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Measurement table

Measurement Instrument / Method | Campaign(s) | Investigator(s) Sampling rate | Accuracy | Precision | Reference(s)
O3, NO, NO,, NOy Chemiluminescence | ARCTAS, A. Weinheimer 1Hz ~10% 10 ppt (Weinheimer et
WE-CAN al., 1994)
O3, NO, NO,, NO, NOAA NOyOQOg; ATom, DC3, | T.Ryerson, J. 1Hz ~10% ~5-10 ppt | (Pollack et al.,
chemiluminescence | FIREX-AQ Peischl, I. 2010; Ryerson
Bourgeois, C. et al., 2000,
Thompson, I. 2019)
Pollack
HNO3;, H,0,, HCN Chemical lonization | ARCTAS, P. Wennberg 10 Hz +30 %, 50 ppt, (Crounse etal.,
Mass Spectrometry ATom, DC3, +30 %, 50 ppt, 2006; St. Clair
(CIMS) FIREX-AQ +30 % 50 ppt etal., 2010)
HCN, HONO lodide lon ToF (Time- | WE-CAN J. Thornton 1Hz 30%, 112- (Lee et al., 2018;
of-Flight) CIMS 30% 190ppt, Pengetal.,
(Chemical lonization 13.5- 2020)
Mass Spectrometer) 23.0ppt
HONO lodide lon ToF (Time- | ATom, P. Veres 1Hz +30 % 30 ppt (Veres et al.,
of-Flight) CIMS FIREX-AQ 2015)
(Chemical lonization
Mass Spectrometer)
CO, CH,4 Differential DCS3, FIREX- | G. Diskin 5Hz +1.5% 1 ppb (Diskin et al.,
Absorption Carbon AQ, ARCTAS 2002; Sachse et
monOxide al., 1987)
Measurement
(DACOM)
CO, CH,4 Picarro WE-CAN T. Campos 5s 15 ppb, 1
ppb
CO Picarro Cavity ATom K. McKain, C. 5s 15 ppb, 1
Ringdown Sweeney ppb
CO Quantum Cascade ATom B. Daube, S. 1Hz 22 ppb 0.15ppb | (McManus et
Laser System Wofsy, Roéisin al., 2005;
(QCLS) Laser Commane
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Absorption

Santonietal.,

Spectrometer 2014)
C,Hs, CH,0O Laser Absorption DCS3, FIREX- | A. Fried, D. 1Hz 5%, 6% 18-22 (Fried et al.,
Spectroscopy AQ, ARCTAS | Richter ppt, 28- 2020; Weibring
(TDLAS) 115 ppt etal., 2020)
CH20O NASA In Situ ATom, DC3, | T.Hanisco 1Hz 10 % 30 ppt (Cazorlaetal.,
Airborne FIREX-AQ 2015)
Formaldehyde (ISAF)
Photolysis Charge-coupled ARCTAS, S. Hall, K. 1Hz jno2: 12% | jno2 1078 (Hall et al.,
frequencies device actinic flux ATom, DC3, Ullman S-1 2018;)
spectroradiometers FIREX-AQ,
(CAFS) and High- WE-CAN
performance
Instrumented
Airborne Platform for
Environmental
Research (HIAPER)
Airborne Radiation
Package
Peroxyacetyl nitrate | PAN and Trace ATom J. Elkins, E. 60-120 s 10% 2 ppt=x (Wofsy, 2011)
(PAN) Hydrohalocarbon Hintsa 10 %
ExpeRiment
(PANTHER)
Peroxyacetyl nitrate | Chemical lonization | DCS3, FIREX- | G. Huey, F. 1Hz (Zheng et al.,
(PAN) Mass Spectrometer | AQ, ATom, Flocke 2011)
(CIMS) WE-CAN,
ARCTAS
NMVOCs Trace Organic Gas ARCTAS, E. Apel ~35s samples | ~20% ~3% (Apeletal.,
Analyzer (TOGA) ATom, on a2-minute 2003)
FIREX, WE- cycle
CAN
NMVOCs Proton-Transfer- WE-CAN L. Hu 0.2-0.5Hz Calibrate | Mostly at | (Permaretal.,,
Reaction Mass dVOCs: 10s ppt 2021)
Spectrometer (PTR- ~10-15%
ToF-MS)
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NMVOCs Whole Air Sampler ARCTAS, D. Blake ~5% ~3% (Colman et al.,
(WAS) ATom, DC3, 2001; Simpson
FIREX-AQ etal., 2001)
NMVOCs Whole Air Sampler WE-CAN J. Collett, A. ~5% ~3% (Colman et al.,
(WAS) Sullivan 2001; Simpson
etal., 2001)
NMVOCs Integrated Whole Air | FIREX-AQ J. Gilman 3-10s canister | 6-10% 2-8% (Lerner et al.,
Sampler (iWAS) fill rate 2017)
depending on
altitude
NMVOCs High-resolution FIREX-AQ C. Warneke 1Hz 20-500 (Yuanetal,,
time-of-flight ppt 2016)
chemical ionization
mass spectrometer
utilizing hydronium
ions (H30+ ToF-
CIMS)
NMVOCs Proton-Transfer- FIREX-AQ A. Wisthaler 1Hz 10-20% 10-50 (Mdaller et al.,
Reaction Mass ppt 2014)
Spectrometer (PTR-
ToF-MS)
Submicron organic | HR-ToF-AMS / ToF- ARCTAS, J. L. Jimenez 1Hz ~2.9 ug (Canagaratna et
aerosol AMS ATom, DC3, sm3 al., 2007;
FIREX-AQ DeCarlo et al.,
2006; Guo et al.,
2021)
Submicron organic | HR-ToF-AMS WE-CAN D. Farmer 1Hz ~2.9 ug (Garofalo et al.,
aerosol sm? 2019)

Table S1. Measurements used in this study include carbon monoxide (CO), nitrogen oxides (NO,, NO,), nitric acid (HNOj3),

peroxyacyl nitrates (PAN), ozone (Os), formaldehyde (CH.O), nitrous acid (HONO), photolysis rates, organic aerosol

concentrations, and a collection of VOCs including our fire and anthropogenic VOC tracers.
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Data cleaning
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Figure S1. O3 measurements plotted against the O3/HO ratio in log-log space, colored by
altitude, for all five campaigns. The dashed lines represent the stratospheric (O3/H20 = 1
ppb/ppm) and marine (O3/H>0 = 0.003 ppb/ppm) cutoff values we used, which were defined in
(Bourgeois et al., 2021).

Enhancement calculation

The enhancement (A) of a given species, X, is defined as follows:

AX = [X] - [X]background

To obtain enhancements, we first compute background values using the clean subset of points.
Because background concentrations vary spatially, our background definition takes under
consideration both (1) altitude — by computing background concentrations within 2km altitude
bins — and (2) geographic location — by computing background concentrations within different
subsets of the clean population:

e Remote — ATom observations
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e Arctic — observations that are north of 49° latitude

e Continental — all other observations (continental ARCTAS, DC3, FIREX-AQ, WE-CAN)

The different altitude-dependent backgrounds are shown in Figure S2.
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Figure S2. Observed background vertical profiles for clean data points for O3, CO, NOx,
CH3CN, C2Cl4, HCN, and CH2CI2. The bottom panel shows the vertical distribution of points
within each subset of the clean population.

Model background concentrations were computed in the same way as the observations, except

we filtered clean points based on the observationally defined chemical regimes. Model clean

points ([CO]model < [COJmodel, 40th percentile) Were only included in the background calculation if they

were also defined as clean in the observations ([CO]obs < [CO]obs, 40th percentile)-
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Figure S3. Modeled background vertical profile for clean data points sampled from GEOS-
Chem, for O3, CO, and NOx.
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Figure S4. Breakdown of defined regimes across different campaigns. The ‘none’ regime

represents data points where no valid tracer measurement exists for quantifying fire (CH3CN,
HCN) or anthropogenic (C2Cl4, CH2CI2) influence.
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Photochemical aging

The photochemical age of fire-influenced observations was computed with Equation (1):
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Figure S5. Scatterplots with reduced major axis regression best fit lines and correlation

coefficients for each photochemical age ratio we used. The x-axis corresponds to benzene for
each plot, which is the denominator (Y) VOC in Equation (1), while the y-axis corresponds to
the more reactive numerator (X) VOC.
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different ratios we used in this work are represented with different color lines, with the
campaign(s) each ratio was employed for listed alongside each line. The slope of the curves
reflects the sensitivity each ratio has to different smoke ages — phenol and furan are shorter-lived,
therefore more sensitive to near-field aging, whereas toluene is longer-lived and more sensitive
to far-field aging.
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Figure S7. Observed ozone production (AO3/ACO) plotted across 11 evenly log-spaced bins of
photochemical age for all fire-influenced observations, split at the 50th percentile of NOx. The
blue trace represents the median of the top 50th percentile points within each bin, while the
shaded area extends from the 16th to the 84th percentile (corresponding to one standard
deviation, but in outlier resistant percentile space) within each bin. The black trace represents the
same, but for points below the 50th percentile of NOx.
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Figure S8. Observed ozone production (AO3/ACO) plotted across 11 evenly log-spaced bins of
photochemical age for all fire-influenced observations, split at the 50th percentile of CH20/NO?2.
The blue trace represents the median of the top 50th percentile points within each bin, while the
shaded area extends from the 16th to the 84th percentile (corresponding to one standard
deviation, but in outlier resistant percentile space) within each bin. The black trace represents the
same, but for points below the 50th percentile of CH2O/NO?2.

Box model description
Aerosol treatment

To simulate modulating photolysis rates within smoke, we scale observed jNO; values against the
default, clear sky jNO2 value calculated with the MCM photolysis parameterization. We note that
brown carbon aerosols within the smoke increases absorption with decreasing ultraviolet
wavelengths (Laskin et al., 2015), a spectral region where photolysis frequencies are strongly
spectrally dependent. Thus, scaling other photolysis frequencies to jNO> induces some biases. By
ignoring the wavelength-dependence of aerosol extinction in our approach, we only sample a
portion of the potential photolysis distribution, but we argue that this constitutes an approximate
mean photolysis suppression behavior. We believe that the key result of the box modeling analysis,
that the aerosol optical effect is more important in governing ozone production than the chemical
effect, would not be impacted by a more thorough treatment of wavelength-dependence. From
this scaling we receive a distribution of ratios that we assume describes the potential relative light
intensity, 7, observed within a plume at a single moment. To test the sensitivity of the chemical
system to this light intensity, for each Monte Carlo run we randomly draw a value from the /
distribution and scale all our photolysis rates by that ratio (if it is greater than 1, we assume it is
1). For the “time-of-emission” population, we use the near-field distribution of light intensities.

The heterogeneous uptake of HO; onto aerosol is represented in the box model in the same fashion
as GEOS-Chem — using a reaction probability parameterization (Jacob 2000). In the case of smoke
aerosol, gas uptake tends to be limited by the free molecular collision rate (Sutugxn et al., n.d.),

rather than diffusion, meaning the uptake rate is given to a good approximation by:

1 _
k = Z*y * Cho, * SA
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In the above equation Cy, represents the mean molecular speed of HO:z, y corresponds to the
heterogeneous uptake coefficient for HO.. The rate of heterogeneous uptake, k, is proportional to
the surface area of biomass burning aerosol, S4. To estimate the range of smoke aerosol surface

area observed, we derive S4 from organic aerosol mass concentration measurements, assuming a

constant specific surface area of 4 m? g! following (Lindsay et al., 2022).
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Figure S9. P, distributions corresponding to the Monte Carlo simulations run for each factor,

repeated for each population, as in Figure 7. The left column is taken directly from Figure 7c, in
which the simulations are run with temperature T=288.15K and solar zenith angle SZA=0°. In
the center column, the simulations are run with T=248K and SZA=0°. And in the right column,
the simulations are run with T=288.15K and SZA=45°. The y-axis changes across columns, but

the relative spread of each factor remains constant across changes to temperature and solar zenith
angle.

VOCR calculation

VOC reactivity (VOCR) is a metric that describes the population of organic gases in terms of

ambient OH loss. It is typically used as a proxy for total peroxy radical formation and ozone
formation regime. VOCR is formulated as:

VOCR = )" Koo, [Xi
14

where X represents a VOC. Because of unmeasured VOCs, the total VOCR is higher than that
calculated with measurements (VOCRm). Across our suite of campaigns, the number of
measured VOCs varies, meaning the calculated VOCR, for each campaign cannot be robustly
compared against another. To combat this limitation, we choose a subset of VOCs that is reliably
measured in every campaign and compute a reduced form reactivity metric based on those

VOCs, called VOCR:. The subset of VOCs was chosen based on availability, importance in
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smoke, and their assumed contribution to total OHR: [CO, CH4, Ethene, CH20O, Propane,
Isoprene, Furan, Benzene, Toluene]. Seemingly regardless the level of specificity / number of
VOCs included in VOCR;, the relative magnitudes of VOCR; across regimes were consistent. So,
though it is qualitatively chosen, our VOCR; is meant to reflect the cross-regime differences, and

we conclude that it does.
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Figure S10. (top) Ozone enhancements (AO3) vs. NOx/NOy across fire, urban, and mixed
regimes. (middle) Photochemical age vs. NOx/NOy for fire-influenced points. (bottom)
Histogram of NOx/NOy across fire, urban, and mixed regimes.
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Based on Figure 6, we define the subset of our mixed population that has both ANOx / ACH3CN
>3 and AC2Cl4 concentrations above the mixed median as mixedantro, and the rest of the mixed
observations as mixedsr. We find that on average, within mixedanmro ANOX is over a factor of 4
higher than it is within mixedsre, amounting to an enhancement of just over 2 ppb. This
additional anthropogenic NOx leads to a mean mixedantro AO3 of ~42 ppb, nearly double that of
mixedsre (~24 ppb). Also notable is that within this mixedantro population, PAN is enhanced by
0.8 ppb compared to the mixedse mean of 0.6 ppb, meaning the injection of anthropogenic NOx
contributes to additional secondary PAN formation that could result in further ozone

enhancements downwind.
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Figure S11. Comparison of various quantities between mixedfire and mixedantro population. Left
y-axis corresponds to NOy species PAN, HNO3, and ANOx, while the right y-axis corresponds
to AO3.

Model Evaluation

Nested vs. coarse
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NOx sensitivity
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Figure S13. The differences in ozone sensitivity to NOx in the model versus the observations, in
terms of two different metrics: ANOX (top row) and 8’ (bottom row). The left column shows the
observed (black) and modeled (red) distribution of each respective metric. The second column
shows the observed distribution of AO3 for both the observed bottom (“low”) and top (“high”)
50™ percentile of each metric. The third column shows the modeled distribution of AO3 for both
the modeled bottom (“low”) and top (“high”) 50" percentile of each metric. This pattern is

repeated in the last two columns for the distribution of AO3/ACO.
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Figure S14. Comparison between GEOS-Chem simulated (red) and our fire-influenced

observations (black), plotted over observationally-derived photochemical ages, binned in log-

space. The lines represent the median, and the shaded area extends from the 16th to the 84th

percentile (corresponding to one standard deviation, in outlier resistant percentile space) within

each bin. The dashed line represents the approximate transport time for a 2°x2.5° grid box at

mid-latitudes.
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Reactive Nitrogen Partitioning
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Figure S15. Mean NO, speciation of fire-influenced points plotted over smoke age for both
observations (top) and GEOS-Chem (bottom). The measured total NOy (from

chemiluminescence) value is overplotted with the dashed black line.
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Global fire-ozone impact

Using the year 2020 as a case study, we quantify the overall impact that fires have in governing
the tropospheric ozone burden in the GEOS-Chem model. In Figure 9a, we compute the
percentage of the tropospheric ozone burden that can be attributed to fire in the model. To make
this calculation, we define the tropopause as the 35" hybrid sigma-pressure level in GEOS-
Chem, corresponding to about 100 hPa. In Figure 9¢c, we compute the population-weighted
surface ozone exposure percentage that can be attributed to fire in the model. This requires
gridded population data, which we obtained from the Columbia Center for Integrated Earth
System Information (CIESIN) produced product that was hosted by the NASA Socioeconomic
Data and Applications Center (SEDAC) until March 2025. The product was offered in 1°x1°
resolution, which we regridded to match the GEOS-Chem grid (2°x2.5°).
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