerosols have an impact on DCCs. Additionally, the size of
the updraft core in the boundary layer prior to the cloud for-
mation is identified as a significant factor influencing the
intensity of the subsequently developed DCCs (e.g., Morri-
son, 2017; Mulholland et al., 2021; Takahashi et al., 2023).
However, direct measurements of these quantities were not
available during TRACER and most other field campaigns
aimed at observing the characteristics of deep convection.
The lack of confounders may possibly cause an overestima-
tion of aerosol effects.

In the absence of in situ observations of cloud microphys-
ical properties, the current analysis cannot account for any
“direct” effects of aerosols on ETH or cloud depth through
microphysical processes. The study also does not investi-
gate the microphysical pathways through which aerosols
may cause the changes in ETH. Such examinations require
in situ observations and/or high-resolution model simula-
tions, which forms a key limitation of any study aiming to
explore aerosol–DCC interactions using remote sensing re-
trievals alone.

5 Conclusions

This study explores the aerosol effects on the rainfall core
properties of DCCs, aiming to provide evidence of aerosol
invigoration or enervation. Leveraging the extensive obser-
vational dataset collected during the TRACER IOP (June–
September) in the Houston–Galveston region, characterized
by a diverse aerosol environment, we focus on examining
isolated DCCs observed during this period in the anticyclonic
regime.

To identify suitable DCCs for investigation, we establish a
three-step approach.

First, we exclude synoptic-scale-system-driven cases by
applying a regime classification of synoptic weather patterns
using the SOM method. This step allows us to focus on
locally driven cases under anticyclonic regimes, which are
found to be more conducive to aerosol interactions in pre-
vious studies. The selected period is characterized by low
LWS, limited large-scale uplift, and moderate humidity con-
ditions, favoring predominantly isolated DCCs driven by lo-
cal factors.

Second, we track DCC cases initiated within a certain dis-
tance from the M1 site using a Lagrangian framework based
on NEXRAD data. This tracking process helps determine
the properties of the DCC rainfall cores, which are identi-
fied as small in size (74 km2 on average), slow-propagating
(5 ms−1 on average), and short-lived (51 min on average),
with predominantly afternoon initiation likely influenced by
surface heating flux and/or sea-breeze circulations. In partic-
ular, 44 % of the DCC cells tracked occurred on sea-breeze
days.

Finally, we use MLR to assess the average effect of
aerosols on identified DCCs. In the model, we also include
convective indices that covary with aerosol and DCC, (CAPE
and ELR3 for 30 dBZ ETH, CAPE and LWS for 15 dBZ
ETH) to account for confounding effects.

The major findings include the following.

1. We observed a range of average aerosol effects on
DCC ETH, spanning from negative to positive values.
In a small subset of models where aerosols were more
strongly linked to ETH, we detected a positive average
aerosol effect. These findings highlight the substantial
uncertainty in the sign of aerosol impacts. Only under
specific conditions might a more polluted environment
lead to stronger convection compared to cleaner condi-
tions, assuming all other factors remain equal. However,
the in-cloud SS remains unobserved, and thus the acti-
vation of aerosol particles is uncertain.

2. When assessing the impacts of sea-breeze circulations
on aerosol–DCC interactions, we found more positive
and stronger aerosol effects on 30 dBZ ETH compared
to the all-case scenario. This discrepancy could be due
to the absence of major confounding variables (e.g.,
boundary layer dynamics) in the MLR model.

3. We also investigate the impact of aerosol loading on pre-
cipitation core area. Most models indicated positive av-
erage aerosol effects, suggesting an expansion of cell
area in polluted cases. However, as only one model is
deemed “valid”, the robustness of this result needs fur-
ther assessment. Moreover, regarding the influence of
aerosols on maximum rainfall intensity, the observed
effects fall within the range of radar measurement un-
certainty.

4. The sensitivity analysis reveals minimal dependency on
the choice of the proxy for updraft intensity, the tempo-
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ral and spatial gaps between measurements of aerosol
and DCC properties, the aerosol averaging period, and
the types of originating air parcels used in calculating
CAPE. In other words, these tests all show comparable
aerosol effects on 30 dBZ ETH.
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