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ABSTRACT  

A multi-agency succession of field campaigns was conducted in southeastern Texas during  

July 2021 through October 2022 to study the complex interactions of aerosols, clouds and air  

pollution in the coastal urban environment. As part of the Tracking Aerosol Convection  

interactions Experiment (TRACER), the TRACER- Air Quality (TAQ) campaign the  

Experiment of Sea Breeze Convection, Aerosols, Precipitation and Environment (ESCAPE)  

and the Convective Cloud Urban Boundary Layer Experiment (CUBE), a combination of  

ground-based supersites and mobile laboratories, shipborne measurements and aircraft-based  

instrumentation were deployed. These diverse platforms collected high-resolution data to  

characterize the aerosol microphysics and chemistry, cloud and precipitation micro- and  

macro-physical properties, environmental thermodynamics and air quality-relevant  

constituents that are being used in follow-on analysis and modeling activities. We present the  

overall deployment setups, a summary of the campaign conditions and a sampling of early  

research results related to: (a) aerosol precursors in the urban environment, (b) influences of  

local meteorology on air pollution, (c) detailed observations of the sea breeze circulation, (d)  

retrieved supersaturation in convective updrafts, (e) characterizing the convective updraft  

lifecycle, (f) variability in lightning characteristics of convective storms and (g) urban  

influences on surface energy fluxes. The work concludes with discussion of future research  

activities highlighted by the TRACER model-intercomparison project to explore the  

representation of aerosol-convective interactions in high-resolution simulations.      

SIGNIFICANCE STATEMENT  

During 2021-2022 a series of field campaigns in Southeast Texas focused on studying the  

complex interactions of aerosols, clouds and air pollution in a coastal urban environment. This  

region, characterized by frequent clouds and storms, often driven by sea breezes, and diverse  

aerosol and pollution sources provides a unique setting to learn more about these interactions.  

The results presented here, and to follow from future research, will have important implications  

for coastal populations through improved understanding and prediction of the impacts of  

aerosols on the lifecycle of convective clouds, the influence of coastal circulation on air quality  

conditions, and the role that urban centers play in local weather.  

CAPSULE  

A succession of field campaigns conducted in Southeast Texas gathered data that is being  

used to study aerosol, cloud and air pollution interactions in a coastal urban environment.  
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1. Introduction  

The complex environment of urban coastal regions presents significant challenges for our  

understanding of weather, climate, and air quality. Interactions between the land surface, water  

bodies, atmosphere, built environment, and anthropogenic forcings drive coupled processes  

that strongly influence the lifecycle of clouds, aerosol, and air quality. Southeast (SE) Texas  

offers a distinct humid subtropical environment to study these processes where summertime  

sea breeze (SB) circulations facilitate formation of isolated convective clouds that experience  

a spectrum of pollution conditions, ranging from high aerosol concentrations near the urban  

and industrial area of Houston-Galveston-Brazoria (HGB) to significantly lower aerosol  

concentrations in suburban and rural areas. Importantly, the HGB region is home to 7.1 million  

people as of 2020 (U.S. Census Bureau) and exhibits significant socio-economic diversity,  

leading to varied impacts from weather, climate and air quality factors.   

The SE Texas region has a long history of atmospheric science field campaigns,  

particularly those focused on air quality and its evolution in the urban-coastal environment.  

The interrelated and overlapping field campaigns introduced in this paper build on the scientific  

outcomes of previous campaigns. In 2000, during the Texas Air Quality Study (TexAQS;  

Brock et al. 2003), aircraft measurements were collected with a goal of investigating the  

chemical and meteorological drivers of ozone air quality exceedances in the region. This was  

followed by the 2nd TexAQS in 2005-06 (Parrish et al. 2009), which expanded to consider  

regional sources and atmospheric processes that influenced ozone and aerosol formation and  

evolution in eastern Texas and the Gulf of America. The influence of these factors on large- 

scale radiative forcing and impacts on human health and regional haze were also important  

research targets. The 2009 Study of Houston Atmospheric Radical Precursors (Olaguer et al.  

2014) aimed to resolve contributions of primary and secondary sources of important ozone  

precursors, formaldehyde and nitrous acid. With updated air quality regulations and a need to  

evaluate, improve and understand satellite-based retrievals, the Deriving Information on  

Surface Conditions from Column and VERtically Resolved Observations Relevant to Air  

Quality (DISCOVER-AQ; Bean et al. 2016, Yoon et al. 2021) campaign took place in several  

cities over multiple years, including a campaign over Houston in 2013. By collecting aircraft- 

based in situ and remote sensing observations over a network of surface-based sensors,  

DISCOVER-AQ focused on relationships between column-integrated and surface air quality  

variables towards improved interpretation of satellite-based measurements. During August and  
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September of 2013, concurrent with DISCOVER-AQ, the Studies of Emissions and 

Atmospheric Composition, Clouds and Climate Coupling by Regional Surveys (Toon et al. 

2016) airborne field campaign was aimed at quantifying the role that deep convection plays in 

the vertical and regional distribution of pollutant emissions, gases, and aerosols. Following 

these campaigns, the processes contributing to high-ozone concentrations over Galveston Bay 

and offshore and how coastal circulations and other meteorological factors influence these and 

contribute to variability in pollutant concentrations over the southeast Texas region remains an 

area in need of further study and improved modeling.     

SE Texas experiences a combination of significant populations of isolated convective 

clouds and diverse anthropogenic and natural aerosol sources. This prompted the Aerosol, 

Cloud, Precipitation and Climate (ACPC) initiative (https://acpcintiative.org) to target the 

region for exploring the interactions between aerosols and deep convection through a series of 

pilot projects. An analysis of multi-year observations from the Houston/Galveston (KHGX) 

NEXRAD shows that within 200 km, convection initiation (CI; Ze > 35 dBZ) occurs 40-55 

percent of the days over the annual cycle (Fridlind et al. 2019). They also reported strong peaks 

in the number of convective cells during the summer months of June through September. Hu 

et al. (2019) applied cell tracking to KHGX observations to investigate the lifecycle of isolated 

convective cells in varying aerosol conditions. They quantified regional variability in CCN 

number concentrations (NCCN) from satellite observations following Rosenfeld et al. (2016). 

Hu et al. (2019) found that, for environments with surface-based convective available potential 

energy (CAPE) between 2000 and 4000 J kg-1, there was an increase in maximum radar echo-

top height and lightning mapping array source counts with increasing NCCN up to 1000 cm-3. 

Pehl et al. (2025) also examined KHGX data in combination with MERRA-2 data to show that 

deep convective clouds with higher aerosol loading had decreased warm rain, increased 

freezing, and increased vapor deposition onto ice. 

To further investigate the influence of aerosols on deep convection, ACPC undertook a 

model intercomparison project (MIP; van den Heever et al. 2017, 2025). The ACPC MIP 

brought together eight state-of-the-art cloud-resolving models focused on the simulation of a 

case of scattered convective clouds in the SE Texas region. The goal was to characterize   

microphysical and dynamical responses of convective cloud populations to aerosol conditions 

and the robustness of these responses among the models. As summarized in Marinescu et al. 

(2021), there were many consistencies among the models’ representation of convective 

Brought to you by UNIVERSITY OF OXFORD-RADCLIFFE | Unauthenticated | Downloaded 03/12/26 10:35 AM UTC



7
Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-23-0331.1.

 

properties. There were similar changes in updraft speeds with high CCN concentrations,  

particularly for updrafts in the 4-7 km layer, where more frequent strengthening occurred. In  

the 5-8 km layer, there was notable drying of the updraft columns due to enhanced condensation  

and related water vapor depletion in the high CCN concentration simulations, dampening any  

impacts on the vertical velocity. However, important inconsistencies among the models were  

also identified. Most notably, there were differences in the number and/or sizes of convective  

updrafts and a large range of responses of the > 8 km updraft velocities from weakening to  

strengthening at these levels. Further, Saleeby et al. (2025) investigated deep convective cells  

simulated by the ACPC MIP models using the Tracking and Object Based Analysis of Clouds  

(tobac) cell identification and tracking algorithm (Heikenfeld et al. 2019a, b; Sokolowsky et  

al. 2024). The aerosol impacts on warm rain processes were found to be consistent among  

models over cell life cycles, while the aerosol response in the ice phase processes was highly  

variable among models and over cell lifetimes, thus suggesting greater variability and  

uncertainty in the ice phase parameterizations of the MIP models. The ACPC observational  

and modeling studies have highlighted the challenges to disentangling the complicated and  

often co-varying impacts of meteorology and aerosols on deep convective microphysics and  

dynamics (e.g. Varble et al. 2024).   

Detailed WRF simulations with coupled Chemistry (WRF-Chem) of the ACPC MIP  

case and a fast spectral-bin microphysics scheme showed that the Houston urban heat island  

effect (UHI) may enhance the SB circulation and lead to quicker deepening of shallow warm  

clouds (Fan et al. 2020). The effects of anthropogenic aerosols become evident after the clouds  

became mixed phase, accelerating their development. Also, ACPC MIP simulations (Zhang et  

al. 2021 ) using the Morrison bulk microphysics scheme (Morrison et al. 2005, 2009; Morrison  

and Milbrandt 2011), showed that the commonly used saturation adjustment approach for  

condensation, which eliminates aerosol effects through supersaturation changes, diminishes  

aerosol invigoration of convection and precipitation; changing to an explicit representation of  

supersaturation for the condensation/evaporation calculation in the two-moment Morison  

scheme generated better agreement with both bin model results and with observations.   

New field observations and early science results targeting the scientific uncertainties in  

aerosol, cloud, and air quality processes in the coastal urban environment of SE Texas region  

were recently undertaken and are summarized herein. The manuscript is organized as follows.  

First, the major interagency field campaigns’ motivation and deployment strategies are  
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presented. This is followed by an overarching description of the conditions observed during  

the year-long campaign. A sampling of scientific results on aerosol lifecycle, air quality, SB  

circulations, cloud lifecycle, lighting and urban meteorology, are presented. Finally, plans for  

future research activities are presented.   

2. Succession of Field Campaigns in Southeast Texas 2021-2022  

From July 2021 through October 2022, a series of multi-agency field campaigns (Jensen  

et al. 2022) coordinated to collect a comprehensive set of observations in a complex urban- 

coastal environment to address fundamental questions at the intersection of meteorology,  

aerosol and cloud physics, and air quality. Collectively, we refer to the combined field  

campaigns as TRACER+.  Originally, the multiple campaigns were intended to overlap during  

the summer of 2021, but due to varying agency travel restrictions, safety protocols, and  

requirements related to the SARS-CoV-2 COVID-19 pandemic, some campaign timelines  

needed to change, while others could not. The final campaign timelines are summarized in  

Figure 1c.   

a. Tracking Aerosol Convection interactions ExpeRiment (TRACER)  

The DOE’s Atmospheric Radiation Measurement (ARM; Mather and Voyles 2013)  

facility supported TRACER (Jensen et al. 2023) from October 2021 through September 2022.  

The campaign was focused on quantifying the role that regional diversity of aerosol conditions  

plays in the evolution of the dynamical, microphysical, radiative, and electrification properties  

of isolated deep convective clouds. The main TRACER ground-based sampling site was  

located at the La Porte Municipal Airport in La Porte, TX [29.67°N, 95.06°W, 8 m] (Figure 1,  

Table S1). This site was selected as being a location that experiences substantial aerosol loading  

with diverse contributions from local anthropogenic sources (e.g., industry, agriculture,  

transportation), local natural sources (e.g., biogenic, marine aerosols) and long-range sources  

(e.g., biomass burning, Saharan dust). The ARM Mobile Facility (AMF1; Miller et al. 2016),  

with its full complement of cloud, aerosol, precipitation, meteorology, and radiation  

measurements (Tables S2-S3, Figures S1-S2), was deployed at this site for the full campaign  

with most instruments operating 24 hours per day, 7 days per week, offering a detailed look at  

the seasonal cycle.   

An intensive operational period (IOP) was conducted during the months of June- 

September 2022 when an ARM ancillary (ANC) site was deployed in Guy, TX [29.33°N,  
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95.74°W, 20 m], southwest of Houston. This location was selected to represent a background  

rural site with less influence from urban impacts, particularly aerosol sources. A subset of  

meteorological and aerosol measurements (Table S2) was collected including detailed  

observations of aerosol size, number concentration, composition, and hygroscopicity. Also  

based at the ANC site, the Tethered Balloon System (TBS) conducted 149 flights during this  

IOP, to collect vertical profiles of aerosol and meteorological properties. Between these two  

ARM sites, a site at Pearland, TX [29.53°N, 95.28°W, 12 m] was selected to enable sampling  

by the 2nd generation C-band Scanning ARM Precipitation Radar (CSAPR2) over both the  

AMF1 and ANC sites with good sampling near the climatological summertime environmental  

0°C level. The Multisensor Agile Adaptive Sampling (MAAS; Lamer et al. 2023) framework  

was employed to automatically identify and track isolated convective cells at high-resolution  

through their lifecycle. The three ARM sites are at similar distances from the Gulf coast (Figure  

1) such that it was expected they would experience similar impacts from the SB circulation.  

In addition to these baseline ARM sites, several sub-campaigns were added through the  

deployment of guest instrumentation (see complete list in Table S4). These campaigns helped  

to fill observational gaps, particularly in the regional and vertical variability of important  

aerosol and meteorological quantities. They also expanded the scientific scope to more  

explicitly include questions related to aerosol lifecycle, air quality, urban meteorology, and SB  

interactions.  

b. NASA/TCEQ TRACER-Air Quality (TAQ)  

TAQ (Judd et al. 2021) took place primarily during September 2021. Sponsored by  

NASA’s Tropospheric Composition Research and Health and Air Quality Applied Sciences  

Programs and the Texas Commission on Environmental Quality (TCEQ), this synergistic effort  

was designed to measure air quality-relevant constituents at high spatial and temporal  

resolutions. Using instrument suites operated by NASA and collaborating institutions, TAQ  

combined ground-based supersites, mobile laboratories, and shipborne measurements with  

coincident overflights from an aircraft with remote sensing instrumentation. The goal of TAQ  

was to gain an updated understanding of the interactions among ozone photochemistry and  

local meteorology and provide observations to evaluate and improve-upon chemical transport  

models and satellite retrievals. A particular focus included preparation for NASA’s first air  

quality geostationary satellite, Tropospheric Emissions: Monitoring of Pollution (TEMPO),  

which launched in Spring 2023 (Zoogman et al., 2017). TCEQ further supported additional air  
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quality observations from similar surface-based observational platforms during April-October  

2022 (referred to as TAQ2), with an IOP in September 2022.  

As part of TAQ during September 2021, the NASA Johnson Space Flight Center  

Gulfstream-V (G-V) had ten flight days, completing two or three raster patterns per day to  

measure air pollution over the Houston-Galveston region. These raster flight patterns are  

illustrated later in Figure 5. The G-V included instrumentation that made remote sensing  

measurements of column-integrated nitrogen dioxide (NO2) and formaldehyde (HCHO) (Judd  

et al. 2019; Kowalewski and Janz 2014; Nowlan et al., 2018) and vertically resolved profiles  

of ozone and aerosols (Burton et al. 2012; Ferrare et al. 2023; Müller et al. 2014). Flights  

typically occurred on days when air quality forecasts predicted elevated concentrations of  

surface ozone in the afternoon. Ground-based platforms provided remotely sensed and in situ  

profiling of ozone (Sullivan et al. 2015; Young et al. 2017; Komhyr 1986; Smit and Thompson  

2021), ozone precursors (NO2, HCHO; Herman et al. 2009) and aerosol (Welton et al. 2001).  

The TCEQ portion of TAQ included mobile air quality laboratories (Shrestha et al. 2023;  

Guagenti et al. 2025a), boat measurements (Griggs et al. 2024), and additional ozonesondes  

from on land and over the water. The 2022 TAQ2 campaign included similar mobile laboratory,  

boat, and balloon measurements with additional boat-based trace gas measurements and a small  

uncrewed aerial system (sUAS; Guagenti et al. 2025b). See the supplementary material for  

more details on TAQ/TAQ2 siting (Table S1) and instrumentation (Tables S5, S6).  

c. Experiment of Sea Breeze Convection, Aerosols, Precipitation, and Environment  

(ESCAPE)  

Towards improving predictability of convective clouds and related extreme weather  

events, the NSF-sponsored ESCAPE field campaign (Kollias et al. 2024) took place from 30  

May to 30 September 2022. ESCAPE focused on the study of the coupling between convective  

cloud vertical motions, cloud and precipitation microphysics and precipitation production for  

varying environmental conditions, throughout the cloud lifecycle. From 31 May to 17 June  

2022, the National Research Council (NRC) of Canada Convair-580 and the Stratton Park  

Engineering Company (SPEC) Learjet performed a combined 24 research flights (92 flight  

hours). Each aircraft was equipped with a comprehensive suite of remote-sensing and in situ  

instrumentation for measuring atmospheric state, aerosol, and cloud microphysics quantities.  

Flights were conducted over the Gulf, and east and west of the Houston city center. Due to a  

lack of deep convection during the campaign period, the sampling area was extended to include  
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flights over Lake Charles and Lafayette, LA. See Kollias et al. (2024) for more details on the  

ESCAPE flight paths, Dzambo et al. (2024) for more details on the forecasting and nowcasting  

operations, and Table S5 for a detailed list of ESCAPE aircraft instrumentation.  

In addition to the aerial platforms, four ground-based mobile platforms were deployed  

during ESCAPE, three different mobile X-band radar systems (Pazmany et al. 2013; Cheong  

et al. 2013, Kollias et al. 2022 a,b), and a suite of boundary layer instrumentation on the  

Brookhaven National Laboratory Center for Multiscale Applied Sensing (CMAS) mobile  

laboratory (Lamer et al. 2022). Details on the ESCAPE surface mobile platforms are included  

in Table S6. The Colorado State University C-band Hydrological Instrument for Volumetric  

Observations (CHIVO) radar, employed the MAAS framework, operated from the AMF1 site  

from 1 August through 30 September 2022 (Kollias et al. 2023).  

d. Convective Cloud Urban Boundary Layer Experiment (CUBE)  

The NSF-sponsored CUBE took place during the June-September 2022 TRACER IOP.  

CUBE’s primary objectives were to understand how urban boundary layer processes impact  

convection, and how urbanization impacts storm formation, movement, and dissipation in  

coastal urban regions (Rahman et al. 2024). As identified in Figure 1, CUBE deployed multiple  

field sites monitoring surface layer turbulence and boundary layer characteristics across a  

coastal-urban-rural transect including two urban locations (University of Houston – Moody  

Tower [UHMT], AMF1), one coastal site (University of Houston – Coastal Center [UHCC]),  

and a rural site northeast of Houston (Liberty, TX [LIB]).   

e. Shared Campaign Weather Forecasting  

To support operational decision-making during TAQ in September 2021 and the TRACER+  

IOP in Summer 2022, a large ad hoc team of researchers, students, and professional forecasters  

met virtually to prepare and present a forecast of cloud, SB, and air quality conditions. This  

activity included a rotating team that included forecast coordinators who assembled forecasting  

teams, three forecasters who prepared and presented daily forecasts, and forecast assistants  

who gathered information and graphics. The forecast team used a combination of standard  

operational forecasting products, campaign-specific products (e.g., regional and local output  

from the GEOS-CF) and, real-time forecast runs from an enhanced version of the NASA- 

Unified WRF (NU-WRF; Peters-Lidard et al. 2015) to prepare the daily forecast. During the  

TRACER+ IOP, based on the forecast, a designated mission scientist decided for ARM  
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operations to remain in normal operations or move into enhanced operations (increasing  

radiosonde launch frequency and switching CSAPR2 to automated cell-tracking mode). Other  

TRACER, ESCAPE, TAQ, and CUBE research teams would then make independent decisions  

aligned with their own operational constraints and research objectives. A total of 40 enhanced  

operational days were conducted during the TRACER+ IOP (Figure S4).   

  

Fig. 1. a) Fig. 1. TRACER+ siting – [1] AMF1 – La Porte, [2] CSAPR2 site – Pearland, [3] ANC – Guy,  
[4] UHCC, [5] Brazoria sUAS flight locations, [6a] Galveston, [6b] Hempstead, [6c] Waller, [6d] Hockley,  
[7] University of Houston Launch Trailer (UHLT) and UHMT, [8] Aldine, [9] WG Jones State Forest, [10]  
San Jacinto Battleground, [11] Liberty (LIB) [12] Surfside and [13] Lake Charlotte. Site markers are color  
coded by campaign: TRACER (yellow), ESCAPE (blue), TAQ (orange), TAQ2 (red), CUBE (purple),  
TRACER-Coastal Urban Boundary Layer Interactions with Convection (CUBIC) (gray), TRACER-UAS  
(turquoise), Texas A&M University (TAMU)-TRACER (maroon), TRACER-Mapping Aerosol across  
Houston (MAP) (green), Texas Black Carbon – Brown Carbon (BC2) aerosol optical network  
(magenta). b) Inset showing the TRACER+ domain (red box). c) Schedule of TRACER+ interagency field  
campaigns. Highlighted colors represent IOPs.  

3. Overall Campaign Conditions  
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The AMF1 instrumentation offered a detailed look at the seasonal cycle of cloud and  

aerosol properties, meteorological conditions, and radiative fluxes. These observations show  

distinct seasonal drivers of variability across SE Texas. Active remote sensing observations  

from the AMF1 are used to quantify the variability in cloud occurrence over the annual cycle.  

Figure 2a shows the vertical profile of cloud frequency of occurrence derived from the Active  

Remote Sensing of Clouds (ARSCL) value-added product (Clothiaux et al. 2000, 2001; Kollias  

et al. 2005, 2016). Isolated convection is seen throughout the TRACER campaign, with cloud  

tops frequently exceeding 15 km in late spring and throughout the summer. Stereo camera  

observations (Giangrande et al. 2023) confirm that convective clouds are more prevalent and,  

on average, deeper in summertime (Oktem 2021). Low-level clouds generally show lower  

cloud bases during the summer months consistent with a coupled boundary layer and moist  

surface layer (Figure 2a). Accumulated precipitation (Figure 2a) was notably low during the  

months of May, June and July with a significant increase in rainfall events and accumulation  

during August. The winter and fall months have noticeably higher precipitation amounts  

associated with frontal passages. Liquid water path (LWP; Figure 2c) increases steadily from  

the winter months through the spring, decreasing during the summer months minimums in the  

August, September, October time period.   

Measurements from the ARM Aerosol Observing System (AOS; Uin et al. 2019)  

provide continuous in situ characterization of aerosol number concentration and size  

distribution, bulk chemical composition, sub- and super-saturated water uptake, radiative and  

optical properties, trace gas concentrations, and associated meteorological variables. Figure 3  

shows the annual cycle of representative AOS measurements from the AMF1 site. A strong  

seasonal control on aerosol properties is observed. The summer months, when marine- 

influenced air masses with relatively higher rain rates, were most frequent, are generally  

cleaner than the winter, spring, and autumn months. Aerosol particles in the marine air masses  

during the summer are also associated with higher sulfate-to-organic ratios compared to the  

particles in continental air masses prevalent for the rest of the year (Fig. 3C). This is reflected  

in the particle sub-saturated (80% RH) hygroscopic growth factors shown in Figure 3D, which  

are higher in the summer, especially for particles > 50 nm. Kasparoglu et al. (2024b) show that  

aerosol hygroscopic properties strongly correlate with wind direction with southerly   
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Fig. 2. Time series of cloud and precipitation properties at the AMF1 site over the full TRACER campaign  
(a) Ka-band ARM Zenith pointing Radar (KAZR) echo fraction over one-hour windows calculated from  
the ARSCL value-added product and monthly box and whisker plots (whisker show 90th and 10th  
percentile, boxes show 75th and 25th percentiles and line shows the median) of the ceilometer derived  
hourly cloud-base height for boundary layer clouds (cloud base height < 3 km), (b) hourly accumulated  
precipitation for each month and (c) hourly liquid water path derived from the microwave radiometer. For  
panel (a),radar transmitter issues limited radar sensitivity in September 2022, so profiles for that month  
likely underestimate cloud prevalence and vertical extent, as indicated by shading in the bottom panel (use  
with caution). For the box and whisker plots, zero values are not included.  
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Fig. 3. Summary of observations from the ARM AOS deployed at the AMF1 site including: (A) Total  
concentration of submicron aerosol particles as measured by the Scanning Mobility Particle Sizer (SMPS),   
(B) aerosol composition derived from the Aerosol Chemical Speciation Monitor (ACSM), (C) refractory  
black carbon mass derived from the Single Particle Soot Photometer (SP2) and equivalent black carbon mass  
derived from the aethalometer, (D) speciated mass fractions from the ACSM, including organic source  
apportionment using positive matrix factorization, (E) size-resolved hygroscopic growth factor at 80% RH  
derived from the Humidified Tandem Differential Mobility Analyzer, (F) derived CCN concentrations at  
multiple supersaturations and (G) INP concentrations quantified off-line from filters collected at the AMF1  
site. CCN concentrations were derived by calculating a bulk hygroscopicity parameter and from ACSM  
measurements to determine the critical diameter for each supersaturation. SMPS size distributions are then  
integrated for all sizes greater than the critical diameter.     
  
flows bringing air from the Gulf featuring higher concentrations of hygroscopic particles.  

Derived CCN concentrations (Fig. 3E) also show a distinct seasonal cycle; however, despite  

higher hygroscopicity values in the summer, CCN concentrations are lower due to decreased  

total concentration of aerosols. In addition to particle composition and hygroscopicity, the  
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seasonal air mass origin also controls the concentration of ice-nucleating particles (INPs),  

which were collected at the main site during the IOP and measured off-line (Creamean et al.,  

2024). During the summer, marine air masses - identified through back-trajectory analysis (not  

shown) - are associated with lower concentrations of INPs than the typically polluted  

continental air masses.   

To put the TRACER+ IOP (June-September 2022) in a climatological context, we  

investigate the large-scale synoptic regimes derived from a self-organizing map (SOM)  

analysis (Wang et al. 2022, 2024). We applied SOMs to thirteen summers (June-Sept.) 700- 

hPa geopotential height anomalies from the ERA5 (Hersbach et al. 2020) to characterize the  

dominant synoptic-scale regimes over SE Texas. Three dominant regimes emerged: (1) a pre- 

trough regime driven by the westward expansion of the Bermuda high, bringing substantial  

moisture to the region and favoring organized convection, (2) a post-trough regime with an  

upper-level low centered further inland to the north, resulting in cooler and drier conditions  

over SE Texas, and (3) an anticyclonic regime dominated by surface high pressure promoting  

the formation of SB circulations and the development of isolated convective clouds. Over the  

thirteen-year dataset, the pre-trough, post-trough, and anticyclonic regimes occurred 24%, 23%  

and 41% of the time, respectively. During the TRACER IOP period, the anticyclonic regime  

was even more frequent occurring on 64% of the IOP days, and the pre-trough and post-trough  

regimes occurred on 19% and 6% of the IOP days, respectively (Figure S5). Looking more  

closely at the synoptic-scale drivers of convection in the region, a climatology of CI in SE  

Texas for the month of June shows three distinct spatial patterns: CI only over land, CI only  

over the Gulf, and CI over both the land and Gulf (McKeown et al. 2025). For all CI regimes,  

there is a westward expansion of the Bermuda High and little synoptic forcing during the  

events. Only the land CI regime has coastal surface air temperature gradients supportive of  

SBs, indicating that other mesoscale ascent mechanisms are likely important. It is notable that  

the early weeks of the IOP were anomalously hot and dry, leading to record heat and lower- 

than-expected frequency of convective clouds (Kollias et al. 2025). This led to the scenario  

where the maritime side of the SB circulation often had more CAPE than the warmer  

continental side (e.g., Hanft and Houston 2018, Sharma et al. 2024).  

4. A Sampling of Early Science Results from TRACER+  
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Here we highlight a few of the early science highlights, selected to represent the broad  

spectrum of TRACER+ research foci including aerosol lifecycle, convective cloud processes,  

air pollution and transport, the SB circulation, and urban-atmosphere interactions. We have  

chosen to feature unpublished results but conclude the section with a list of some published  

and additional TRACER+ results.  

a. Aerosol Precursors in the Urban Environment  

New particle formation (NPF) is an important aerosol source in both rural and urban  

environments and has been found to enhance the budget of CCN by ~2-4 times more in urban  

than rural regions (Ren et al. 2021). Specialized instrumentation was deployed from July 1st to  

August 31st, 2022, to investigate the frequency of NPF and the mechanisms by which particles  

formed and grew. During this period, Thermal Desorption Chemical Ionization Mass  

Spectrometry (TDCIMS; Voisin et al. 2003; Smith et al. 2004) was used to measure the size- 

resolved chemical composition of ultrafine particles in the urban environment. Overall, six  

NPF events were observed through July and August. We highlight a time during July 2022,  

where two distinct periods were observed: an “active” period during 8-16 July characterized  

by high concentrations of ultrafine (sub-100 nm diameter) particles with two NPF events and  

an “inactive” period with no observable NPF events during 17-23 July. The active period  

experienced elevated levels of ozone, exceeding 100 ppb most days, while the inactive period  

was typically below 60 ppb. Additionally, the inactive period contained multiple cloudy days  

and thunderstorms, which led to a decrease in total solar radiation compared to the active  

period. Figure 4 shows distinctly different chemical compounds associated with an active- 

period NPF event on 10 July compared to particles sampled during an inactive day (21 July).  

The event on 10 July was influenced by winds predominantly from the southwest, while the  

inactive day was influenced by winds directly from the south with higher humidity than the  

NPF event. The NPF event was characterized by detection of 12-nm diameter particles (the  

detection limit of the SMPS) and an average growth rate of 9.4 nm hr-1 over 8 hours, consistent  

with NPF observations from urban environments (Kuang et al. 2009). TDCIMS-measured  

species were normalized by collected particulate mass and classified into subgroups of oxygen- 

, nitrogen- and sulfur-containing organic compounds (i.e., CHO, CHON, CHOS, CHONS), and  

organic or inorganic sulfate (SOx). CHOS, CHONS, and SOx showed statistically significant  

higher concentrations during the NPF event with P values of 0.018, 0.014, and 0.0011,   

Brought to you by UNIVERSITY OF OXFORD-RADCLIFFE | Unauthenticated | Downloaded 03/12/26 10:35 AM UTC



18
Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-23-0331.1.

  

Fig. 4. TDCIMS-measured sample mass-normalized composition of 30 nm particles during an NPF event  
on 10 July 2022 compared to a non-event day on 21 July 2022. Box-whisker plots show the average value  
(horizontal line), interquartile range (box), and minimum and maximum values (whiskers).   
  

respectively, indicating the significant role played by particulate sulfate formation in NPF and  

growth during this period. Sulfate was also found to be a significant fraction of the coating  

(26%) for particles containing black carbon (Farley et al. 2024), which were characterized by  

relatively thin coatings and a strong diurnal variability in number fraction (Kasparoglu et al.  

2024a). Differences in both CHO and CHON were found not to be statistically significant  

between periods (P > 0.05); however, these classes dominated the composition by mass.  

Atomic ratios of oxygen to carbon in the CHO and CHON classes were higher for the NPF  

event compared to the non-event, indicating that newly formed particles had more oxidized,  

aged organics compared to the non-event particles. The important roles of both sulfate and  

organic materials in NPF and growth are further supported by additional TRACER studies that  

focused on the hygroscopicity of the growing nucleation mode (Kasparoglu et al. 2024b).  

b. Influences of Local Meteorology on Air Pollution  
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To predict and mitigate poor air quality events in an urban coastal region an improved  

understanding of the links between meteorological factors such as temperature, humidity,  

winds, solar radiation and urban heat islands, and pollutant variability is necessary. TAQ was  

aptly timed with September generally being one of the more ozone polluted times of the year,  

resulting in many exceedance days sampled between 2021 and 2022. One of the more studied  

cases occurred on 9 September 2021, with results discussed observationally (Griggs et al.,  

2024; Sullivan et al., 2023) and with air quality modeling (Li et al., 2023; Liu et al., 2023;  

Soleimanian et al., 2023). On this day, the G-V mapped the Houston region three times  

spanning the morning, midday, and afternoon, with the objective of simulated expected  

measurements in preparation for the now-ongoing geostationary satellite-based air quality  

observations from TEMPO (https://tempo.si.edu/). Figure 5a,b shows urban emissions of NO2  

(an ozone precursor) in the morning with peaks near downtown Houston and the Houston Ship  

Channel. Pandora spectrometer profiles demonstrate that most of this NO2 was confined to a  

few hundred meters above the   

  

Fig. 5. Select airborne and ground-based remote sensing observations from 9 September 2021 during the  
TRACER-AQ campaign in Houston, TX. Top panel: (a) Total NO2 column measurements during first raster  
(1336-1621 UTC; 0836-1121 LT) and (b) Pandora ground-based remote sensing Pandora NO2 partial  
vertical column observations throughout the day. Bottom panel: (c) Aircraft-based O3 mixing ratio at 315 m  
AMSL during the third raster (1911-2153 UTC; 1411-1653 LT). The locations of monitoring sites that  
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exceeded the 8-hr ozone standard are shown by the black-outlined orange dots. (d) TOLNet O3 mixing ratio  
with coincident balloon-borne in situ O3 profiles overlaid.   

surface. Clear skies and favorable photochemical conditions fostered rapid O3 production and  

led to ozone levels above the 8-hr ozone standard of 70 ppbv at monitoring sites southwest of  

Houston (Fig. 5c), such as the TCEQ Manvel Croix Park (79 ppbv) monitor. With winds  

transporting the urban emissions out over water that later were transported back to land with  

the SB, some of the highest maximum daily 8-hr surface ozone levels were observed at TCEQ  

monitors along the coast, e.g., the Texas City (75 ppbv) and Oyster Creek (81 ppbv) monitors.  

This synergistic suite of profiling observations provides novel and unseen perspectives in the  

spatial and temporal distribution of the key photochemical species and atmospheric structure,  

particularly with a focus on the daytime evolution of observations.  

c. Detailed Observations of the Sea Breeze Circulation  

The frequency of occurrence, timing, inland propagation speed and extent, and PBL  

interactions of the SB and Gaveston bay breeze (BB) are important factors for the cloud,  

aerosol, meteorological, and air quality characteristics in SE Texas (e.g., Caiendo et al, 2019;  

Wang et al. 2024; Rapp et al. 2024; Sharma et al. 2024; Deng et al. 2025). Using data collected  

from three boundary-layer profiling systems (Wagner et al. 2019) deployed along a north-south  

transect from the UHCC to Aldine, Klein et al. (2023) found that 41% of days during the  

TRACER+ IOP exhibited a SB, with a total of 50 SB cases observed by at least one of the  

instrument platforms. Of the observed cases, 25% did not propagate far enough inland to reach  

the Aldine site and/or were too diffuse to have noticeable effects on the kinematics and  

thermodynamics within the PBL. The average time for the SB to propagate approximately 62  

km from the UHCC to Aldine was 4.5 hours but ranged from 0.75 to 6.25 hours.  

An example of the observations from 9 July 2022 shows a SB passing over UHCC at  

1900 UTC and reaching Aldine at 2330 UTC (Figure 6). Aldine also experienced a BB earlier  

in the afternoon at 2100 UTC, evident via an increase in wind speeds from 1-3 m s-1 to 5-7 m  

s-1. The SB effects on the PBL are evident at the UHCC, with an increase in wind speed  

magnitude like that observed from the BB at Aldine. PBL moistening occurred during the SB  

passage, with an increase in the water vapor mixing ratio from 13-15 g kg-1 to > 22 g kg-1 from  

the surface to 750 m AGL. Vertical velocity observations indicate strong ascent (> 2 m s-1) in  

the 30 minutes prior to SB passage, with decreased vertical velocity magnitudes thereafter.  
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There are also noticeable decreases in the PBL height after the SB front passage, consistent  

with numerous observed SB events during the TRACER+ IOP (Storm et al. 2025; Fig. 6c).  

  

Fig. 6. 9 July 2022 PBL observations for: a) UHCC wind speed (m s-1) and PBL height (black line) from  
1000 - 1000 UTC, dash-dot line = SB, blue dashed line = SB analysis window, b) UHCC retrieved water  
vapor mixing ratio (g kg-1) and wind barbs (circle = calm, half-barb = 5 m s-1, full barb = 10 m s-1) from  
1530 - 2230 UTC, c) UHCC Doppler lidar vertical velocity (m s-1) and PBL height from 1530 - 2230 UTC,  
d) Aldine wind speed (m s-1) and PBL height from 1000 - 1000 UTC, dotted line = bay breeze, and e)  
estimated PBL heights (Aldine = green, UHCC = blue, Pearland= orange; thin lines = daily heights for entire  
campaign, bold lines = 9 July 2022 heights).  

Figure 7 provides an example of sUAS-based observations of a SB event observed at  

the Brazoria site (29° 8' 34.8" N, 95° 19' 19.2" W) on 23 June 2022. In this figure, instantaneous  

profile data from the University of Oklahoma rotary wing CopterSonde sUAS are shown as  

colored contours, while data from the University of Colorado Robust Autonomous Airborne  

Vehicle - Endurant and Nimble (RAAVEN) fixed-wing sUAS (de Boer et al. 2022; 2023) are  

included to represent average values from its level-leg transects. Additional information on the  

platforms and their sampling during TRACER can be found in Lappin et al. (2024). On this  

day, the PBL started to develop under light (~2-3 m s-1) northwesterly winds. Through the  

morning, winds were light and variable, until the SB front passed through the sampling location  

around 1830 UTC. At that time, wind speeds increased significantly (~5-7 m s-1) and shifted to  

southeasterly. Along with this wind shift, there was a notable pause in PBL development, with  
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temperatures decreasing and RH increasing following the SB passage. Comparing the  

turbulence characteristics pre-SB (1730 UTC) to post-SB (2000 UTC), there is a decrease in  

vertical velocity variance and TKE after the SB (Fig. 7). After the SB front passage, aerosol  

particle concentrations decreased notably, despite greater wind speeds during this time.  

  

Fig. 7. Time-height cross sections of (top to bottom) wind direction, wind speed, air temperature, air potential  
temperature, relative humidity, vertical velocity variance, turbulent kinetic energy, and accumulation mode  
(150-2500 nm) aerosol particle concentration, as observed on 23 June 2022 near the Brazoria National  
Wildlife Refuge. Background shading is from data collected by the CopterSonde2, while the dots represent  
average values collected during constant altitude holds of around 9 minutes each by the RAAVEN. Vertical  
velocity variance, TKE, and accumulation mode aerosol concentration were only observed by the RAAVEN.  
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d. Retrieved Supersaturation in Convective Updrafts  

Airborne data acquired during ESCAPE are used to test the hypothesis that aerosols  

can strengthen convective updrafts due to increased latent heating from nucleation of CCN  

above cloud base, namely through the condensational invigoration mechanism (Fan et al. 2007,  

2018; Grabowski and Jarecka 2015; Grabowski and Morrison 2016; Igel and van den Heever  

2021). For this mechanism to be plausible, the presence of large supersaturations (~10%) are  

required in pristine conditions (Romps et al. 2023). Patil et al. (in prep.) show that  

supersaturations greater than 5% occurred only twice, all in conditions of updrafts > 4 m s-1,  

whereas saturations greater than 2% were more common, occurring 50 times.   

Because the supersaturation inside clouds cannot be directly measured, it is  

approximated following the method outlined by Romps et al. (2023). This assumes quasi- 

steady water vapor diffusion onto observed cloud droplets considering the observed vertical  

velocity and is thus called the quasi-steady state supersaturation (SQSS). Observations close to  

cloud base and cloud edge are neglected in the following analysis because of limitations of the  

quasi-steady state assumption in those regions. Figure 8 shows an example of a retrieved  

median 1-Hz SQSS of 1.9% with peak up to 11% in a cloud core with updraft speeds up to 20.9  

m s-1 sampled by the NRC Convair-580 on 9 June 2022 between 20:53:21 and 20:53:35 UTC.  

With aerosol concentrations of ~1000 cm-3 at 300 m below cloud base and back trajectory  

analysis (not shown) indicating an air source within the Gulf, these measurements were  

obtained in a relatively clean moisture-rich maritime air mass that can contribute to high  

supersaturations when cooled by substantial lift. At the time of the peak SQSS (20:53:33 UTC),  

the Cloud Droplet Probe (CDP) measured a very low cloud droplet concentration of 18 cm-3, a  

low LWC of 0.08 g m-3 estimated from the CDP size distributions. This is consistent with the  

low LWC measured by the Nevzorov probe (0.15 g m-3). Additionally, large rainwater content  

(1.4 g m-3) was estimated from the size distributions measured by the two-dimensional stereo  

probe (2DS); the concentration at this time was 1.4 cm-3. Although the dry-bulb temperature in  

the updraft core was about -13°C, the 2DS images revealed very few ice particles with spherical  

supercooled water droplets dominating. High supersaturation zones appeared above the high  

reflectivity core (> 50 dBz), within reflectivity values near 40 dBz; Doppler velocities are  

consistent with the strong updraft. The coincidence of strong vertical velocities and enhanced  

supercooled water aligns with the thermal-microphysics analysis of simulated isolated deep  
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convection over Houston (Hernandez-Deckers et al. 2022). A more complete analysis of the  

cloud and radar conditions present at the time of high supersaturations through analysis of all  

sampled warm updraft core segments is provided by Patil et al., (in prep.).  

 

Fig. 8. Example of extreme quasi-steady state supersaturation found in a strong warm updraft core sampled 
in CRF06 (9 June 2022) from ESCAPE field campaign. Panel (a) shows the reflectivity of sampled 
thunderstorm from airborne X-band radar, panel (b) shows the doppler velocity where red color indicates 
upward and blue is downward velocities. Stippling on panel (b) shows the de-aliased doppler velocity using 
dual frequency technique and is limited due to attenuation of the W-band frequency. The dashed gray line 
in panels (a) and (b) is the NRC Convair-580 flight path. The time series in panel (c) is of in-situ measured 
vertical velocities using Aircraft Integrated Meteorological Measurement Systems (AIMMS-20) probe. 
Vertical velocity observations above solid horizontal red line (+1 m s-1) are updrafts. Panel (d) shows Liquid 
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water Content (LWC) using Nevzorov probe (red color) and CDP (green color). Panel (e) shows number  
concentration of cloud droplets (D < 50 m) (N) from CDP and panel (f) shows quasi-steady state  
supersaturations (SQSS) estimated using Romps et al. (2023) method. The vertical magenta lines in panels  
(a), (b) and the area highlighted with magenta in panels (c) – (f) shows the duration of the objectively  
identified intense updraft core segment using 1 Hz in-situ observations.  

e. Characterizing the Convective Updraft Lifecycle  

One of the most significant challenges of the observational study of convective cloud  

lifecycle is achieving the high spatial and temporal resolution with remote sensing to capture  

the rapid evolution of the dynamical and microphysical properties of the convective core. The  

vertical cross-section scans collected by the CHIVO and CSAPR2 radar through evolving  

convection offer an unprecedented opportunity to examine the evolution of convective updrafts  

(e.g., Dolan et al. 2023; Lamer et al. 2023). Kollias et al. (2025) use the radial Doppler velocity  

measurements collected by the scanning radars to estimate vertical air motion using high  

elevation angle RHI from a single radar. The technique accounts for the hydrometeor  

sedimentation velocity using the hydrometeor ID derived from the radar polarimetry and  

reflectivity measurements and for the horizontal wind using the convective core lateral edges.  

Detailed error analysis indicates that the error in the estimation of the convective motion is  

below 5 m s-1 at an elevation angle above 30 degrees. Figure 9 presents the retrieved vertical  

air motions and observed radar reflectivity from consecutive radar scans guided by the MAAS- 

framework targeting the same location within a storm. These coherent updrafts exhibit  

intricate, coherent “thermal-like” (e.g., Matsui et al. 2024) dynamical structures, with widths  

ranging from < 1 km to ~5 km. Over the 50-s observation period, the overall shape of the  

coherent updraft changed minimally, with an intense vertical velocity of 20-30 m s-1 observed.  

Further analysis of nearby vertical cross-sections could also yield insights into the spatial  

displacement of the strongest updraft core within the storm during its life cycle. These  

observations thus motivate further investigation into the key drivers of convective  

microphysics.  

f. Variability in Lightning Characteristics of Convective Storms  

Changes in lightning flash rates, location and other characteristics provides important  

constraints for understanding convective storm intensity and evolution, cloud and precipitation  

microphysics, and storm morphology and hazards, The lightning observations (Logan et al.  

2023) during the TRACER+ IOP are summarized by Bruning et al. (2024). On 25 days with  
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Fig. 9. Vertical cross sections of (a-c) vertical air motion retrieved following Kollias et al. (2025) above 30  
degree elevation and (d-f) radar reflectivity observed in consecutive CHIVO RHI scans toward an azimuth  
angle of 309.7° on 16 September 2022 from 07:58:05 UTC every 25 seconds. The black outline in each  
panel encompasses the regions with updrafts greater than or equal to 3 m s-1. For emphasis, regions of  
reflectivity < 25 dBZ are faded in panels a-c.  

lightning that were also well-forecast by real-time NU-WRF (Peters-Lidard et al. 2015)  

simulations, 7488 storms within 90 km of the KHGX NEXRAD were identified and tracked  

(using tobac) through their lifecycle. In each tracked storm, the time series of lightning flash  

rates and the strength of mixed-phase columns of enhanced polarimetric variables (differential  

reflectivity [ZDR] and specific differential phase [KDP]) were also quantified. These measures  

serve as a proxy for updraft depth and the strength (Kumjian et al. 2014) of activation of mixed- 

phase processes; the absence of any of these signals indicates a storm where warm rain  

formation processes dominate (van Lier-Walqui et al. 2016). As expected, strong covariance  

was found among the occurrence of ZDR  and KDP  columns, and lightning was observed to  

generally require the presence of a ZDR column and often a KDP column. Lightning did not  

covary as strongly with polarimetry as the polarimetric measures did among themselves,  

indicating that it adds independent information about precipitation process dynamics.  

The variability in the thermodynamic and aerosol properties of air masses is illustrated  

in the fraction of tracks observed to have deep polarimetric columns and lightning. These  

fractions varied by tens of percent from day to day, and at times half the population with ZDR  
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and KDP columns had lightning and half did not, further illustrating the additional signals of  

mixed-phase precipitation process intensity signaled by lightning. There was low-to- 

nonexistent covariance of the track fractions with the CCN concentrations and entraining  

CAPE (ECAPE; Peters et al. 2023) measured at the AMF1 site.  

Figure 10 shows a further analysis of the same cell-tracking data but segregated into  

the locations of the tracks relative to the SB boundary, i.e., on either side of or crossing the  

boundary. A more refined CCN concentration and ECAPE value was assigned to each track by  

interpolating soundings from the AMF1 and mobile platforms (Rapp et al. 2024) in space and  

time. Clear differences in lightning track fractions were observed for the cells crossing  

 
Fig. 10.  Lightning and polarimetry in tracked storms, divided by location relative to the sea breeze front. (a)  
Track locations and air mass classifications on 2 June 2022, (b, c, d) polarimetric classification and lightning  
presence (as indicated in the legend) on five selected days during the TRACER campaign by air mass.   

 the SB boundary, with more subtle differences between the continental and maritime  

populations. On three of the five days presented in Figure 10, a much larger lightning fraction  

implies that a mix of dynamical forcing along the SB boundary plus local blending of airmass  

properties was responsible for greater vigor of mixed-phase drafts. For the two case days  

studied to date across a few thousand tracks, low and high flash rates were observed across all  

CCN and ECAPE values, indicative of a need to continue to assess other cases in large  

statistical numbers while also accounting for the environmental heterogeneity.  

g. Urban Influences on Surface Fluxes  

Surface energy fluxes, particularly the balance between sensible and latent heat, are an  

important driver of variability of the boundary layer heat budget. These fluxes are strongly  

modulated by the surface type with gradients between rural and urban areas driving the UHI  

effect. Figure 11 shows the difference in hourly averaged surface energy fluxes for the IOP  

period at four representative measurement sites: urban (UHMT), rural (LIB), coastal (UHCC),  

and bay (AMF1). The coastal site has the highest peak sensible heat flux (SHF) of about 225  
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Wm-2, followed by the urban, rural, and bay sites. The SHF at the urban site always remains  

positive, even during the nighttime, while at all other sites, the average SHF is negative between  

0000-1000 UTC. The lower SHF observed at the urban site is typical as most of the incoming  

solar radiation is absorbed within the built environment as storage heat flux, which is then  

emitted as sensible heat following peak solar insolation. High latent heat fluxes (LHF) are  

observed at the coastal and bay sites (peak values > 200 W m-2), whereas LHF values are much  

lower at the rural site (peak value ~145 W m-2). The LHF signal at the urban site is irregular as  

it was mostly forced by intermittent precipitation events. In the rural location, where  

transpiration from vegetation is normally a significant contributor to LHF, lower values are  

found due to a dry summer season with low soil moisture. Overall, the figures high spatial   

  

Fig. 11. Diurnal cycle of hourly averaged surface energy fluxes (SHF, left; LHF right) at all four sites for  
the summer period. Averaged hourly variation in TKE during the summer months (bottom left). Map of the  
relative location of the four surface flux sites deployed for CUBE.  
gradients in surface energy fluxes that can influence convective cloud processes are found and   

the average TKE values at the four sites show distinct diurnal variability. Due to increased  

aerodynamic roughness, the urban site experiences higher TKE compared to all other sites,  

followed by the bay site, which is surrounded by residential buildings. The rural site  

experiences relatively low TKE values. The coastal site, which is consistently influenced by  

thermally driven SB winds, has high TKE values during the daytime.  

h. Other TRACER+ early research  
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In addition to the research highlights presented above, TRACER+ research activities are  

also being undertaken to address fundamental questions on the lifecycle of cloud, aerosols and  

pollutants in the coastal-urban environment. Specifically, a sampling of these research  

activities includes: development of methods for the correction of filter-based aerosol light  

absorption biases (Kumar et al. 2024), the study of vertical profiles of CCN and INP using  

combined remote sensing and surface-based in situ measurements (Chen et al. 2025), the  

influence of the coastal environment on ozone formation and regional variability,  

neighborhood-level inequities of air pollution (Dressel et al. 2024), SB impacts on boundary  

layer aerosol populations (Subba et al. 2025), convective mixed-phase processes and their  

interactions with the environment, variability of convective cells as a function of cloud  

lifecycle (e.g., Mages et al. 2024, Tuftedal et al. 2024), the influence of mesoscale initiation on  

the subsequent evolution of convective cells (e.g., Hahn et al. 2025), influence of urban features  

on cloud development, causal analysis of aerosol-convection interactions (Wang et al. 2025),  

and environmental and cloud property influences on precipitation formation and microphysics.   

5. Future TRACER+ research – The TRACER MIP  

A major initiative of the TRACER campaign is to follow the ACPC MIP with a new  

TRACER-MIP (Fan et al. 2024) that leverages new and comprehensive measurements to: (i)  

quantify the inter-model spread in representation of aerosol-convection interactions, identify  

model deficiencies, and measure model performance; and (ii) examine the factors and  

processes leading to model biases and large model spread. Two “golden” convective case study  

events were identified with varying dynamic, thermodynamic, and aerosol conditions for the  

TRACER-MIP simulations. The 17 June and 7 August 2022 events (Figure 12) were enhanced  

operations days (Figure S4) and chosen based on the presence of a distinct SB circulation,  

observed scattered convective cells, and the availability of SMPS data, CSAPR2 cell tracking,  

large differences in lightning occurrence (Bruning et al. 2024) and frequent soundings.  The 17  

June case had widespread convection, featuring afternoon SB-induced thunderstorms in an  

environment with high aerosol concentrations (~4000 cm-3; > 10 nm diameter). The 7 August  

case had a morning SB circulation and thunderstorms in the early afternoon with relatively  

cleaner aerosol conditions (~1700 cm-3; > 10 nm diameter). With comprehensive observations,  

this MIP can uniquely help evaluate model deficiencies and shine a light on further improving  
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Fig. 12. 18-hour accumulated precipitation starting 0700 LT on (a) 17 June 2022 and (b) 07 August 2002  
from the Multi-Radar/Multi-Sensor System (MRMS) 1-km gridded dataset.  

model predictable capabilities.  Efforts are underway to assemble comprehensive observational  

datasets to support the TRACER-MIP activities (e.g., Lamer et al. 2024).  

 Simulations of the TRACER-MIP cases have been completed with the Regional  

Atmospheric Modeling System (RAMS), and the tobac feature tracking algorithm has been  

applied to the high-frequency output to identify and track mid-level updrafts (i.e., cells) with  

velocity greater than 3, 5, and 10 m s-1. The fields related to the tracked cells (with lifetimes >  

25 min) were then averaged within individual cell cores over all identified cells to generate cell  

core composites distributed across altitude and normalized time. Figure 13 displays  

normalized- time-height composites of (a) updraft strength (m s-1) from the lowest aerosol   

  

Fig. 13. Time-height plots of cell composites of: (a) the mean updraft speed (m s-1) from the lowest aerosol  
concentration simulation, and (b) the difference field taken as Highest - Lowest aerosol simulations.  Time  
is on a normalized cell lifetime scale where 0.0 is the first and 1.0 is the last identified cell time.  
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simulation of the 17 June event and the (b) related difference field computed as results from  

the highest minus lowest aerosol simulations. The development, growth, and decay of the  

updrafts over cell lifetime are seen and the updrafts transition to greater depth toward the latter  

period (Fig. 13a).  Increasing aerosol concentrations leads to increased updraft strength above  

2 km AGL and decreased updraft strength below 2 km (Fig. 13b). The aerosol-induced changes  

to updraft strength may result from a combination of changes in microphysics, dynamics, and  

environment (e.g., Marinescu et al. 2021). Further examination of MIP model simulations will  

assist in determining the cause of changes in simulated convective characteristics in these  

events towards establishing the relative importance of the factors (e.g., dynamics, buoyancy,  

aerosol) that control the characteristics of convective drafts in nature.  
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