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ABSTRACT

DAYTIME EVOLUTION OF OXIDIZED REACTIVE NITROGEN IN WESTERN U.S.

WILDFIRE SMOKE PLUMES: IN SITU AND SATELLITE OBSERVATIONS

The Western Wildfire Experiment for Cloud Chemistry, Aerosol Absorption, and Nitrogen

(WE-CAN) deployed the NSF/NCAR C-130 aircraft in summer 2018 across the western U.S. to

sample wildfire smoke during its first day of atmospheric evolution. We present a summary of

a subset of oxidized nitrogen species (NOy) in plumes sampled in a pseudo-lagrangian fashion.

Emissions of nitrogen oxides (NOx = NO + NO2) and nitrous acid (HONO) are rapidly converted

to more oxidized forms. Within 4 hours, ∼86% of the measured NOy (
∑

NOy) is in the form

of peroxy acyl nitrates (PANs) (∼37%), particulate nitrate (pNO3) (∼26%) and gas-phase organic

nitrates (∼23%). The average e-folding time and distance for NOx are ∼90 minutes and ∼40 km,

respectively. Nearly no enhancements in nitric acid (HNO3) were observed in plumes sampled

in a pseudo-lagrangian fashion, implying HNO3-limited ammonium nitrate (NH4NO3) formation,

with one notable exception that we highlight as a case study. We also summarize the observed

partitioning of
∑

NOy in all the smoke-impacted samples intercepted during WE-CAN. In the

smoke-impacted samples intercepted below 3 km above sea level (ASL), HNO3 is the dominant

form of
∑

NOy and its relative contribution increases with smoke age. Above 3 km ASL, the

contributions of PANs and pNO3 to
∑

NOy increase with altitude. WE-CAN also sampled smoke

from multiple fires mixed with anthropogenic emissions over the California Central Valley. We

distinguish samples where anthropogenic NOx emissions appear to lead to an increase in NOx

abundances by a factor of 4 and contribute to additional PAN formation.

We utilize data from the Cross-Track Infrared Sounder (CrIS) on the Suomi National Polar-

orbiting Partnership (Suomi-NPP) satellite, which continues the thermal infrared peroxyacetyl ni-

trate (PAN) satellite record established by the Tropospheric Emission Spectrometer (TES) onboard
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the Aura satellite. CrIS provides improved spatial resolution, allowing for improved analysis op-

portunities. Here we present an analysis of CrIS PAN retrievals over the western US during the

summer 2018 wildfire season. The analysis period coincides with WE-CAN. CrIS is capable of

detecting PAN and CO enhancements from smoke plumes sampled during WE-CAN, especially

those that became active before the satellite overpass or burned for several days (e.g., Carr Fire,

Mendocino Complex Fire). The analysis show that ∼40 - 70% of PAN over the western U.S. can be

attributed to smoke from wildfires. The contribution of smoke from wildfires to free tropospheric

PAN generally increases with latitude. We calculate peroxyacetyl nitrate (PAN) excess mixing

ratios normalized by CO (NEMRs) in fresh smoke plumes from fires and follow the evolution as

these plumes are transported several hours to days downwind. This analysis shows that elevated

PAN within smoke plumes can be detected several states downwind from the fire source. The

combination of high CrIS spatial resolution and favorable background conditions on 13 Septem-

ber 2018 permits detecting chemical changes within the Pole Creek smoke plume in Utah. In

this plume, CrIS PAN NEMRs increase from < 1% to 3.5% within 3 - 4 hours of physical aging.

These results are within the range observed in fresh plumes sampled during WE-CAN, where PAN

NEMRs increased from 1.5% to 4% within 4 hours of physical aging.
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Chapter 1

Introduction

Biomass burning directly impacts air quality, nutrient cycles, and climate by releasing large

amounts of trace gases and particulate matter into the atmosphere ( [1], [2], [3], [4]). Because

western U.S. wildfire activity is expected to increase in a drier and warmer climate ( [5], [6], [7],

[8], [9], [10], [11]), it is vital to understand the impacts of smoke on atmospheric composition

on local and regional scales. Here we focus on the evolution of oxidized nitrogen in western

U.S. wildfire smoke plumes. Understanding the near-source first day of evolution of the oxidized

nitrogen in smoke is necessary to predict its further partitioning (i.e., species, phase, amount) as

plumes age ( [12], [13]). The partitioning and evolution of the oxidized nitrogen emitted from fires

drives the production of free radicals ( [14]) and oxidants in wildfire plumes, which in turn drives

the formation and removal of secondary pollutants (e.g., [15], [16], [13], [17]. Moreover, longer-

lived non-radical reservoir species such as peroxy acyl nitrates (PANs) can travel long distances

impacting air composition on regional and global scales (e.g., [18], [19], [20], [21]).

Prior field, laboratory, and modeling experiments provide strong foundational knowledge of the

emissions and evolution of oxidized nitrogen emissions from biomass burning. During biomass

burning, nitrogen in the fuel is released into the atmosphere ( [22], [23]). Different forms of

nitrogen are emitted or formed during different processes. Small nitrogen-containing molecules

(e.g., hydrogen cyanide (HCN), ammonia (NH3), and isocyanic acid (HNCO)) are typically emitted

during pyrolysis ( [24], [25], [26]). Radical chemistry within flames converts these species to

more oxidized forms including N2, nitrous oxide (N2O), nitrogen oxide (NO), nitrogen dioxide

(NO2), and nitrous acid (HONO) ( [27], [28]). The most abundant emitted reactive N species

include nitrogen oxides (NOx = NO + NO2), ammonia (NH3), nitrous acid (HONO), hydrogen

cyanide (HCN), and acetonitrile (CH3CN) (e.g., [4], [29], [30]). Laboratory and field studies have

shown that for a given fuel, emissions of reduced forms of nitrogen (e.g., NH3) are favored during
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smoldering conditions, whereas oxidized forms of nitrogen (e.g., NO, NO2) are favored during

flaming conditions ( [31], [32], [33], [34]).

The species and phase of oxidized nitrogen in smoke plumes are rapidly processed chemically

within minutes to hours after emission. For example, observations of smoke from deforestation

and crop residue fires in the Yucatan Peninsula ( [17]), boreal fires ( [15]), and chaparral fires in

California ( [16]) suggest fast conversion (within 1-2 hours) of NOx into more oxidized forms such

as peroxyacetyl nitrate (PAN) and other nitrates. Liu et al. ( [13]) report on emissions and the first

hour of the evolution of trace gases from 15 agricultural fires in the southeast U.S. They observed

fast PAN and aerosol nitrate production and little to no gas-phase nitric acid (HNO3) enhancement

in the plumes. These observations suggest that PAN and aerosol nitrate comprise a large portion

of the total NOx in smoke plumes that are more than a few hours old. In addition, Briggs et al.

( [35]) report that in aged smoke plumes (i.e., 1-2 days) observed over the U.S. Pacific Northwest,

NOx, PAN, and aerosol nitrate comprise on average 11%, 36%, and 51%, respectively, of the

observed total NOx. While many past field campaigns have quantified NOx, PANs, and aerosol

nitrate in smoke, observations of many of the other oxidized species including multifunctional

organic nitrates, and peroxy nitrates are rare. In contrast to the work we present here, their overall

contribution is often inferred from measurements of total NOx.

A more limited body of existing research also provides several insights into oxidized nitro-

gen chemistry in situations where smoke from western U.S. wildfires mixes with urban emissions.

Lindaas et al. ( [36]) report on aged smoke i.e., 2-3 days) from the Pacific Northwest and Canada

impacting the urban Colorado Front Range. They observed several perturbations to the local NOx

budget, including PAN and peroxypropionyl nitrate (PPN) enhancements of ∼100% above back-

ground concentrations as well as shifts in the peak of the diurnal cycle of PAN to later in the day

during the smoke-impacted periods. Similar to PAN and PPN, lower-mass alkyl nitrate molecules

(C1-C2) showed enhancements (41% and 31% for methyl and ethyl nitrate, respectively) while the

higher-mass alkyl nitrate molecules (C3-C5) showed shifts later in the day in their diurnal cycle

peaks. NO2 was enhanced compared to smoke-free time periods near sunrise and sunset. Singh
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et al. ( [37]) used aircraft observations of smoke mixed with urban emissions from the Arctic Re-

search of the Composition of the Troposphere from Aircraft and Satellites (ARCTAS)-CARB cam-

paign to challenge a regional air quality model (CMAQ). The model substantially underpredicted

observations of secondary pollutants (ozone (O3), PAN, and formaldehyde (HCHO)). Similarly,

Cai et al. ( [38]) used the observations from the ARCTAS-CARB campaign to evaluate the pre-

dictions of a fine-resolution regional air quality modeling system. The model results predicted the

total NOx mixing ratios; however, larger uncertainties were found in the partitioning between indi-

vidual NOx compounds. The available literature (e.g., [37], [38]) shows that when smoke-impacted

air masses mix with urban emissions, there is additional chemistry that might not be represented

in air quality models. Air quality models require improvements to emission estimates, chemical

mechanisms (including more detailed photochemistry), plume injection height, and meteorological

inputs, to improve the results on nitrogen chemistry in smoke-impacted air masses ( [38]).

There are relatively few examples of wildfire smoke plumes where all the key species relevant

to the conversion of emissions of NOx and HONO to their oxidation products have been simulta-

neously measured to allow for “bottom up” accounting of NOx. The Western Wildfire Experiment

for Cloud Chemistry, Aerosol Absorption, and Nitrogen (WE-CAN) field campaign provides an

opportunity to examine the partitioning of oxidized reactive nitrogen across a variety of western

U.S. wildfire smoke plumes. During the summer 2018 fire season, an instrumented National Sci-

ence Foundation/National Center for Atmospheric Research (NSF/NCAR) C-130 research aircraft

sampled the emissions and near-field (< 400 km from the centroid of the active burn area) evolution

of >20 western U.S. wildfire plumes. The aircraft payload consisted of a large suite of instrumenta-

tion for the measurement of major anticipated NOx species. The aircraft also intercepted numerous

smoke plumes from additional wildfires across the western U.S.

In Chapter 3, we summarize the evolution of the most abundant oxidized nitrogen species

across 17 fresh smoke plumes with physical ages ranging from ∼1 to ∼6 hours, sampled during

WE-CAN. We provide case studies of two particularly well-sampled smoke plumes and discuss

observed differences in NOx partitioning between these fires. We also summarize NOx partitioning
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in all the smoke-impacted air masses intercepted during WE-CAN as a function of altitude and

relative chemical age. Finally, we compare observations of smoke mixed with urban emissions

from the California Central Valley with prior observations in this region.

In Chapter 4, we summarize the Cross Track Infrared Sounder (CrIS) PAN retrieval collected

over a portion of summer 2018 North American wildfire season (24 July 2018 to 13 September

2018) coinciding with WE-CAN. CrIS has flown on the Suomi National Polar-orbiting Partner-

ship (Suomi NPP) since 2011. CrIS offers an opportunity to continue and substantially expand

the PAN observational record established by the Tropospheric Emission Spectrometer (TES). CrIS

offers improved spatial coverage, lower instrument noise, and an improved detection limit. Exist-

ing in situ measurements of PAN within wildfire plumes from surface sites or airborne platforms

(e.g., [39], [40], [4], [13], [41], [42], [43], [44]) cover a relatively limited number of plumes, of-

ten do not provide information over the full spatial extent of individual plumes (i.e., extending

from the source fire downwind), and provide limited temporal coverage (i.e., observations are

campaign-based, covering weeks to months). New satellite observations of PAN offer a com-

plementary perspective, overcoming some of the limitations associated with in situ observations.

PAN observations from TES on the Aura satellite demonstrate that satellite-measured PAN en-

hancements over North American are often (15 - 32% of the time) associated with smoke plumes

during summer months, specific instances of elevated PAN can be connected to specific fire com-

plexes, and that within-plume enhancements ratios of PAN relative to carbon monoxide (CO) fall

within the range calculated from in situ observations ( [45]).
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Chapter 2

Methods

2.1 Overview of WE-CAN flights and pseudo-lagrangian sam-

pling strategy

Figure 2.1: Flight tracks during WE-CAN (grey) with plume transects associated with specific, identifiable
near-field fires (orange triangles) plotted in blue lines. Green and red lines indicate flight segments associated
with smoke from the Bear Trap and Taylor Creek Fires, respectively.

In summer 2018, WE-CAN deployed the NSF/NCAR C-130 to answer questions related to

the chemical evolution of reactive nitrogen emitted from wildfires, cloud-smoke interactions, and

absorbing aerosols (https://www.eol.ucar.edu/field_projects/we-can). There were a total of 16 re-

search flights (RF) based out of Boise, ID and 3 educational flights (EF) based out of Broomfield,
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CO. WE-CAN sampled smoke plumes from 23 fires with identified locations, as well as smoke

impacted air masses, and cloud-smoke mixtures. A pseudo-lagrangian sampling strategy was at-

tempted for smoke plumes from fires with an identified location using wind speed and wind di-

rection to spatially and temporally position the aircraft to intercept the same portion of the smoke

plume as it was transported downwind. The pseudo-lagrangian sampling strategy normally began

by characterizing the background air upwind of the fire source. From here the aircraft traversed

the smoke plumes perpendicular to the wind direction and downwind of the fire source in an ‘S’

or ‘lawn-mower’ pattern as shown in Figure A.1. The timing and location of each intercept was

executed with the goal of intercepting portions of the smoke that had already been sampled up-

wind, i.e. additional time was often spent outside of the plumes because the aircraft speed is

typically much faster than the mean wind speed carrying a given smoke plume. The first transect

was performed as close to the fire as safety and logistical constraints allowed (6 - 48 km from the

fire centroid). Background composition was also measured during turns between plume transects.

This sampling strategy was repeated multiple times downwind of the plume.. The distance of the

aircraft from the fire source and the wind speed and direction were used to determine a physical

age for each plume transect. During WE-CAN, the aircraft sampled downwind of targeted fresh

smoke plumes with estimated physical ages as young as 20 min and as old as 10 hours between

2.2 and 6.1 km above sea level (ASL). Given the focus on near-source aging, the dataset is more

robust for smoke plumes with physical ages spanning 20 minutes to 6 hours. The aircraft also

intercepted air masses impacted by smoke from various unidentified sources in transit (shown in

Figure 2), and we analyzed this data as a function of estimated chemical age and altitude. The

WE-CAN campaign additionally targeted cloud-smoke mixtures. Given that some of the reactive

nitrogen instruments were not able to collect data during these time periods, we have excluded

these from our analysis.
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2.2 Instrument Descriptions

The WE-CAN payload included instrumentation to measure a large suite of gas-phase and

aerosol-phase compounds. In this study, we use the following observations: NO and NO2 mea-

sured using the NCAR 2-channel chemiluminescence instrument; PAN and peroxypropionyl ni-

trate (PPN) measured using the NCAR PAN-I-CIMS instrument; HONO, HNO3, gas phase or-

ganic nitrates, and gas phase nitro aromatics measured using the University of Washington (UW)

I-CIMS; oxidized nitrogen-containing volatile organic compounds (NVOCs) (i.e., nitromethane,

nitroethane, nitropropanes, nitrofuran, nitrotoluene) measured using the University of Montana

(UM) proton-transfer-reaction time-of-flight mass spectrometer (PTR-ToF-MS), and particulate

nitrate (pNO3) measured using the CSU high-resolution time-of-flight aerosol mass spectrometer

(AMS). C1-C5 alkyl nitrates have been quantified by the NCAR Advanced Whole Air Sampler

(AWAS) for the transects closest to the fires ( [46]). They contribute a small fraction of the total

measured NOy and are not yet quantified for all smoke-impacted samples, so they are not included

here. This is consistent with prior observations. For example, Singh et al. ( [47]) report on mea-

surements of total NOy and the most abundant components of NOy (i.e., NOx, HNO3, PANs, alkyl

nitrates) during the ARCTAS campaign. C1-C5 alkyl nitrates comprise a small fraction (<10%) of

the total measured NOy. We use carbon monoxide (CO) as a fire tracer. CO was measured by two

different instruments: the NCAR QC-TILDAS and the NCAR Picarro. VOCs were used to esti-

mate the chemical age of the smoke and identify air masses influenced by urban emissions. The

VOCs used in this analysis (2-methylfuran, acrolein, acrylonitrile, 2,2,4-trimethylpentane, tetra-

chloroethene, chloroform, HFC-134a, and HCFC-22) were measured by the NCAR Trace Organic

Gas Analyzer (TOGA). The WE-CAN payload did not include a direct NOy measurement. In this

study,
∑

NOy refers to the sum of NO, NO2, PAN, PPN, HONO, HNO3, pNO3, NVOCs, and Org

N(g). The following sections describe the instrumentation listed above. Table 2.1 shows a sum-

mary of the instrument technique, uncertainties, detection limit, and PI information for each of the

individual components of
∑

NOy.
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Table 2.1: Instrument details and contact information for measurements used in Chapter 2.

Molecule(s) Instrument PI,

Contact,

Institution,

Reference

Detection Limit,

Uncertainty

CO QC-TILDAS Teresa Campos,

campos@ucar.edu,

NCAR,

(Lebegue et al., 2016)

100 pptv,

0.6 ppbv

CO Picarro Teresa Campos,

campos@ucar.edu,

NCAR

30 pptv,

NA

NO 2-channel

chemilumines-

cence

Andy Wienheimer,

wein@ucar.edu,

NCAR,

(Ridley and Grahek, 1990)

100 pptv,

6%

NO2 2-channel

chemilumines-

cence

Andy Wienheimer,

wein@ucar.edu,

NCAR,

(Ridley and Grahek, 1990)

140 pptv,

12%
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Table 2.1: Instrument details and contact information for measurements used in Chapter 2.

Molecule(s) Instrument PI,

Contact,

Institution,

Reference

Detection Limit,

Uncertainty

HONO I-CIMS Joel A. Thornton,

joelt@uw.edu,

University of Washington,

(Lee et al., 2014)

20.5 pptv,

30%

HNO3 I-CIMS Joel A. Thornton,

joelt@uw.edu,

University of Washington,

(Lee et al., 2014)

13.5 pptv,

30%

Org N(g) I-CIMS Joel A. Thornton,

joelt@uw.edu,

University of Washington,

(Lee et al., 2014)

NA,

Factor of 2

PAN PAN-I-CIMS Frank Flocke,

ffl@ucar.edu,

NCAR,

(Zheng et al., 2011)

20 pptv,

12%
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Table 2.1: Instrument details and contact information for measurements used in Chapter 2.

Molecule(s) Instrument PI,

Contact,

Institution,

Reference

Detection Limit,

Uncertainty

PPN PAN-I-CIMS Frank Flocke,

ffl@ucar.edu,

NCAR,

(Zheng et al., 2011)

20 pptv,

12%

pNO3 HR-ToF-AMS Delphine Farmer,

delphine.farmer@colostate.edu,

Colorado State University,

(Bahreini et al., 2016)

<0.12 ug m−3,

35%

NVOC PTR-ToF-MS Lu Hu,

lu.hu@mso.umt.edu,

of Montana,

(Sekimoto et al.,2017)

NA,

50%

2-methylfuran TOGA Eric Apel,

apel@ucar.edu,

NCAR,

(Apel et al., 2013)

5 pptv,

20%
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Table 2.1: Instrument details and contact information for measurements used in Chapter 2.

Molecule(s) Instrument PI,

Contact,

Institution,

Reference

Detection Limit,

Uncertainty

acrolein TOGA Eric Apel,

apel@ucar.edu,

NCAR,

(Apel et al., 2013)

0.5 pptv,

30%

acrylonitrile TOGA Eric Apel,

apel@ucar.edu,

NCAR,

(Apel et al., 2013)

1 pptv,

50%

2,2,4-

trimethylpentane

TOGA Eric Apel,

apel@ucar.edu,

NCAR,

(Apel et al., 2013)

0.5 pptv,

15%

tetrachloroethene TOGA Eric Apel,

apel@ucar.edu,

NCAR,

(Apel et al., 2013)

0.5 pptv,

15%
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Table 2.1: Instrument details and contact information for measurements used in Chapter 2.

Molecule(s) Instrument PI,

Contact,

Institution,

Reference

Detection Limit,

Uncertainty

chloroform TOGA Eric Apel,

apel@ucar.edu,

NCAR,

(Apel et al., 2013)

1 pptv,

15%

HFC-134 TOGA Eric Apel,

apel@ucar.edu,

NCAR,

(Apel et al., 2013)

1 pptv,

50%

HCFC-22 TOGA Eric Apel,

apel@ucar.edu,

NCAR,

(Apel et al., 2013)

1 pptv,

50%

2.2.1 NCAR PAN-CIMS

A thermal dissociation chemical ionization mass spectrometer (CIMS) was used to measure

PAN and PPN ( [48], [49]). In the instrument inlet, PANs in ambient air are decomposed into

NO2 and the parent peroxy acyl (PA) radical at a temperature of 150 ◦C. The latter reacts with

iodine ions produced from trifluoroiodomethane (CF3I) in a static ionizer cartridge in a flow tube

controlled to a pressure of 20 Torr. A quadrupole mass spectrometer detects the produced acylate
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ions. A known amount of isotopically labeled 13C-PAN is added to the aircraft inlet to perform

continuous calibrations.

2.2.2 UW I-CIMS

The UW high-resolution chemical ionization time-of-flight mass spectrometer using iodide-

adduct ionization (I-CIMS; [50], [51]) was used to measure HNO3, HONO, and a suite of other

oxidized organic and inorganic gases. Ambient air was sampled at 20 lpm through a straight ∼50

cm length (0.75 in OD) PTFE Teflon tube. In order to minimize the influence of the tubing walls

on the measurements and to characterize the remaining wall effects, the air was then subsampled

at 2 slpm into a custom ion-molecule reaction (IMR) inlet ( [52]). The mass spectrometer si-

multaneously measured hundreds of molecular formulas at 2 Hz time resolution and with a mass

resolving power of approximately 5000. Water vapor was continuously added to the IMR in order

to maintain relatively constant water vapor concentrations and minimize the effects of water vapor

dependence on the ionization process. The IMR background signal was measured for 6 s each 1

min by overflowing the IMR with clean N2 gas. The tubing background signal was also measured

for 15 s every 15 mins. HNO3 and HONO were each calibrated in the laboratory before and after

WE-CAN deployment. Calibration factors and details specific to the WE-CAN deployment can be

found in Peng et al. ( [14]), but in general are similar to those reported previously ( [51], [50]). Gas

phase organic nitrogen-containing species measured by the I-CIMS were identified as any species

containing nitrogen, two or more carbon atoms, and three or more oxygen atoms. The I-CIMS

does not provide information on molecular structure or functional groups, but for this range of

molecular formulas iodide-adduct ionization is most likely to be sensitive to multifunctional or-

ganic nitrates, peroxy nitrates, and/or peroxyacyl nitrates ( [53]). Multifunctional oxidized amines

cannot be ruled out but are expected to be minor. Multifunctional nitroaromatic species are also

included in this group, however they comprise a small fraction (<1%) of total gas phase mass mea-

sured in this category. For these reasons and for simplicity, we refer to the sum of these I-CIMS

measurements as gas phase organic nitrates. Since it is not feasible to individually calibrate for
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each organic nitrate species (or to determine their isomeric structures), we provide an estimate of

the combined abundance of gas phase organic nitrate species by assigning a calibration factor of

5 normalized counts per second (ncps) per ppt of analyte for all organic nitrates measured by the

I-CIMS. This number was chosen as an estimate of the average sensitivity for this group of com-

pounds, based on the range of sensitivity values of calibrated gases during WE-CAN. We estimate

a factor of 2 uncertainty on the absolute concentration of the sum of organic nitrates, although the

trend within a plume over time is much less uncertain.

2.2.3 NCAR CO/N2O/CO2/CH4

CO was measured with a commercial Mini-TILDAS tunable diode laser infrared absorption

spectrometer (Aerodyne Research; [54]). 1-sigma precision for CO is 100 ppt. A Picarro G-2401-

m analyzer was used for the measurement of CO2 and CH4, which also provided an additional, but

lower precision, measurement of CO. Stated 1-sigma precision for the Picarro is 200 ppb, 2 ppb,

and 30 ppb for CO2, CH4, and CO, respectively. During the flights, regular calibrations were done

by overflowing the inlet with a known mixture of the measured gases in ultra zero air.

2.2.4 NCAR NOx/O3

An NCAR 2-channel chemiluminescence instrument was used to measure NO and NO2. In-

tegrated with these instruments was a NCAR single-channel chemiluminescence instrument that

measured O3. These instruments share an inlet, pumping system, data acquisition system, and

power supplies. NO is measured through its chemiluminescent reaction with a flow of reagent O3,

generated on board ( [55]). Photons from resulting excited NO2 are counted with a dry-ice-cooled

photomultiplier tube to provide the primary signal. NO2 is measured in a separate sample flow as

an increase in NO following photolysis of NO2 by 400 nm light-emitting diodes (LEDs). Periodic

calibrations of the NO and NO2 channels were performed during the flights. Two flows from a

compressed gas calibration standard of NO in N2 were used. One of the flows had O3 added in

order to convert NO to NO2 for the calibration of the NO2 conversion efficiency by the LEDs. Data

14



are reported at 1 Hz, though the time response of the NOx channels is somewhat slower than this.

At high mixing ratios, the uncertainties are 6% for NO and 12% for NO2.

2.2.5 CSU AMS

pNO3 submicron non-refractory aerosol mass was measured by a high-resolution time-of-flight

aerosol mass spectrometer (HR-TOF-AMS; Aerodyne, Inc; [56]) equipped with a pressure con-

trolled inlet ( [57]). Detailed description of the operation of this instrument and data processing

during WE-CAN can be found in Garofalo et al. ( [58]). The time resolution for the measurements

is 5 s. Accuracy (2 σ) for inorganic species is estimated to be 35% ( [59]). Given the nature of elec-

tron ionization, organic nitrates will fragment to NO+
x ions in the AMS, and thus may contribute

to the reported pNO3 ( [60]).

2.2.6 NCAR TOGA

TOGA, the Trace Organic Gas Analyzer, is a fast online mass spectrometer gas chromatograph

instrument ( [61], [62]) that was used to measure a wide range of VOCs, some of which are used

here. During WE-CAN, TOGA had a sample collection time of 28 s every 100 s for the first 11.5

research flights, and then transitioned to a 33 s sampling time every 105 s for the remainder of the

research flights.

2.2.7 UM PTR-ToF-MS

VOC measurements were made with a proton-transfer-reaction time-of-flight mass spectrome-

ter (PTR-ToF-MS 4000, Ionicon Analytik, Innsbruck, Austria). Briefly, atmospheric VOCs with a

proton affinity higher than that of water (>165.2 kcal/mol) are ionized via proton-transfer reaction

with H3O+ ions, and subsequently separated and detected by a time-of-flight mass spectrometer.

PTR-ToF-MS measured ion m/z from 15–400 at 2 or 5 Hz frequency during WE-CAN. Ambient

air was drawn to the instrument at 10–15 lpm via a ∼3 m 1/4” O.D. PFA tube at ∼55 ◦C, and

then subsampled by the instrument though a ∼100 cm 1/16” O.D PEEK tube at 60 ◦C, resulting in

less than 2 seconds for inlet residence time. Instrument background was checked in flight ∼hourly.
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Dynamic dilution of certified gas standard mixtures containing 25 VOCs including acetonitrile was

used to perform calibrations 3 times each flight (Apel-Riemer Environmental Inc., Miami, FL). For

ions not directly calibrated, sensitivities were estimated based on their molecular properties as de-

scribed by Sekimoto et al. ( [63]). Measurement uncertainties for the 25 directly calibrated VOCs

are ∼15%; for the remaining compounds including many NVOCs the uncertainty is estimated to

be < 50%. Detection limits are species-specific and with the range of 50–250 pptv for VOCs with

direct calibrations ( [64]).

2.3 Identification of Plumes

2.3.1 Identification of fresh smoke plumes from identified fires and physical

aging

The plume transects shown in Figure 2.1 are associated with known fires and based on visual

identification of sharp increases in CO mixing ratios in time series plots; CO is a common fire

tracer with a summertime lifetime of at least 10 days ( [65]). We define the core of each plume

as the portion of that plume transect where CO is above the 75th percentile for that crossing. We

define a transect-specific background as the period when CO is below the 5th percentile. During

this portion of the WE-CAN sampling, the aircraft always attempted to fully exit the plume before

turning around to complete the next transect. We estimate a physical age for each plume tran-

sect by dividing the distance of the aircraft to the fire location by the average wind speed of that

specific plume crossing. We also estimated a chemical age for all the smoke impacted air masses

intercepted during WE-CAN. We discuss this in section 2.3.2. The fire location is defined as the

centroid of the active burn area for that day. We note that there are uncertainties in the active

burn area location and entrainment. There is also variability in the wind speed 1) that each plume

experienced as it rose to the altitude where it was intercepted by the aircraft, 2) along the plume

trajectory, and 3) across each sampling transect. Our definition is intended to capture an approxi-

mate average physical plume age once a plume is entrained in the mean flow. In total, we identified

213 plume passes from 21 fires using this method.
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In Section 3.1, we show results from 147 plume transect from 17 fires with physical ages

ranging from 20 minutes to 6 hours. This analysis includes 9 research flights (RF03, RF04, RF06,

RF07, RF09, RF10, RF11, RF13, and RF15) which had complete data coverage for the individual

NOy components. We present the results as the partitioning of the normalized excess mixing

ratio (NEMR) of the NOy component species as a function of estimated physical age. The NOy

NEMR is defined as the sum of the enhancements of the individual NOy species divided by the CO

enhancement. We use NEMR in order to present a dilution-corrected view of the evolution of NOy

across all the plumes sampled during WE-CAN.

In Section 3.2, we present two case studies of specific smoke plumes. These plumes are asso-

ciated with the Bear Trap (RF09) and the Taylor Creek (RF03) Fires. These plumes are interesting

because the majority of the reactive nitrogen emissions from the Bear Trap Fire were in a reduced

form (as seen for most fires sampled during WE-CAN), while the Taylor Creek Fire emitted more

oxidized forms of reactive nitrogen than other fires in the WE-CAN data set ( [46]). The smoke

plumes from these two fires were each sampled in pseudo-lagrangian fashion twice, and as such

they represent the most successful attempts at pseudo-lagrangian sampling during WE-CAN with

∼20 individual plume transects each.

2.3.2 Aged smoke identification and chemical aging

Smoke impacted air masses intercepted during transit, as well as smoke plumes from identified

sources were also grouped by altitude (reported in km ASL) and by an approximate chemical age

using three co-sampled VOCs, for which OH is likely the dominant sink, with different 2nd-order

reaction rate constants for loss via reaction with OH: 2-methylfuran, acrolein and acrylonitrile.

These three VOCs, quantified by TOGA, were selected for assigning chemical age because they

have high in-plume concentrations and their reaction rates with OH span a broad range. We have

used the TOGA data for this analysis because TOGA has a lower detection limit for these species

than the PTR-ToF-MS. We assign chemical ages to each of the smoke-influenced observations

shown in Figure 2.2 according to the definitions given in O’Dell et al. ( [66]). Briefly, observations
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Figure 2.2: WE-CAN flight tracks colored by estimated plume chemical age on the TOGA instrument time
resolution of an approximate 30-second sampling time with a 72-second gap between observations.
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corresponding to CO > 85 ppbv, HCN > 275 pptv and acetonitrile (CH3CN) > 200 pptv are defined

as smoke-influenced. The chemical age is defined according to a combination of the observed lev-

els of 2-methylfuran, acrolein, or acrylonitrile. Smoke is categorized as ‘young’ (< 1 day of aging)

when 2-methylfuran > 0.5 ppt (mean non-smoke background + 1 standard deviation). Smoke is

categorized as ‘medium’ (1-3 days of aging) when 2-methylfuran is not elevated but acrolein is >

4.2 ppt (mean non-smoke background + 1 standard deviation). Smoke is categorized as ‘old’ (>

3 days of aging) when neither 2-methylfuran nor acrolein are elevated, but acrylonitrile is > 2.1

ppt (mean non-smoke background + 1 standard deviation). The ‘old’ category also includes the

few samples (7) when none of the VOC age tracers, (i.e., 2-methylfuran, acrolein or acrylonitrile)

are elevated, but CO, HCN and CH3CN are elevated (> 85 ppbv, 275 pptv, and 200 pptv respec-

tively). Samples where one of the fire tracers or the VOCs used for the aging were missing were

excluded from this analysis. Limitations of using these species for chemical aging include: fast re-

action of 2-methylfuran with NO3 ( [67]), which would reduce the quantitative age assigned to the

‘young’ and ‘medium’ categories, and the chemical production of acrolein from alkenes, believed

to be minimal compared to direct emissions of acrolein from fires ( [62]). O’Dell et al. ( [66])

shows that 2-methylfuran is highly reactive with NO3. Therefore NO3 chemistry in the dark core

of the plume or during nightime can decrease the age associated with the ’young’ and ’medium’

plumes. However, the OH concentration assumptions and the role of dominant sinks for each age

tracer would only impact the quantitative ages associated with smoke impacted air masses, but

not the qualitative ‘young’, ‘medium’, ‘old’ categories assigned to each of them. Samples with

urban influence are removed using elevated anthropogenic tracers (measured by TOGA) such as

2,2,4-trimethylpentane (a fuel additive) (> 20 pptv), tetrachloroethene (used in dry-cleaning and as

a metal degreasing agent) (> 2 pptv), HFC-134a (a refrigerant) (> 125 pptv), or HCFC-22 (refrig-

erant) (> 275 pptv) (ATSDR, EPA, [68]).

We acknowledge that the O’Dell et al. ( [66]) method of assigning approximate chemical age

is sensitive to both variability in emissions from fires and dilution. Dilution effects could cause the

mis-placement of younger, dilute smoke into an older category. O’Dell et al. ( [66]) explore the
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potential impacts of dilution on age assignment to show that the distribution of dilution-corrected

tracers is similar to the non-dilution-corrected tracer distributions, and that age uncertainties are

unlikely to significantly impact our conclusions. We also note that all measurements are averaged

over the TOGA sampling time, and TOGA collection times can encompass both smoke-impacted

and background conditions or steep gradients in concentration. This can impact our assignment of

chemical ages used here, and it is particularly relevant for narrow plumes.

2.4 CrIS PAN observations

The Suomi NPP satellite is on a sun-synchronous Earth orbit (512 miles above the surface)

with overpass times around 1:30 and 13:30 local time (LT), completing 14 orbits around the planet

every day. CrIS is a nadir viewing Fourier transform spectrometer (FTS) that measures thermal

infrared radiances with high spectral resolution (0.625 cm−1). CrIS PAN provides an opportunity

to continue the satellite record of PAN established by TES, and while the two retrievals are linked,

there are several important differences. TES PAN retrievals rely on the PAN absorption feature

at 1150 cm−1, a region not covered by CrIS. However, an approach that uses the PAN absorption

feature at 790 cm−1 was recently developed to retrieve PAN from CrIS spectra. The CrIS PAN

retrieval algorithm was built on capabilities of the Multi-Species, Multi-Spectral, Multi-Satellite

(MUSES) retrieval software ( [69]), which builds on the optimal estimation algorithm developed

for Aura-TES ( [70], [71]). The retrievals used in this thesis were done by Drs. Vivienne Payne and

Susan Kulawik at the NASA Jet Propulsion Laboratory (NASA JPL). The retrievals were received

by CSU in December 2019 via a direct transfer to our computing cluster (Ozone). A validation

of this product is ongoing using Atmospheric Tomography Mission (AToM) vertical profiles; this

validation is being led by Dr. Vivienne Payne (JPL). Compared to TES, CrIS offers improved

spatial coverage and lower instrument noise. The latter has a direct impact on the CrIS PAN

detection limit. Simulations suggest that the single footprint detection limit for CrIS PAN is < 0.15

ppbv.
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The retrieval algorithm produces observation operators (averaging kernels) for each individual

retrieval. The averaging kernels represent the sensitivity of that retrieval to the true state and the a

priori. This sensitivity varies by altitude, and it depends on the surface characteristics, atmospheric

temperature, and cloud cover. Figure 2.3 shows the CO (Figure 2.3a) and PAN (Figure 2.3c) aver-

aging kernels from retrievals on 20 August 2018 associated with the Mendocino Complex smoke

plume (39o - 43o N, 115o - 123o W). Figures 1b and 1d show the a priori (black) used in the re-

trieval algorithm and the retrieved vertical profiles (shades of pink) colored by their corresponding

tropospheric averages for CO and PAN, respectively. In general, CrIS is most sensitive to PAN in

the free troposphere (> 680 hPa) (Figure 2.3c) and its sensitivity decreases rapidly near the sur-

face. CrIS PAN retrievals have ∼1 Degrees of Freedom for Signal (DOFS), which represents the

independent pieces of vertical information. Thus the retrievals do not provide information about

the vertical distribution of PAN. This is apparent in the vertical PAN profiles in Figure 2.3d, where

there is little variation in the mixing ratios of PAN along the vertical within a specific retrieval. For

this analysis, we largely present a tropospheric average for each PAN retrieval. This is defined as

the average retrieved PAN between 800 hPa and the tropopause.

CrIS CO is also retrieved using the MUSES algorithm at the 2169 cm−1 spectral feature. Note

that the averaging kernel values are higher for CO than PAN (Figure 2.3a and Figure 2.3c) meaning

that CrIS is more sensitive to tropospheric CO than PAN. As shown in Figure 2.3a the sensitivity

of CrIS to CO peaks at the 680 and 510 hPa pressure levels. CrIS CO has >1 DOFS, and thus the

retrievals provide some additional information about the vertical distribution of CO. See section

4.1.

For the analysis presented below, we include retrievals that fulfill the following criteria: tro-

pospheric column average for PAN >0.1 ppbv and <2 ppbv, and tropospheric column average of

CO <4000 ppbv. The lower threshold for tropospheric PAN was selected based on the estimated

limit of detection (∼0.15 +/- 30%). During data inspection, we noticed elevated PAN and CO in

individual retrievals that were not consistent with the surrounding atmospheric composition (tex-

titi.e., low PAN/CO). The upper PAN and CO thresholds chosen are above the 99th percentile of
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Figure 2.3: a) CrIS CO averaging kernels and b) retrievals over the western U.S. (39 - 43 ◦N, 115 - 123
◦W) on 20 August 2018. Averaging kernels are colored by their corresponding pressure level, and retrievals
are colored by the tropospheric average mixing ratio. (c) Corresponding PAN averaging kernels and d)
retrievals. There is one prior profile for the entire study region based on a GEOS-Chem simulation described
in Payne et al. ( [72]) and [42]
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distribution for the entire set of PAN and CO retrievals. There is on-going work to identify the

reason for such elevated retrievals.

2.5 NOAA Hazard Mapping System (HMS) Fire and Smoke

Product

We use the NOAA Hazard Mapping System (HMS) to identify smoke-impacted CrIS retrievals.

HMS is a smoke-mapping tool from the National Environmental Satellite, Data and Information

Services (NESDIS) in support to the National Oceanic and Atmospheric Administration (NOAA)

and the National Weather Service (NWS) efforts to build an operational air quality forecast ca-

pability ( [73]). Using visible imagery from seven NOAA and National Aeronautics and Space

Administration (NASA) satellites, trained satellite analysts generate a daily operational list of fire

locations and outline areas of smoke (Ruminski, 2006). The use of geostationary satellites (GOES-

11 and GOES-12) allows for continuous coverage over North America. When the smoke plumes

are detected, the analysts do not differentiate between wildfires and agricultural/prescribed fires.

Thus the dataset contains smoke from both types of fires. Due to the nature of smoke detection

by HMS, clouds are an important interference during the detection and validation of the HMS

products ( [73]). Smoke detections are manually inspected, and contours are drawn depicting

and approximate smoke concentrations (5, 16, and 27 ug m-3, i.e., light, moderate, and dense con-

tours). Smoke concentrations are estimated using the Aerosol Optical Depth (AOD) estimates from

the Geostationary Operational Environmental Satellite (GOES) Aerosol Smoke Product (GASP)

which assumes a mass extinction coefficient for smoke below 5 km. The vertical location of the

smoke is not provided ( [74]). The false alarm rate for fire detection is ∼2% ( [75]). Dilute smoke

is particularly challenging to visually identify as it can mix with anthropogenic haze. This results

in a conservative estimate of smoke detection and extent from the HMS dataset ( [76]). In this

work, we use archived HMS files with a 0.2◦ x 0.5◦ horizontal grid resolution that provide the

maximum smoke concentration value for a given location in a given day.
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2.6 HYSPLIT Trajectories

We use the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler

and Hess,1998) to estimate the origin and age of a small subset of smoked plumes detected by CrIS.

For this application, the HYSPLIT model uses the North American Regional Reanalysis (NARR)

meteorological product. NARR has a time step of 3 hours, a grid spacing of 32 x 32 km, and 23

vertical layers between the surface and 100 hPa. We initialized a set of forward and backward

trajectories for a period of 24 hours at the locations of smoke-impacted CrIS retrievals. All trajec-

tories were initialized at 720, 600 and 495 hPa levels. Details on the time and location that each

trajectory was initialized are detailed in Section 4.3
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Chapter 3

Daytime Oxidized Reactive Nitrogen Partitioning in

Western U.S. Wildfire Smoke Plumes

3.1 Summary of
∑

NOy Partitioning in Near-Source Wildfire

Plumes

Figure 3.1 shows a summary of quantified specific individual components of NOy as a function

of physical age in 147 smoke plume intercepts from 17 western U.S wildfires sampled during WE-

CAN. The plumes shown in Figure 3.1 were largely sampled above 3 km ASL with the exception

of three plume transects from the Cougar Creek Fire (RF06) intercepted at lower altitudes (2.5 -

2.9 km ASL). The average temperature and altitude for each age category is shown on the top of

the figure with the corresponding standard deviation in parentheses. We refer here to this particular

subset of NOy species as
∑

NOy. Also note that the number of transects is largest closer to the fire;

reflecting the scientific foci of WE-CAN as well as aircraft duty limitations. Figure 3.1 shows that

NOx is depleted quickly in large smoke plumes. On average after 3 hours, NOx contributes only

4 - 7% of
∑

NOy. Several studies have also observed the rapid decay of NOx in wildfire plumes

( [15], [77], [78], [79]). This has also been observed in plumes emanating from agricultural fires;

Liu et al. ( [13]) report that after ∼30 min NOx NEMRs drop between ∼26% and ∼56%. The

average e-folding (decay) time and distance for NOx for the smoke plumes sampled during WE-

CAN and shown in Figure 3.1 is approximately 90 minutes of physical age, which corresponds to

an average distance downwind of 40 km (Figures Figure A.7 and Figure A.8). The median ratio

of NO to NO2 at the core of the plumes range from 0.11 to 0.24. This ratio varies as a function

of time of day, with values > 0.16 observed earlier in the day (i.e., the median ratio is 0.24 before

15:00 MDT) and values < 0.2 observed later in the day as the photolysis rate of NO2 decreases

(i.e., the median ratio is 0.11 after 17:00 MDT) (Figure Figure A.6). HONO is depleted faster than
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Figure 3.1: Partitioning of
∑

NOy as a function of physical age (h) in the most concentrated cores of
western U.S. wildfire smoke plumes sampled in a pseudo-lagrangian fashion during WE-CAN. Each of the
plumes included in this figure are associated with a specifically targeted fire (see Figure 2.1). The obser-
vations shown here correspond to sampling in the center of the plume, which is defined as the portion of
each plume transect where CO is above the 75th percentile of that transect. To calculate the enhancement
of each species, a transect-specific background mixing ratio for each individual species is subtracted. Com-
parable figures for regions of the plume outside the concentrated cores are provided in the Supplementary
Information (Figures Figure A.2 and Figure A.3).
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NOx in the fresh plumes sampled during WE-CAN (see Figure 3.2 for specific examples). HONO

emissions are sufficiently large to be the dominant OH source in these WE-CAN plumes ( [14]).

Averaged across all plumes, approximately 37% of the
∑

NOy is in the form of PANs (PAN and

PPN in this case) after 3 hours. The rapid conversion of NOx to PANs has been observed in several

prior field campaigns targeting wildfire smoke. For example, Alvarado et al. ( [15]) reported on

aircraft observations of boreal smoke plumes and showed that the average percent contributions

of PAN to NOy are 50% and 69% in fresh and aged smoke plumes, respectively. Yokelson et al.

( [39]) reported on smoke plumes from a suite of tropical crop residue and deforestation fires. They

primarily traced the evolution of the smoke for the first 2 hours of atmospheric aging. On average,

they concluded that approximately 17% of NOy was in the form of PAN following 1.2 to 1.4 hours

of aging. Akagi et al. ( [4]) reported aircraft observations of a prescribed California chaparral fire.

They point out rapid initial growth of the PAN NEMR, based on observed increases of a factor of

10.7 (± 5.3, standard deviation) in the first 4 hours after emission. The rapid production of PAN

has also been observed in agricultural fires ( [13]). The PAN NEMR relative to NOy increased

from less than 5% to 30% in ∼1 hour; after ∼1.2 hours, PAN accounted for 51 - 74% of the loss of

NOx on a molar basis in a survey of 15 agricultural fires ( [13]). Within the first 4 hours following

emission in the WE-CAN dataset, PAN accounts for 38% (±11%, standard deviation) of initial

NOx on a molar basis. The average PPN to PAN ratio in the core of the fresh plumes sampled

during WE-CAN is 0.12 (± 0.014, standard deviation).

HNO3 mixing ratios within the center of these plumes, on average, are only slightly enhanced

above background mixing ratios during the first 3 hours of physical aging. After this point, the av-

erage enhancement of HNO3 is zero or negative. This means that the background mixing ratio of

this species is greater than the mixing ratio in the most concentrated part of the plume. As we show

later, HNO3 is often a substantial fraction of
∑

NOy in lower-altitude, warmer plumes. Trentmann

et al. ( [80]) used a photochemical box-dilution model to show that the magnitude of the increase in

pNO3 observed during the South African Regional Science Initiative (SAFARI 2000) field exper-

iment could be explained by the uptake of HNO3 produced by gas-phase chemistry. As suggested

27



by Yokelson et al. ( [39]), null or negative HNO3 enhancements may be due to a rapid reaction of

HNO3 with NH3 to form particulate ammonium nitrate.The process by which ammonium nitrate

forms is mandated by the availability of NH3 and HNO3 and it is a strong function of temperature

and humidity ( [81]). (In the concentrated cores of the WE-CAN plumes, the formation of am-

monium nitrate may occur in the aqueous phase as well.) Additionally, Tabazedah et al. ( [82])

proposed that biomass burning aerosols can remove HNO3 in a similar way to sea salt aerosol,

by HNO3 replacing chloride (Cl-) ions or water soluble organic ions such as formate, acetate, and

oxalate present in biomass burning aerosols. Several studies have also noted that HNO3 does not

correlate with elevated CO in fresh or aged biomass burning smoke (e.g., [39], [15], [13]).

Figure 3.1 indicates that 18% to 28% of the
∑

NOy is in the form of pNO3 (purple bars in

Figure 3.1), and that the evolution in the contribution of pNO3 to
∑

NOy mirrors the evolution

of PAN during the first 4 hours. This result suggests rapid formation of pNO3 in the first several

hours of physical aging, similar to that observed by Hobbs et al. ( [79]). The contribution of

pNO3 to
∑

NOy rapidly increases in the WE-CAN dataset from 18% to ∼ 26% in the first 2

hours. The pNO3 reported here by the AMS represents both organic and inorganic forms (Section

2.2.5). Work is ongoing to separate the inorganic fraction. Liu et al. ( [13]) also observed cases of

rapid production of pNO3 in agricultural smoke. They note that the pNO3 in these smoke samples

is mostly inorganic (>90%) as indicated by AMS measurements. Alvarado et al. ( [15]) report

contributions of 24% and 12% of pNO3 to NOy in fresh and old boreal smoke plumes, respectively.

Similarly, Briggs et al. ( [43]) report that pNO3 contributed 20 - 69% of the measured NOy in 23

aged smoke plumes observed over the U.S. Pacific Northwest.

Despite relatively large measurement uncertainties, Figure 3.1 also shows that gas phase or-

ganic nitrates may comprise a large fraction (15% - 26%) of
∑

NOy. Their collective evolution

appears to mirror that of PANs and pNO3, increasing their total contribution to
∑

NOy from 15%

to ∼23% within 3 hours of physical aging. C4 and C5 organic nitrates contribute ∼50% of the total

abundance (in mixing ratio units); 80% of the total is from C2-C6 compounds (Figure Figure A.4).

Gas phase nitro aromatics are a small fraction (<1%) of
∑

NOy during WE-CAN; we expect that
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a dominant portion of the nitrophenolics are in the particle phase. The large contribution of gas-

phase organic nitrates to
∑

NOy in the WE-CAN dataset is not necessarily unexpected based on

prior observations indicating that select individual organic nitrates (e.g., methyl peroxy nitrate) are

present in smoke plumes intercepted under cold or high altitude conditions ( [83]), and model sim-

ulations of smoke chemistry require more NOx loss in the first several hours of plume evolution

than can be explained by the formation of PAN or HNO3 ( [40]).

While also more uncertain than many of the other measurements summarized in Figure 3.1, the

oxidized NVOCs quantified by the PTR-ToF-MS likely comprise a small and relatively consistent

fraction of
∑

NOy as smoke plumes age. All comparable measurements of NVOCs in smoke

are relatively recent. NVOCs comprise a small fraction of measured VOCs (e.g., [84], [85], [86],

[87], [88], [89], [24]). For instance, Gilman et al. ( [84]) observed that NVOC (including reduced

and oxidized forms) are a small fraction (<8%) of the total molar mass of VOC measured during

laboratory burns. Methyl nitrite was the only oxidized NVOC reported as a dominant NVOC

during these experiments.

We anticipate that the NOy species presented in this overview analysis comprise the majority

of the total NOy present in the wildfire smoke plumes sampled during WE-CAN. Our approach is

different from many past studies in that we quantify
∑

NOy using individual contributors without

a simultaneous NOy measurement. Other studies that have measured total NOy (e.g., [90], [43])

have reported that ∼80 - 100 % of the NOy sampled in aged smoke plumes are in the form of

peroxy nitrates (PNs), NOx, pNO3 and HNO3. For instance, Singh et al. ( [90]) show that PNs,

mostly in the form of PAN, comprise 60 - 70% of the total NOy during ARCTAS-A (spring) and

ARCTAS-B (summer) in smoke plumes from boreal fires sampled after 3 - 8 days of aging. Some

studies do report on select organic nitrate species. For example, in the smoke plumes sampled

during ARCTAS-B and ARCTAS-CARB the total alkyl nitrates (ANs) comprise less than 10% of

the measured NOy. Similarly, Briggs et al. ( [43]) report that NOx, PAN and pNO3 comprise 77 -

100% of the observed NOy in 4 wildfires smoke plumes observed over the U.S. Pacific Northwest

after 1 - 2 days of aging. Thus, our results are broadly consistent with this prior work.
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3.2 Case Studies of NOy partitioning: Bear Trap (BT) and Tay-

lor Creek (TC) Fires

Figure 3.2 presents the evolution of
∑

NOy in two individual smoke plumes emanating from

the Bear Trap and Taylor Creek Fires; each of these plumes were repeatedly sampled in a pseudo-

lagrangian fashion. For these plumes, we present the absolute values for the NOy NEMR rather

than percentages to investigate
∑

NOy mass conservation with time. These plumes demonstrate

the variability between different smoke plumes, a perspective that is somewhat masked in the av-

erage view presented in Figure 3.1. Proximity to the fire source, sampling altitude, meteorological

conditions, modified combustion efficiency (MCE), and OH concentrations varied between these

plumes. From Figure 3.2, we can see that the dilution corrected abundance of
∑

NOy is conserved

with time within the measurement uncertainties.

The Bear Trap Fire plume was sampled at approximately the same altitude for the first (∼4.3

km) and second (∼4.5 km) sampling attempts. Temperature and relative humidity are approx-

imately constant in the plume cores downwind (∆T < 1K and ∆RH = 9% across the samples

included in the upper panel of Figure 3.2). The Taylor Creek plume was much more narrow ver-

tically, and the sampling altitude was less consistent as the mission attempted to intercept the

plume at multiple altitudes. Thus, there are 8 near-source transects with a mean estimated phys-

ical age of 35 minutes, ranging from 19 to 54 minutes. The sampling altitudes from the second

pseudo-lagrangian sampling effort of the Taylor Creek Fire plume encompass a wider range (3.3

- 4.5 km) because this set of intercepts includes a spiral through the plume. This sampling began

further downwind; no intercepts represent < 1 hour of physical aging. As a result of these sam-

pling choices, the temperature in Taylor Creek smoke plume intercepts (including the spiral) varies

between 274 and 283 K (mean 281 K, ± 2.2 standard deviation). Within the pseudo-lagrangian

sampling pattern (i.e., not the spiral), the temperature varies between 280 and 284 K (mean 282

K, ± 1.2 standard deviation). The Taylor Creek Fire plume is also the driest smoke plume in the
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Figure 3.2: Partitioning of the NEMR of
∑

NOy as a function of physical age (h) in the most concen-
trated cores of the Bear Trap and Taylor Creek Fire smoke plumes sampled during WE-CAN. These smoke
plumes were sampled in a pseudo-lagrangian fashion twice. Here we present the average of the plume tran-
sects from both samples binned by their corresponding physical age. (See Section 2.3.1 for a discussion
of uncertainty in the inputs to the calculation of physical age.) The center of the plume is defined as in
Figure 3.1, and a transect-specific background mixing ratio for each individual species was subtracted. The
numbers above each bar signify the individual transects through the plume in each physical age bin. Error
bars were calculated by adding the individual uncertainty for each NOy species in quadrature.
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WE-CAN dataset (3 < RH < 11 %), thermodynamically favoring the presence of gas-phase nitrate

(i.e., HNO3) over pNO3 ( [81]) in this smoke plume.

Figure 3.2 shows that, for both smoke plumes, the ratio of HONO to NOx in the closest sam-

pling passes is between 0.45 - 0.60 (ppbv ppbv−1). Within 3 hours, this ratio is less than 0.2 for

both plumes, indicating that the photolysis of HONO occurs more rapidly than the overall conver-

sion of NOx to its oxidation products ( [14]). Despite sampling these smoke plumes closer to the

source than other fires targeted during WE-CAN, the samples still show substantial conversion of

NOx to its oxidation products in the closest sampling passes to the fire (blue, purple and orange

bars in the leftmost columns of Figure 3.1). For instance, in the plume crossing closest to the Bear

Trap Fire (physical age ∼ 33 min), PANs, pNO3 and gas-phase organic nitrates comprise 20%,

22%, and 16% of
∑

NOy measured. These percentages are lower for the closest pass of the Tay-

lor Creek Fire (physical age ∼ 20 minutes), which are 4%, 11%, and 12% for PANs, pNO3, and

gas-phase organic nitrates, respectively. The PAN NEMR increases in the Bear Trap Fire smoke

plume through ∼3-4 hours of physical aging (∼40% of the
∑

NOy). The pattern of pNO3 pro-

duction in this case was different. The pNO3 NEMR increases rapidly, and then stabilizes after 2

hours (∼26% of
∑

NOy). Similar to the pNO3 evolution, the gas-phase organic nitrates NEMR

increases rapidly and stabilizes after 2 hours (∼23%), mainly driven by those with 6 or fewer car-

bon atoms. The detailed partitioning of gas phase organic nitrate across different carbon number

groups are shown in Figure A.4 and Figure A.5. For the Taylor Creek plume, we do not have

samples out further than ∼3 hours of physical aging, but like in the Bear Trap Fire plume, the PAN

NEMR increases through ∼3 hours of physical aging and the pNO3 and gas-phase organic nitrates

NEMR stabilize after ∼2 hours. By the end of the sampling period, PAN and pNO3 account for

approximately the same percentage of
∑

NOy (∼22%), and the gas-phase organic nitrates make

the largest contribution to
∑

NOy (∼33%).

Liu et al. ( [13]) observed similar production rates for PAN and pNO3 in the first hour of smoke

evolution from 5 individual agricultural fires. Even though these agricultural fires were relatively

small, and the smoke was less dense than the plume cores included in Figure 3.2, Liu et al. ( [13])

32



also found that by the end of the sampling periods (∼30 - 50 min) PAN and pNO3 accounted for

approximately the same fraction of the total NOy. However, they also encountered two fires where

a larger fraction of NOx converted to pNO3 instead of forming PAN by the end of the sampling

period (∼1 h). The evolution of ∆pNO3/∆PAN as a function of physical age for each of the Bear

Trap and Taylor Creek smoke plumes can be described with an exponential decay function (Figure

Figure A.9). For the Taylor Creek Fire plume, this ratio is ∼3 at 30 min and drops to ∼0.7 by

∼1.5 hours of physical aging. For the Bear Trap Fire, this ratio is slightly > 1 at 30 min and drops

to ∼0.6 after 4 hours of sampling, signifying faster PAN production. Liu et al. ( [13]) report the

same ratio as slightly > 1 after 1 hour of physical aging, while Akagi et al. ( [16]) and Alvarado et

al. ( [15]) report ∆pNO3/∆PAN of ∼0.75 and ∼0.5 in fresh plumes (4 - 10 h) from chaparral and

boreal fires, respectively.

Of the two example plumes shown here, the Taylor Creek Fire produced larger emissions of
∑

NOy relative to CO (0.030 ppbv ppbv−1), more than twice that of the Bear Trap Fire (0.012

ppbv ppbv−1). We calculated the MCE for each fire following Lindaas et al. ( [46]). The Bear

Trap Fire had an average MCE of 0.88 (± 0.017, standard deviation) indicating that the plume con-

tained emissions produced from both smoldering and flaming conditions. This is reflected in the

higher relative abundance of reduced forms of nitrogen ( [46]). The Taylor Creek Fire had an aver-

age MCE of 0.94 (± 0.003, standard deviation) indicating that the plume represents more flaming

conditions and efficient combustion. This plume has one of the highest MCE of all the plumes

sampled during WE-CAN, suggesting emission of more oxidized forms of reactive nitrogen (i.e.,

NOx and HONO) and less of reduced forms of reactive nitrogen (i.e., NH3). Despite the difference

in MCE between fires, the relative contribution of pNO3 to
∑

NOy is not substantially different

between these plumes, as was discussed above. However, distinguishable HNO3 enhancements

(up to 2.1 ppbv) above background were present in the Taylor Creek plume for the duration of

the sampling period; HNO3 accounts for ∼10% of
∑

NOy, even after 3 hours of physical aging.

Tabazadeh et al. ( [82]) and Trentmann et al. ( [80]) suggest that an important sink for HNO3 in

plumes is scavenging by particles. Even at an RH of 15% and temperature of 220 K, dust particles

33



contain sufficient liquid water for the displacement of carbonate by NO−

3 ions to occur ( [82]). Cl−

replacement by the NO−

3 ion can also occur in smoke plumes as smoke particles have a significant

mass fraction of water present ( [82]). One potential reason that the Taylor Creek plume contained

excess HNO3 may be because of the simultaneously dry conditions; the scavenging of HNO3 by

particles may not have been as efficient as in other smoke plumes. Additionally, the production of

NH4NO3 in the smoke plume of the Taylor Creek Fire might have been impacted by other factors.

The flaming condition (MCE = 0.94) of this fire resulted in higher emissions of oxidized over re-

duced forms of reactive nitrogen limiting the availability of NH3 to form NH4NO3 as the plume

ages (Jakob Lindaas, personal communication). The abundance of organic and inorganic particu-

late sulfate (pSO4) is 1-2 orders of magnitude higher in the Taylor Creek Fire plume; thus, sulfate

had the potential to impact the free NH3 initially available in the system to form NH4NO3. In this

plume, NH3 enhancements become smaller than HNO3 enhancements after 2 hours of physical

aging, whereas in the Bear Trap Fire plume, the system remains HNO3 limited for the duration of

the sampling. The Taylor Creek Fire plume is a special case among the plumes sampled during

WE-CAN given the warmer and drier conditions of the plume, relatively low NH3 emissions, and

high pSO4 abundance, all resulting in positive HNO3 enhancements.

We estimate an OH concentration for these plumes via two methods. The first method is

described by Hobbs et al. ( [79]) and de Gouw et al. ( [91]). To do this, we assume that the loss rate

of the NEMR of toluene and benzene is dominated by reaction with OH (Eq. (A.1) and Figures

Figure A.10 and Figure A.11). While this method is grounded in past literature, it is imperfect

because of the short timescales of interest here. Our second method is based on prescribing OH

to match the observed decay of butene and methyl furans, significantly shorter-lived species with

large primary emissions. We know that the actual OH concentration changes rapidly in smoke

plumes ( [14]), but the average OH concentration for the Bear Trap Fire and Taylor Creek Fire

smoke plumes calculated via the first (second) method are 4 x 106 (2 x 106) molecules cm−3 and 1

x 107 (5.5 x 106) molecules cm−3, respectively. The production of HNO3 by the reaction of NO2

with OH is an important sink for NOx. At the average temperatures and pressures of the Bear Trap
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and Taylor Creek smoke plumes (275 K and 573 hPa, and 281 K and 644 hPa, respectively) and

the two different OH estimates (estimates from second method in parenthesis), the pseudo first

order rate coefficients for this association reaction are 3.74 x 10−5 (1.88 x 10−5) s−1 and 9.54 x

10−5 (5.25 x 10−5) s−1 which result in average NO2 lifetimes against OH oxidation of ∼7.4 - 14.8

and ∼2.9 - 5.3 hours for the Bear Trap Fire and Taylor Creek Fire smoke plumes, respectively.

The value reported by Akagi et al. ( [12]) for the Williams Fire plume (∼5.1 h) is between our

two estimates. In the time these two plumes were observed (∼4.4 and ∼2.6 hours for Bear Trap

Fire and Taylor Creek Fire smoke plumes, respectively), we estimate, assuming no other loss paths

for NOx, that 55 - 75% and 40 - 60% of the initial NOx would be converted to HNO3 (or pNO3).

In the Taylor Creek Fire plume, after 2.6 hours of sampling, the total observed increase in HNO3

+ pNO3 accounts for ∼41% of the initial NOx (matching our estimate). On the other hand, in

the Bear Trap Fire plume, after 4.4 hours of sampling, the observed increase in pNO3 (no HNO3

enhancement was observed in this plume) accounts for only 20% of the initial NOx. This suggests

that in the Bear Trap plume either a competitive pathway for NOx loss dominated and/or that our

assumptions of OH are not realistic. We note that rapid PAN production was observed in the Bear

Trap plume without a similar sustained HNO3 or pNO3 formation with time. The mechanisms for

PAN production in these plumes are the subject of ongoing work.

3.3 NOy Partitioning Across the Entire WE-CAN Smoke-Impacted

Dataset

There is considerable variability in the composition and abundances of
∑

NOy across the entire

WE-CAN dataset which includes measurements of young, medium and old smoke and air parcels

not containing smoke sampled at different altitudes. The smoke-impacted flight segments pre-

sented in Figure 3.3 include samples from both fresh plumes attributed to known fires and diluted

smoke intercepted outside of pseudo-lagrangian sampling efforts. No background was subtracted

from these samples because there can be variability in the sources of NOy and their abundances

within the distance traveled by the aircraft in the 100-second TOGA sampling interval. Thus, as-
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Figure 3.3: Partitioning of
∑

NOy within smoke-impacted and smoke-free samples within the full WE-
CAN dataset. TOGA time-base samples are binned by an approximate chemical age: young (< 1 day of
aging), medium (1 - 3 days of aging) and old (> 3 days of aging) as described in Section 2.3.2. Samples are
also binned by sampling altitude, and the average temperature of the samples in each category is provided.
No background is subtracted; the columns in the left panels represent the partitioning of absolute mixing
ratios and are shown as percentages in the right panels. The number above each bar represents the number of
individual TOGA time segments in category, not individual plume transects. The majority of samples were
collected between 3 and 5 km ASL. A smaller number of samples were collected below 3 km, due to safety
and logistical constraints of operating the aircraft in low visibility conditions and high terrain elevation
on where most of the fires were located. These samples were largely collected during missed approaches
at airports in California’s Central Valley. The samples that are substantially influenced by anthropogenic
emissions (see Section 2.3.2) are not included in this analysis. Note that the majority of the young and
medium plumes (i.e., left-most bars) coincide with the plumes presented in Figure 3.1.
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signing an accurate background based on the TOGA timestep is not practical. Background subtrac-

tions would also have a larger influence on NEMR calculations for the most aged smoke-impacted

samples.

Briefly, smoke-free samples are characterized by a larger contribution from HNO3 to
∑

NOy

at all altitudes (∼40 - 65%, decreases with altitude). Inversely, the pNO3 contribution to
∑

NOy

increases with altitude (consistent with the thermodynamically favorable conditions for NH4NO3

formation), but it accounts for a small fraction (<5%) of the
∑

NOy measured. NOx is between

(10-30%) of the
∑

NOy measured with a larger contribution above 3 km (>20%). In the smoke-

free WE-CAN samples, PAN and PPN contribution to the
∑

NOy increases with altitude. We note

that the WE-CAN smoke-free samples are not broadly representative of the summertime western

U.S. atmosphere. The average T/RH/altitude of these samples are 273 K, 20% and 4.5 km ASL

respectively and were largely collected outside of urbanized areas.

Across the smoke-impacted dataset, the contribution of HNO3 to
∑

NOy increases as the

plumes age below 5 km. The relative contribution of HNO3 is largest below 3 km (∼20 - 30%).

Background mixing ratios have not been subtracted from the data presented in Figure 3.3, thus the

summary of NOy species include contributions from both smoke and other sources (e.g., anthro-

pogenic emissions and their subsequent chemistry). The relative contribution of smoke is smallest

in the most dilute, and often oldest, smoke-impacted air masses. Samples below 3 km also do

not carry much weight in the summary of fresh plumes presented in Figure 3.1. Furthermore,

the volatilization of HNO3 from ammonium nitrate (NH4NO3) aerosol into the gas phase is more

favorable under warmer temperatures (lower altitudes) ( [92], [93]). However, there are other po-

tential forms of inorganic and organic pNO3 in these samples. There is no HNO3 present in smoke

above 5 km, consistent with Figure 3.1 and the temperature dependency of the NH3-HNO3 system

that favours NH4NO3 at lower temperatures. The measured contribution of pNO3 to
∑

NOy varies

with altitude. Figure 3.3 shows that, above 3 km, pNO3 is generally of comparable abundance to

NOx in the younger smoke-impacted samples and more than twice as abundant as NOx in the old

smoke-impacted samples. Below 3 km the pNO3 contribution decreases as the smoke-impacted
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samples age and dilute. Between 3 and 5 km (middle row of Figure 3.3) the contribution of pNO3

to
∑

NOy remains approximately constant (∼15 - 24%) in all smoke impacted samples, while its

contribution increases with more age above 5 km.

The amount of PANs present in the smoke-impacted samples increases with increasing altitude

(note different y-axis), which is consistent with the temperature-dependent lifetime of these com-

pounds ( [19]). Briggs et al. ( [43]) observed 25 - 57 % of NOy as PAN in aged smoke plumes from

regional fires observed in Oregon in summers 2012 and 2013. These numbers are within the range

observed in the WE-CAN data set where PAN accounts for 22 - 27% of
∑

NOy in the medium

and old smoke-impacted samples.

3.4 NOy partitioning in the smoke-impacted California Central

Valley

The NSF/NCAR C-130 performed a dedicated flight over the California Central Valley during

a period when smoke from multiple fire complexes impacted the region. The aircraft performed

a combination of low-level legs and two sets of missed approaches at three different airports in

the region: Chico Municipal Airport (KCIC; 39.7991 ◦N, 121.8548 ◦W), Mather Airport (KMHR;

38.5637 ◦N; 121.2972 ◦W), and Merced County Castle Airport (KMER; 37.3735 ◦N; 120.5731

◦W). There were many layers of smoke in the Central Valley, and the aircraft did not specifically

target a particular smoke plume during this flight, but sampled smoke from the Carr Fire, the Men-

docino Complex, and several fires located near Yosemite National Park. Most of the smoke was

intercepted below 3 km (mean temperature = 300 K). The WE-CAN data shows that HNO3 is the

dominant NOy species in the smoke-impacted samples collected over the Central Valley, account-

ing for ∼60% of the total NOy. This is consistent with the overall picture shown in Figure 3.3

and the unfavorable warm conditions for PAN ( [19]) and pNO3 ( [81]). Gas-phase organic ni-

trates, PAN and NO2 are the next most abundant NOy species accounting for 16%, 10 %, and 9%,

respectively. Finally, the contributions from pNO3, NO, PPN, and oxidized NVOCs were minor,

individually contributing ∼1-3% of the total NOy measured over the Central Valley.
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Figure 3.4: a) NSF/NCAR C-130 flight track through the California Central Valley (CV) on 8 August 2018
colored by NOx mixing ratio (ppbv). b) The inset bar shows the NOy partitioning for all the medium and
old smoke-impacted samples shown in a). There were no samples classified as young based on the criteria
in Section 2.3.2. Data was collected between 13:30 and 17:00 PDT. The

∑

NOy mixing ratio in the smoke
impacted Central Valley was ∼5.5 ppbv, with little difference between the medium and old categories.
Therefore, we show their partitioning together as one inset bar. c) - e) Scatterplots of NOx, NO:NO2, PAN
and pNO3 versus CH3CN for the flight segment through the region are shown in a). These panels are
colored by chloroform (CHCl3). Shown in red squares are NOx (c), PAN (e), and NO:NO2 (d) observed
during ARCTAS-CARB ( [90]).
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The NASA DC-8 research aircraft outfitted with a similar suite of instrumentation sampled

this same geographical region during the ARCTAS-CARB field campaign in June 2008 ( [94]),

another time with large wildfires in northern California. Using similar data collected below 3

km and between 11:00 and 17:00 PDT, we are able to compare NOx, PAN and NO:NO2 ratios

as a function of CH3CN with those measured by Singh et al. ( [90]) in 2008. We note that the

WE-CAN data was collected later in the day, between 13:30 and 17:00 PDT. Singh et al. ( [90])

report average NOx enhancements of ∼2 - 5 ppbv, and these are generally higher than the total

NOx mixing ratios observed in this region during WE-CAN. The only instances when NOx mixing

ratios during WE-CAN were within the range of those reported by Singh et al. ( [90]) are within

air masses clearly impacted by anthropogenic emissions, denoted in Figure 3.4 as samples with

elevated chloroform (3-methyl-pentane, tetrachloroethylene, HFC-134a, HCFC-141b, and HCFC-

22 were also elevated in these samples). In these instances, NOx mixing ratios in smoke-urban

mixtures increased by ∼3.5 ppbv. Singh et al. ( [90]) observed decreasing NO:NO2 ratios with

increasing smoke contribution. The NO:NO2 ratios observed over the California Central Valley

during WE-CAN are not consistent with the pattern in Singh et al. ( [90]). This ratio is also not

systematically perturbed in more anthropogenically influenced air masses (i.e., points with elevated

chloroform).

We also compared PAN mixing ratios between the WE-CAN data set and the data reported by

Singh et al. ( [90]). Both show a strong relationship between PAN and CH3CN. Samples with

more PAN relative to CH3CN in the WE-CAN data set appear to be the result of injections of

anthropogenic emissions. For the same CH3CN mixing ratio, there can be twice as much PAN

when smoke is mixed with urban emissions. pNO3 abundances in the California Central Valley

also increase with increasing fire influence (i.e., higher CH3CN mixing ratios). There are pNO3

outliers when anthropogenic emissions mix with smoke. However, the relative change is much

smaller than what was observed for NOx and PAN.
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Chapter 4

Evolution of PAN in wildfire smoke plumes detected

by the Cross-Track Infrared Sounder (CrIS) over the

western US during summer 2018.

4.1 Western U.S. CrIS PAN Retrievals and Wildfire Smoke

During 2018, there were 23,104 wildfires in the western US (Northwest, Southwest, Northern

California, Southern California, Great Basin, Rocky Mountain, and Northern Rockies) correspond-

ing to a burned area of > 6.5 million acres (National Interagency Coordination Center (NICC)

statistics for 2018; https://www.nifc.gov/nicc/index.html). Figure 4.1 shows CrIS retrievals of CO

(Figure 4.1a) and PAN (Figure 4.1c) on 20 August 2018 when the Mendocino Complex fire was

active. Fires detected by the Visible Infrared Imaging Radiometer Suite (VIIRS) on the Suomi-

NPP on this day are shown as red dots. Figure 4.1 shows that many fires can be active on a given

day and that CrIS has the ability to detect CO and PAN from individual smoke plumes. This is in

contrast to the TES PAN retrievals which can really only be interpreted in aggregate ( [45]).

Figure 4.1 shows that PAN and CO enhancements from the wildfires cross many western states,

and that the smoke plumes from some wildfires are detectable multiple days downwind. Many

of the smoke plumes sampled during WE-CAN were also detected by the CrIS (e.g., Carr Fire,

Cougar Creek Fire, South Sugarloaf Fire, Taylor Creek Fire). Within the lifecycle of a wildfire, the

CrIS overpass time at ∼1:30 pm LT (∼19:30 - 20:30 UTC) often occurs before many wildfires are

most active. The WE-CAN sampling efforts most often intercepted fresh plumes between 3 and

6 pm LT (21:00 - 01:00 UTC), when plumes were injected sufficiently high to be reached by the

aircraft. Therefore, there is often a ∼4 hour difference between the satellite overpass and the in

situ measurements.

41



Figure 4.1: a) Daytime overpass tropospheric average CrIS CO for 20 August 2018. c) Daytime overpass
tropospheric average CrIS PAN for 20 August 2018. The pink box in panels a) and c) encompasses the
region plotted in panels b) and d). 1-min averaged in situ b) CO and d) PAN observations associated with
the Mendocino Complex Fire on 20 August 2018 are shown in triangles. These observations were collected
between 21:00 and 02:00 UTC (2 and 7 PM LT). Red dots indicate high quality fire detection by VIIRS,
also onboard the Suomi-NPP satellite. Fires that produced smoke plumes sampled during the WE-CAN
campaign are labeled.
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Figure 4.1b and Figure 4.1d show the aircraft sampling of the plume associated with the Men-

docino Complex. The Mendocino Complex was first active on 27 July 2018 and was not contained

until mid-September. This is the largest fire in the history of the state of California with a final

burn area of > 450,000 acres. The WE-CAN team first sampled the smoke plume associated with

the Mendocino Complex fire on 5 August 2018 as part of a large “river of smoke” that contained

emissions from multiple fires. On 20 August 2018, the NSF/NCAR C-130 sampled the fires in

a pseudo lagrangian fashion completing multiple transects across the plume. in situ PAN (CO)

abundances at the core of the Mendocino Complex smoke plume on 20 August 2018 ranged from

3 - 7 ppbv (0.7- 2 ppmv), and the plume was sampled between 610 - 570 hPa (4.1 - 4.6 km ASL).

CrIS free tropospheric average PAN (CO) mixing ratios within the plume ranged from 0.14 - 1.3

ppbv (0.13 - 0.48 ppmv).

Given the differential sensitivities between the CO and PAN retrievals by CrIS, and the need

to use both products to distinguish between dilution and chemical evolution in fire plumes, we use

the CO retrievals at specific pressure levels to determine whether to include an individual set of

retrievals in our analysis. Figure 4.2 shows the CO retrievals at 380, 510, 680, and 900 hPa for 20

August 2018 associated with the WE-CAN sampling of the Mendocino Complex Fire (Figure 4.1b

and Figure 4.1d). We remind the reader that the DOFS for CO are 2 which means that the CO

retrievals contain information about the CO tropospheric column average and some information

about the vertical distribution of CO. However, we include Figure 4.2 to show that the largest CO

mixing ratios are often reported at the 510 and 680 hPa levels (Figure 4.2b and Figure 4.2c) where

the CO averaging kernels indicate consistently strong sensitivity (Figure 2.3a and Figure 2.3b).

The PAN retrieval is largely insensitive near the surface (i.e., < 850 hPa), but it is characterized by

similar sensitivity across much of the free troposphere. Following Fischer et al. ( [45]), we define

smoke-impacted retrievals using the CrIS dataset where CO is > 150 ppbv on either the 510 or 680

hPa level. See the following section for details.
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Figure 4.2: Daytime CrIS CO retrievals at a) 380, b) 510, c) 680, and d) 900 hPa on 20 August 2018. Red
dots show high quality fire detection by VIIRS on the Suomi-NPP satellite
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4.2 CrIS PAN Abundances Within and Outside Wildfire Smoke

Plumes

Figure 4.3: Distributions of PAN (blue) and CO (orange) for smoke-impacted retrievals identified using the
CrIS criteria (see section 4.2) and the HMS smoke identification (light, medium, and dense) and smoke-free
or “background” conditions estimated using CrIS tropospheric average observations and in situ observations
from WE-CAN below and above 680 hPa. The number above each distribution corresponds to the number
of individual retrievals in each category.The y-axis indicated the PAN or CO tropospheric column average
mixing ratios in pptv and ppbv, respectively as shown in the label.

Figure 4.3 presents a summary of smoke-impacted and smoke-free or “background” tropo-

spheric average PAN and CO CrIS retrievals designated using multiple methods. We classify

smoke-impacted retrievals using satellite observations in two ways. First, we classify the CrIS re-

trievals as smoke-free or smoke-impacted using the cdist tool in the python scipy.spatial.distance

package to co-locate the CrIS retrievals with the NOAA Hazard Mapping System (HMS) smoke

plumes. The smoke plumes identified by the NOAA HMS are classified as light, medium, or dense

smoke, so we present the distribution of CrIS observations in all these categories in Figure 4.3.

The second satellite-based classification is based on the CrIS measurements themselves. Here
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smoke-impacted retrievals include any CrIS retrievals where CO > 150 ppbv at the 510 or 680 hPa

level.

The right side of Figure 4.3 provides a summary of estimates of summertime background PAN

and CO mixing ratios over the western U.S. based on multiple definitions/techniques. The desig-

nation of background is important for both quantifying the contribution of wildfire smoke to the

abundance of a given species within a given air mass, and for separating chemical processes from

dilution within the smoke plume ( [39]). The correction for dilution is usually done by normalizing

the abundance of the species of interest (i.e., PAN) by dividing by the abundance of a conserved

tracer (e.g., CO or HCN). This ratio is referred to as normalized excess mixing ratio (NEMR) of

the species of interest (i.e., PAN). While there are challenges associated with identifying back-

ground air within in situ datasets, the challenges are much larger with satellite data. This is an

issue that needs to be addressed if we are to use satellite data in a manner analogous to in situ mea-

surements ( [45]). Figure 4.3 shows that the satellite-based designations of background conditions

(i.e., both the HMS-based designation and the designation based on CrIS alone) produce similar

estimated median background values for PAN (∼0.18 ppbv). The rightmost background classifi-

cation is based on the in situ out-of-smoke observations collected during WE-CAN. Out-of-smoke

WE-CAN observations are defined as any sample where CO, HCN and CH3CN are < 85 ppbv, 275

pptv, and 200 pptv, respectively ( [66]). We then separate the dataset into two pressure (altitude)

bins: surface to 680 hPa (< ∼3.2 km ASL) and above 680 hPa (3.2 - 6.1 km ASL).

Within the two different smoke identification techniques, only ∼30% of the CrIS retrievals

are classified as smoke-free by the HMS criteria. However, 61% of the retrievals are classified

as smoke-free based on the CrIS criteria. This indicates that ∼half of the smoke-free retrievals in

this subset are actually smoke-impacted, and thus likely contain elevated CO and PAN from smoke.

Figure 4.3 shows that the smoke-impacted CrIS retrievals (from the HMS and CrIS criteria) contain

more PAN and CO than the smoke-free distributions. This pattern was not distinguishable in TES

data, but it is significant in the CrIS data.
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The in situ measurements produce higher background estimates (> 0.2 ppbv, median of the

smoke-free samples collected during WE-CAN as identified by O’Dell et al. [66]) than the satellite

based estimates, especially within the boundary layer (i.e., below 680 hPa). As discussed above,

the in situ measurements are limited on their spatial coverage. Thus, the number of samples is

substantially smaller than the number of available satellite retrievals. However, they provide a

robust measurement of the abundance of PAN and CO at the time and location of air masses that

have not been impacted by biomass burning. Often, as was the case during summer 2018, fresh

smoke plumes were injected within larger more dilute smoke plumes, often from multiple fire

complexes burning over multiple days-to-weeks (e.g., Mendocino Complex Fire, Carr Fire). For

this reason, Figure 4.3 also shows a summary of the distribution of CrIS PAN and CO in light,

medium and dense smoke regions as designated by HMS. The light smoke designation is often an

appropriate background for specific dense (and more fresh) plumes.

In the following section, we assume background tropospheric average mixing ratios for PAN

and CO of 0.13 and 95 ppbv. This choice of background values represent the lowest 25th percentile

for PAN and the highest 25th percentile value for CO for the distributions shown in Figure 4.3.

These backgrounds are within the range of background mixing ratios used by Fischer et al. ( [45])

to analyze smoke plumes detected by TES. Singh and Hanst ( [20]) estimated PAN abundances of

0.09 - 0.36 ppbv in the upper troposphere. CO background mixing ratios have changed as a result

of emission controls (e.g., [95], [96]), and over North America, they are certainly impacted by

biomass burning during summer months (e.g., [97], [98]). The choice of background does impact

the absolute magnitude of the calculations presented in Section 4.3, and we discuss that below.

Figure 4.4 shows free tropospheric PAN mixing ratios averaged in a 0.5◦ x 0.5◦ grid over 24

July 2018 and 13 September 2018. Briefly, to estimate the average daily PAN abundance within a

given grid cell, we add all the retrievals within that cell over the 50 days of retrievals and divide

by 50. To construct the average daily PAN related to smoke-free or smoke-impacted observations,

we included only the retrievals that meet the smoke selection criteria in the calculation described

above. We then subtracted the smoke-free from the smoke-impacted tropospheric average PAN
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to yield an estimate of the contribution of smoke to average PAN on a given day (Figure 4.4d

and Figure 4.4h for the CrIS and HMS smoke criteria, respectively). We then divided the smoke

contribution by the tropospheric average PAN to obtain the fraction of PAN associated with smokey

conditions. Figure 4.4a shows that CrIS PAN tropospheric mixing ratios range from 0.10-1.1

ppbv over the western US during the summer season (averaged over 50 days). The areas with the

highest free tropospheric PAN correspond to Northern California, Northern Nevada, South Idaho,

the Rocky Mountains, and the Pacific Northwest. All these areas were impacted by smoke from

many active fires or smoke transported downwind from upwind fires.

XPANi =

∑50
m=1(

∑n

n=1 XPANn)

50
(4.1)

Where:

i= number of grid cells.

n = number of retrievals in a 0.5◦ x 0.5◦ cell.

m = number of retrieved days.

To assess what percentage of the PAN retrieved by CrIS can be attributed to fires, we separate

the retrievals as smoke-free or smoke-impacted using both the criteria from the CrIS retrievals

alone and the HMS data described above. Figure 4.4b/d and Figure 4.4c/e show the smoke-free and

smoke- impacted retrievals, respectively. As noted above, more retrievals (∼60%) are identified

as smoke-free with the CrIS criteria (Figure 4.4c) and many of those show elevated PAN (> 0.6

ppbv) (i.e., over the Rocky Mountain). On the other hand, fewer regions with elevated PAN are

identified as smoke-free by the HMS flag (Figure 4.4g). The CrIS smoke criteria show that the

average contribution of fires on a given day to PAN is 40-70% over northern California, Nevada,

Oregon, Idaho, and Washington (Figure 4.4e). The HMS smoke criteria show that more of the

western U.S average PAN can be attributed to smoke. Figure 4.4a shows that the highest CrIS

PAN retrievals are located over the Rocky Mountains. The HMS smoke criteria show that 40 -

70% of the free tropospheric PAN over this area can be attributed to smoke.
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Finally, we further separate the smoke-impacted retrievals (HMS flag) into light, medium, and

dense contributions (lower panel of Figure 4.4; panels j - l). Light smoke (Figure 4.4j) can be re-

sponsible for up to 60% of the free tropospheric PAN over Nevada, Utah, Colorado, and Wyoming.

Moderate smoke (Figure 4.4k) can contribute up to 60% of the free tropospheric PAN over central

Nevada, contributing to up to ∼40% over the rest of the western U.S. Dense smoke (Figure 4.4l)

is mainly located over northern California, Oregon, and Washington; ∼70% of the total free tropo-

spheric PAN detected by CrIS over this region is associated with dense smoke near to most active

fires during the 2018 wildfire season (e.g., Carr Fire and Mendocino Complex Fire).

Figure 4.4: a) Tropospheric PAN averaged in a 0.5◦ x 0.5◦ grid during 24 July 2018 - 13 September 2018.
Tropospheric average PAN from b) smoke-impacted and c) smoke-free retrievals as identified by the CrIS
criteria (CO > 150ppbv at either 510 or 680 hPa). d) Smoke contribution to average tropospheric PAN and
e) smoke percent contribution to average tropospheric PAN . f), g), h), i) same as b), c), d), e) with the HMS
criteria. HMS smoke percent contribution to average tropospheric PAN were further separated into j) light,
k) moderate, and l) dense plumes.
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Table 4.1: Percent contribution to free tropospheric PAN attributed to wildfires over the entire study region
from CrIS as identified by the selection criteria described in section 4.2

Selection citeria Smoke-contribution

CrIS 14%

HMS 49%

4.3 CrIS - detected PAN Enhancements in Wildfire Smoke

Plumes

Figure 4.5 shows CrIS CO (6a) and PAN (6b) retrievals on 13 September 2018, and the plume

associated with the Pole Creek Fire in Utah is highlighted. This particular plume is included here

because it demonstrates that the combined spatial resolution and sensitivity of CrIS is sufficient to

detect chemical evolution in plumes when background conditions are favorable for these calcula-

tions (i.e., a plume is isolated and the abundance of PAN and CO within the plume are substantially

higher than outside the plume). The Pole Creek Fire was reported on 6 September 2018. On 13

September 2018 high winds drove active burning despite efforts to contain the fire. The smoke

closest to the fire becomes visible in satellite imagery (GOES16 2km Ch2 HighRes Vis) between

16:00 and 16:30 UTC and the evolution of the plume can be followed in visible satellite imagery

until nightfall; the plume crosses the Utah-Wyoming border at 20:00 UTC. The Suomi-NPP over-

pass shown in Figure 4.5 is at 20:40 UTC (3.6 - 4.6 hours after the plume becomes visible). Based

on visible imagery and fire reports, this fire continued to burn actively and the smoke was advected

in sustained high winds after the satellite overpass. An isolated plume extending from the Pole

Creek Fire can be distinguished through 01:00 UTC 14 September.

Figure 4.5c isolates the Pole Creek Fire plume with the calculated PAN NEMR in percent

units. Figure 4.5c shows that the PAN NEMR increases in the smoke plume with distance from the

fire source, reflecting the photochemical production of PAN within the plume. To our knowledge,
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Figure 4.5: a) Daytime overpass CrIS a) CO and b)PAN retrievals for 13 September 2018. The pink boxes
in panels a) and b) encompass the region plotted in panel c). c) CrIS PAN NEMRS for the Pole Creek
Fire Plume. The plume has been isolated in this figure by requiring CO > 150 ppbv at the 510 or 680 hPa
level. NEMRs are calculated assuming a background of 95 and 0.13 ppbv for CO and PAN respectively. d)
PAN NEMRs for the Pole Creek Fire (purple) calculated with the CrIS data compared to those calculated
across all fresh plumes associated with known fires encountered during the WE-CAN campaign (green).
See Chapter 3 for details.
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this is the first time PAN production on the timescale of minutes to hours has been observable via

satellite.

Figure 4.5d compares the CrIS PAN NEMRs from the Pole Creek Fire smoke plume with those

produced from the WE-CAN in situ data set. To compare these two datasets, we assign a physical

age to each CrIS retrieval based on the visible images from GOES-16 and HYSPLIT forward and

backward trajectories initiated at the time of the satellite overpass (21:00 UTC). A visual inspection

of satellite images and the trajectory analysis concur that the front edge of the plume is 3 - 4 hours

old at 21:00 UTC. Using the distance function of the Python geopy package, we calculate the

distance from each retrieval to the fire centroid for that day as reported by Inciweb. Finally, we

calculate an average plume wind speed dividing the distance of the furthest in-smoke CrIS retrieval

by the range of ages of the front edge of the plume. This yields average wind speeds between 19

- 26 m/s. Using the lower estimate for wind speed, we estimate the age of each in-smoke CrIS

retrieval. Figure 4.5d shows that the rate of PAN production in the Pole Creek Fire plume is within

the range of that observed for plumes that were sampled with the NSF/NCAR C-130 during WE-

CAN. Note that the PAN NEMRs near the fire in Figure 4.5c (and those included in the box plot for

< 1 hour of physical age in Figure 4.5d) are largely lower than those observed during WE-CAN.

This likely reflects, at least partially, the ability of the satellite to observe smoke closer to a large

fire than often possible with aircraft due to logistical and safety constraints.

Figure 4.6 demonstrates the ability of CrIS to observe a wildfire plume over the course of

several days as it evolves in the atmosphere. The Carr Fire was one of the largest fires during the

2018 wildfire season. This fire burned 229,651 acres over 38 days (NICC). The smoke plume from

the Carr Fire is first visible in the CrIS PAN and CO retrievals on 26 July 2018 (Figure 4.6a). The

plume continues to be easily distinguished on 27 July 2018 (Figure 4.6b) as the fire continued to

burn and the smoke from the previous day moved toward the east-northeast. Figure 4.6a/b shows

the spatial evolution of the Carr Fire smoke plume as it traveled from California to several other

downwind states (textiti.e., Nevada, Idaho, Oregon, Utah, Wyoming) within 24 hours. The two
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Figure 4.6: CrIS PAN NEMRs from the Carr Fire a) 26 July 2018 and b) 27 July 2018 calculated assuming
95 and 0.13 ppbv of CO and PAN background mixing ratios respectively. Panel c) - f) show forward or
backwards trajectories initialized at 720 (circles), 600 (triangles) and 495 (squares) hPa. Forward trajectories
were always initialized at the Carr Fire centroid location (40.65◦ N, 122.63◦ W) (yellow star to the west), and
backward trajectories were initialized at (42.63◦ N, 116.18◦ W) (yellow star to the east). Panel c) forward
trajectory on 26 July 2018 at the approximate Suomi-NPP overpass time (20:00 UTC), panel e) forward
trajectory on 26 July 2018 at the time when WE-CAN sampled the Carr Fire (∼23:00 UTC), panel d)
forward trajectories initialized on 27 July 2018 at 09:00 UTC, and panel f) backward trajectories initialized
on 27 July 2018 at the approximate Suomi-NPP overpass time (21:00 UTC).
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yellow stars plotted across all the panels in Figure 4.6 show the locations where forward (Carr Fire

centroid) and backward (southwest Idaho) trajectories are initialized.

Like all wildfires, the injection height of the Carr fire smoke plume was variable, and the CrIS

data itself offers limited information on the vertical location of the plume. The NSF/NCAR C-

130 sampling provides one constraint. The aircraft sampled the Carr Fire plume on 26 July 2018

at ∼23:00 UTC, and the pseudo-lagrangian sampling of this plume occurred between 665 - 510

hPa. Panels c) and e) show example HYSPLIT trajectories initialized on 26 July 2018 at the

approximate time of the satellite overpass (20:00 UTC) and the WE-CAN sampling time (23:00

UTC), respectively. Panel c) shows that smoke emitted by the Carr Fire on 26 July 2018 would

reach southwest Idaho (easternmost yellow star) in 11-24 hours depending on the assumed smoke

injection altitude. Slower boundary layer winds (∼720 hPa) produce a longer transport time (∼24

hours).

A set of backward trajectories, initialized at various altitudes from the easternmost star on

Figure 4.6f provide additional constraints on the likely altitude of the smoke detected by CrIS. We

calculated 3 back trajectories initialized at 720 (circles), 600 (triangles) and 495 (squares) hPa at

21:00 UTC (Figure 4.6f), the approximate daytime CrIS overpass time on 27 July 2018. Figure 4.6f

shows that back trajectories initialized between 600 and 495 hPa are consistent with the transport

of the smoke plume visible by satellite. Back trajectories initialized lower (i.e., ∼700 hPa) are

inconsistent with the visible smoke plume transport pathway. The example forward trajectories in

Figure 4.6d confirm the 11-24 hour smoke age estimate range.

The transport analysis above implies that the PAN NEMRs detected on 27 July 2018 by CrIS (at

21:00 UTC) over southwest Idaho originated ∼10:00 UTC (∼03:00 LT) when the Carr Fire would

have been burning at a lower intensity. The atmospheric temperatures encountered by the smoke

favor PAN stability. We used the range of temperatures (288 - 264 K) from the North American

Regional Analysis (NAAR) reanalysis data at the time and locations of the forward trajectories in

Figure 4.6d, a NO:NO2 between 0.15 and 0.30 based on the in situ observations and an approximate

OH concentration of 2x106 molecules cm−3 to calculate PAN lifetime based on Singh ( [19]).
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The PAN lifetime can range between 7.5 - 414 h depending on the plume injection altitude and

the assumed NO:NO2 ratio. Higher injection altitudes and lower NO:NO2 ratios promote PAN

stability. For instance, if we assume that the plume is injected near the surface (i.e., 720 hPa), the

PAN lifetime is ∼7.5 - 12 hours. If the plume is injected higher (i.e., 600 (490) hPa) the PAN

lifetime is ∼60 - 95 (∼300 - 400) hours. If the plume is injected at ∼ 600 hPa (altitude of the in

situ measurements) or higher then the PAN lifetime is certainly sufficient to be transported to the

location of the second star in Figure 4.6. Figure 4.6b shows that the PAN NEMRs in southwest

Idaho on 27 July 2018 are comparable to those closer to the Carr fire centroid on 26 July 2018

(Figure 4.6a), suggesting PAN conservation and transport over long distances. As suggested in

Section 3.1 and 3.2 PAN NEMRs plateau after 3-4 hours in fresh plumes sampled during WE-

CAN over the western US.

Figure 4.7 shows the distribution of PAN enhancement ratios relative to CO (%) (NEMRs) from

in situ and satellite observations. The distribution of PAN enhancement ratios (NEMR) for smoke-

impacted conditions, and specifically for the Carr Fire smoke plume, calculated from CrIS overlap

the distribution of NEMRs calculated from in situ measurements within smoke plumes. They also

overlap with those calculated from TES in-smoke data in Fischer et al. ( [45]). However, there is

a substantial fraction of satellite-based in-smoke NEMRs that are lower than normally observed

during WE-CAN sampling efforts. CrIS-based NEMRs < 0.2% are characterized by lower PAN

(median 0.25 vs 0.33 ppbv for NEMRs > 0.2%) and high CO (median 227 vs. 156 ppbv for NEMRs

> 0.2%). A generalized background will have a higher impact on smaller PAN and CO mixing

ratios retrieved by CrIS (e.g., smoke where PAN has not yet been produced or dilute smoke). There

is no evident spatial clustering of the NEMRs < 0.2% (Figure B.1) disproving the hypothesis that

an interference from an specific surface type (e.g., silica, ice) could be affecting the PAN retrievals.

There are several circumstances where smoke would be characterized by lower PAN abundances

relative to CO. First, the satellite is able to retrieve smoke closer to the fire source than aircraft

are typically able to do. This smoke will be characterized by high CO (more concentrated) and

lower PAN (not yet produced within the smoke), driving the NEMRs to lower values. Second,
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Figure 4.7: Histogram of calculated PAN enhancement ratios relative to CO (%) based on smoke-impacted
samples from in situ (WE-CAN, purple and blue) and satellite (CrIS, green and black) observations. En-
hancement ratios for the in situ observations are calculated using the 25th percentile background from the
corresponding distributions shown in Figure 4.3. The in situ data is divided into altitude bins corresponding
to samples below (purple) and above (blue) 680 hPa. The enhancement ratios for CrIS observations of the
Carr Fire plume and the smoke-impacted retrievals during summer 2018 (24 July - 13 September) are shown
in black and green, respectively. The CrIS PAN NEMRs are calculated using 0.13 and 95 ppbv background
mixing ratios for PAN and CO, respectively. Note that the number of smoke-impacted samples for the CrIS
retrievals (green) is divided by 40 for scaling purposes.
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the lifetime of PAN is highly temperature dependent, and surface temperatures in summer over

the western U.S. can be sufficiently high to reduce the thermal lifetime of PAN to ∼hours. The

smoke-impacted retrievals may be closer to the surface. In addition to a short PAN lifetime, the

near-surface sensitivity of CrIS to PAN is lower than that to CO.
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Chapter 5

Conclusions

The WE-CAN field campaign utilized the NSF/NCAR C-130 to systematically build a dataset

of afternoon smoke observations. The WE-CAN observations include more than 200 plume tran-

sects that can be connected to >20 different specific fires and an additional set of smoke samples

from a wider set of fires. The full dataset affords the opportunity to examine the evolution of

oxidized reactive nitrogen in western U.S. smoke plumes over timescales of hours to days.

1. We find that daytime emissions of NOx and HONO from wildfires are rapidly transformed

to more oxidized forms of NOy (pNO3, PANs, and gas-phase organic nitrates) within the

first few hours of physical aging in the plumes sampled during WE-CAN. After ∼2 hours

the fraction of
∑

NOy in the form of pNO3 approximately doubles, and after ∼4 hours the

dilution corrected abundances of PANs plateau. After ∼4 hours NOx and HONO together

account for a small fraction (<10%) of
∑

NOy, and pNO3, PANs, and gas-phase organic ni-

trates become the dominant contributors to
∑

NOy, contributing on average ∼26 %, ∼37%,

and ∼23%, respectively. Little to no enhancement of HNO3 is typically observed in the

near-source (< 6 hours of aging) wildfire smoke plumes (suggesting either rapid association

with NH3 (when favorable) to form NH4NO3 or effective scavenging by other heterogeneous

aerosol chemistry).

2. Significant differences are observed between the Bear Trap Fire and Taylor Creek Fire smoke

plumes. These two fires were successfully and repeatedly sampled in a pseudo-lagrangian

fashion and both show
∑

NOy conservation (within the uncertainties of the measurements)

for the duration of the sampling. Variability in sampling conditions include differences in:

proximity to the fire source, plume height, atmospheric conditions (temperature and rela-

tive humidity), MCE, and estimated OH concentration. The higher MCE Taylor Creek Fire

smoke plume samples contain almost twice as much
∑

NOy relative to CO than the Bear
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Trap Fire smoke plume samples. The Taylor Creek Fire smoke plume, characterized by ex-

ceptionally low RH (∼7%), warmer conditions, and low abundances of NH3 ( [46]) is the

only young plume sampled in a pseudo-lagrangian fashion during WE-CAN that contains

HNO3 enhancements above background conditions.

3. The partitioning of
∑

NOy in all the smoke-impacted samples intercepted during WE-CAN

varies with altitude. These samples include smoke-impacted samples outside the pseudo-

lagrangian sampling efforts and include influence from other NOy sources. Below 3 km, the

dominant
∑

NOy species in this subset of summertime samples is HNO3, and its contribu-

tion to the total
∑

NOy below 5 km increases with age. Above 5 km, HNO3 is only present

in the smoke-free samples; within smoke there is higher NH3 availability to form NH4NO3.

Above 3 km, HONO is only elevated above the detection limit in young and medium smoke-

impacted samples. NOx abundances are comparable to those of pNO3 in younger plumes

above 3 km. The abundance of PANs increases with altitude in the smoke-impacted sam-

ples. Finally, the behavior of pNO3 varies with altitude. Below 3 km, the relative abundance

of pNO3 is much lower than smoke samples intercepted at higher altitudes; abundances are

typically < 2 ppbv (5.5 ug stdm-3). Between 3 and 5 km, the contribution of pNO3 to
∑

NOy is largely constant but coupled with an increasing contribution of HNO3. Above 5

km, HNO3 is below the detection limit in all age categories, and the relative contribution of

pNO3 to
∑

NOy increases as the samples chemically age.

4. WE-CAN also sampled smoke from multiple fires mixed with anthropogenic emissions over

the California Central Valley. In these mixed smoke plumes, predominantly sampled below

3 km, additional injections of anthropogenic NOx (and secondary PAN) can be distinguished

by examining relationships between these species and CH3CN. For this specific day, injec-

tions of anthropogenic emissions provided additional NOx, increasing the abundance by up

to a factor of 4. Anthropogenic NOx appears to contribute to additional PAN formation.

The NO to NO2 ratio in the smoke-filled Central Valley does not appear to be affected by

injections of anthropogenic emissions during the afternoon.
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We present the first analysis of CrIS PAN measurements over North America. We focus our

analysis on summer 2018, aligning with in situ observations of wildfire smoke collected by the

WE-CAN field intensive. Summer 2018 was a particularly active wildfire season, and thus we

focus this first analysis of the new CrIS PAN data on the contribution of wildfire smoke to elevated

PAN over the U.S.

5. CrIS is able to detect PAN and CO enhancements in smoke plumes from many individual

wildfires during summer 2018. These observations also reflect large multi-state scale plumes

of smoke containing elevated PAN and CO from regional sets of wildfires.

6. We segregate and examine the abundance of tropospheric average PAN in smoke-impacted

CrIS retrievals using two different satellite-based attribution methods. The first is based on

identifying CrIS retrievals within smoke plumes identified by the NOAA HMS. The second

is based on elevated CO at specific pressure levels (680 and 510 hPa) in paired CrIS CO

retrievals. Based on the former criteria, we estimate that during the study period approxi-

mately two thirds of the CrIS retrievals were smoke-impacted. Our CrIS-based criteria is

conservative, identifying fewer retrievals as smoke-impacted in the mid-troposphere, where

CrIS is sensitive to PAN. However, both methods indicate that smoke-impacted retrievals

contain higher tropospheric-avergage PAN than smoke-free retrievals.

7. An analysis of smoke-impacted CrIS PAN retrievals over the entire study region suggests

that wildfires are responsible for approximately ∼15 - 50% of the free tropospheric PAN

over the western U.S. during summer months. The contribution of wildfire smoke to free

tropospheric PAN generally increases with latitude. It is at a minimum over the Great Basin;

however, we suspect that this region may also be challenging for the PAN retrieval due to

the underlying sandy/rocky surface. This possibility is currently under investigation. An

abundance of negative retrievals supports this hypothesis.

8. We use a specific case study of the Pole Creek Fire to demonstrate that when combined with

favorable background conditions, the spatial resolution of CrIS is sufficient to observe the
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chemical evolution of PAN in wildfire plumes. We estimate physical ages for each retrieval

and compare them with the PAN NEMRs observed in fresh smoke plumes (i.e., < 6 hours

ages) during WE-CAN. We show that for the Pole Creek fire smoke plume, the PAN NEMRs

increase from <0.1% to 0.35% in ∼ 3 - 4 hours of transport downwind from the fire source.

Within the WE-CAN observations, PAN NEMRs increase from 0.15% to 0.39% in 3-4 hours

of physical aging. The ability of CrIS to observe chemical evolution is in contrast to the

ability of TES.

9. We use a second case study of the Carr Fire plume to show that CrIS is able to detect PAN

and CO enhancements in plumes that have been transported several hours to days downwind

from the fire source. We track smoke from the Carr Fire as it moves across several western

U.S. states using a combination of forward and backward HYSPLIT trajectories.

10. Finally, we summarize PAN enhancements in smoke relative to CO (i.e., NEMRs) calculated

from CrIS retrievals, and compare them to those calculated from in situ data. The CrIS based

NEMRs fall within the range of those observed during WE-CAN. A higher percentage of the

smoke-impacted CrIS data have NEMRs near zero than the WE-CAN observations. These

low NEMRs are largely associated with smoke-impacted retrievals with lower (higher) PAN

(CO) mixing ratios.

Our analysis form the WE-CAN campaign provides a comprehensive look at the partitioning

of
∑

NOy in wildfire smoke plumes and smoke-impacted samples over the western U.S. during

summer 2018, providing organized data for the modeling community to further investigate the

processes controlling the evolution of NOy in smoke. Furthermore, this work reinforces the impor-

tance of wildfires as a source of PAN to the free troposphere over North America during summer

months. It also demonstrates that CrIS measurements of PAN complement aircraft observations,

and can be used to extend the analysis of recent observational campaigns. We envision two imme-

diate next steps based on this work. We will compare our CrIS-based analysis of the contribution
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of wildfires to PAN abundances to an attribution based on chemical transport model simulations.

We also plan and extrapolate the contribution of PAN from wildfires to ozone production.
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Appendix A

Supplementary Information. Chapter 3

Figure A.1: NSF/NCAR C-130 flight track around the Bear Trap Fire, 9 August 2018 during Research
Flight 9 (RF09), colored by CO mixing ratios. The black arrow shows the average wind direction and the
orange triangle shows the Bear Trap Fire location.
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Figure A.2: Partitioning of NOy as a function of physical age (h) outside the most concentrated part of
western U.S. wildfire smoke plumes sampled in a pseudo-lagrangian fashion during WE-CAN 2018. Each
of the plumes included in this figure are associated with a specifically targeted fire (see Figure 2.1). The
observations shown here correspond to sampling in the portion of each plume crossing where CO is between
the 25th and the 75th percentile of that crossing. To calculate the enhancement of each species, a crossing-
specific background mixing ratio for each individual species is subtracted.
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Figure A.3: Partitioning of NOy as a function of physical age (h) in the edges of western U.S. wildfire
smoke plumes sampled in a pseudo-lagrangian fashion during WE-CAN 2018. Each of the plumes included
in this figure are associated with a specifically targeted fire (see Figure 2.1). The observations shown here
correspond to sampling in the edges of the plume, which is defined as the portion of each plume crossing
where CO is between the 5th and the 25th percentile of that crossing. To calculate the enhancement of each
species, a crossing-specific background mixing ratio for each individual species is subtracted.
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Figure A.4: Partitioning of
∑

Org N (dark orange bars in Figure 3) as a function of physical age (h) in
the most concentrated cores of western U.S. wildfire smoke plumes sampled in a pseudo-lagrangian fashion
during WE-CAN. The different Org N species have been grouped by their carbon atom number. Molecules
with > 10 carbon atoms are depicted in grey. Each of the plumes included in this figure are associated with a
specifically targeted fire (see Figure 2.1). The observations shown here correspond to sampling in the center
of the plume, which is defined as the portion of each plume transect where CO is above the 75th percentile
of that transect. To calculate the enhancement of each species, a transect-specific background mixing ratio
for each individual species is subtracted.
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Figure A.5: Partitioning of
∑

Org N (dark orange bars in Figure 3.2) as a function of physical age (h) in the
most concentrated cores of the Bear Trap and Taylor Creek Fire smoke plumes sampled during WE-CAN.
These smoke plumes were sampled in a pseudo-lagrangian fashion twice. Here we present the average of
the plume transects from both samples binned by their corresponding physical age. The center of the plume
is defined as in Figure 3, and a transect-specific background mixing ratio for each individual species was
subtracted. The numbers above each bar signify the individual transects through the plume in each physical
age bin. Error bars were calculated by adding the individual uncertainty for each NOy species in quadrature.
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Figure A.6: NO to NO2 ratios in the center, outside the center, and the edges of western US wildfires smoke
plumes. The colors of the whisker plots represent different times of the day where blue signifies samples
collected before 3 PM (LT), orange signifies samples collected between 3 PM and 5 PM (LT), and green
signifies samples collected after 5 P< (LT).

85



Figure A.7: Normalized NOx in plume cores as a function of plume age [min] for specific fires. The average
e-folding time for NOx is 90 minutes.
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Figure A.8: Normalized NOx in plume cores as a function of distance from the fire [km] for specific fires.
The average e-folding distance for NOx is 37 kilometers downwind.
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Figure A.9: pNO3 to PAN ratios at the core of the plume for the Bear Trap Fire (blue) and the Taylor Creek
Fires (orange) smoke plumes as a function of physical age
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Figure A.10: Plot of Eq. (A.1) for the Bear Trap Fire smoke plume. Mixing ratios for toluene and benzene
are at the core of the plume. The slope of the fit provides an estimate for the OH concentration at the core
of the plume.
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Figure A.11: Plot of Eq. (A.1) for the Taylor Creek Fire smoke plume. Mixing ratios for toluene and
benzene are at the core of the plume. The slope of the fit provides an estimate for the OH concentration at
the core of the plume.
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Appendix B

Supplementary Information. Chapter 4

Figure B.1: Distribution of tropospheric CrIS a) CO and b) PAN for PAN NEMRs below (blue) and above
(red) 0.2%. c) and f) show the spatial distribution of the retrievals that meet the NEMR criteria above. d)
and g) same as c) and f) colored by tropospheric CO. e) and h) same as c) and f) colored by tropospheric
PAN
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