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ABSTRACT: We present a novel method, the Gaussian observational model for
edge to center heterogeneity (GOMECH), to quantify the horizontal chemical
structure of plumes. GOMECH fits observations of short-lived emissions or
products against a long-lived tracer (e.g., CO) to provide relative metrics for the
plume width (wi/wCO) and center (bi/wCO). To validate GOMECH, we investigate
OH and NO3 oxidation processes in smoke plumes sampled during FIREX-AQ
(Fire Influence on Regional to Global Environments and Air Quality, a 2019
wildfire smoke study). An analysis of 430 crosswind transects demonstrates that
nitrous acid (HONO), a primary source of OH, is narrower than CO (wHONO/wCO
= 0.73−0.84 ± 0.01) and maleic anhydride (an OH oxidation product) is enhanced
on plume edges (wmaleicanhydride/wCO = 1.06−1.12 ± 0.01). By contrast, NO3 production [P(NO3)] occurs mainly at the plume center
(wP(NO3)/wCO = 0.91−1.00 ± 0.01). Phenolic emissions, highly reactive to OH and NO3, are narrower than CO (wphenol/wCO = 0.96
± 0.03, wcatechol/wCO = 0.91 ± 0.01, and wmethylcatechol/wCO = 0.84 ± 0.01), suggesting that plume edge phenolic losses are the greatest.
Yet, nitrophenolic aerosol, their oxidation product, is the greatest at the plume center (wnitrophenolicaerosol/wCO = 0.95 ± 0.02). In a
large plume case study, GOMECH suggests that nitrocatechol aerosol is most associated with P(NO3). Last, we corroborate
GOMECH with a large eddy simulation model which suggests most (55%) of nitrocatechol is produced through NO3 in our case
study.
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■ INTRODUCTION

Biomass burning (BB), including wildfires, has an increasing
impact on air quality at local, regional, and global scales.1 BB
emits NOx (NO + NO2), nitrous acid (HONO), volatile
organic compounds (BBVOCs), and particulate matter that
evolve chemically with age.2−8 Similar to plumes from urban
and electric power generation sources,9−11 BB plume
chemistry varies in the crosswind dimension during plume
advection.12 BB plumes are unique because they contain large
amounts of primary and secondary aerosols, which amplify the
chemical differences between the plume center and edge
through plume darkening, or the attenuation of sunlight,
concentrated at the plume center.12,13

Differences in sunlight between the center and edge of BB
plumes may result in differences in the amount and reactivity

of atmospheric oxidants such as the hydroxyl radical (OH),
ozone (O3), and the nitrate radical (NO3). For example, Peng
et al. showed that in wildfire plumes, the photolysis of HONO
(R1) can be the dominant source of OH and that it occurs at
greater rates on plume edges relative to the center.12

hvHONO OH NO+ → + (R1)
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Further, OH concentrations are expected to depend
nonlinearly on NOx, which can vary in concentration in the
crosswind dimension.14

Entrainment of background O3, as well as photochemical
production, can provide O3 for plume oxidation near the
plume edges.15 Further, NO can depress O3 at the plume
center in freshly emitted plumes.
The role of NO3 in daytime BB plumes has generally been

neglected or expected to occur primarily at the plume center
where photolysis rates are depressed.7,8,16,17 The NO3 radical is
formed by the gas-phase reaction of O3 and NO2 (R2).

NO O NO O2 3 3 2+ → + (R2)

In urban plumes during the daytime, the NO3 radical is
rapidly destroyed by photolysis and by reaction with NO (τ <
10 s).18,19 The nitrate radical is also a precursor for N2O5,
which undergoes heterogeneous uptake to produce ClNO2 and
HNO3.

19−21

Despite these potential loss pathways, plume center models
suggest that most of the NO3 is expected to be lost to
BBVOCs.8,13

This is due, in part, to phenolics that react with NO3 near
the gas-kinetic limit to form nitrophenolics and secondary
organic aerosol (SOA).7,8,22−25 Nitrophenolics absorb strongly
in the ultraviolet and visible regions of the solar spectrum and
are expected to significantly contribute to brown carbon (BrC)
absorption.7,16,26 Phenolic reactions with OH in the presence
of NOx also form nitrophenolics but at a lower yield.22

Plume sampling by research aircraft is often conducted
perpendicular to the direction of transport, the crosswind
dimension, which reveals complex structures that reflect the
heterogeneity in emission and chemistry.7,27 While plume
structures vary in the crosswind vertical dimension as well, we
focus only on the horizontal dimension in this work. Analysis
of chemical evolution in plumes often avoids an analysis of

plume heterogeneity and mixing by integrating the observa-
tions across the plume horizontally or by only considering
plume center observations.8,12,13,28−32 Plume dispersion
models represent one approach to quantify the spatial variation
of plumes.33 Another includes high-resolution Eulerian
models15,34,35 or turbulence-resolving models (large eddy
simulation, LES);36 however, these are computationally
expensive and therefore include limited chemistry. When the
crosswind plume structure is considered, it is often studied as a
function of distance from the plume center (e.g., Figure 1A),
which makes the task of comparing plume heterogeneity as a
function of age difficult because plumes tend to grow in size
with age downwind of the source.
We describe a novel method, the Gaussian observational

model for edge to center heterogeneity (GOMECH), that
quantitatively describes plume structures in the crosswind
horizontal relative to a long-lived tracer. GOMECH is capable
of separating differential crosswind plume production and loss
rates between a short-lived compound of interest and a long-
lived tracer. We present GOMECH and use it to investigate
several major chemical processes related to OH and NO3

oxidation, with an emphasis on phenolic compounds, in fire
plumes observed by both the NOAA Twin Otter and NASA
DC-8 aircraft during the Fire Influence on Regional to Global
Environments and Air Quality (FIREX-AQ) study, described
below. First, we use GOMECH to model the plume structure
of OH and NO3 using the chemical proxies HONO, MA,
peroxy acetyl nitrate (PAN), O3, and NO3 production rate as
well as phenolics and nitrophenolics in a bulk analysis of 430
crosswind transects. Finally, we consider a case study of a large
wildfire to elucidate the relationships of OH, NO3, and aerosol
nitrocatechol (NC) plume structures by GOMECH and an
LES model.

Figure 1. Panel (A): Normalized observations of HONO (red), MA (measured as C4H2O3) (blue), and CO (gray outline and fill) as well as
HONO photolytic lifetime in hours (τHONO, color scale) plotted against distance from the plume center (maximum CO) from a plume transect of
the WF fire sampled by the DC-8 at 01:22 UTC on Aug 8 2019. Average plume age was 1.2 h but varied between 1 and 1.25 h within the transect.
Panel (B): Normalized observations of HONO (red circles), MA (blue triangles), and CO (gray line) plotted against normalized CO with fits
(using eq 2) of MA (blue) and HONO (red). Panel (C): Recreated plume shapes of HONO (red) and MA (blue) using the fit parameters derived
in panel (B) as well as shading indicating fit residuals averaged by normalized CO bins of 0.004. The recreated plume shapes suggest that HONO is
33 ± 2% narrower than CO and MA is 38 ± 2% narrower than CO, but the maximum MA is shifted to a CO plume width of 0.92 ± 0.02.
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■ METHODS

Aircraft Measurements. Both the NOAA Twin Otter and
the NASA DC-8 aircraft sampled wildfire smoke as part of
FIREX-AQ during the summer of 2019 in the United States.
Below, we briefly describe the instrumentation used for this
analysis, which are described further, along with plume age
estimation37 in the Supporting Information and Table S1.
From the Twin Otter, this analysis uses observations of

BBVOCs and HONO from a iodide high-resolution time-of-
flight chemical ionization mass spectrometer38 (I− HR-ToF-
CIMS, 2 Hz). A commercial cavity ringdown spectrometer
(Picarro G2401-m) provided measurements of CO39 (0.5 Hz),
and a custom chemiluminescence instrument40 measured NO,
NO2, and O3 (1 Hz). Measurements of a group of particle-
phase nitrophenolic ions (Table S1)7 are from an HR-ToF
aerosol mass spectrometer (HR-ToF AMS, 1 Hz).7,41,42

From the DC-8, we use measurements of CO from a tunable
diode laser spectrometer43 (1 Hz) when available and from a
cavity enhanced spectrometer44 (CES, 1 Hz) when the diode
laser spectrometer data were unavailable. Measurements of
CH4 are also from the tunable diode laser spectrometer43 (1
Hz). Measurements of NO2 and O3 are provided by a
chemiluminescence45−47 (CL, 1 Hz) instrument. When
measurements of NO2 by the CL instrument are unavailable,
we use measurements by a CES48 (1 Hz). We use
measurements of NO by a laser-induced fluorescence instru-
ment49 (1 Hz). Measurements of C4H2O3 (likely maleic
anhydride, MA) were taken from three instruments: (1) a
proton transfer reaction ToF-MS5,50 (PTR-ToF-MS, 1 Hz) for
all flights except 7 Aug 2019 when the instrument was not
operational, (2) a second PTR-ToF-MS51−53 on 7 Aug, and
(3) from an I− ToF-CIMS32,54 on 7 Aug. Measurements of
HONO are also taken from the I− ToF-CIMS32,54 (1 Hz).
PAN measurements were performed by a thermal dissociation
CIMS55 (1 Hz). Measurements of aerosol NC measured as
C6H5NO4 were taken from an extractive electrospray
ionization ToF-MS56 (EESI-MS, 1 Hz). Aerosol NC from
the EESI-MS correlates well (R2 = 0.75, Figure S1) with two
nitrophenolic ions from an HR-ToF AMS57,58 aboard the DC-
8, which are also used from the HR-ToF AMS aboard the
Twin Otter. Photolysis rates of HONO (jHONO) were
determined from spectrally resolved measurements from the
charged-coupled device actinic flux spectroradiometers (1
Hz).59

LES Model. We analyze model results from a LES of the
Williams Flats (WF) fire that was previously described by
Wang et al.36,60,61 with the addition of catechol oxidation
mechanisms for NO3, OH, and O3 (see Supporting
Information Section 2 and Table S2). Our mechanism includes
gas-phase formation of NC only, which is assumed to partition
entirely to the particle phase.
Derivation of the GOMECH. Section 3 of the Supporting

Information provides a detailed derivation of GOMECH,
which is briefly outlined below. Dispersion of a point source
emission leads to a Gaussian shape as a function of crosswind
distance (y) that is symmetric about the plume center (y =
0).62 We define the plume center as the location of the
maximum observed CO, a long-lived BB emission. The
crosswind structure of CO is thus

ACO e y w
CO

/2
CO
2

= −
(1)

Here, ACO is the maximum of CO and wCO is the plume width
of CO. The plume width is defined as the distance from the
plume center to the location where CO = ACOe

−1 or wCO = y.
Similarly, for a species i, the crosswind structure is

i A ei
y b w( ) / i

2 2
= − −

(2)

where Ai is the maximum of i, wi is the plume width of i, and b
is the location of maximum i relative to the plume center of
CO. The variable b accounts for measurements where the
maximum of i is shifted relative to CO (e.g., MA in Figure 1A).
However, fires typically consist of a series of hot spots or a

fire front that creates complex crosswind plume structures that
often do not appear Gaussian when considered as a function of
distance from the plume center. Under the assumption that all
emissions sampled in the crosswind (1) were affected by
mixing equally, (2) were colocated, and (3) did not vary with
fire conditions, any change in the crosswind structure of i,
relative to CO, will be due to chemistry or photolysis. To
resolve the plume structure effects from chemistry or
photolysis, we rederive i as a function of CO by eliminating
y in both eqs 1 and 2 (see Section 3 in the Supporting
Information) shown below, which is the full form of
GOMECH.
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Here, both b and wi are relative to wCO. To simplify eq 1, we
define wCO as 1 and normalize i and CO to a maximum of 1,
which are denoted as the unitless Qi and QCO, respectively. For
measurements that are enhanced in the crosswind transect
(e.g., HONO in Figure 1A), we define the ambient background
signal (a 10 s average before and after the plume) as 0. For
measurements depleted in the crosswind transect (e.g., MA in
Figure 1A), we define 0 as the minimum observed signal in the
plume. After doing so, Qi is
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b Q
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=
[ ]

−
(4)

We use eq 2 to perform a least-squares fit of Q i as a function
of QCO to determine both wi and b relative to wCO for observed
crosswind transects. While our analysis uses normalized
observations, non-normalized observations can be used with
eq 1 to find equivalent, yet unitless, wi and b relative to wCO.
For further discussion on units, refer to Section 3 of the
Supporting Information.
The concepts surrounding GOMECH are detailed with

examples (Figures S2−S6) in Section 4 of the Supporting
Information. Briefly, differences in plume structures of Qi
relative to QCO include (1) enhanced loss of Qi on plume
edges relative to the plume center or enhanced formation of Qi
at the plume center relative to the plume edge (termed
narrowing, see HONO in Figure 1A) or (2) enhanced
formation of Qi at plume edges relative to the plume center
or enhanced loss of Qi at the plume center relative to the
plume edge (termed widening), where either may lead to a
plume edge Qi greater than plume center (b > 0, see MA in
Figure 1A).
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The relationships above are empirical, but as described
below, they fit the differential gradients of an array of short-
lived species relative to CO. The text and Supporting
Information provide uncertainty metrics to quantify the
validity of this empirical approach, which is further discussed
in Section 5 of the Supporting Information. Briefly, reported
errors for w and b are the estimated standard deviation of the
fit and may not capture differences in GOMECH results when
using tracers other than CO, as discussed in the Supporting
Information. Shading on GOMECH plume shapes are
residuals of the fitted observations averaged per normalized
CO bins of 0.004. GOMECH cannot accurately approximate
the plume center of measurements that exhibit strong plume
asymmetry (Figure S7). Inlet effects (such as hysteresis) can
bias plume shapes (Figure S8). Last, low signal to noise can
result in plume widths that are likely lower limits (for narrow
plumes) or upper limits (for wide plumes). Therefore, in bulk
analyses (discussed below), we exclude plumes based on signal
thresholds (Table S3).

■ RESULTS AND DISCUSSION
Quantification of Photochemical Plume Structure.

Nitrous acid, HONO, is a major BB emission that undergoes
rapid photolysis to produce OH radicals (R1). The HONO
photolytic lifetime (i.e., jHONO

−1) on the edge of a plume is of
the order of tens of minutes (Figure 1A), typically more rapid
than mixing time scales that reduce its differential gradient
relative to CO. As such, HONO is depleted relative to CO on
plume edges creating a narrow HONO plume structure,

consistent with results by Peng et al.12 GOMECH analysis
provides a quantitative measure of these gradients and their
implications for plume photochemistry. The GOMECH fit in
Figure 1B,C shows quantitatively that HONO is 33 ± 2%
narrower than CO (wHONO/wCO = 0.67 ± 0.02). Therefore, we
expect that OH has been produced on the plume edges.
Indeed, we see plume edge enhancements of OH oxidation

products, namely, MA (Figure 1A) and PAN (Figure S2A), on
plume edges. MA is an oxidation product that results from OH
oxidation of furans (see Section 6 in the Supporting
Information).50,63−67 While we find similarity in the plume
structure between PAN and MA, we primarily use MA as an
indicator for OH chemistry.68

GOMECH demonstrates that MA is 38 ± 2% narrower than
CO (wMA/wCO = 0.62 ± 0.02), and the maximum of MA is
shifted from a CO maximum of bMA/wCO = 0.92 ± 0.02. The
greatest depletion of HONO relative to CO is located at
∼0.81wCO (Figure 1C). This is near the greatest enhancement
of MA, consistent with a chemical regime in which loss of
HONO and production of MA are spatially similar. Additional
examples are shown for HONO, PAN, O3, and jHONO in
Figures S2−S4.
As we demonstrate further below and in detail in the

Supporting Information, GOMECH provides a measure of the
plume structure that is qualitatively consistent with the
expected chemistry, trends in plume age, and trends in
photolysis history. Further, the model produces consistent
results for individual compounds regardless of the research
platform and measurement technique.

Figure 2. All data shown are from the DC-8 dataset. Panel (A) Examples of normalized observations of HONO (red), CO (gray fill), and HONO
photolytic lifetime (color scale) plotted against distance from the plume center from three separate crosswind transects. Panel (B): Bulk analysis
examples of normalized crosswind transects of HONO (gray markers) and CO (black) plotted against normalized CO with fits shown in red. Panel
(C): Recreated plume shapes of HONO binned by ESZAs and plume ages, which show that the HONO plume shape is consistently narrower than
CO.
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Bulk Analysis of Photochemical Plume Structures.
Conclusions from Figure 1 apply to the majority of the
observations. A bulk analysis of HONO, performed by running
a single GOMECH fit on combined 210 crosswind transects
from the DC-8 and a single GOMECH fit on combined 220
crosswind transects from the NOAA Twin Otter, finds average
plume widths that are 24 ± 1% (wHONO/wCO = 0.76 ± 0.01)
and 20 ± 1% (wHONO/wCO = 0.80 ± 0.01) narrower than CO,
respectively. Average plume ages with ±1σ variabilities were
2.2 ± 1.1 and 2.3 ± 1.3 h, respectively. Thus, HONO plume
structures were consistently narrower than CO across research
platform and plume. Indeed, as shown by the example
crosswind transects in Figure 2A, HONO plume structures
appear complex but generally depleted on plume edges.
Despite this complexity, GOMECH is able to identify trends

in the HONO plume width as a function of the smoke age and
the solar zenith angle at the time of emission or emitted solar
zenith angle (ESZA, where 0° is solar noon and 90° is sunset).
ESZA is relative and qualitative measure of the rates of
photolysis and provides insight into the photolysis history of
sampled smoke.
HONO plumes narrow with increasing age (Figure 2B,C

and Table S4). Specifically, for smoke age <1 h, wHONO/wCO =
0.83 ± 0.01, and for smoke age >1 h, wHONO/wCO = 0.73 ±
0.01, consistent with previous results.12 Similarly, the HONO
plume width is narrower for smoke emitted earlier in the day.

Specifically, for smoke emitted before late afternoon (ESZA
<60°), wHONO/wCO = 0.71 ± 0.01, and for smoke emitted in
the evening or later (ESZA > 60°), wHON,O/wCO = 0.84 ± 0.01.
These results are explained by decreasing jHONO with
increasing ESZA. Median jHONO

−1 values were 0.45 h before
late afternoon and 2.34 h in the evening or later. Replacing CO
with methane, benzene, or toluene as a long-lived tracer
produces similar trends (Figure S9); however, note that the
width varies depending on the choice of the tracer as discussed
in the Supporting Information. The wHONO dependence on
ESZA further reveals that HONO photolysis, and thus OH
production, is larger earlier in the day.
Indeed, the MA plume width relative to CO (wMA/wCO) is

consistently >1 (Figure S10 and Table S5). The plume center
of MA generally aligns with CO (bMA/wCO = 0), unlike the
example in Figure 1 (Figure S11 discussed in the Supporting
Information and in a following section). wMA/wCO varies
between 1.06 ± 0.01 and 1.12 ± 0.04 across plume age and
ESZA. There is not a clear trend in wMA with ESZA, but wMA
appears to decrease with age. The consistently wider plume
structure of MA is indicative of enhanced OH oxidation of
furans on the plume edges.

Bulk Analysis of NO3 Plume Structure. To investigate
NO3 chemistry, we perform a GOMECH bulk analysis on the
instantaneous NO3 production rate, P(NO3), as a measure of
the potential for NO3 chemistry.19

Figure 3. Panel (A) Examples of normalized observations of catechol (measured as C6H6O2, red) and methylcatechol (measured as C7H8O2, blue),
and CO (gray fill) plotted against distance from the plume center from wildfire plume transects sampled by the NOAA Twin Otter. Panel (B): Bulk
analysis examples of normalized crosswind transects of catechol, methylcatechol (gray markers), and CO (black) plotted against normalized CO
with fits (using eq 2) shown by solid colored lines. Panel (C): Recreated plume shapes of phenol (measured as C6H6O, green), catechol (red dash)
and methylcatechol (blue dash), as well as of catechol colored by ESZA and separated by age. Data gaps in panel (A) are from instrument zeros.
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kP(NO ) NO O3 NO 2 33
= [ ][ ] (5)

There is a clear trend in P(NO3) plume width (wP(NO3)) as a
function of ESZA that is consistent across research aircraft
(Figure S12 and Table S6), and plume centers are almost
always aligned with CO (Figure S13 discussed in the
Supporting Information and in a following section). For
smoke emitted in the afternoon (ESZA < 40° from the DC-8
and ESZA < 50° on the Twin Otter; data bins differ due to
differences in targeted smoke emission times by each aircraft),
wP(NO3)/wCO = 0.92 ± 0.01 and 0.91 ± 0.01, respectively.
Smoke emitted in the evening or later (ESZA > 60° from the
DC-8 and ESZA > 75° on the Twin Otter) generally aligned
with CO (wP(NO3)/wCO = 1.00 ± 0.02 and 1.00 ± 0.02,
respectively). This suggests that the greatest enhancements of
NO3 are likely at the plume center earlier in the day. Even so,
the majority of plume width (91−100%), and thus emissions,
will be in a region where P(NO3) > background levels.
Bulk Analysis of the Phenolic Plume Structure.

Phenolic compounds are uniquely enhanced in BB emissions
and are short-lived, exhibiting high reactivity to both OH and
NO3.

8,22,69 We investigate three masses which can be
attributed to phenolics reported by the I− CIMS aboard the
Twin Otter: C6H6O (likely phenol), C6H6O2 (likely catechol),
and C7H8O2 (likely methylcatechol).7 In a bulk GOMECH
analysis, the average plume widths of phenol (wphenol/wCO =
0.96 ± 0.03), catechol (wcatechol/wCO = 0.91 ± 0.01), and
methylcatechol (wmethylcatechol/wCO = 0.84 ± 0.01) are narrower
than that of CO (Figure 3 and Table S7). These widths
decrease with increasing bimolecular rate coefficient69 between
the phenolic and NO3 or OH. As we have shown above, OH is
expected to be enhanced at plume edges. Further, while
P(NO3) is expected to be enhanced at the plume center, some
P(NO3) is expected at plume edges as well. Therefore, it is
likely that the narrow phenolics plume structure is caused by
enhanced oxidation by both NO3 and OH on the plume edges.

Further, GOMECH shows that the catechol plume is
narrower for aged smoke and for smoke emitted earlier in the
day (Figure 3B,C and Table S7). For example, in aged smoke
(>1.5 h) emitted early in the day (ESZA < 50°), catechol is 19
± 1% narrower than CO. In contrast, catechol in young smoke
(age < 1.5 h) emitted later in the day (ESZA between 50−75°)
is only 3 ± 1% narrower than CO. As shown above,
GOMECH suggests that OH production is enhanced on
plume edges earlier in the day, while P(NO3) is enhanced at
the plume center earlier in the day. Therefore, it is likely that
the apparent narrowing trend with ESZA is due to OH
oxidation of catechol.
Both NO3 and OH oxidation of phenolics results in the

formation of nitrophenolic SOA. Running a GOMECH bulk
analysis of Twin Otter AMS nitrophenolic signals7 suggests
that the average nitrophenolic aerosol is 5 ± 2% narrower than
CO (Figure S14 and Table S8). A narrow plume may be the
result of nitrophenolic photolysis, as suggested by Sangwan
and Zhu,70,71 on plume edges. However, enhanced formation
at the plume center would be consistent with the enhanced
plume center P(NO3), which is known to form nitrophenolics
at a greater yield than OH22 and was shown to produce the
majority of nitrophenolics at the center of daytime BB plumes
sampled during FIREX-AQ.13

WF Fire Case Study. The WF fire produced the largest
plume sampled during FIREX-AQ Figure S15). We consider
four sampling patterns of the WF fire: two on 3 Aug and two
on 7 Aug (Figure S16). These plumes are chosen because they
had significant plume darkening at their center (90−99%
attenuation of jHONO), which results in clear center-edge effects
that help to differentiate the influence of OH and NO3
chemistry on the formation of nitrophenolics.
Figure 4 shows that MA, aerosol C6H5NO4 (attributed to

NC56), and calculated P(NO3) are depressed at the plume
center and have maxima near the plume edge for the 7 Aug
plume. This is the result of significantly reduced actinic flux at

Figure 4. Panel (A): Observations of CO colored by HONO photolytic lifetime plotted against distance from the plume center from plume
transects of the WF fire sampled by the NASA DC-8. Panel (B): Observations of MA (measured as C4H2O3, blue) and aerosol NC (measured as
C6H5NO4, black outline and fill) as well as calculated P(NO3) (red). Panel (C): Recreated plume shapes of MA (blue), NC (black), and P(NO3)
(red) from fit parameters shown in Figure S15 as well as shading indicating fit residuals averaged by normalized CO bins of 0.004. Data gaps for
NC are due to instrument zeros. Plume ages for plumes 1, 2, and 3 are 1−1.25, 1.25−1.50, and 1.65−1.95 h.
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the plume center reducing photolytic OH production as well as
emissions of NO titrating O3 and thus P(NO3). We apply
GOMECH to these observations as seen in Figure 4B−C (fits
shown in Figure S17 and Table S9). We show only three
young plume transects (age: 1−2 h) because GOMECH was
unable to reliably locate the plume center of MA in smoke 2−3
h old likely due to issues with plume asymmetry (e.g., Figure
S7).
GOMECH reveals that the plume center of NC aerosol is

most similar to MA (Δb = 0.08 ± 0.03 and Δw = 0.09 ± 0.03)
as opposed to P(NO3) (Δb = 0.25 ± 0.02 and Δw = 0.15 ±
0.02) in the youngest transect (left in Figure 4C). The NC
aerosol shifts toward the CO plume center and becomes
narrower with age until it is closely aligned with P(NO3) in the
second (Δb = 0.05 ± 0.02 and Δw = 0.08 ± 0.02) and third
(Δb = 0.02 ± 0.01 and Δw = 0.04 ± 0.01) transects. Our LES
model suggests similar results.
We apply our LES model to the 3 Aug second pass sampling

of the WF fire where we find agreement between model results
and observations of NC aerosol (Figure S18). We are unable
to run the LES model on the 7 Aug sampling due to complex
plume dynamics.
Even so, LES model results show plume structures similar to

those observed in Figure 4. Modeled NC aerosol, MA, and
P(NO3) are enhanced on plume edges, while modeled catechol
narrows downwind of the fire (Figure 5A−C). Further, the
LES model result shows that NC formation is controlled by
NO3 chemistry on the plume edges, similar to GOMECH
results in Figure 4D.
Applying GOMECH to crosswind transects of the LES

model (Figure 5D) shows that the catechol plume width

narrows between 10 and 20 km downwind of the fire (wcatechol/
wCO = 0.81 ± 0.01 and wcatechol/wCO = 0.56 ± 0.02,
respectively). The LES model reveals that catechol loss on
plume edges is mostly due to OH oxidation. Enhanced OH
oxidation on the plume edge is consistent with the plume edge
enhancements of MA shown by GOMECH in Figure 5D.
While most of the catechol loss is due to OH, the cumulative

production of NC aerosol is mostly (55%) from NO3
chemistry (Figure S19). This is consistent with a plume
center model of the WF plumes and is due to differences in
NC yield from NO3 and OH oxidation pathways.13 Indeed, the
GOMECH structure of P(NO3) and aerosol NC are closely
aligned (Δb = 0.03 ± 0.01 and Δw = 0.04 ± 0.03) compared
to MA (Δb = 0.19 ± 0.03 and Δw = 0.05 ± 0.03) at 10 km
downwind of the fire source. As the plume is transported to 15
and 20 km downwind, there is significantly more overlap
between the GOMECH structure of P(NO3) and aerosol NC
(71 and, 78% respectively) compared to MA (48 and 56%,
respectively). Eventually, the plume center of aerosol NC
determined by GOMECH aligns with CO (Table S10), similar
to GOMECH results seen in the 7 Aug case for smoke sampled
with age > 3 h (Figure S20).
The above conclusions are further supported by correlations

of NC aerosol with integrated P(NO3) or MA (see Supporting
Information and Figure S21), which shows that NC aerosol is
best correlated with integrated P(NO3) (R2 = 0.72−0.92)
when compared to MA (R2 = 0.35−0.76) in all four WF
plumes we study.
The oxidation of phenolics and formation of nitrophenolics

are known to contribute to SOA and BrC formation in BB
plumes.7 Further, NO3 chemistry has been suggested to

Figure 5. Panel (A): LES model results of CO (gray) and catechol (brown) for three crosswind transects 10, 15, and 20 km downwind of the WF
fire sampled on 3 Aug 2019 by the NASA DC-8. Panel (B): LES model results for MA (blue), P(NO3) (red), and aerosol NC (black). Panel (C):
LES model curtains of aerosol NC (color scale). Panel (D): GOMECH plume shapes of MA (blue), NC (black), and P(NO3) (red) from fit
parameters shown in Table S10 as well as shading indicating fit residuals averaged by normalized CO bins of 0.004.
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contribute to most of the organic aerosol from wintertime
residential wood combustion in at least one analysis.16 Our
analysis suggests that NO3 chemistry may be a major source of
nitrophenolics, even on plume edges, in daytime BB plumes
studied during FIREX-AQ, and a dominant (55%) source in
our case study.
As shown above and in detail in the Supporting Information,

GOMECH is able to resolve spatial heterogeneity in NO3 and
OH chemistry by recreating plume structures within 20% of
the observations. Narrower or wider plumes (such as HONO
or MA) are better approximated with GOMECH and have
lower fit residuals when compared to more complex plume
structures with plume center shifts (b ≠ 0, such as MA, PAN,
or O3). GOMECH is a simple, empirical model that can be fit
to aircraft data from discrete emission sources. GOMECH
provides a method for studying the spatial heterogeneity of
plumes by providing quantitative measures of differential
gradients in short-lived species relative to long-lived tracers
and, as such, can quantify chemical regimes in chemically
evolving plumes. We provide a GOMECH analysis tool for
download (see Supporting Information Section 3) to be used
by others in future crosswind heterogeneity studies.
GOMECH is general and should be independent of factors
such as plume injection height, combustion efficiency,
turbulence, and so forth. It therefore may find application in
urban plumes or plumes from power generation sources. If so,
it would provide insights into chemical processes contributing
to the evolution of short-lived emissions and their oxidation
products.
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