JGR Atmospheres

RESEARCH ARTICLE
10.1029/2026JD046327

Key Points:

e Compound heat and O; pollution
episodes in Oklahoma stem from
atypical weather, revealed by
observations and sub-km WRF-Chem
simulations

e Southwestward transport of pollutants
from the Tulsa area and weak
prefrontal winds drive O; buildup over
Oklahoma City

e NO, emissions from the Tulsa
metropolitan area contributed to
~10 ppbv of O, in Oklahoma City
during the 15 June 2021 compound
event

Correspondence to:

C. Wang and X.-M. Hu,
chenghao.wang @ou.edu;
xhu@ou.edu

Citation:

Hu, X.-M., Wang, C., Ma, S., Tong, D.,
Xue, M., & Larrea Valdivia, A. E. (2026).
Meteorological and emission drivers of
compound heat and ozone pollution
episodes in Oklahoma City during periods
influenced by Atlantic tropical cyclones.
Journal of Geophysical Research:
Atmospheres, 131, €2026JD046327.
https://doi.org/10.1029/2026JD046327

Received 5 JAN 2026
Accepted 22 AUG 2026

Author Contributions:
Conceptualization: Xiao-Ming Hu,
Ming Xue, Adriana E. Larrea Valdivia
Investigation: Xiao-Ming Hu
Methodology: Xiao-Ming Hu, Siqi Ma,
Daniel Tong

Writing — original draft: Xiao-Ming Hu
Writing — review & editing:

Chenghao Wang

© 2026 The Author(s). Journal of
Geophysical Research: Atmospheres
published by Wiley Periodicals LLC on
behalf of American Geophysical Union.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

A n l l ADVANCING
nu EARTH AND

. SPACE SCIENCES

&

Meteorological and Emission Drivers of Compound Heat and
Ozone Pollution Episodes in Oklahoma City During Periods
Influenced by Atlantic Tropical Cyclones

Xiao-Ming Hu'? &, Chenghao Wang>* ©, Siqi Ma* ©©, Daniel Tong*® ©/, Ming Xue'~

Adriana E. Larrea Valdivia®

, and

!Center for Analysis and Prediction of Storms, University of Oklahoma, Norman, OK, USA, 2School of Meteorology,
University of Oklahoma, Norman, OK, USA, *Department of Geography and Environmental Sustainability, University of
Oklahoma, Norman, OK, USA, 4Dcpartmenl of Atmospheric, Oceanic and Earth Sciences, George Mason University,
Fairfax, VA, USA, SCenter for Satellite and Earth Science Research, George Mason University, Fairfax, VA, USA,
Departamento Académico de Quimica, Centro de Investigacion Aplicada y Laboratorios Especializados (CIALE),
Universidad Nacional de San Agustin de Arequipa, Arequipa, Perd

Abstract Compound heat and ozone (O3) pollution events are widespread and pose significant health risks
in urban areas. In the Southern Great Plains (SGP), where heat waves are becoming more frequent and intense,
these compound events represent a growing environmental and public health concern, underscoring the need for
improved process-based understanding to support effective risk assessment and mitigation. This study
investigates the three severe O; pollution episodes recorded in Oklahoma City (OKC) since 2014-19 July 2018
(106 ppb), 15 June 2021 (93 ppb), and 67 August 2024 (86 ppb)—with a particular focus on the June 2021
event that coincided with a pronounced heat wave. Using high-resolution WRF-Chem simulations, we examine
the formation mechanisms and identify key meteorological and emission-related contributors to the episode.
The episode developed under atypical summer conditions over the SGP, characterized by a frontal passage
coincided with the evolution of a tropical storm over the Atlantic Ocean. TROPOMI-based satellite
observations reveal substantial power plant emissions in addition to urban emissions in the Tulsa region. Under
persistent northeasterly winds, southwestward transport of pollutants from Tulsa on 14-15 June supplied
additional pollutants to OKC. Meanwhile, the weak-wind zone over OKC on 15 June, ahead of the advancing
front, further favored pollutant accumulation and O5 production. WRF-Chem sensitivity experiments illustrate
that total NO, emissions from the Tulsa area contributed ~4—15 ppbv of surface O; in OKC on 15 June 2021,
while power plants alone accounted for ~2—6 ppbv, with contributions varying by location.

Plain Language Summary In the Southern Great Plains, heat waves are becoming more frequent
and intense, increasing the risk of concurrent extreme heat and unhealthy ozone (O5) pollution events. These
compound events can pose serious health risks. This study focuses on an extreme O; pollution event that
occurred in Oklahoma City (OKC) on 15 June 2021 during a heat wave. Using high-resolution WRF-Chem
simulations, we examine why O; levels became unusually high and identify the key meteorological patterns and
emission sources involved. We find that this event developed under unusual summer weather conditions,
including the passage of a front linked to the formation of a tropical storm over the Atlantic Ocean. Winds
transported pollutants from the Tulsa area toward OKC, while weak winds on 15 June allowed pollutants to
build up and O; to form efficiently, which collectively contributed up to 15 ppbv of O; in OKC. In contrast, our
results show that extreme O pollution in OKC is unlikely during typical summer conditions, when southerly
winds promote better dispersion. This study highlights how rare combinations of weather patterns and regional
emissions can trigger dangerous heat and air pollution extremes, and offers insights that could help guide more
targeted air quality management strategies.

1. Introduction

Heat waves and O; pollution are two major health threats that are increasingly intertwined with global warming.
Since high temperature enhances O formation, heat wave and O; pollution are strongly coupled. When heat wave
and Oj; pollution occur simultaneously, they pose a greater public threat than either stressor alone, leading to
elevated mortality and morbidity (Analitis et al., 2014; Du et al., 2024; Feron et al., 2023). Such periods are
defined as compound heat and O; pollution episodes (Zscheischler et al., 2020). A recent multi-decadal analysis
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shows that such compound events are more frequent and intense in about 90% of U.S. cities compared to their
rural surroundings, a phenomenon driven by the complex interplay between meteorology, emissions, and
land—atmosphere processes (Wang, Hu, et al., 2025). Future climate projections suggest warmer conditions with
decreased cloud cover and more frequent stagnation periods, which are conducive to elevated O; levels and are
likely to increase the occurrence of compound heat and O5 pollution episodes in the U.S. (Fang et al., 2013; Jacob
& Winner, 2009). Despite the high frequency of such compound events in the U.S. (Wang, Hu, et al., 2025), the
understanding, quantification, and prediction of such events still remain limited. Therefore, improved under-
standing and modeling of these compound events are essential for strengthening risk assessment and informing
mitigation strategies (Zscheischler et al., 2020).

The Southern Great Plains (SGP), comprising Texas, Oklahoma, and Kansas, is particularly susceptible to heat
waves (Hoerling et al., 2013; Lee et al., 2016; Namias, 1982; Yang et al., 2019) and is projected to experience
further increases in the frequency, intensity, and duration of heat waves under future climate conditions (Lau &
Nath, 2012; Perkins-Kirkpatrick & Lewis, 2020; Teng et al., 2016). Extreme heat in the SGP is strongly
modulated by large-scale circulation anomalies, including persistent upper-level ridging, suppressed convective
activity, and soil moisture—temperature feedbacks, with the region recognized as one of the global hotspots of
land—atmosphere coupling that amplifies heat-wave intensity and persistence (Koster et al., 2004; Seneviratne
et al., 2010). According to the Koppen—Geiger climate classification, the SGP spans a pronounced east—west
transition from humid subtropical in eastern Texas and Oklahoma to semi-arid steppe climate toward western
Oklahoma and the Texas Panhandle, suggesting strong gradients in moisture availability and land—atmosphere
coupling (Beck et al., 2018). Future climate projections indicate a poleward and eastward expansion of drier
and warmer climate regimes across the central U.S., with semi-arid and hot climate zones encroaching into re-
gions historically characterized by more humid conditions (Beck et al., 2018; Cui et al., 2021). These projected
changes imply more frequent hot extremes, reduced evaporative cooling, and an increased likelihood of mete-
orological conditions conducive to compound heat-related hazards.

Despite the implementation of emission-control regulations over the past several decades (McDonald et al., 2018;
Shapiro, 2022), lower-tropospheric O; pollution remains a recurring issue in the south-central U.S. The U.S.
National Ambient Air Quality Standard (NAAQS) for ground-level O;, that is, a daily maximum 8-hr average of
70 ppbv, is frequently exceeded in the region (Choi & Souri, 2015; Hu et al., 2019; Pongprueksa, 2013; Qin
et al., 2007; Sather & Cavender, 2012). It is noteworthy that to better protect public health, the World Health
Organization (WHO) recommends a more stringent guideline of 100 pg m™ (~50 ppbv) for the daily maximum
8-hr mean O;, a threshold that is increasingly adopted by air quality assessments in many countries (Feron
et al., 2023; Meng et al., 2022; Wang, Hu, et al., 2025; World Health Organization, 2021). In a warmer future,
compliance with such stringent O5 targets might become increasingly challenging. Air pollutant emissions in the
U.S. have decreased dramatically over the past few decades preceding 2019. National statistics show that
emissions of volatile organic compounds (VOCs), NO,, CO, SO,, and particulate matter declined by approxi-
mately 24%-90% between 2000 and 2023, depending on the species (https://www.epa.gov/air-trends/air-quality-
national-summary). These reductions have led to widespread improvements in ambient air quality; however,
decreases in surface O; have been more modest and spatially heterogeneous compared to those of other primary
pollutants (Shapiro, 2022). Moreover, recent studies indicate that the reduction in NO, emissions has shifted
many U.S. urban areas from NO,-saturated to NO,-limited or transitional regimes (Jin et al., 2020), increasing the
responsiveness of surface O to changes in NO, emissions and regional transport of these sources. It is noteworthy
that summertime O; exceedances have been documented in major metropolitan areas over the SGP such as
Houston, Dallas-Fort Worth (DFW), and OKC (Hu, 2008; Hudak, 2014; Kim, Byun, & Cohan, 2009; Ramsey
et al., 2014).

In summer, westward extension of the Bermuda subtropical high favors the development of a southerly low-level
jet (LLJ) over the SGP, while transient synoptic processes (e.g., passages of frontal systems) may disturb such
flow patterns at times (Klein et al., 2015; Lei et al., 2018; Zhu & Liang, 2013). Interannual variations in the
Bermuda high have been linked to measurable changes in summer-mean surface O5. A stronger/weaker Bermuda
high can lead to lower/higher summer mean O; changes on the order of ~6 ppbv in this region (Zhu &
Liang, 2013), likely because a stronger Bermuda high can strengthen southerly geostrophic winds and moisture
transport from the Gulf of Mexico, leading to better ventilation and reduced potential for extreme O; accumu-
lation (Hu et al., 2019; Sumner, 2025). Some recent studies illustrate that frontal systems play a critical role in the
formation of some severe O; pollution episodes in the SGP (Lei et al., 2018, 2019). The stagnant conditions
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within the convergence zone ahead of the fronts sometimes lead to the accumulation of primary pollutants and
subsequent formation of severe O; pollution, as documented for the DFW metropolitan area. Some of such frontal
systems were influenced by passages of tropical cyclones over eastern U.S. coast or the Atlantic Oceans (Hu
etal., 2019). Whether similar front-related weather patterns can trigger severe O5 pollution episodes in Oklahoma
remains to be examined.

A few large field experiments, including the Texas Air Quality Studies in 2000 (TexAQS2000) (Daum
et al., 2004; Jiang & Fast, 2004; Wert et al., 2003) and 2006 (TexAQS II) (Langford et al., 2011; Parrish
et al.,, 2009; Senff et al., 2010; Yu et al., 2012), as well as aircraft measurements in August 2005 (Luria
et al., 2008), have been conducted to investigate O; formation mechanisms in Texas (Zhang et al., 2013; Zhang &
Ying, 2011). These efforts have substantially advanced the understanding of Oz chemistry, emissions, and
meteorological controls in major Texas metropolitan areas, particularly Houston and DFW. In comparison, O
pollution and compound heat and O5 hazards in Oklahoma have received much less attention. Limited O studies
over Oklahoma have mainly focused on nighttime secondary O; maxima and related nocturnal boundary layer
processes (Hu, Klein, Xue, Shapiro, & Nallapareddy, 2013; Hu, Klein, & Xue, 2013; Klein et al., 2010, 2014).
One statistical study focused on O; climatology in Oklahoma and concluded that hot and dry conditions lead to O
exceedance days and extended exposure risks for both human and vegetation (Ramsey et al., 2014). However, the
formation mechanism of severe compound heat and O5 pollution events in Oklahoma remains unexplored.

The OKC area spanned ~1,610 km? with a population of ~1 million in 2025, placing it among the top 10 largest
U.S. cities by land area. Urban heat island effects have been well documented in OKC (Basara et al., 2008; Hu,
Klein, Xue, Lundquist, et al., 2013; Hu et al., 2016), which may potentially enhance O; formation (Gamarro
etal., 2026; Han et al., 2022). Despite long-term declines in air pollutant emissions across much of the U.S., recent
years have seen increasing concerns regarding O5 pollution in Oklahoma. According to the Oklahoma Depart-
ment of Environmental Quality (DEQ), there were 14 days in 2024 when the 8-hr average O; concentration
exceeded the NAAQS of 70 ppbv in OKC (https://applications.deq.ok.gov/webdata/aqd/monitoring/charts/
OKCAQI2024.htm), representing one of the highest levels of O; pollution in recent years. Meanwhile, emissions
of nitrogen oxides (NO, = NO + NO,) from Electric Generating Units (EGUs) over Oklahoma increased from
16,000 tons in 2019 to 21,000 tons in 2024, including a 12.6% increase between 2023 and 2024 alone. In addition,
rapid expansion of energy-intensive infrastructure, particularly data centers, is expected to substantially increase
regional electricity demand, potentially leading to further increases in EGU emissions in the future. These trends
raise concerns regarding the role of power plant emissions in worsening O3 pollution over Oklahoma. It is
noteworthy that a few large power plants reside within 200 km of OKC, including three in the Tulsa region
~150 km to the northeast, that is, the Muskogee, Grand River, and Northeastern power plants (see their locations
in Figure 1b). These facilities are either coal-fired or use a combination of coal, natural gas, and oil. Power plant
emissions, particularly NO,, have been shown to play an important role in O exceedance in eastern U.S. (Fibiger
et al., 2018; Frost et al., 2006; Nunnermacker et al., 2000; Senff et al., 1998; Trainer et al., 1995), Texas (Brown
etal.,2012; Huetal.,2019; Kim et al., 2011), and western U.S. (Kim, Heckel, et al., 2009). However, their role in
O; pollution in Oklahoma remains poorly understood. While Rozhina et al. (2021) investigated aerosol emissions
and associated health impacts from the Muskogee power plant, the implications for O; pollution were not
addressed. Furthermore, the combined influence of power plant emissions and urban emissions from the Tulsa
metropolitan area on O3 pollution in OKC has never been systematically investigated previously. Addressing
these gaps is important for better understanding the formation mechanisms of compound heat and O; pollution
events in this region.

Importantly, resolving the influence of these regional emission sources on O; formation requires numerical
models that can accurately represent near-source chemistry, dilution, and downwind transport. High-resolution
satellite data show that NO, emitted from point sources can be rapidly titrated and diluted down to near-
background levels within only a few kilometers through chemistry and dispersion (Jin et al., 2025). Coarse-
resolution chemical transport models may therefore distort the NO,—O; chemistry (Gillani & Pleim, 1996),
particularly in the downstream regions of point sources such as power plants. Operational real-time air quality
forecasts over the U.S. by the National Air Quality Forecast Capability (NAQFC) use a ~13 km horizontal grid
spacing (Huang et al., 2025; Lee et al., 2017), a resolution also used by some recent air quality simulations (Ma
etal., 2025). Such resolutions may be too coarse to adequately resolve the impacts of power plant emissions on O
formation (Lawal et al., 2022), particularly within the ~200 km corridor between Tulsa and OKC, where various
processes interact on much smaller spatial scales.

HU ET AL.

3of24

85U801 7 SUOLULLOD 3AIIR.1D 3cedl dde U Aq peusenob ke Sapie VO ‘85N JO 3N o A%eiqi8UlUO A8|IM LD (SUORIPUOD-PUe-SWBIALI00" A8 | IM Afe.d 1 [Bu JUO//SdIY) SUORIPUOD PUe SWLB | 38U 89S *[9202/0T/2T] Uo AriqTauljuo A3|IM ewoue O JO ANSieAlun Ad LZe9r0ar9z0z/620T 0T/10p/wod fe|mAriqipuljuosgndnBe//sdny woy pepeojumod ‘LT ‘9202 ‘96686912


https://applications.deq.ok.gov/webdata/aqd/monitoring/charts/OKCAQI2024.htm
https://applications.deq.ok.gov/webdata/aqd/monitoring/charts/OKCAQI2024.htm

Fa\ >4 ¥

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20261D046327

2021-06-14_23UTC 17CST

] T 1 T T
0 20 30 40 50 60 70 80 90 O, p\i
b) D3 > '
oSO\ - Norggeasr
ooq! . . . g 4
3720’ . '. i 4 Grand RiYer

A

98°W 97°W 96°W

(RLTTEERAT

4 10 16 22 28 SO2 PPbV

Figure 1. (a) Simulated O; and wind fields in the 1st domain by the control WRF-Chem experiment on 14 June 2021. The
nested domains 2 (D2) and 3 (D3), and track of tropical storm Bill over the Atlantic Ocean are marked. (b) Simulated SO, in
D3. The four power plants, two EPA Oj sites at OKC and Yukon, and the National Weather Center (NWC) ozonesonde
launching site are marked with triangles, circles, and square respectively. The urban land-use is shaded in gray.

In this study, sub-kilometer resolution simulations using the Weather Research and Forecasting model coupled
with Chemistry (WRF-Chem, Fast et al., 2006; Grell et al., 2005; Skamarock & Klemp, 2008) are conducted over
Oklahoma for the first time to examine two of the compound heat and O; pollution events in the SGP that occurred
during 15-16 June 2021 and 6—7 August 2024, with the analysis focusing primarily on the former. Notably, both
episodes coincided with the passage of Atlantic tropical cyclones (Bill in 2021 and Debby in 2024), suggesting a
potential role of cyclone-associated synoptic conditions in shaping meteorological environments favorable for
severe O pollution. The simulations are designed to quantify the impacts of emissions from power plants and
Tulsa metropolitan area on O5 pollution in OKC, as well as the associated meteorological mechanisms driving
these events. The June 2021 episode is accompanied by a comprehensive set of unique observations, including
surface meteorological and O; data, satellite retrievals, and ozonesonde profiles, offering a valuable opportunity
to investigate the underlying physical and chemical processes and to fully evaluate the model's performance. The
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findings of this study are expected to inform strategies for reducing human and vegetation exposure during similar
compound heat and O; pollution episodes in other cities with similar settings.

The rest of this paper is organized as follows. Section 2 describes the selected air pollution episodes, observational
data sets, and design of WRF-Chem simulations. Section 3 examines the contributing factors for the events
through control and sensitivity simulations. Finally, Section 4 contains a summary and discussion of the main
findings.

2. Data, Model Configuration, and Numerical Experiment Design
2.1. Overview of the Compound Heat and O; Pollution Episodes

Three severe compound heat and O5 pollution episodes potentially influenced by Atlantic tropical cyclones were
identified over Oklahoma based on long-term observations, including 15-16 June 2021 during the passage of
Tropical Storm Bill, 6—7 August 2024 during Hurricane Debby, and 19 July 2018, which occurred just 2 days after
Hurricane Beryl. Detailed WRF-Chem simulations were conducted for the June 2021 and August 2024 events,
with the analysis focusing primarily on the June 2021 episode. As mentioned in Section 1, this event is
accompanied by a unique and comprehensive set of observations, providing an exceptional opportunity to
investigate the underlying physical and chemical processes and rigorously evaluate model performance. The
August 2024 event is primarily included as a supporting case to examine the robustness and broader applicability
of the identified mechanisms.

From 14 to 16 June 2021, Tropical Storm Bill tracked off the U.S. eastern coast over the Atlantic Ocean
(Figures 1a and 2b). Meanwhile, a synoptic frontal system moved across the SGP. Ahead of the advancing front, a
compound heat and O pollution episode developed over the region during 15-16 June 2021. In OKC, the
maximum hourly O; concentration reached 93 ppbv on 15 June, while widespread O; pollution was observed
across the DFW metropolitan area, where hourly O5 levels approached 128 ppbv on 16 June. Satellite obser-
vations from MODIS indicate predominantly clear-sky conditions over Oklahoma during 14—16 June 2021, with
only thin, scattered clouds over parts of Texas on Jun 15 (not shown), which favored strong solar radiation and
efficient photochemical O; production.

This high O; level coincided with a multi-day heat wave spanning from 15 June to 18 June 2021. Following
previous studies (Leffel et al., 2025; Wang, Hu, et al., 2025), the heat wave is defined using a city-scale, spatially
averaged metric rather than observations from a single weather station. Specifically, daily mean near-surface air
temperature averaged across the entire OKC area exceeded the 90th percentile threshold of a 30-year (1981-2010)
climatology of the rural surroundings for four consecutive days. Both the temperature time series and the 30-year
climatology were based on a reconstructed temperature data set that incorporates Daymet v4.1 data (Thornton
etal., 2021) bias-corrected through a modified quantile delta mapping method to account for the urban heat island
effect (Wang, Hu, et al., 2025). Daily percentile thresholds were calculated within a 15-day moving window
centered on each calendar day.

While the heat wave conditions are identified based on near-surface air temperature, the synoptic-scale circulation
plays a critical role in modulating pollutant transport and accumulation. In particular, the convergence zone and
weak flow environment over Oklahoma on 15 June 2021 and 7 August 2024 (Figure 3) highlight the dynamic
conditions that limited dispersion and promoted the buildup of O5 and its precursors. This combination of sus-
tained heat, clear skies, and anomalously weak ventilation provides a physically consistent framework for the
development of the compound heat and O; pollution episodes examined in this study.

2.2. Observational Data Sets for NO,, O;, and Meteorology

Satellite remote-sensing data are first used to understand the regional-scale distributions of pollutants during this
event. The Tropospheric Monitoring Instrument (TROPOMI) onboard the European Space Agency's Sentinel-5
Precursor (S5P) satellite has proven to be a valuable tool for studying NO, emissions and distribution (Xing
et al., 2024). TROPOMI is a hyperspectral spectrometer that images the atmosphere with an overpass time of
~13:30 local time (LT) and a nadir spatial resolution of 3.5 km X 5.5 km. To ensure data quality, TROPOMI
tropospheric column NO, (XNO,) data were first filtered based on the retrieval quality assurance (QA) value,
removing pixels with a QA value <0.75 following previous studies (e.g., Goldberg et al., 2024). This step
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Figure 2. Weather maps at 1200 UTC on (a) 14, (b) 15, and (c) 16 June 2021,
which were produced by the Weather Prediction Center of the National
Centers for Environmental Prediction (http://www.wpc.ncep.noaa.gov/daily

wxmap/).

accounted for potential contamination in the retrievals stemming from bright
surfaces, presence of clouds, and solar geometries.

In addition, TROPOMI XNO, retrievals are sensitive to the assumed NO,
vertical profiles used in the air mass factor (AMF) calculation, which is based
on a priori profiles from the global Tracer Model 5 (TM5) at a coarse reso-
lution (1° X 1°). To reduce inconsistencies between satellite observations and
our model simulations, we corrected the TROPOMI XNO, using a new
tropospheric AMF (AMF,) calculated based on the NO, vertical profiles
simulated by WRF-Chem and TROPOMI's tropospheric averaging kernels
(K). Following Li et al. (2021), the corrected XNO, . is computed as:

AMF

XNO, . =—- XNO 1
2,c AMFC 2 ( )

AMFY"NO, ;- K;
AMF, = # 2)

21NOy;
AMF,

K;= W;m “Kiotal,i 3)

where XNO, . is the corrected XNO, using WRF-Chem-based NO, vertical
profiles (NO, ; in the i-th layer) interpolated to the TMS vertical coordinate;
K ora1,; and K; are the total and tropospheric averaging kernels for the i-th layer
from a prior TM5 model as provided in the TROPOMI data; AMF,,,; and
AMEF are the total and tropospheric AMF also from a prior TM5 model; and n
is the tropopause layer index. Such a correction has been shown to enhance
TROPOMI XNO, by as much as 60% near major emission sources and
notably improve model-satellite agreement (Goldberg et al., 2021; Lawal
et al., 2022; Ma et al., 2025).

Surface O; data are recorded hourly at EPA Air Quality System (AQS)
ground-based monitoring sites around urban areas (Gao et al., 2022). In this
study, O data from the OKC and Yukon EPA sites (see their locations in
Figure 1b) are analyzed, where O; extremes were measured during the
selected episodes. Vertical O5 structure during the event is based on ozone-
sonde observations launched on 16 June 2021 at the National Weather Center
in Norman, Oklahoma (see its location in Figure 1b), ~35 km south of the
OKC Oj site. Although these soundings were originally designed to sample
upper air impacted by convections in preceding days (Auth & Home-
yer, 2023), they coincided with the compound heat and O; pollution event in
this study. The ozonesonde profile on the afternoon of Jun 16 is used to
examine the boundary layer O; structure following the severe O; day on 15
June in OKC.

Radiosonde Replacement System (RRS) sounding data are employed to
assess boundary-layer structure, consistent with previous boundary-layer
studies (e.g., Hu & Xue, 2016; Hu et al., 2020, 2023). The sounding data in
BUFR format have a 1-s temporal resolution (i.e., one measurement per
second) and are decoded and sampled at significant levels using NOAA-
provided software (available at https://www.ncei.noaa.gov/data/us-radioso

nde-bufr/doc/). The RRS sounding data are collected at the standard synoptic times of 1200 UTC (0600 CST) and
0000 UTC (1800 CST). Additional sounding data from the SGP Atmospheric Radiation Measurement (ARM) site
in northern Oklahoma (downloaded from http://dx.doi.org/10.5439/1021460) are also utilized.

In addition, surface observations from the Oklahoma statewide mesoscale observing network (Mesonet) are used

for model evaluation and examining meteorological conditions. The Oklahoma Mesonet consists of 120
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Figure 3. (a, ¢) Geopotential height and (b, d) temperature at 800 hPa on (top) 15 June 2021 and (bottom) 7 August 2024
simulated by WRF-Chem. Wind vectors are overlaid. Tracks of tropical cyclones Bill (2021) and Debby (2024) over the
Atlantic Ocean are marked on top and bottom panels respectively.

automated meteorological stations, which expanded to 146 in 2025, and is designed to minimize the influence of
urban landscapes (Basara et al., 2008; McPherson et al., 2007). Each Mesonet station measures more than 20
environmental variables, including wind speed and direction at 10 m and air temperature at 1.5 m above ground
level (AGL). Oklahoma Mesonet data have been extensively used for weather forecasting and atmospheric
research across the region (e.g., Hu, Klein, Xue, Lundquist, et al., 2013; Hu et al., 2016, 2023).

2.3. Design of WRF-Chem Simulations

WREF-Chem (version 4.6.1) simulations are conducted to examine the compound heat and O pollution episode on
15 June 2021. The simulations are initialized at 0000 UTC on June 13 and run for 4 days. Our analyses focus on
the later 3 days and exclude the first day when the model goes through spin-up. The initial and boundary con-
ditions for meteorology are from hourly NCEP FNL (Final) operational global analysis and forecast (GFS) data at
0.25° % 0.25° resolution (National Centers for Environmental Prediction, 2015) and those for chemistry are from
the Whole Atmosphere Community Climate Model (WACCM) outputs with a resolution of 0.9° X 1.25° (Get-
telman et al., 2019). Three one-way nested domains are run simultaneously with 12-, 4-km, and 800-m horizontal
grid spacings covering the conterminous U.S., the SGP, and part of Oklahoma (including OKC and Tulsa),
respectively (Figure 1). The configuration of the outer two domains is inherited from our earlier O5 study over the
SGP (Hu et al., 2019). To better resolve near-source emissions and fine-scale physical and chemical processes
over Oklahoma, a third sub-kilometer resolution modeling domain is introduced.

All domains use 48 vertical levels extending from the surface to 100 hPa. The sigma levels and mid-layer heights
of the lowest 20 model layers are shown in Table 1. Most of the physical parameterizations follow Hu
etal. (2019), including the revised MMS Monin-Obukhov surface layer scheme (Jiménez et al., 2012), the Dudhia
shortwave radiation algorithm (Dudhia, 1989), and the rapid radiative transfer model (RRTM) (Mlawer
et al., 1997) for longwave radiation. To simulate the bulk effects of urban areas on the atmosphere, the Noah land
surface model (Chen & Dudhia, 2001) was adopted following the approach of Liu et al. (2006), which has been
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Table 1

Sigma Levels and Mid-Layer Heights (m AGL) of the Lowest 20 Model Layers

0.997 0.994 0.991 0.988 0.985 0.975 0.97 0.96 0.95
37 61 86 111 144 186 227 290 374
0.93 0.92 0.91 0.895 0.88 0.865 0.85 0.825 0.8
545 631 717 826 958 1,092 1,226 1,409 1,640

Sigma levels 1.0
Mid-layer heights 12

Sigma levels 0.94
Mid-layer heights 459
Table 2

successfully applied to the same region. This simplified land-surface treatment appears to capture the first-order
urban effects in the OKC metropolitan area reasonably well (Liu et al., 2006). Since the study period was free of
clouds and precipitation over Oklahoma, microphysics and cumulus schemes are not expected to play a major role
in the simulation results.

Since a grid spacing of 800 m is within the gray zone resolution, the scale-aware nonlocal Shin-Hong planetary
boundary layer (PBL) scheme (Shin & Hong, 2015) is chosen for turbulent mixing. This scheme adopts a nonlocal
heat flux profile fitted to Large-Eddy Simulation (LES) results and achieves scale-awareness (or horizontal grid
spacing dependency) through scaling both local and nonlocal eddy fluxes according to the normalized grid
spacing.

The gas-phase chemical reactions are simulated using the Regional Atmospheric Chemistry Mechanism (RACM,
Stockwell et al., 1997), which is implemented within WRF-Chem using the Kinetic Preprocessor (KPP, Sandu
et al., 2003). Biogenic emissions are calculated using the Model of Emissions of Gas and Aerosols from Nature
(MEGAN) (Guenther et al., 2006). Abundant biogenic VOC emissions are generated over eastern Oklahoma and
surrounding regions, where forest coverage, leaf area index, and vegetation fraction are high during summer
(Wang et al., 2024). Consequently, O; formation in the downstream region becomes NOx-limited. The anthro-
pogenic emission data are processed using the 1-km Neighborhood Emission Mapping Operation (NEMO, Ma &
Tong, 2022). This data set is produced hourly based on the U.S. Environmental Protection Agency (EPA) 2019
National Emission Inventories (NEIs) Collaborative. There are hundreds of individual emission sources in the
2019 NEI, which are grouped into 16 emission sectors, including eight nonpoint sectors, two mobile sectors (on-
road and off-road), and six point sectors (including EGUs, oil and gas production, and airports) (EPA, 2025; Ma &
Tong, 2022). The spatial allocation was conducted by distributing county-level emission sources to model grids.

To further examine the contribution of anthropogenic NO, emissions from power plants and Tulsa urban area on
O; pollution in OKC, a set of WRF-Chem source sensitivity simulations (summarized in Table 2) are conducted
using the brute force method, in which one specific source is modulated and the differences between the results
from the sensitivity and baseline simulations are attributed to the modulated source (Cohan et al., 2005; Kie-
sewetter et al., 2015; Van Dingenen et al., 2018). In the CutElevated experiment, elevated NO, emissions
associated primarily with EGU power plants near Tulsa are removed to isolate their impact. In the CutSurfEle
experiment, both aggregated surface and elevated NO, emissions from Tulsa are removed to assess the combined
impact of urban and power plant sources.

Model Configuration for WRF-Chem Sensitivity Simulations With Modified Emissions

Experiment name

Emissions

Control

CutElevated

CutSurfEle

Emission data are processed using the Neighborhood Emission Mapping Operation
(NEMO, Ma & Tong, 2022). This data set is produced hourly based on the United States
Environmental Protection Agency (US EPA) National Emission Inventory 2019. The
spatial allocation was conducted by distributing county-level emission sources to model
grid

The elevated NOx emissions dominated by power plants over the Tulsa metropolitan area
are removed

Both surface and elevated NOx emissions over the Tulsa metropolitan area are removed
(see the emission mask in Figure 8b)
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Figure 4. Time series of hourly O; during June 2021 at (a) OKC and (b) Eagle in the Dallas-Fort Worth (DFW) area.

3. Results
3.1. Synoptic and Mesoscale Meteorological Conditions

During 15-16 June 2021, a compound heat and O; pollution event occurred in the SGP. The heat wave was
intensified by the combined effects of synoptic-scale circulation and local terrain influences. A persistent high-
pressure center and its associated anticyclonic circulation dominated the SGP during this period (Figures 2 and
3a), providing favorable large-scale dynamical conditions for subsidence. In addition, during summer, the Rocky
Mountains to the west of the SGP act as elevated heat sources due to strong absorption of solar radiation
(Ye, 1981), resulting in temperatures warmer than the surrounding air at the same altitude (Figure 3b). This
thermal contrast induces a mountain—plains solenoid circulation (Bao et al., 2011; Hu et al., 2014; Qian
et al., 2015), characterized by rising motion over the mountains and sinking motion over the SGP to the east. The
downward branch of this thermally driven circulation over the SGP reinforces large-scale subsidence and further
intensifies the heat wave. Enhanced subsidence strengthens the capping inversion over the boundary layer,
thereby suppressing vertical mixing and exacerbating air pollution, a mechanism comparable to that frequently
documented over the North China Plain east of the Loess Plateau (Hu et al., 2014).

In addition, the O5 pollution observed in OKC (with a maximum of 93 ppbv on 15 June) and in DFW (maximum
of 128 ppbv on 16 June) (Figure 4) coincided with the passage of a cold frontal system over the SGP, which was
dynamically linked to the development of the tropical storm Bill off the eastern U.S. coast (Figure 2b). The storm
started as a tropical depression east of South Carolina on 14 June and intensified into a tropical storm on 15 June
and moved straight to northeast direction. On 15 June, the associated cold front approached the northeast corner of
Oklahoma (Figure 2b). Wind speed over the area ahead of the cold front including the OKC metropolitan area was
weak as observed by the Oklahoma Mesonet sites (Figure 5). On the same day, the peak hourly O; level observed
in OKC represented the second-highest hourly O; mixing ratio recorded during 2014-2022, following the highest
O; level of 106 ppbv on 19 July 2018. On 16 June, the cold front weakened and transitioned to a stationary front
that persisted near the eastern border of Oklahoma and Texas (Figure 2c). During this period, widespread O,
pollution developed in the DFW area with hourly O concentrations well above 100 ppbv (Figure 4).

The synoptic evolution of this episode closely resembles the two severe O5 pollution events over DFW reported
by Hu et al. (2019), which were linked to the passage of Atlantic hurricanes along the U.S. east coast. This case
thus further confirms the conclusion of Hu et al. (2019) that the dead-wind or convergence zones ahead of
hurricane- or tropical cyclone-associated fronts can lead to O5-precursor accumulation and rapid O; formation
over urban areas in the SGP. This study finds that this O5 formation mechanism contributes to O pollution not
only in the DFW area but also in OKC. Consistent behavior is also evident in the 19 July 2018 case, characterized
by weak winds and poor dispersion within the convergence zone ahead of a cold front (Figure not shown). These
events indicate that severe O; pollution in the SGP is unlikely under typical summertime conditions dominated by
strong southerly flow on the western flank of the Bermuda High, which generally favors effective ventilation
(Sumner, 2025; Zhu & Liang, 2013). In contrast, extreme O; pollution in the region tends to develop only in the
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Figure 5. Time series of (a) surface temperature and (b) wind speed at the six Mesonet sites surrounding the OKC
metropolitan area (i.e., El Reno (ELRE), Guthrie (GUTH), Kingfisher (KIN2), Minco (MINC), Norman (NRMN), and
Spencer (SPEN)) during June 2021. The selected episode is shaded in gray.

presence of specific transient conditions, particularly frontal passages that generate stagnant prefrontal
environments.

3.2. Regional Emission Sources and Transport Toward Oklahoma City

In addition to mesoscale meteorological conditions, unique regional emission drivers also contributed to the event
observed in OKC on 15 June 2021. On the preceding day (June 14), a weak high-pressure system was centered
over Kansas (Figure 2a), with northeasterly winds prevailing across eastern Oklahoma (Figure 6). WRF-Chem
simulations clearly show four distinct SO, plumes emitted from major electricity-generating power plants
within the model domain. Three of them originated from facilities surrounding Tulsa, namely the Muskogee,
Grand River, and Northeastern power plants (Figure 1b). These facilities are fueled by natural gas and coal. Since
coal combustion is a dominant source of SO, (de Gouw et al., 2014), these emissions produce clearly identifiable
SO, plumes that can serve as tracers for power plant outflows.

NO,, key precursors of O; formation, were co-emitted from these power plants and the Tulsa metropolitan area
(as observed by TROPOMI, Figure 7). Notably, TROPOMI observations of column-integrated NO, (XNO,)
show that power plants and urban areas are the dominant sources of NO, in the region (Figure 7), indicating their
major contribution to O3 pollution in Oklahoma. Both satellite observations and WRF-Chem simulations show
southwestward transport of these NO,-rich plumes toward central Oklahoma (Figure 7a). On 15 June as the cold
front approached the northeastern corner of Oklahoma, a weak high-pressure system was centered over the state
(Figures 2b and 3a), resulting in weak winds over the OKC area (Figure 6). Under these conditions, pollutant
plumes from the Tulsa metropolitan area continued to be transported toward OKC, where they accumulated and
contributed to elevated O5 concentrations. Note that, modeled XNO, exhibits a positive bias of ~1-2 x 10"
molecules cm ™2 at the urban maximum over OKC relative to TROPOMI on both 14 and 15 June, while a negative
bias is evident over the surrounding wide rural areas on 15 June. This urban—rural contrast in XNO, bias is
consistent with that reported in WRF-CMAQ simulations over the continental United States during summer 2020
(Ma et al., 2025).
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Figure 6. Wind fields (a, ¢) observed over Oklahoma Mesonet sites and (b, d) simulated with WRF-Chem at (left) 18 CST on
14 June and (right) 7 CST on 15 June 2021. Simulated O; plumes are also overlaid in panels (b, d).
3.3. Model Quantification of Impact of Emission and Meteorology Drivers
3.3.1. Model Evaluation in Terms of Reproducing the Compound Event
To further examine these processes and quantify the contribution of emissions from power plants and Tulsa urban
area to O3 pollution in OKC, WRF-Chem simulations with default emissions and with NOx emissions removed
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Figure 7. Column NO, (a, c¢) observed by TROPOMI and (b, d) simulated with WRF-Chem on (left) 14 and (right) 15 June
2021. Note that TROPOMI XNO, is corrected using the air mass factor (AMF) calculated using NO, profiles simulated with
WRF-Chem following Equations 1-3.
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Figure 8. NO emissions used by WRF-Chem (a) Control and (b) CutSurfEle sensitivity simulation, and (c) Biogenic isoprene
emissions, (e) O simulated by the control, (d) O; difference between Control and CutSurfEle simulations and (f) O5
difference between Control and CutElevated simulations at 11 CST on 15 June 2021.

over the Tulsa area are conducted (Figure 8). The large biogenic VOC emissions over eastern Oklahoma
(Figure 8c) shift downstream O; formation into a NOx-limited regime. Therefore, the brute-force sensitivity
simulations focus on NOx emissions. The control WRF-Chem simulation with default emissions is evaluated
against surface meteorological, satellite, and O observations. The model reproduces the variation of temperature
and winds recorded by Oklahoma Mesonet stations (Table 3) and captures the multi-day heat wave over Okla-
homa quite well, with a slight underestimation of near-surface air temperature at sunrise time (~1.5°C). The
overall mean temperature bias is —0.18°C, corresponding to a normalized mean bias of —0.7%. Particularly, the
model captures the increasing trend of the daily temperature maximum during this episode, suggesting that the
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Z::ll:a?ion Statistics for Simulated Hourly 2-m Temperature (T,) and 10-m Wind Speed Against the Oklahoma Mesonet Data During 13—16 June 2021
T, (°C) 10-m wind speed (m s~ ")
Mean observation 27.0 22
Number of data 11,433 11,433
Mean simulation 26.8 2.4
MB —0.18 0.27
RMSE 1.9 1.3
NMB —0.7% 12.5%
Correlation coefficient 0.94 0.59

Note. The metrics include mean bias (MB), root mean-square error (RMSE), normalized mean bias (NMB), and correlation coefficient. Their formulas can be found in
Yu et al. (2006). These statistical metrics are commonly used in numerical air quality model evaluations (e.g., Hu, Klein, & Xue, 2013; Hu et al., 2010, 2019, 2021).

simulation reasonably represents the background thermal conditions relevant for O; formation (Figure 9). The
model overestimates surface wind speed by 0.27 m s~' (Table 3), particularly during nighttime (Figure 9),
presumably in part because the influence of obstructions and roughness on the surface winds is generally
underestimated (Fovell & Gallagher, 2020; Hu et al., 2023; Shen et al., 2022).

The ability of WRF-Chem to reproduce observed O; variability is evaluated using hourly surface O; measure-
ments at the OKC and Yukon EPA monitoring sites (Figure 10). The model captures the day-to-day variation and
timing of daytime maximum Oj during 14-16 June 2021, including the second-highest O; pollution episode
recorded during 2014-2022 at both sites. WRF-Chem also captures the decrease in surface O; on 16 June
associated with the shift to stronger southerly winds and improved ventilation over the OKC metropolitan area
(Figure 5). Larger discrepancies are evident on 13 June, when the model is still influenced by spin-up effects.

Wind speed, ms™

| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
12 18 6/13 6 12 18 6/14 6 12 18 6/15 6 12 18 6/16 6 12 18 6/17 6
Time, CST

Figure 9. Average (a) 2-m temperature (T2) and (b) 10-m wind speed during 13—16 June 2021 observed at 110 Oklahoma
Mesonet sites and simulated with WRF-Chem. Nighttime is shaded in gray.
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Figure 10. Hourly O; during 13—16 June 2021 observed and simulated with WRF-Chem at (a) the OKC and (b) Yukon EPA
monitoring sites (see their locations in Figure 1b). Model spin-up period is shaded in gray.

Meanwhile, the model also exhibits larger positive O biases during nighttime than during daytime. Such
nighttime overestimation is a long-standing challenge in air quality modeling (Huang et al., 2025) and may be
attributable to biases in nighttime surface emissions and/or excessive vertical mixing, which is commonly found
in operational numerical weather prediction and climate models (Bechtold et al., 2008; Hu et al., 2010;
Louis, 1979; McNider et al., 2018). The frequent occurrence of nocturnal LLJs over the SGP (Klein et al., 2014,
2015) further complicates nighttime O5 behavior and poses additional challenges for model representation in this
region (Hu, 2015; Hu, Klein, & Xue, 2013).

The model's representation of O precursor distributions is further evaluated using satellite observations of XNO,.
Figure 7 compares corrected TROPOMI XNO, with WRF-Chem simulations on 14 and 15 June 2021. TROPOMI
observations reveal pronounced NO, enhancements over major emission sources in northeastern Oklahoma,
including the Tulsa metropolitan area and nearby power plants (Muskogee, Grand River, and Northeastern), with
plume orientations indicating southwestward transport toward OKC at the satellite overpassing time on 14 June.
WRF-Chem reproduces the primary spatial features observed by TROPOMI, including XNO, hotspots over
urban areas and point sources and the regional transport pathways toward the OKC metropolitan area. Although
the bias in model-satellite comparison of XNO, plumes can be noticed (likely due to different vertical and
horizontal resolutions used by satellite retrieval and model simulation), the model captures the magnitude and
structure of distributions, providing confidence in its representation of emissions and transport and their impact on
O; pollution during this event.

3.3.2. Contributions of Tulsa NO, Emissions on O; Pollution Over OKC

Differences between the control and sensitivity WRF-Chem simulations illustrate the impact of NO, emissions
from Tulsa and surrounding areas on the O; pollution across the domain. The O; difference between the control
and CutSurfEle runs (Figure 8d) shows a southwestward-extending O plume originating from the Tulsa area and
enhancing O; levels over OKC. Depending on location, O differences reached up to ~30 ppbv within the domain
(Figure 8d). The O; enhancement over OKC on 15 June can be traced back to O; plumes generated from Tulsa
area on both 14 and 15 June (Figures 11a—11c). Cross-sections along the OKC-Tulsa transect (Figures 11a—11c)
show that the O; plume downwind of Tulsa is gradually transported toward OKC and resides in the residual layer
above the stable boundary layer on the night of 14—15 June. The O; mixing ratio exceeded 100 ppbv in this aged
residual layer plume over OKC (Figure 11c). Process analysis further confirms the positive contribution of
advection at 21 CST on the night. At this time, advection of O exceeds 10 ppbv hr™! at 400-500 m above ground
within the residual layer, whereas chemical reactions (dominated by nitric oxide (NO) titration) remove near-
surface O, and vertical mixing acts to replenish surface O; (Figure 12a). As the daytime convective boundary
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Figure 11. Cross-sections of O; and winds during 14—16 June 2021 along transects inclined (a—c) 70° and (d—f) 35° from the
south—north direction: the left transect passes through OKC and Tulsa, while the right transect passes through OKC and
Seymour, Texas. The boundary layer top is marked by dashed lines.

layer develops, this O5-rich residual-layer air is entrained into the mixed layer, contributing to the rapid morning
increase in boundary-layer O; on 15 June. This boundary-layer O; formation mechanism has been documented
previously (Hu, Klein, Xue, Zhang, et al., 2013; Morris et al., 2010; Zhang & Rao, 1999). At midday, chemical
production dominates (>10 ppbv hr™") boundary-layer O, exceeding advection and vertical mixing (Figure 12b).
It enhances Oj; in the mid-boundary layer due to net production of NO,—VOC photochemistry but depletes O
near the surface due to rapid NO titration (Hu et al., 2012, 2019; Sillman, 1999). The resulting Os is redistributed
by vertical mixing, increasing surface concentrations but reducing levels in the mid-boundary layer (Figure 12b).

On 15 June, O; enhancements attributed to Tulsa emissions varied between 6 and 15 ppbv at the OKC site and
4-10 ppbv at the Yukon site (Figure 13), suggesting the combined influence of regional transport and favorable
local photochemical production. In comparison, larger O; enhancement of 20-40 ppbv appeared near the
northwest corner of the innermost domain but did not lead to severe surface O; pollution, mainly because local O
formation is weak in regions with low anthropogenic emission density. Although OKC did not experience the
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Figure 12. Contribution to O; accumulation over OKC by different processes, including horizontal advection (advh), vertical
mixing (vmix), and chemical reactions (chem) at (a) 0300 and (b) 1800 UTC on 15 June 2021.

highest O; enhancement originating from Tulsa (Figure 8), severe O; pollution occurred over OKC because
regional transport was superimposed on the prominent local O formation. The contribution of Tulsa plumes to O
in the OKC metropolitan area on other days was relatively minor (Figure 13). These results confirm that the Tulsa
plumes indeed played a substantial role in producing the O5 pollution episode observed in OKC on 15 June, which
was the second-worst during 2014-2022.

The impact of elevated sources in Tulsa (Control minus CutElevated) is shown in Figure 8f. Although all elevated
emissions within the Tulsa area were removed in CutElevated (Figure 8b), the resulting response is dominated by
plumes associated with the three major power plants in the region (Figure 8f), indicating that these facilities
account for most elevated emissions in the masked area. The CutElevated sensitivity simulation indicates that
power plants alone contributed ~2—6 ppbv of O; to the OKC metropolitan area on 15 June, depending on time and
location (Figure 13). These results confirm that under favorable conditions, power plant emissions from the Tulsa
metropolitan area could cause O; exceedance in OKC. The impacts of Tulsa emissions on O5 pollution in OKC
were not limited to the surface but extended throughout the whole boundary layer (Figure 14). Some of the
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Figure 13. Simulated differences in hourly O; concentrations during 13—16 June 2021 between the control and sensitivity
WREF-Chem simulations at (a) the OKC and (b) Yukon EPA monitoring sites.
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Figure 14. Simulated differences in vertical O5 profiles between the control and sensitivity WRF-Chem simulations at (a) the
OKC and (b) Yukon EPA monitoring sites at 14 CST, 15 June 2021.

pollutant plumes were transported southwestward within the shallower boundary layer during the nighttime of
14-15 June, which were subsequently well mixed into the growing convective boundary layer on 15 June.

3.3.3. Event Evolution on 16 June and Boundary Layer Structure

On 16 June, southerly winds dominated over the OKC area. In the absence of southwestward transport from the
Tulsa region, surface O; levels over OKC decreased (Figure 10). Regional transport from DFW instead appears to
have contributed modestly to O; levels over OKC on this day (Figures 11d—11f). On 15 June, an O3 plume from
DFW is transported westward to Seymour and resides in the residual layer above the stable boundary layer
overnight (Figure 11d). Subsequently, as the prevailing winds shift to southwesterly, the plume is advected to-
ward OKC. On the next morning, entrainment at the top of the convective boundary layer mixes the residual-layer
05 into the boundary layer (Figure 11e), eventually contributing to daytime O; over OKC on 16 June (Figure 11f).
However, the contribution from the DFW O plume was insufficient to lead to severe O5 pollution over OKC due
to favorable dispersion conditions. This is consistent with previous studies showing that strong southerly pre-
vailing winds generally inhibit severe O; buildup over OKC (Hu, Klein, & Xue, 2013; Zhu & Liang, 2013).

An ozonesonde launched at 1600 CST on 16 June from the National Weather Center (see its location in Figure 1b)
showed an approximately 15 ppbv O; enhancement within the boundary layer. Because the National Weather
Center is located near the southern edge of Oklahoma City, where local emissions are relatively weak, this
observation further supports the conclusion that northward transport of pollutants from DFW contributed to this
boundary layer O; enhancement. An overestimation of the boundary layer height by ~400 m at this time is
evident from the comparison of the vertical O; profiles (Figure 15). This overestimation extends from the DFW
region to the SGP ARM site in northern Oklahoma (Figures 16b and 16d) and can be traced back to similar biases
in the driving FNL meteorological fields. The underlying causes of this bias, potentially related to land surface
representation of FNL over the SGP, are beyond the scope of this study. Note that such overestimation is not
evident earlier during the 14—16 June episode. For example, on the afternoon of 14 June, WRF-Chem captures the
observed boundary layer structure from DFW to the SGP ARM site quite well (Figures 16a and 16c¢).

3.4. Additional Compound Heat and O; Pollution Episode Over Oklahoma Influenced by an Atlantic
Tropical Cyclone

Compound heat and O5 episodes in OKC coinciding with the passage of Atlantic tropical storms have also been
identified in other cases, including Hurricane Debby on 6—7 August 2024 (Figures 3c and 3d). During this
episode, hourly O; reached 86 ppbv and the maximum temperature reached 39°C at OKC, indicating a compound
heat and O; pollution event (Figure 17). A stationary front influenced by Hurricane Debby persisted to the
southwest of OKC. As a result, O; plumes from Tulsa area and the surrounding power plants are transported into
the OKC metropolitan area (Figure 17a), exacerbating the compound heat and O; pollution hazard. Differences
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Figure 15. Vertical O; profiles at 1600 CST on 16 June 2021 observed and
simulated by WRF-Chem at the National Weather Center in Norman,

Oklahoma.
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a) ARM lat,lon: (36.61, -97.49) @6-14_23UTC

between the control and CutSurfEle simulations suggest that the Tulsa NO,
emissions contributed 6-24 ppbv daytime O; over OKC on 7-8 August 2024.

4. Conclusions and Discussion

Compound heat and O5 pollution events have been widely observed and are
often associated with significant environmental and public health impacts,
particularly in regions experiencing intensifying heat extremes. In the SGP,
where frequency and intensity of heat waves are projected to increase, un-
derstanding and modeling of these compound events is essential for
improving risk assessment and informing mitigation strategies. This study
investigates the three severe O5 pollution episodes recorded in OKC since
2014, that is, 19 July 2018 (106 ppb), 15 June 2021 (93 ppb), and 67 August
2024 (86 ppb), with a primary focus on the 14-16 June 2021 episode, which
coincided with a multi-day heat wave. TROPOMI satellite data indicate
significant power plant emissions in addition to urban area emissions in the
Tulsa region, which provide substantial precursors for O; formation in
Oklahoma under favorable meteorology. Using high-resolution WRF-Chem
simulations, we identify key meteorological and emission-related contribu-
tors. The June 2021 episode occurred under atypical summertime conditions
over the SGP with frontal passage that was dynamically linked to the
development of tropical cyclone Bill over the Atlantic Ocean. Ahead of the
front, weak winds and a convergence zone formed over central Oklahoma,
which substantially limited ventilation. Under these conditions, southwest-
ward transport of pollutants from the Tulsa area (including both surface and
elevated power plant emissions) on both 14 and 15 June provided additional

O; precursors to OKC. The combination of sustained heat, clear skies, regional transport, and weak prefrontal
winds promoted pollutant accumulation and efficient photochemical O; production, ultimately, leading to the
severe O pollution in OKC. Our study reinforces that severe O; exceedances in OKC are very rare under typical

summer conditions dominated by strong southerly winds with effective dispersion, but can develop under specific

transient meteorological conditions influenced by frontal passages.

WRF-Chem sensitivity simulations further quantify the contribution of regional emissions to the observed O4
enhancements. On 15 June 2021, total NO, emissions from the Tulsa area contribute ~4—15 ppbv of O; to OKC,
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Figure 16. Observed and simulated profiles of (left to right) wind speed, potential temperature, and water vapor mixing ratios over (a, b) the SGP ARM site and (c, d)
Dallas-Fort Worth at 1700 CST on (top) 14 and (bottom) 16 June 2021.
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Figure 17. (a) O; and (b) 2-m temperature (T2) simulated by the control WRF-Chem simulation at 14 CST on 7 August 2024.

while power plants alone accounted for ~2—6 ppbv depending on location and timing. Although power plants
alone did not dominate O5 production during the selected episode, their contribution was sufficient to promote O
exceedances under favorable meteorological conditions. Note that only the impact of NO, emissions is examined
in the sensitivity simulations; accounting for emissions of other precursors, such as CO, from these sources may
result in a larger impact on regional O; levels. These results demonstrate that regional point sources can
meaningfully influence urban O5 levels when transport and stagnation coincide, even in cities located more than
100 km downwind.

The implications of these findings extend beyond the two events presented here. Power plants in the Tulsa area are
fueled by coal or a combination of coal, gas, and oil and remain important regional NO, sources. Recent U.S.
policy developments emphasizing energy security and affordability, along with compliance extensions granted
for some facilities, suggest that these sources are likely to remain active in the near future. Meanwhile, rapidly
increasing electricity demand in the region, driven in part by the expansion of data centers and related facilities,
may further increase emissions from these power plants during peak demand periods. Consequently, emissions
from the Tulsa area may remain a significant contributor to O5 pollution in central Oklahoma, particularly during
compound heat and O pollution events similar to the ones examined here. This work highlights the importance of
considering both meteorological extremes and regional emission linkages when developing targeted air quality
management strategies.

It is noteworthy that although the three episodes analyzed here coincided with Atlantic tropical cyclones, the
present case-based analysis does not establish a direct causal relationship between these storms and the frontal
evolution or O3 pollution observed over Oklahoma. Our results directly identify frontal passage, weak prefrontal
winds, reduced ventilation, and regional pollutant transport as the proximate meteorological processes contrib-
uting to the events. The tropical cyclones should therefore be viewed as part of the broader synoptic context in
which these conditions developed. Establishing whether and how Atlantic tropical cyclones systematically
modify frontal evolution and regional pollutant transport over the SGP will require analysis of a larger event
sample. Future work combining synoptic composites and trajectory analyses with targeted numerical sensitivity
experiments could isolate the influence of tropical cyclones on circulation, frontal evolution, and pollutant
transport over the region.

In addition, this study highlights both the value and limitations of applying sub-kilometer-scale air quality
modeling to real-world events. The innermost WRF-Chem domain (800 m) lies within the turbulence gray zone
(Wyngaard, 2004; Zhou et al., 2014), where neither traditional PBL schemes nor LES closures are fully
appropriate. Although scale-aware approaches such as the Shin—-Hong PBL scheme (Shin & Hong, 2015) used in
this study are designed to address this regime, their performance in real-case air quality applications remains
insufficiently evaluated. In this context, our results should be interpreted with awareness of these modeling
uncertainties. Further systematic assessment of turbulence treatments at gray-zone resolutions is needed to
improve confidence in high-resolution simulations of meteorology and air quality (Liu & Zhou, 2022; Takemi &
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