
1.  Introduction
Wildland fires are a natural phenomenon and an important component of the global ecosystem. Although 
the global trends of wildland fires remain a subject of debate (Doerr & Santín, 2016), the projected burned 
area and the fire season length are expected to increase in the 21st century, especially in the Northern Hem-
isphere (Doerr & Santín, 2016; Flannigan et al., 2013). In the United States, wildland fires are a growing 

Abstract Wildland fires involve complicated processes that are challenging to represent in chemical 
transport models. Recent airborne measurements reveal remarkable chemical tomography in fresh 
wildland fire plumes, which remain yet to be fully explored using models. Here, we present a high-
resolution large eddy simulation model coupled to chemistry to study the chemical evolution in fresh 
wildland fire plume. The model is configured for a large fire heavily sampled during the Fire Influence on 
Regional to Global Environments and Air Quality field campaign, and a variety of airborne measurements 
are used to evaluate the chemical heterogeneity revealed by the model. We show that the model captures 
the observed cross-transect variations of a number of compounds quite well, including ozone (O3), nitrous 
acid (HONO), and peroxyacetyl nitrate. The combined observational and modeling results suggest that 
the top and edges of fresh plume drive the photochemistry, while dark chemistry is also present but in the 
lower part of the plume. The model spatial resolution is shown to be very important as it may shift the 
chemical regime, leading to biases in O3 and NOx chemistry. Based on findings in this work, we speculate 
that the impact of small fires on air quality may be largely underestimated in models with coarse spatial 
resolutions.

Plain Language Summary Recent fire seasons in the United States have been record-setting 
for many states. Several large wildfires raged across the entire west coast and lofted smoke plumes spread 
to the majority of the continental U.S. From a scientific perspective, wildland fires are fascinating due to 
their complexity. Fires emit heat, creating a plume of hot and turbulent air. The fire plume also contains 
many gases and aerosol particles produced from the burning and baking of a variety of fuels on the 
ground (trees, grasses, leaf litter and other fallen debris, etc.). Many of these gases and aerosol particles 
can impact climate, air quality, and human health. For this reason, most modern air quality and climate 
models now consider wildland fires. However, wildland fires are fundamentally challenging for these 
models, because many fine-scale and large-scale processes are entangled at the same time. In this work, 
we use a high-resolution turbulence-resolving numerical model to study the fine details in a wildland fire 
plume, with implications for large-scale air quality and climate models.
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sufficiently high spatial resolution 
is needed to capture the impacts of 
wildfires on air quality
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concern. Records have shown that large wildfire activity in the United States increased suddenly in the mid-
1980s, with higher large-fire frequency, longer wildfire durations, and longer wildfire seasons (Westerling 
et al., 2006), largely driven by human-caused climate change (Abatzoglou & Williams, 2016).

Wildland fires often pose considerable risks to human health and property, with major impacts on air quali-
ty and the climate system. A 2010 survey showed that 32% of the U.S. population reside in “wildland–urban 
interface areas,” which are defined as areas where structures and other human development meet or inter-
mingle with undeveloped wildland and where wildfires have their greatest impacts on people (Martinuz-
zi et al., 2015). Wildland fires emit a wide range of pollutants and greenhouse gases, such as particulate 
matter, carbon monoxide (CO), carbon dioxide (CO2), volatile organic compounds (VOCs), and reactive 
nitrogen species (Liu et al., 2017), many of which produce secondary pollutants such as ozone (O3) and 
secondary organic aerosols in the atmosphere (Hodshire, Akherati, et al., 2019; Hodshire, Bian, et al., 2019; 
Jaffe et al., 2020; Lu et al., 2016; Palm et al., 2020). Growing evidence indicates that wildfire smoke exposure 
is associated with respiratory morbidity and potentially cardiovascular morbidity as well (Reid et al., 2016). 
Efforts to improve air quality in the United States show some promising trends as evidenced from improve-
ments in fine particulate matter pollution in the majority of the United States over the past several decades, 
except in the wildfire-prone regions where air quality has been worsening due to wildfire events (David 
et al., 2021; Jaffe et al., 2020; McClure & Jaffe, 2018). Given the broad impacts they have on the atmosphere 
and the climate system, wildland fires are a vital component in most modern chemical transport models 
and climate models.

The scope of wildland fires ranges from microscale to mesoscale, with influence from both microphysics 
and chemistry. Wildland fires also involve complicated feedback mechanisms, for example, the fire source 
and plume alter the flow field and the radiation in the atmosphere; in turn, the meteorology, terrain, and 
the fuels also affect the fire behavior. As a result, wildland fires are challenging to model. State-of-the-art 
fire models have been developed to explicitly solve the two-way coupling between weather and fire behavior 
(Coen, 2013; Mandel et al., 2011). However, models with realistic representations of the two-way coupling 
with the land/fuel models and the fire-weather interactions are often highly complex and rather compu-
tationally demanding, even more so if coupled with chemistry. Most air quality and climate models are 
not designed to accommodate such complexity. Because of the computational concerns, many air quality/
climate models are operated at coarse spatial resolutions and with longer integration time steps. As a result, 
many key physical and chemical processes (e.g., heat release and plume rise) cannot be explicitly modeled, 
and hence rely on subgrid parameterizations. This presents a gap between “what is happening” and “what 
is coded in air quality/climate models.”

Another gap emerges when studying wildland fires using observations. A number of previous field cam-
paigns have revealed remarkable insights into the physical and chemical processes in wildland fire plumes. 
For logistic and safety reasons, the early stage of the plume (e.g., first hour or younger) remains poorly sam-
pled. Controlled laboratory experiments enable detailed characterizations of the fuel and the initial smoke 
(e.g., Hodshire, Bian, et al., 2019; Roberts et al., 2020); however, these laboratory studies also only provide 
limited information on the chemical evolution in the early stages of a wildfire plume. The early stage of the 
fire plume (e.g., first hour or so) often involves plume rise and dilution, as well as rapid changes in micro-
physical properties (Hodshire, Akherati, et al., 2019; Konovalov et al., 2019; Schwarz et al., 2008). The early 
stage of fire plumes remains poorly studied and a better understanding is needed.

Numerical models are a valuable tool to understand the chemical evolution in wildland fire plumes. For 
instance, Lagrangian models have been used to track the plume-scale chemical evolution (e.g., Alvarado 
& Prinn, 2009; Alvarado et al., 2015; Coggon et al., 2019; Hodshire, Akherati, et al., 2019; Hodshire, Bian, 
et al., 2019; Mason et al., 2006; Trentmann et al., 2005) and have greatly advanced our understanding of 
chemical transformation in wildfire plumes. However, such models are not designed to resolve the spatial 
heterogeneity in wildfire plumes, which may largely drive the variability in observations within wildfire 
plumes. In light of this, high-resolution Eulerian-type plume models have been used to study the chemical 
evolution in wildfire plumes (Alvarado et al., 2009; Trentmann, Andreae, et al., 2003; Trentmann, Früh, 
et al., 2003; Trentmann et al., 2002). In particular, Trentmann, Andreae, et al. (2003) and Trentmann, Früh, 
et al. (2003) revealed remarkable chemical heterogeneity within the fire plume, with OH radical enhanced 
in the edges of the plume, and O3 suppressed in the early stage of the plume but enhanced in the later stage 
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(Trentmann, Andreae, et  al.,  2003; Trentmann, Früh, et  al.,  2003). Similar spatial heterogeneity in OH 
and O3 has been inferred for power plant plumes as well (Brock et al., 2002). However, such Eulerian-type 
plume models are often computationally demanding, posing a limit to the spatial resolution and/or the do-
main size, both of which affect the capability of capturing turbulent processes (Agee & Gluhovsky, 1999; de 
Roode et al., 2004). Moreover, the observational data sets available to evaluate the chemical heterogeneity 
revealed in such Eulerian models were not readily available in previous studies.

The motivation of this work is to use a high-resolution turbulence-resolving model (large eddy simulation, 
LES) to study the chemical evolution in the early stages of a wildland fire plume and evaluate the results 
using airborne observations. The LES model within the Weather Research and Forecasting (WRF) package 
(Moeng et al., 2007) is coupled to a simple yet representative chemical mechanism. The plume dynamics 
and interactions with the flow field are resolved; the fire source characteristics, terrain, and variations in the 
meteorology are highly idealized, allowing to focus on the chemical evolution. The modeling experiment 
in this work is configured for the Williams Flats Fire (47.9392°N, 118.6183°W), a large wildfire ignited 
on August 2, 2019 in the State of Washington, U.S. This fire was extensively sampled by a number of re-
search aircraft and satellites during the Fire Influence on Regional to Global Environments and Air Qual-
ity (FIREX-AQ) field campaign (July–September 2019). FIREX-AQ was a comprehensive airborne mission 
jointly funded by National Oceanic and Atmospheric Administration (NOAA) and National Aeronautics 
and Space Administration (NASA), focusing on the trace gases and aerosols emitted from wildfires and their 
impacts on air quality and climate in the United States. Airborne measurements collected from the NASA 
DC-8 aircraft are used to evaluate the chemical heterogeneity predicted by the model.

2.  WRF-LES-Chemistry Model
In this work, the LES model in the WRF package (version 4.0) is run in an idealized configuration, with a 
domain size of 70 km × 30 km × 6 km. The horizontal grid resolution is 100 m, and the vertical resolution 
is ∼78 m near the surface and up to 138 m near the top of the model. The total number of grid boxes is 
126,000,000, and the time step is 1 s. More details of the LES model configuration are provided in the Sec-
tion S1. This LES model is coupled with a simple yet representative chemical mechanism, consisting of 39 
transported tracers and 69 reactions, covering major tropospheric chemical reactions involving key NOx/
VOC/O3 chemistry (Table S1). This chemical mechanism is condensed based on the widely used MOZART 
T1 mechanism in the WRF package (Knote et al., 2014). Photolysis frequencies are calculated using the Fast 
Tropospheric Ultraviolet-Visible (FTUV) scheme (Tie et al., 2003). Two inert aerosol tracers, black carbon 
(BC) and organic carbon (OC), are included in this mechanism, to account for the aerosol impacts on radi-
ation and chemistry, via both photolysis frequencies and heterogeneous chemistry. The LES model is ini-
tialized using the vertical soundings (potential temperature, water vapor, and wind) and vertical profiles of 
chemical species from a mesoscale WRF-Chem simulation for the Williams Flats Fire. More details of this 
mesoscale WRF-Chem simulation are given in Section S2; Figures S1 and S2. The LES model is spun-up for 
2 h (from 20:00:00 to 22:00:00 August 3, 2019, all times are in UTC unless otherwise noted; UTC, Coordinat-
ed Universal Time) and simulated for three more hours (22:00:00 August 3 2019 to 01:00:00 August 4, 2019). 
The fire plume in this LES model is driven by surface fluxes of sensible heat and chemicals, characterized 
based on measurements: the fire size is 0.66 km2 and the sensible heat flux is 104 W/m2, both approximated 
from the GOES-16 fire detection product (Li et al., 2020) for the Williams Flats Fire. The emission fluxes of 
chemical species are adjusted until a reasonable agreement between the modeling results and the airborne 
measurements is reached (Section 3). The adjusted emission fluxes are given in Table S2. This LES config-
uration does not have terrain, posing another limitation to the capability of resolving the observed plume 
transport and dispersion.

3.  Airborne Observations Used for Model Evaluation
On August 3, 2019, the DC-8 aircraft sampled the Williams Flats Fire plume in two flight patterns: First, an 
overpass (bird's eye view, red lines in the left panels of Figure 1) above the plume from 21:45 UTC to 21:59 
UTC over the plume provides the structure of the plume along the direction of the spread of the fire plume 
using the downward-looking NASA Langley Airborne Differential Absorption Lidar (DIAL). Second, the 
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aircraft descended and flew through the plume in a “lawnmower” pattern (i.e., each transect is roughly 
perpendicular to the direction of plume transport), providing a number of semi-Lagrangian transects (i.e., 
sampling a plume which evolves in both time and distance while minimizing the distance the plume trave-
led). The 1-Hz merge data set provided by the NASA Langley Research Center is used in this work, includ-
ing high time response measurements from a number of instruments, except for the NCAR Trace Organic 
Gas Analyzer (TOGA-ToF) with a time resolution of ∼105 s (with a sampling window of ∼32 s). Table S3 
summarizes all measurements used in this work.

The second stage (semi-Lagrangian transects) consists of two segments: Segment A, from 22:20 to 23:15 
UTC (August 3, 2019), and Segment B, from 00:30 to 01:24 UTC (August 4, 2019). Segments A and B both 
sampled the first ∼50 km of the plume; however, there are two marked differences: (a) Segments A and B 
were influenced by meteorological differences that result in Segment A representing more diffused/chemi-
cally aged plume while Segment B representing fresher plume that had been more recently released into the 
atmosphere. (b) Based on the combination of remote sensing and in situ measurements, the DC-8 aircraft 
likely flew through the dense “core” of the plume during Segment B, while Segment A likely skimmed the 
upper edge of the plume. During Segment B, the sampled plume was rather optically opaque such that the 
DIAL laser signal was severely attenuated at the center of each transect (Figure 2). Accordingly, the meas-
ured photolysis frequencies, such as j(NO2), were suppressed at the center of each transect (Figure 2). O3 
was also suppressed at the center of the plume due to the rapid reaction with NO (Figure 2). During Seg-
ment A, however, measured CO and NOx levels inside the plume were lower than that during Segment B, 
and the j(NO2) reduction inside the plume was also weaker than that during Segment B (Figure 2), implying 
that Segment A perhaps mostly sampled the upper part of the plume, which is optically thinner and with 
lower levels of primary pollutants. Interestingly, O3 during Segment A was always enhanced at the center 
of each transect (Figure 2), similar to the O3 measured when the DC-8 aircraft was entering and leaving the 
plume in Segment B (i.e., the edges of the plume sampled in Segment B), providing additional evidence 
that the aircraft sampled the top part of the plume during Segment A. The modified combustion efficiency, 
defined as ΔCO2/(ΔCO + ΔCO2) (Yokelson et al., 2008), did not vary dramatically between the two segments 
(both 0.89 and 0.92), implying the average burning condition remained relatively consistent during these 

Figure 1.  (Left) Flight tracks and (right) 532 nm backscatter ratio measured using National Aeronautics and Space Administration (NASA) Differential 
Absorption Lidar (DIAL). Red stars in the left panel represents the approximate location of the fire source. Gray lines in the left panel shows the entire flight 
track, while the red lines denote the flight legs when the aircraft was flying above the smoke, producing the “bird's eye view” that are shown on the right panel. 
The flight altitudes during Segments A and B (solid black lines in the right panel) are overlaid on top of the “bird's eye view” curtain in the right panel, but 
Segments A and B occurred at different times than the “bird's eye view” flight.
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two segments. To summarize, the DC-8 measurements during Segment A may not reflect the center of the 
plume, and thus Segment B is mainly used for model evaluation.

Figure 3 compares the model chemical species and parameters to the airborne observations collected dur-
ing Segment B, providing a semiquantitative comparison of the plume chemical evolution as a function of 
distance in km from the fire source. As shown, the model captures the chemical characteristics within the 
plume reasonably well, as the modeled plume-wide means of gaseous (CO, NOx, HONO, HCHO, O3, and 
peroxyacetyl nitrate [PAN]) and aerosol constituents (BC and OC) are both in good agreement with obser-
vations, although the observations do show larger variations than the modeled. Modeled maleic anhydride, 
a major product from furan oxidation, is in good agreement with observations in the first ∼15 km but shows 
a factor of ∼2 discrepancy with observations in the later stage (Figures 3 and 9). This is mainly because the 
maleic anhydride yield used in this mechanism reflects the upper bound of maleic anhydride production 
(see note 5 for Table S1). Total VOCs were calculated as the sum of the mixing ratios of ethane, propane, 
i-butane, n-butane, i-pentane, n-pentane, i-butene + 1-butene, isoprene, methyl vinyl ketone, methacrolein, 
benzene, toluene, formaldehyde, acetaldehyde, methanol, ethanol, acrolein, acetone  +  propanal, furan, 
2-methylfuran, 3-methylfuran, furfural, phenol, and styrene, reported from several different instruments on 
board the DC-8 (Table S3). Notably, the simplified mechanism captures roughly about half of the measured 

Figure 2.  Selected airborne measurements collected during the “in-plume” Segments A and B, two transects each. Likely Segment B showed the dark interior 
of the plume, while Segment A skimmed the top of the plume. The full view of Segments A and B is provided in Figure S3. NOx is plotted on a log scale. Solid 
black lines in the top panel represent the terrain height. Bottom panels show the distance away from the fire source.
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total VOCs, yet the modeled total OH reactivity is comparable to the calculated total OH reactivity based on 
measurements available (Figure 3).

In the model, two fire tracers are added to track the physical age of any air parcel in the plume: one tracer 
with 1-h fixed lifetime, and the other inert one with infinite lifetime. The plume physical age (in hours) is 
given by:

 
 

Tracer1 1 h
Physical age ln ,

Tracer 2





 
  
  
  

 (1)

As shown in Figure  3, the modeled physical age also shows good agreement with that estimated using 
airborne measurements (estimated from measured winds and distance from center of transect to the fire 
source), implying that the meteorological conditions (especially wind) are decently represented in this sim-
ple model configuration. Overall, this figure reveals that the highly simplified model configuration and 
chemical mechanism captures the major chemical characteristics of the plume. We discuss the detailed 
plume physics and chemistry in the following sections.

Figure 3.  Modeled plume-wide averages and standard deviations (red lines and shadings) of selected compounds and parameters, compared to the airborne 
measurements averages and standard deviations (black symbols and error bars) during each transect during Segment B. The measurements are averaged 
using the smoke flag provided in the 1-Hz merge, while the modeled plume-wide averages are calculated for each plume cross section. Organic carbon (OC) 
is calculated from organic aerosol and OA/OC ratio measured using the CU HR-AMS. The measurement-derived plume age is estimated from the measured 
winds and distance from the fire location (provided in the 1-Hz merge), while the plume age in the model is estimated based on Equation 1. Total measured 
volatile organic compounds (TVOCs, excluding methane) are listed in the main text and Table S3. Total OH reactivity is calculated for TVOCs as well as CO and 
methane.
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4.  Plume Dynamics in the Early Stage of the Plume
The high-resolution LES model resolves the turbulence induced by the fire source and the interactions with 
the background flow field. Due to the strong heat release from the fire, the plume rapidly rises in the early 
stage, characterized by high updraft speed in the early stage (modeled mean updraft: 3 m s−1 in Figure 4; 
maximum updraft in the model reaches up to 12 m s−1). The strong updraft injects the plume into a lofted 
layer that is 1.5–2.5  km above the surface, consistent with the DIAL measurements (∼1.5–3  km above 
ground level, Figures 1 and 2). The rapid updraft at the center of the plume leads to downdraft and hence 
small circulations near the plume, as indicated by the streamlines in the cross-section plots (Figure 4). The 
rapid plume rise and the circulations also lead to dilution. In the model, the plume first-order dilution rate 
can be quantified by tracking the decay of the inert fire tracer:

   1
d ln Tracer 2

Dilution rate s
dt


 
  (2)

where (Tracer 2) is the concentration of the inert fire tracer and t is the plume physical age. As shown in 
Figure 4, the plume dilution rate is on the order of 0.001 s−1 in the early stage of the plume, which is de-
creased to and maintained at the order of 0.0001 s−1 in the late stage of the plume. The plume dilution leads 
to entrainment of the background air.

Different processes drive the plume dilution. In the uprising stage (e.g., 1 km downwind), the dilution is 
mostly driven by the circulations induced by the plume rise, therefore faster at the bottom of the plume, 
where the entrainment flows enter the plume. Later on, the plume rise has ceased (e.g., 10 and 30  km 

Figure 4.  (Top) Streamlines at the centerline of the plume (curtain); (middle) plume-wide average updraft speed and dilution rate (shadings: standard 
deviations); and (bottom) dilution rate cross section at 1, 10, and 30 km from the fire source. The thickness of the streamlines roughly represents the wind 
speed. The vertical black lines represent the locations of the cross sections. The plume (brown colored area) is defined as CO %3E; 150 ppb.
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downwind, with mean vertical velocity (w) close to zero), the plume-wide mean dilution is nearly an order 
of magnitude slower than that in the uprising stage and is still faster at the edges of the plume.

Notably, the model predicts the lower part of the plume may be strongly mixed throughout the boundary 
layer, due to the convective mixing within the boundary layer. As a result, the horizontal dispersion in the 
lower part of the plume is slower, compared to the upper part (Figure 4). This is typical for daytime wild-
land fire plumes with low-intermediate plume injection, which is also consistent with the DIAL images 
that diffused smoke extends from right below the dense smoke all the way to the surface (Figures 1 and 2).

5.  Physical and Chemical Evolution in the Early Stage of the Plume
The LES configuration coupled with chemistry reveals how the plume evolves over the course of dispersion. 
Figure 5 briefly shows how the plume ages physically and also provides an overview of the chemical evolu-
tion in fresh plume via two important reactive species: OH radicals for photochemistry and NO3 radicals for 
dark chemistry. The physical age shows considerable heterogeneity vertically—the lower part of the plume 
is generally older than the upper part of the plume (Figure 5), which is a combined result of the vertical 
wind gradient, and enhanced mixing within the boundary layer.

OH radicals are the major driver of atmospheric oxidation. The model predicts very interesting heterogenei-
ty within the fire plume: in the early stage of the plume (first ∼8 km or so), OH is severely suppressed in the 
bulk of the plume but enhanced at the upper most edge of the plume because the rapid HONO photolysis 
at the upper edge is the dominant OH source (Figure 5; also Section 6.4). This is mainly because the solar 
radiation is severely attenuated in the plume due to the presence of high levels of aerosols. Further down-
wind, OH radicals become enhanced in the upper part of the plume (∼8–30 km) or even the entire vertical 
extent of the plume in the later stage (∼30+ km, Figure 5). NO3 radical, a major oxidant in the atmosphere 
under dark conditions, is also present in the modeled plume at the same time, but only in the lower-most 
part of the plume and, to a lesser extent, below the thick plume (Figure 5). In particular, the modeled NO3 
mixing ratio reached ∼3 ppt in the lower-most part of the plume in the early stage. With the dilution and 
entrainment, the NO3 oxidation products in the lower-most part of the plume or below the plume may be 
mixed into the bulk of the plume. A recent study reported rapid aging of biomass burning aerosols under 

Figure 5.  Modeled curtains of the plume physical age and mixing ratios of OH, NO3, CO, HONO, and the photolysis frequency of HONO. The curtains are at 
the centerline of the plume. The black lines represent the roughly defined the plume boundary (CO = 150 ppb).
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dark conditions (driven by NO3 radical), a potential source of organic aerosols that has not been widely 
considered (Kodros et al., 2020).

6.  Chemical Tomography in the Plume
In this section, we discuss the modeled chemical tomography inside the plume, focusing on the cross-tran-
sect variations of CO, O3, PAN, maleic anhydride, and HONO. Again because of the difficulties in providing 
realistic initial and boundary conditions to the LES model, also the fact that this simplified LES config-
uration does not consider terrain impact, it is unrealistic to compare the modeling outputs to the DC-8 
measurements precisely. Therefore, the modeled fields are not sampled along the flight track. Instead, the 
comparison is focusing on whether the model can reproduce the broad features in the observations. In this 
section, several aircraft transects showing distinct cross-transect variations are selected and compared to 
cross sections of the modeled plume sampled at the same downwind distances at 2 km above the model 
surface (aircraft altitude: ∼2.8 km during Segment B, mean terrain height 0.85 ± 0.32 km).

Figure 6 shows the observed cross-transect variability of CO, a major primary emission fire tracer that is 
long lived with respect to the lifetime of the plume. As shown, the observed CO is generally elevated at the 
center of the plume, except at 30 km downwind, the observed CO shows two distinct “modes,” possibly due 
to the influence of very aged/diffused smoke. The modeled cross sections at the same transect distances 
show very good agreement with observations at 5–15 km downwind. At 30 km downwind, the model is able 
to capture observations in the center of the transect, but not elevated mixing ratios observed on one edge. 
Because of the simple model configuration (e.g., short simulation time, small domain, and no smoke in 
the boundary condition), it is challenging for this model to capture aged/diffused smoke. Overall, Figure 6 
demonstrates that the model captures the plume dispersion and transport well in young plumes (up to 
∼15 km from the source).

Similar cross-transect variations for NOx, HCHO, BC, and OC are provided in the Supporting  Informa-
tion S1. In general, the model well captures the cross-transect variations of these constituents in the first 
∼15  km (Figures  S4–S8), and they are all enhanced inside the plume relative to that at the edges. The 
model captures the pattern of j(HONO) but overestimates j(HONO) inside the plume by ∼20% (relative to 
the background value, Figure S4). In addition, the in situ measurements show that plume “optical width” 
(the plume width characterized by the measured j-values) appears to be wider than the plume “chemi-
cal width” (the plume width characterized by the chemical constituents). Although the modeled plume 
“chemical width” is generally well captured by the model in the first ∼15 km (Figures 6 and S4–S8), the 
plume “optical width” is underestimated by the model (Figure S3). The model underestimation of j-value 
suppression inside the plume and the underestimation of the plume “optical width” may be due to the 3-D 
radiation effect (Trentmann, Andreae, et al., 2003; Trentmann, Früh, et al., 2003) that is not captured by 
FTUV (Tie et al., 2003), although we cannot rule out the possibility of diffused or high level smoke/cloud 
not captured in the model. Moreover, only BC and OC are considered in this work. Although CU HR-AMS 

Figure 6.  Measured CO (top) during Segment B and modeled O3 cross sections (bottom) at 10, 15, and 30 km downwind of the fire source. Also shown in the 
top panel are the modeled CO sampled at the same distance from the fire, at ∼2 km above the model surface.
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measurements suggest that organic aerosols alone accounts for 93% of measured PM1 mass, recent studies 
found that brown carbon may also contribute to light absorption in biomass burning plumes (e.g., Palm 
et al., 2020). In summary, primarily fire-emitted long-lived tracers such as CO and BC show Gaussian-like 
cross-transect profiles. In the next few sections, we will examine a few compounds with drastically different 
cross-transect profiles.

6.1.  Cross-Transect Variation of Ozone

As shown in Figure 7, O3 shows considerable heterogeneity within the modeled plume. In the early stage 
(10 km downwind), the model predicts that O3 is suppressed inside the plume (up to 30 ppb lower than the 
background O3 at the same height), because of fire-emitted NO. Normally, NO2 produced from reaction of 
NO with O3 would undergo photolysis and produce O3 back; but j(NO2) is strongly suppressed within thick 
fire plumes, and NO2 will not photolyze and hence serves as a temporary reservoir for O3. The modeled O3 
during this transect compares well to the measurements. At 15 km downwind, measured O3 is recovered 
at the center of the transect and is elevated at the edges, and the model shows similar broad features. At 
30 km downwind, the measured O3 is well mixed throughout the plume and is enhanced relative to the 
background by 10–40 ppb. The model predicts a consistent O3 trend at 30 km downwind that O3 is enhanced 
throughout the plume, compared to the background air.

As discussed in Section 3, Segment B is used to examine the cross-transect variations of O3, since the air-
craft flew through the core of the plume multiple times during Segment B. However, the edge effect on O3 
is also visible in Segment A, when the aircraft likely sampled the upper edge of the plume. The measured 
O3 is enhanced relative to the background in all transects during Segment A (Figure 2) by up to 100 ppb, 
roughly 2 times greater than the O3 sampled at the edges of the plume during Segment B. This may indicate 
possibly stronger O3 enhancement at the upper edge of the plume than the sides of the plume. The model 
also shows enhanced O3 levels at the upper edge of the plume (Figure 7) relative to the sides of the plume, 
but the magnitude of the O3 enhancement is again underestimated by the model.

Overall, the model qualitatively captures the observed O3 variations in these transects but seems to un-
derestimate the O3 enhancement at the edges. The plume-wide average of O3 + NO2 mixing ratio reaches 
∼40 ppb higher than that in the background air after ∼2 h of aging, indicating net O3 formation in this mod-
eled plume. Note that in previous studies, O3 is not always found to be enhanced relative to the background 
air especially in more aged (e.g., a few days or older) biomass burning plumes (Alvarado et al., 2010; Par-
rington et al., 2013). Because of the highly simplified VOC chemistry used in this model, we do not intend 
to further investigate O3 formation and variability, which is beyond the scope of this study. But we show that 
the observed cross-transect variations in O3 can be qualitatively explained by including simple chemistry 
with a turbulence-resolving model.

Figure 7.  Measured O3 (top) during Segment B and modeled O3 cross sections (bottom) at 10, 15, and 30 km downwind of the fire source. Also shown in the 
top panel are the modeled O3 sampled at the same distance from the fire, at ∼2 km above the model surface.
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6.2.  Elevated PAN Levels at the Plume Edges

PAN is an important reservoir of NOx. Previous studies have reported rapid PAN formation in biomass 
burning plumes (Alvarado et al., 2010, 2015; Fischer et al., 2018; Jaffe et al., 2013; Liu et al., 2017; Singh 
et al., 2012). Because of the limited capability in resolving the transport and chemistry of reactive nitrogen 
species in early biomass burning plumes, large-scale models sometimes partition a fraction of NOx emis-
sions as PAN (Fischer et al., 2014), and this process is subject to uncertainties because of nonlinear of PAN 
formation (somewhat similar to O3).

As shown in Figure 3, the modeled plume-wide mean PAN is in reasonable agreement with observations. 
Figure 8 shows the cross-transect comparison for PAN. Interestingly, at 10 and 15 km downwind, measured 
PAN is elevated at the edges of the plume compared to that at the center. In particular, at 15 km, the meas-
ured PAN is nearly doubled at the edges. The model reproduces this feature at 15 km but tends to overesti-
mate PAN by 2–3 ppb. The edge enhancement of PAN occurs because in the early stage of the plume, PAN 
formation is limited by the initial OH attack on its VOC precursors, and OH production is more active at 
the edges of the plume. At 30 km downwind, however, the measured PAN is spread out in a wider range 
than the model predicts, similar to a few other compounds (Figures 6 and S5–S8). Overall, PAN formation 
accounts for 10%–70% of the NOx loss in this modeled plume. In summary, the observed PAN shows in-
teresting core–edge differences in the early stage of the plume, corroborating faster photochemical aging 
at the edges of the plume. This effect may be largely diminished in the later stages of the plume, because 
dilution further lowers the aerosol loading inside the plume, and hence the suppression of photochemistry 
inside the plume becomes weaker. Notably, elevated PAN is often found outside the studied plume (i.e., 
other pollutants such as CO are close to the background levels), providing additional evidence of possible 
diffused/aged smoke.

6.3.  Furans as a Fire Tracer and Indicator of Photochemical Aging

In this section, we discuss the simplified furan chemical mechanism included in the LES model (Table S1), 
as well as one of its unique oxidation products, maleic anhydride. For simplicity, “furan” in this model is 
a lumped species representing total furan species, and the modeled furan is compared to the TOGA-ToF 
measurements (sum of furan, 2-methlyfuran, 3-methlyfuran, and furfural). We do not compare the modeled 
furans to the PTR-ToF-MS measurements during Segment B since secondary products and lesser-reactive 
isomers likely result in measurement biases after several hours of oxidation (Coggon et  al.,  2019; Koss 
et al., 2018).

Furans are primarily emitted from fire, and their major sink is the reaction with OH radicals, and to a 
lesser extent, with O3 and NO3 (Coggon et al., 2019). Figure S9 shows the measured and modeled furans. 
As shown, the modeled and measured furan show reasonable agreement at 15 and 20 km downwind, but 
not at 30 km. Its oxidation product, maleic anhydride, however, is enhanced at the edges according to the 

Figure 8.  Measured peroxyacetyl nitrate (PAN; top) during Segment B and modeled PAN cross sections (bottom) at 10, 15, and 30 km downwind of the fire 
source. Also shown in the top panel are the modeled PAN sampled at the same distance away from the fire, at ∼2 km above the model surface.
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measurements at 15 km downwind. Such core-edge discrepancy is consistent with PAN (Section 6.2) and 
also implies faster photochemical aging at the plume edges. This core-edge discrepancy at 15 km is quali-
tatively captured by the model (Figure 9). At 10 km, the model also predicts similar core-edge discrepancy. 
The measured maleic anhydride at 10 km, however, shows a peak at the center of the transect in addition 
to the two peaks at the edges. This might imply that perhaps a small fraction of maleic anhydride may be 
directly emitted from the fire source. Maleic anhydride emissions have not been reported in the literature, 
but a reanalysis of measurements conducted during the FIREX Firelab 2016 study (Coggon et al., 2019; Koss 
et al., 2018) shows that PTR-ToF-MS measurements of maleic anhydride represent 1%–2% of furan emis-
sions, suggesting that emissions likely contribute to higher plume center mixing ratios at 10 km downwind.

The impact of plume chemical heterogeneity on furan decay is also examined using the modeling results. We 
discussed in Sections 5 and 6.1 that ozonolysis and NO3 oxidation may be active in optically dense smoke, 
and furan can be oxidized by O3, and NO3 as well. We found that OH oxidation is the dominant furan loss 
pathway, accounting for 78%–89% of total furan loss. Ozonolysis and NO3 oxidation account for up to 16% 
and 7% of total furan loss, respectively. The relative importance of the three oxidation pathways evolves with 
time: OH oxidation accounts for %3E;90% in the early stage, while ozonolysis and NO3 oxidation together 
contribute to %3C;10% furan oxidation in the early stage. Further downwind, with the gradual recovery of 
O3, the contribution of ozonolysis increases to up to ∼30% at 30 km downwind, where NO3 oxidation also 
contributes to another ∼20% of total furan loss. NO3 oxidation mostly occur in the lower part of the plume, 
while furan mostly exists in the bulk of the plume aloft. Therefore, the NO3 oxidation is partially affected 
by the plume dynamics. The impact of chemical heterogeneity on the overall VOC reactivity is challenging 
to represent in small-scale Lagrangian-type models or large-scale models with coarser spatial resolutions.

6.4.  HONO: Secondary Production, Impact of Plume Dynamics

HONO is an important precursor of OH radicals in the atmosphere and is emitted from wildland fires (Peng 
et al., 2020; Theys et al., 2020). In this modeling work, we include both primary HONO emission and sec-
ondary HONO formation from NO2 heterogeneous reaction on BC and OC aerosols (both reasonably well 
captured by the model, Figures S7 and S8). The reactive uptake coefficient of NO2 is mostly on the order of 
10−5 to 10−4 in the literature (Ammann et al., 2013). Therefore, we assume the NO2 uptake coefficient on 
aerosols is 5 × 10−5 in this work. Model sensitivity tests are also performed to examine the possible second-
ary HONO production. As for the primary HONO emission, it depends on the fuel type, which is primar-
ily grassland with tall grass, timber, and brush in this region (https://inciweb.nwcg.gov/), and the average 
HONO/NO emission ratio (molar basis) for savannah/grassland and temperate forest is 12% and 7%, respec-
tively (Andreae, 2019). This is consistent with a recent laboratory study in which HONO accounts for 13% of 
NO produced from stack fires (Roberts et al., 2020). In this work, we found a fire HONO emission of 11% of 
fire NO emission (molar basis) yields the best agreement when compared to airborne HONO measurements 

Figure 9.  PTR-ToF-MS measured maleic anhydride (top) during Segment B and modeled maleic anhydride cross sections (bottom) at 10, 15, and 30 km 
downwind of the fire source. Also shown in the top panel are the modeled maleic anhydride sampled at the same distance from the fire, at ∼2 km above the 
model surface.

https://inciweb.nwcg.gov/
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(Figure 3): modeled plume-wide mean HONO exceeded 10 ppb in the very beginning stage of the plume, 
which then decreased to 2–4 ppb at 10–25 km downwind and eventually to 1–2 ppb at 30–40 km downwind.

Figure  10 shows the cross-transect comparison for HONO. As shown, the measurements suggest that 
HONO is concentrated at the center of the plume, and the modeled HONO levels across the transects show 
good agreement with observations, especially in the early stage (10 and 15 km downwind). The model also 
shows that HONO is always depleted at the edges, especially the upper edge of the plume (Figure 10). The 
cross-transect comparison for HONO/NO2 ratio is given in Figure S10. This ratio remains fairly constant at 
the center of the modeled plume (with secondary HONO production) but rapidly decreases at the edges of 
the plume. At 30 km downwind, the model drastically overestimates HONO, mainly due to the overestima-
tion in NOx (Figure S5). This is likely because the sink of NOx is not well captured by this highly condensed 
chemical mechanism, and future development is needed to refine the NOx budget in this mechanism. No-
tably, we discussed previously that the model fails to predict the plume profile at 30 km downwind, since 
the observations show two distinct “modes” at 30 km and model captures only one of them (Figures 6, 8, 9 
and S5–S8). Figures 10 and S5 show that the modeled peaks HONO and NOx are consistent with observa-
tions, yet the model places the plume in the wrong location. This may also imply a change in meteorological 
condition which alters the plume transport that is not captured by the simple model configuration.

We now discuss the potential secondary HONO production from NO2 heterogeneous reactions on aero-
sols in the modeled plume. As shown in Figures 10 and 11, the model simulation with secondary HONO 

Figure 10.  Measured HONO (top) during Segment B and modeled HONO cross sections (bottom) at 10, 15, and 30 km downwind of the fire source. Also 
shown in the top panel are the modeled HONO sampled at the same distance away from the fire (solid black line: with secondary HONO production from NO2 
heterogeneous reaction; dashed black line: with only primary HONO).

Figure 11.  Measured plume-wide averages of HONO compared to modeled in different model scenarios: with both 
primary and secondary HONO (dark red, same as that in Figure 3), with only primary HONO and no secondary HONO 
production (blue).
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production yields best agreement with observations. Without secondary HONO production, in order to 
capture the detected HONO levels at 10–15 km downwind, primary HONO emission needs to be increased 
by a factor of ∼5 (i.e., about half of NO emission), which still underestimates HONO in the later stage 
(%3E;20 km downwind). The primary HONO emission contributes substantially to the total HONO levels 
in the early stage: the modeling results suggest that %3E;93% HONO in the early stage is from primary 
emission, which decreases to 55% at 40 km downwind (observed HONO: 1.2 ± 1.1 ppb at 37 km downwind, 
Figure 3). Note that the modeled simulation with heterogeneous conversion from NO2 to HONO may not 
necessarily mean a considerable increase in HONO/NO2 ratio (Figure S10). To sum up, although no direct 
evidence can be provided in this work, our combined observational and modeling analysis does suggest 
that a secondary HONO source better explains the observed HONO levels and variability in this particular 
plume.

We now take HONO as an example to demonstrate the impact of plume dynamics on the chemical evolu-
tion. We showed in Figure 4 that the modeled plume dilution (mixing) is faster in the early stage (driven by 
strong updraft and entrainment) but is maintained relatively constant in the later stage. The physical mixing 
within the plume may pose a limiting factor for slow chemical reactions. At the center of the plume, solar 
radiation is suppressed and hence HONO photolysis is low, leading to a local photolysis lifetime of half 
an hour or longer. However, as shown in Figure 12, the apparent decay rate of HONO at the center of the 
plume is nearly 9 times faster than the local photolysis rate but is very close to the physical dilution. That 
is, although in the early stage photochemistry is slow in the majority of the plume, HONO still decays fairly 
fast—with an effective lifetime of several minutes at the dark center of the plume. The rapid mixing brings 
HONO from the center of the plume to the edges and upper part, where HONO is quickly destroyed via 
photolysis. Even at 40 km downwind, physical mixing still contributes to half of the apparent HONO decay 
at the center of the modeled plume. This exercise demonstrates the importance of plume dynamics in the 
chemical evolution in fresh biomass burning plumes.

HONO photolysis is the most important primary OH source in this modeled plume, while other primary 
OH sources (such as the photolysis of O3 and aldehydes) are 1–2 orders of magnitude weaker (Figure S11). 
In addition to the primary OH sources, secondary OH sources (i.e., recycled from HO2) also play a key role 
in the simulated plume, which is on average an order of magnitude higher than the primary OH source 
(Figure S11), implying an efficient HOx recycling in this modeled plume mediated by NOx. This secondary 
HOx source also efficiently propagates HOx chemistry into the darker interior of the plume, while photons 
(that can trigger photochemical reactions) are quickly quenched at the edges and do not reach the bulk of 
optically dense plumes (e.g., Figure 5). In summary, this section highlights the importance of HONO in 

Figure 12.  Modeled apparent HONO decay rate (first order) at the center of the plume, as well as the modeled 
dilution rate and local HONO photolysis rate also at the center. This plot is created using the model simulation without 
secondary HONO production. Plume center is defined with top 5% modeled CO.
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wildland fire plumes. The reactive uptake coefficient of NO2 as well as the 
dependency on particle type and other parameters or conditions warrants 
further investigation.

7.  Implications for Models With Coarser Horizontal 
Resolutions
In principle, LES schemes resolve major (large) eddies, through which 
momentum, energy, and other passive scalars are transported. This sets 
the upper limit of the horizontal grid size in LES models to about 0.1 km. 
Most planetary boundary layer (PBL) schemes (widely used in regional 
and global chemical transport models) are not designed to resolve the 
energy-baring eddies, which are parameterized as subgrid processes in-
stead. This sets the lower limit of the horizontal grid size of most PBL 
schemes to about 1  km. Moreover, operating with small grid sizes (or 
high horizontal resolution) often also requires shorter integration time 
steps, which also leads to an increase in computational cost. Currently, 
most regional chemical transport models are operated at horizontal grid 
resolutions of a few to tens of km. In this section, we discuss the impact 
of grid resolution on the chemical evolution of wildland fire plumes.

Biomass burning emission inventories report the emissions of pollut-
ants on a mass basis. When using an emission inventory in a particular 
model, the emissions need to be regridded into the horizontal resolution 
at which the model is operated. Usually, an area-weighted interpolation 

method would be used since the total amount of emitted pollutants needs to be conserved. If the model 
horizontal grid size is larger than the fire size, to maintain mass conservation, all fire-emitted tracers are 
immediately diluted within the grid cell, leading to an instantaneous numerical dilution. For instance, the 
area of the fire source in this model is 0.6 km2, and if mimicking this particular fire using a model with 
4-km grid resolution (with same vertical resolution, assuming the fire source is not spread into multiple 
grids), the emission fluxes are reduced by a factor of 26.7 (42/0.6); if the model grid resolution is 1 km, 
the emission fluxes are still reduced by a factor of 1.5 (12/0.6). The atmospheric chemical system is highly 
nonlinear, especially the O3 chemistry, such that dilution may lead to a shift in chemical regimes. Figure 13 
shows the sensitivity of maximum O3 formation as a function of fire-emitted NOx and VOCs. This plot is 
created using a box model (same as that used in Wang et al., 2019) with a near-explicit chemical mechanism 
(MCM v3.3.1), including furan chemistry (Coggon et al., 2019), and constrained to airborne measurements 
collected from Segment B (in-plume only) from the Williams Flats Fire. Also shown on this plot is the 
dashed line representing the impact of dilution—numerical or otherwise. The dilution always leads to a 
reduction in the maximum O3 formation potential, but the magnitude of such reduction depends on the 
chemical regime. As shown, the dilution line for the Williams Flats Fire is close to the “ridge” (transition 
between NOx/VOC-sensitive regimes), and hence dilution would lead to a rapid decrease in O3 formation 
potential, and perhaps a change in the chemical regime as well (from NOx-saturated/VOC-sensitive regime 
to the VOC-saturate/NOx-sensitive regime).

Figure 14 illustrates the impact of model grid resolution on fire-induced column O3 and NO2, by comparing 
the results from the 0.1-km LES model to that from two model configurations with coarser horizontal reso-
lutions: 1 and 4 km. The 1- and 4-km models shown in Figure 14 are configured in the same way as the 0.1-
km LES model, except the fire emissions are regridded to 1 and 4 km grids accordingly (mass conserved), 
and the Yonsei University (YSU) PBL scheme (Hong et al., 2006) are used in the 1 and 4 km models. As 
discussed before, the underlying principle of LES sets the upper limit to the grid spacing to about 0.1 km, 
therefore a grid spacing of 1 or 4 km is inappropriate for LES.

As shown, the 0.1 km model reveals O3 suppression in the first ∼14 km or so, and O3 enhancement is visi-
ble starting from ∼14 km. At X = 40–50 km, the predicted O3 column reaches ∼3.71 × 1017 molecule cm−2 
in the 0.1 km model or ∼0.70 × 1017 molecule cm−2 higher than the background O3 column (∼3.01 × 1017 

Figure 13.  Sensitivities of maximum O3 formation as a function of 
fire-emitted NOx and nonmethane volatile organic compounds (VOCs). 
The thick black line represents the transition between the NOx-saturated 
and the NOx-limited regimes. The circle/error bars represent the airborne 
measurements averaged during the Segment B of Williams Flats Fire 
(August 3–4, 2019). The thin dashed line is the 1:1 dilution line for 
Williams Flats Fire.
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molecule cm−2). Both the 1 and 4 km models capture the O3 suppression in the first ∼10 km or so. However, 
the maximum O3 enhancement in the 4 km model appears at X = 16–28 km at ∼3.27 × 1017 molecule cm−2 
or 0.27 × 1017 molecule cm−2 higher than the background, and the O3 enhancement quickly diminished 
beyond X = ∼32 km. That is, the 4 km model does not efficiently transport the fire-emitted O3 precursors, 
and the column O3 enhancement is underestimated by 61%. The 1 km model better captures the maximum 
O3 enhancement (∼3.47 × 1017 molecule cm−2 or ∼0.46 × 1017 molecule cm−2 above the background level, 
34% lower than the 0.1 km LES model). NO2 column shows similar trends as well: the 4 km model shows 
a fire-induced NO2 column enhancement only in the first ∼20 km or so, while the 0.1 km model efficiently 
transports the fire-induced NO2 column to %3E;40 km. The 1 km model also better captures the spatial var-
iation of the NO2 column in the downwind direction. Interestingly, all three models are driven by the same 
external forcing, yet the plume in the 4 km model is much wider than that in the 0.1 km LES model, possibly 
due to numerical diffusion (a known issue in finite volume Eulerian grids). The 1 km model appears to pre-
dict a narrower plume width than the 0.1 km LES model. This is mainly because of the alignment of the fire 
source. In the 0.1 km LES model, in order to match the observed plume width (Figures 6 and S4–S8), the fire 
source is tuned into a rectangular shape of 0.3 km (X) × 2.2 km (Y), while in the 1 km model the fire source 
is just one 1 × 1 km grid. The high horizontal resolution of the 0.1 km LES model allows a better representa-
tion of the shape and the orientation of the fire source as well. Overall, this exercise shows results that are 
consistent with those in Figure 13, that the numerical dilution leads to a decrease in O3 formation potential, 

Figure 14.  Modeled lower tropospheric column densities of O3 and NO2 with horizontal resolution of 0.1, 1, and 4 km. 
All column densities are integrated from the surface to 3 km. The 0.1 km resolution model is the large eddy simulation 
(LES) model that is discussed throughout this work, while the 1 km and the 4 km models are using Yonsei University 
(YSU) scheme and are driven by the same fire emissions but regridded accordingly. Other configurations in the 1 and 
4 km models are identical to the 0.1 km model. See main text for more details.
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with a reduced efficiency of transporting smoke to the downwind direction. The 1  km model performs 
better than the 4 km model in terms of efficiently transporting the smoke and predicting the O3 formation.

8.  What Horizontal Resolution Should Air Quality Models Target?
The effects of spatial resolution on the chemical evolution in biomass burning plumes or similar point-/
area-sources have been discussed (Alvarado et al., 2009; van Wees & van der Werf, 2019). In particular, Valin 
et al. (2011) pointed out that in order to capture the NO2 removal in the urban plumes, the model resolution 
has to be in the range of 4–12 km. Most active wildland fire areas are smaller than the urban scale. Accord-
ing to the Fire INventory from NCAR (FINN) version 2 (Wiedinmyer et al., 2011), a widely used biomass 
burning inventory, 90% of wildfires in 2019 were smaller than 1 km2 (fire size). Therefore, the impacts of 
small fires on O3 formation may be largely reduced in models with coarser spatial resolutions, which is 
caused by numerical dilution, a bias purely caused by grid resolution.

To represent the smoke transport and O3 formation associated with wildland fires, in principle, the model 
grid resolution should be comparable to the active fire source. Although plausible, it remains computation-
ally challenging to perform simulations with LES schemes at regional scale. Considering the computational 
cost associated with model resolution, we propose that air quality forecast models should target ∼1 km hori-
zontal resolution in the near future. We show in this work that a 1 km model can reasonably well capture 
the transport of NOx and O3 formation associated with a fire area that is ∼60% of the grid size. Based again 
on FINN version 2, in 2019, approximately 17% of wildfires in the U.S. are larger than 0.6 km2, and these top 
17% wildfires contribute 62% total fire-NOx emission, 60% total fire-CO emission, and 61% total nonmeth-
ane VOC emissions from fires nationwide. Therefore, an air quality forecast model with ∼1 km horizontal 
resolution can greatly improve our ability to predict wildfire impacts on air quality, which could potentially 
affect nearly half of the U.S. population (Figure S12).

9.  Conclusions and Remarks
In this work, a high-resolution turbulence-resolving model, WRF-LES, is coupled to chemistry to study 
the chemical evolution in a wildland fire plume. The results are evaluated using airborne measurements 
collected from the Williams Flats Fire during the FIREX-AQ field campaign. The model reveals remarkable 
chemical heterogeneity that is supported by observations. Major findings are summarized as follows:

1.  The strong heat released from the fire source drives rapid plume rise in the very early stage, which also 
leads to rapid dilution with background air. Dilution and physical mixing greatly affect chemistry inside 
the plume.

2.  O3 shows considerable heterogeneity inside the plume: Suppressed at the center (due to NO reaction) 
but may be enhanced at the edges. To our knowledge, our model is the first to capture the observed 
cross-transect O3 variations in optically thick biomass burning plumes.

3.  PAN and maleic anhydride (from the oxidation of furan, a distinct class of compounds emitted from 
fires) are also enhanced at the edges of the plume in the early stage, implying faster OH oxidation at the 
edges.

4.  Primary OH production is dominated by HONO photolysis, and HOx cycling extends OH radicals deeper 
into the plume. Although OH oxidation is the major sink of VOCs in daytime plumes, we show that dark 
chemistry driven by O3 and NO3 oxidation may proceed at the same time but mostly in the lower part of 
(or below) thick plumes.

5.  Although this modeling work cannot provide direct evidence of secondary HONO production in the 
studied plume, we find that observed HONO variability can be best explained by including a secondary 
HONO production from NO2 heterogeneous reaction on aerosols.

We acknowledge that the model configuration is highly idealized, and much of the observations remain 
unexplained by the model. Nevertheless, there are several key take-away messages worth mentioning. First, 
Lagrangian-type models that explore the chemical evolution in dense fire plumes must specify the plume 
region being modeled, since it is the edges that largely drive the photochemistry in thick fire plumes. Sec-
ond, dilution and mixing within the plume are important, which are not constant and may greatly affect 
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how fast chemistry proceeds inside the plume. Third, we found that HONO and the photons that can trig-
ger HONO photolysis are always segregated in the modeled plume, that is, HONO is always depleted in 
the edges and the upper part, while j(HONO) is exclusively elevated in the edges and upper most part of 
the optically dense smoke (Figure 5). This has implications for satellite HONO retrievals. Recently Theys 
et al. (2020) reported the detection of HONO in biomass burning plumes from TROPOspheric Monitoring 
Instrument (TROPOMI), showcasing the remarkable capability of retrieving reactive trace gases such as 
HONO from this space-borne instrument. High-resolution models with chemistry such as the LES-chemis-
try model used in this work can better resolve the plume structure and the distributions of trace gases and 
aerosols, therefore may be used to test remote sensing retrievals for optically dense plumes.

Finally, we showed that model spatial resolution may shift the chemical regime and lead to reduced O3 
formation potential. For the Williams Flats Fire studied in this work, a model with ∼1 km horizontal res-
olution may decently capture the fire-induced O3 and NO2 enhancement in the downwind direction, but 
a model with ∼4 km horizontal resolution may be insufficient to capture the impacts on these short-lived 
pollutants. We thus propose that regional or national air quality models in the U.S. should target ∼1 km 
horizontal resolution in the near future, which may greatly improve our capability to predict the wildfire 
impacts on air quality for nearly half of the U.S. population.

Data Availability Statement
The FIREX-AQ campaign data are archived and available from NASA Langley Research Center (https://
www-air.larc.nasa.gov/missions/firex-aq/). The WRF model is available from GitHub (https://github.com/
wrf-model/WRF). The gridded U.S. population density data (Figure S12) are from Center for International 
Earth Science Information Network Columbia University (2020).
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