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Abstract.  

Tropospheric ozone (O3) production from wildfires is highly uncertain; previous studies have identified both production and 30 

loss of O3 in fire-influenced air masses. To capture the total ozone production attributable to a smoke plume, we bridge the 

gap between near-field fire plume chemistry and aged smoke in the remote troposphere. Using airborne measurements from 

several major campaigns, we find that fire-ozone production increases with age, with a regime transition from NOx-saturated 

to NOx-limited conditions, showing that O3 production in well-aged plumes is largely controlled by nitrogen oxides (NOx). 
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Observations in fresh smoke demonstrate that suppressed photochemistry reduces O3 production by ~70% in units of ppb Ox 35 

(O3+NO2) per ppm CO. We demonstrate that anthropogenic NOx injection into VOC-rich fire plumes drives additional O3 

production, sometimes exceeding 50 ppb above background. Using a box model, we explore the evolving sensitivity of O3 

production to fire emissions and chemical parameters, demonstrating the importance of aerosol-induced photochemical 

suppression over heterogeneous HO2 uptake, validating HONO’s importance as an oxidant precursor, and confirming 

evolving NOx sensitivity.  We evaluate GEOS-Chem’s performance against these observations, finding the model captures 40 

fire-induced O₃ enhancements at older ages but overestimates near-field enhancements, fails to capture the magnitude and 

variability of fire emissions, and does not capture the chemical regime transition. These discrepancies drive biases in 

normalized ozone production (∆O3/∆CO) across plume lifetime. GEOS-Chem attributes 2.4% of the global tropospheric 

ozone burden and 3.1% of surface ozone concentrations to fire emissions in 2020, with stronger impacts in regions of 

frequent burning. 45 

1 Introduction 

Wildfires have been increasing in frequency and scale in many regions of the world over the past few decades (Abatzoglou 

et al., 2021; Westerling, 2016). Rising temperatures, drier conditions, and longer fire seasons attributed to climate change are 

expected to continue to drive this trend (Abatzoglou and Williams, 2016; Williams et al., 2019). Wildfires emit a range of 

reactive species to the atmosphere (Andreae, 2019; Lindaas et al., 2021; Permar et al., 2021), including particulate matter 50 

and the precursors necessary to form ozone (O3) and particulate matter. Ozone is an important secondary pollutant that 

degrades air quality and negatively impacts human health while also being the third-most important greenhouse gas behind 

carbon dioxide and methane (Tarasick et al., 2019).  The production of ozone from wildfire emissions has been a persistent 

source of uncertainty in assessing the global tropospheric ozone burden (Tarasick et al., 2019), which has implications for 

radiative forcing, global tropospheric oxidizing capacity (Fiore et al., 2024), and associated human health risks. In the US, 55 

the increase in wildfires has occurred in parallel with a rise in the number of homes near the wildland-urban interface (Burke 

et al., 2021), thus increasing human exposure to smoke and making it doubly important that we understand the impact of 

wildfires on air pollution. 

Ozone formation is complex and nonlinear, occurring through a series of reactions between volatile organic compounds 

(VOCs), nitrogen oxides (NOx = NO + NO2), and oxidizing radical species in the presence of sunlight. Depending on the 60 

chemical environment and the relative concentrations of NOx, VOCs, and radicals, the production rate of ozone will have 

different sensitivities to its precursors. At low NOx concentrations, ozone production increases linearly with higher NOx, and 

we refer to this as the NOx-sensitive or NOx-limited regime. As NOx concentrations increase, ozone production is more 

sensitive to changes in VOC mixing ratios, and we refer to this regime as NOx-saturated or VOC-limited (Kleinman, 1994; 

Sillman et al., 1990). The rate of ozone production reaches its maximum at the transition point between the NOx-limited and 65 

VOC-limited regimes.  In fact, the VOC-limited regime might be better characterized as “radical-limited”, since ozone 
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production is governed by the availability of peroxy radicals generated by the oxidation of VOCs, rather than the VOCs 

themselves (Schroeder et al., 2017). This is a distinction that becomes important in wildfire smoke where the availability of 

VOCs does not always correspond to radical availability when limited photolysis slows radical production. While both the 

photochemical production of ozone and the details of NOx-VOC-O3 chemistry have been widely studied in the urban context 70 

and are reasonably well understood, the different and variable chemical environment presented by wildfire smoke plumes 

has proven challenging to measure and characterize. These uncertainties result from an inadequate understanding of (1) the 

emissions of NOx, VOCs, and oxidant precursors across different fuel types and burning conditions (Gkatzelis et al., 2024; 

Jin et al., 2023a; Yokelson et al., 2013), (2) the dynamic chemistry that occurs as those emissions interact, age, and mix with 

other air masses, and (3) local (i.e. plume injection height) and downwind meteorological transport.  75 

Previous studies have leveraged ground observations, and occasionally airborne data, to quantify ozone production in smoke 

plumes. Figure 1 shows a summary of some of these studies compiled by (Jaffe and Wigder, 2012). They identify both 

production and loss of O3 in fire-influenced air masses, with significant scatter introduced by the aging and mixing of plumes 

with  other sources (Alvarado et al., 2010; DeBell et al., 2004; Pfister et al., 2008; Singh et al., 2010, 2012). The amount of 

ozone produced in smoke plumes is characterized by the normalized excess mixing ratio (NEMR) between O3 and CO, 80 

which are often well correlated in fire plumes. It is generally observed that this quantity, ∆O3/∆CO, is positive and increases 

with plume age. 

 

 
Figure 1. Fire-induced ozone production (∆O3/∆CO; ppb/ppb) from previous studies, compiled by Jaffe and Wigder 2012. Each 85 
data point represents a separate study; in some cases, multiple plumes are aggregated.  

Xu et al. 2021 used a single transect analysis method to explore FIREX-AQ measurements of wildfire plumes close to the 

source, from which they derive a parameterization for ozone formation that agrees reasonably well with observations. Other 
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recent wildfire-ozone studies use observationally constrained box model simulations to assess ozone production rates in 

fresh smoke plumes and analyze the sensitivity to certain chemical factors, such as the breakdown of reactive VOCs and the 90 

changes to the radical budget by species emitted and produced within wildfires (namely nitrous acid (HONO), formaldehyde 

(CH2O), and oxygenated VOCs (OVOCs)) (Robinson et al., 2021; Wolfe et al., 2022). The comprehensive chemical 

representation of these box modeling studies provides insight into the ozone chemical regime observed within smoke – they 

assert that typically a smoke plume begins in a NOx-saturated regime before transitioning to a NOx-limited regime within a 

few hours. Other studies have used observations together with more sophisticated numerical methods, such as large eddy 95 

simulations, to represent the spatial heterogeneity within smoke plumes, and the importance that this plays in determining 

photolysis rates and radical availability (Decker et al., 2021; Wang et al., 2021a). Near-field studies typically only focus on 

single plume events close to the source, limiting their utility for evaluating the lifecycle of O3 production in an airmass and 

the global impact of fires on the burden of O3. 

Because fire plumes emit large amounts of NOx and VOCs, they may potentially produce significant downwind ozone, 100 

especially if they mix with anthropogenic emissions, which are typically high in NOx (Jaffe and Wigder, 2012). Ground-

based measurements from Mount Bachelor Observatory in Washington suggest that older, more chemically processed smoke 

plumes have experienced greater ozone production (Baylon et al., 2015), consistent with the results shown in Fig. 1. Brey 

and Fischer (2016) analyze ground-based observations to show that heavily populated U.S. cities far downwind of the 

wildfire-prone western U.S. experience increased O3 exceedances due to aged smoke. A box modeling study driven by 105 

measurements taken during the COVID-19 lockdowns at a site in Boulder, Colorado, similarly demonstrates that transported 

smoke can bring significant ozone enhancements (up to 30 ppb) while also driving the local urban chemical environment 

towards a more NOx-sensitive regime (Rickly et al., 2023). These effects have been persistently observed; a study in Western 

Canada estimated an average surface ozone enhancement of at least 2 ppb across all smoke-influenced periods from 2001 to 

2019 (Schneider et al., 2024). Lee and Jaffe (2024) employ a statistical approach to estimate that wildfires contribute ~5–9 110 

ppb of additional surface ozone on smoky days compared to no-smoke days in Salt Lake City, Utah. These far-field studies 

confirm the importance of wildfires in impacting ozone across spatiotemporal scales; however, the chemical insights that can 

be drawn from their conclusions are limited. 

Modeling ozone production in wildfire plumes is challenging and resolution dependent. Global three-dimensional chemical 

transport models (CTMs) cannot, with current computational constraints, represent wildfire smoke in all its chemical 115 

complexity, which raises the question: how well do global models represent smoke plume evolution and what is the impact 

of that representation on the modeled distribution of tropospheric ozone? Bourgeois et al. (2021) analyzed airborne 

measurements from the NASA Atmospheric Tomography mission (ATom) and inferred that wildfire-induced ozone is 

underestimated by global CTMs in most regions of the remote troposphere.  In their multi-decadal analysis of tropospheric 

ozone in GEOS-Chem, H. Wang et al. (2022) observed that years with higher biomass burning emissions experienced an 120 

overall 2–3% increase in the tropospheric ozone burden, highlighting the importance of modeling wildfire emissions and 

chemistry accurately.  
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Here we present an analysis of wildfire-induced ozone production that spans airborne measurements, zero-dimensional box 

modeling, and global chemical transport modeling. Our work aims to connect wildfire-induced ozone production across 

scales by developing a process-based understanding informed by comparisons between observations and chemical models. 125 

Specifically, we use airborne observations to thoroughly define the limitations of our current global models in representing 

wildfire smoke chemistry and the resulting ozone production. 

2 Materials and Methods 

2.1 Description of observations 

To investigate biomass burning plume chemistry, we focus on airborne measurements that sample fire smoke across a range 130 

of chemical environments within the troposphere. We use observations from five different airborne campaigns for this study: 

ATom (2016–2018), the Fire Influence on Regional to Global Environments and Air Quality (FIREX-AQ; July–September 

2019) campaign, the Western wildfire Experiment for Cloud chemistry, Aerosol absorption and Nitrogen (WE-CAN; July-

September 2018), the Deep Convective Clouds and Chemistry (DC3; May-June 2012) campaign, and the Arctic Research of 

the Composition of the Troposphere from Aircraft and Satellites (ARCTAS; March–July 2008) campaign. Within the ATom 135 

observations, only spring and summer (N. Hemisphere: April-September; S. Hemisphere: October-March) observations are 

used to match the other campaigns and avoid seasonal gradients that may impact our analysis. Figure 2a shows the spatial 

extent of these campaigns. Our observations contain measurements taken at distinct times during the chemical development 

of smoke, ranging from fresh emissions in the near-field (ARCTAS, FIREX-AQ, WE-CAN), to aged, chemically processed 

smoke in the far-field (ATom, ARCTAS). ARCTAS and DC3 also provide an intermediate sample with minor influence 140 

from aged smoke and some nearby urban sources. 

 
Figure 2. (a) Location of flight tracks for the airborne field campaigns used in this analysis (campaign abbreviations in legend). (b) 
Flight tracks colored by regime type. (c) Fire-influenced observations colored by photochemical age (section 2.3) in hours.  
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We re-sample observations to 2-minute resolution to incorporate instruments with longer time resolutions. Measurements 145 

(Table S1) used in this study include carbon monoxide (CO), nitrogen oxides (NOx, NOy), nitric acid (HNO3), peroxyacyl 

nitrates (PAN), ozone (O3), formaldehyde (CH2O), nitrous acid (HONO), photolysis rates, and a collection of VOCs 

including our fire and anthropogenic VOC tracers (see Section 2.2) and those used for photochemical aging (Section 2.3). In 

some cases, multiple instruments measured a given compound. We leverage overlapping measurements from multiple 

instruments if the instruments showed suitable agreement (R2 > 0.75, normalized mean bias (NMB) < 0.2) across a 150 

substantial number of measurements (N > 50). Finally, any data point contaminated by marine or stratospheric influence is 

removed from our analysis following the criteria defined in Bourgeois et al. (2021), keeping only measurements with a !"!
#""

 

ratio between 0.003 and 1 ppb/ppm (Fig. S1). This results in a merged dataset of 19,942 points. 

2.2 Regime analysis 

We use measurements of tracer species to assess the relative influence of biomass burning and anthropogenic emissions on 155 

each air mass sampled. We first subtract background levels from our observations. We separate our dataset into clean and 

polluted subsets by splitting at the 40th percentile of carbon monoxide mixing ratios ([CO] ≈ 100 ppb). The background 

level for each measurement is defined as the 25th percentile mixing ratio in each 2km altitude bin in the free troposphere of 

the clean subset of points. We define different background levels for the conterminous United States (FIREX-AQ, WE-

CAN, DC3), the remote measurements taken by ATom and the boreal, Arctic measurements taken by ARCTAS (Fig. S2). 160 

By subtracting this background level and putting the observed tracers in enhancement (∆) space for the regime definition, we 

avoid the complications that arise from comparing data across a range of latitudes and altitudes in the free troposphere where 

background concentrations vary. This is especially important when using longer-lived VOC tracers that exhibit structured 

vertical profiles. 

We sort our dataset into different regimes – clean, fire, anthropogenic, or mixed (Fig. 2b) – using the observed enhancements 165 

of measured tracer compounds commonly used to assess air mass influences in the airborne context due to their longer 

lifetimes (weeks–months) (Alvarado et al., 2010; Bourgeois et al., 2021; Singh et al., 2010, 2012): acetonitrile (CH3CN) and 

hydrogen cyanide (HCN) for fire, and tetracholoroethylene (C2Cl4) and dichloromethane (CH2Cl2) for anthropogenic 

pollution. Where possible, we use acetonitrile (CH3CN) as our fire tracer, and tetrachloroethylene (C2Cl4) as our 

anthropogenic tracer, then opt for the alternative tracer where the first choice is not available. We discard points where 170 

measurement of both a fire tracer and anthropogenic tracer are not available.  

Within the polluted subset of observations, any observation that is greater than the 50th percentile of the measured tracer 

enhancement is classified as fire or anthropogenically influenced. If the observed air mass tracer concentrations are greater 

than the 50th percentile of both the fire and anthropogenic tracer it is considered mixed. Points that lie below the 50th 

percentile of both the fire and anthropogenic tracer may be considered lightly mixed or background pollution; these are not 175 

considered in our analysis. The majority of our analysis focuses on the fire regime, which contains 4042 points, or 34% of 
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the polluted subset (Fig. S4). The precise boundaries for our regime definitions (e.g. 40th percentile of CO demarcation of 

clean/polluted) were chosen based on an examination of the distribution of measured concentrations and to ensure a 

sufficient number of data points in each category; the results presented herein are insensitive to modest shifts (i.e. within 10 

percentile) in these boundaries.  180 

2.3 Photochemical aging 

It is difficult to assess ozone production from smoke from instantaneous measurements.  To address this, we derive the age 

of our fire-influenced points to analyze the time evolution of the smoke plumes in our dataset (Fig. 2c). A common method 

is to approximate a physical smoke age using back trajectory analysis (Stein et al., 2015) and space-based observations of 

fires and smoke (Jin et al., 2023b). However, this approach is subject to physical uncertainties, including an assumption of 185 

injection height / altitude of emission, that compound over time, and its utility is further limited by the mixing between fresh 

and aged smoke. Instead, we adopt a chemical aging strategy that employs our in-situ measurements to compute an 

approximate smoke age. Assuming that (1) the chosen measured VOCs are co-emitted from biomass burning (i.e., well-

correlated in fire influenced points; see Fig. S5) and (2) the removal of the chosen VOCs is dominated by reactions with 

hydroxyl radicals, one can use the following formula to estimate the photochemical age of smoke measured in sampled air 190 

masses (De Gouw, 2005): 

 

Δ𝑡 =
1

[𝑂𝐻] ∗ (𝑘$ − 𝑘%)
∗ .ln 1

𝑋
𝑌4│&'( −	 ln 1

𝑋
𝑌47

(1) 

 

Where [OH] is the average concentration of hydroxyl radicals, X and Y are chosen VOCs, and kX and kY are the rate constants 195 

for the reaction of OH with X and Y, respectively (here following the NASA JPL recommendations (“JPL Data 

Evaluation,”). The emission ratio of X to Y is taken from the recent compilation from (Andreae, 2019), using the temperate 

forest values. The average concentration of OH is specified as 106 )*+,-
-)!  (following recent work from (Liao et al., 2021)). 

We strategically choose which X and Y VOC ratios to use based on the measurements available in each campaign and the 

age of the smoke that they sought to measure (see Fig. S6). For all campaigns, we use benzene as our denominator VOC (Y), 200 

as we expect it to remain elevated within the fire air masses that we sample given its longer lifetime (τ ≈9d). For WE-CAN 

observations, we calculate photochemical age using furan (τ ≈7h) as our numerator VOC (X). For FIREX-AQ, we use 

phenol (τ ≈10h) vs. benzene, following work by (Xu et al., 2021). For the other three campaigns we use toluene (τ ≈1.9d) vs. 

benzene to capture the evolution of aged smoke plumes further downwind. 

The accuracy of the photochemical age estimate is limited by (1) the assumption of constant [OH] during a plume’s lifetime, 205 

(2) the uncertainty in VOC emissions ratios and variation arising from diverse fuel types, and different burning conditions, 

(3) the measurement uncertainty in our VOC observations, and (4) potential mixing between more and less aged air masses. 
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Given this, we use the derived photochemical ages to qualitatively measure the evolution of a smoke plume, and the results 

of our study depend on relative rather than absolute ages, as discussed below. 

2.4 Idealized 0-D box modeling 210 

To explore chemical behavior occurring within wildfire smoke at different ages, we constructed a simplified zero-

dimensional box model which represents the key reactions that drive HOx-NOx-VOC-O3 photochemistry (HOx = OH + HO2; 

hydrogen oxide radicals). The box model is not used for direct comparison with observations, but for idealized calculations 

testing the relative importance of different chemical quantities in governing ozone production. Our mechanism is made up of 

35 species and 69 reactions: HOx-NOx cycling and CO/CH4 oxidation reactions and their rates are taken from the GEOS-215 

Chem model, a lumped VOC scheme is employed with GEOS-Chem reaction rates for isoprene, and we include a parameter 

to scale the rates of our photolysis reactions, to maintain a measure of control on HOx production and cycling. Default 

photolysis rates are kept constant and calculated using the simplified MCM parameterization assuming a solar zenith angle 

of 0°, simulating clear-sky photolysis with the sun directly overhead. The heterogeneous uptake of HO2 onto aerosol is 

represented in the box model in the same fashion as GEOS-Chem – using a reaction probability parameterization (Jacob, 220 

2000), with 𝛾 = 0.2. The box model is built using Catalyst.jl, a Julia package for high-performance simulation of chemical 

reaction networks (Loman et al., 2023). Catalyst.jl represents models symbolically to enable compatibility with other Julia 

libraries and the large number of numerical solvers Julia offers.  

We use a Monte Carlo approach to test the sensitivity of ozone formation to a series of factors, running many steady-state 

box model simulations under various conditions to assess the resulting spread in ozone production. For each factor, a Monte 225 

Carlo experiment (N=100) is performed where every other factor is held constant at the default value, while the factor of 

interest is randomly initialized in each simulation by bootstrapping from the defined distribution. The ozone production rate 

(PO3) is computed for each simulation and the spread of the distribution of PO3 reflects the importance of the factor of interest 

in governing the ozone production rate. We also include an “all varying” simulation to assess the entire range of ozone 

production associated with each population.  230 

2.5 3D Model description 

We use the global CTM GEOS-Chem (https://geoschem. github.io/) to simulate concentrations of ozone and its chemical 

precursors along the flight tracks of the campaigns described in section 2.1. GEOS-Chem Classic v14.3.0 (https://zenodo. 

org/records/10640536) was used in this study, with simulations performed with a horizontal resolution of 2°×2.5° and 72 

vertical hybrid-sigma pressure levels. Additionally, we performed nested-grid simulations for the FIREX-AQ and WE-CAN 235 

campaigns at a higher spatial resolution of 0.5°×0.625° using boundary conditions from the 2°×2.5° global run.  Six-month 

spin-up simulations were completed prior to the time periods of interest to ensure equilibrated initial conditions. The model 

is driven by the Modern Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) assimilated 

meteorology product from the NASA Global Modeling and Assimilation Office (GMAO). The model includes a HOx-NOx-
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VOC-O3-halogen photochemistry scheme (Bates and Jacob, 2019; Wang et al., 2021b) coupled to aerosol thermodynamics 240 

(Park et al., 2004). 

Global anthropogenic emissions for each year follow the Community Emissions Data System (CEDSv2) (Hoesly et al., 

2018) and are overwritten by regional inventories where possible. Biogenic VOC emissions are calculated online based on 

local meteorological conditions using the Model of Emissions of Gases and Aerosols from Nature version 2.1 

(MEGANv2.1) emissions framework (Guenther et al., 2012). Year-specific fire emissions are taken from the satellite-245 

derived global fire emissions database GFED4.1s and simulated at a 3-hour resolution (van der Werf et al., 2010). Pyrogenic 

VOC emissions are included in GFED using updated emission factors (Carter et al., 2022).  

To test GEOS-Chem’s ability to reproduce wildfire-ozone production, we performed a series of simulations from 2008 to 

2019, directly sampling the model at the locations and times of our airborne observations. For our analysis, we assume that 

the observationally defined regimes also apply to the model output, though this is not necessarily true in a coarse-grid global 250 

CTM with uncertain emissions inventories. As simulated smoke dilutes across grid boxes, its distribution will not always 

match the observations, meaning some “fire-influenced” points may include little to no simulated smoke in the model. To 

mitigate the impact of these “false-negative” points on our analysis, we filter our modeled fire distribution to include only 

points above the 40th percentile of modeled CO, and the model evaluation considers only this subset of points.  To isolate 

fire-induced emissions and production within the model, as opposed to a more general bias, we calculate model background 255 

concentrations using the same method we applied to the observations, taking the modeled 25th percentile of the modeled 

clean ([COmodel]<[COmodel]40th) population in each 2km altitude bin (Fig. S3). We subtract these background concentrations 

from our model output at each altitude level to obtain modeled enhancements (∆) of certain compounds. 

To estimate the total impact that fires have in governing the tropospheric ozone burden, we perform a perturbation sensitivity 

study with GEOS-Chem. Generally, source attribution model studies zero out emissions of the source of interest, and 260 

compare the results to a base case. In our work we aim to minimize the nonlinearities associated with the ozone chemical 

system, such as changing the oxidative potential of the global atmosphere. Hence, in our sensitivity simulations we increase 

and decrease wildfire emissions by 10% (referred to as BB1.1 and BB0.9, respectively) and scale the results up to 

approximate the total effect, linearized against both a positive and negative perturbation. 

https://doi.org/10.5194/egusphere-2025-1969
Preprint. Discussion started: 13 May 2025
c© Author(s) 2025. CC BY 4.0 License.



10 
 

3 Results and Discussion 265 

 
Figure 3. Observed ozone production (ΔO3/ΔCO) plotted across 11 evenly log-spaced bins of photochemical age for all fire-
influenced observations, split at the 50th percentile of θ′ (= OHRNOx/OHRCO). The blue trace represents the median of the top 50th 
percentile points within each bin, while the shaded area extends from the 16th to the 84th percentile (corresponding to one 
standard deviation, but in outlier resistant percentile space) within each bin. The black trace represents the same, but for points 270 
below the 50th percentile of θ′. The black points represent historical data compiled by Jaffe and Wigder 2012 and shown in Fig. 1. 

3.1 Observational analysis 

3.1.1 Observed ozone formation regime transition 

Observed fire ozone production expressed as ∆O3/∆CO and binned over time is shown in Fig. 3. Because O3 and CO are 

often correlated in smoke plumes, the normalized excess mixing ratio (NEMR) ∆O3/∆CO is used to characterize wildfire-275 

induced ozone production, as in many previous biomass burning studies (Liao et al., 2021; Müller et al., 2016; Robinson et 

al., 2021; Wolfe et al., 2022). CO is emitted in high concentrations in a wildfire plume and is effectively chemically inert (no 

production or loss) on timescales considered here; for those reasons, normalizing trace gas concentrations to CO accounts for 

plume dilution and entrainment of background air into the plume. When comparing multiple plumes, ∆O3/∆CO also 

normalizes measured ozone production across fires of different sizes.  280 

In Figure 3, the data is split using an observationally-derived threshold – the 50th percentile of θ′ (θ′ =0.15), a reactivity 

weighted ratio between NOx and CO (Eq. 3), used to approximate ozone production sensitivity to its precursors. Previous 

studies have used θ (Eq. 2) to define ozone formation regimes, especially in the urban context (Heald et al., 2020; Kirchner 

et al., 2001). Calculating θ requires a comprehensive and consistent estimate for total VOC reactivity, which is difficult to 

achieve, particularly across campaigns, despite improved instrumentation over the past several years. θ′ is a more easily 285 

observed metric for approximating ozone formation regime, and its validity is confirmed qualitatively in our box modeling 

experiments (Fig. 7). This metric is especially relevant for analyzing fire-influenced airmasses, as total VOC emissions are 
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extremely well correlated with CO (R2 = 0.98; (Gkatzelis et al., 2024)). Additionally, CO is the largest contributor to OH 

reactivity (OHR) in the remote troposphere, and its concentration has previously been used as a proxy for assessing total OH 

reactivity in ATom measurements (Baublitz et al., 2023). Therefore, we use 𝑂𝐻𝑅."  as a qualitative predictor for VOC 290 

reactivity across smoke plume ages, in part because of its simplicity and the potential to extend this analysis further (e.g. 

towards satellite data).  

𝜃 =
𝑂𝐻𝑅/"#
𝑂𝐻𝑅0".

(2) 

 

𝜃1 =
𝑂𝐻𝑅/"#
𝑂𝐻𝑅."

(3) 295 

where: 

𝑂𝐻𝑅." 	= 	 𝑘."2"#[𝐶𝑂]	

𝑂𝐻𝑅/"3 	= 	 𝑘/"2"#[𝑁𝑂] +	𝑘/"42"#[𝑁𝑂4]		

𝑂𝐻𝑅0". 	= 	 𝑘."2"#[𝐶𝑂] +	B𝑘5".$2"#[𝑉𝑂𝐶6]6
6

	

Observed ∆O3/∆CO matches the results reported by Jaffe and Wigder from Fig. 1. Median ∆O3/∆CO ranges from close to 300 

zero in young plumes, where NO titration of O3 limits ozone production, to a peak of about 0.8 ppb ppb-1 in aged plumes. In 

the near-field, observed ∆O3/∆CO in the top 50th percentile (high NOx) of θ′ experience lower ∆O3/∆CO than those in the 

lower 50th percentile (low NOx). A crossover happens around t = 20h, and the opposite behavior is observed in the far-field 

– higher ozone production in the top 50th percentile of θ′. This behavior indicates a chemical regime shift from NOx-

saturated behavior in freshly emitted fire plumes to NOx-limited behavior in aged plumes. The evolving NOx sensitivity is 305 

also seen when observations are split at the 50th percentile of [NOx] (Fig. S7) or the formaldehyde to NO2 ratio (Fig. S8). 

This confirms the theoretical predictions in previous studies (Robinson et al., 2021; Wang et al., 2021a; Wolfe et al., 2022), 

which have estimated the regime shift to occur within the first few hours of a plume’s lifetime – the fact that we observe the 

crossover point at slightly older photochemical ages likely has to do with the limited resolution of our calculated 

photochemical age related to the assumption of constant [OH] (See Sect. 2.3). In Figure 3, we reproduce the variability seen 310 

across previous studies (Jaffe and Wigder, 2012) and offer an explanation of the observed spread in ∆O3/∆CO based on our 

suite of measurements – the presence of NOx in the aged, NOx-limited environment drives significant ozone production. 

3.1.2 Near-field photolysis suppression 

NOx-saturated air masses typically produce ozone efficiently in the presence of organic compounds. Photolysis suppression 

can limit the HOx source, slowing the rate of VOC oxidation and thus ozone production – an effect that is expected in some 315 

freshly emitted smoke where aerosols can limit the radiation in a smoke plume core (Palm et al., 2021). In Figure 4, we 

explore how this effect manifests itself in the observations. We take the near-field observations with a photochemical age of 
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less than 20 hours and isolate points experiencing smoke-related suppression of photolysis (jNO2 < 0.005 s−1, 25th percentile of 

near-field and organic aerosol >20 μg/m3, 40th percentile of near-field). We compare total odd oxygen (Ox = O3 + NO2) 

production here to control for the temporary titration of ozone in heavy smoke. Observations with measured photolysis rates 320 

higher than the cutoff point experience enhanced Ox production as a function of CO compared to those below: 65.1 𝒑𝒑𝒃
𝒑𝒑𝒎

 vs. 

18.0 𝒑𝒑𝒃
𝒑𝒑𝒎

. This analysis demonstrates the importance of photochemical suppression in governing observed ozone production 

in young smoke plumes.  

 

Figure 4. Measured ∆Ox (∆O3 + ∆NO2) vs. ∆CO for young (t < 20h) fire-influenced points. Points sampled in heavy-smoke (jNO2 325 
<0.005 s−1 and organic aerosol concentrations >~20 𝝁g m-3) are shown in grey; others in yellow. Fits are made with reduced major 
axis regression. 

3.1.3 Transport and mixing: ozone production across regimes 

In the free troposphere, most air masses are generally NOx-limited, such that ozone production is primarily driven by the 

abundance of NOx (Chameides et al., 1992), as seen in our analysis of aged fire plumes (Fig. S7). It has been suggested that 330 

enhanced anthropogenic-fire mixed ozone production is observed when a VOC-rich biomass burning plume entrains 

additional NOx from an anthropogenic source, leading to downwind ozone production (Brey and Fischer, 2016; Jaffe and 

Wigder, 2012; McClure and Jaffe, 2018; Permar et al., 2023; Rickly et al., 2023; Singh et al., 2012). We explore the extent 

to which this is supported by the airborne data considered here. We find that the mixed regime exhibits larger ∆O3 values 
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than both the fire and anthropogenic regimes on average (µ∆O3,fire = 18.5 ppb; µ∆O3,anthro = 21.1 ppb; µ∆O3,mixed = 27.0 ppb), as 335 

shown by in Fig. 5a. We ascribe these disparities to the different mean chemical environments (reactive nitrogen budget, and 

VOC reactivity) that are observed in each regime.  

 

 
Figure 5.  (a) Probability density distributions of observed ΔO3 across fire, urban, and mixed regimes. (b) Mean speciated 340 
measured NOy across regimes. Patterns correspond to each of the most abundant gas phase NOy species. Box plots represent 
NOx/NOy (box plot with star denoting mean) and VOCRt (box plot with triangle denoting mean) distributions for each regime. 

First, we compare the mean reactive nitrogen (NOy) budget within each regime. NOy is derived from both anthropogenic and 

biomass burning sources and contains both fresh nitrogen emissions and reservoir species that are produced during aging. In 

Figure 5b, we report mean mixing ratios of the five most abundant gas-phase NOy species measured across all the campaigns 345 

considered here: NOx (=NO+NO2), HNO3, PAN, and HONO (which was only measured during FIREX-AQ and WE-CAN; 

hence the HONO average only reflects these campaigns). In general, NOy concentrations are largest in mixed air masses, 

followed by fire, then anthropogenic – but these differences should be interpreted within the airborne in-situ context. 

Because urban NOx has a local lifetime on the order of hours (Laughner and Cohen, 2019), and the campaigns used here did 

not focus on sampling urban air masses, our anthropogenic airborne observations do not directly measure freshly emitted 350 

urban NOx, but instead reflect only the fraction of reactive nitrogen that has escaped the boundary layer and entered the free 

troposphere. In contrast, the majority of our fire influenced observations are taken in the near-field (67%) and are rich in 

NOx, as reflected in Fig. S9. Both the fire and mixed regimes contain a relatively larger amount of PAN as compared to the 

anthropogenic points. As shown by the NOx/NOy box plots with the stars denoting the means, in the mixed population a 
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higher proportion of the observed NOy remains unprocessed in the form of NOx compared to the anthropogenic population, 355 

which could be due to either the mixing of fresher anthropogenic NOx emissions, temperature-driven PAN decomposition, or 

remaining NOx emitted from fires.  

 
Figure 6. The relationship between NOx and CH3CN enhancements for mixed pollution observations in log-log space. Points are 
colored by C2Cl4 enhancements and sized by ozone enhancements. ∆NOx/∆CH3CN ratios are overplotted. 360 

To distinguish between NOx that is leftover in smoke vs. the anthropogenic injection of NOx in the mixed population, we 

examine the relationship between ∆NOx and our anthropogenic and fire tracers. We use the ratio between ∆NOx and 

∆CH3CN as an indicator for fresh anthropogenic NOx in mixed smoke plumes (Singh et al. 2012; Juncosa Calahorrano et al., 

2020), shown in Fig. 6. Points outlined in yellow, with higher ∆NOx / ∆CH3CN and higher ∆C2Cl4 represent the subset of the 

mixed population that are directly influenced by an injection of anthropogenic NOx (Fig. S10). It is these measurements that 365 

experience the most extreme ozone enhancements – at times greater than 50 ppb – and represent the high tail of the mixed 

distribution in Fig. 5a.  
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The additional chemical processing that has taken place in the urban case during its transport from the surface likely means 

more accumulated ozone production and mixing has occurred before sampling the anthropogenic air masses – which 370 

explains the higher ozone production seen in anthropogenic points compared to fires in Fig. 5a. Hence, a fraction of the 

mixed population ozone enhancements will likely also be a result of mixing between fire-produced ozone and urban-

produced ozone. In Figure 6, the O3 enhancements observed within the subset of the mixed population that exhibit lower 

anthropogenic NOx enhancements (i.e., lower ∆NOx/∆CH3CN) are primarily due to the mixing of “historically produced” 

ozone – the combination of both fire-produced ozone that formed within a smoke plume before mixing, and ozone that 375 

formed in the anthropogenic context before the smoke arrived. Whereas when VOC-rich aged smoke mixes with fresh 

anthropogenic NOx (i.e., higher ∆NOx/∆CH3CN and higher ∆C2Cl4), ozone is directly produced downwind in addition to that 

historically produced ozone. This distinction is an important one, where ozone formation in the latter case could be 

preventable through anthropogenic NOx reductions. 

 380 

In Figure 5b we confirm that higher organic emissions from fires lead to higher VOC reactivity in the mixed population 

compared to the anthropogenic, which enhances ozone production by interaction with NOx. We use available VOC 

measurements to compute a partial VOC reactivity (VOCRt) for our observations, a quantity that relates to the production of 

organic radicals that contribute to ozone production (see S.I.). In the fire and mixed populations, C2H4, Furans, and 

oxygenated VOCs such as MVK, CH3OH, and methacrolein enhance observed VOCRt. We hypothesize that this enhanced 385 

VOC population is the reason we see the largest ozone enhancements for mixed pollution in Fig. S9, spanning the range of 

observed NOx/NOy. 

3.2 Idealized box model sensitivity analysis 

3.2.1 Exploring the sensitivity of ozone production in fire plumes  

We use our box model to test the sensitivity of ozone production against specific factors including (1) the speciation and 390 

reactivity of the emitted VOC population, (2) the range of wildfire emissions observed across fires that vary in size, fuel, and 

burning conditions, (3) the emission of radical precursors, and (4) aerosol effects. We use observed conditions to drive the 

model and examine the spread of the resulting simulated ozone production rate that correspond to Monte Carlo simulations 

runs for each factor as a metric for assessing importance. 

 395 

The box model results in Fig. 7 consider three scenarios relating to the physical transport and chemical aging of smoke. The 

“at emission” population, shown in green, reflects emission ratio estimates from Gkatzelis et al. (2024), in which emissions 

of various species are scaled against CO. The airborne observations are split into near-field (near field: t < 20h; blue) and 

far-field (far field: t > 20h; orange) populations, and for gas phase measurements we also scale concentrations against CO. 

Using this framework allows CO concentration to act as a metric describing the approximate total magnitude of emissions of 400 
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the fire / smoke plume, and further isolates the other factors that govern chemical variability within a plume of any given 

size.  

 

The sensitivity of ozone production rate to certain chemical species changes over time. Notably, HONO is the most 

important oxidant precursor at the point of emission and, to lesser degree, in the near field (and negligibly in the far-field). 405 

As expected from Fig. 3, ozone production becomes more sensitive to NOx with age, especially in the far field, reflecting the 

results from the airborne observations. The sensitivity to VOC shows the opposite trend, peaking in the near-field and 

decreasing with age. Higher CO concentrations, corresponding to larger fires, also lead to extremely high ozone production 

rates, manifested by the outlying near-field points in the CO factor that are driven by the tail of the observed CO distribution. 

 410 

We also explore how smoke aerosol can reduce ozone production, by 1) suppressing photolysis and thus limiting oxidant 

concentrations (i.e., reducing PHOx), and 2) acting as a site for heterogeneous uptake and removal of HO2 (i.e., increasing 

LHOx). In general, at the observed aerosol concentrations, our model is much more sensitive to optical effects / photolysis 

suppression (PHOx) than to chemical effects (LHOx), and this behavior is consistent across age. Ozone production rates are 

negligibly sensitive to HO2 uptake, given that the enhancements of NOx and VOC in smoke tend to overwhelm the chemical 415 

system, and the increased heterogeneous chemical effect is thus insignificant.  

 

a) b)

c)
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Figure 7. a) Ozone isopleth in log-log space overplotted with ovals representing distributions of NOx and VOC concentrations for 
three different populations: time of emission (green), near-field (blue), and far-field (orange). b) Distributions for each factor of 
interest corresponding to each population. Near-field and far-field distributions are taken directly from the airborne observations, 420 
while the time of emission population relies on emission factors from Gkatzelis et al. (2024). c) 𝑷𝑶𝟑 distributions corresponding to 
the Monte Carlo simulations run for each factor, repeated for each population.  

3.3 Model evaluation 

3.3.1 Evaluating fire-induced ozone production in GEOS-Chem 

We examine how well the GEOS-Chem model captures the airborne observations across the lifecycle of a smoke plume. In 425 

what follows, all comparisons are for fire-influenced points only.  

 

Figure 8. Comparison between GEOS-Chem simulated (red) and fire-influenced observations (black), plotted over observationally 
derived photochemical ages, binned in log-space. The lines represent the median, and the shaded area extends from the 16th to the 
84th percentile (corresponding to one standard deviation, in outlier resistant percentile space) within each bin. The dashed line 430 
represents the approximate transport time for a 2x2.5 grid box at mid-latitudes.  

Emissions and resolution 

GEOS-Chem is biased low in its representation of fresh fire CO and NOx (Figures 8a, 8b), as expected given that standard 

Eulerian CTMs dilute emissions from localized sources across an entire model grid cell, and thus the model is unable to 

reproduce concentrated plumes (such as those observed in FIREX-AQ and WE-CAN) at the default resolution of 2°×2.5° 435 

(Rastigejev et al., 2010).  Air mass ages of < 20 hr likely all fall within the grid box of emission. In addition, the model 

dramatically underestimates the variability in CO and NOx, particularly in the near-field. Current global fire emissions 

inventories, including GFED4 as used here, do not represent the full range of fuel types, burning conditions, and fire sizes 

thereby limiting the ability of GEOS-Chem to represent the variability and range of fire emissions. GEOS-Chem also 
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underestimates total wildfire CO emissions, shown by the consistent ∆CO low bias across all ages. While observed ∆CO is 440 

highest in the near-field and decreases with age, the model remains only moderately elevated across the plume lifetime (Fig. 

8a). These comparisons suggest that the NOx/CO emission ratio is overestimated in the model for the fires measured in our 

dataset. Accurately representing NOx/CO has implications for ozone production rates, especially after aging has occurred, as 

shown in Fig. 3, and the smoke chemical environment is NOx-sensitive. 

 445 

We find that a higher resolution (0.5°×0.625°) simulation of the FIREX-AQ and WE-CAN campaigns (which include the 

majority of the near-field points) does not improve the agreement between near field ∆NOx and ∆CO (see Fig S11). This 

suggests that the 4-fold increase in resolution is insufficient to resolve most sampled fire plumes, and without accurate 

emissions inventories, it does little to improve the simulation of fire smoke. 

 450 

We also note that simulated concentrations of radical precursors, HONO and CH2O (Fig. S13), are biased low in the near-

field. These species produce OH when they photolyze and therefore drive ozone production. HONO emissions have been 

shown to provide the dominant source of OH in near-field wildfire plumes (Peng et al., 2020), and our box model confirms 

the importance of HONO for ozone production rates in the near-field (Fig. 7). However, wildfire emissions of HONO are 

currently neglected in GEOS-Chem; this omission contributes to the myriad of challenges for reproducing sub-grid near-455 

field ozone formation. 

 

Fire-induced ozone production 

Estimating the ozone formed from fires is predicated on removing the ozone background.  Previous assessments of 

background ozone in GEOS-Chem have observed a high model bias; these biases are spatially varying (Guo et al., 2018). 460 

Bourgeois et al. (2021) found that CTMs typically underestimate wildfire ozone enhancements in the remote troposphere, 

which they attribute in part to the artificially high background O3 in their models. After removing the simulated background 

(see Fig S3) GEOS-Chem overestimates observed ∆O3 in fire-influenced air masses in the near-field, but captures observed 

∆O3 in the far field (Fig. 8, near-field: R2=0.55, NMB=54%; far-field R2=0.43, NMB=18%); the latter is in contrast to the 

results of Bourgeois et al. (2021) in the far-field. We find that the ozone background in GEOS-Chem for the regions sampled 465 

by the aircraft campaigns varies sharply from the observed background, emphasizing the importance of carefully accounting 

for this background when quantifying ozone production from fires.   

 

In Figure 8d, we visualize the comparison between simulated and observed ozone in fire-influenced air masses in units of 

∆O3/∆CO (as in Fig. 1 and Fig. 3). This reveals consistent high bias in simulated wildfire ozone production (normalized by a 470 

proxy for total emissions, ∆CO) across both the near-field (R2=0.44, NMB=193%) and far-field (R2=0.37, NMB=80%). 

Given the underestimate in CO emissions (Fig. 8a) this suggests that the model is overly efficient in ozone production across 

https://doi.org/10.5194/egusphere-2025-1969
Preprint. Discussion started: 13 May 2025
c© Author(s) 2025. CC BY 4.0 License.



19 
 

plume ages. Thus, while the model simulates the correct magnitude of ozone enhancements in aged fire plumes in particular 

(see Fig. 8c), this is the result of offsetting biases in emissions and chemistry.  

 475 

In the near-field the model is unable to capture the NOx suppression and photochemical suppression in concentrated smoke 

plumes because of limitations in resolution and underestimated emissions. This drives more efficient near-field ozone 

production in the model than observed, similar to previous observations for ship plumes (Rastigejev et al., 2010), producing 

elevated ∆O3/∆CO.  

 480 

Figure S12 shows that the GEOS-Chem model generally reproduces the range of the far-field observed ∆NOx distribution, 

with the exception of the high tail of values above 1 ppb.  While the airborne observations show higher ∆O3/∆CO for points 

with higher ∆NOx in Fig. S12b, this behavior is not reproduced in the model. This suggests that, despite similar NOx levels, 

ozone production in the model in these air masses is less NOx sensitive and tends more towards the transition regime.  In 

Figure S13, we compare the observed and modeled age evolution of two common ozone formation regime proxies, 485 

HNO3/H2O2 and HCHO/NO2. The respective high and low biases in these ratios confirm that the GEOS-Chem fire-

influenced air masses are less sensitive to NOx in the far-field than the observations. Indeed, the model is biased low across 

all ages for many of the measured VOCs (such as benzene; Fig. S13), and oxidant precursors (HCHO, HONO; Fig. S13). 

The ratio between NO and NO2 in Fig. S13 shows a high bias across all ages, which is consistent with insufficient 

conversion of NO to NO2 due to an underestimate in the peroxy radical population, due to the missing VOC reactivity in 490 

GEOS-Chem simulated smoke (Carter et al., 2022). Thus, the far-field ozone production high bias in the model likely 

reflects a combination of higher ozone production in the far-field due to less NOx-sensitivity in the model, as well as excess 

ozone production in the near-field transported downwind. 

 

While GEOS-Chem (with GFEDv4.1s) does not capture the magnitude and variability of wildfire emissions, leading to a 495 

misrepresentation in the smoke ozone formation regime in both the near-field and far-field, the total amount of ozone 

produced (∆O3) in the far-field is well captured by the model. This suggests that while more work is needed to accurately 

capture the evolution of fire plume chemistry – such that the changing ozone formation sensitivity is captured – outside of 

source regions, the model reasonably reproduces the magnitude of ozone produced in wildfires.  

3.3.2 Estimating wildfire impact on tropospheric ozone and human health 500 

In Figure 9, we quantify the overall impact that fires have in governing the tropospheric ozone burden in the GEOS-Chem 

model. For 2020, we estimate that fire emissions contribute 2.4% of the annual mean tropospheric ozone burden, and 3.1% 

to annual mean surface ozone concentrations. The total burden estimate agrees reasonably well with the estimate made by 

Jaffe and Wigder 2012 that 3.5% of the global in-situ tropospheric O3 production is due to fires, based on scaled average 

observed regional NEMRs (∆O3/∆CO) against inventory estimates of fire CO emissions. 505 
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The contribution of fires to simulated ozone burden is regionally variable and highest near areas of frequent burning. In the 

Amazon and Central Africa fires account for over 10% of the tropospheric burden (Figure 9a). The transient fires in the 

Western U.S. and Canada produce a smaller contribution to the annual mean ozone, but seasonally exceed 5% of the 

tropospheric burden.  

In Figure 9b, we show that fire emissions account for up to 30% of annual mean surface ozone in the most affected regions, 510 

with a spatial distribution that largely matches the total burden. The mean percentage of population-weighted exposure to 

ozone due to fires is generally consistent (3–4%) for each continent, but higher contributions in South America (5%) and 

Africa (10.5%) (Figure 9c). We also highlight three regions of interest (marked on Figure 9b): in the Western U.S., 6.7% of 

annual mean population-weighted ozone exposure is due to wildfires, and in South and West Africa, that number reaches 

21% and 18%, respectively. 515 

 
Figure 9. (a) Contribution of fires (in %) to the tropospheric ozone column concentrations (b) surface ozone (c) and population 
weighted surface ozone by region 
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4 Conclusions 520 

This study uses data from several airborne campaigns to provide a comprehensive analysis of wildfire-induced tropospheric 

ozone production during the lifetime of a smoke plume. We observe the chemical regime transition from NOx-saturated to 

NOx-limited that occurs during smoke aging and identify enhanced ozone production in the far-field when NOx is available to 

drive ozone chemistry. We quantify the importance of suppressed photochemistry in limiting ozone production under heavy 

smoke in the near-field. We show that generally, mixed fire-anthropogenic air masses display higher ozone production than 525 

air masses that are solely fire-influenced, and suggest that anthropogenic NOx mixing with VOC-rich smoke is the primary 

driver of these enhancements. We expand upon the work of several previous studies (Bourgeois et al., 2021; Brey and 

Fischer, 2016; Rickly et al., 2023; Singh et al., 2012) and provide a constraint on the amount of ozone that may be attributed 

to the mixing between fire smoke and anthropogenic airmasses. 

We find that the GEOS-Chem model overestimates near-field ozone enhancements, but captures the amount of ozone 530 

produced in far-field fire-influenced airmasses. However, spatial resolution and missing emissions contribute to the 

overestimate of normalized ozone production in both the near-field and far-field.  In the near-field, we show that GEOS-

Chem cannot capture concentrated fire emissions, and that the model cannot capture the NOx-suppressed and 

photochemically-suppressed sub-grid conditions. Other recent work has established that GEOS-Chem struggles to reproduce 

the impacts of large wildfires in the western US (Carter et al., 2020), in part because chemical transport models with coarse 535 

resolution cannot accurately resolve sub-grid processes (Eastham and Jacob, 2017) or the transport of synoptic scale plumes 

due to numerical diffusion issues (Rastigejev et al., 2010). (Wang et al., 2021a) used a large-eddy simulation coupled to a 

chemical model to demonstrate that while a resolution of 1km was sufficient for capturing downwind chemistry, a model 

with 4km resolution failed at representing chemical regime shifts and thus incorrectly estimated O3 formation. With current 

computational constraints, GEOS-Chem and other global chemical transport models cannot operate at such fine resolutions. 540 

Resolution limitations coupled with uncertain emissions inventories drive persistent biases in the ozone formation regime 

behavior seen in the model. In the far-field, comparing GEOS-Chem to the observed response of different integrated 

(HNO3/H2O2, HCHO/NO2) and instantaneous (NO/NO2) metrics of ozone chemistry and radical cycling reveals that the 

model does not capture the observed shift towards NOx-limited regime, likely due to underestimated VOC reactivity in fire 

plumes. Hence, the agreement in wildfire-ozone enhancements between GEOS-Chem and the airborne observations in the 545 

far-field may be fortuitous – more work is needed to ensure that models capture smoke chemical evolution correctly, so that 

accurate predictions of ozone air quality can be made, especially in the context of mixing with anthropogenic pollution, 

which is shown to drive extreme exceedance events. 
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There are additional factors that may influence the formation of ozone from fires that were not explored in this study and 550 

could be further investigated in future work. Neither our observational analysis nor our model evaluation focused directly on 

fire plume injection height, though it contributes uncertainty to the transport process and determines where wildfire-induced 

ozone production will occur. To define the chemical smoke aging process with more confidence, our photochemical aging 

method could be validated using other approaches. Having a reliable physical age for smoke could corroborate our 

photochemical age metric while also providing information about oxidation in wildfire plumes. Limited to our set of 555 

observations, this study did not consider the impact that nighttime chemistry has on smoke plumes, though previous work 

has shown the importance of the diurnal cycle in changing oxidation patterns and plume chemistry (Decker et al., 2021; 

Robinson et al., 2021; Wang et al., 2021a). 

 

Additional observations are needed to connect near-field chemistry to far-field chemistry, both for confirming the 560 

phenomena discussed above and to provide additional benchmarks for model development. More observations are needed 

particularly in regions outside the US, across different fuel types, and of smoke mixing with urban air. For fire-ozone 

chemistry studies, observations of the radical population (HO2, OHR), radical precursors (HONO), and reservoir species 

(HNO3, H2O2) would be valuable. Consistent tracers for fires and anthropogenic activity remain essential. The superior 

coverage of geostationary satellites provides exciting avenues for future analysis, and observations of formaldehyde and 565 

nitrogen dioxide may be leveraged to better understand the aging of fire plumes in relation to NOx-VOC-O3 photochemistry 

in near real-time, following work by (Jin et al., 2023b).  

 

Improving global simulation of wildfire-induced ozone production will require further investigation into fire dynamics and 

chemistry, and ongoing refinement of emissions inventories and related parameterizations. Despite resolution limitations, 570 

efforts to capture variability in wildfire emission inventories could improve model skill in reproducing the smoke chemical 

environment. More work is needed to comprehensively characterize leading sources of smoke VOC reactivity and 

incorporate near-field radical sources such as HONO in models. One potential avenue for representing sub-grid wildfire 

smoke chemistry within GEOS-Chem (and similar models) would be to use the type of sub-grid parameterization used for 

ship plumes (Vinken et al., 2011). And finally, improved representation of ozone background concentrations would enable 575 

more productive comparisons with observations. 

With climate-driven increases in fire activity and frequency in many regions of the world, it is becoming increasingly 

important to better understand how these fires contribute to ozone formation throughout the troposphere. Additional 

comprehensive measurements that characterize this evolution over the lifecycle of a fire plume are essential for testing and 

identifying opportunities to improve models. High fidelity models are needed to facilitate more comprehensive estimates of 580 

the tropospheric ozone burden and drive more intelligent policy measures and mitigation strategies in the face of a changing 

climate. 
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Code availability 

The code used to run the analysis and generate the figures included in this paper is publicly available at: 

https://github.com/joepalmo/O3Fire_paper.  585 

Data availability 

The GEOS-Chem model is publicly available at: https://zenodo.org/records/10640383. The ARCTAS campaign data are 

available at: https://www-air.larc.nasa.gov/cgi-bin/ArcView/arctas. The ATom campaign data are available at: 

https://espo.nasa.gov/atom. The DC3 campaign data are available at: https://www.eol.ucar.edu/field_projects/dc3. The 
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