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Abstract. Coastal urban environments exhibit strong vertical and horizontal heterogeneity in aerosol properties, complicating

process-level understanding of aerosol—cloud interactions. This study analyzes tethered balloon system (TBS) measurements

from 149 flights during summer over the greater Houston, Texas, region as part of the Department of Energy (DOE)
Atmospheric Radiation Measurement (ARM) Tracking Aerosol Convection interactions ExpeRiment (TRACER) campaign.
We characterize the vertical structure of aerosol number concentrations, size distributions, and inferred cloud condensation
nuclei (CCN) concentrations. Air mass history was classified using back-trajectory analysis and k-means clustering into three
clusters: (1) marine-influenced, (2) mixed marine and urban emissions, and (3) urban/anthropogenic and long-range
transported aerosols. CCN concentrations are estimated from observed size distributions using k-Kohler theory. The resulting
profiles show pronounced vertical variability across clusters, strongly modulated by boundary-layer depth and coastal
circulations, leading to substantial variability in the aerosol population available for cloud activation. The marine cluster
showed the lowest concentrations, with CCN at 0.8% supersaturation below 1,000 cm™, while urban and mixed clusters
displayed higher concentrations and more complex layering. Profiles influenced by the mixed marine—urban cluster frequently
exhibit decoupling between near-surface aerosol and elevated layers, including enhanced accumulation-mode number aloft,
consistent with prior TBS-based compositional studies. A September 6-7, 2022 case study demonstrates that mesoscale
transport can simultaneously transform both the thermodynamic environment and aerosol population, highlighting the
importance of constraining boundary-layer dynamics and airmass origin before attributing cloud changes to aerosol effects in

complex coastal environments.
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1. Introduction

Atmospheric aerosols are tiny solid or liquid particles from both natural sources and human activities suspended in the
atmosphere. These aerosols influence the Earth's system in multiple ways, and their direct radiative forcing can be positive
(warming) or negative (cooling). For example, sulfate aerosols primarily scatter sunlight, leading to cooling, while black
carbon aerosols absorb sunlight, causing warming. (Huang et al., 2014; Ervens et al., 2011; Andreae et al., 2005). The net
effect of aerosols on radiative forcing is complex and also depends on their properties and interactions with clouds (Fuzzi et
al., 2015; Lohmann and Feichter, 1997; Lohmann and Hoose, 2009; Twomey, 1977). This dual role makes aerosols a
significant factor in atmospheric process modeling and weather prediction, and has also stimulated an enormous number of
research publications (Fuzzi et al., 2015). Acting as cloud condensation nuclei (CCN), atmospheric aerosols facilitate a critical
process in cloud formation by catalyzing the condensation of water vapor into cloud droplets. The efficiency of this process
depends on the size, composition, mixing state, and concentration of the aerosol particles (Rosenfeld et al., 2019; Schmale et
al., 2017; Rosenfeld et al., 2014). Overall, acrosols play a crucial role in Earth’s systems and significantly influence severe
weather monitoring (Tsimpidi et al., 2024; Mushtaq et al., 2022).

Due to the complexity of aerosol properties and their roles in the atmospheric processes, accurate vertical profiles of
aerosols are essential for quantifying radiative forcing, assessing air quality and transport, and understanding aerosol—cloud
interactions. Remote sensing techniques initially emerged as crucial solutions for measuring aerosol vertical distributions and
have since become essential tools for applications across diverse geographic regions, facilitating advanced research and
applications. Elastic-backscatter lidar inversions, pioneered by Klett and Fernald (Fernald, 1984; Klett, 1981), laid the
foundation for aerosol profiling by retrieving range-dependent backscatter and extinction using an assumed lidar ratio. While
computationally efficient and widely applied, these methods carry inherent uncertainties due to their dependence on external
assumptions about the lidar ratio (Chen et al., 2025; Burton et al., 2012; Fernald, 1984; Klett, 1981). Raman (inelastic) lidar
significantly improved retrievals by utilizing Raman-shifted molecular returns to directly derive aerosol extinction and
backscatter, eliminating the need for an assumed lidar ratio and enhancing profile accuracy (Ansmann et al., 2012; Ansmann
and Miiller, 2005). High-Spectral-Resolution Lidar (HSRL) further advanced profiling capabilities by separating molecular
and aerosol scattering components, enabling precise direct retrievals of extinction, backscatter, and the lidar ratio. These
advancements have established lidar approaches as critical tools in field campaigns and satellite validation efforts,
underpinning a deeper understanding of aerosol vertical structure and its global impacts (Dmitrovic et al., 2024; Burton et al.,
2012; Hair et al., 2008).

While remote sensing provides broader spatial coverage and long-term monitoring, airborne measurements can offer
high-resolution in-situ data that comprehensively characterize vertical profiles of aerosol properties, including concentration,
size, and chemical composition. Airborne platforms such as piloted aircraft, uncrewed aerial systems (UAS), and tethered
balloon systems (TBS) play a critical role in accurately measuring aerosol vertical profiles, providing essential insights into

their spatial distribution, composition, transport, and atmospheric processing (Mei et al., 2020; Chilinski et al., 2018; Geil} et
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al., 2017; Brady et al., 2016; Ferrero et al., 2016; Corrigan et al., 2008; Ramanathan et al., 2001; Anderson et al., 1996).
Recently, studies like the Department of Energy (DOE) Atmosphere Radiation Measurement (ARM) TBS and UAS
deployments (Mei et al., 2025; Chen et al., 2025; Creamean et al., 2025; Creamean et al., 2021) and the ACTIVATE (Aerosol
Cloud meTeorology Interactions oVer the western ATlantic Experiment) aircraft campaigns (Ajayi et al., 2024) collectively
advanced the state of atmospheric science by coupling airborne in situ measurements, remote sensing, and new platform
innovations to more accurately profile aerosols with unprecedented vertical resolution, filling the gaps of ground-based data.
Aircraft can access high altitudes and carry advanced sensors, making them ideal for extensive regional measurements and
satellite validation, though they are costly and often limited to short-term campaigns. UAS are portable, cost-efficient, and
well-suited for fine-scale aerosol profiling at low-to-mid altitudes, but their operational range, payload capacity, and sensitivity
to weather conditions can restrict their applications. TBS can provide detailed profiles of lower atmospheric layers at specific
altitudes and are affordable for deployment in challenging environments, but are spatially constrained to their tethered location
and limited to low altitudes due to operational constraints. Together, these airborne platforms and remote sensing techniques
provide a synergistic approach to understanding aerosol distribution, composition, transport processes, and climatic effects
across varying spatial and temporal scales.

Given its scientific importance, integrating multi-platform observations collected at the same location and time—such as
those from the Tracking Aerosol Convection interactions ExpeRiment (TRACER)—is highly desirable. TRACER was a U.S.
DOE ARM field campaign in the Houston, Texas, coastal urban region during 20212022, with an intensive observing period
in summer 2022 (Wang et al., 2025; Jensen et al., 2025; Chen et al., 2025; Rapp et al., 2024; Farley et al., 2024). It deployed
the ARM Mobile Facility and the ARM TBS, both equipped with a comprehensive suite of in situ and remote sensors, to
characterize aerosol properties, boundary-layer structure, and convective cloud evolution under the influence of the sea breeze
and urban pollution. The campaign’s main objective was to quantify how aerosol loading and composition modulate convective
cloud initiation, microphysics, and precipitation, thereby providing process-level constraints for weather and Earth’s system
models; TRACER was also coordinated with partner efforts to enable source attribution and multi-scale evaluation of acrosol—
cloud—precipitation interactions (Jensen et al., 2025; Rapp et al., 2024).

One of the primary objectives of this study is to derive high-resolution vertical aerosol profiles from TBS measurements,
targeting the lower troposphere and the atmospheric layers up to the cloud base, where remote-sensing retrievals are most
uncertain. Unlike aircraft, which can sample these altitudes but typically only intermittently and for limited durations, TBS
platforms can provide sustained, high-frequency profiling at fixed locations, enabling more continuous characterization of
aerosol structure in these critical regions. From these profiles, we will quantify vertical variability in aerosol number, size
distribution, composition, CCN activity, and optical properties across altitudes and meteorological regimes. Using vertical
profiles of aerosol properties, researchers can better constrain boundary-layer structure and entrainment by directly leveraging
observed vertical variability. This study can potentially lead to further validation and refinement of ground-based and satellite
remote sensing retrievals, improve data assimilation and model process parameterizations, and provide actionable constraints

for both observations and models.
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2. Data & Methodology
2.1. Field Campaigns Overview

Conducted from June through September 2022 in the Houston, Texas, region, the TRACER Intensive Observation Period

(IOP) was timed to capture frequent warm-season convection generated by strong surface heating, abundant Gulf moisture,

and sea-breeze circulations. Combined with Houston’s urban and industrial emissions and the contrasting marine and rural air

masses, these conditions provided an ideal setting for investigating acrosol—convective-cloud interactions across a wide range

of aerosol loadings and meteorological conditions.Cenducted-fromJune-to-September2022-in-the Houston, Fexas-region;-the

s (Jensen et al., 2025). During
the IOP months, the ARM TBS was deployed the first two weeks of each month at an ancillary (ANC) site in Guy, Texas
(29.33°N, 95.74°W), southwest of Houston. Concurrently with TBS flights, a co-located 3-channel RPG-G5 microwave

radiometer provides time-series measurements of brightness temperature from three channels centered at 23.8., 30, and 89

path-(EWPR)-profiles(Cadeddu et al., 2013), , which are used to retrieve precipitable water vapor (PWV) and liquid water path

(LWP)(Turner et al., 2007).- This location was selected to represent a rural background with less influence from a mix of

aerosol sources (such as fresh aerosol emissions from the metropolitan Houston area).
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Figure 1. Locations of Vertical Aerosol Observations during the TRACER IOP. Sources: Esri, TomTom, Garmin,
SafeGraph, FAO, MET/NASA, USGS, EPA, NPS, USFWS | Powered by Esri

Complementing the stationary measurements conducted by the ARM TBS team, the collaborating Texas A&M University

120 (TAMU) team undertook mobile sampling of the sea breeze. Their sampling transects, illustrated in Figure 1, typically
originated on the coast in Galveston. From there, they followed the sea-breeze inland, concluding at either the AMF site in La

Porte or at one of several sites west and northwest of Houston (Bear Creek, Hockley, or Hempstead) (Thompson et al, 2025a).

The specific transect routes are not shown because they varied among sampling days. Along this mapped corridor, TAMU

mobile measurements frequently transitioned from marine boundary-layer air characterized by low particle concentration to
125  continental air ahead of the sea-breeze front, which generally contained particles that were slightly more effective for cloud
formation and exhibited substantial variability over tens of kilometers (Thompson et al., 2025a; Thompson et al., 2025b; Chen

et al., 2025).
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Additionally, the Next Generation Weather Radar (NEXRAD), designated KHGX and located at 29.47°N, 95.08°W,
played a pivotal role in observational activities throughout the study period (Galfione et al., 2025). This advanced radar system
conducted volume scans using Plan Position Indicator (PPI) techniques, systematically operating over elevation angles from
0.5° to 19.5°. By varying these elevation angles, the radar prioritized acquiring data essential for detecting and characterizing
convective processes embedded within stratiform regions. This approach ensured comprehensive coverage and improved the
accuracy of convective feature identification, which is critical for understanding aerosol—cloud interactions and precipitation

patterns in the Houston area.

2.2. Vertical Observations

The TBS observations enable examination of vertical variations in aerosol properties, including changes in concentration
and composition driven by sources such as urban pollution, industrial emissions, long-range transport, and marine influences.
The ARM TBS (Dexheimer et al., 2026) uses winch-controlled, helium-filled aerostats to obtain in situ vertical profiles up to

about 1.5 km above ground, operating below clouds. Typical payloads, as shown in Table 1 (a payload picture in Figure S1),

include sensors for pressure, temperature, and humidity (e.g., iMet-XQ2), an anemometer for wind speed and direction, and a
portable optical particle spectrometer (POPS) and a condensation particle counter for aerosol size distributions and
concentrations; a Size- and Time-resolved Aerosol Collector (STAC) collected the aerosol particles at various altitudes for

offline chemical analysis. Both the POPS and CPC were equipped with dryers in their sampling lines to reduce the relative

humidity of the sampled aerosol flow to below 40%. The POPS size bins were calibrated using DMA -classified ammonium

sulfate particles rather than polystyrene latex spheres, so the reference refractive index of the sizing scale (n ~ 1.54 at A =405

nm) falls within the range reported for ambient submicron aerosol, reducing the sizing bias associated with the assumed

refractive index. A further consideration is the influence of long-range-transported mineral dust, whose refractive index differs

from that of the ammonium sulfate used to assign the POPS size bins. We therefore assessed the sensitivity of the retrieved

size distribution to the assumed refractive index. Adopting a dust-representative value (m = 1.52 + 0.002i) in place of the PSL

calibration value and recomputing the Mie response curve shifts the bin boundaries by less than 4% in diameter below 1.38

um (Kezoudi et al., 2026), These shifts are smaller than the corresponding POPS bin widths across the size range; i.e., within

the instrument's size resolution, the shape of the binned distribution is preserved to within counting uncertainty. This indicates
that the change in CCN concentration is small.(Mei et al., 2024; Mei et al., 2022) During the TRACER IOP, a subset of

meteorological and aerosol measurements was collected from 149 ARM TBS flights, which were conducted in the first two
weeks of each month from June to September. The monthly distribution included 46 flights on 11 days between 03 and 14
June (46.45 hours), 32 flights on 13 days between 02 and 14 July (41.12 hours), 43 flights on 13 days between 02 and 14
August (46.92 hours), and 28 flights on 12 days between 02 and 14 September (56.2 hours). Detailed TBS daily operation

reports can be found in Appendix A of the campaign report (Jensen et al., 2023). The taking-off and landing times for each

flight were listed in Table S1.

[Formatted: Indent: First line: 0"
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Table 1. TBS measurements during TRACER IOP

1 Hz horizontal wind speed

http://dx.doi.org/10.5439/1515075+ Hz herizental-wind-speed

40C cup anemometers NRG Systems

VeetorNav GNSS wind VectorNav 1 Hz wind direction, http://dx.doi.org/10.5439/1515075

direction Technologies

Portable Optical Particle Handix Aerosol size distribution from 135 to 3000 nm,
Spectrometer (POPS) Scientific Inc. http://dx.doi.org/10.5439/1827703

Condensation Particle TSI Total aerosol concentration from 10 nm to 1000 nm,
Counter (CPC) Model 3007 http://dx.doi.org/10.5439/1582131

Size- and Time-Resolved PNNL Size- and time-resolved chemical composition from 70 nm to 2300 nm.

Aerosol Collector (STAC) (Only available by request)

During the 2022 deployment, aerosol particles were collected using a 4-stage Sioutas impactor at ground level and a STAC
(Cheng et al., 2022) on a TBS. The instrument collected size- and time-resolved samples directly onto substrates for two
complementary  analytical pathways at the Environmental Molecular Sciences Laboratory (EMSL,
https://www.emsl.pnnl.gov/). For single-particle characterization, particles collected at stage D (50% cutoff size of 0.12
microns) of the STAC sampler were analyzed using Computer-Controlled Scanning Electron Microscopy with Energy-
Dispersive X-ray spectroscopy (CCSEM-EDX). This technique yields individual particle size, morphology, mixing state, and
elemental composition to help identify particle types and sources (Lata et al., 2023). For molecular-level characterization,
samples were collected on Teflon filters for about 12 hours at ground level and analyzed by nanospray desorption electrospray
ionization high-resolution mass spectrometry (nano-DESI-HRMS) (Gautam et al., 2024). The resulting mass spectra inform
the constituent organic molecular formulas in the particle phase, from which we derive key parameters such as O:C ratios,
carbon oxidation state, aromaticity indices, and organic aerosol volatility (Roach et al., 2010; Vandergrift et al., 2024;
Vandergrift et al., 2022). The results discussed herein are from samples collected during the June and September 2022 flights.

At the ANC site, additional ground-based instruments were deployed to support the measurements conducted at the AMF

site. The deployed instruments and the corresponding measurements are included in Table 2.

Instruments Manufacturer | Measured Property Measuredand DOI [
iMet RSB-1 and RSB-4 InterMet Pressure, temperature, relative humidity, 3D GPS
radiosondes Systems http://dx.doi.org/10.5439/1530482  Pressure,—temperature;,—relative
iMet XQ2 UAV Sensor InterMet Pressure, temperature, relative humidity, 3D GPS

Systems http://dx.doi.org/10.5439/1483 632 Pressure,—temperature,—relative

[ Formatted Table
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Table 2. Additional measurements at the ANC site during TRACER 1OP

Instruments Measured Property-Measured «

Vaisala automatic weather station Surface wind speed. wind direction, air temperature, relative humidity, air pressure
(recorded at 1 min time resolution) http://dx.doi.org/10.5439/1786358

Aerosol Chemical Speciation Chemical compositions of aerosol particles (recorded at 10 mins time resolution)
Monitor (ACSM) http://dx.doi.org/10.5439/1763029

Scanning Mobility Particle Sizer Aerosol size distribution from 10 -500 nm. (recorded at 5 mins time resolution)
(SMPS) (Only available by request)

Condensation Particle Counter (CPC) | Total particle number concentration from 10 nm to 1000 nm (recorded at 1 min

time resolution) (Only available by request)

"""""" [ Formatted Table

-

A range of ground-based measurements was obtained from the ARM Mobile Facility (AMF) site at La Porte, TX. The
AMF was equipped with advanced radar and lidar systems, aerosol-observing instruments, and meteorological sensors. ARM
has developed a set of Planetary Boundary Layer Height (PBLHT) value-added products to help scientists evaluate and
compare estimates. In this study, the Planetary Boundary Layer Height Radiosonde Retrievals with yearly output
(PBLHTSONDEYRIMCFARL) VAP was used to provide the PBLHT (Sivaraman et al., 2013; Li et al., 2021; Liu and Liang,
2010).

Additionally, this study used aerosol vertical profiles retrieved from a micropulse lidar (MPL) using a newly developed
technique by the Brooks group at Texas A&M University (TAMU) that combines ground-based aerosol measurements with
lidar and radiosonde data to obtain vertical profiles of aerosol, CCN, and INP. (Chen et al., 2025). Fhis-technigue-Chen’s
retrieval method assumes that surface measurements of aerosol size distribution, composition, and cloud-activating ability are
representative of their vertical profiles, except in cases of elevated layers like smoke or dust. The approach involves
determining the vertical profile of the cloud-free acrosol backscatter coefficient using lidar and radiosonde data. The aerosol
backscatter coefficient is then corrected for hygroscopic growth using the lidar hygroscopic growth correction factor ARH),
which is derived from ground-based Scanning Mobility Particle Sizer (SMPS), POPS, and CCN counter measurements, along

with relative humidity profiles from radiosondes. The resulting dry aerosol backscatter profiles were subsequently used to

retrieve vertical CCN concentration profiles. We used these retrieved profiles to complement our CCN estimates from the

individual sampling locations and to provide broader spatial and vertical context. Fhis-proeess-yields-the-dry-aerosol-backseatter

[ Formatted: Indent: First line: 0"
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2.3. CCN concentration estimation

To estimate CCN concentration, our method combines the observed TBS aerosol size distribution with ground-based
chemical composition measurements. Our approach includes two steps. The first step is to address the size-range limitation of
the aerosol size-distribution data. We extrapolate the measured particle number size distribution from its original POPS range
of 135-3000 nm to 10 nm. We employed a modal-fitting technique based on the algorithm detailed by Hussein et al. (Seinfeld
and Pandis, 2016; Hussein et al., 2005). The complete size distribution was represented as the sum of up to two lognormal
modes, each defined by its total number concentration (N;), geometric mean diameter (Dg), and geometric standard deviation

(0g). The parameters of the fitted size distribution were determined through iterative optimization, minimizing the sum of

squared errors between the fitted and measured size distributions over the 135—-1000 nm range. The fit was further constrained

such that the integral of the distribution from 10 to 135 nm reproduced the difference between the total number concentrations

measured by the CPC and the POPS to within 10 %, consistent with the combined counting uncertainty of the two instruments.

Consequently, the integral of the fitted distribution over the full 10—1000 nm range agrees, within the same tolerance, with the

total number concentration measured independently by the CPC.An-iterative-optimization-wasperformed-to-determine-the

The second step is to determine the CCN concentration profile using the k-Koéhler theory. In this study, we assume that

the aerosol chemical composition at the ground was representative of that at each TBS flight altitude when the same airmass

influenced the TBS flight. Aerosol composition is not necessarily vertically uniform. even within a nominally well-mixed

boundary layer. New particle formation has been observed to occur preferentially in the upper mixed layer, the entrainment

zone, and the residual layer rather than at the surface, where condensation sinks are larger, and precursor photochemistry

differs. Semi-volatile species repartition in response to the vertical temperature and relative humidity gradients: ammonium

nitrate and semi-volatile organics shift toward the particle phase at the lower temperatures encountered aloft, so the organic-

to-inorganic ratio measured at the surface may not apply at the top of the profile. (Zhang et al., 2026; Lata et al., 2025; Lata et
al., 2023; Creamean et al., 2021; Huffman et al., 2009) Our assumption is therefore most defensiblerobust for the daytime and

convectively well-mixed boundary layer, and least—defensiblemore uncertain for decoupled profiles, such as cases on

September 6 (discussed more in section 3.5). Ground-level non-refractory PM: was measured with a Time-of-Flight Aerosol

Chemical Speciation Monitor (ToF-ACSM, Aerodyne Research) equipped with a standard vaporizer (Li et al., 2025; Frohlich
et al., 2013), using a PM, 5 cyclone upstream of the inlet. The instrument provided 10-min-resolution mass concentrations of
organics (Org), sulfate (SO4), nitrate (NOs), ammonium (NHa4), and chloride (Chl) to complement the TBS deployment.
However, the ACSM only quantifies non-refractory submicron species and cannot detect refractory components such as black

carbon, sea salt, and mineral dust. These missing species, together with the assumption of a vertically uniform chemical
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composition, can influence the bulk hygroscopicity and introduce additional uncertainty into CCN concentration estimates - a

source of uncertainty that warrants further experimental study.(Schulze et al., 2020; Ren et al., 2026)

We averaged the volumetric fractions of aerosol chemical composition over the flight period. Aerosol particles were
assumed as internal mixtures, and the particle hygroscopicity (xccw) is therefore the volumetric average of the three

participating species. More information can be found in our previous publication (Mei et al., 2024)

Kcen = NiXiKi = XorgKorg T X(NH,)»504 K(NH,)»50, T XNH,NO; KNH,NO, (D
where x; is the volume fraction of species i. The values of « are 0.15, 0.67 and 0.61 for organic, (NH4),SO4 and NH4NOs3,
respectively. The densities of (NHy),SO, and NHyNOs were assumed to be 1770 kg m> and 1730 kg m_>, respectively.
\
which

Organics were assumed to have a density of 1350 kg m;} is within the typical range of previous

measurements.(Engelhart et al., 2011)
For a given supersaturation (SS), the k-Kohler theory is used to determine a corresponding critical activation diameter D,

(@)

3 _ 443
PC T 27Kcen(SS)?
4oy My,

where A = ;
RTpyD

Mw the molecular weight of water, o, the surface tension of pure water, p,, the density of water, R the gas

constant, and 7 the absolute temperature.
All particles in the measured size distribution larger than this critical diameter are assumed to activate into cloud droplets.

The total CCN concentration is then found by integrating the particle size distribution from this critical diameter upwards.

2.4. ARM Air Mass Back-trajectory Analysis

——The ARMTRAJ dataset (Silber et al., 2025b) is generated using a
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model informed by with-the fifth-generation European

Center for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis dataset (ERAS), (Hersbach et al., 2020; Stein

et al., 2015) Fhis-medelis-driven-by-meteorological-inputsfrom-the-The ERAS reanalysis-dataset is 1
spatial resolution (0.25 degrees; ~31 km,) and 1-h temporal resolutions. The core value of ARMTRAJ is to bridge the gap
between the fixed, or Eulerian, nature of ARM's ground-based measurements and the need to understand the air mass's
hysteresisistory as it passes over the site. To quantify uncertainty, the dataset incorporates results from ensemble runs for each

trajectory initialization; the variability within these ensembles serves as a valuable metric for assessing the consistency and
Silber et al., 2025b; Silber et al., 2025a). For the

robustness of the reported air-mass coordinates and state variables.
ARMTRAJ-TBS, the trajectories were estimated at 11-equally-distant altitudes between the lowest and highest altitudes
probed by the balloon over 1-hour intervals (Silber et al., 2025a).

To identify the dominant patterns of meteorological variability within-three- clustered atmospheric regimes indicated by
the trajectory dataset, we performed Principal Component Analysis (PCA) on the ERAS reanalysistrajectory dataset. Principal

Component Analysis (PCA) was employed to reduce the dimensionality of the dataset while retaining the maximum amount
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of variance present in the original variables. PCA is a multivariate statistical technique that transforms a set of possibly

correlated variables into a smaller number of uncorrelated variables known as principal components (Jolliffe and Cadima,

2016). These components are linear combinations of the original variables and are ordered such that the first principal

component accounts for the largest possible variance in the data, with each successive component capturing the maximum

remaining variance under the constraint of being orthogonal to the preceding components. Prior to analysis, the data were

standardized to ensure that contributions were not biased by scale, thereby allowing the PCA to reveal more meaningful

underlying structures. In this study, the first two principal components (PC1 and PC2) accounted for more than 80% of the

total variance in each regime. The weights for these components reveal distinct physical processes.

3. Results & Discussion

3.1. Air Mass Trajectory and Clusters Analysis-Results
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Using air-mass geospatial trajectory data derived from the TBS latitude and longitude coordinates viausing the ARMTRAJ
dataset, Figure 2 illustrates clustered atmospheric transport pathways over two time periods: 24 hours (Figure 2a) and 5 days
(Figure 2b). K-means clustering was applied to classify trajectories into three groups, highlighting contrasting transport
pathways and source regions. For the 24-hour back trajectories, Cluster 1 (blue) comprises air masses that travel almost
exclusively over the Gulf of Mexico before reaching the ANC site, indicating a relatively direct marine inflow. In contrast,
Cluster 2 (orange) follows more complex marine pathways: the trajectories initially traverse the Gulf, then curve inland and
pass over land for part of their transport, indicating a mixed marine—continental influence and a greater potential for
modification by boundary-layer processes over land. Cluster 3 (yellow) originates primarily from the north and west, reflecting
stronger influence from continental sources, including anthropogenic emissions from the broader Houston metropolitan region
and upwind areas. The 5-day analysis (Figure 2b) provides crucial insight into the long-range history of these air masses. It
confirms that Clusters 1 and 2 spent the vast majority of their transit time over the ocean, with pathways extending deep into

the Gulf of Mexico and the western Atlantic. Conversely, the 5-day trajectories for Cluster 3 reveal a significant, long-range
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continental influence, with air masses originating from the central and upper Midwest of the United States and Canada. This
demonstrates that while Clusters 1 and 2 are primarily influenced by oceanic processes, Cluster 3 is shaped by prolonged

transport over land, bringing distinctly continental air to the site.

Latitude
Latitude

30°N

100°W 95°W 90°W
Longitude Longitude

Figure 2. ARMTRAJ-TBS back trajectory properties 2022 (a) for 24 hours, and (b) for five days. The illustrated
trajectory clusters are characterized by the geophysical range during measurement periods in June, July, August, and

September. The star is the ancillary site in Guy, TX. All figures are generated using Natural Earth by MATLAB®.
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additional insights into the meteorological conditions for each cluster. As shown in Figure 3, the component weights illustrate
the influence of eight meteorological variables on PC1 and PC2. The color indicates whether a variable's contribution is

positive (yellow) or negative (red). The variables analyzed include: airmass pressure (pres), potential temperature (theta),
temperature (temp), planetary boundary layer height (pblh), relative humidity (rh), specific humidity (qv), equivalent potential
temperature (theta_e), and the mean hourly airmass ascent rate (wvert).

In the marine-influenced regime (Cluster 1), the PCA cleanly separates the advective characteristics of the marine
boundary layer from local diurnal forcing. The leading component (PC1) is strongly associated with planetary boundary layer
height (pblh, —0.45), potential temperature (theta, —0.34), relative humidity (rh, 0.48), and specific humidity (qv, 0.46). We

therefore interpret PC1 as an index of marine layer strength and intrusion. Positive PC1 scores correspond to a cool, moist,
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and shallow marine boundary layer characteristic of direct onshore flow, whereas negative scores indicate a deeper, warmer,
and drier boundary layer associated with marine boundary layer erosion or increased continental influence. The second
component (PC2) is dominated by positive weights for pblh (0.63), temperature (temp, 0.46), and equivalent potential
temperature (theta e, 0.41). Because PC2 is orthogonal to the marine-layer signal, it is interpreted as representing the diurnal
cycle of surface heating and boundary-layer growth.

For the regime influenced by anthropogenic emissions and transport (Cluster 3), the PCA identifies atmospheric
dispersion capacity as the primary mode of variability. The leading component (PC1) is dominated by pblh (0.71) and is
strongly correlated with rh (-0.52). In this regime, PC1 functions as a ventilation index, quantifying the atmosphere’s capacity
to dilute surface emissions. High positive scores correspond to a deep, well-mixed boundary layer and reduced near-surface
humidity, consistent with vigorous vertical mixing. Negative scores indicate a shallow, stable boundary layer that traps
pollutants and moisture near the surface, favoring episodes of poor air quality. The second component (PC2) is characterized
by positive weights for surface pressure (pres, 0.57), temperature (temp, 0.47), and specific humidity (qv, 0.47), and likely
correspond to conditions within a warm, moist high-pressure system.

Under mixed-influence conditions (Cluster 2), the leading mode of variability (PC1) is overwhelmingly characterized
by strong, co-varying positive weights for specific humidity (qv, 0.58) and equivalent potential temperature (theta e, 0.58).
This component serves as a robust proxy for the large-scale advection of moisture and thermodynamic energy into the region.
The second component is almost exclusively defined by a large weight for pblh (0.84) and a strong correlation with rh (-0.42).
This signature suggests vertical mixing and entrainment, in which a growing boundary layer mixes with drier air from the free
troposphere, thereby increasing pblh while reducing the layer-averaged rh.

In summary, the two-component PCA, stratified by regime, isolates the dominant atmospheric controls: marine-layer
confinement versus diurnal heating (Cluster 1), moisture/energy advection versus entrainment-driven drying (Cluster 2), and

boundary-layer ventilation capacity versus synoptic airmass forcing (Cluster 3).
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Figure 3. Heatmaps of component weights from the Principal Component Analysis (PCA) for the three distinct
atmospheric regimes: (a) Cluster 1 (Marine/Coastal Influence), (b) Cluster 2 (Regional/Marine Mixed Influence), and

(¢) Cluster 3 (Anthropogenic/transport Influence).

3.2. Summertime Planetary Boundary Characterization

To contextualize the summertime boundary-layer behavior, we characterized its diurnal evolution using radiosonde
profiles launched from the AMF site and two established algorithms implemented in the ARM PBLHT VAP product
(Sivaraman et al., 2013). Estimating the Planetary Boundary Layer Height (PBLHT) from sounding data is a classic approach
to understanding the PBL structure. However, no single perfect method exists, and the optimal approach varies with the
definition; therefore, a given approach may be a better fit depending on the goal. Data from the ARM program enable
comparison of several radiosonde-based approaches, including the Liu-Liang and bulk Richardson number methods (Li et al.,
2021; Stull, 2012; Seidel et al., 2010; Liu and Liang, 2010), which are particularly effective for studying the diurnal cycle. The
bulk Richardson number method, which identifies the PBL top as the point at which turbulence is dynamically suppressed, is
physically robust and well-suited to determining the height of the nocturnal Stable Boundary Layer (SBL) and the transition
periods. In contrast, the Liu-Liang method defines the PBLHT as the height at which the maximum vertical gradient in

thermodynamic variables occurs, a feature characteristic of the entrainment zone atop a convective boundary layer.
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Figure 54. Diurnal variation in UTC time of mean planetary boundary layer (PBL) height for June (1-14), July (2-14),
August (2-14), and September (2-14) 2022. Dots indicate the mean PBL height at each sampling time; error bars show
the standard deviation of PBL height during each sampling period.

As shown in Figure 54, the mean diurnal evolution of the PBLHT during the summer and early autumn months (June-
September) aligns with theoretical expectations — increasing over the course of daylight hours coupled with the diurnal cycle
of surface temperature. The PBLHT determined by the Heffter method is systematically higher than that obtained by other
methods. Because it identifies the PBLHT by locating the base of the elevated temperature inversion and using empirical
thresholds that require tuning across regions, it might not be robust in this case for moist/marine regimes. A comparison
between the Liu-Liang and Richardson number methods (with a critical value of 0.25) reveals strong agreement during daytime
hours (05:30 (00:30), 11:30 (6:30), 17:30 (12:30), and 23:30 (18:30) UTC (local time). The convergent estimates during this
period indicate that both methods effectively capture the same fundamental process: the growth of a convective mixed layer
driven by surface heating. The Richardson method illustrates a pronounced collapse of the PBLHT, while the Liu-Liang
method shows a much more gradual decrease. This divergence is physically instructive. The Richardson method, being a direct
measure of turbulence stability, captures the rapid decay of buoyancy-driven mixing as solar heating ceases, signaling the swift

transition to a shallower, shear-driven stable layer. The Liu-Liang method, by seeking the maximum gradient, is prone to
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identifying the top of the now-inactive, neutrally stratified residual layer left over from the afternoon, thus overestimating the
height of the active nocturnal boundary layer.

Although the sounding data from the middle of the night were limited to fully characterize the developed SBL, the 05:30
data point is particularly instructive for inferring the preceding nocturnal conditions. The trend of a progressively shallow er
early-morning PBL from summer to autumn is evident. The mean PBLHT at 05:30 decreased from approximately 500-600 m
in June and July to 300-400 m in August, and further to around 200-300 m in September. This implies that the nocturnal SBL
becomes systematically shallower and more stable as the season progresses from summer to autumn, a trend consistent with
longer nights and more extensive radiative cooling, which fosters the development of stronger, more vertically constrained
surface inversions.

To assess how well the TBS profiled the summertime boundary layer, we overlaid flight altitudes with the mean PBLHT
derived from the Liu-Liang algorithm. The overlay (Figure S+S2) shows that most daytime flights in June—August remained
below the mean Liu-Liang PBLHT, whereas several September flights reached into and, at times, above the mean PBL top,
as shown in Figure 65. This is primarily explained by the systematic seasonal decrease in PBL depth from mid-summer to
early autumn. Operational factors also contributed: earlier in the summer, the requirement to operate below the cloud base
often constrained the TBS to lower altitudes, whereas in September, clearer conditions allowed the balloon to ascend to its
maximum altitude. As established in the previous analysis, the mean afternoon PBLHT is significantly deeper in June and July
(often exceeding 1.5-2.0 km) compared to September, when it typically peaks around 1.0-1.3 km. This is a direct consequence
of reduced solar insolation and shorter day lengths, which lessen the surface heating that drives convective turbulence and
PBL growth. With a fixed or operationally limited TBS ceiling, flights were therefore sampled primarily within the well-mixed
layer in JJA. Within this regime, temperature, humidity, and aerosol properties are vertically homogeneous to first order, and
profiles are representative of surface conditions and daytime dilution. The data collected in JJA are thus well suited to

characterizing mixed-layer chemistry and aerosol processing and to relating CCN to surface emissions.
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Figure 65. Daily TBS flight altitudes during September 2022, overlaid with the mean planetary boundary layer height
(solid blue line) and its variability (shaded region) derived from radiosonde profiles.

To link air-mass origin with boundary-layer dynamics, we combined back-trajectory cluster analysis with radiosonde-
derived PBL heights (Liu-Liang and Ri=0.25) and TBS flight altitudes to diagnose how source regions are introduced into,
and mixed within, the summertime boundary layer. During most JJA sampling periods, the air mass is consistently dominated
by Cluster 1 below 500 m, while above 500 m it is dominated by Cluster 2. This indicates a layered structure—local/near-field
air occupying the nocturnal/morning boundary layer and a distinct, advected layer aloft. As the convective boundary layer
grows during the day (often exceeding 1-1.5 km in JJA), entrainment at the PBL top brings the Cluster-2 air downward,
gradually diluting the near-surface signature of Cluster 1. Because most TBS flights in JJA remained below the mean PBLHT,
they primarily sampled the well-mixed local layer. In September, the air mass above 500 m becomes more heterogeneous,
with both Cluster 2 and Cluster 3 appearing aloft. The decline in PBLHT (shallower afternoon maxima and lower morning
depths) lowers the entrainment zone. September flights often reached and exceeded the mean PBLHT, enabling direct sampling
of the entrainment zone and the lower free troposphere, where the influences of Clusters 2 and 3 are strongest. With a shallower
morning SBL (~200-300 m) and reduced daytime growth in September, the boundary layer is more vulnerable to changes in
synoptic and mesoscale flow (e.g., shifting trajectories, sea-breeze passages, residual-layer interactions). Consequently, all

three clusters can influence the air below 500 m, with the dominant cluster varying from day to day. This variability might be
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caused by intermittent entrainment of the overlying Cluster 2 layers into a shallow mixed layer and the occasional persistence

of the previous day’s residual layer aloft.

3.3. Vertical Profiles of Aerosol Properties

Air mass transport pathways, origins, and processes profoundly affect acrosol distribution, particularly vertical variability.
To understand how different atmospheric regimes influence the vertical aerosol structure, we grouped the flight data into three
distinct clusters, as discussed in section 3.1. Cluster 1 affected 27 days, Cluster 2 influenced 12 days, and Cluster 3 impacted

9 days. Note that September 6 flights were influenced by both Cluster 1 and Cluster 2 and were excluded from the cluster-

influenced figures. Figure 4-6 shows the mean vertical profiles of temperature (T), relative humidity (RH), and aerosol number
concentrations (Npops >135 nm and Ncpc >10 nm) composited by three trajectory-based influence clusters: Cluster 1
(marine-influenced), Cluster 3 (anthropogenic/transport influenced), and Cluster 2 (mixed influence). The aerosol number
concentrations were reported at the standard temperature and pressure (STP; 1013.15 hPa and 298.15 K). In Figure 46, plots
represent daytime TBS profiles during the intensive period in 2022, and error bars denote one standard deviation about the

mean in each 75-m altitude bin for each cluster. The vertical profiles of mean diameters and geometric standard deviations of

the modes of merged CPC-POPS size distributions are included in Figure S4.

Subtle differences in the vertical profiles of temperature and relative humidity were observed among the three air-mass

clusters. However, these differences may also reflect local cloud cover, solar heating, wind, soil moisture, and boundary-layer

mixing effects. Thus, the small, discernable difference does not establish that air-mass origin alone caused it. Fhe-vertical

elasters—The temperature profiles are broadly similar across all three clusters, with comparable lapse rates from the surface to

approximately 1.5 km. This suggests that the local-scale thermal structure and boundary-layer depth were not strongly

dependent on air-mass origin during the sampled period, as confirmed with the normalized vertical profiles in Figure S3(a).
However, there are subtle- slight differences near the surface: the anthropogenic cluster (Cluster 3) is slightly cooler (~30°C)
than the marine (Cluster 1, ~32°C) and mixed (Cluster 2, ~31°C) clusters. The relative humidity (RH) profiles show similar
variation. Cluster 3 is slightly more humid throughout the lower atmosphere, with RH values sustained at ~60% below 1 km,
consistent with a moist, coastal air mass. Notably, the RH in Cluster 2 shows a weak positive gradient: starting from around
60-65% near the surface, RH gradually rises with height, reaching its highest values (<70-75%) near 1.3—1.4 km. In Cluster
3, RH aloft behaves differently. It is comparable to the other two cluster-influenced conditions within the lowest 1 km, then
declines above ~1.2 km. This implies that the anthropogenic cluster is characterized by a moist, well-mixed lower boundary
layer capped by relatively drier air aloft, which is typical of a polluted, coastal boundary layer capped by subsiding or advected
drier free-tropospheric air.

The vertical profiles of aerosol concentrations and size distributions reveal clear distinctions between the three air mass

clusters. s—Cluster 1 (marine)

exhibits low aerosol concentrations characteristic of clean background air. Both N¢pe (>10 nm) and Npops (>135 nm) profiles
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show a uniform concentration up to ~1.1 km. This vertical structure is consistent with a well-mixed marine boundary layer, in
which the dominant aerosol sources and precursors originate from the ocean surface (e.g., sea spray and volatile dimethyl
sulfideDMS). Furthermore, the gradual decrease with height at altitudes above 1000 m is likely due to vertical mixing and/or
dilution from entrainment of even cleaner free-tropospheric air from above. Cluster 3 shows a similar uniform concentration
in Nepe (>10 nm) and a gradual decrease in the aerosol concentration of Nyops (135 nm) as altitude increases from 100 m to
1.5 km. This indicates that, in both the clean marine (Cluster 1) and polluted anthropogenic (Cluster 3) cases, the dominant

aerosol sources are located within the lower boundary layer. However, Cluster 3 (anthropogenic), influenced by human

activities such as industrial emissions, is also characterized by higher concentrations of larger particles (Npops (135 nm) ), [Formatted: Subscript
while the total aerosol number concentrations (Ngpe (>10 nm) ) are comparable to those in Cluster 1. This combination suggests [ Formatted: Subscript
an aged, processed aerosol source. As shown in Figure S4, the contrastin N, between Cluster,] and Cluster 3 is by a factor [ Formatted: Font: Not Bold
of 4-5 while Dy gccum differences of only ~30% indicate that the marine and continental air masses over the ANC site differ [Formatted: Font: Not Bold
mainly in the number concentrations of accumulation-mode particles, but not in the mean diameters. This observation suggests [ Formatted: Font: Not Bold
. . g . . L [Formatted: Font: Not Bold
that the aerosol particles influenced by Cluster 1 are coastal-modified marine aerosol, but not pristine.
[Formatted: Font: Not Bold
Cluster 2 (mixed) presents a complex vertical structure. At lower altitudes, the aerosol concentration profiles are relatively
constant below 800 m. However, above 1 km, the N¢pe (>10 nm) and Npops (=135 nm) profiles show a notable increase, making
it the most concentrated cluster aloft. This elevated enhancement is usually consistent with an advected, or long-range
transported aerosol layer residing near or just above the boundary-layer top. Such layers often arise from regional or contin ental
pollution, biomass burning, or other distant sources and can be decoupled from the local surface emission regime. The fact
that Cluster 2 is intermediate in concentration near the surface but enhanced aloft supports the interpretation of a mixed air
mass influenced simultaneously by local fresh emissions, new-partiele-formations-and an overlying transported pollution layer
entrained into the boundary layer. In addition. the Cluster 2 result js the strongest corroboration of the trajectory analysis. [Formatted: Font: Not Bold
Aqueous-phase sulfate production in non-precipitating cloud is the most efficient mechanism for shifting the accumulation [Formatted: Font: Not Bold
mode to larger sizes, and Figure S4 shows the largest Dy qccymWhile carrying only an intermediate number is precisely the [Formatted: Font: Not Bold
[ Formatted: Font: Not Bold

signature of a processed rather than a freshly emitted population.
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Figure 46. Atmospheric conditions observed during various cluster-influenced flights in the 2022 TRACER campaign.

The subplots include: (a) ambient temperature; (b) ambient relative humidity; (c) _total particle concentration

measured by the portable optical particle spectrometer (POPS, particles ranging from 135 to 3,000 nm)tetal-particle
i n); and (d)total particle
concentration measured by the condensation particle counter (CPC, particles greater than 10 nm)-tetal-particle

The square symbols represent the averaged mean values of the sampling periods, while the error bars denote the

standard deviation of the measurements.

3.4. Clusters-influenced CCN Profiles Estimation

Figure 7 presents vertical profiles of estimated CCN concentrations for three distinct air mass clusters, plotted as a function
of altitude. These plots provide useful vertical context for the variation in CCN availability across airmass regimes. Another
version of this figure was plotted against altitude normalized by the PBLHT (Altitude/PBLHT), as shown in Figure S2S5. This
normalized version aims to reveal key differences in the vertical distribution of aerosols relative to the PBL structure across

differing airmass influences. In Figures 7 (a)-(c) and S5, the size of the circle symbols at each altitude level is proportional to

the number of data points collected within that altitude range, providing a visual indication of the statistical robustness of

measurements. A threshold of 2,000 data points is established as the confidence limit for data representativeness. Altitude bins
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containing fewer than 2,000 data points (represented by smaller circles) should be interpreted with caution, as they may be
less representative of the true vertical CCN distribution. Figures 7(d) and S2S3(d) appropriately document the sampling
limitations inherent in TBS operations. They show a strong reduction in the number of samples collected aloft, and the data

density decreases substantially above ~800-1000 m altitude in Figure 7(d). In Figure S2-S5 (d), Cluster 2 shows notably fewer

samples at the high normalized ratio (Altitude/PBLHT>0.8) compared to Clusters 1 and 3. Because statistical confidence in
the upper-level observations is correspondingly reduced, the figures are most suitable for discussing within-PBL gradients and
airmass differences but provide less definitive information about the free-tropospheric tail.

The vertical structure in all three cluster cases generally shows a well-mixed boundary layer (<800 m), characterized by
relatively uniform CCN concentrations. Cluster 1 (Marine-influenced) is characterized by the lowest overall CCN
concentrations, consistent with a relatively clean marine air mass originating from the Gulf of Mexico. Within the lower PBL
(Altitude/PBLHTS 0.4), mean CCN concentrations at SS = 0.80% are on the order of 1,000 cm™. The ratio of CCN at 0.80%
to 0.13% supersaturation is around 3 in this region, indicating relatively homogeneous critical supersaturation among aerosol
particles, likely dominated by sea salt and marine biogenic particles with similar hygroscopic properties. The low ratio also
suggests fewer small Aitken-mode particles relative to the accumulation mode, which is typical of clean marine environments
where new particle formation is suppressed or where coagulation/wet scavenging removes smaller particles.

Cluster 3 (Urban/Anthropogenic/Transport) exhibits the highest CCN concentrations and maintains elevated values
through much of the sampled depth. Within the PBLHT, CCN concentrations at SS = 0.80% reach ~3,000 cm™. The ratio
(No.sos/No.13%) is about 5, suggesting a broader, but still relatively processed, size distribution. This is consistent with aged
urban/industrial pollution, where the transport time from Houston likely allows for photochemical aging and coagulation, and
secondary aerosol formation (sulfate, nitrate, SOA) has grown particles into the accumulation mode, but a fraction of smaller,
less hygroscopic particles remains (Li et al., 2025; Farley et al., 2024). This interpretation is further supported by the
characteristics of aerosol chemical composition. The presence of an "aged" or "processed" aerosol population was observed
by chemical analysis of a June 3 sample representative of Cluster 3's influence. This sample was exceptionally complex, with
1020 molecular formulas (MFs) assigned (Figure S3S6). A large fraction of these were nitrogen- and sulfur-containing
organics, including 340 organonitrates (CHON) and 104 organosulfates (CHOS). The prevalence of these compounds resulted
in a distinct chemical signature: high oxygenation and low aromaticity, both hallmarks of extensive atmospheric processing.
A detailed manuscript (under review) presents chemical analyses of organic aerosols collected during TBS flights on June 3,
5,8, and 9, 2022, and reports significant day-to-day variability attributable to distinct air-mass influences.

Cluster 2 (Mixed Influence from marine and regional) represents air masses influenced by both marine and regional continental
sources and sits between Clusters 1 and 3 in absolute CCN concentration but shows the highest spread ratio (No.sov/No.139, ~6).
Cluster 2 exhibits a distinct vertical structure compared with Clusters 1 and 3. In addition to being well-mixed in the lower
70% of PBL, CCN concentrations influenced by Cluster 2 increase significantly with altitude at the top of the PBLHT (above
1000m), culminating in a distinct peak near the PBL top (Altitude/PBLHT > 0.8) with values exceeding 5,000 cm™ at

SS=0.80%. This accumulation of aerosols aloft is strong evidence of active in situ particle growth occurring preferentially at
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that have net-yet srown-inte-the-acewmulation-mede- These continental pollutants are trapped beneath a temperature inversion

and interact with the high humidity and strong solar radiation characteristic of the coastal marine environment. These
conditions are ideal for efficient aqueous-phase chemistry (cloud processing) and photochemical reactions, which rapidly
convert precursor gases into particulate matter and add mass to existing small particles, thereby growing them into the CCN
size range (Li et al., 2025; Farley et al., 2024). However, Figure 7(d) shows that the number of samples decreases markedly
with altitude, so the upper-level enhancement in Cluster 2 should be interpreted with caution, and additional observations
would be needed to confirm this as a systematic feature.

Vertical CCN Profiles and Data Point Distribution
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Figure 7. Estimated CCN concentration vertical profiles as a function of TBS altitude for each cluster (a - ¢), with the
number of data points collected at the corresponding altitude for three clusters (d).
We noticed elevated CCN layers in Figure S253(c) (1.5 < Altitude/PBLHT < 2.2), which is due to the single-day event

on September 9, might not represent the general trend in this airmass regime.
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3.5. Why Observational Aerosol-Cloud Interaction Studies Can beAre So Diffieult- Challenging — A Case Study

A central obstacle in observational aerosol—cloud interaction research is disentangling aerosol microphysical effects from
the meteorological variability that simultaneously governs both aerosol distributions and cloud formation. The September 6—
7,2022, case study from the TRACER campaign near Houston provides a compelling, data-rich illustration of this challenge—
demonstrating how mesoscale circulations, airmass advection, and differential transport can simultaneously transform the
thermodynamic environment and the aerosol population, rendering causal attribution of cloud changes to aerosol effects deeply

ambiguous from observations alone.

3.5.1. Aerosol Vertical Structure and Airmass Complexity: September 6

In most boundary-layer flights during the campaign, the TBS vertical profiles reflected a single, well-mixed air mass.
However, several cases in September deviated significantly from this pattern. The case from September 6, 2022 (between
20:47 and 23:55 UTC), presented in Figure 8, is a prominent example of such a deviation. The vertical profile of estimated
CCN concentration (Figure 8a) reveals a distinct vertical stratification: below approximately 1000 m, CCN concentrations are
largely constant with altitude across all measured supersaturations, while above 1000 m, CCN concentrations increase with
altitude. —These trends strongly suggest the presence of two vertically decoupled air masses with different aerosol

characteristics, likely separated at the top of the marine boundary layer. Because size-resolved chemical composition was not

measured continuously along the vertical profiles, Ncen— was computed using a single, height-invariant hygroscopicity

parameter for each profile. This leads to greater uncertainty in the estimated Ngcn, especially for SS values less than 0.3%.

An analysis of the 24-hour ARMTRALJ back-trajectory provides a compelling explanation for this observed stratification.
Figure 8(b) shows the trajectories for air parcels arriving at altitudes higher than 1000 m. This airmass originated over the open
Gulf of Mexico and partially underwent subsidence (as indicated by increasing pressure along the trajectory paths) as it
advected towards the measurement site. This air mass history is characteristic of marine air (Cluster 1) from the free
troposphere, consistent with the lower CCN concentrations (<500 cm™) observed in Figure 8 (a). Conversely, the trajectories
for air parcels arriving near the ground (Figure 8(c)) reveal a drastically different history. These air masses exhibit a complex,
low-level recirculation pattern confined near the coast (Cluster 2). This low-level recirculation pattern is consistent with
NEXRAD imagery (Fig. S8aS6(a)), which shows an airmass boundary propagating from the Gulf Coast, reaching the site at
approximately 17 UTC. Therefore, the September 6 case demonstrates a scenario of different airmass types inside and above
the boundary layer. The TBS profile sampled two vertically stacked but historically distinct air masses: a recirculated

continental/coastal layer near the surface, and a cleaner, subsided marine layer entraining from the free troposphere above it.
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Figure 8 Estimated CCN concentration vertical profiles (a) using TBS measurements for both flights on September 6
at the supersaturations of 0.13%, 0.35%, 0.47%, 0.63%, and 0.8% with ARMTRAJ TBS 24-hour back-trajectories for
the TBS flight altitude higher than 1000 m (b) and near ground (c).

Critically, the corresponding radiosonde from September 6 (launched at 23:30 UTC, rightafterclost to the end of the TBS
flight—was—ending, Figure S8 and S104) indicates a thermodynamic environment that is fundamentally hostile to cloud
formation. The skew-T profile shows a deep layer of extremely dry mid-level air (~800-400 hPa). The large temperature—
dewpoint separation indicates that any nascent cloud penetrating the cap would be rapidly eroded by entrainment of this dry
air. Above the moist boundary layer (which extends only to roughly 950-900 mbhPa), the dewpoint drops, with a
corresponding dewpoint depression of 20-30°C or more through the 800400 hPa layer. Although the dewpoint trace shows
some oscillations in the 700-600 #b-hPa range (suggesting thin, intermittent layers of slightly higher moisture, possibly
associated with the marine airmass above 1000 m identified by the back-trajectories. No clouds were observed on this day.
The combination of CCN profiles, back trajectories and the thermodynamic sounding collectively indicates an atmosphere in
which cloud formation was suppressed by dynamical and thermodynamic barriers—regardless of aerosol loading.

Additionally, the size-resolved chemical compositions derived from CCSEM-EDX analysis show considerable differences
between the ground and aloft samples, as shown in Figure 9. The CCSEM-EDX results were consistent with the back-trajectory

analysis - two distinct aerosol environments linked to different air masses at different heights. The ground-level sample is
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characterized by a high fraction of Carbonaceous (35%) and Na-rich (18% + 20% Na-rich Sulfate) particles, indicating a strong
influence of marine-influenced, boundary-layer air. The abundance of Na-rich sulfate suggests active chemical processing of
sea salt in a polluted marine boundary layer. Meanwhile, the sample collected at 1350 m exhibits a markedly different chemical
profile, indicative of a distinct airmass history. The most striking feature is the massive increase in the fraction of Dust (30%)
compared to the ground (9%). This, combined with the still-significant Carbonaceous (31%) fraction and Na-rich particles
(17%), suggests that the marine air masses also contained long-range-transported aerosol. The presence of internally mixed
particles, such as Sulfate+Dust (3%) and Carbonaceous+Dust (8%), indicates atmospheric aging during transport. Overall, the
ground-level composition reflects locally and marine-influenced boundary-layer air, whereas the aloft composition reflects a

marine air mass with aged, long-range transported airmass rich in dust and processed carbonaceous material.
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Figure 9 Size-resolved particle classifications from CCSEM/EDX at (a) ground (750 particles analyzed) and (b) 1350
m altitude (515 particles analyzed) for flight on September 6, 2022. The inset shows the percentage of each
CCSEM/EDX-derived particle class.

3.5.2. Dramatic Airmass Transformation: September 7

By September 7_(takeing off at 14:58-andfinally; landing at 21:19 UTC), both the aerosol environment and the
thermodynamic structure had undergone a wholesale transformation. The vertical CCN profile showed exceptionally high
concentrations, with values exceeding 3,000 cm™ at a supersaturation (SS) of 0.8%, extending throughout the boundary layer,
as shown in Figure 10. This airmass, a processed mixture of continental pollution and humid marine air, was characterized by
an abundance of small, hygroscopic particles (the CCN(0.80%)/CCN(0.13%) ratio was about 10). The x-axis scale of the CCN
profile expanded from 0—1,500 cm™ on September 6 to 0—10,000 cm™ on September 7, reflecting a 5-10% increase in CCN

across all supersaturations and altitudes.

25



605

610

615

12000

1500 — 09/07/2022
(a) Hempstead
: 30°N 6 '"“““" 1500 ¢
© Bear Creek A La Porte (AMF site) g
3 Guy (ANC site) 94 e, 2
= uy site] 2 Galvest: &
2 — 1000 5
= )
3
500
__ 1000 -
£ 7 SS =0.13%
2 41 88 =0.35%| . - s .
& 1SS = 0.47% | 98°W 9?- 0\/Iv1“Ude 94°W 92°W
] _H#'SS =0.63%
= 1 SS =0.8% J 2000
< — +
500 Hempstead
30°N * 4 Hockley 1500 ¢
& Bear Creok (258 4% | 5 Porte (AMF site) 2
S . * Galveston g‘
T Guy (ANC site) 1000 3,
= S
3
500
ol o= ] 28°N
0 5000 10000
Estimated CCN Concentration (cm's) 08°W 96°W 94w 92°W
Longitude

Figure 10. Estimated CCN concentration vertical profiles (a) using TBS measurements for all flights on September 7 at the
supersaturations of 0.13%, 0.35%, 0.47%, 0.63%, and 0.8% with ARMTRAJ TBS 24-hour back-trajectories for the TBS flight
altitude higher than 1000 m (b) and near ground (c).

The radiosonde from September 7 (20:30 UTC, Figure S75) reveals an equally dramatic thermodynamic transformation.
The lower troposphere (surface through ~700 sbhPa) was substantially moister on September 7 than on September 6 (Figure
S9 and S11), which reduced the destructive entrainment of dry air during the critical early growth phase of convective clouds.
However, above ~600—700 mbhPa, significant drying persists. The mid-to-upper troposphere was not deeply moistened. Both
days had large CAPE (Convective Available Potential Energy). On September 6, no lifting mechanism existed to release this

instability, so no clouds formed. On September 7, a complicated combination of a bay-breeze boundary propagating from
Galveston Bay to the west and multiple gust fronts, associated with a mesoscale convective system to the northeast of Houston,
propagating toward the south and southwest (see Fig. S78b), provided the mesoscale convergence and lift necessary to push
parcels through the cap. Once initiated, clouds benefited from the moister lower troposphere (which reduced entrainment-
driven erosion during early growth). The dramatically higher CCN concentrations were a byproduct of the same airmass
transformation that improved moisture and provided the outflow trigger.

In addition, we examined the CCN profiles derived from the TAMU MPL at Hockley (see Figure 1) during the overlapping

operational periods (as shown in Table S1). While the dataset in Figure 8 highlighted the importance of vertical variance in
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CCN, the vertical profiles of CCN show a dramatic shift in air-mass properties between September 6 and September 7, 2022.
As shown in Figure S126, the TBS and TAMU MPL-estimated CCN profiles clearly indicate a significant horizontal transport
event. On September 6, the region was characterized by relatively clean conditions. TBS and TAMU profiles at both 0.2% and
0.8% supersaturation are relatively similar in magnitude and vertical structure, suggesting that both platforms were largely
sampling the same regional-continental background aerosol, with only modest spatial gradients. By 7 September, however, the
TBS and TAMU profiles diverge sharply: CCN concentrations from the TBS increase by a factor of 2 (especially at 0.8% SS)
and exhibit a much more vertically diversity, with an elevated layer up to about 1-1.4 km, whereas TAMU values remain
closer to the magnitude on September 6. This contrast implies that mesoscale horizontal transport—Ilikely associated with a
change in wind direction or the passage of a plume—dominated CCN variability on 7 September, introducing strong spatial

heterogeneity in aerosol properties over relatively short horizontal distances in the region.

3.5.3. The Covariability Trap

At first glance, the September 6—7 contrast might appear to present a natural experiment for aerosol-induced convective
invigoration: a clean day with few clouds or precipitation, followed by a polluted day more clouds and precipitation. Indeed,
when ingested by the observed updrafts, the September 7 aerosol population may have led to the nucleation of a very high
number of small cloud droplets, potentially suppressing warm rain formation and potentially invigorating convection through
enhanced latent heat release (as shown in Figures S10 and S117). However, the radar imagery from NEXRAD (Figures S7¢
and-S9) reveals that the ANC site was strongly influenced by mesoscale dynamical forcing including density current boundary
(most likely a sea breeze) on September 6th, while on September 7th, strong convection propagating from the north with
multiple cold pools that also interact with a bay breeze frontal boundary.

The combined skew-T, CCN analysis and radar imagery reveals that this interpretation is untenable as a simple causal
narrative for three reasons. First, the clean day (September 6) was meteorologically incapable of producing deep clouds due
to a general lack of moisture and low-level instability. Second, the polluted day (September 7") was meteorologically primed

for convection regardless of aerosol loading. With enormous CAPE (Cenveetive Available Potential Energy), deep moisture,

and a mesoscale lifting mechanism (convective cold pools and a bay breeze front), the September 7 environment would have

produced deep convection even with September 6's modest CCN of a few hundred cm™. Cloud droplets would have been
fewer and larger, and warm rain would have developed more efficiently, but convection would still have occurred. Third, the
aerosol and meteorological transformations were not independent. The same mesoscale process—sea-/bay-breeze circulations,

convective cold pools, and airmass advection—that delivered deep moisture, removed CIN_(Convective Inhibition), and

enhanced CAPE also imported an entirely different aerosol population with dramatically higher CCN concentrations. The
aerosol and thermodynamic changes are confounded at their source.

This case study reinforces a fundamental hierarchy of controls on deep convection, in which thermodynamic environment

and mesoscale dynamical forcing act as first-order controls while aerosol effects serve only as second-order modulators: on

September 7th, the combination of enormous CAPE, deep moisture, and robust lifting from colliding cold pools and a bay-
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breeze front virtually guaranteed convection regardless of aerosol loading, meaning aerosols may have shaped droplet size

precipitation efficiency, or intensity but not whether storms occurred. This carries direct significance for forecasting—

accurately representing boundary-layer circulations and cold-pool dynamics matters more than resolving aerosol fields—and

offers a broader cautionary lesson that dramatic clean-versus-polluted day contrasts can being-eonditioned-enalso include the

effects of variation in underlying meteorology. At the regional scale, the meststriking revelationprimary finding is that aerosol

character and convective favorability are not independent but dynamically coupled through the same circulation systems: the

identicalsimilar mesoscale processes that imported moisture, eroded inhibition, and enhanced instability also delivered a high-

CCN aerosol population, such that clean marine air tends to arrive with stable, moisture-limited conditions while polluted

continental inflow coincides with convectively primed environments. Because the region's aerosol and convective

climatologies therefore-co-evolve with the prevailing flow, understanding—and ultimately projecting—convection in this

coastal setting requires treating the circulation—thermodynamics—aerosol system as an integrated whole, particularly as as

variability at the decadal time scales, alters land—sea thermal contrasts, boundary-layer moisture, and aerosol transport

pathways in ways no single-variable analysis could anticipate.

4. Conclusions

This study used TBS observations in the greater Houston coastal urban region to investigate how vertical thermodynamic
structure and transport modulate aerosol and inferred CCN distributions. TBS data were collected during the summer over the
greater Houston, Texas, region as part of the DOE ARM User Facility’s TRACER field campaign. To interpret these
measurements and understand the influence of air mass source regions, the study utilizes the ARMTRALJ dataset. This dataset
consists of Lagrangian air-mass back trajectories generated with the HYSPLIT model, driven by high-resolution ERAS5
meteorological reanalysis data. Its purpose is to provide historical context for air masses arriving at fixed (Eulerian)
measurement sites, with trajectory uncertainty quantified through an ensemble methodology. A k-means clustering analysis of
24-hour and 5-day back trajectories demonstrates the dataset's utility in differentiating air mass histories. The analysis
identified three distinct transport pathways: 1) direct marine inflow from the Gulf of Mexico, 2) mixed marine-continental
transport, and 3) urban/anthropogenic flow originating from the central U.S. and Canada. This approach effectively classifies
air masses by their source regions, providing an essential framework for interpreting the observed variations in aerosol
properties.

By grouping flight data into three trajectory-based clusters (marine, anthropogenic, and mixed), distinct vertical profiles
were identified. While temperature profiles were broadly similar across clusters, RH profiles revealed structural differences:
the mixed cluster showed increasing RH with altitude, whereas the anthropogenic cluster featured a moist layer capped by
drier air. The most dramatic differences were observed in the aerosol profiles. The marine cluster (Cluster 1) exhibited low
aerosol concentrations that decreased with altitude, characteristic of a clean, well-mixed marine boundary layer with surface-

based sources. Urban/anthropogenic cluster (cluster 3) showed much higher concentrations that also decreased with altitude,
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indicating strong surface-based pollution within a well-mixed layer. The mixed cluster (Cluster 2) displayed a complex vertical
structure with moderate surface concentrations and a significant increase in aerosol levels above 1 km. This elevated layer is
interpreted as advected, long-range-transported pollution residing above the local boundary layer, thereby confirming the
cluster's mixed-influence nature.

To contextualize the measurements, this study characterized the summertime diurnal evolution of the PBL using
radiosonde data. Then, an analysis comparing TBS flight altitudes to the derived PBL height (PBLHT) revealed that summer
(June-August) flights primarily sampled within the deep, well-mixed boundary layer. In contrast, September flights often
reached or exceeded the shallower PBL top, enabling direct measurement of the entrainment zone. By integrating this analysis
with air-mass trajectory clusters, a dynamic picture emerges. Especially in September, the shallower PBL and more
heterogeneous air masses aloft (Clusters 2 and 3) led to greater variability, with TBS flights capturing the direct influence of
entrainment and distinct synoptic flows on the boundary-layer structure.

An analysis of estimated CCN vertical profiles reveals distinct aerosol characteristics across three air mass clusters. The
marine-influenced cluster (Cluster 1) shows the lowest CCN concentrations within a well-mixed boundary layer, consistent
with a clean marine air mass. The urban/anthropogenic cluster (Cluster 3) displays the highest CCN concentrations, also
confined to a well-mixed PBL, reflecting strong surface-based pollution from fresh urban and industrial emissions. The CCN
profiles in this airmass regime has the highest spread ratio (No.sov/No.13%), pointing to a broader size distribution with a large
population of smaller particles. The mixed-influence cluster (Cluster 2) exhibits a unique vertical structure, with the highest
CCN concentrations peaking near the top of the PBL. This elevated aerosol layer is attributed to in-situ particle growth, in
which continental pollutants trapped at the PBL inversion react with high humidity and solar radiation.

Finally, we focused on two interesting flight days. Analysis of vertically resolved CCN profiles from September 6th and
7th, 2022, revealed significant vertical and horizontal aerosol heterogeneity. On September 6th, TBS profiles captured two
vertically decoupled air masses: a polluted, recirculated coastal boundary layer and an overlying, cleaner, subsided marine
free-tropospheric layer containing long-range transported dust. This case demonstrates the critical role of differential advection
in stratifying aerosol chemical and physical properties. On September 7th, a mesoscale advection event introduced an air mass
with anomalously high CCN concentrations (>3,000 cm 2 at 0.8% SS), creating conditions highly conducive to aerosol-induced
convective invigoration. The key scientific advance highlighted by these events is the synergistic use of in-situ TBS profiling
with ground-based remote sensing. The TBS provided detailed, process-level measurements of the pre-convective aerosol
microphysical properties, while subsequent radar and lidar observations captured the macroscopic cloud dynamical response—
namely, the initiation of deep convection.

While this study provides valuable insights into the vertical structure of CCN under different air-mass regimes, several
limitations frame the conclusions and motivate a clear path for future research. First, the TBS sampling provides high-
resolution vertical structure but limited horizontal representativeness, capturing a single-column view of a spatially
heterogeneous aerosol field. The observational period was confined to the summer months, precluding assessment of seasonal

variability in aerosol-cloud interactions that may arise from shifts in source contributions, photochemical processing rates, and
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boundary-layer dynamics. Secondly, CCN concentrations were inferred from size distributions rather than measured directly,
introducing uncertainty associated with assumed hygroscopicity (k) and the internal versus external mixing state. The
activation ratios (N_0.8%/N_0.13%) presented here are bulk metrics that cannot fully disentangle the relative contributions of
size distribution shape versus composition-dependent hygroscopicity. This is particularly relevant for Cluster 2 (coastal
recirculation), where the high activation ratio (~6) could reflect either a broad size distribution with abundant Aitken-mode
particles, compositional heterogeneity from mixed marine-continental sources, or both. Thirdly, back-trajectory clustering
provides a robust statistical framework for air-mass classification, but not deterministic attribution of sources and
transformations. Trajectories capture transport pathways but cannot resolve sub-grid emission sources, vertical mixing during
transport, or chemical transformations that modify aerosol properties en route. Fourthly, reduced sampling aloft due to TBS
operational limitations means conclusions about free-tropospheric CCN or fine-scale features near the highest altitudes should
be framed as indicative rather than definitive. This is particularly relevant for understanding the influences of entrainment and
the contributions of the residual layer to boundary layer CCN budgets. Finally, cloud responses were constrained by the
availability of coincident cloud observations, limiting the ability to establish direct linkages between specific aerosol
populations and cloud microphysical responses.

These limitations highlight critical, actionable priorities for future work to achieve process-level closure on aerosol-cloud
interactions. The next generation of field studies should move beyond characterization toward targeted, hypothesis-driven
experiments. For example, using advanced chemical analyses to constrain source contributions and mixing state, especially
for cluster 3-influenced aerosol particles. Extending observations beyond the summer period would capture seasonal shifts in:
(a) marine biogenic emissions (DMS-derived sulfate), (b) photochemical processing rates affecting secondary aerosol
formation, (c) boundary layer depth and mixing dynamics, and (d) synoptic transport patterns influencing the frequency of
each air-mass regime. Winter observations, in particular, could reveal how reduced photochemistry and shallower boundary
layers alter the vertical structure of CCN and their activation characteristics. Finally, the cluster-stratified CCN profiles
demonstrated here offer a valuable dataset for evaluating how well regional and global models reproduce: (a) the magnitude
of CCN differences among marine, coastal recirculation, and urban-transported regimes, (b) the vertical structure of CCN
within and above the boundary layer, and (c) the supersaturation dependence (spread ratio) as a proxy for size distribution and
composition representation. Such comparisons could identify specific model deficiencies in aerosol emission inventories,

microphysical process parameterizations, or transport/mixing schemes.

Author contribution

FM and JW conceptualized the TBS study. BS secured financial support for the project that led to this publication. FM, GWV, and NNL
formally analyzed the data and provided the figures. FM, MPJ, BC, SDB, DZ and DD participated in the field campaign and data collection.
FM, JW, IS, NNL, GWV, ZC, and SC interpreted the results. FM wrote the initial draft of the paper. FM, JW, IS, NNL, GWV, JL, BC, SDB,
MJP, MD, ZC, SC, and DZ proofread and edited the paper.

30



755

760

765

770

775

780

Data availability.

The datasets presented in this article are available upon registration at the ARM Data Discovery (https://adc.arm.gov/discovery/#/, last

accessed: 27 January 2026). The cloud condensation nuclei concentrations estimated in this study are currently undergoing the data ingest
process with the Atmospheric Radiation Measurement Data Center and will be publicly accessible upon completion of that process. In the
interim, these data are available from the corresponding author upon reasonable request by contacting Fan Mei (fan.mei@pnnl.gov). The
NEXRAD data can be requested by contacting Michael Jensen (mjensen@bnl.gov). NEXRAD Level II radar data are publicly available
through the Unidata Amazon Web Services (AWS) S3 archive with anonymous access. In this study, data were programmatically retrieved
using a Python interface to the NEXRAD Level II archive by querying scans for a given radar site (e.g., KHGX, Houston, TX) over specified

UTC time ranges, and the resulting file URLs were used for subsequent processing and analysis.
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