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ABSTRACT: Ground-based measurements of smoke from prescribed fires in the southeastern US during the burning seasons of
2021 through 2024 are used to assess ozone (O3) and PM2.5 mass formation and their changes with age in 69 smoke events. O3
production occurred in nearly all plumes (31 out of 32) measured between 12:00 and 18:00. The O3 to carbon monoxide ratio
(ΔO3/ΔCO) increased from 5.32 to 143 ppb ppm−1 as plumes aged from 1 to 480 min, showing a rapid initial increase, doubling in
approximately 60 min, followed by a gradual slow down. Residual O3 from daytime fires was detected during the evening and night,
disrupting the typical nighttime O3 pattern. The ΔPM2.5 mass/ΔCO ratio ranged from 40.6 to 466 μg m−3 ppm−1. Little age-related
change was observed in smoke measured at night with ΔPM2.5 mass/ΔCO levels similar to those observed at the time of emissions
(132 μg m−3 ppm−1). However, in plumes of observed O3 enhancement during photochemically active periods (12:00−18:00),
ΔPM2.5 mass/ΔCO followed a similar increasing trend as ΔO3/ΔCO, and the two were correlated (r2 = 0.5), although the O3 trend
was more pronounced. For these data, a stronger correlation between ΔPM2.5 mass/ΔCO and age was found in plumes of higher
PM2.5 concentration (PM2.5 mass > 35 μg m−3). The impact of the prescribed burning season in the southeast was evident in state-
operated air quality monitors near burning areas, where PM2.5 mass concentrations were 25−30% higher than nonburning seasons.
In contrast, changes in daily maximum 8 h O3 concentrations were less pronounced. Our data indicates that the formation of both
O3 and PM2.5 frequently occurred in smoke from prescribed fires during photochemically active periods in the studied regions. These
findings are significant, as exposure to O3 and PM2.5 can negatively impact human health.
KEYWORDS: smoke, prescribed fires, emissions, evolution, PM2.5 mass, ozone, southeast USA

1. INTRODUCTION
Biomass burning is a major source of atmospheric trace gases
and particles that can impact air quality1,2 through direct
emissions of gases and particles and the conversion of
emissions to secondary species, including ozone (O3) and
aerosols.3−6 Emissions from wildfires significantly impact local
and regional air quality in the United States (US) due to their
growing frequency and intensity in recent decades.7−9 While
natural fires can be beneficial for the ecosystems,10

contemporary wildfires pose a major threat to the environ-

ment, causing destruction of infrastructure, loss of habitats, soil
erosion, and widespread degradation in water and air quality.
For these reasons, prescribed burning, which is the intentional
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ignition of controlled fires, is being used for restoration of
ecosystems, land management, and reduction of fuels to lower
the impacts of wildfires and so is anticipated to increase.11,12

According to the National Interagency Fire Center, prescribed
burning was conducted on 23 million ha during the period
1998 to 2018 in the US, with an approximately 5% annual
increase.11 Southeastern US accounted for 70% of area burnt
and 98% of the observed annual increase over the last 20
years,11 and earlier decades,13 which may account for fewer
severe wildfires occurrences in the region.14−16 Prescribed
burning is applied when there are favorable conditions, which
depends on the types of fuel, and moisture content, weather,
and dispersion conditions. However, it can still significantly
impact air quality, and the favorable conditions of clear
weather for burning may also lead to formation of secondary
species, such as O3 and PM2.5. Given the ongoing rise in the
use of prescribed burning and its potential impact on air
quality, many studies have been conducted to measure and
estimate the emissions from different prescribed fires in the
US.4,17−19

O3 is a secondary pollutant, formed in the troposphere
through photochemical reactions involving the oxidation of
volatile organic compounds (VOCs) in the presence of
nitrogen oxides (NOx) and sunlight.20,21 Biomass burning
emits large amounts of NOx, VOCs, and species such as
formaldehyde (HCHO) and nitrous acid (HONO) that under
photochemically active conditions can rapidly produce radicals
that initiate O3 production.22 O3 can form as plumes age and
smoke is transported over distances from the burning area23,24

and can impact urban O3 concentrations when smoke rich in
VOCs mix with other urban emissions, particularly NOx.

23,25,26

In addition to O3, fires produce particulate matter (PM),
mostly PM2.5 (PM with an aerodynamic diameter of 2.5 μm or
smaller). PM2.5 from wildland fires has also been found to have
air quality impacts over large spatial scales.23,27,28 A major
component of biomass burning PM2.5 is the carbonaceous
matter which is composed of organic carbon (OC) and
elemental carbon (EC).29 Organic carbon, including light
absorbing species called brown carbon (BrC), originates from
both primary and secondary photochemical reactions,30,31

while EC, or black carbon (BC), also produced from
incomplete combustion, is primary.32 Primary and secondary
inorganic PM2.5 species are also emitted and produced from
biomass burning emissions, such as metals (e.g., iron,
potassium)33,34 and ammonium nitrate.35

Wildland fire smoke spreads over the near-fire, regional and
large spatial scales leading to the potential of exposure to
smoke and its products by a large population. O3 can cause
serious adverse health impacts. Due to its high reactivity,
inhaled O3 causes irritation in the respiratory system triggering
inflammation, increasing the risk of respiratory infections like
bronchitis and pneumonia, and permanent damage to the
lungs and chronic respiratory problems like asthma.36−39 PM2.5
on its own is viewed as more dangerous than O3 exposures,40

and is linked to a wide range of adverse outcomes, such as
adverse respiratory effects, cardiovascular and neurological
diseases, and an increased risk of adverse birth outcomes.41−44

Exposure to both O3 and PM2.5 have been shown to have a
combined synergistic adverse health effects,45,46 and measure-
ments show aged biomass burning PM2.5 on its own may be
more detrimental due to higher aerosol oxidative potential and
reactive oxygen species concentrations.47−50

Here, we show results from a 4-year study of air quality in
prescribed burning areas in the southeastern USA. A series of
measurements in the prescribed fire seasons were taken during
5 campaigns between 2021 and 2024, providing a data set on
many recorded smoke events. The aim of this study is to
characterize the evolution of O3 and PM2.5 from prescribed
fires in a specific region of the southeastern USA.

2. METHOD
2.1. Site Description. Prescribed fires at three US Army

Bases in the southeastern US were studied during the late
winter to early spring (February to May) burning seasons of
2021 through 2024. Most data from the 2021 and 2022 period
involved 5 sampling trailers deployed at different sites
throughout Fort Moore Army Base (formerly Fort Benning)
in west central Georgia, US (Figures S1 and S2). The site
deployment dates and sampling locations are described
elsewhere.51 We utilized a passive monitoring approach at
Fort Moore, involving continuous measurements throughout
most of the approximately 4-month burning period (January to
May). Prescribed burning has been used as a land management
tool at the 74000 ha military base, with 59000 ha of forested
lands dominated by longleaf pine. This practice has been used
to reduce wildfire frequency and has also served ecological
purposes, such as maintaining habitat for red-cockaded
woodpeckers. Approximately 12000 ha are currently burned
annually, with plans to increase to ∼18000 ha in the future.
Not all smoke events detected at Fort Moore were due to fires
on the base; burning occurs in the region around the Fort
during periods when burning is also occurring at the Fort.51 In
addition to the long period of sampling at Fort Moore, two
intensive short (2 to 3 days) multi-investigator field studies
were conducted at Fort Stewart Army Post in southeast
Georgia, US, in March 2022 and February 2024. The Fort
Stewart daily average prescribed burn area is 240 ha, with a
goal to reach 40000 to 49000 ha every year throughout the
110000 ha base. Approximately 97000 ha of the base consists
of upland and flatwood pine forest, forested wetlands, and
open areas. A similar intensive field study took place at Eglin
Air Force Base (AFB), located in the western Florida
Panhandle, from March 10 to 20, 2023. Of the 190000 ha,
approximately 120000 ha is forested with longleaf pine, and
approximately 36000 ha are burned annually. For the intensive
short studies at Fort Stewart and Eglin AFB, the measuring
approach was based on positioning one or two instrumented
trailers at locations predicted to intercept smoke plumes in the
day prior to the planned burn, in contrast to the passive
approach of the Fort Moore study.
2.2. Instrumentation. To characterize the prescribed fire

smoke, the trailers were equipped with several instruments
sampling through inlets ∼4.0 m above ground level and 1.5 m
above the trailer roof. Measurements included carbon
monoxide (CO), nitrogen oxides (NO, NOx), ozone (O3),
PM2.5 mass concentration, and particle light absorption
coefficients at multiple wavelengths.

CO was measured using IR analyzers (Thermo Fisher
Scientific Inc., model 48C, Franklin, MA) with custom-built
CO scrubbers made of 0.50% Pd on alumina catalyst heated to
180 °C.51 O3 was measured using ultraviolet (UV) photo-
metric analyzers (Thermo Fisher Scientific Inc., model 49C,
Franklin, MA) zeroed through an internal O3 scrubber, and
NOx species were measured using chemiluminescence NO−
NO2−NOx analyzers (Thermo Fisher Scientific Inc., model

ACS ES&T Air pubs.acs.org/estair Article

https://doi.org/10.1021/acsestair.4c00231
ACS EST Air XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00231/suppl_file/ea4c00231_si_001.pdf
pubs.acs.org/estair?ref=pdf
https://doi.org/10.1021/acsestair.4c00231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


42i, Franklin, MA), which have an LOD of 0.40 ppb. NOx
analyzers were calibrated automatically every 6 h, using NO
and NO2 calibration standards purchased from Airgas (Radnor,
PA).

PM2.5 mass concentration was determined using a Tapered
Element Oscillating Microbalance (TEOM) series 1400a
ambient particulate monitor (Thermo Fisher Scientific,
Franklin, MA) with inlet temperature of 50 °C. A PM2.5-cut
cyclone (URG 2000 = 30EH 16.7 LPM 2.5 μm) was located
upstream of the optical measurements. Black carbon (BC)
mass concentration was determined in the various trailers as
follows; two trailers had 7-wavelength aethalometers, one had a
2-wavelength aethalometer, and the other two had single-
wavelength particle soot absorption photometers (PSAPs).

Light absorption by PM2.5 organic species, BrC, here defined
as the light absorption at 365 nm was calculated from the 7-
wavelength aethalometer data51 and was used as a smoke
tracer. Only multiwavelength aethalometers (AE33 and AE31)
were utilized at Fort Stewart and Eglin AFB. More details,
including LODs, calibrations, and data corrections are
described in El Asmar et al.51

2.3. Tools and Analysis Methods. Smoke Events
Identification. The analysis is based on combining the results
of various smoke plumes detected at Fort Moore during two
years of passive sampling, plus the plumes from the three
intensive studies (two at Fort Stewart and one at Eglin AFB).
In the passive sampling approach used at Fort Moore, we focus
on smoke that could be clearly identified as coming from active
burning, since background concentrations of PM2.5 can
fluctuate due to the influence of smoke from burns on
previous days. Smoke events were identified by an increase in
20 min averaged PM2.5 mass concentration above 25 μg m−3

which was always accompanied by an increase in CO and BC
concentrations and BrC absorption. This categorization also
excludes short transient events from local sources, such as a
passing vehicle that can be encountered at measuring sites near
training areas on military bases. All days without smoke events
(i.e., days without 20 min averaged PM2.5 mass concentration
above 25 μg m−3) were used to assess typical regional ambient
concentrations; however, it is acknowledged that these periods
may still include times with lesser impacts from fire emissions.

The duration of each smoke event was estimated from the
time when PM2.5 mass and CO concentrations began rising
above the concentration before the event until they returned to
typical levels and remained stable. For the studies at Fort
Stewart and Eglin AFB in 2022 through 2024, sampling trailers
were positioned to measure smoke from prescribed fires that
were set at a known place and time. Overall, 69 smoke events
were recorded, of which some can be sourced to the same fires
but were monitored multiple times at the same or at different
trailers. Table S1 summarizes the smoke events with their
corresponding dates, times, locations, estimated smoke age,
and maximum PM2.5 mass concentrations.

Since the focus of this work is on studying the production of
secondary species, of the 69 smoke events we selected those
that had a clear O3 enhancement, using this as an indicator of
postemission chemistry (31 of the 69 showed evidence of
enhanced O3). O3 enhancement was identified by an increase
in O3 concentration above the undisturbed level just prior or
after the enhancement, along with simultaneous increase in
measured smoke related species (CO, BC, and BrC)
confirming it was a smoke event. All smoke events with O3
enhancement had PM2.5 mass concentration above 25 μg m−3.

Normalized Excess Mixing Ratio (NEMR). NEMR was used
to account for dilution of species in smoke plumes. It is the
ratio of the enhancement of species of interest, Y, to the
enhancement of a coemitted reference species, X. For example,
the NEMR of species Y is expressed as the ratio ΔY/ΔX. Here
ΔY and ΔX represent the concentrations of Y and X after
subtracting the background concentrations (those expected if
the smoke was not present). CO is used as the reference
species (X) to track the movement and dispersion of
smoke,3,52 since it is relatively long-lived (∼1 month lifespan),
and coemitted during incomplete combustion. For PM2.5 and
CO, the increase relative to background is clear and so we used
the average of the measurements before and after the smoke
event as the background and subtract this constant value from
the data in the plume. For O3, determining the background can
be more difficult since it can vary significantly relative to the
enhancement that may occur in the smoke plume. When the
smoke plume began and ended during the day and when O3
background levels are generally high and not dramatically
changing (12:00−18:00), the background concentration was
calculated at each measurement point using a linear relation-
ship between the first and last point prior to and after detection
of the peak as illustrated for the first shaded region of Figure
S3. We restrict our analysis to the period between 12:00 and
18:00 since this is the photochemically active period (Figure
S4), without the rapid changes in background O3 (e.g., in the
morning between 10:00 and 11:00, Figure S4), which would
introduce uncertainty in calculating the O3 enhancement from
smoke. In cases where only the beginning or end of the smoke
events coincide with the high O3 episode, the background is
not as obvious. In these cases, where the background O3 is
changing rapidly near the time the smoke plume is first
detected or dissipating (identified by CO, PM2.5 mass, BC, and
BrC), the O3 concentration when the transition is not
occurring is used as the background value, and this value is
subtracted from O3 measured during the event, as illustrated in
the second shaded region of Figure S3. In 31 of 32 studied
smoke events (restricted to times between 12:00 and 18:00),
O3 was always higher than the background levels (ΔO3 for all
studied smoke events is positive), however, O3 background
levels are relatively high compared to O3 produced in plumes,
unlike other species with lower background levels relative to
concentrations in smoke plumes, making them more uncertain
than ΔCO, ΔPM2.5 mass, ΔBC, and ΔBrC. When smoke
events began before or extended beyond the high O3 phase in
the diurnal cycle (i.e., 12:00 to 18:00), only the data during
this high phase period was used for NEMR determination and
for studying variation with age.
Smoke Source and Age Determination. Smoke sources

and plume ages were determined using the average measured
wind vector and distance from the smoke source to the
measurement. Of the 69 smoke events studied, 8 were
unidentified due to mismatches between the detected fires
and wind direction, and 10 additional events had no age
prediction due to unavailable wind data. A detailed description
of the method can be found in El Asmar et al.51

3. RESULTS
3.1. Correlation among Emitted Species in Smoke

Events. During the study, smoke plumes were readily
identified by a simultaneous increase in concentrations of
CO, and PM2.5 mass and BC concentration, and PM2.5 BrC
(light absorption coefficient at 365 nm wavelength). Some

ACS ES&T Air pubs.acs.org/estair Article

https://doi.org/10.1021/acsestair.4c00231
ACS EST Air XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00231/suppl_file/ea4c00231_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00231/suppl_file/ea4c00231_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00231/suppl_file/ea4c00231_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00231/suppl_file/ea4c00231_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00231/suppl_file/ea4c00231_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00231/suppl_file/ea4c00231_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00231/suppl_file/ea4c00231_si_001.pdf
pubs.acs.org/estair?ref=pdf
https://doi.org/10.1021/acsestair.4c00231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


smoke events also had O3 peaks superimposed on a broader
regional daytime O3 concentrations. For example, Figure 1
shows a representative example of a time series of smoke
events measured at one site during 3 days at Fort Moore. At
Fort Moore, prescribed burning is generally initiated between
morning and noon, with smoke events detectable throughout
the day. The smoke events in Figure 1 were recorded in the
afternoon to evening period. Smoke events can also be
observed at other times due to smoldering fires that continue
into the night or the next day. Because of this, and along with
residual smoke from prior fires, numerous enhancements in
smoke species were also observed at night. For example, this is
observed following the third peak in Figure 1 between 18:00
on February 13, 2022, and 4:30 the next morning on February
14, 2022. This night-time smoke is believed to be from fires
from the previous day.

The contrasts in O3 and PM2.5 mass concentrations between
periods with and without smoke are notable. Figure 1 shows
that O3 often has a clear diurnal trend, characteristic of
regional O3 production, and superimposed on this is an O3
enhancement when smoke is detected. PM2.5 mass can vary
substantially during the nonsmoke periods (defined here as
PM2.5 mass below 25 μg m−3). Small peaks from smoke are
seen in Figure 1 (spikes in CO, BC, BrC, and PM2.5 mass) and

contrast with the substantial increases in PM2.5 mass observed
during a smoke event. Without smoke, a typical clear-day
diurnal profile of O3 is shown in Figure S4.

The time series of smoke events in Figure 1 also show high
correlations between the various measured parameters in the
smoke plumes. Combining measurements from all smoke
events recorded in this study, Figure 2 shows that there are
high correlations between CO and PM2.5 mass, BC, and BrC,
and poorer correlation between CO and O3. The much higher
O3 variability relative to CO between individual smoke events
may be expected due to the inclusion of nondaytime smoke
events and the fact that O3, as a secondary species, often shows
plume enhancements (when CO is also elevated) against a
large regional O3 background during daytime smoke events.
The slopes of the various species shown in Figure 2 represent
the species NEMRs relative to CO. Some species, such as BC,
show a few outlier data points with BC NEMRs reaching 0.043
and 0.035 μg m−3 ppb−1. The NEMRs recorded in this study
for PM2.5 mass, BC, and BrC are similar to those reported in
other studies, as shown in the detailed comparison by El Asmar
et al.51

3.2. O3 and PM2.5 Mass Background Concentrations.
Concentrations of O3 and PM2.5 mass are perturbed by the
smoke events relative to typical conditions. We provide data on

Figure 1. A time series showing maximum O3 enhancements (black double-headed arrows) when smoke was detected on February 11, 12, and 13,
2022, at Fort Moore. Red shaded areas correspond to the 3 daytime smoke events, while the gray shaded area correspond to the nighttime smoke
event discussed. The black box highlights the portion of the event used for studying O3 enhancement (i.e., beginning after 12:00), see Figure S3 for
more details. Measurement time resolution is 20 min for CO, O3, PM2.5 mass, BC, and BrC.

Figure 2. Correlations between (a) PM2.5 mass, (b) BC, (c) BrC, and (d) O3 and CO for all data of smoke events studied and summarized in Table
S1. Different colors and shapes correspond to different smoke plumes. All data are averages over a 20 min period.
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background conditions here as a reference for comparison to
the smoke events by looking at conditions at Fort Moore when
no large fires were detected (i.e., days when 20 min average
PM2.5 mass concentration never exceeded 25 μg m−3).
Typically, in this region when smoke impacts are not large,
surface O3 concentration starts increasing at ∼8:30 to 10:30
local time reaching the high O3 period of the diurnal cycle at
∼11:30 to 12:30 (some of the variability is due to changes with
time of year). Concentrations then decrease rapidly at ∼19:00
to 21:00 and remain low for the rest of the night. For a broader
contrast between day and night, at Fort Moore during
nonsmoke periods, the median O3 concentrations for non-
smoke periods are 46.4 ppb (interquartile range (IQR) = 14.6
ppb) during the day (13:00 to 18:00) and 23.3 ppb (IQR =
12.6 ppb) during the night (00:00 to 05:00). The diurnal trend
evident on clear days is due to its photochemical production,
leading to a good correlation with solar radiation (r2 = 0.66,
Figure S5). Table 1 shows a longer time-scale trend
throughout the burning season. Average daytime O3
concentration for those nonsmoke event periods increased
from February to April, followed by a decrease in May (median
daytime O3 concentration for February, March, April, and May
was respectively 45.9, 46.4, 53.6, and 43.7 ppb at trailer T
Main, see Figure S2). This could be attributed to the increase
in the area burned regionally during these months, which
affects the overall background O3 concentrations, combined
with the increase in solar radiation transitioning from February
to May. For instance, at Fort Moore in 2022, the area burned
was 1,800 ha in February, 5,600 ha in March, 1,800 ha in April,
and 430 ha in May. The daily average solar radiation was 3.2,
4.3, 4.9, and 6.6 kW hr m−2 for February, March, April, and
May, respectively.

The monthly medians of PM2.5 mass concentrations during
nonsmoke event periods are also shown in Table 1 and range
from approximately 0.60 to 6.9 μg m−3 during the day
(monthly means range from 0.80 to 7.0 μg m−3) and from
approximately 2.1 to 7.9 μg m−3 at night (monthly means
range from 2.3 to 7.9 μg m−3) across three sites at Fort Moore
in 2022. (Note, the lower ranges are below our measured 20
min averaging time LOD of 5.6 μg m−3, but higher than the
manufactures stated LOD. Since this is highly averaged data,
we report concentrations below our measured LOD). Higher
concentrations at night may be due to residual smoke from
burning throughout the region, a shallow boundary layer, as
well as decreased aerosol evaporation due to lower temper-
atures. Additionally, there was a moderate spatial variability

among the sites within and outside Fort Moore. Higher
background levels were measured at sites near the main road
and training areas (T 1291 and T 1293) compared to T Main
(see Figures S1 and S2 for map with site locations), which was
located further from these areas. The monthly mean
concentration on days without smoke events recorded at two
state monitoring sites at Columbus airport and Phenix City
South Girard School (see Figure S2a for locations) ranged
between 7 and 9 μg m−3. Higher background PM2.5 mass
concentrations at these sites relative to those within the Fort
are likely attributed to the local urban sources in contrast to
the more remote sampling locations at the Fort. The O3 and
PM2.5 mass concentration data from these state sites are used
for a regional assessment of prescribed burning in section 4.
3.3. Ozone and PM2.5 Mass Enhancement in Plumes

from Prescribed Fires. Ozone Enhancement. Postemission
chemistry can significantly affect the impact of smoke from
fires on exposed populations.47,49 In this study, as noted above,
measurements within smoke plumes often showed clear
enhancements in O3 concentration above typical background
levels. Examples are shown in Figure 1. The red shaded regions
show increases in O3 levels when smoke was monitored in the
afternoon of February 11, 12, and 13, 2022 at Fort Moore.
Focusing on just daytime periods between 12:00 and 18:00,
when regional O3 concentrations were elevated due to
photochemical activity, O3 enhancement above the general
daily trend was observed in 31 out of 32 plumes (other smoke
events identified are either fully or mostly captured outside this
time frame). The 20 min average maximum ΔO3 (peak O3 −
background O3) for all daytime smoke events range from 5.1 to
134 ppb, where the upper concentrations are substantially
higher than background levels (Table 1). (This range excludes
event 11 on April 21, 2021, at Fort Moore, during which the
fire was within 143 m of the trailer. As shown in the time series
in Figure S6, this smoke event was detected before noon and
continued until the next morning.)

For the 31 plumes in which O3 was produced, O3 NEMRs
range between 5.32 × 10−3 and 0.143 ppb ppb−1. While the
overall coefficient of determination (r2) for O3 versus CO is
low for all data combined, as shown in Figure 2d, due to the
significant variability in the slope across different events
(plumes), a strong correlation between O3 and CO was
observed within individual events, with r2 values ranging from
0.49 to 1, (except for a fresh (5 min old) smoke event (number
37 in Table S1) resulting in an r2 of 0.18). Lower coefficients
of determination were usually encountered for longer duration

Table 1. Monthly Median Concentrations of O3 (ppb) and PM2.5 Mass (μg m−3) at T Main, T 1293, and T 1291 During the
2022 Campaign at Fort Moore, Excluding Days when Significant Smoke was Detected, i.e., Days Are Excluded When the
Maximum 20 Min Averaged PM2.5 Mass Was Greater than 25 μg m−3a

month/year trailer daytime O3 ppb nighttime O3 ppb daytime PM2.5 mass concentration μg m−3 nighttime PM2.5 mass concentration μg m−3

February 2022 T Main 45.91 24.55 0.58 2.75
March 2022 T Main 46.44 15.94 0.90 2.77

T 1293 40.03 21.29 4.16 5.22
T 1291 45.24 32.56 4.32 7.88

April 2022 T Main 53.59 29.87 1.80 2.05
T 1293 44.17 23.25 5.36 5.36

May 2022 T Main 43.73 25.46 0.76 2.79
T 1293 37.98 20.19 6.89 6.71
T 1291 36.45 22.02 4.18 7.73

aDaytime and nighttime median concentrations were calculated from measurements between 13:00−18:00 and 00:00−05:00, respectively. The
locations of trailers are shown in Figure S2.
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events due to complex photochemistry strongly affected by
factors such as time of the day, wind conditions, and variation
in emission, as discussed below.

In a few cases, O3 enhancements were observed late in the
evening and at night, likely due to O3 from daytime fires
persisting into these hours. Typically, nighttime O3 to CO
levels were lower relative to daytime values for smoke of
similar age, with weak correlation and low coefficient of
determination (r2 reaches below 0.1), suggesting that some,
but incomplete, O3 loss within the plume had occurred. For
example, the gray shaded region in Figure 1 shows smoke
detected in the late evening and into the next morning. Based
on wind data, this was smoke from the same source detected
earlier in the day of February 13, 2022 (at 13:00 and then
again after 18:00), as shown in Figure 1. On this day, the first
peak started at 10:40 in the morning and continued until the
afternoon. Another peak was observed after 18:00 and
continued until the night and next day (note concentrations
of CO, PM2.5 mass, BC, and BrC). In this case, some
enhancements in O3 were seen, altering its diurnal profile and
causing higher nighttime O3 than usual. Similar behavior was

observed at other times at Fort Moore, as well as during the
intensive study at Fort Stewart in 2022.

Another example is shown in Figure 3, where smoke from
the same fire at Fort Stewart was measured at three different
times at the same site due to wind variations. Clear O3
enhancement is seen during the first peak, which was recorded
during the day (14:30 to 15:30), then in the evening (19:00−
20:00) and then during the night (1:00−2:00 the next day)
where residual O3 persisted, disrupting the typical nighttime
O3 levels (Figure S4). The O3 NEMRs and O3−CO
correlations progressively dropped with time of day and were
2.63 × 10−2, 1.17 × 10−2, and 8.85 × 10−3 ppb ppb−1, with
corresponding r2 values of 0.94, 0.46, and 0.21, respectively.
This progression shows that O3 NEMRs drop off when O3
production ceases due to no photochemistry.
Influence of NOx. We focus on the role of nitrogen oxides

(NOx) in the loss of O3 and not O3 production since we do
not have VOC data. NOx is produced in combustion processes
and was clearly elevated during smoke events, as shown as an
example in Figures 3 and 4. In general, NOx in the plumes was
correlated with CO (r2 = 0.87 for combined data) during
photochemically active periods (12:00−18:00) with NOx

Figure 3. A time series showing a smoke event monitored during the day and night on March 5, 2022, at Fort Stewart. Time resolution is 20 min
for CO, O3, NO, NOx, and PM2.5 mass. Red shaded areas correspond to smoke events from the same source and are identified by the covariability
in CO and PM2.5 mass.

Figure 4. Time series showing the concentration of species measured at Fort Moore during 4 different smoke events. Measurement time resolution
is 20 min for CO, PM2.5 mass, O3, NOx, and NO.
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NEMRs (slopes of NOx vs CO) ranging from 6.0 × 10−3 to 2.9
× 10−2 ppb ppb−1. There was little correlation between NOx
and CO in the smoke plumes during photochemically inactive
periods, 19:00−11:00 the next day. NOx NEMRs was not
correlated with O3 or PM2.5 mass NEMRs when comparing
between plumes (Figure S7).

Figures 3 and 4 show that most of the NOx was NO2, which
is available for the formation of O3 through NO2 photolysis. O3
production may occur throughout smoke plumes in prescribed
fires where sunlight may more easily penetrate the plume,
compared to large wildfires where light absorption may limit
photochemistry within the interior of the plumes.26 Once
photochemistry stops, NOx can lead to loss of O3 (i.e., O3
titration by NO + O3 makes NO2 + O2), but this process slows
in the aging plume since the NO is consumed and there are no
significant NO sources (i.e., input from the fire and NO is not
regenerated by NO2 photolysis). As an example, in Figure 4,
O3 enhancements were observed in the afternoon (Figure
4a,b), late in the evening (Figure 4c), and near midnight
(Figure 4d), and the prominent form of NOx (NO + NO2)
was NO2; NO2/NOx ratios for these four events are 0.97, 0.95,
1.0, and 0.99, respectively. The NO concentrations for these
plumes were 0.657 and 0.871 ppb in Figure 4a and b,
respectively, and below the LOD of 0.40 ppb in Figure 4c,d.
This implies slow O3 titration by NO. This was also observed
in the three plumes from the same fire observed in the
afternoon into the night as shown in Figure 3, where NO
concentration was below LOD of 0.40 ppb for all three peaks.
Decrease in atmospheric mixing as the boundary layer lowers
at night may also have some effect on concentrations.

For all plumes (which is limited by available NOx data),
daytime NO levels ranged from below the LOD to 1.57 ppb,
while in nighttime plumes, NO consistently remained below

LOD (0.40 ppb). From this, based on its reaction with NO
(using NO−O3 reaction rate constant of 1.8 × 10−14 cm3

molecule−1 s−1),53 the estimated O3 lifetime ranged from 24
min to 4.5 h during the day, and from 2.2 to 8 h at night
(lifetimes above 1.5 h are calculated from NO concentrations
below our measurement LOD).

The residual O3 and NO2 at night suggest the formation of
nitrate radical and associated chemistry can occur.54−56 Below
we show that there is no observed net increase in PM2.5
NEMRs at night suggesting that nighttime nitrate radical
chemistry does not produce any enhancements in PM2.5.
Overall, we find that O3 from smoke may at times affect
nighttime O3 concentrations, apparently, in part, due to low
NO concentrations in the plumes.
PM2.5 Mass Enhancement. Unlike O3 that is not directly

emitted, for PM2.5 species, both primary emissions and
secondary formation contribute to observed concentrations.
Significant primary PM2.5 emissions may explain why PM2.5
mass concentration enhancements above the background levels
were observed in all smoke plumes monitored at any time (day
and night). ΔPM2.5 mass (peak PM2.5 mass−background PM2.5
mass) ranged between 17.1 to 839 μg m−3. (This excludes the
fresh smoke event 11 on April 21, 2021, Figure S6, which was
close to the inlets causing a filter overload in particles after
exceeding a 20 min PM2.5 mass of 2000 μg m−3). PM2.5 mass
NEMRs (ΔPM2.5 mass concentration/ΔCO concentration) in
this study ranged from 4.06 × 10−2 to 0.466 μg m−3 ppb−1.
PM2.5 Mass Emission Ratios from NEMRs of Fresh Smoke.

Since PM2.5 is directly emitted from fires (i.e., primary
emissions), PM2.5 emission ratios (ERs) in the studied
smoke plumes were also determined. This was done by
classifying all PM2.5 NEMRs for plumes with an estimated ages
of less than 1 h as an ER,40 assuming minimal chemical and

Figure 5. (a) O3 NEMRs (ΔO3/ΔCO) of all smoke events measured during the daytime (12:00 to 18:00) as a function of plume physical age and
color coded by total solar radiation on the day of the event; (b) PM2.5 mass NEMRs (ΔPM2.5 mass/ΔCO) of all smoke events studied as a function
of age. The median emission ratio (age less than 1 h) is shown in black with error bar as one standard deviation; (c) PM2.5 mass NEMRs as a
function of age of photochemically active smoke events (i.e., time of day between 12:00 and 18:00) for plumes where PM2.5 mass concentration was
less than or greater than 35 μg m−3; (d) Correlation between PM2.5 mass NEMRs with O3 NEMRs for all photochemically active smoke events
based on PM2.5 mass concentration; slopes are derived from orthogonal distance regression (ODR). As noted in (a), the diamond and square
markers are data from plumes shown in Figure 6.
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physical evolution within this time. (This is not done for O3
since it is secondary). In this study, PM2.5 mass ERs median
value was 0.132 μg m−3 ppb−1 with IQR of 7.10 × 10−2. No
significant difference was observed in PM2.5 emissions for fires
at the different Forts; ERs from measurements at Fort Stewart
in 2024, were 0.145 and 0.143 μg m−3 ppb−1 for smoke
reaching the two trailers in 4 and 9 min, respectively. The
emissions from this study are similar to those reported for
many other prescribed fires, but lower than what has been
reported for wildfires (see El Asmar et al. for a detailed
comparison).51

No significant difference (two-tailed p-value = 0.645) was
observed between the ERs for smoke events measured at
different times of the day, indicating that ERs are likely not
affected by photochemical production. For example, ER
detected between 9:00 and 17:00 had a mean ER of 0.129
μg m−3 ppb−1 (median = 0.135), similar to smoke from fires
detected late in the evening (after 17:00) or early in the
following morning (before 9:00), which had a mean ER of
0.119 μg m−3 ppb−1 (median = 0.129). Mean PM2.5 mass ERs
for smoke events with enhanced O3 was 0.129 μg m−3 ppb−1

(median = 0.135) and showed no deviation within the range of
ERs recorded; combined, these results indicate that any
potential secondary aerosol formation within the first hour
after emissions (the criteria for calculating ERs) did not
significantly contribute to variability in PM2.5 mass NEMR.
3.4. Evolution of Ozone Enhancement in Prescribed

Fire Plumes. Change of O3 Enhancement with Age.We first
assess how rapidly O3 formation begins following emissions
from the burning area. There were 8 cases where smoke was
detected during the day and the smoke age was less than 10
min. In these cases, low but clear O3 enhancement was
observed in all events, where O3 NEMRs ranged from 5.32 ×
10−3 to 4.53 × 10−2 ppb ppb−1. This corresponded to distances
of 143 to 1,660 m downwind from the fire. There was one
exception (event number 68; the 1 out of 32 smoke events) on
February 10, 2024, at Fort Stewart, where no O3 enhancement
was recorded when smoke was transported over 730 m in 4
min. Overall, we find that for daytime emissions, O3 is
produced very rapidly and near the fires.

For longer time scales (smoke ages), a trend in O3
production as the plume ages was observed. As shown in
Figure 5a, O3 NEMR increased in smoke transported for
periods up to about 480 min (8 h) with a moderate coefficient
of determination between O3 NEMR and smoke age (r2 =
0.53). These data only include smoke recorded up to late in
the evening (19:00) after which photochemistry ceases (Figure
S4). An exponential fit shown in Figure 5a suggests that the
rate of increase in O3 is initially rapid, with the concentration
doubling in the first ∼53 min, after which it gradually levels off
over time approaching an NEMR of 0.130 ppb ppb−1 with an
e-folding time of roughly 220 min (∼ 3.5 h).

As a specific example, evolution of smoke from a single fire
was also observed. These contrast with the ensemble of
separate smoke plumes shown in Figure 5a. The time series of
two smoke events detected sequentially at 3 monitoring trailers
on May 9 and 10, 2022, is shown in Figure 6. On May 9, the
peaks corresponding to the smoke from the same fire were
monitored at 14:50, 16:30, and 17:50 (sampling trailers T
1291, T Main, and T 1293, respectively, see Figure S2) with
estimated ages of 296, 330, and 480 min. Corresponding O3
NEMRs determined from the slopes of ΔO3 vs ΔCO (see
Figure S8a) are 0.119, 0.114, and 0.143 ppb ppb−1 in the same

sequential order of the smoke reaching the trailers. There is no
significant difference (∼ 4% decrease) in O3 NEMRs between
the first two trailers that measured O3 peaks 40 min apart.
However, an approximate 20% increase in O3 NEMR is
observed between the first and last locations, where the peaks
were seen 180 min apart. In another case, also shown in Figure
6, on May 10, the peaks corresponding to one burning event
were detected at 13:50, 15:10, and 15:50 (at T 1291, T Main,
and T 1293 respectively) corresponding to plume ages of 91,
185, and 249 min. O3 NEMRs increased sequentially (Figure
S8b); 8.51 × 10−2 to 9.14 × 10−2 to 0.118 ppb ppb−1. This
reflects an increase of 7% in O3 NEMR in 80 min and ∼39% in
120 min. These case studies are also identified in Figure 5a,
allowing comparison of smoke evolution from a single fire to
the general trend observed for all different smoke plumes
combined. The results show a trend, but there is scatter,
especially in the more aged smoke where more factors could
affect the results as the plumes age, such as changing radiation
levels throughout the day.
3.5. PM2.5 Evolution and Link to O3. We did a similar

analysis for PM2.5 mass and investigated linkages between
formation of O3 and PM2.5 mass. For all data combined, PM2.5
mass NEMRs varied between 4.06 × 10−2 and 4.66 × 10−2 μg
m−3 ppb−1 and were variable as a function of age with a
positive yet very small slope and low coefficient of
determination indicating little trend with increasing plume
age (regression fit: PM2.5 mass NEMR = (1.44 × 10−3 ± 6.3 ×
10−5 μg m−3 ppb−1 min−1) Age +0.132 μg m−3 ppb−1, r2 = 0.1;
Figure 5b). (Note that the intercept of 0.132 μg m−3 ppb−1 is
the same value as the median ER discussed above.) The data in
Figure 5b are divided into periods; when O3 enhancements
were not observed (periods of little to no sunlight, e.g.,
evening, nighttime, or morning, Figure S4), and when O3
enhancements were observed (i.e., photochemically active
(12:00 to 18:00)). The largely nighttime smoke events,
represented by blue markers in Figure 5b, show low coefficient
of determination between PM2.5 mass NEMRs and smoke age
(r2 = 0.004), with slope close to zero (−2.08 × 10−5 μg m−3

ppb−1 min−1). In contrast, considering only photochemically
active periods, (daytime smoke plumes in which O3 enhance-
ments were observed), PM2.5 mass NEMRs show a slight
positive correlation with age with a higher coefficient of

Figure 6. Time series showing two smoke events (red shaded
regions) identified by the covariability in CO and PM2.5 mass and
detected sequentially at three monitoring trailers on May 9 and 10,
2022, at Fort Moore. Time resolution is 20 min for CO, O3, and
PM2.5 mass.
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determination (r2 = 0.25), indicating that there might be
secondary aerosol formation through a photochemical process.
This coefficient of determination, however, was higher when
considering only plumes of higher PM2.5 mass concentration
(r2 = 0.43; i.e., smoke plumes that have a 20 min average
maximum PM2.5 mass concentration above 35 μg m−3). This
may result from the effect of evaporation of semivolatile
species from PM2.5 in plumes that have lower PM2.5 mass
concentrations. Assessing PM2.5 NEMRs versus time of day
(Figure S11), we found higher NEMRs during the day. PM2.5
mass NEMR in smoke measured at night had magnitudes more
similar to those seen within 1 h of emissions (i.e., ER of 0.132
± 0.051 μg m−3 ppb−1).

Like O3 NEMRs vs age, the PM2.5 mass NEMRs for the
higher concentration smoke plumes (greater than 35 μg m−3)
tend to also follow an exponential trend, as shown in Figure 5c.
From the fit, the rate of increase in PM2.5 mass relative to CO
is initially rapid, with the NEMR doubling in ∼150 min and
then gradually slowing down over time approaching 0.267 μg
m−3 ppb−1. Thus, after approximately 150 min the amount of
secondary aerosol mass relative to what was emitted is roughly
equal ([0.267 μg m−3 ppb−1 − 0.132 μg m−3 ppb−1]/0.132 μg
m−3 ppb−1 = 1.02, where 0.132 μg m−3 ppb−1 is the ER),
implying that after approximately 150 min, the PM2.5 mass
NEMR had doubled relative to the ER. Overall, the trend in
PM2.5 mass NERMs is not as clear as that of O3 NEMRs
(Figure 5a), possibly reflecting the variability in primary PM2.5
and competing processes of secondary aerosol formation and
loss by evaporation.

We also compare the PM2.5 mass NEMRs with age for
evolution of single smoke plume recorded at different
measurement sites, as done for the O3 case study discussed
above. The smoke events monitored sequentially on May 9,
2022, in Figure 6, corresponds to smoke of ages 266, 330, and
480 min. (Scatter plots of PM2.5 mass vs CO (slope = NEMR)
are shown in Figure S8c,d.) These events are also specifically
identified in Figure 5b−d. For these data, PM2.5 mass NEMRs
are fairly constant and fall in the higher age region where the
exponential trend flattens, suggesting secondary aerosol
formation had slowed down or more nearly balanced by
PM2.5 loss, with plume dilution, but variability in emissions
cannot be ruled out. A similar result was observed for the other
smoke plume measured the next day (5/10/2022 in Figure 6).

4. DISCUSSION
We observed enhancements in O3 NEMR almost immediately
after emissions (plumes of age estimated between 1 and 5 min)
for smoke measured during the daytime. Some studies suggest
that this may result from rapid radical formation through
photolysis of HONO and HCHO,23 while other studies
(Figure S9), observed negative initial O3 NEMRs due to
background O3 depletion through fast titration by freshly
emitted NO.3,57,58

Following rapid formation, we found that physical age had
the greatest impact on the variation of O3 NEMRs among
different smoke plumes. O3 NEMRs increased significantly as
the estimated physical age of the smoke events ranged from a
few minutes to 1−2 h, then continued to increase more slowly
in events with estimated age up to 8 h, starting at 5.32 × 10−3

ppb ppb−1 in 1 min old smoke and reaching 0.143 ppb ppb−1

in 8 h old plumes. The slowdown is likely due to decreasing
photochemistry and O3 formation as the end of the day
approaches, as observed by Robinson et al.22 An exponential fit

of O3 NEMRs vs time characterizes this process as the O3
NEMR asymptotically reaches a constant value. These data can
be compared to O3 formation observed in other studies of
different types of fires (see Figure S9). Changes of O3 NEMRs
with age observed in this study generally align with O3 NEMRs
up to about 2 h of aging observed for tropical, subtropical, and
Alaskan wildfires,24,58−60 as well as for agricultural fires in the
southeastern US.3 However, they differ from wildfires in the
western US and Canada, which have lower O3 NEMRs
reported at similar ages.61,62 Comparison with similar types of
prescribed fires in South Carolina (composed primarily of
longleaf pine) for smoke up to 4.5 h old showed similarly rapid
formation of O3 and comparable O3 NEMRs.17 Our measure-
ment approach provided data on O3 NEMR evolution over
longer time periods than these studies (8 h). A more detailed
comparison is provided in Supporting Information, Section S.1
(comparison of evolution of O3 with other studies).

Along with O3 production observed in the afternoon on
clear days during the photochemically active periods, we also
observed evidence for a net increase in PM2.5 mass NEMR as
the plumes aged. PM2.5 mass and O3 NEMRs for these aging
plumes tended to be correlated, as shown in Figure 5d. For the
plumes of higher PM2.5 mass concentration (>35 μg m−3) the
r2 was 0.50, whereas for all the data the r2 was 0.39. This likely
reflects that photochemistry produced both secondary O3 and
aerosol.26,63−65 Both O3 and PM2.5 mass NEMRs were
observed to change more slowly with plume age (Figure
5a,c) but PM2.5 mass NEMR appears to drop off more relative
to O3 at higher ages (Figure 5d), which results in less
correlation between O3 and PM2.5 mass NEMRs. This may
reflect evaporation of semivolatile aerosol species as the plumes
dilute, with no similar process for O3, along with possible
additional differences in aging processes.

Our findings on PM2.5 evolution in prescribed fires differ
from those of wildland and agricultural fires, as well as from
some prescribed fires reported in other studies. For wildland
fires with similar aging time scales as ours, PM2.5 mass NEMRs
have time trends ranging from systematic increase,66−68 no
change,68−70 to decrease68 with smoke age. No systematic
increase in OA NEMRs in plumes up to 1.2 h has been
reported for agricultural fires in the southeastern US.3 For
prescribed fires in the southeast, May et al. found no
statistically significant change in OA NEMRs over 1.5 h of
transport for two events in South Carolina that involved
burning of forested lands composed primarily of longleaf
pine.71 A decrease in OA NEMRs was observed over a longer
period (2−5 h of transport)71 during a photochemically active
period with observed O3 formation,17 however, the plume had
rapidly diluted (ΔCO ∼ 25 ppb after 1−1.5 h of aging)
suggesting that evaporation might have dominated over OA
formation. In contrast, we always observed an increase in PM2.5
mass NEMRs with age for the first 8 h following emissions
during photochemically active periods. A more detailed
comparison for PM2.5 mass NEMRs with other studies is
provided by El Asmar et al. (2024).51 The increase in O3
production and aerosol formation observed in our study in
comparison with other types of fires could be attributed to the
smoke being optically thinner relative to larger wildland and
large agricultural fires, allowing more sunlight penetration into
the plume and increased photochemical activity throughout
the plume. Wildfire plumes are often much larger with higher
OA concentrations72,73 and emission factors of PM2.5

74 with
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high aerosol optical extinction at their darker centers, resulting
in a reduced actinic flux and photolysis rates.26

Unlike O3, secondary PM2.5 can be formed at night through
nighttime chemical processes that form both inorganic75 and
organic nitrogen species,75,76 enhanced by lower temperatures
(reduce species volatility) and producing higher relative
humidities (more particle liquid water) that promotes
heterogeneous reactions.77 As noted in Figure 3b, no increase
in NEMRs with age was observed for photochemically inactive
periods (night and early morning). During these times, PM2.5
mass NEMRs were similar to estimated ER of 0.132 ug m−3

ppb−1 and there was no evidence of any systematic change in
PM2.5 mass NEMRs with age.

The broader impact of prescribed burning on air quality,
including cardiovascular and respiratory effects as well as
mortality rates, beyond the immediate vicinity of the fires is a
significant concern and has been investigated.78,79 It is
complicated by many factors, such as the variability and
evolution of emissions, changes in meteorology, photo-
chemistry as the smoke is advected from the burning region,
and the mixing of emissions from other sources, e.g., biogenic
VOCs, NOx from urban regions and other fires in the area
(possibly with different fuels e.g., agricultural burning). The
EPA National Emission Inventory estimates that in the
southeastern US, the region including these measurements,
roughly 30% of primary PM2.5 in the winter is from prescribed
burning.79,80 Northwest of Fort Moore are two state monitors
that provide a larger context for O3 and PM2.5 mass (see site
locations in map Figure S2). We note that burning also often
occurs in regions around Fort Moore during the burning
season51 so the impacts at these urban sites can be from fires
throughout the region, beyond the Fort. The time series of
daily maximum 8-h O3 concentrations (i.e., what is reported by
the state) and PM2.5 mass concentration measured at these
sites for 2022 are shown in Figure 7. The mean daily maximum
8-h O3 concentrations at the two state sites were generally
higher in March and April compared to other months, though
not significantly higher in all cases. The mean O3 during these
months were 43 ppb (at Columbus Airport) and 45 ppb (at
Phenix City South Girard School), while in other months, they

ranged from roughly 31 to 44 ppb at both sites (more data is
given in Figure 7). Comparisons for both sites based on
medians give similar results; the median O3 in March and April
were 44−48 ppb compared to 30−46 ppb in other months.
Although the prescribed burning period spans from January to
April, O3 data is only available from March to October.

The difference in PM2.5 mass concentration between
burning season and the rest of the year is more pronounced
with numerous peaks in both the daily (Figure 7b) and hourly
(Figure S12) averaged PM2.5 mass concentrations during the
burning season. The daily mean PM2.5 mass concentrations
exceeded 20 μg m−3 multiple times at each site during the
burning season but never during the rest of the year. Daily
means of PM2.5 mass concentration (shown in Figure 7) were
26 to 30% higher during the springtime burning period (see
Figure 7b). Median PM2.5 mass concentrations during the
burning period (first four months of 2022) were 9.0 μg m−3

(IQR = 7.7) at Columbus Airport site and 9.6 μg m−3 (IQR =
5.5) at Phenix City South Girard School, whereas median
PM2.5 mass concentrations during the rest of the year, which
were 7.7 μg m−3 (IQR = 4.6) and 7.8 μg m−3 (IQR = 4.3) at
Columbus Airport and Phenix City South Girard School sites,
respectively. The burn vs nonburn season differences in PM2.5
mass are roughly 1.6 (based on medians) to 2.4 (based on
means), which are roughly in the range of the approximate 1
μg m−3 increase based on modeling estimates for the southeast
in general for years 2013−2020.79

The contrast between observations at the state monitoring
sites for O3 and PM2.5 is likely due to several factors. It is
noteworthy that for the most aged plumes, PM2.5 mass NEMRs
are about a factor of 2 higher than that of O3 (see Figure 5).
Thus, as the plumes dilute into the background air, PM2.5 mass
has about twice the perturbation relative to background
conditions. Aging processes further complicate things. NEMRs
will likely continue to change as the plume is diluted, which
will differ between PM2.5 mass and O3. A significant fraction of
PM2.5 in smoke are primary particles, with the more variable
addition of secondary species, as seen in this study. In contrast,
O3 is secondary and depends on many factors beyond just the
emissions from the fires, such as solar radiation which increases

Figure 7. Data reported at two state sites, Columbus Airport and Phenix City South Girard School, showing (a) a daily maximum of 8 h O3 in
March through October of 2022 and (b) daily mean PM2.5 concentration throughout the same year. The highlighted portion corresponds to the
period of significant prescribed burning (January−April) in the southeastern US. Note that O3 is not measured in the colder months.
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in summertime relative to the period of burning and seasonal
changes in biogenic VOC emissions that are significant in this
region.81,82 These data show a regional impact from prescribed
burning, which is noteworthy given the possible health
implications associated with PM2.5.

79,83 Smoke reaching these
areas is often aged and as shown here, may contain secondary
pollutants such as O3 and secondary aerosols that could have
especially harmful effects on human health.84

5. CONCLUSION
This study analyzed smoke plumes from prescribed fires across
multiple ground-based sites in the southeastern USA during
the burning seasons of 2021 through 2024 to assess the
formation and evolution of O3 and PM2.5 mass. Data from 69
smoke events revealed rapid O3 production above background
levels in daytime plumes observed between 12:00−18:00 (32
of the 69 plumes), with O3 production beginning within
minutes following emissions. As plumes drifted from the fire
(source), O3 NEMRs (ΔO3/ΔCO) increased with plume age,
ranging from 5.32 to 143 ppb ppm−1 over ages from 1 to 480
min. The increase was rapid in the first hour, followed by a
gradual slowing, approximating an exponential relationship
between O3 NEMR and smoke age. Our observations of O3
NEMR evolution are consistent with studies on tropical,
subtropical, and Alaskan wildfires,57−60 southeastern US
agricultural fires,3 and prescribed fires in South Carolina,17

but contrast with lower values reported for wildfires in the
western US and Canada.61,62

PM2.5 mass concentrations also indicated aerosol production
alongside O3. In photochemically active plumes, with enhanced
O3, PM2.5 mass NEMRs (ΔPM2.5 mass/ΔCO) rose with age,
suggesting secondary aerosol formation in these smoke plumes
linked to O3 production. Stronger correlation between PM2.5
mass NEMRs and O3 NEMRs was observed in plumes with
higher PM2.5 mass concentrations (>35 μg m−3), possibly due
to less evaporation of semivolatile PM2.5 species. The
consistent trend of increasing PM2.5 mass NEMRs in
photochemically active plumes contrasts with other studies,
which show highly variable PM mass NEMRs with age in both
wildland and agricultural fires. Overall, O3 NEMR trends were
more pronounced than those of PM2.5 mass, potentially due to
more complex factors affecting PM2.5.

The broader impact of prescribed burning in the south-
eastern US was evident in PM2.5 mass and O3 concentrations at
two state air quality monitoring sites in an urban area near the
burn zones. Daily average PM2.5 mass concentrations were
approximately 25 to 30% higher, with notably higher extremes,
during the burning season (January through April) compared
to the rest of the year (nonburning seasons). However, there
was less difference in daily maximum 8 h O3 levels, which is
consistent with PM2.5 mass NEMRs being about twice those of
O3 in the most aged smoke we detected. Further research on
the formation of O3 and PM2.5 mass in prescribed fires at other
locations would help determine the broader applicability of
these findings.
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