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ABSTRACT: Understanding the efficiency and variability of ‘l

photochemical ozone (O;) production from western wildfire

plumes is important to accurately estimate their influence on North | A
American air quality. A set of photochemical measurements were @ @

made from the NOAA Twin Otter research aircraft as a part of the @

Fire Influence on Regional to Global Environments and Air Quality -
(FIREX-AQ) experi%nent. We use a zero-dimensional (0-D) box @ & Bibduct T VOC Sensitive
model to investigate the chemistry driving O; production in 3 I'O. UC og

modeled plumes. Modeled afternoon plumes reached a maximum Sensitivity
O; mixing ratio of 140 + SO ppbv (average + standard deviation)
within 20 + 10 min of emission compared to 76 + 12 ppbv in 60 +
30 min in evening plumes. Afternoon and evening maximum O,
isopleths indicate that plumes were near their peak in NO,
efficiency. A radical budget describes the NO, volatile - organic compound (VOC) sensitivities of these plumes. Afternoon
plumes displayed a rapid transition from VOC-sensitive to NO,-sensitive chemistry, driven by HO, (=OH + HO,) production from
photolysis of nitrous acid (HONO) (48 + 20% of primary HO,) and formaldehyde (HCHO) (26 + 9%) emitted directly from the
fire. Evening plumes exhibit a slower transition from peak NO, efliciency to VOC-sensitive O3 production caused by a reduction in
photolysis rates and fire emissions. HO, production in evening plumes is controlled by HONO photolysis (53 + 7%), HCHO
photolysis (18 + 9%), and alkene ozonolysis (17 + 9%).

KEYWORDS: oxidation, volatile organic compounds, biomass, photodissociation, atmospheric chemistry

1. INTRODUCTION snowpack, increasing summertime temperatures, drought, and
human-caused ignitions.' ¢

Biomass burning emissions are rich in O; precursors,17
including VOC:s, reactive nitrogen compounds, and photolytic
radical sources. Reactive nitrogen in BB plumes includes NO,
and nitrous acid (HONO), the latter also being an important
radical source.”” Plumes from BB emit large amounts of highly
reactive VOCs, including small oxygenates (e.g., formaldehyde,
acetaldehyde), alkenes (e.g,, ethene, propene, butene, 1,3-
butadiene), aromatics (e.g, catechol, phenol, benzene, and

Emissions from wildfires have significant and increasing
impacts on local and regional air quality in the western United
States (U.S.). Pollutants such as PM, 5 (particulate matter <2.5
um aerodynamic diameter) and ozone (O;) regularly exceed
U.S. National Ambient Air Quality Standards in the western
US. nearly every fire season.'”’ Ozone is a secondary
pollutant, formed in the troposphere by the oxidation of
volatile organic compounds (VOCs) in the presence of
nitrogen oxides (NO, = NO + NO,) and sunlight.*” While
biomass burning (BB), including wildfires, is estimated to
contribute only 3.4% to total NO, emissions in the United Received: March 25, 2021
States,'”'' NO, emissions from fossil fuels have steadily Revised:  June 26, 2021
declined, decreasing by 65% from 1990 to 2019."" Con- Accepted: June 28, 2021
currently, western U.S. wildfire emissions have been increasing

for two decades due to growing frequency and intensity of

fires.">"* These trends are likely to continue due to decreasing
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Table 1. NOAA Twin Otter Measurements Used in This Work

measurement method

NO, NO,, O, chemiluminescence

CO, CO,, CH,, H,0 cavity ring down spectroscopy

BBVOCs* 2-D gas chromatography—mass

spectrometry

HNO,, C¢H(O, C¢HO,,
C,H,0, C;H,NO,”

iodide-adduct chemical ionization mass
spectrometry (I CIMS)

pNO;, pCHNO,* aerosol mass spectrometry (AMS)

jNO, filter radiometer

sample
frequency uncertainty (20) reference
1 Hz NO: +38%, NO,: +21%, O3: +5% Sparks et al.*’
Juncosa
Cekléahorrano et
0.5 Hz  CO,: +£0.200 ppmv, CO: +0.030 ppmv, CH,;: Crosson*’
+0.002 ppmv, H,0: +0.150%
S min +30% Mondello et al.*°
Hatch et al.*’
2 Hz +30% Lee et al.””
Palm et al.*®
Peng et al.*®
1 Hz +30% DeCarlo et al.>*
Liggio et al>®
Fry et al.*
1 Hz +10% Warneke et al.%’

“Furan, methyl vinyl ketone, methyl ethyl ketone, a-pinene, f-pinene, limonene (see Figures SS and S6). bAssumed structures, nitrous acid
(HONO), phenol, catechol, cresol, isoprene hydroxy nitrates. “Particulate nitrate (pNO;) and particulate nitrocatechol ion marker (pCsH;NO,")

(see Figure S8).
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Figure 1. (a) Map of sampled fire complexes during FIREX-AQ, colored by O; mixing ratio. (b) Time series of jNO, (black trace) measured by the
NOAA Twin Otter during a typical flight day (8/28/2019) and measured GOES-16 fire radiative power (FRP) for the Cow 4 fire (red dashed
trace). Peak actinic flux (jNO,) and FRP occur during the afternoon sampling window (shaded in red). Evening plume sampling (shaded in blue)
demonstrates a sharp decrease in actinic flux and a moderate decrease in FRP.

toluene), furans (e.g., furan, 2-furfural, furanone), and terpenes
(e.g., isoprene, monoterpenes, oxygenated monoterpenes, and
sesquiterpenes).”’ ~>> Several of these VOC classes are also
photochemical radical sources, including formaldehyde
(HCHO), glyoxal, and other aldehydes.

The relationships between O; and its major precursors
(NO,, VOCs, and radical sources) follow well-known,
nonlinear functions.”**~>’ The relationship between O and
NO, is linear at low NO, mixing ratios (NO,-sensitive regime)
but decreases with increasing NO, mixing ratios (VOC-
sensitive regime). The NO, sensitivity of O, production can be
defined by the relative amount of VOCs and radical

precursors.””*° The NO,—VOC-radical system, while well
studied for urban areas, has received less attention in wildfire
plumes, which are chemically complex. Recent laboratory
studies and aircraft-based field campaigns have better defined
BB emissions”""*****"*? by characterizing BBVOCs and major
radical sources, which both differ from the urban case.*>™**
Understanding the NO,—VOC-radical sensitivity in BB
plumes serves to better define their downwind impacts on
air quality.

Analysis of aircraft observations of O; photochemistry in BB
plumes remains limited despite an increasing number of recent
investigations. A box modeling analysis during the 1992
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SAFARI campaign emphasized the importance of properly
parameterizing dilution with a conserved tracer (e.g., carbon
monoxide (CO)).*”*" Further, the 2000 SAFARI campaign in
Otavia, Namibia, modeled O; production in young savanna BB
plumes.”'~* These savanna BB plumes displayed NO,-
sensitive O3 photochemistry controlled by HCHO photolysis
and alkene ozonolysis as the major radical sources; NO,
termination and reservoir species were mainly nitric acid
(HNOj;) and peroxy acetyl nitrate (PAN).** During the 2013
DISCOVER-AQ campaign, a young agricultural plume
sampled in the southeast U.S. was analyzed using a box
model and detailed VOC observations.** Elevated PAN mixing
ratios downwind of two fires in the western U.S. and 15
agricultural fires in the southeastern U.S. were observed during
the 2013 SEAC* RS campaign, indicating a significant NO,
sink.'”*> Most recently during the 2018 WE-CAN campaign in
the northwestern U.S.,, HONO observations in wildfire BB
plumes indicated HONO photolysis as a dominant Zprimau'y
HO, (=OH + HO,) source in early plume evolution.”**’

We present an analysis of aircraft measurements that
includes detailed chemistry to constrain O; production and
its sensitivities in BB plumes. In the summer of 2019, a major
field campaign sampled tens of wildfires in the western U.S.
The Fire Influence on Regional to global Environments and
Air Quality (FIREX-AQ) deployed the NASA DC-8 and the
NOAA Twin Otter research aircraft to sample wildfire plumes.
We use the initial emissions and downwind chemical
transformation as sampled by the NOAA Twin Otter to
investigate O; formation. We show a detailed investigation of
the NO,—VOC sensitivity of O3 production during the first 2 h
of plume evolution together with the primary HO, sources and
radical sinks in the sampled plumes.

2. METHODS

2.1. Platform and Instrumentation. Measurements were
conducted in situ from the NOAA Twin Otter during FIREX-
AQ from 29 July to S September 2019. The aircraft was based
in Boise, ID, from 29 July to 5 September, and briefly in Cedar
City, UT, from 19 August to 23 August. We focus on relevant
measurements of wildfire plumes including their chemical,
physical, and optical characterizations. A summary of the
measurements including methods, sampling frequency, un-
certainties, and references used for this analysis is presented in
Table 1. More information and data can be found at https://
csl.noaa.gov/projects/firex-aq/twinotterCHEM/.

2.2, Selected Fires and Plume Intercepts. The NOAA
Twin Otter sampled western wildfires during 40 research
flights. We present the analysis of 11 research flights sampling
seven fire complexes, which were selected for the time of day,
the number of downwind transects, and full data coverage
(map shown in Figure la). The dates, names, time of day,
fuels, locations, burn size, GOES-16 24 h mean fire radiative
power (FRP), average photolysis rate, number of plume
transects, and histograms of CO are included in the Supporting
Information (Table S1 and Figure S22).

The NOAA Twin Otter probed air masses as they advected
downwind to investigate the chemical evolution with time.
However, it not possible to maintain Lagrangian sampling (i.e.,
repeat sampling of the same air mass) in complex plume
structure, terrain, and airspace. Thus, we deem our approach
“semi-Lagrangian”. The average true airspeed for plume
transects was 71 + 0.2 m s, yielding a spatial resolution of
~70 m for 1 Hz instruments. A typical time series obtained

during a semi-Lagrangian experiment is included in the
Supporting Information (Figure S1).

2.3. Plume Ages. Plume ages were calculated taking both
advection and plume rise into account.”® Advection was
determined using back trajectories from HYSPLIT using three
different meteorological fields (HRRR 3 km, NAM CONUS
nest 3 km, and GFS 0.25°). Vertical plume rise time was based
on the height of the trajectory above the surface at the point in
which it most closely approached the fire complex with an
assumed mean vertical rise speed of 7 m s~ (50 + 5% of total
transport speed). Uncertainty in plume age is estimated from
the range in ages computed with the three meteorological
fields, with median uncertainty around 25% of the age. The age
at the center of the plume (highest CO mixing ratio) was used
for subsequent box modeling.

2.4. Photochemical Box Modeling. We simulated O,
formation in BB plumes using the Framework for 0-D
Atmospheric Modeling,” a photochemical zero-dimensional
(0-D) box model. Near-field plume transects were limited by
flight restrictions; thus, an iterative box model®”®" was applied
to investigate early plume chemistry. The gas-phase chemical
mechanism implemented in this 0-D model was adapted from
the Master Chemical Mechanism (MCMv3.3.1) with addi-
tional BBVOC oxidation reactions for furan, 2-methylfuran, 3-
methylfuran, 2,5-dimethylfuran, furfural, S-methylfurfural,
methylguaiacol, guaiacol, and syringol.”*** Catechol, methyl
catechol, dimethyl catechol, and benzoquinone oxidation were
also updated in the MCM as described in the Supporting
Information (Figure S2) based on experimental work by
Finewax et al” and Schwantes et al°* The MCM with
additional BBVOCs**** is a near-explicit mechanism used to
characterize the gas-phase chemical processes involved in the
degradation of over 143 VOCs.*%°

BBVOC emissions have been studied extensively as a
function of both combustion conditions and fuel types
commonly found in the western U.S.*' 72532927 I this
work, a VOC emissions profile was developed using data
compiled by Decker et al,’” based on measurements made
during the 2012 FLAME-IV*' and 2016 FIREX™ (hereafter
referred to as FIRELAB) laboratory experiments. This dataset
comprises 302 of the most reactive BBVOCs measured at
FIRELAB, and we use 48 of the most abundant in this study.
The variability of VOC emissions was investi§ated by
comparing the FIRELAB emissions ratio data’ to the
FIREX-AQ 2019 DC-8 observations and the 2012 FLAME-
IV lab experiment to find an agreement within a factor of 2
among all studies (see Figures S3 and S4). Following these
comparisons, the FIRELAB BBVOC emission profile was
extended to an additional VOC emissions profile in which the
FIRELAB BBVOC emissions were reduced by 50% as an extra
VOC sensitivity case study (referred to as 0.5 FIRELAB)
(Table S3).

The model was initialized using measured mixing ratios of
NO, NO,, HONO, O;, CO, CH,, C,H¢O (phenol), CsHO,
(catechol), and C,HgO (cresol) (see Table 1) measured at the
densest part of the plume, as determined by the highest CO
mixing ratio. This approach does not account for the plume
center to edge variability in photochemical regimes. The low
time resolution of the BBVOC data measured by two-
dimensional (2-D) gas chromatography—mass spectrometry
(GC—MS) required the use of derived VOC emissions profiles
to initialize the model. Time-dependent BBVOC mixing ratios,
based on the profiles described above, were compared with
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observed BBVOCs from the I" CIMS and 2-D GC—MS. The
measured BBVOC:s are in better agreement with the reduced
VOC emissions profile (0.5 FIRELAB) (Figures S5, S6, and
$13—S21) and the results from this profile are reported herein.
The better agreement with the 0.5 FIRELAB case is possibly
due to differences in modified combustion efficiency (MCE)
between laboratory studies (0.93 =+ 0.02)°® and real fire
emissions (this study: 0.89 + 0.02; see Table S1); however,
MCE relationships with VOC emissions are generally complex
and sometimes poorly correlated.”*”"°

Dilution is an important physical process influencing the
chemical evolution of fire plumes. An approximately conserved
tracer (CO) was used to determine a first-order loss rate (ky;),
which is applied to all chemical species in the box model. In
some instances, regional background air had higher mixing
ratios than in the plume for certain species (CO,, O;), in
which case, dilution caused a mass increase of species into the
plume.”" Background mixing ratios were constrained to
measurements made immediately outside of the plume for
each flight (see Table S2 for kg and average background
mixing ratios).

We developed a numerical iteration scheme to estimate the
initial conditions required to fit observations downwind of
each fire (description and model fit examples in Supporting
Information Figures SS and S6). Emission scaling factors for
CO, NO,, HONO, and the entire VOC profile are reported in
the Supporting Information (Table S3). Additionally, HONO-
to-NO, ratios (ppbv/ppbv) are provided after 30 min of
oxidation (Table S3). The modeled fire plumes had an average
HONO-to-NO, ratio of 0.12 + 0.21 after 30 min of oxidation,
which is within the range of reported laboratory and field-
based studies.'”***¢ Generally, the modeled plumes under-
estimated first transect HONO-to-NO, ratio observations
made on the NOAA Twin Otter (0.21 + 0.11).

In addition to chemical constraints, the model was
constrained with measured meteorological parameters (tem-
perature, pressure, relative humidity, solar zenith angle, and
NO, photolysis rate). Photolysis rates were constrained with
the MCM parameterization® and then scaled to the observed
jNO, measurements. This scaling approach allows the model
to account for the plume darkening effect on photolysis rates,
but does not account for spectral dependence. Stronger
attenuation at shorter wavelengths may reduce photolysis rates
for UV-absorbing molecules such as O;, HCHO, or HONO
smaller than modeled.

3. RESULTS AND DISCUSSION

The western wildfire plumes sampled from the Twin Otter in
summer 2019 exhibited rapid photochemical production of O;.
Most of these plumes were from moderately sized fires
(GOES-16 FRP 24 h mean range: 61—643 MW) that were not
optically opaque, with average relative reductions in NO,
photolysis rates of 27 + 22% at the plume center, where the
range represents one standard deviation of the mean. Results
for more optically dense plumes from larger fires are likely to
be different. Generally, both sets of models represented O,
mixing ratios downwind (average error + standard deviation);
the 0.5 FIRELAB (overall: 0.6 + 4%) profile matched initial
plume transects (3.7 + 7%) more accurately than the
FIRELAB (1Ist transect: 14 + 16%) profile (overall: 5.1 +
7%) (see Table S5). Modeled maximum O; mixing ratios were
reached within 60 min of emission for all modeled plumes.
Initial O; production rates (initial maximum slopes of Figure

2a) of afternoon plumes (12:00—17:00 MDT) were, on
average, higher than evening plumes (17:00—20:45 MDT)
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Figure 2. Modeled O; mixing ratio using the 0.5 FIRELAB BBVOC
emissions case. (a) Modeled O; mixing ratio as a function of reaction
time for all modeled fires averaged by time of day sampled. Shading
represents one standard deviation. (b) Modeled normalized excess O,
mixing ratio as a function of reaction time for all modeled fires
averaged by time of day sampled. Shading represents one standard
deviation. Modeled O, (O; + NO,) and normalized excess O, mixing
ratios as a function of reaction time display similar trends as NO,
makes up ~10% of O, (Figures S11 and S12).

(500 + 60 and 66 + 2 ppbv h™', respectively). These daytime
O; production rates are large compared to urban O;
production, which is typically 10—100 ppbv h™ near source
regions.”””’> Modeled afternoon plumes reached an average
maximum O; mixing ratio of 140 + S0 ppbv within 20 + 10
min of emission compared to 76 + 12 ppbv in 60 + 30 min in
evening plumes. The model exhibited more pronounced, rapid
photochemical production of O; in afternoon plumes due to
rapid production of primary radicals that initiate oxidation
reactions in the NO,—HO, cycle. On average, afternoon fire
plumes produced twice as much Oj in half the time as evening
plumes. Dilution rates in the observed BB plumes were
competitive with O; production rates, oftentimes making O,
enhancements within the plume relatively small several hours
downwind. The normalized excess mixing ratio (NEMR)
accounts for plume dilution and entrainment of background air
into the plume.

AO3 _ (03 plume — 03 background)

NEMR, = =
s ACO (Coplume - Cobackground)

The highest NEMR, rate (maximum slope in Figure 2b)

was observed in the afternoon plumes, reaching 65 + 3 ppbv
O, ppmv CO™" h™! (Figure 2b). The evening NEMR,, rate

reached a maximum on average of 43 + 1 ppmv O, ppbv CO™"
h™' (Figure 2b).

The NO,—VOC sensitivity of O; production for an
individual plume determines both O; production rates and
response to the emissions from specific fires. A common tool
used for understanding the nonlinear relationship between O,
NO,, and VOC is the Oj; isopleth. This analysis method has
seen numerous applications to O; sensitivities in urban
areas,”®’® oil- and gas-producing re§ions,28'77 and NO,-
impacted, biogenic-rich environments,”~ but is less common
in the analysis of fire plumes.’ Fires differ from anthropogenic
sources in two respects. First, BBVOC emissions differ
markedly from urban or biogenic VOCs, with BBVOC
reactivity dominated by species such as oxygenated and
nonoxygenated aromatics, furans, and terpenes.22 Second,
BBNO, emissions vary and depend on both fuel nitrogen

https://doi.org/10.1021/acs.est.1c01963
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01963/suppl_file/es1c01963_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01963/suppl_file/es1c01963_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01963/suppl_file/es1c01963_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01963/suppl_file/es1c01963_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01963/suppl_file/es1c01963_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01963/suppl_file/es1c01963_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01963/suppl_file/es1c01963_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01963/suppl_file/es1c01963_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01963?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01963?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01963?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01963/suppl_file/es1c01963_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01963?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c01963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(a) b)
o 47 ME———T o 47 W
40 80 120 160 200 40 80 120 160 200
2 Max Oy (ppbv) 2 Max O3 (ppbv)
2 3 ] 2 3]
s L ;
“ VOC Sensiti
o) VOC Sensitive e} m
= 24 ; = 2+
e} o e}
[0 (]
N N
© © 14
E £
o [e]
b4 o z
T T 1 T T T 1
0.5 1.0 15 20 05 1.0 1.5 20
Normalized VOC Emissions Normalized VOC Emissions
3 3
8 S 60 80
§150 200 %
$ 55
© 100 S €0
% 100 3
= s 50
T T T 1 T 1 T T T 1 T 1
12 3 4 1 2 12 3 4 1 2
NO, Emissions ~ VOC Emissions NO, Emissions ~ VOC Emissions

Figure 3. Isopleths of maximum modeled O; for two BB wildfire plumes utilizing a 0.5 FIRELAB VOC profile. Black dashed lines indicate maxima
in NO, sensitivity. (a) Modeled HK163 afternoon plume maximum Oj isopleth as a function of normalized NO, and VOC base emissions. Each
marker represents individual afternoon plumes in relative NO,—VOC space, with error bars representing measurement error for NO,, (including
HONO) and 50% error for VOCs (to encompass both VOC profiles). Below the isopleth shows cuts through the afternoon isopleth at the HK163
base case with normalized NO, and VOC emissions of 1. (b) Modeled Cow 06 evening plume maximum Oj isopleth, as a function of normalized
NO, and VOC base emissions. Each marker represents evening plumes in relative NO,—VOC space. Below the isopleth shows cuts through the
evening isopleth at the Cow 06 base case with normalized NO, and VOC emissions of 1.

content and fire stage (e.g., flaming or smoldering),20 leading
to potentially large variability in plume O; production.

The HK163 and Cow 06 fires were chosen as base cases to
represent the median NO, and VOC emissions for afternoon
and evening populations. Emissions in the model (NO, +
HONO and VOCs) are varied to determine the effect on O,
production in these BB plumes (for maximum O; isopleths, see
Figure 3). The relative VOC profile (including HCHO) for
every model run was kept constant, which made it possible to
plot all of the afternoon and evening fires on each isopleth,
respectively. Both afternoon and evening fires fell in the VOC-
sensitive regime of the maximum Oj isopleth, but were close to
the NO,-sensitive transition line (Figure 3). This result is
surprising because fire emissions are expected to have high
VOC and low NO, emissions.'” The modeled average initial
VOC-to-NO, ratio (including HONO) was 30 + 40 and 44 +
20 ppbv C ppbv NO,™" for afternoon and evening plumes,
respectively. In contrast, urban plumes as reported by Mao et
al.>* have generally lower average VOC-to-NO,, ratios (24 +
10 ppbv C ppbv NO,™).

3.1. Modeled Radical Budget. Maximum Oj; isopleths
describe only one point in a plume’s chemical evolution. It is
useful to investigate NO,—VOC sensitivities as the plume
advects downwind. The NO,—VOC sensitivities of photo-
chemical O; production can also be expressed in terms of the
sources and sinks of free radicals (HO, + RO + RO,). The
largest radical source in the lower atmosphere is the photolysis
of Oj; at wavelengths shorter than 340 nm, which yields excited
oxygen atoms, O'(D), that react with water vapor to produce
hydroxyl radicals.”” Biomass burning, by contrast, directly
emits photolytic radical precursors, such as HONO and
HCHO. Photolysis of HONO, HCHO, other aldehydes, and
acetone, along with the ozonolysis of alkenes, *%%° leads to
rapid HO,, production early in the evolution of fire plumes.

Large radical sources, in turn, tend to force O3 production into
the NO, sensitive regime.””** While many of the same radical
sources also influence urban air, they are not emitted at the
concentrated levels found in early fire plume evolution. Peak
actinic flux and FRP (proxy for emissions) both occur during
the afternoon hours (Figure 1b), allowing for rapid HO,
production. During the evening hours, actinic flux decreases
much more rapidly than FRP, reducing HO, production and
O; production during potentially sustained emissions.

The afternoon plumes’ primary HO, (pHO,) budget was
dominated by HONO photolysis, making up 48 + 20%
(average + standard deviation) (Figure 4a). The second most
important production term to the afternoon pHO, budget was
HCHO photolysis (26 + 9%); HCHO emissions were purely
based on emissions databases; thus, the uncertainty with this
radical source is high. The remainder of the pHO, budget for
afternoon plumes was made up of aldehyde photolysis, alkene
ozonolysis, and O('D) (10 + 3, 7 + 5, and 5 + 5%
respectively). The top three contributors to evening plumes’
pHO, budget were HONO photolysis (53 + 7%), HCHO
photolysis (18 + 9%), and alkene ozonolysis (17 + 9%). The
pHO, budget for the FIRELAB emissions case differs markedly
(Figure S7), with HO, production in afternoon plumes led by
HCHO photolysis (46 + 3%), alkene ozonolysis (16 + 3%),
and HONO photolysis (13 + 4%).

In addition to these rapid primary HO, sources, the rate at
which radicals are terminated by NO,, is another critical aspect
of O; production efficiency.’® Net O; production from NO,
cycling between NO and NO, is related to the coupled chain
length of the HO, cycle interconverting OH, HO,, and RO,.
This chain propagation is characterized by the OH or HO,
chain length, with longer chain lengths resulting in more
oxidative cycles per OH or HO, radical, producing more
0,.***" There are two channels of termination reactions, self-
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Figure 4. Primary HO, (OH + HO,) production and radical
termination budgets for the 0.5 FIRELAB VOC profile. (a) Average
integrated afternoon and evening plume primary HO, production. (b)
Average integrated afternoon and evening plume radical termination
budgets, with L, terms outlined in black. (c) Average afternoon and
evening L,/Q time series with one standard deviation shading and
NO, sensitivity transition shown with black dashed trace (L,/Q =
0.41) and black solid trace (L,/Q = 0.5).

termination, where radicals react with themselves, and
reactions of radicals with NO,, which remove both species
from the propagation cycle. The formation of nitrophenolics is
a chain termination reaction that is prevalent in BB plumes®®
but is minor in polluted urban areas.*” Phenolic compounds
are large BBVOC emissions whose oxidation to phenoxy
radizials removes NO, from the system without producing
0,7

Integrated radical termination (Figure 4b) was split equally
between radical loss to NO, and radical—radical reactions in
both afternoon and evening plumes. In afternoon plumes, the
radical loss to NO, was almost half (47 + 7%) of the
termination budget compared to 43 & 6% for evening plumes,
and in both afternoon and evening plumes, it was led by PAN
formation (30 = 6 and 28 + 3%, respectively). Plumes were
sampled in an altitude range of 2200—4100 m and varied in
temperature from 275 to 292 K, yielding thermal PAN
lifetimes of 1.7—26 h, respectively. NO, termination products
in these plumes are HNO; (7 + 1 and 4 + 2% of the
termination products for afternoon and evening, respectively),
organic nitrates (6 + 1 and 5 + 1%), and nitrophenolics (5 + 2
and 6 + 5%). Nitrophenolics are considered permanent here in
that their I})hotolysis does not regenerate NO,, as has been
suggested,” although nitrophenolic photochemistry requires
further investigation. As the production of nitrophenolics was
determined via the phenoxy radical + NO, pathway, this
termination term includes both OH and NOj initiated H-atom
abstraction.

The NOAA Twin Otter had limited observations of NO,
oxidation products, mostly missing PAN. We present the
available comparisons of modeled gas-phase HNO; to
inorganic particulate nitrate (pNO;), modeled and measured
gas-phase organic nitrates (CS isoprene hydroxy nitrates), and
modeled 4-nitrocatechol (4-NC) expected to be in the
particulate phase (C* ~ 14 ug m™>, 78 + 10% of 4-NC
should be particle bound)® to a particulate nitrocatechol ion
marker, pCqH{NO,", for a single flight in the Supporting

Information (Figure S8). The comparisons of HNO; with
pNO; and between the CS gas-phase nitrates are quite
favorable, and both 4-NC and pCqH;NO,* show similar trends
with reaction time. However, the 4-NC comparison is not
quantitative here because a calibration of particulate 4-NC with
our AMS instrument is not available. Further work on the 4-
NC comparison may highlight the uncertainty in the current
understanding of nitrophenolic photolysis, as well as gas-phase
and heterogeneous-uptake chemistry.®”**

The relative rates of radical production and termination
provide a measure of the NO, sensitivity of O, formation that
is independent of an isopleth calculation and can be evaluated
instantaneously along a modeled plume’s O trajectory. The
balance between radical production and termination at any

point in the plume can be described by the parameter L,/
Q273085

L, = P(HNO,) + P(RONO,) + P(PAN)
+ P(nitrophenolics)

Q=L +L,

The term L, is the rate of radical (OH, RO, RO,) removal
by reactions with NO,, L, is the rate of self-radical removal
(OH + HO,, RO, + RO,, etc.) and Q is the sum of all radical
loss.”” Classically, a plume is considered VOC-sensitive when
the majority of radical termination proceeds via reactions with
NO, or when L,/Q > 0.5.”” Additionally, a plume is NO,-
sensitive when L,/Q < 0.5 or when radical—radical reactions
govern radical chain termination.”” However, when additional
L, terms are added to the analysis (such as PAN or
nitrophenolics), the transition from VOC- to NO,-sensitive
chemistry can differ from the classical definition.*® An analysis
of both afternoon and evening isopleths yield an L,/Q
transition of 0.41 for BB chemistry (Figures S9 and S10). As
evidenced by their L ,/Q time series, afternoon plumes
transitioned from near-maximum NO, efficiency to NO,-
sensitive chemistry downwind, on average after 26 min of
photochemistry (Figure 4c). Not only was the transition rapid,
but after 1.25 h of photochemistry, modeled L,/Q values for
afternoon plumes reached 0.07 + 0.1, or strongly NO,-
sensitive. Meanwhile, evening plumes remained close to
maximum NO, efliciency for the duration of this analysis
(Figure 4c) with a maximum in L,/Q after 22 min of
photochemistry. Thus, evening plumes demonstrated a slower
transition to NO,-sensitive O; production than afternoon
plumes. The evening transition to NO,-sensitive O;
production was less drastic than in the afternoon plumes,
with average L/Q values at 1.25 h of 0.29 + 0.2.

This study emphasizes the importance of time-of-day
parameterization of BB plume O; production in chemical
models. Afternoon plumes demonstrated a rapid transition to
NO,-sensitive O; production and sequestered NO, in the form
of PANs, organic nitrates, HNO;, and nitrophenolic
compounds. Interestingly, PAN formation is quite similar for
both VOC profiles. The similarity may be due to substantial
secondary acetaldehyde production (compensating for differ-
ences in initial VOC emissions) or differences in initial NO,
emissions for each VOC profile. As a fire emits into the
evening hours, reduction of photolysis rates and emissions of
radical precursors limit the production of primary radicals,
slowing the transition to NO,-sensitive chemistry. Fire plumes
much larger than those sampled by the NOAA Twin Otter
may exhibit aspects of evening plume chemistry due to large
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reductions in photolysis rates. Further validations of the
NOAA BB chemical mechanism for NO, oxidation products
(i.e., organic nitrates, nitrophenolics) and loss mechanisms will
be important to improving chemical models of BB plumes.
Due to the near-field (<2 h) focus of this analysis, an important
extension of this work is to understand how BB plumes interact
with urban NO, and radical sources many hours downwind.
The NO, sensitivity in even moderately aged plumes suggests
the potential for efficient O; production through interactions
with urban emissions.
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