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Abstract Agricultural and prescribed burning activities emit large amounts of trace gases and aerosols

on regional to global scales. We present a compilation of emission factors (EFs) and emission ratios from

the eastern portion of the Fire Influence on Regional to Global Environments and Air Quality (FIREX-AQ)
campaign in 2019 in the United States, which sampled burning of crop residues and other prescribed fire fuels.
FIREX-AQ provided comprehensive chemical characterization of 53 crop residue and 22 prescribed fires. Crop
residues burned at different modified combustion efficiencies (MCE), with corn residue burning at higher MCE
than other fuel types. Prescribed fires burned at lower MCE (<0.90) which is typical, while grasslands burned
at lower MCE (0.90) than normally observed due to moist, green, growing season fuels. Most non-methane
volatile organic compounds (NMVOCs) were significantly anticorrelated with MCE except for ethanol and
NMVOCs that were measured with less certainty. We identified 23 species where crop residue fires differed

by more than 50% from prescribed fires at the same MCE. Crop residue EFs were greater for species related to
agricultural chemical use and fuel composition as well as oxygenated NMVOCs possibly due to the presence of
metals such as potassium. Prescribed EFs were greater for monoterpenes (5X). FIREX-AQ crop residue average
EFs generally agreed with the previous agricultural fire study in the US but had large disagreements with global
compilations. FIREX-AQ observations show the importance of regionally-specific and fuel-specific EFs as first
steps to reduce uncertainty in modeling the air quality impacts of fire emissions.

Plain Language Summary Crop residue and prescribed fires emit pollution that impacts air quality.
FIREX-AQ provided observations of these emissions to better characterize their variability with a detailed set
of chemical observations. These observations showed significant differences in the emissions from burning
different crops (corn, rice, soybean, wheat) compared to other prescribed fires or grasslands that may be due to
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differences in the fuel composition, the use of agricultural chemicals, and moisture levels. Overall, FIREX-AQ
observations for crop residue fires compared better with previous results in the region than with globally
averaged information. The campaign observed even greater variability across EFs than previous studies,
suggesting that new methods must be developed to take this into account to improve predictions of the air
quality impacts of burning these fuels.

1. Introduction

Land management activities frequently use prescribed fires to decrease vegetative fuel loads (biomass), cycle
nutrients, select for native species, decrease invasive species, and maintain landscape diversity. Burning of crop
residue is a related type of planned fire. Globally, crop waste may be plowed back into the soil, used as fuel or
livestock fodder, or burned in the field. Burning may happen in piles or spread across the field after mechanized
harvesting (Yevich & Logan, 2003). Agricultural burning estimates in the United States (US) average 1 million
ha/yr (McCarty et al., 2009) and appear to be increasing in the southern US (Lin et al., 2014). Non-agricultural
prescribed fires (hereafter referred to as prescribed fires) in the US are estimated to burn 4-5 million ha/yr (Jaffe
et al., 2020; Melvin, 2018). For comparison, over the past 40 years wildfires in the US burned on average 2
million ha/year (NIFC, 2022) albeit with a generally increasing trend (Jaffe et al., 2020). Prescribed and agricul-
tural fires tend to be small and/or short-lived and consume less fuel per area than wildfires (Akagi et al., 2011).
Both may escape detection by satellites and are underrepresented in emissions inventories (Koplitz et al., 2018;
Larkin et al., 2020; Nowell et al., 2018; Randerson et al., 2012; Soja et al., 2009; Warneke et al., 2023; Yokelson
etal., 2011).

Fire emissions can be hazardous to human health (Adetona et al., 2016; Bell et al., 2009; Doubleday et al., 2020;
Naeher et al., 2007; Reid et al., 2016; Zanobetti et al., 2009), generating fine particulate matter <2.5 pm (PM, s,
Hays et al., 2005; Hodshire et al., 2019; Janhall et al., 2010; Kaulfus et al., 2017; Ortega et al., 2013), non-methane
volatile organic compounds (NMVOCs) including hazardous air pollutants (e.g., formaldehyde, benzene, poly-
cyclic aromatic hydrocarbons (PAHs), Dickinson et al., 2022; O’Dell et al., 2020; Samburova et al., 2016;
Wentworth et al., 2018), and producing ozone (Baker et al., 2016; Bourgeois et al., 2021; Jaffe et al., 2020;
Koplitz et al., 2018; O’Dell et al., 2020). Fires may also resuspend deposited pollution (Eckhardt et al., 2007).
Agricultural and prescribed burning in the US tends to maximize in spring, with smaller peaks in summer and
fall (Korontzi et al., 2008; Tulbure et al., 2011). Different crop residue is burned in each season (McCarty, 2011).
These fires are a large source of PM, . in the Southeast US and can result in exceedances of the National Ambient
Air Quality Standard (Afrin & Garcia-Menendez, 2020; Kaulfus et al., 2017; Tian et al., 2009; Zeng et al., 2008).
Increases in both PM, 5 and ozone that are attributable to burning in the Southeast US have been observed in
urban areas (Akagi et al., 2013; Y. Hu et al., 2008; S. Lee et al., 2008).

Models are used to retrospectively determine or forecast air quality and health impacts from agricultural and
prescribed burning (Kelly et al., 2019; Zhou et al., 2018). These simulations require knowledge of fuel-specific
emission factors (EFs) of air pollutant species. These measurements are limited for a number of EFs including
for furans, phenols, butadienes, and monoterpenes that have been recognized as important sources of OH reac-
tivity not generally considered in chemical transport models (Carter et al., 2022; Permar et al., 2023). Many
commonly-used inventories do not include agricultural and prescribed fires as a separate land cover type, or
if they do, a global average EF is used for each species. Commonly used global compilations of EFs (Akagi
et al., 2011; Andreae, 2019) aggregate studies including a wide variety of both crop residue fuels and prescribed
burning activities from regions across the world that represent a range of agricultural techniques and burning
practices. Some species have no available direct EF measurements for even these aggregated fuel types (e.g.,
ethanol) and have been estimated from field or lab measurements of other fuel types.

Only a few studies have provided crop-specific EFs, and then only across a limited range of species.
McCarty (2011) provided a compilation of seven EFs (CO,, methane, CO, NO,, SO,, PM,,, and PM,,)
for eight crop types. During the MILAGRO campaign in 2006 (Yokelson et al., 2011) and the SEAC*RS
campaign in 2013 (Liu et al., 2016), EFs including some NMVOCs were reported for crop residue burning
loose in the field for 14 fires in Mexico and 15 fires in the Southeast US. These emissions were statistically
different from the Akagi et al. (2011) global average for “crop residue,” which included observations from
burning loose residue in fields in Mexico and rice straw burning in piles at low combustion efficiency, as
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is common in Asia. This difference indicates that the variability in crop-specific EFs is large and not well
understood. Crop residue burning has been shown to emit more NMVOCs than other fuel types including
prescribed fire fuels (Stockwell et al., 2014, 2015) possibly due to differences in fuel composition (Hatch
et al.,, 2015; Santiago-De La Rosa et al., 2018; Stockwell et al., 2014). The availability of NMVOC EFs
is larger for prescribed fire fuels than crop residue, but many EFs were measured in a laboratory setting
that may not be representative of ambient conditions (Koss et al., 2018; Selimovic et al., 2018; Stockwell
etal., 2014, 2015; Yokelson et al., 2013). Airborne measurements of EFs for prescribed fires in the US (Akagi
et al., 2013; Burling et al., 2011; May et al., 2014, 2015; Miiller et al., 2016; Yokelson et al., 1999) have
generally been included in global average compilations (Akagi et al., 2011; Andreae, 2019) but under the
broad category of “temperate forest fires.”

In this work we report results from the NOAA/NASA Fire Influence on Regional to Global Environments and
Air Quality (FIREX-AQ) campaign, which was an interagency intensive study of North American fires that took
place from July to September 2019 (https://asdc.larc.nasa.gov/project/FIREX-AQ). FIREX-AQ included dedi-
cated sampling of crop residue burned loose in the field and prescribed fires in the Eastern US with a comprehen-
sive suite of instruments measuring gas- and aerosol-phase species (Warneke et al., 2023). FIREX-AQ included
a western phase sampling wildfires and EFs for these fires are described in Gkatzelis et al. (2023). We determine
EFs for all available gas-phase and aerosol species emitted from crop residue and prescribed fires during this east-
ern phase of the campaign. We assess differences in EFs across fuel types, discuss any observed dependence on
burning characteristics such as modified combustion efficiency (MCE), and evaluate the applicability of global
agricultural and prescribed EFs to regionally-specific fires. As some models move towards increasing complexity
in their treatment of fire emissions (Rabin et al., 2018), this work will support the inclusion of fuel-specific EFs.

2. Description of Crop Residue and Prescribed Fire Plumes Sampled During
FIREX-AQ

The FIREX-AQ campaign sampled crop residue burning and prescribed fires across a range of fuels on seven
flights from 21 August to 3 September 2019. A full description of the campaign is provided in Warneke
et al. (2023). Fires encompassing four crop residues (corn, rice, soybean, winter wheat) and five prescribed
burning activities (slash, piles, grassland, shrubland, pine savanna understory) were identified by the FIREX-AQ
Fuel2Fire team (Schwarz & Fuel2Fire Team, 2023; Warneke et al., 2023) using a combination of classifica-
tions that include the International Geosphere Biosphere Programme (IGBP, Loveland et al., 1999) scheme
for landscape-scale classifications, the Fuel Characteristic Classification System (FCCS, Ottmar et al., 2007;
Prichard et al., 2013) for forest constituents, and the 2019 Cropland Data Layer (CDL, Boryan et al., 2011; D.
M. Johnson & Mueller, 2010) for crop types. Fuels for individual fires are given by Warneke et al. (2023). We
separately present EFs for the Blackwater River State Forest (BRSF) understory prescribed fire in Florida which
was coordinated to coincide with FIREX-AQ sampling on 30 August 2019. The freshest pass is compared against
wildfire fresh smoke from the western component of FIREX-AQ in Gkatzelis et al. (2023). The major FIREX-AQ
eastern fuel types and their definitions are given below, and these can be found in detail in Warneke et al. (2023)
and Schwarz and Fuel2Fire Team (2023).

2.1. Crop Residue Fires

¢ Planned burning on lands used for raising crops (specifically corn, rice, soybean, winter wheat).

2.2. Prescribed Fires—Any Fire Intentionally Ignited as Part of Land Management Strategies

¢ Slash: Managed extensive burning of logging residue and land clearing slash, primarily not in piles. Fuels can
include shrubs, grasses, duff, and coniferous and deciduous residue.

¢ Piles: Piles from yard waste or slash piled from land clearing or logging residue.

e Grassland: Dominated by grasses and other non-woody herbaceous cover (<2 m in height), with tree and
shrub cover <10%.

e Shrubland: Dominated by woody/shrub perennials, <2 m in height (cover 10%—60%). The foliage can be
either coniferous or deciduous.

e BRSF: Understory burn of primarily shrubs, grasses, and litter from pine, oak, and magnolia forest.
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Figure 1. Example photographs for fuel types sampled during the Eastern US component of FIREX-AQ, from the DC-8
visible camera (corn, rice, soybean, winter wheat, shrubland), DC-8 infrared camera (piles, slash), and a ground-based
camera (grassland).

Figure 1 provides representative photographs taken during FIREX-AQ of the fire types described above. Fire
plumes were generally sampled directly over or near the burning field and were visible from the aircraft. Infrared
photos are provided for slash and pile fires to highlight the difference in burning method.

Figure 2 shows the location and fuel types of the crop residue and prescribed fire plumes sampled during
FIREX-AQ and analyzed here. Most sampled crop residue fires were in the Mississippi River Valley region from

! OH b)
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+ Indianapolis [ soybean
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Figure 2. Crop residue and prescribed fire plumes sampled during FIREX-AQ, colored by fuel type. (a) Map of fire
locations. (b) Stacked histogram of modified combustion efficiency (MCE) for sampled plumes.
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Avg Grassland BRSF

Prescribed fires

Avg Slash Piles Shrubland

Winter
wheat

Soybean

Crop residue fires

Rice

Corn

Details for Crop Residue and Prescribed Fires Sampled During FIREX-AQ“

Table 1
Fuel

17
51

53

12
29

37
108

# Fires

20

15

34 16

142

# Plumes

analyzed®

MCE (sd)

0.942

0.914 0.965 0.930 0.896 0.911 (0.032) 0.940 (N/A) 0.902 0.897

0.914 (0.023)

0.935 (0.017)

(0.006)
30 August

(0.012)
29 August

(0.032)

N/A

(0.031)
21, 26,

(0.020)
N/A

(N/A)
29 August

(0.017)
23,31

03 September

21,23, 26, 30

23,29, 31

21, 23, 26, 30, 31

Date(s)

August, 03

30, 31

August

August, 03 August, 03

sampled

September

August

September

September

Note. N/A, Not applicable.

“Fire locations are shown in Figure 2a. "Plume analysis described in Section 3.

southern Illinois to northern Louisiana, with several additional crop residue fires in Texas,
Kansas, and Georgia. Grassland fires were sampled in Nebraska, Kansas, and Oklahoma,
and slash and pile fires were sampled in Oklahoma, Texas, Arkansas, Mississippi, Alabama,
and Georgia. The BRSF understory prescribed fire was in Florida. There were insufficient
samples of any one given fuel type to determine if there was any regional dependence in
emission factors. Table 1 lists the number of plumes and fires used in the analysis described
in Section 3 for each fuel type and the dates on which each fuel type was sampled. In 2019,
corn was the largest crop in terms of cultivated area in the US (Capehart & Proper, 2019).
Approximately half of all sampled fires during the FIREX-AQ campaign eastern component
in August—September 2019 were burning post-harvest corn residues. This is in contrast to
Pouliot et al. (2017) who classified many fire detections in corn (and soybean) fields as
non-agricultural burning for much of the midwestern US based on official correspondence
from the lowa State University Extension and Outreach stating “burning corn and soybean
fields is just not a practice that is used in lowa and many other Midwest states....” In more
recent inventories, fires detected in corn fields have been classified or reclassified as generic
agricultural burning in the National Fire Emissions Inventory to account for the possibility
that grassy areas next to the corn fields were burning. During FIREX-AQ, corn residue was
directly observed to be burning in Georgia, Mississippi, Louisiana, Arkansas, Texas, and
Missouri.

3. Determination of FIREX-AQ Emission Factors From Aircraft
Observations

Table 2 describes the aircraft observations used in this work and provides references describ-
ing the instrument analytical techniques. FIREX-AQ included both continuous and discrete
measurements. From the continuous measurements, aircraft data were available at 5 Hz or
faster for select instruments, and at 1 Hz for the remaining instruments. From instruments
that require longer integration times (iWAS, TOGA-TOF, WAS), data were available at
sampling resolutions between 10 and ~45 s. Data were checked for alignment in time from
all the instruments using the CO observations from the DACOM instrument. For the discrete
samples, iWAS-, TOGA-, and WAS-merges of the 1 Hz data were generated for more accu-
rate comparisons between co-measured species and CO mixing ratios. The TOGA-merge
used here weighted concentrations to account for variable instrument fill times and is
provided in the Data Availability section. Fire plumes were identified visually and confirmed
by enhancements above background for CO and black carbon (BC) as described by Warneke
et al. (2023).

In approximately 30% of transects, there appeared to be overlapping plumes based on differ-
ences in the ratio of CO to CO,. For these cases we deconvoluted these transects into indi-
vidual plumes (distinct peaks in the data) based on the observed change in this ratio. We
excluded from our analysis poorly-defined plumes where the coefficient of determination
(r?) for CO and CO, was <0.90 or the maximum CO (5 Hz) was too low for a thorough
analysis (<400 ppb). The average plume sampling time was 8 s, with a minimum of 3 s and
a maximum of 41 s.

EFs from biomass burning activities were calculated according to Equation 1 (Yokelson
et al., 1999),

e ¢\ MW G
EF,| =— )| = F. x1000| — | X —— X —, 1
(kg) (kg) @ < Cr W

where EF, is the mass (g) of species i emitted per mass (kg) of dry fuel burned, F is the fuel
carbon fraction, MW, is the molecular weight of species i, C; is the number of moles of species
i, and C, is the total number of moles of emitted carbon. We assumed that F, was 41% for crop
residue fuels, 46% for grasslands and shrublands, and 51% for piles and slash, assuming conif-
erous slash as a likely fuel (A. S. Johnson & Hale, 2002) according to Stockwell et al. (2014).

TRAVIS ET AL.

5of 34

85U8017 SUOWWOD dA e8I 9|qedldde ey Aq peusenob ae sejoiLe VO ‘8sn J0'Sajni Joj Ariqi]8UIIUO 8|1 UO (SUONIPUCD-PUR-SLUBIW0D A8 | IM"A g1 |BUI [UO//:STL) SUONIPUOD pUe SWiB | 8U) 88S *[£202/TT/60] U Akiqiauljuo A3|Im ‘elusD yosessay HAW Yot ine wniuezsbunydsiod Aq 60£6£0Are202/620T 0T/10p/wod Ao im AriqipuliuosqndnBe//sdny wouj pepeojumod ‘8T ‘S20Z ‘96686912



21698996, 2023, 18, Downloaded from https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD039309 by Forschungszentrum Jilich GmbH Research Center, Wiley Online Library on [09/11/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

"(€20T “Te 12 9auIeAy ) 995 ‘QV-XH Y[ SULNp SUONBAISSQO S[QR[IBAR [[€ JO SUNSI] B IO,

10.1029/2023JD039309

Atmospheres

Journal of Geophysical Research

(8100) 'Te 10 [IEH

(12707) 'Te 30 100N
(8002) ‘T& 10 ZIRMYOS

(6107) Te 30 Joyy[rg-zodoT
pue (1Z07) ‘T8 10 stuoseq

(1202) ‘Te 10 ono pue
(0202) onD ‘(1Z0T ‘810T) ‘T& 10 IneN

(0T02) ‘Te 10 suI[[oy

(2202) ‘T8 10 s10agmog

(0T07) "Te 19 SAIA

(9007) Te 10
asunor) pue (0[07) ‘Te 12 He[) IS

(9102) T8 12 U
(S102) Te 30 J9Wory
(ST02) T8 1° elHOZED

(L107) ‘T8 10 U1

(0207) ‘T8 10 uosdwirg

(ST0T) Te 10 [ody

ZH 1

ZH [ ‘ZH 01
ZH 1

ZH 1

ISIMISYIO
zH 1 ‘sewnd ur zy4 ¢ APSON

ZH S
ZH T

ZH T

ZH |
ZH |
ZH |
ZH 01
wsig/serdues gz 01 dn

wSi/serdures 891 01 dny

utw G/ 7 A19A9 A[eordAy,

sarouanbaiy s1sAjojoyq

uonnqLISIp 9IS ‘N

od

[0Yo9)BI0NIU-1,
pue uesoon[3oAd[ aje[nonIeg

(1 TUD-4N "HN “ON *0S D0)
uonIsodwiod [0SOIR '\ SANORIJII-UON

‘0S ‘ON

‘ON ‘ON
sa10ads pajeudorey
‘HOODH ‘OONH ‘NDH ‘ONOH

*039 ‘sproe oruesio ‘NOH ““O‘H
‘ON ‘ONOH ‘TexOA[S[Aypow ‘[ex0419
QUEBYJQ ‘OpAyYSp[eULIO]
IpAYQp[BULIO]
SOOA
spunodwoo njns
‘SUO0QIBI0TRY ‘SorenIU [AY[E ‘SDOA
SuOqIed0[RY
‘so10ads Jururejuos-uafontu ‘SHOA

[[eH wes

QIOOTA] YoTy

ZIEMUDS BNYSO[

ZOUQWI[ ASOf

ZOUQWI[ ASOf

SUIT[OY MAI

UOSIOAY wo],

SAIOA Yorned

S1oquuop [ned

JOBRWIOA SUI[OIE))

PaLI] Ue[y

0OSTUBY WO,

UBWIIL) BOTSSAf

ayerg uoQ

[edy otrg

(SAVD) s11oworpeIondads
X[ OMUNOY (D)) 991Adp pajdnod-o81ey) YVON

(SY) 11owondeds [0S0y
IoseT] pue (D)D) I9IUno)) 9[onIed UONESUIPUO)) SUIXIA
INE (HDYV'T) dnoin yoreasay [0so10y AASue] YSYN

¢dS VVON

(SIN-IS94)
191owonoadg ssejy uoneziuoy Aeidsonod[g aAndenxg ND

(SINV-J0I-IH ND) Ierewonoads
SSeJA] [0S0IOY JYSI[{-JO-oWL], UoNN[oSY-YSIH N

(dI'T VVON) 9ousdsalon]j paonpuj Jase] VVON

juswn.asur
(1D VVON) 29us0sauimn{iwayo [uueyd-moy (00N VVON

(SINID VVON) SINID-HOL 9PIPo] VVON

(SIID-LID) SIID Yo93eD

(SHDV) Ioewonodads pasueyuy AIARD) SUIOQITY VVON
(SINVD) I91ewondadg saroadsnniy drreydsouny joedwo)
(VS spAysp[ewLiog SuI0qIy MIS U] VSVN

(SVMD 1o[dures 11y 9[oyp PAIBISNU] VVON

(SVA) Jordues 11y o[oym 10N

(HOI-VOOL) 190wonoadg ssejy
1SI-JO-oWL], [IIm I9ZA[RUY sen) o1ueSI0) 99BIL, YVIN

(L107) ‘Te 19 ueng ZH ¢ soroads Sururejuod-uaoniu ‘sHOA  AYOUIBA UA)SIRD SIN-J01-9.1d VVON

(9661) 'Te 39 uos1opuy ZH S ‘0D UDSIQ uud[D  (000L YOD-TT “IAN) 19owonodds paresyuy oA1sIadSIp-uoN
(INODOV{ “IUaWINSEIA SpIxQuUOu

(1661 ‘L861) ‘Te 12 asydes ZH S YHD ‘0D unysIg uud[n uoqre) uondiosqy [eNuaII() Iewonoads 19se] apoIq

SQOUAIYY Kouanbayy Surdweg saroadg d juswInnsu

MOM SIYT Ul Pas[) SUOYDAIISGQ) 11041y Y1 Jo uondiidsaq
T3IqBL

6 of 34

A7oN |
NI
ADVANCING EARTH
AND SPACE SCIENCES

TRAVIS ET AL.



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2023JD039309

The value of C;/Cr here is calculated according to Equation 2, where AC;/ACO is the emission ratio (ER). The
ER is the slope of the species i with CO or the plume excess of species i over background divided by the excess
CO over background. The emitted carbon (C;) was assumed to be encompassed by s = CO, + CO + CH, (N = 3)
which were available for all analyzed plumes and AC,/ACO is the ER for each species, s. NC, is the number
of carbon atoms in species s. Including carbon contained in organic aerosol (OA) and NMVOCs in C;, would
decrease calculated EFs by approximately 5% (Yokelson et al., 2013).

AG
Q — ACO
Cr N e @
2 (NCS X E)

s=1

All plumes were sampled directly overhead and likely underwent minimal photochemical aging, except for BRSF.
In all cases, any aged plumes were removed using the ratio of maleic anhydride to furan (MA/F) <0.2 from the
PTR-ToF-MS as a filter (Gkatzelis et al., 2023). While this photochemical clock cannot be directly related to OH
exposure due to uncertainties in the chemical mechanism, Gkatzelis et al. (2023) showed that it was well corre-
lated with physical smoke age and a ratio of 0.2 roughly corresponded to 30 min of aging. Applying this MA/F
filter removed 40% of the BRSF plumes, 1 slash residue plume, and 4 corn residue plumes from the analysis. The
average MA/F for agriculture residue (0.06 + 0.03) was not statistically different than the MA/F for prescribed
fires (0.05 + 0.03) suggesting similar aging across fuel types.

Several instrument teams measured large suites of species, many of which may not be emitted from fires, such
as human-made compounds like chlorofluorocarbons (CFCs). To determine whether species were emitted from
the studied fires, either as part of the fuel itself or other associated sources of pollution such as heated soils or
re-suspended applied/deposited chemicals, we assessed their relationship to CO using ordinary least squares
regression and the Pearson correlation coefficient (r). While species may be formed after emission by a variety of
different chemical or physical processes (e.g., oxidation by various mechanisms, rapid condensation) we expect
all species emitted from a fire to scale with CO. We only report EFs for species where r? with CO was greater
than 0.70, calculated for each individual plume. For the lower time resolution (>1 Hz) instruments, as it was
more difficult to obtain strong correlations for narrow plumes, we did not report species with either a negative
or negligible correlation (> < 0.2) with CO across all fire plume data. Species with EFs obtained in only a few
plumes at low concentrations such as 2-methyl-3-buten-2-ol (MBO) were also not reported. All species measured
but not reported are listed by instrument in Table 3. Many species were co-measured by multiple instruments.
Species with known interferences or unresolved isomers that were better resolved by other instrumentation are
also listed in Table 3 and not reported for that instrument. For example, oxygenated NMVOCs (OVOCs) are a less
robust measurement than NMVOCs for the WAS instrument (Simpson et al., 2011) so OVOCs from WAS were
excluded. The measurement of ammonia required special consideration as the slope method described below does
not account for the tailing of measured concentrations that occurred during plume sampling. Ammonia (and NH,)
EFs are therefore treated separately and described by Tomsche et al. (2023). Data from all FIREX-AQ instrumen-
tation are available at https://asdc.larc.nasa.gov/project/FIREX-AQ.

The ER (AC;/ACO) is often calculated by subtracting background values and taking the ratio of the difference of
the excess mixing ratios (difference method). The ER may also be calculated from the slope between the species
and CO (slope method). We used the slope method for data measured at 1 Hz or 5 Hz within the plume only and
the difference method for instruments that measured at <1 Hz (TOGA-TOF, WAS, and iWAS). We defined the
background as the measurement immediately prior to the plume interception. The average background CO was
140 ppb. As background samples were not always available for each plume for TOGA-TOF, WAS, and iWAS,
we took the following approach. Background CO has the largest influence on the calculation of ER using the
difference method, and therefore we used the value obtained by the DACOM instrument. The background value
for individual NMVOCs was obtained from the closest instrument measurement (TOGA-TOF, WAS, iWAS) with
CO at background concentration below 200 ppb. For comparison, the average difference method methane EF
across all plumes (4.5 g kg~") was within 7% of the slope method (4.2 g kg™").

After removing plumes that were poorly characterized by the observations as described above, we obtained EFs
for 228 individual plumes across 75 different fires (Table 1). There were 53 crop residue fires and 22 prescribed
fires. Table 4 provides the average EFs for individual crop residue (corn, rice, soybean), and prescribed (slash,
piles), and grassland fuels. Grassland EFs are presented separately as they had noticeable differences in EFs from
other fuels as described further in Section 4. Hereafter, “prescribed fires” includes piles, slash, and shrubland.
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Table 3
Measurements During FIREX-AQ That Were Not Used for Emission Factor Calculations
Instrument Species
CU HR-ToF-AMS Iodine?, C10,*, Bromine?, Sea salt®, MSA*
NCAR TOGA-TOF C,Cl,°, CHCL,®, CHBr,", CH,Br,°, CHBrCL,", CH,CCL*, CH,CL<, CHBr,Cl¢, CH,CII¢,

1,2-Dichloroethane®, HFC-134a®, HCFC-22°, HCFC-141b¢, HCFC-142b¢,
Limonene/d3-Carene, Propane?, Propene?, MBOY, Isopropyl nitrate®, Isobutyl nitrate + 2-Butyl
nitrate®, CH,CN¢, C,H;OH®, Acrolein®, Benzene®, Toluene¢, CH,0f, CH,CHO®, Styrene®

NOAA iWAS C,Cl,*, CHCL,", Cyclohexane, 3-Methylpentane!, 2,2,4-Trimethylpentane®, 2,2-Dimethylbutane?,
CH,CN¢, Benzene®, Toluene®
UCI WAS C,Cl,*, CHCL,", CHBEr,¢, CHBrCL,¢, CHBr,CI¢, CH,CCL", C,HCL,®, CCL", Chlorobenzene!, Halon

1211¢, Halon 1301°, Halon 2402°, CFC-11%, CFC-12°, CFC-113®, CFC-114°, HCFC-22°,
HFC-134a%,HFC-152a®, HCFC-142b®, HCFC-141b®, HFC-365mfc®, 2,3,4-Trimethylpentane®,
1,2-Dichloroethane®, Limonene!, 2-Methylpentane®, 3-Methylpentane®, 2,3-Dimethylbutane®,
2-Butyl nitrate®, 3-Pentyl nitrate®, Isopropyl nitrate®, 3-Methyl-2-butyl nitrate®, CH,CN¢,
Acrolein®, Benzene®, Toluene®, Styrene®, MVK¢, MACRE, MEK¢, Methyl acetate®, i-Butanal®,
Butanal®, Furan®

NOAA CIMS Clzb, HPMTF¢, BrOP, BrCN®, BrCI®
CIT-CIMS ISOPN®
NOAA PTR-ToF-MS CH,0¢, Phenol", Furan', Isoprene’

aNot reported in plumes due to interferences from OA. PInsignificant (p > 0.05) or weak (r* < 0.2) relationship with CO. °Significant (p < 0.05) negative relationship
with CO. YFew (<5) or no valid observations. ®All measurements agree thus we report the data for the NOAA PTR-ToF-MS only. Not used in favor of the higher
rate In Situ Airborne Formaldehyde (ISAF) and Compact Atmospheric Multispecies Spectrometer (CAMS) observations. £Disagrees with TOGA-TOF, and OVOCs
are a less robust measurement than VOCs for the WAS group (Simpson et al., 2011). "Disagrees with CIT-CIMS, likely due to interference from fragmentation or
contribution from additional isomers. ‘Disagrees with TOGA-TOF due to interferences. Disagrees with TOGA-TOF, WAS, and iWAS, due to interference from
aldehyde fragmentation.

The shrubland, winter wheat, and intensively-studied understory fire (BRSF) EFs are given in Table S1 of
Supporting Information S2 as they represent only one fire each. We also provide the average crop residue EFs
(including winter wheat) and average prescribed EFs (including shrubland) in Table 4. ERs are listed in Table S2
of Supporting Information S2. Different numbers of calculated EFs were obtained for different instruments. To
address this, we calculated the average crop residue and prescribed EFs by weighting the fuel-specific average
EFs by the fraction of that fuel listed in Table 1. Where data for a species was completely missing for a given fuel
type, we used the corn residue value for crop residue fires and the pile or slash value for prescribed fires.

The EFs (Table 4, Table S1 in Supporting Information S2) and ERs (Table S2 in Supporting Information S2) for
NMVOC:s are presented as having either primarily near-field (shorter-lived: <6 hr) or farther afield (longer-lived:
>6 hr) impacts determined by their lifetimes against reaction with OH (5 X 10° molecule cm~3) and daytime
(10-17 LT) photolysis frequencies from the NCAR CAFS instrument. These lifetimes are provided in Table S1 of
Supporting Information S2. One species, 2,3-butanedione, has a significantly shorter lifetime against photolysis
(~hours) than OH oxidation (days). Many of the species reported react with other oxidants such as the nitrate
radical at night (Decker et al., 2019) but here we focus on daytime chemistry. To avoid calculating total NMVOC
EF and ER for individual plumes that were missing data for important NMVOCs, we required that measurements
were available for the four most abundant shorter-lived and longer-lived NMVOCs described further in Section 4.
Table S3 in Supporting Information S2 lists the species included in the total NMVOC EF and ER.

We report a particulate matter <1 pm (PM,) EF and ER that is the sum of BC, OA, ammonium, sulfate, nitrate,
chloride, and potassium. We also report a particulate organic carbon (OC) EF that is determined by dividing the
OA observations by the co-measured ratio of OA to OC for each plume. The average OA/OC was 1.9 + 0.09
and was not significantly different between crop residue and prescribed fires. The OA/OC from the wildfires
sampled during FIREX-AQ was 1.9 + 0.2 (Gkatzelis et al., 2023). Both are higher than the value of 1.6 used by
Andreae (2019) based on fresh biomass smoke and may represent some aging from the point of emission even
though fires were sampled generally directly overhead.

The NOAA PTR-ToF-MS instrument measurements can have contributions from multiple individual NMVOCs
in a single reported mass (Koss et al., 2018). Where measurements were available from other instruments that

TRAVIS ET AL. 8 of 34

85U8017 SUOWWOD dA e8I 9|qedldde ey Aq peusenob ae sejoiLe VO ‘8sn J0'Sajni Joj Ariqi]8UIIUO 8|1 UO (SUONIPUCD-PUR-SLUBIW0D A8 | IM"A g1 |BUI [UO//:STL) SUONIPUOD pUe SWiB | 8U) 88S *[£202/TT/60] U Akiqiauljuo A3|Im ‘elusD yosessay HAW Yot ine wniuezsbunydsiod Aq 60£6£0Are202/620T 0T/10p/wod Ao im AriqipuliuosqndnBe//sdny wouj pepeojumod ‘8T ‘S20Z ‘96686912



21698996, 2023, 18, Downloaded from https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD039309 by Forschungszentrum Jilich GmbH Research Center, Wiley Online Library on [09/11/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

<
2 L (@000)6000 2T (000)6000 S (L00'0) 6000 91 (SO0 0100 6L (£00°0) LO00 T (S000°0)9000 SI (S00°0) 0100 T9 (£00°0) 9000 SVM ‘SYM!  °'HD QUANUS]--SIO m
py 6 (01009€00 +T (L000) €200 9 (1100)T200 LI (800°0) $TO'0 S8 (110009200 T (#10°0) €200 ST (€20 P00 89  (E10°0)TO0  SVM ‘Svm!  “HD QuauRd-| @
S ¢ (20006000 6 (L00'0) 6100 T (€1000)ST00 L (L00'0) #10'0 9% (S00°0) 0100 VN VN or (1100006100 9¢  (S00°0) 8000 SVAM ""H°D auaINq-Z-[AYON-T
w 6  (#000) €200 €2 (90009100 S (010°0) 9100 LI (LO0'0)8I00 +8 (S000)¥100 T (10000) 0100 91 ($10°0)TT00 99 (900°0) 1100 SVM ‘SYM!  °'HD auaINg-[-[AYIIN-€
M 6 (50000200 $T (CI00)STO0 9 (020°0) 200 L1 (E10°0) 8200 €8 (S10°0) 1200 T (£000)9100 SI (1T0'0) ¥€00 99  (T0'0) 8100  Svm ‘Sym!  “'HD auaINg-[-[AYIRIN-Z
M §'92ds YOOL
=) 01 (160°0) 1S90  9¢ (850°0)6vC0 TI (€01'0)96T0 €T (0S0°0) 6610 ¥OI (¥80°0)8TEO 1 €5€°0 1T (881°0)8¥%'0 18 (€01'0)T6CT0  “SIWNILA O’H'D sreuding-g
m 4°09ds yDOL
01 (520'0) LLT'O  9¢ (I€0'0)0ST'0 TI (8%0°0)8E1°0 €T (£#0°0) ILI'0 ¥OI (6£0°0) 9ST'O T 0 1T (811°0) 1870 18  (+0°0) ¥IT°0 ‘SIYL O’H'D UIS[OIRYIIN
3°29ds VOOL
01 (80009090 9¢ (92I'0)T9S0 TI (SITO)SI90 €T (€€1°0)LTSO ¥OI (I€1°0)9ZS0 1 7€9°0 Iz (Ore0) 0180 18 (ZSI'0)TEY0  ‘SINYLd O°H'D auojey [Auta [AyRN
8 (€100 €400 T (0100 €00 9 (O10'0) [€00 ST (610°0) SE00 28 (110°0) L200 T  (800°0) €200 I (820°0)8E0'0 99 (TI0'0) €20°0 SVM ‘SYM!  *HD QUAIPEIUS-¢ [ -Sue)
@ PO T (et 1650 € (BORTEED (1 (IO LCTO b (hrO T T (e L0 ol (G0ct) eave. 56 (LETOOTD S ool i
) 6 (SL1'0)L0TO T (€€v'0)1€9°0 S (208°0) 2660 LI (TITO)LSTO vL (I¥TO)¥8TO T  ($6S0) LLY'O 91 (60S°0) 68¥°0 95 (16T°0) ¥OTO ‘SVMI'VOOL °“HD auaxdosy
ﬂ I L10°0 L (200'0) 6000 1 6000 9 (¥00'0) 0100 Sy (€00°0) 9000 VN VYN 1T (#00°0) 8000 ¥€ (€00°0) S00°0 SVM *HO auejuadolok)
Lml v (LETO)OYED 0 (TeT0)Te90o |1 SO¥°0 6 Ors0) 10T TS (90T0) I1€0 VN VN 1T (€€T0)S¥E0  Tv  (8ST'0) 10E0 VOOL O'HD uem,
% 4°09ds VDOL
m 6 (€500 6170 66 (6v0°0)892°0 11 (€80°0) €00 LT (9S0°0) 6220 €01 (0L0°0)T9TO 1 YI€0 0z (6910)€8€0 I8 (S800)TCC0  ‘SINYLd O’HD reuedoig
M €1 (S60°0) LIL'0 OF (160°0)S9T°0 TT (¥91°0) 16T0 8T (890°0) I¥vT0 LTI (TTT'0)61¥0 ¥  (OPI'0)¥9¥0 0T (PLI'O)¥9¥'0 €01 (191°0) 10¥0 SHOV ‘0'H%D [eX0A1D
oo 6 (0900810 $T (SEODE0I0 9 (850°0) €010 LI (I40°0)80I'0 98 (SE0'0)8800 T (#L0'0)9800 SI (880°0) I¥1'0 69  (PO'0)TLOO  SVM ‘SYM!  °*H'D suang-|
_m 6 (90000200 $T (6I0DOY00 9 (1€00)Th00 LI (IT0D)THO0 88 (100000 T (£000) 0200 91 (STO'0) €400 OL (810°0) LTOO  SVM ‘SYM!  °*H'D suang-g-suexn
M 6 o000 ¥ (IS0 1TI0 9 (#80°0) 6010 LI (190°0)THI'0 98 (S900) 0010 T (11000800 91 (L60'0) ¥SI'0 89 (S80°0) S80°0  SVM ‘SYM!  *H'D auang-1
% 6 (S000)8100 ¢ (E100)TE00 9 (220'0)T€00 SI (910°0) €€00 8 (600°0) €200 T  (200°0) 9100 SI (4T0'0) €600 L9  (100)T00  Svm ‘Sym!  °*H'D auaIng-z-s1o
[« 6 (0610)6€T 6¢ (681'0) 7,80 1T (8T€0)#86°0 LT (081°0) ISL'0 +OI (€€T°0) €660 1 LTT 0z (6L¥0)STT T8 (96T0)SIS0  SINYLd O'HD LR[OIy
= =9tt'h) (#—95T°S)
= € (2000 S000 € (+000°0) 1000 VN VN € (#000'0) 1000 TCT  v—9I86 VN VYN € (8000°0) 1000 61 y—o€L’8 SVAM H'D ukipeing-¢°
Ww v (68000 €2€0 91 (I+0°0)STI'0 S (€90°0) SET'0 OT (8S0°0) 9210 ¥9 (9€0°0) 9TT'0 T 10T°0 €1 (L80°0) LST'0  0S  (T¥0°0) 960°0 SVAM *H'D auapeIng-¢*|
..ml ¢ (2000 S000 L (200'0) €000 VN VN L (2000) €000 6T (9000°0) TO0'0 VN VN € (60000) €000 9T  (L000'0) TOO'0 SVAM °H'D uking-g
% v (#0000)TI00 IT (S000°0) €000 T 2000 6 (10000) #000 ¥ (100°0) ¥000 T L00°0 8 (€000) 000 S€  (100°0) #00°0 SVM °*H"D suapeng-g'[
> v (2T00) 7900 ST ($00'0) €100 ¥ (800°0) STO0 OI (€00°0)TI00 09 (+00'0) €100 1 ¥20°0 21 (L000)S100 Ly (S00°0) 110°0 SVM "H"D auk-¢-uamng-|
n.m 0l (TeSO) LOY 66 (O LIT TI (PELOIVET LT (S9Y'0)96'T €01 (9190 ¥ST 1 (433 0 GFDIge 18 (6vL0) 60T  SWALD O0'HD apAyap[eIoY
= 6 (88T0)1L90 T (88I'0)LESO 9 (OIE0D)STSO LI (12T0) 860 98 (091'0)€eh0 T  (OIEO €1F'0 ST (S0v0) 1890 69 (T81'0) €4€0 SVM ‘SYM!  °HD auadoig
m v (L1000) €900 9T (¥00'0) €100 S (900°0) #¥10°0 OT (¥00'0) €100 +¥9 (+00°0) €100 T €200 €1 (L00°0) L1O0  0S  (S00°0) 110°0 SVAM "HO auatpedoid
= SI (Leso9re 1S (€170 06T 91 (9690 96T ¥€  (bSr0)6LT 661 (LFOSLT ¥ (LSTO)89T 8T (0L8O)¥ET LOI  (L6S0)LST dVSI'SNVO — O°HO 59PAyIp[EWIO]
.m DOAN PaAI[-191I0YS
ST (€D90S'T IS WP 999'T 91 (99 ¥89°T tE  (€9)SS9T  THI  (TT) €O¥l v (6D9LET 6T (OW)8LET 801 (6D TIVI 1190ds YIN ‘0D 9pIXOIp uoqIeD)
ST (€D €11 IS @oerr 91 (oOsor  ¥e (99 sTr Tl (€D 1L i4 (81) 98 6T (€2) S8 801 L1 $9 WOOVd 0D Sprxouowr uogIe)
ST (@Loesy 1S (€O syL 91 (€O 9TL ve @YD I+'8 Tl By 0 LI'E  +  (80L0)68€ 6T (89'1)99€ 801 (4TI 10°€ WOOVd "HO SUBRYIRN B
”U mm u pue[sseIn u (dFerony u S9[Id u yse[s u 1¢O8RIAY u ueaqhos u RN | u uwo) AUoWINnsu]  B[NUWLIO] SoweN M
ﬁu mm S[ony pagqrIosaId anpisar do1) ﬁ
Aﬂ mm [S241] PaqLIOSaLd pup anpisay do.)) 40f (;_3Y 8 i) S10]OD] UOISSIUT 23DIIAY M
¥ 3lqBL DTn




21698996, 2023, 18, Downloaded from https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD039309 by Forschungszentrum Jilich GmbH Research Center, Wiley Online Library on [09/11/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

pr(TouroIosay M
w /[0Y0218D)) S[OIP dUZUdY S
By 6 (€970)SET  9¢ (TeO Tl I1 (€S0 €€T #T  (26S0)L9T +01 (#LEDI9TT T (86000091 ¢T (I180)9LT 6L  (99%°0) 80'T SINILA K05 o) + [eIINIIAIIN-S =
m 6 (S€00)cLl0 €€ (6110)0LE0 6 (IF1°0)96T0 €T (STT0) 6050 2TOT (LS00)T61'0 T  (ST00)Tve0 ¢t (€01°0) I+20 LL (SLO0) 9LIO SINYLA Kok ¢ o) S[0S0AID)
= ¥I (#20°0) €600 € (S€0'0)0TI'0 IT (1S0'0)SIT'0 1€ (9S0°0) #E1'0 LTI (9€0°0) €010 ¥  (SE00) #21'0 9T (ILOO)IET'0 96 (9¥0°0) #60'0  SINID-LID o°*HD 105240
m ¢ [0SIUY + ([08210-0=)
% 01 (I€1'0)809°0 8¢ (T91°0)8L9°0 1II (SET0)8S9°0 9T (IST0)S9L0 LOT (OLI'0) 6290 1 18°0 7z (S8€°00968°0 €8 (60T°0) 6£S0 SINILA o*HD [oudydAYIPIN-T
m 21°09ds
m SVMI + SVM
— + VDOl
8 (0100 IS0'0 SE€ (8200) 1800 OI (##0°0) ILO0 #T (SE€0'0) €010 L6 (910°0)TSOO T S¥0°0 61 (SO0 FIT0 9L (+10°0) #€0°0 ‘SINILD Bt o) QualAX-d
21°09ds
SVM! + SVM
+ VDOL
8 (900008200 <S¢ (€10°0) LEO'0 OI (TTO'0) SE0'0 ¥T (S10°0) €700 L6  (LOO'0) 9200 1 ¥0'0 61 (610700 6€00 9L (600°0) 1200 ‘SINILD o1H® QURIAX-0
% ﬁ.ov%
H SVM! + SVM
= + VDOL
o, 8 (E10°0) €900 SE€ (810°0)9%0°0 OI (TEO'0) ISO'O #T (SI0'0) €¥00 L6 (600°0) E€00 T L¥0°0 61 (9200)SS0'0 9L  (10°0) STO'0 ‘SINILD Bt o) QuozuaqIAYIH
(72}
a L (zeo0)e6l'0 €€ (1200 8IT°0 IT (0¥0'0) 9210 TT (9200 ¥21'0 +01 (STO'0) L0I'0 T (2h0'0) SET'0 1T (6¥0°0) SSI'0 08  (2TE0'0) 60°0 SINYL o’HD apAyapezuog
.m 8 (€00 €810 LT (S€0°0)980°0 8 (€90°0) SOT'0 61 (€20°0) #L00 88 (0TO'0) 8900 1T 201°0 LT FE00) TIT0 69 (920°0) €S0°0 SINIL *u*D auaIfig
A € (90000 #€00 +I (010°0) ST00 € (810°0) 8100 OI (900°0)TI00 SS (LOO0) 8100 1 ¥20°0 €l (610009200 1¥ (800°0) #10°0 SVM "HD suaydoH-T
_..n. 8  (S0000100 0T (I100)0100 + (1T0°0)SI00 ST (€00°0) S000 9% (#00°0) 2000 T =916'9 L (€000)2000 8¢ (S00°0)TO00 SVM ‘Svm!  "'HD SUEXAYO[IAIAYIOIN
m [ usmowyun + urIny[ApF-g
(2 8 (1L00)86£0 L€ (TTI'0)E€0S0 TI (99T°0) I1S0 #T (SOTO) #€S0 901 (S¥I'0)0ISO T  (970°0) 0SS0 ¢T (19€0)S8L0 18 (TLI'0) 9TH 0 SINILA fo}i: o) + uemyAyowig-¢g
%]
% ¥ (11000 L100 8 (920°0)0SE0 T 929°0 L (€900)9%00 € (S6L°0)T8€0 VN VN 9 (YOO #7000 LE (E0TT) I8+°0 VOOL ‘O'™HD [eangun,g
R ST (L£0'0) 9810 87 (620°0) LTI'0 #I (L¥0'0)¥E1'0 €€ (LEOD'D) ITI'O +EI (SKO'0)T9I'0 ¥  (#90°0)¢hC0 9T (S80°0) 00T0 €01 (8S0°0) 9¥I'0  SIID-LID o°’H’D [ouayq
p— ,
o] orlepaueIng-°[
.w + [eUBINQOXQ-T
Wu o1 (CIzo et oy (LT €80 Tl (1€70) 1960 LT (1€2°0)89L°0 #01 (6T€0) vT'1 I A 12 (S690069T 18 (#I+'0) 601 SINI.Ld ‘o°u" + auorpaueing-¢*g
=) ¥ (12000 1800 ST (600°0) STO'0  + (910°0) 8200 01 (600°0) €200 9 (0TO'0) SEO0 T #3500 €l (Te0'0) €500 8% (ST0'0) 8200 SVM “HD QUAXaH-|
m.. VN VN ¥ (2000) 000 VN VN ¥ (2000 #0000 +T (2000 #0000 VN VN 9 (S00°0) L00'0 8T (2000 £00°0 SVM “HD suayuad- [-[ARLIN-+¢
% 0l  (6ETO¥0'T  S€ (SPI'0)9LSO TT (9ST0)S09°0 € (LTI'0) €S0 801 (6ITO)¥LLO 1 7780 zc (I1S0 €01 #8 (99T°0) 2690 SINILA ‘0'H"D suoueIn-(HE)T
e ¥ (80000) 2100 0l (010°0)8€00 I €700 6 (#20°0) LEO'0 0S (SI0°0)TTO0 VN VN 11 (S10°0) ST0'0  6€  (610°0) 1200 VOOL O’HD ueInyIAgIRIN-¢
(=)
ot v (9200 1+0'0  OI (6L0°0) LLI'O T IE1°0 6 (T61'0)29C0 TS (9L0°0)S80'0 VN VN 1T (990000800 1¥ (960°0) 9800 VOOL 0°HD ueny[ApoIN-7
< )
= ST (90000) S€00  S¥ (+00°0) 9100 TI (900°0) ¥10'0 T€ (900°0) 9100 SET (L00'0) 8100 ¥  (Z10°0) 8200 LT (910°0)TTOO €01 (800°0) 9100 SIWID-LID  ‘O°HD  oprxoiadAxorpAy suomg
S .
ds vOOLL
u xou
<) 6 (90010)0S00 S¢€ (600°0) S¥O'0 0L (E10°0) THO'0 ¥T (F10°0) 8¥0°0 TOI (S10°0) €SO0 1 6500 81 (€¥0°0)T60'0 T8 (LI0°0) I+0°0 ‘SINILD o*H"D [eueINqos|
= ¢'90ds yOOL
6 (#0000 0€00 SE€ (800°0)0¥00 OI (€10°0) I¥0°0 ¥T (110°0)8€0°0 <OT (I10°0) 0¥00 T €700 8 (T€0'0) 6900 T8 (€£10°0) 1€0°0 ‘SINILD 0*H"D [eueing
€l (SPro) 11T Se (S8T0)SI60 01 (98%7°0) I¥6'0 #T (66T°0) L2600 91T (0Er0) LET ¥ (@OF0) 29T LI  (LEGO)FLT S6  (8€S°0) €T'I SHOV ‘0" S[EXOKISAYIDIN
6 (£0000) 1100 €T (8000)9100 S (2I0°0)SI00 LI (600°0) LI00 98 (800°0)STO0 T (9000°0) 1100 91 (010°0) 0200 89 (110°0) €100  SVM ‘SVM!  “HD QUANUIJ-Z-SueL) 5
”U mm u pue[ssein u (dFerony u SofId u yse[s u 1¢O8RIAY u ueaqhos u LRI u uwo) AUoWINnsu]  B[NUWLIO] SoweN M
] - - [25)
ﬁu mm S[ony paqrIosaId anpisar do1) 2
Aﬂ MM NUTJUO. V
qz panunyuoy) =
Jqe, a4
¥ 2lqeL =



21698996, 2023, 18, Downloaded from https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD039309 by Forschungszentrum Jilich GmbH Research Center, Wiley Online Library on [09/11/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

4
(e}
3 SIARLA B
py €1 (9T 1060 TP (BLI'DF090 €1 (STE0)TSY0 8T (FIIO)¥IF0 601 (STT0) €850 €  (ITy0)LLLO 9T (LTHO)1TL0 6L (88T0)TTSO ‘SWID VVON  ‘O°HO PIOE OIULIO.{ =
m L (OLo0 9800 +T (STIO€9z0 9 (LITO8PTO LI (ITI'O)S6T0 $8 (8800 +91'0 T (OPI'0)T6I'0 ST (TITOITITO L9 (O1'0)LyI'0  SVM ‘SVM!  °*HD auedoig
« v (850°0)981°0 91 (T100)0SO0 S (810°0) 2SO0 OI (LI0'0) 6¥00 S9  (ST0°0) S¥O'0 1 $90°0 €1 (620°0) LSOO IS (810°0) 100 SYM "HO sukdoig
M or (96T ITT 66 WO YIT I (9890)0IC 92 (10L0)LTT +01 (E1SO09T T (891 69F 0T (OrLO ILT 18 (I85°0) vE'l SINY.Ld 0'HO [oueyRN
M SVM!
= SI (61O +9p0 €  (19T0) 1680 €I (EEP0) 6L8°0 6T (E0£0) 6¥6°0 LIT (THTOITESO €  (€0T0)69S0 ST (9S€°0) €890 68 (8IE0) I8F'0 ‘SVM ‘SINVD  °HD Queyg
m. 6 (@D06T T WTOT 9 (€9£0)L0T LI (S6TOEOT 98 (LIEDI9E60 T  (SOD6OT ST (6990)0ST 69 (80)SPLO  SVM ‘SYM!  'HD auoyg
6 (SY0)IL60 $T LHOD6810 9 (6900) 1170 LI (0L00ITII0 S8 (S80'0)0ITO T (2I€0)TLTO ST (9910)8IE0 89 (HOI'0) ILI'O  SVM ‘SYM!  ‘HD aukyg
SDOAIAN PRAI[-193U0]
¢ (6200)8200 9  (+00°0) 6000 T (LOO'D) €100 € (2000 +000 ST (TO0'0) ¥000 VN VN € (900009000 2T (200'0) ¥00'0 SYM "H'D aurd3puUN-U
L (8T00 0900 8T (900)SSI0 6 (S60°0)SPI'0 81 (960°0)881°0 88 (SOOI EEIO T (FOI'OISLIO 91 (Sp00) 1210 OL (EL00)PEL0  SWILd  “O°HD [03uks
% L (S000) €100 0T (S000)0100 ¢ (800°0) 0100 ST (L00'0) 0100 €9 (010°0) 6000 1 6000 01 (80000100 TS (E10°0)800°0 SVM ‘SvM!  “H’D Qued(-U
H v (€000) 6100 TI (€000) T100 € (900°0) ¥100 8  (+00°0) 8000 S¥ (900°0) TI00 1 1100 8  (To0) 200 9¢  (S00°0) 8000 SYM OH’D QU329
_ml S (Zo00) S000 81 (9100 STO0 € (820°0) 2200 ST (FI00) 6000 [€ (#TO'0) 8000 WN VN € (2000 €000 8T (200100 Svm ‘VOOL °'H”D LIS
% v (€0000) 1100 81 (+20'0)TEO0 T (FEO'D) E¥0'0 9T (6€0°0) ¥200 S  (900°0) 9000 VN VN I ¥00°0 v (L000) 9000 SYM ‘VOOL “'H’D audydum)
.m ! L000 8 (020°0) €200 € (8€0'D) 800 S (900°0) LOOO 9T (TO0'0) €000 VN VN ¢ (5000)S000 ¥I  (200°0) £00°0 SYM "B’ 2Ud2UCH
<« ¢ (20000) 2100 OI (890°0) 4900 € (8TI'MI €600 L (S10°0) S€00 TT (E10°0)TI00 1 1100 ¢ (110'0)0€00 61  (210°0) 9000 SYM "'H'D ouauld-gf
L.u.. T (S000)ST00 91 (8L00)S900 ¢ (9FI'0ITOI'0 ¢l (120°0) 9200 S€  (110°0)TI00 1 1100 € (€00 €200 1€ (1100)8000 SvMm ‘VOOL °'H”D QUL PUIUI] -
&
M 8  (L100) 1200 €T (061'0)TLI0 S (LECOISLI'O 8T (091'0)681°0 Ly (020'0)9100 T (1000)¥000 ¥ (850°0) 100 1+  (220°0) 10°0 .2%%@@8 "'HD auouid-p
% L (8600)T81'0 +T (E¥SO)ILLO € (€160 00T [T (209°0) 1850 8F (Zv0'0) ¥800 1 TLO0 LT (891'0)€8T0 0f (€20°0)TT00  SIALd “'H'D £1SoUSdIRIOUOIN
[« 8 (€000)8000 1T (L00°0) €100 ¥ (E10°0) 9100 9T (900°0) 0100 TL (010°0) 6000 T LOO'0 €1 (S100) %100 85 (#100)8000 SVM ‘SVM!  OHD QUBUON-U
= 9 (Sv0°0) SvT0 61 (020'0) 8800 S (62T0°0) 0010 ¥I  (0€0°0) ¥80°0 €L (¥E0'0) 6900 1 7800 vI (601°0)0v1'0 LS (€€0°0)9¥00  SWHLd H''O sudreyydeN
m € (0100 ¥200 11 (500000100 T (600°0) I10°0 8 (€00°0) 6000 9% (S00°0) 0100 1 €100 6 (€100)9100 9¢  (900°0) 8000 SYM Y'HD QUAUON-T
..md 6 (@910 TS0 9¢ (80T0)8YL0 11 (98T°0)$890 ¥T (Ly€'0) S88'0 SOI (9L1°0) €€9'0 1 SLO 7T (ev€0)0S8°0 18 (92T°0)S9S0  SWHL ‘0*HD [oderenny
=" ! 900°0 6 (S0000) ¥000 I €000 L (1000 ¥000 € (200'0) ¥00'0 VN VN S (50000)L000 LT (Z00'0) €000 SYM “H% prouszuaq)(do.d-u
w ! 900°0 L (S000°0) €000 T €000 9 (10000 ¥000 91 (0100°0) TO0'0 VN VN T (2000'0) 1000 +1  (100°0) 2000 SYM “H% gr2ud2U2q)(dosd-1
m I 900°0 o1 (10009000 1 900°0 8 (€0000)9000 € (900°0) 9000 VN VN S (800006000 6T (£L00°0) 9000 SYM “HD 2uanjoiyig-p
= ¢ (10000)0100 ¥I  (110°0) L100 € (0T0'0) ¥20'0 OT (900°0) 1100 Th (+00°0) LOOO VN VN L (01002100 S€  (€00°0) 9000 SYM “HD 2uanjolyig-¢
= 1 900°0 6 (60000) S000 1 700°0 L (2T00'0) S000 6T (2T00'0) Y000 VN VN v (L00'0) L0000 ST (200°0) ¥00°0 SYM “HD 2uanjolSyig-g
m VN VN 9 ($0000) Y000 I €000 ¥ (60000) S000 0T (100°0) T000 VN VN T (00000) 2000 8T  (200°0) 2000 SYM “H%D QudzUIGIK YU -G €]
w I 8000 €1 ($00'0) Y100 T (900°0)910°0 OI (900°0) 2100 I+ (+00°0) 8000 VN VN g8 (100 ¥I00 €€ (+00°0) LOOO SYM “H% QudzUIGI YU [T ]
= 8  (L100) €900 ¥E (9€0'0)T60'0 6 (290°0) SOI'0 ST (9€0°0)880°0 9L (ST0'0)8S00 T (T10°0)8€0°0 LI (€S0°0) LITO LS (I€0°0) I¥0'0  SW¥Ld “HD ¢ SONRWOIE 6
9 (6200)611°0 8T (L100) €800 6 (2000600 61 (920°0) 9800 ¥6 (610°0) SLOO 1 1’0 61 (9€0'0) 0010 €L (ST0°0)9900  SWdILd O’H*D uemjozuog
v (L00°0) €200 TI  (€00°0) TI00 €T QM_H%%V 6 (LO0'D) €100 TS (SO00) 100 I 200 11 (€100)T200  OF  (900°0) 110°0 SYM "1 QUR0- g
”U mm u pue[sseIn u (dFerony u S9[Id u yse[s u 1¢O8RIAY u ueaqhos u LRI u uwo) AUoWINnsu]  B[NUWLIO] SoweN M
ﬁu mm S[ony pagqrIosaId anpisar do1) M
Aﬂ mm panunyuo) AVn
¥ 3lqBL DTn




21698996, 2023, 18, Downloaded from https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD039309 by Forschungszentrum Jilich GmbH Research Center, Wiley Online Library on [09/11/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

L (6100) 6700 81 (900°0)0I00 € (TIO'0)#I00 #1 (€00°0)9000 L9 (900°0) 0100 T 710°0 1T (0100)2I00 SS  (800°0) 6000 SVM ‘VOOL HD suozudqAukylg m
m L (€200) I¥0'0 2T (L00'0) 1200 S (600°0) STO'0 91 (110°0) 6100 89 (TI0°0)910°0 I ¥00°0 1T (#€0°0) 8200 9S (€10°0) €100 SVM ‘VHOL ¢ o) sueydoy-u M
m ¥ (L00'0) €100 ¢l (T00'0) 1100 T (t+00°0) LIO'0 0T (#00°0) #00'0 0T (800°0) SO0'0 VN VN ¥ (S00°0) 000 9T  (10°0) 900°0 SVM 'HD QUEXAY[AIDIN-E -
a v (Z000) L0000 TT (€000)8000 T (S00°0) €100 6 (T00'0) €000 2T (TI0'0) 6000 VYN VN ¢ (L100) €100 0T  (ST0°0) 800°0 SVM "'HD QUEXIYIAYION-T
m 9 (100009000 91 (I100)+200 + (610002200 [T (110°0)8200 8% (900°0)TI00 T [41(01] L (S100) #7100 OF (L000) 100 SVM! 'HD sueyuad[AyowI(-17
% ¥ (€00°0) ¥000 9 (+000°0) TO0'0 1 2000 S (6000°0) 2000 T¢I (€E€0°0) ¥100 VN VN VN VN 1 (€€0°0) ¥10°0 SVM 'HD sueyuad[AyowI(-¢°C
m 01 (0S0'0)601°0 9¢ (920°0) 0800 11 (2T0'0)980°0 +T (0£0°0) 1900 L6 (620°0)#900 T (80000 S90°0 81 (TSO'0)8LO'0 9L  (8€0°0) 90°0 *SINILd f0'H"D SpLIpAYUE JIS[eA
m. 6 (1L00) Lgyo 8¢ (OIT0)LPEO TT (I81°0)0¥€0 9T (I€1°0) #8€'0 TOT (CTLO'0)99T0 T 6¥¢°0 0z (061°0) 6670 08 (€80°0) 60T°0 *SINILd *uo auen[of,
ST (2000) 2100 7€ (S00°0) €100 9 (6001009100 ST (€00°0)8000 0€I (0100)2C00 +  (6100)TE00 9T (€10°0)TCO0 66 (¥10°0)TTO0  SIID-LID SH'0%D  eprxoiadAxoipAy suadoiq
01 (61008200 LT (L00°0) 6100 9 (T10°0) 0200 0T (L00°0) 8100 68 (SIO'0)9100 T (£00°0)9000 LI (810°0) 1200 OL (2009100 ,m<>mN®OOE 5% o) QUEXOH-U
w 8 (910009100 ST (€00°0)6000 S (#00°0) [10°'0 61 (S00°0) 8000 +L (STO'0) 6000 1 2000 21 (600°0) L00'0 19  (S€0°0) I10°0 .w<>mw”®©orr 15 o) suejuadAYIOIN-T
m ¥ (900°0)8000 6 (100°0) S000 T L00°0 8 (€000) 000 ¢¥ (€00°0) ¥00'0 VN VN 9  (00°0) ¥00'0 LE  (+00°0) €000 VDOL 15 o) aueyuadiAyIo-¢
_mv ¥ (900°0) L100 €I (€00°0) L00'0 T (S00°0) 0100 0T (2000 #000 S¥ (#00°0) 9000 1T L00°0 L (0100 €100 LE (S00°0) #00°0 SVM “H1D QUEXAYO[IAD)
m.. 8 (60000 L000 61 (#00°0)£L000 € (800000100 ST (2000 #0000 OL (900°0)S000 T (L000°0) 1000 €1 (010°0) 8000 SS (LOO'0) #00'0 SVM ‘SVM! 9y QueyuadoASIAYN
=] 6 (F61°0) 6T°1 LE (SOT'0)6IS0 IT (6ST°0)SPSO 9T (FST°0) 1950 001 (#60°0) #9€0 1 11L°0 0z (IL1'0)S¥S0 8L (€21°0) €8T°0 SINYI.Ld H’D Quazuag
m ¥ (@00 STI'0 01 (E11°0)L990 1 6£8°0 6 WLTO)OVS0 TS (L6T'0)00¥'0 VN VN I (9€°0)89%°0 It (69€0) 8€'0 VDOL ‘0°HD 2101200 [y
Sreurioy (A
_..n. . . A . . . . . . . . . . . . s +.MHMH8N wzwﬁum
m 6 (9sc0ee 6€ (16¥0) 19T TI (0880 ¥LT 9T (8LEV)6ET SOT (€85°0)61°C I 96°C 1z (epeoe (43 (TLro)ee'l SINYLd O'HD + auojooeAxoIpAH
m 6 (LTo'0)Tr0'0 ST (800°0) 1€00 + (TO0'0) #€0'0 0T (810°0) 6200 L8 (LI00)+200 T  (810°0) 200 91 (LKO'0) [¥00 69 (610°0) 810°0 .w<>mN®OOH L o) Quejudd-u
D
m 6 (SI00) %200 ST (600°0)STO0 + (800°0) 6200 0T (610°0) 2200 08 (22000200 T (820°0) #20'0 ST  (8%0°0) €€00 €9 (LTO'0) ST0'0 .m<>mwx,®oo,w “HD suejuadosy
] +0ads
.m 6 (6IOD6VI'0 SE (FH00) ¥ITO OI (890°0) LITO #T (190°0)91T0 TOT (990°0) STTO 1 o 81 (TS1'0)€T€0 T8  (80°0) 8610 ' dEMW%H 0*H"D QU0 [AyIe AN
Ma ¢ (€000)S000 L (S000°0)TO00 I 2000 9 (10002000 ¢€ (T00'0)T000 VN VN 9 (€00°0) €000 9T (2000 OO0 SVM "H*D sueyuadopdh)
=5 S (L00'0) €100 ST (€000) L0000 € (+00°0) L0O'0 IT (S00°0) 8000 S9 (800°0) 6000 I S00°0 €1 (800°0) 0100 IS (I10°0) 6000 SVM ‘VOOL O°HD Touedoxdosy
% 51°9PAUIP[EI09A[D
> 6 (Sor09eT oy BLEOYET TI (86SOY6T LT (1L80)L8T SOT (I€90)€0T 1 (4K 1T (€Tno9e @8  (180)L8T SWdLd  ‘O'HO + PIoE 9120y
n.m L 100 L£00 €T (6100 #7000 S (0€0°0) 8600 LI (STO0) 8700 8L (TH00) I¥00 T LT00 S (920°0) S¥0'0 29 (8S0°0) [¥0°0 SVMI‘VOOL ‘O'HD drewriof [AYIN
—
m 6 (600002100 92 (0100)+%200 S (910°0) €200 0T (€10°0)8200 +#8 (CI00) €100 T (2T0'0) 2200 LI (910°0) LI0OO S9 (SI0°0) T10'0 hm<>mN®OOH bt o) |ueInqos|
|
w L (@007900 9T HT0'0)9900 S (#€0°0) 1900 0T (8€0°0) SLOO 06 (S#0'0) LSOO T  (LK0'0)9SO'0 91 (280'0)9800 ¢TL (LSO0) 8700 dﬁMW@OO& Bt o) aueng-u
= §'92ds YOOL
6 (1600 €1L0 6 (I¥I'0)86L0 II (TITO)9LLO LT (60T0)9S8°0 €01 (0IT0)6LLO T 9680 0z (LTS 6l'T 18  (8%T0) S90 ‘SINALd O’HD QU0JY
¥ (#00°0) 9100 €1 (200°0)9000 € (£00°0)9000 6 (100°0) S000 6F (200°0)9000 1 100 6 (€00°0) L00'0 6 (T00'0) SO0'0 SVM °HD sufing-|
¢ (szo60co <l (6200 1EV0 1 0690 1T (690°0) 1910 61 (STTO)LSTO 1 9790 ¢ (20T z6co SI o (SI€0) €020 SINYLd o’HD [oueyny g
”U mm u pue[sseIn u (dFerony u S9[Id u yse[s u 1¢O8RIAY u ueaqhos u RN | u uwo) AUSWNNSU]  B[OWIO] SOWIBN] M
ﬁu mm S[onJ paqLIdsald anpisar do1) ﬁ
Aﬂ mm panunyuo) W
A ¥ 2lqeL M
=




21698996, 2023, 18, Downloaded from https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD039309 by Forschungszentrum Jilich GmbH Research Center, Wiley Online Library on [09/11/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

4
on
2 (#—99¢°¢) (#—200"1) (S—opL'€) (1—26£0) (#—992°1) (4—980°¢) (#—99¢"1) 3
Y € ¥—966'¢ o1 $—81°¢ €  t—988¢ 9 $=20¥'C  0S #2081 I S—o78'¢ 8 $—989°C |82 =171 SVM ‘ON'HD deniu [Adoid-u ©
S 8  (11000) €L0°0 6T (800°0) 100 8 (TI00) €700 0T (E10°0)0F00 L6 (€10°0)THO0 T  (£00°0) 0¥0°0 81 (€€0°0)9L00 9L (910°0)TEO0  SWYLA N°HD J[uuozuag
@)
= ¥ (S20'0)6¥00 8  (LO0'0) Y100 VN VN 8 (LO0'0D) ¥100 9% (600°0) 0200 VN VN 01 (L1000) 1€00  9¢  (10°0) 910°0 VOOL N°H"D S[INIUOIAIORYISIN
S (+—29t'6) (#2007 (§—p1°7) (r—o68'1) (y—o¢T'L) (#—996'1)
% S v—o8L'8 L1 =359 € v=o6TL €1 $—988v L9  v—oLER I s—pL6 Tl (€00°0) 2000  +S v—9509  SVM ‘VDOL ‘ON°H®D areniu [Aypg
g L (@00 t000 1z (100002000 + (200°0) €000 91 (£000°0) 1000 08 (200°0) €000 1 £00°0 S (Z00'0) €000 ¥9  (€00°0) €000 SVM ‘VOOL ‘ON‘HO Speniu [AyPN
—
S VN VN ¢ (€000)TI00 1 S10°0 Tz (L000) 6000 6T (TTO0) €200 VN VN I 800°0 8T (820°0) LTO'O VOOL N°HD ajo118d
—
6 (Lo OST0 € (810°0) 1SO'0 OI (2T€0'0) 2900 €T (SI10°0) THO'0 TOI (8€0°0) 6110 T  (OLI'0) LSTO 81 (L60°0) 6610 18 (TH0'0)S800  SWILA NHD  ermmusuang + o[oukd
8  (SI00SPI0 6T (+20°0) 1900 OI (#70°0) SLOO 61 (#10°0) €500 6 (£10°0)T900 1 8L00 91 (920'0) 0800 9L (910°0)9S00  SINYLd  “ON‘HD SUBYIPWONIN
¥I (S€0°0) 0800 8¢ (L00'0) TT00 8 (£10°0)920°0 8T (900°0) 8100 891 (920°0) 100 T T€0°0 € (1S0°0) 0900 €I (ZTE0'0) SE00  SVM ‘VDOL  N'HD quuordorq
SVMI ‘SYM
0 ‘VOOL )
m €1 (6110 1810 1+ (610°0) S¥0°0 TI ($20'0) SYO'0 8T (9€0°0) €40°0 TTI (620°0) 1900 T  (0S0°0) L¥O'O ¥ (1€0°0)T800 S6  ($0°0) 9S0°0 ‘SINILd NHD S[IIUO[A10Y
_m SINID
S, €1 (€61°0)8€90 TF (611°0) I¥€0 TI (961°0) €070 0 (THI'0) 11€0 STl (€01°0)88€0 €  (0TI'0) 1Th0 ST (LST0)6L£0 96 (6€1°0) L8E0 VVON ‘SHOV ONOH proe snont
% SINLd
m €1 (88€0)ISOT I+ (90T0) ILy'0 TI (6T€0)6£90 6T (H9T0)TTe0 0Tl (ILI0) L6v'0 ¥  (TEC0)SSE0 LT ($TH0) 0690 88 (10T0) I##0 ‘SWID VVON ODNH p1oe dueAd0s]
M 6 (0900 €8€0 L (£50°0)#81°0 1T (980°0) 661°0 ST (L90°0)OLI'0 SOI (£01°0)61€0 T  (92+0) L¥9°0 1T (19T0) 6250 18 (SIT°0)82C0  SWYLA NOHO S[LHIU0IRY
.- 0"ON VVON
_m St @0 eoT 6y (0£T0)0I80 I (IP€0) €660 ¥E€ (LPE0) 8SL0 TET (L8O EST +  (€01'0)S660 €T (06v°0)9€T  #0I  (1€5°0)SS'T  “AI'T VVON ON (ON $®) XON
S £0LON
% ST (QOEDSET 67 (EIE€M90T ¥I QW0 6I'T v€ (890 €0'T €€1 (62O ¥8T +  (€ZI'0)LTT €T (69S0)TLT SOI  (985°0) €31 VVON ‘SHOV ~ “ON SpIxoIp uasonIN
8 £0AON
R VVON
ot S (€600)8¥1°0 IS (#10'0) 8IT'0 91 (990°0) SST'0 +€  (S90°0) L80'O O¥I (00T0)THe'0 +  (2h0'0) L9T0 6T (68T°0)08T0 901 (ILT0)9€0  ‘AI'T VVON ON 3pIX0 uaSonIN
]
> VDOL
‘7 ‘SINYLLA
> ‘SINID-LID
..Ml SI (TTz0)98L0 0S (LTT0)€1€0 SI (8070) 66€0 vE (L91°0)6TT0 6£1 (LIT0)OIE0 ¥  (#S1°0)S6T0 6T (SSTO) LLY'O SOT  (SYI°0) LSTO ‘SWID VVON  NOH aprued uaSoIpAH
w sa10adg Sururejuoo-usSoniN
G 7S uonewLIOyu]
o Sunioddng
(=) 6 (scpwo9gel 8¢ (L6DITOl 11 (@690l 9T (96D +001 86 (LET) SOOI 1 SLTl 61 W8WTLel Lo (IO 6L UIESSIRL VIN DOANN paaij~1a8uoz
_ﬂa TS uonewIojuf
(=1 Sunioddng
M 6 rocsel 8¢ (se)LiLel L @o)8oel 0T (SToecHl 18 (TLE) 6091 1 .81 Tl GPR)9IeT 89 (SHP)SYEl  WESOIQRL VN o DOAMN P2ai~1210YST
h 6 (00 6SI0 €€ (€€00)9¥1°0 11 (IS00)9¥1°0 1T (LP0'0) LPI'O +0I (SS0°0) LE1'0 T  (LI0OO)¥21'0 2T (SIT0)€81°0 6L  (LOO)STI'O SINYLd ‘0'HD suournbozuaqAxoIpAH
SVM
L (8000 €100 0T (900°0)S100 € (110°0) 0200 9T (900°0) 0100 69 (L00°0) 0100 VN VN 11 (910°0) L100  8S  (L00°0) 8000 ‘SVAMI‘VOOL *'HD ELLRToRY
SVM
L (@00 000 € (L000)S000 S (2T10°0)8000 LI (200°0) 2000 85 (600°0) 000 1 2000 1T (#0000 #0000 9% (€10°0) S00'0 ‘SVM!‘VDOL *'H®D sueud[Apewi- 42T g
”U mm u pue[sseIln) u muwmu®>< u S u Yse[s u v,mvwmuo>< u ﬁmvn—\how u ATY u uIo) Nuﬁoazbmﬂm e[nuIoq SaureN A
w |
(v
ﬁu mm S[onJ paqLIdsald anpisar do1) WLU
< 4 z
82 %m::%:ﬂb M
LI CLAR &




21698996, 2023, 18, Downloaded from https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD039309 by Forschungszentrum Jilich GmbH Research Center, Wiley Online Library on [09/11/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

<
on
o S (800 ISTO 6 (9500) €210 T (901'0)L600 9 (900000900 69 (921'0)8€I'0 T (000010) L900 TI (SHE0)6STO SS  (LET'0) SOT°O SNV oS AeIng =
S
oy Tl (OL10)91L0 € (T91'0) L8¥'0 SI (6ST0)0TH0 8T (I1T0)S970 LI (#STO)THr0 €  (6¥0°0) 0€€0 €T (LIS0) 0650 001 (€2€°0) [0F0 SNV ‘ON oz DIN =
[ag)
m 0r (9200 9€1'0 91 (SS0'0)S80'0 9 (€01°0) LZI'0 01 (0100 #¥0'0 911 (291'0)S9¢0 ¢  (190°0)88T0 81 (6ST'0)LTED ¥6 (LITO) 16€°0 SNV | wnissejoq
o z1 (1600)STr'0 ST (I€1°0) 6910 ¢I (9¥T0) 8070 I (020°0) 6€00 ¥TI (65900 TCT € (66106650 €T (62800801 L6  (S06'0) vE'T SNV D SpLIo[Y)
o
m IT (2010 96T0 LT 600 #810 1T (OLI'0)SST'0 ST (990°0) ITT'0 0Tl (1€€°0)L9S0 €  (0TI'0)60T0 0T (££50)8¢S0 96 (I+4°0) #19°0 SNV "HN seunuowury
S~
02/ 8 (TT00) ev00 €T (S€00)TSO0 6 (STOD)THOO €1 (6L0°0) 6S00 +S (L100)8200 ¢  (10000) 9100 S (LS0'0) 9S00 Ly (SI0°0) 1200 1sa4d 'ON°H’D 10Y22120.IN -1
m. €l (SLs00Te ST OLDwY 9 (€D Iy 61 (@O 6rs 6y (€9.0)20T 1 €1 7l TD8T  9¢  (686'0)90°C S99 ‘0"'HD pUDSOINIF00]
=)
— 71 Q6oL s€ (0099661 ST (LEQ)69LT 61 (#86)L¥'TC LTI (8%'9) S8'8I ¢ (s esLr € (€8¥DI1I'8T 001  (€6'L) 2091 SNV VO [0SO0I€ JIUESIO
71 @yl s€ LeDvIol S @68 61 (88 8SII LTl (SE'E) 886 € @rovee € (808)6TSI 001 (20H) ST SNV 00 uoqued duesIQ
6 (S1'0060€0 8T (TEL0)6ITO TIT (TTT0)S9TO 91 (P#10) 0810 +#S (2S00 0TI'0 T  (89000) 8110 8 (TOI'0) 1600 #¥ (S90°0) 6210  TdS VVON ol uoqIed Yoe[q
S[0SOIOY
» (2000°0) (F—98'L)
) € (€000°0) 1000 9T (€000°0) 1000 S 1000 01 =686 19 (90000 1000 T 2000 2l (200'0) 2000 8% (L000'0) 1000 SVM ag‘Ho QUEYIAWOWOII]
j
<5 (#—o15°8) ,
LM.. L (90000) 1000 ¢Z (200°0) 2000 S (+00°0) €00'0 91 (L000'0) 1000 LL (L0O00'0) 1000 1 $—97'¢ St (200'0) 2000 19 ¥=9C9'L SVM ‘VOOL  I'HO apIpor [AYIRN
(72} (F—aL6'T) (#=200°1) (F—2tv0) (#—20T'%) (#—998'%)
m € =996 8 =309 I $—96L'6 L —39%°C [5% $—996'9 VN VN 8 (8000°0) 1000 S€ $—96£°C VOOL D°HD QU9ZUqQOIOYD
- ($—98L°¢)
A 9 (€00'0)S000 81 (T000) €000 € (+00°0) 9000 1 ISy 8L (2000) #0000 VN VN S1 (S000) 8000 €9 (200°0) TO00 SVM ‘VOOL  I9°HD oprwoiq [KyIIN
_..n. (#—9L0°7) (F—o5L°€) (F—o5L°¢) (5—980°5) (#=3L9°T) (S—a6L¥) )
m 4 $=oL9C T y—ov6'¢ 4 y=ov6'c VN VN 61 $=960'1 I $—986°C 4 $—oC8'1 91 $—9386'8 SINID VVYON  1D°0°HD PIO® O190BOIO[YD)
(2] VN VN VN VN VN VN VN VN v (L00°0) S000 VN VN 0l (P10°0) 6000 T€ (800°0) ¥000 SVM ‘VOOL “IO°HD ¢RUBYIOWOIONYII
%]
% (§—965°27) (F=o1LT) (¥—aTT€) (§—206'T) (5—9L8'8) (§—2127°9) (=TT 1)
R L $=9€0'T 8 $=o19'1 © $=oGL'C 9 S—98¢°¢ [97% $=9GS"1 I $—988'C 6 y=%9'1 €¢ ¥=96S"1 SINIO VYON  “ONID apLIO[Yd [ADIN
o (F—29¢°L)
m € (#000°0) 100°0  0OI (6000°0) 1000 + (200°0) 1000 S $—997°9 65 (100°0) 2000 VN VN 2l (2000) 2000 Ly (T00'0) TOO'0O SVM D'HD QUBYIOIONYD
w ¥ (0TI'0) 7910 €1 (€50°0)S600 + (660°0) ¥600 8 (LI00) +200 +9 (80€0) 88%'0 1 ¥60°0 1 (zov'o) Lev'0 1S (1#°0)91S0 SVM IDHO SpLIOTY [AYRIA
_m-. saroadg pajeuaSorey
=) VN VN VN VN VN VN VN VN VN VN VN VN VN VN VN VN ‘©0'ONVVYON  ‘ON AON
% 01  (1000) L00'0 #T (2000)9000 S (200'0) S000 81 (+00°0) S000 96 (200'0) L00O ¥  (900°0) 0100 9T (+00°0)800°0 9L (£00°0)9000 SWID-LID 'ON‘HO [0YI9IEI[AYIOWONIN
Gt 11 (€00°0) 2100 LT (£00°0) TT0°0 9 (900°0) 2100 0T (€00°0) 600°0 LOI (S00°0) SI00 €  (900°0) LIO0 0T (800°0) 6100 €8 (L00°0) €100  SIWIO-LID  "ONH’D [049918001IN
(=)
ot 01 (200'0) 6000 61 (200°0)900'0 ¥ (00'0) 9000 ¥I (£00°0)900°0 88 (£00°0) L000 T  (100°0)900°0 9I (800°0) IT0'0 69 (£00°0) 9000 SWID-LID  ‘ON‘HD [0SA1201IN
o .
= ¢ (100009000 ¢ (100°0)+000 VN VN ¢ (1000) 000 6T (T00°0) SO00 VN VN S (€0000)L000 €T (T00'0) #000  SWID-IID  ‘ONH’D [ousydonin
“m 8 (L000°0) €000 €2 (S00°0) S000 9 (800°0) 9000 LI (00'0) #0000 LL (T000) €000 € (9000°0) 2000 TI (S00°0) 000 9 (200°0) €000 SWID-LID 'ON°H'D  soleniuAxorpAy sueng
.” 11 (9000°0) 2000 €T (8000°0) 2000 + (100°0) 2000 61 (100°0) 2000 68 (0100°0)T000 € ($000°0) T000 91 (200°0) 2000 0L (100°0)2000 SINID-LID NH'OD  orenuixorpAy susdorg
(P—o€8°¢) (§—a1¢°6) (F—26T'1) (S—201°8) F—=a1t'1) (S—2€9°6)
S =981t S $=99G°1 I S ¥ $—o€LT 8¢ =o6%'1 VN VN 9 $—99€C 4 =o€T’1 SIWID VYON  ‘O°N aprxojuad uagonui(q
(F—96€°€) ,
01 (6000°0) 2000 9 $=2L0'9 I y=oLy'C S (8000°0) 1000 8S (L000°0) 1000 T (2000°0) 1000 OI (9000°0) 1000 9% (6000°0) 1000 SWIO-LID  N°H'OD a1enIuAXOIPAY auayiy 5
”U mm u pue[ssein) u (dFerony u SofId u yse[s u 1¢O8RIAY u ueaqhos u LRI u uwo) AUoWINnsu]  B[NUWLIO] SoweN <
w |
(v
ﬁu mm S[ony paqrIosaId anpisar do1) ﬁ
<
Aﬂ mm 2NUIIUO >
qz ponuyuo) =
Jqe, a4
¥ dlqeL &




21698996, 2023, 18, Downloaded from https:/agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD039309 by Forschungszentrum Jilich GmbH Research Center, Wiley Online Library on [09/11/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

15 of 34

‘uonnqunsip Suruing [eImnoLSe oSeIoAr oY) J0J ¢ UONISS UL USAIS 91 UONNQINSIP ) JOJ UONRIAID
PIEPUE)S PUE ULAW JLIAUWOST A L4, *7 UOTIIS UI PIQLIDSIP SE J0JOBJ UOTSSILIA () WO PAIB[NOLd ST () "WNWIUIM € J& D() 0§ Blep Sururejuod sewnyd 10§ paje[nafe),, ‘SINID-LID £q pamseawr FON se \ONH Sopn[ouly; “(£207) ‘Te 12
QUOSWOT, UT USAIS dIe S “HN; "UONRNOEd 'JA[J UT PapN[oul 10U pue J() JO JUSWINSEW UT PAPN[OU], , “SAII] PU[sseIs/yse[s/a[id 10§ (g0°0 > d) JUBSIIUSIS 10U ST QD) YIIM UONR[AII0)), "UONEIOAdS ST (IM JuswaISe poos uy/sown|d
[1e sso1oe (1S uonewoju] Suntoddng ut 1§ 9131]) YOOI WOl %84 St 9[o11Ad Jo uonNnqLIUod Ay ], *KIUILIISOUN %G YIIM ‘SISWOST A[LNIU SUANQ % €f/[011Ad %/ JO suONNqLNU0D uot [euondey 1odai (§107) ‘T8 19 SSOY;; . d[qeoridde
10U, ST /N “¢S uoneuuiojuy Sunioddng jo [§ 9[qe], Ul USAIS SIe I0JOBJ UOISSIWD JOAJAN [B10) Y} Ul papn[oul s3193dG,. “10198] UOISSIWS [eNuajod SY) UO PUNoq I9MO[ B SB ‘SUOT 353y} JO SATIORAI JSOUW ) ‘DU0I0AX0IPAY %81,
ISPISUOD PINOD S[APOJAl "SUONNGLIU0d dsoy) ursn O°HD) speroads Jou op am os (1§ uonewoyuy Suntoddng ur ¢§ ANSL]) YOOI WOI %8 SI AJLIeoe [AYIAUW JO UOHNQLIUOD Y], AIUILIIOUN %S YPIM A)ewiof [KYIR % pue
/3181998 [AYI9W 9% / €/9U010RAXOIPAY %81 JO SUONNQLIUOD UOL [euondely 110da1 (81(07) T8 10 SO, "9PAYIP[R[0IA[S %EE pue PIOR ONdE %/9 JO SUONNGLNUOD UOI [euonIel) 110dal (§1(7) ‘Te 19 SSOYg; S9UadIa)ouoW PIAISSqO [810)
10 9%9¢~ pAuasaidar A[uo (susfokorn ‘ouedikw Quaydures ‘Quourd-g ‘Qusurd-) soner Surxiu susdigjouow [enpIAIpul 1By} smoys [ S uoneulioju] Sunioddng ur z§ 31, ‘spunodwod panseaw Jo Is1| 99[dwod 1o 219y paserd nq
DOAIAN PAAI-8U0Ty,; “sonewole 6 SINYL JO %0¢€ A[orewrxordde 10f Junoooe A[Uo SYA\ WOIJ soneWoIe 63 18yl smoys [§ uonewloju] Sunioddng ur [§ aInSLg; "S[OIP SUSZUSQ %()S PUL [RINJINJIAYIAUW-G % (S JO SUONNQLIUOD
uor [euonoely 110dal (8107) ‘e 19 SSOY,; [OSIUE %()G pue Joudyd[Ayiew-g 9§ JO suonnquyuod uol feuondely 110dax (1(07) Te 10 SO "SINULA 21e102ds 01 Pasn SJUSWAINSEAW SYMI/SYA/VOOL;; “SIOWOST UBINg paymnsqns-go)
1910 %91 pue/uRIng [KY19-7 %0 /UBINJAYIDWIP G‘T %ty JO SUONNQLIUOD UOL [euondel) 110dal (§1(7) [B 19 SSOY;; ‘[OIPAURING-H'] + [BUBINGOXO-T %€ PUB SUOIPURING-ET %L8 JO SUONNGLNUOD UOT [euonoel) 1odal (8107) ‘T8 19
S50, My 1oddn ue st g7 s1y) 10§91y (L 107 e 19 ruezIez) [Kuoidoid[£190e pue [£190BIq WOI] SOOUAISJIRNUI dARY KB [EXOAISIAYISN, SIUSWAINSLIW ST L 21B1ads 01 pasn sjuswaInseawl YOO Ly “SIN-A0I-MLd VVON Woij
moy3noxy) paualioys st SINY.LA, ‘Jd AVSI Y uey) 181e[ %0~ SI Jq SINVO 93eI0AR U], *219Y SIUSWAINSEIW ) SUIGUIOD 9M ‘9)RINOOE SIOUI ST JUSWAINSLIW YOIYM 10J UONBPUSUIIOIAI OU ST 1Y) Y (90T Jo adojs) Io[ews
SEM QOUAISJJIP oY) ‘DIaY PazATeur SaIly uIs)ser ay) 104 “([Z0T ' 12 OBIT) SPOYIOUI UOHBIQI[ED UT SIOUAIJIIP 03 anp A[ayI] OV-XHAIA Jo uontod urasop o) Sutmp (JVSI SA SINVD) LT T Jo 2dofs & pey sjuswnnsur apAyap[eurioy
0M1 Y, zS uoneurojuf Sunioddng jo [§ 9[qeL, Ul PUR[GNIYS SIPN[OU], “€ UONIIS UI PIQLIOSIP Sk | S[qe], Ul PASI[ [anJ 18y} Jo uonoely ay) Aq sqq a3e1oae d1jroads-[ony oy Sunysiom £q pare[nofed st Jg 95eIoAy, ‘7S UoneuLIoju]
Sunioddng Jo S 9[qe], UT 1BIYM I9)UIM SOPN]OU] “SIUSWNISUI PASI] 3} ss0108 dFeroae swnjd-£q-ownyd oy Supye) 1511y £q pare[nofes sem J5 Y pAASI] ST IUSWNNSUL SUO UBY) SIOW AIYA, SIsYIuated Ut USAIS ST UONRIASD pIepuR)S,

10.1029/2023JD039309

Atmospheres

ST (STOO)IET0 8% (ST0°0) L60°0 ¥I (0V0'0) 1800 €€ (620°0) LLO'O €€T (1€0°0) LLOO €  (810°0) 2010 LT (#90°0)060°0 2OT (6€0°0) TL00 SWIO-LID  “O'H aprxo1ad uaSoIpAH
1410

(#=209'1) (7—968°¢) (F—356'1) (F—9€L'9)
¥ (100°0) 2000 0T =9y I Y=o’y 6 7—309°S Ly ¥—9C9'8 VN VN o1 (01000 T000 LE 7—=989°L VDOL o) SPYINSIp uoqren

SVM ‘'VDOL
(110°0) 120°0 91 (200°0) €000 20T (T10°0) 9100 T (I¥0°0) ¥€0'0 1T (ST0°0) 9100 6L (ST0°0) STO'0 ‘SINYI.Ld S’HD apyns [Ayowiq

€ (O¥0'0) LS00 TI  (I€0°0) €400 (650'0)$900 8 (IT0°0) LTO0 +S (920°0) LEOD VN VN 2l (2S00 0S00 T (€0°0) €00 SVM SO0 apys [Kuoqre)
PI - (61'0) LOT Ly (861°0)0Ey’0 9T (€£€°0) 0€S0 0 (€TT0) €VE0 6ET (€0TO)¥680 ¥  (92C°0)ST90 6T (0£T°0) €88°0 SOT  (8T°0) 9060  AI'TVVON ‘os SPIXOIp InJ[ng
(010°0) 800 OT  (100°0) 1200 T €€0°0 6 (#00°0)6000 TS (610°0) 8200 VN VN 1T (9v00) 500 T+ (120°0) 120°0 vVDOL HS*HO [(QUIELLEIEI A

sa1oadg Sururejuod-mjng

9 (€00°0)S000 ST (900°0) €E10°0

C o0 o

o1 (SLD¥S ¥ (€0DY0S ST (ELDTSS 8T I'DLSY 10T (8L IS € @r'1no6s 61 (99D I1¥9 6L  (FEDYES HOUVT VIN (STAT) WU € <ND
71 (6T 616  SE (609)L60T ST (OF'8)S98T 61 (00D ¥I'€T LTI (S6'9)LVIT €  (8SH)8E6I €T (T9S1)99°0€ 00T  (95°8) 8'ST SNV VN '

u pue[sseID) u JERIACIN u so[Id u yse[s u eBRIony u ueaqhog u ERING u uo) AUSWINDSU]  B[OWLIO sowreN

S[oNJ PaqLIosalg anprsar doi)

panunyuoy)
¥ 3qBL

Journal of Geophysical Research

A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

TRAVIS ET AL.



AL
NI Journal of Geophysical Research: Atmospheres 10.1029/20231D039309
AND SPACE SCIENCES

P e measured with greater specificity (TOGA-TOF, iWAS, WAS), and the

. Hopk g X % 2 %"“mpdd sum of those species agreed with the NOAA PTR-ToF-MS measurement,
E-g 100 x *x% *‘ﬁﬁféa& gl 20: e we speciated that measurement. Where complete speciation was not avail-
5 * e e able, we provided the available components for reference underneath the
‘%E; 5.0 = = 5% x O cropresisce PTR-ToF-MS species in Table 4. For C9 aromatics and monoterpenes, <50%
= %&% of the PTR-ToF-MS measurement could be speciated (Figures S1 and S2
5 558 5 5 gg‘ in Supporting Information S1). Table 4 (and Figures S3 and S4 in Support-

MCE ing Information S1 and Table S4 in Supporting Information S2) show where

Figure 3. Methane emission factors (EFs) as a function of MCE for all
228 plumes (Table 1) organized by fuel type. The fuel types are identified
by different shapes and colors (see legend). The EFs from previous global

partial speciation agrees or disagrees with the fractional ion contributions
from Koss et al. (2018). Table S4 in Supporting Information S2 provides
the speciation of all PTR-ToF-MS species with available measurements from

compilations (Akagi et al., 2011; Andreae, 2019) are overlaid for temperate TOGA-TOF, WAS, and iWAS based on the average EFs across all plumes.

forests, savanna and grasslands, and crop residues.

The most recent EF compilation available for crop residue fires (includ-
ing some land-clearing activities) contains 84 NMVOCs (Andreae, 2019).
Observations from FIREX-AQ analyzed in this study provide EFs for 117
NMVOCs as well as 25 nitrogen-containing species (including NO,), 9 halogen-containing species, 11 aerosol
species, and 5 sulfur-containing species.

4. Variability in Emission Factors and Modified Combustion Efficiency Across Fuel
Types

The variation in fire EFs is often related to MCE which is a measure of the amount of flaming combustion (MCE
near 0.99) compared to smoldering combustion (~0.8) (e.g., Akagi et al., 2011). A histogram of observed MCE
(=ACO,/(ACO + ACO,) by burned fuel type is given in Figure 2b ranging from 0.84 to 0.97. The MCE average
for cropland residue was 0.93 + 0.02 and for prescribed fuels was 0.90 + 0.03. For comparison, the average MCE
for the FIREX-AQ wildfires was 0.90 + 0.02 (Gkatzelis et al., 2023). The fuel-specific averages are given in
Table 1. Corn residue burned at a statistically higher MCE (0.94, p < 0.05) than rice, soybean, grassland, slash,
or pile fires. This may be due to differences in fuel moisture which impacts MCE (Chen et al., 2010; Hayashi
etal., 2014). Crop residue generally dries out more quickly than woody fuels (Bradshaw et al., 1984). Corn residue
also has greater biomass per acre compared to other crops and this higher fuel loading might increase MCE rela-
tive to other crops. In addition, crops like rice that are low to the ground may retain more fuel moisture even after
drying before burning. Rice irrigation and variability in drying of woody fuels possibly drove the greater observed
MCE variability for those fuels (Table 1). The BRSF MCE was higher than for other prescribed fires, likely due
to the relatively lower moisture content of the fuels burned, consisting of understory fuels (shrubs, litter), as
opposed to larger-diameter woody biomass. The sampled grassland fires occurred during the growing season
when the grasses are green and moist, and thus burned at a much lower MCE (0.90) than is often observed (>0.94)
(Andreae, 2019; Hoffa et al., 1999; Urbanski, 2014; Ward et al., 1992). Similar variations in MCE (0.91-0.97)
from the early to late dry season have been observed for African grassland fires (Korontzi et al., 2003).

Figure 3 shows the methane EFs for individual plumes separated by fuel type as a function of MCE. The strong
relationship of MCE with methane emissions played an important role in the average EF (Table 4), which for
corn residue (3.0 g kg™!) was only approximately 40% of the EF for slash (8.4 g kg™'). Woody fuels had the
highest methane EF at any given MCE. This difference in the MCE relationship between fuels was first shown
between forest and savanna fires by Hao and Ward (1993) with over >2x difference in the EF versus MCE slope.
To determine MCE dependence here for the average crop residue, prescribed, and grassland EFs, we averaged
the EFs into bins of approximately 0.002 MCE and calculated their slope and intercept which are provided in
Table S6 of Supporting Information S2 for all species with a significant correlation () with MCE. We then used
the MCE dependence (Table S6 in Supporting Information S2) for methane to adjust the average crop residue
EF (3.2 g kg~!, MCE = 0.93) and the average prescribed fuels EF (7.5 g kg~!, MCE = 0.90), to an MCE of 0.92
(3.8 gkg ' and 6.0 g kg™, respectively). Therefore, even at the same MCE (0.92), the crop residue EF for meth-
ane was 40% less than for prescribed fuels.

4.1. Shorter- and Longer-Lived NMVOCs

Fires may impact ozone by contributing NMVOCs to regions where ozone production is VOC-limited (Singh
etal., 2012; Xu et al., 2021). Fires also transport both NO, and radicals in reservoir species such as PAN that can

TRAVIS ET AL.

16 of 34

85UB017 SUOWILIOD AR eotdde 8y} Aq pauseAob 8.e SSo1Le YO ‘SN 40 Sa|nJ 10} Are1q1T 8UIIUO AB|IM UO (SUOIPUOD-PUR-SLLIBIWI0D A8 1M AIq 1 U UO//SdNL) SUOIIPUOD PUe WS | 8L} 38S *[£202/TT/60] Uo ARigITauljuo AB|IM ‘BIeD oIesssy HAWS yoiine wniuezsbunyasiod Aq 60£6£0ArEZ02/620T OT/I0pw00 A3 |1m A 1jeut|uo'sgndnBey/sdiy Wwoiy pepeojumoq ‘8T ‘€202 ‘96686912



A ,
Fa\C 1% Journal of Geophysical Research: Atmospheres 10.1029/20231D039309

ADVANCING EARTH
AND SPACE SCIENCES

a) ‘
+ Ethyl formate
7% Methylglyoxal
3%
Formic acid
2%
2-Methylphenol (=o-cresol) +_
Anisol
2% Guaiacol |
2%
2(3H)-Furanone
3%
Methylglyoxal
5%
N ‘S-Methzllurfural + Benzene diols Monoterpenes
(= i 4%

A

Acetone +_ .
Propanal 2,3-Butanedion:
4% +1,4

5 Methylfurfural + Benzene diols

(=Catechol, Resorcinol)
b 1%

Hydroxyacetone + Methyl acetate

atechol, Resorcinol) Vo
e + 2-Oxobutanal 5%
,4-Butanedial
4%

Figure 4. (a) Contribution of individual non-methane volatile organic compound (NMVOC) measurements to the total NMVOC EF across crop residues (corn, rice,
soybean, wheat) and prescribed fuel types (pile, slash, grassland, shrubland, Blackwater River State Forest). Species included in Other make up less than 2% of the total
on an individual basis. (b) Contribution of individual NMVOCs to reactivity (described in Section 4). Species that are underlined are long-lived VOCs (see Section 3).
Species in (b) that also appear in (a) are given the same color for ease of comparison.

impact ozone chemistry downwind (M. J. Alvarado et al., 2010). Within most fire plumes, ozone production is
NO,-limited after an initial period of rapid production (Robinson et al., 2021). Fires are reported to contribute to
subsequent additional ozone production when mixed with NO, as in an urban setting (Akagi et al., 2013; Jaffe &
Wigder, 2012; Jaffe et al., 2020; Rickly et al., 2023; Selimovic et al., 2020; Singh et al., 2012) although the impact
of fires on ozone can be observed globally (Andreae et al., 1994; Bourgeois et al., 2021; Fishman et al., 1990).
NMVOCs such as oxygenated aromatics (e.g., phenols) can also contribute to the formation of secondary organic
aerosol (SOA) (Ahern et al., 2019; Akherati et al., 2020; Gilman et al., 2015; Hodshire et al., 2019).

Figure 4a shows the contribution of individual species to the overall average NMVOC EF. We did not separate
this figure into different fuel categories as this will be further discussed below. Acetaldehyde was the largest
contributor to the total NMVOC EF. Shorter-lived species such as formaldehyde and acetaldehyde in wildfire
smoke have been shown to drive downwind ozone production (Baker et al., 2016; Ninneman & Jaffe, 2021).
The extent to which these common oxidation products of NMVOC chemistry may be directly emitted from fires
versus produced from secondary oxidation of longer-lived precursors is uncertain. For example, photochemical
formaldehyde production varied with plume chemistry from the FIREX-AQ western wildfires but often contrib-
uted >40% of total formaldehyde (including primary emissions) after only several hours (Liao et al., 2021). Of
the 17 NMVOC EFs shown in Figure 4a, 7 species or groups have a lifetime >6 hr against OH and photolysis.

To provide an additional perspective on the importance of considering both photochemical lifetime and EF
magnitude, we calculated a “dummy OH reactivity” by weighting each species' EF by its molecular weight and
reaction rate with OH. In this way we assess potential rapid secondary NMVOC mass in a similar manner as
previous work on SOA potential (Gilman et al., 2015; Hatch et al., 2017). Figure 4b rearranges the EFs by this
metric. Furans (furan, 5-methylfurfural + benzene diols, 2(3H)-furanone, benzofuran, furfural, and methylfu-
rans + dimethylfurans) contributed ~10% to the NMVOC EF by mass (Figure 4a) but 30% when weighting by
OH reactivity (Figure 4b). Aromatics (benzene, toluene, C8 and C9 aromatics, phenol, guaiacol) contributed
6% to the NMVOC EF and the same when the weighting by OH reactivity. Only one longer-lived species (and
formaldehyde precursor) had sufficient mass combined with reactivity to contribute above 2% to the weighted
NMVOC EF (Figure 4b, ethene). Acetic acid + glycolaldehyde was the next most important longer-lived EF
when weighting by OH reactivity (1.5%). These species could be important to include in models considering
transport of fire-related NMVOCs downwind.

Figure 5 shows the comparison of the total NMVOC EF in Figure 4a against MCE and split into shorter-lived
(lifetime <6 hr) and longer-lived (lifetime >6 hr) species. Shorter-lived NMVOCs contributed ~60% by
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Figure 5. EFs for the sum of (a) shorter- and (b) longer-lived non-methane volatile organic compound (NMVOC) EFs (see
Section 4) as a function of MCE for all 228 plumes (Table 1) organized by fuel type. Panel (c) provides the ratio of NO, (as
NO) to the total NMVOC EF. The fuel types are identified by different shapes and colors (see legend).

mass (Table 4). The largest shorter-lived NMVOCs EFs were acetaldehyde, formaldehyde, methylgly-
oxal, 5-methylfurfural + benzene diols, and 2,3-butanedione + 2-oxobutanal + 1,4-butanedial (Figure 4a).
2,3-Butanedione was the only species with a lifetime against photolysis (~1 hr) shorter than OH oxidation
(~3 days). The impact of this species on near-field chemistry is thus missed only considering OH reactivity
(Carter et al., 2022; Permar et al., 2023) but a model including photolysis showed it is an important radical
and PAN precursor from fires in the Southeast US (Liu et al., 2016). The largest longer-lived NMVOC EFs
were acetic acid + glycolaldehyde, hydroxyacetone + methyl acetate + ethyl formate, methanol, and ethene
(Figure 4a). As in previous studies, NMVOCs were highly correlated with MCE (e.g., Liu et al., 2016; Permar
etal., 2021; Yokelson et al., 2011). The sum of shorter- and longer-lived NMVOCs exhibited a strong relationship
with MCE for crop residue (r = —0.87 and —0.92 respectively, Table S6 in Supporting Information S2). The rela-
tionship for prescribed fires was weaker (r = —0.63 and —0.68, respectively), due to the departure from a linear
relationship for low MCE (<0.88). Similar behavior was observed in Yokelson et al. (2013) which could be due
to the larger complexity of fuels burned in prescribed fires compared to crop residue.

Figure 6 shows the same comparison as Figure 5 for a selection of individual shorter- and longer-lived NMVOCs
that illustrate both MCE-dependent and fuel-specific differences. As described above, at low MCE, prescribed
fuels emitted NMVOCs with lower EFs than other fuel types (Figures 5a and 5b) and this was driven by OVOCs
such as formaldehyde and acetaldehyde (Figures 6a and 6b). Stockwell et al. (2014) found that some crop residue
fires had higher emissions of some OVOCs compared to other fuels and they speculated that high glycolaldehyde
emissions could be due to the sugar content in pre-harvest sugar cane. Hatch et al. (2015) found that rice straw had
higher emissions of OVOCs compared to non-agricultural fuels which they hypothesized was due to the greater
ash content that contains metals which catalyze cellulose degradation (Patwardhan et al., 2010). Not all OVOCs
exhibited this pattern (e.g., Figure 6d). We discuss additional differences below.

Crop residue and prescribed fuels are generally made up of ~25%-40% cellulose, ~23%-50% hemicellulose,
and ~7%-30% lignin (Saini et al., 2015). As these components are heated, multiple processes take place starting
with distillation, pyrolysis, gasification, and finally flaming combustion if conditions are right for ignition. The
non-flaming processes (e.g., gasification) are often collectively referred to as smoldering (Sekimoto et al., 2018;
Yokelson et al., 1996). The initial distillation of the fuels emits monoterpenes from stored plant resins. This
would be expected to be greatest from coniferous forest biomass (Hatch et al., 2019). Figure 6¢ shows the elevated
monoterpenes from slash and pile fires which released 10X more monoterpenes than crop residue fires (Table 4:
0.08 vs. 0.77 g kg™h).

Pyrolysis of cellulose, hemicellulose, and lignin emits different NMVOCs (Sekimoto et al., 2018). Woody
biomass (slash/piles) has a higher lignin and cellulose content than crop fuels, while grasslands fall in between
(Acquah et al., 2018; Saini et al., 2015; Santiago-De La Rosa et al., 2018). Thermal degradation of lignin produces
guaiacols, phenol, and syringol, while breakdown of cellulose and hemicellulose produces OVOCs such as acet-
aldehyde, furans, and furfurals (Kibet et al., 2012; Sekimoto et al., 2018). Aromatization, occurring at high
temperatures, produces aromatic hydrocarbons and PAHs (e.g., naphthalene). Figures 6d and 6e show EFs for
guaiacol and 5-methylfurfural + benzene diols, where the lowest values were observed for the BRSF prescribed
fire and grassland fires, possibly indicative of lower lignin. The average crop residue and slash/piles EFs for these
species had a similar dependence on MCE (Table S6 in Supporting Information S2) and within a 30% difference
for each species after adjusting both to MCE = 0.92. Phenol (Figure 6f) showed a statistically different EF for
crop residues that was 70% higher than the EF for prescribed fires even after adjusting to the same MCE. Metals
(such as potassium) that are more abundant in crop residue fuels than prescribed fuels catalyze production of
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Figure 6. Individual non-methane volatile organic compound (NMVOC) EFs as a function of MCE for all 228 plumes (Table 1) organized by fuel type. The fuel
types are identified by different shapes and colors (see legend) and the NMVOC names are inset. The EFs from previous global compilations (Akagi et al., 2011;
Andreae, 2019) are overlaid for temperate forests, savanna and grasslands, and crop residues. The crop residue EFs from Liu et al. (2016) are also included (black

squares).

OVOCs coming from cellulose and hemicellulose (Essig et al., 1989; Patwardhan et al., 2010) and this could
possibly also impact phenol production although other species produced from lignin such as guaiacol (Figure 6d)
or 5-methylfurfural + benzene diols (Figure 6e) did not show this effect. EFs for products of aromatization such
as benzene (Figure 6g) and naphthalene (Figure 6h) were 2-4X greater for grassland fires than crop residue or
other prescribed fires possibly due to the effects of higher fuel moisture (Zhang et al., 2022).

4.2. Satellite Observable Species

Several NMVOC:s are observable from space, including formaldehyde (Chance et al., 2000), methanol and formic
acid (Cady-Pereira et al., 2014; Razavi et al., 2011), glyoxal (Chan Miller et al., 2014), and isoprene (Wells
et al., 2020). Impacts of fires on formaldehyde and glyoxal have been observed from satellites (L. M. A. Alvarado
et al., 2020; Stavrakou et al., 2016). The ratio of glyoxal to formaldehyde (RGF) from satellites may be used to
distinguish between source categories (anthropogenic, pyrogenic, biogenic (Vrekoussis et al., 2009)). Changes
in the RGF from the emission source to downwind have been observed from satellite and used to classify differ-
ent pyrogenic fuels using space-based observations of wildfires, where secondary production of formaldehyde
downwind causes the RGF to decrease with age (L. M. A. Alvarado et al., 2020). Here, glyoxal EFs (Figure 6i)
increased with decreasing MCE for crop residue fires (r = —0.73, Table S6 in Supporting Information S2) but a
significant relationship was not obtained for prescribed fires. Crop residue fires emitted 60% more glyoxal than
prescribed fires (Table 4). Zarzana et al. (2018) found a consistent RGF of 0.07 + 0.02 in their FIREX lab study
of mainly forest fuels. Here, the RGF (calculated using ERs, Table S2 in Supporting Information S2), was 70%
higher from crop residue fires (0.12 + 0.04) than prescribed fires (0.07 + 0.02).

4.3. Nitrogen-Containing Species

Emissions of NO, (Figure 7a) showed a non-linear and positive dependence on MCE for crop residue and
prescribed fuels (Table S6 in Supporting Information S2), with a steep increase in EF above MCE ~ 0.92 for crop
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Figure 7. Individual nitrogen-containing EFs as a function of MCE for all 228 plumes (Table 1) organized by fuel type. The
fuel types are identified by different shapes and colors (see legend) and the species names are inset. The EFs from previous
global compilations (Akagi et al., 2011; Andreae, 2019) are overlaid for temperate forests, savanna and grasslands, and crop
residues. The crop residue EFs from Liu et al. (2016) are also included (black squares).

residue. This behavior is similar to the lab-based results from Roberts et al. (2020) for the ratio of NO, to reactive
nitrogen. Herbaceous fuels (crop residue, grasslands) have higher fuel nitrogen than the woody fuels consumed
in prescribed burning (Coggon et al., 2016). Crop residue fires emitted ~2X as much NO, as prescribed fires
(Table 4). Above MCE ~0.92, the ratio of the NO, EF to the total NMVOC EF (Figure 5c) increased steeply from
<0.10 to 0.42. For comparison, the NO,/VOC ratio from mobile and stationary combustion sources in the US
EPA inventory is much greater (0.89, US EPA, 2017).

Nitrous acid (HONO) has been observed from fires during many field (Chai et al., 2021; Peng et al., 2020;
Yokelson et al., 2009) and laboratory-based studies (Chai et al., 2019; Roberts et al., 2020; Veres et al., 2010) as
well as from satellites over fire hotspots (Theys et al., 2020). Laboratory studies show that HONO is produced
mainly from flaming combustion (Burling et al., 2010; Roberts et al., 2010, 2020) regardless of overall MCE.
Only three studies contributed to the HONO EF for crop residues in Andreae (2019). However, the Andreae value
(0.37 g kg~") compares well with the average crop residue EF here (0.39 g kg~!, Table 4) which could be due to
the lack of dependence on MCE (Figure 7b). The average prescribed EF (0.34 g kg™!) is also similar, but grass-
land EFs were ~60% larger (0.64 g kg~!,Table 4) possibly due to the effects of high fuel moisture also reported
by Roberts et al. (2020).

Hydrogen cyanide (HCN) and isocyanic acid (HNCO) are both produced during high-temperature pyrolysis
(Sekimoto et al., 2018). HCN, in addition to ammonia (NH,), is also produced from gasification during smolder-
ing combustion (Chai et al., 2019; Houshfar et al., 2012; Leppélahti & Koljonen, 1995). Grassland fires emitted
over twice as much HCN (Figure 7c) and HNCO (Figure 7d) as crop residue or prescribed burning suggesting
that gasification was the dominant contributor to this difference or that fuel moisture had a large effect. Overall,
differences in organic nitrogen-containing EFs were likely primarily driven by fuel nitrogen differences with
additional effects from combustion processes or the effects of fuel moisture. Ammonia measurements during
FIREX-AQ required special treatment due to instrument tailing effects. These EFs are described in Tomsche
et al. (2023) where no clear relationship with MCE was found and most NH, had partitioned into aerosol-phase
ammonium at the time of sampling.

4.4. Halogenated Species

Biomass burning produces methyl halides (CH,Cl, CH,Br, and CH,I) that are longer-lived ozone-depleting
substances (Bahlmann et al., 2019; Blake et al., 1996; X. Hu et al., 2023; Lobert et al., 1999) and sometimes
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Figure 8. Individual halogen-containing EFs as a function of MCE for all 228 plumes (Table 1) organized by fuel type. The
fuel types are identified by different shapes and colors (see legend) and the species names are inset. The EFs from previous
global compilations (Akagi et al., 2011; Andreae, 2019) are overlaid for temperate forests, savanna and grasslands, and crop
residues.

resuspends other halogenated species likely deposited from anthropogenic activities (Eckhardt et al., 2007; Radke
et al., 1991). Methyl chloride (CH,Cl) was by far the most abundant measured halogenated species emitted from
crop residue or prescribed fires during FIREX-AQ. Hydrogen chloride (HCl) may be emitted in similar amounts
(Andreae, 2019) but was not measured during FIREX-AQ. Figure 8a shows the strong dependence of CH,Cl
emissions on fuel type, where the crop residue fuel EFs were 5X greater than prescribed fire fuels (Table 4) due
to their higher chlorine content (Stockwell et al., 2014). Methyl bromide (CH,Br) and methyl iodide (CH,I) EFs
were highest for rice residue (Figures 9b and 9c, Table 4). In a study of boreal fires that burned woody fuels,
Simpson et al. (2011) found that dichloromethane (CH,Cl,) was not significantly emitted from the prescribed
fires. We similarly found no relationship between CH,Cl, and CO for prescribed fires (r = 0.17, Table S5 in
Supporting Information S2) but CH,Cl, did appear to be emitted by crop residue fires (r = 0.48, Table S5 in
Supporting Information S2) which may be due to its use in agriculture chemical production (EPA, 2018).

Several halogenated species were weakly anticorrelated with CO (Table S5 in Supporting Information S2). Halon
1211 was negatively correlated with CO for both crop residue fuels (r = —0.40) and prescribed burns (»r = —0.41).
The brominated species bromodichloromethane (CHBrCl,, r = —0.35), dibromochloromethane (CHBr,Cl,
r = —0.32), and bromoform (CHBr;, r = —0.25) were negatively correlated for crop residue fuels. This negative
relationship could indicate destruction of these species during flaming combustion (Simpson et al., 2011).

4.5. Aerosols

Particulate matter <1 um (PM,, Figure 9a) was largely emitted as OA (Figure 9b), which on average comprised
88% of crop residue and 95% of prescribed fire PM, (Table 4). This fraction was more variable for crop residue
fires that emit larger amounts of other species (chloride, Figure 9f, ammonium, Figure 9g, potassium, Figure 9h).
Nitrate exhibited a weakly negative (r = —0.65) relationship with MCE for crop residue (Figure 9e, Table S6 in

This study crop residues @ corn[Jsoybean/\ rice @ winter wheat prescribed 3 slash X piles A shrubland O Blackwater [ grassland

Prior work

Akagi et al., 2011 Andreae, 2019 v Temperate forest B Savanna/grassland < Crop residue O Liu et al., 2016

a) PMA1 400{ b) A Organic carbon %0 Levoglucosan ;o d) o glack carbon
o
30.0 901 o x* N 06 %
A A o ® 8 o i o
X
20.0{ * o P 6.0 x 0.4 a8 o
Xk 2as’ * A@& X g wok
2
100] M © RWms o Sk 3.0 »" e om o 02 * o R B
Bhe & 9 ° A uvﬁ. X X% * o8 .
* x“f”’ 00 g‘? ool X* F ook B Tt o
0.84 0.88 0.92 0.96 0.84 0.88 0.92 0.96 084 0.88 0.92 0.96
f) . Chloride 9 A Ammonium 1.25 h) A Potassium
Ag . .
3.0 * 2.0
oy o 1.00
. .
a o Ty . 10 et .
- A 075 R4
2.0 ~ PR l . ¢ Stuepe - .
10 ote o o . % . e 0 o2 ¢
§’ ... : R e 0.50 oo B
1.0 o o, +0 ** 500 . Dl e, ¢ ‘;2” .
05 JO. og 025 s R0 S
¢ B ¥+ . ¥4, A e
0.0 *w*;*i& O 0.0 * - 000l *k KR K5 o ¥
0.84 0.88 0 92 0.84 0.88 0.92 0.96 0.84 0.88 0.92 0.96
MCE

Figure 9. Individual aerosol EFs as a function of MCE for all 228 plumes (Table 1) organized by fuel type. The fuel types are identified by different shapes and colors
(see legend) and the species names are inset. The EFs from previous global compilations (Akagi et al., 2011; Andreae, 2019) are overlaid for temperate forests, savanna
and grasslands, and crop residues. The crop residue EFs from Liu et al. (2016) are also included (black squares).
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Figure 10. Individual sulfur-containing and H,0, EFs as a function of MCE for all 228 plumes (Table 1) organized by fuel
type. The fuel types are identified by different shapes and colors (see legend) and the species names are inset. The EFs from
previous global compilations (Akagi et al., 2011; Andreae, 2019) are overlaid for temperate forests, savanna and grasslands,
and crop residues. The crop residue EFs from Liu et al. (2016) are also included (black squares).

Supporting Information S2) which we suggest could be due to its production from organic nitrogen-containing
species. EFs for OA are reported as OC as described in Section 3. Figures 9a and 9b show the strong negative
relationship of PM, and OC EFs with MCE (Table S6 in Supporting Information S2). Corn residue fires emitted
50% lower OC than rice residue fires due to their higher MCE. After adjusting to MCE = 0.92, crop residue
fires emitted approximately 50% more PM, and OC than prescribed fires. There was no statistically significant
relationship of BC with MCE (Figure 9d, Table S6 in Supporting Information S2) despite BC being a product of
flaming combustion (Akagi et al., 2011). This could be due to the few plumes sampled here at high MCE (>0.96
as reported by Aurell et al. (2015)), or variability due to flame turbulence (Shaddix et al., 1994). The ratio of BC
to OC ERs appeared to have an exponential dependence on MCE (Figure S5 in Supporting Information S1) which
may be useful for predicting aerosol optical properties (Christian, 2003; Li et al., 2019; Pokhrel et al., 2016).

Levoglucosan, a degradation product of cellulose (emitted during smoldering combustion), and potassium
(emitted from flaming combustion) are both used as tracers of biomass burning (Fraser & Lakshmanan, 2000;
Quinteros et al., 2023; Sullivan et al., 2014). High metal content (e.g., potassium) in fuels suppresses levoglu-
cosan production (Essig et al., 1989; Patwardhan et al., 2010) in favor of OVOC production as described above.
Fields that have been treated with agricultural chemicals may be enriched in nutrients such as potassium, sulfur,
phosphorous, and nitrogen that could be released during burning (Liu et al., 2016; Lobert et al., 1999; Stockwell
et al., 2014; Wortmann et al., 2012). Figures 9f—9h and Table S1 in Supporting Information S2 show that crop
residue fires emitted 7x more chloride, 4x more potassium, and 3X more ammonium than prescribed fires. The
elevated potassium could explain why levoglucosan (Figure 9¢), was 11% of the OA EF for crop residue but 22%
for prescribed fires. The relatively higher chloride emissions from crop residue fires were consistent with the 5x
higher CH,Cl EFs from crop residue fires compared to prescribed fires (see above).

Table 4 includes particle number with nominal diameters >3 nm and the average lognormal size distribution
number median diameter (Dpg) and geometric standard deviation (sg). A common assumption for biomass burn-
ing particles is Dpg of 100 nm and sg of 1.8 (Pierce et al., 2007). For crop residue fires here, we calculated a Dpg
of 114 nm and sg of 1.7. For prescribed burning, the distribution was difficult to characterize possibly due to the
size cutoff of the Laser Aerosol Spectrometer instrument (Table 2, 0.1 mm) or fewer available samples.

4.6. Sulfur-Containing and Other Species

Most measured sulfur was emitted as SO,. The crop residue and grassland fire EFs for SO, were 2X greater than
prescribed fires (Figure 10a, Table 4). There was a significant positive correlation between SO, and MCE for crop
residue and prescribed fires (Table S6 in Supporting Information S2, » = 0.46 to 0.72). The higher sulfur content
of crop residue and grassland fuels (Hatch et al., 2015; Stockwell et al., 2014), combined with sulfur deposition
and the use of sulfur-containing fertilizers (Rickly et al., 2022), are likely causes of the differences in SO, EF.
Other sulfur-containing compounds, such as methanethiol (CH,SH, Figure 10b), were similarly emitted in greater
amounts from crop residue and grassland fires than from prescribed fuels.

Direct emissions of hydrogen peroxide (H,0,) have been observed from fires in addition to secondary production
from plume aging (M. Lee et al., 1997; Yokelson et al., 2009) that can have impacts even on the remote atmos-
phere (Allen et al., 2022). H,O, has a lifetime of about 1 day but is also produced from secondary chemistry,
allowing for impacts on downwind oxidation capacity if lost to reaction with OH or photolysis. The H,O, EF had
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a negative relationship with MCE for crop residue fires (Figure 10c; from Table S6 in Supporting Information S2,
r = —0.68). This could be due to greater prompt production from reactive NMVOCs at lower MCE (Figures 5
and 6) and lower NO, (Figure 7a). The plumes sampled during FIREX-AQ were minimally aged and no relation-
ship of the H,0, ER was observed with the ratio of maleic anhydride to furan (as an indicator of photochemical
processing, Figure S6 in Supporting Information S1). The average H,O, ER for agriculture and prescribed fires
(0.87 and 0.82 ppt H,0, ppb CO~!, respectively) was within 40% of the ER calculated by Yokelson et al. (2009)
for fresh smoke in Mexico (1.5 ppt H,0, ppb CO™).

4.7. Summary of Observed Relationships With MCE and Fuel Type

Figure 11 summarizes the species with a significant (p < 0.05) positive or negative correlation with MCE for
crop residue fires. Only strongly negatively correlated species (r? > 0.5) are plotted while the remainder (and
correlations for prescribed fire fuels and grassland fires) are given in Table S6 of Supporting Information S2.
The strongest relationships were observed for shorter-lived OVOCs, but strong relationships were also obtained
for shorter- and longer-lived NMVOC:s, organic nitrogen-containing species, and OC. Weaker relationships were
found for positively correlated inorganic species (NO, NO,, SO,). Species with no significant correlation with
MCE for any fuel type (Table S6 in Supporting Information S2) included aerosol species (potassium, chloride,
BC), ethanol, and other VOCs where obtaining significant correlations was difficult (low concentrations, low
time resolution instruments) although an MCE dependence might be expected (e.g., furfural). Overall, we found
significant relationships with MCE for 7% (35%) of sampled species for crop residue (prescribed) fires. As an
example of the impact of this dependence, the methane EF calculated at 0.84 MCE would be ~11x greater than
at 0.97 MCE, the range observed during FIREX-AQ (Figure 3).

Liu et al. (2016) sampled 15 agricultural fires in the Southeast US and found positive but not significant relation-
ships with MCE for SO,, NO, and nitrate. Here, we obtained positive and significant correlations for SO, and
NO, (Figure 7a) and a negative relationship for nitrate. For the species reported by Liu et al. (2016) with negative
but insignificant correlations with MCE that were also measured during FIREX-AQ (HCN, acetaldehyde, OA,
sulfate, isoprene, acetonitrile, methanol, and acetone), we found significant and negative correlations with MCE
for all species (Table S6 in Supporting Information S2).

To explore differences in EFs between fuels that are not solely attributable to MCE, we adjusted the EFs with
a significant dependence on MCE (p < 0.05, r? > 0.5) for both crop residue and prescribed fires to an MCE of
0.92 (average for agricultural residue from Andreae (2019)) using the slope and intercept provided in Table S6
of Supporting Information S2. Figure 12 shows the 23 adjusted EFs for which the crop residue and prescribed
values had a significant difference (using a #-test, p < 0.05) of at least 50%. Large enhancements in crop residue
fire adjusted EFs occurred for two chlorine-containing species: aerosol chloride (7x) and methyl chloride (5X)
and two other aerosol species: potassium (4X) and ammonium (3X). Eight nitrogen-containing adjusted EFs were
enhanced for crop residue fires including pyrrole + butenenitrile (3x), NO (3%), and NO, (2x). Sulfur dioxide
and seven NMVOCs had adjusted EFs approximately 2x greater from crop residue fires than prescribed fires.
The monoterpene crop residue adjusted EF was only 10% of the prescribed EF. This is expected because of the
emission of stored terpenes from coniferous fuels as the vegetation is heated (Simpson et al., 2011).

5. Comparison With Prior Global Compilations and Regional Studies

The comparison of average crop residue, prescribed fuels, and grassland EFs derived here to the compilation
from Andreae (2019) is provided in Table S7 of Supporting Information S2. Some differences are likely due
to the difference in MCE in the Andreae (2019) global compilation (0.92) compared to the average here (0.93)
that is weighted toward corn fires. For example, Figure 4 shows that using the Andreae (2019) estimated “global
average” methane EF for crop residue (5.7 g kg~!) would result in an 80% overestimate of methane EF from
FIREX-AQ (3.2 g kg™'). The methane EF from grassland fires sampled during FIREX-AQ (4.5 g kg™!) was a
factor of two higher than the EF (2.5 g kg~!) from Andreae (2019) again likely due to differences in MCE (0.90
vs. 0.94) as the sampled grassland fires here occurred during an unusually wet summer.

FIREX-AQ EFs showed large disagreement with Andreae (2019) and Akagi et al. (2011) for OC and PM, PM, ,
is the metric generally reported for global compilations but is expected to be similar to PM,. The PM, 5 EFs for
crop residue from Andreae (2019) and Akagi et al. (2011) were 8 g kg~! and 6 g kg~!, respectively, 60%—70%
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Figure 11. Species with a significant anticorrelation (> > 0.5, p < 0.05) or significant positive correlation (p < 0.05) with MCE for agricultural residue fires, colored

by their chemical classification.
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Figure 12. Statistically significant ratios between the crop residue EF and prescribed EF as described in Section 4. Colors
designate species category and species that are italicized are in the aerosol phase.

lower than obtained here for PM, (21 g kg=!). Those global compilations had limited data for crop residue and
included some measurements based on older techniques. The FIREX-AQ crop residue average PM, EF agreed
within approximately 50% compared to the Liu et al. (2016) average EF (15 g kg™!) with overlap over the range of
MCE studied (Figure 9a). Liu et al. (2016) and this study both measured speciated PM, using an AMS (Table 2).
The FIREX-AQ BC EF (0.12 g kg™!) was 70%—-80% less than the values in Andreae (2019) (0.42 g kg~') and
Akagietal. (2011) (0.75 gkg™!) but agreed within 20% of the Liu et al. (2016) EF (0.16 g kg™!). Therefore, global
EFs may significantly underestimate OA and PM, but overestimate BC emissions in the Eastern US from crop
residue fires (i.e., Carter et al., 2020). Measurements of BC can however differ widely (30%-80%) across instru-
ment techniques (Li et al., 2019) and this should be taken into consideration when creating average compilations
of EFs across studies.

A goal of FIREX-AQ was to expand EF availability and statistics for crop residue and prescribed fires (Warneke
et al., 2023). This need was emphasized by Akagi et al. (2011) and demonstrated by differences in crop residue
fire EFs between the 15 crop residue fires sampled in the Southeast US by Liu et al. (2016) and the earlier
global compilation of Akagi et al. (2011) that is commonly used in models and fire emission inventories. These
differences motivated the need for further sampling to better determine the distribution of crop residue fire EFs.
Figures 13a and 13b (and Table S8 in Supporting Information S2) show the average crop residue fire EFs from
this work (Table 4) compared to Liu et al. (2016). Also overlaid are the average crop residue fire EFs from Akagi
et al. (2011) and Andreae (2019). The FIREX-AQ study sampled the most crop residue fires and measured the
most species to date so this data will likely have a large impact on future global averages for many EFs.

Study-average EFs between Liu et al. (2016) and FIREX-AQ for US crop residue fires agreed within 50% for 16
out of 21 comparable species (Figure 13, Table S8 in Supporting Information S2). The biggest discrepancy was
for monoterpenes, where EFs from FIREX-AQ were 70% lower than in Liu et al. (2016). The rice-specific mono-
terpene EF from FIREX-AQ agreed better with Liu et al. (2016) (0.28 g kg~! vs. 0.26 g kg~!, respectively) and
therefore we attributed this difference largely to the dominance of corn residue fire EFs in the FIREX-AQ crop
residue average compared to the majority rice residue fires in Liu et al. (2016). FIREX-AQ EFs were 60%—90%
larger for acetaldehyde, toluene, and acetonitrile and 50% less for HCN, but still within one standard deviation of
the EF from Liu et al. (2016).
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Figure 13. Average EFs from crop residue from FIREX-AQ, Akagi et al. (2011), Liu et al. (2016), and Andreae (2019) for
(a) aerosol and inorganic species, and (b) CO, CO,, and selected VOCs and OVOC:s. x-axes are plotted on a logarithmic scale.

The range in MCE observed during FIREX-AQ (0.84-0.97) was larger than in Liu et al. (2016) (0.90-0.96). As
shown in Figures 6, 7, 9, and 10, this led to a larger range in EFs observed from FIREX-AQ crop residue fires
than in Liu et al. (2016). While fire-integrated MCE likely varies less than plume MCE, to improve accuracy
in modeling crop residue (and prescribed) fire emissions, future work should focus on developing inventories
that better account for fuel composition, seasonal moisture availability, and MCE variability. As a first step, the
better comparison between Liu et al. (2016) and this study compared to global compilations (Akagi et al., 2011;
Andreae, 2019) highlights the importance of EFs that are regionally- and seasonally-specific even if crop-specific
information or the ability to vary EFs with MCE or fuel moisture cannot yet be implemented.

6. Conclusions

Crop residue and prescribed fires are widely used to remove unwanted biomass, but chemical characterization of
the emissions from these fires has been limited. We calculated EFs and ERs for crop residue and prescribed fires
during the Eastern US component of the 2019 NOAA/NASA FIREX-AQ campaign. These types of observations
provide the basis for EFs that are used in models to predict the air quality impacts of fires. Currently-used EF
compilations present global averages covering a large range of fuel types and burning conditions and are often
based on a limited amount of sampling. FIREX-AQ sampled four types of crop residue burning (corn, soybean,
rice, winter wheat), and four types of prescribed burning (slash, piles, shrubland, grassland), in addition to a
prescribed understory fire at BRSF in Florida that was coordinated with FIREX-AQ sampling. We obtained EFs
and ERs for 53 crop residue fires and 22 prescribed fires for 117 VOCs, 25 nitrogen-containing species, 9 halo-
genated species, 11 aerosol species, and 5 sulfur-containing species significantly expanding the number of these
fire types sampled globally and making these the most chemically-detailed field measurements of these sources
to date. This information can be incorporated into future compilations of crop residue or prescribed burning
activities to improve overall averages for these fuel types.

During FIREX-AQ, 70% of the crop residue fires burned corn residue and this fuel type significantly influenced
the crop residue average EFs in this study. Corn residue fires burned at a higher modified combustion efficiency
(MCE = 0.94 + 0.02) than other fuel types, likely due to higher fuel loadings for this crop type and drier fuels
compared to other crop types. The strong negative relationship of most NMVOCs with MCE resulted in lower
average EFs for corn residue burning than for other fuel types and literature averages. Grassland fires during the
campaign burned at a much lower MCE (0.90 + 0.01) than typically observed (>0.94), because the fuels were
green, moist, growing-season grasslands. Prescribed fires burned at an MCE of 0.90 which is expected for this
fuel type. Misattributing any of these fuel types clearly could cause large errors in emissions just due to MCE
alone.

We calculated a large difference in the importance of NMVOCsSs between contributions to the total by mass only or
after weighting by reactivity. This can inform which species may be most important to include for near-field and
far-field chemistry. Furans (furan, 5-methylfurfural + benzene diols, 2(3H)-furanone, benzofuran, furfural, and
methylfurans + dimethylfurans) contributed ~30% to the NMVOC after weighting by OH reactivity (Figure 4b).
Ethene and acetic acid + glycolaldehyde were longer-lived NMVOCs that had sufficient mass combined with
reactivity to consider including in models of transport of fire-related NMVOCs downwind. 2,3-Butanedione was
the only species that was longer-lived against OH oxidation (~3 days) but shorter-lived against photolysis (~1 hr)
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and is missed when only considering OH reactivity but has been shown in box modeling studies to be an impor-
tant radical and PAN precursor.

Emissions of NMVOCs from fires may impact surface ozone in urban regions that are VOC-limited. To provide
insight into which NMVOCs may travel further downwind from a fire, we separated EFs by their lifetime against
OH or photolysis into shorter-lived (<6 hr) or longer-lived (>6 hr) species. The total shorter-lived NMVOC EF
by this definition was 60% of the total NMVOC EF. The largest shorter-lived NMVOC EFs were for acetaldehyde
and formaldehyde, and the highest longer-lived NMVOC EFs were acetic acid + glycolaldehyde and hydroxyac-
etone + methyl acetate + ethyl formate. Furans, while only contributing 10% to the total NMVOC EF by mass,
contributed 30% when weighting by both mass and OH reactivity. Ethene and acetic acid + glycolaldehyde were
longer-lived NMVOCs that had sufficient mass combined with reactivity to consider including in models of
transport of fire-related NMVOCs downwind. 2,3-Butanedione was the only species that was longer-lived against
OH oxidation (~3 days) but shorter-lived against photolysis (~1 hr) and had the 9th highest EF of all NMVOCs.
The impact of this species on near-field chemistry and downwind PAN formation is misrepresented when viewing
biomass burning emissions only in terms of OH reactivity. Overall, these findings from FIREX-AQ highlight the
need to use chemical mechanisms that treat the oxidation of both shorter- and longer-lived NMVOC:s.

We observed significant differences in EFs across fuel types. Like prior work, OVOCs were emitted in greater
amounts by crop residue fires than prescribed fires which could be due to the presence of alkali metals that
reduce levoglucosan but increase OVOC production (e.g., glycolaldehyde) from cellulose. Species emitted from
degradation of lignin (e.g., guaiacol) showed less of a difference. As a result, the RGF was 70% higher from crop
residue fires than prescribed fires, which may have implications for interpreting observations of RGF from space.
Due to the storage of monoterpenes, biomass burned in prescribed fires emitted over 10X more monoterpenes
than crop residue fuels. Crop residue fires had a factor of two greater NO, EFs compared to prescribed fires
which have lower fuel nitrogen content. Likely due to high fuel halogen content as well as their use in agricultural
chemicals, halogenated species were enhanced in crop residue fires, which emitted 7Xx more aerosol chloride and
5% more methyl chloride (CH,Cl) than prescribed fires. Most of the PM, was emitted as OA and this fraction was
greater for prescribed fires (95%) than crop residue fires (88%). In addition to chloride, crop residue fires emitted
4x more potassium and 3X more ammonium than prescribed fires. Likely due to higher sulfur content, the crop
residue and grassland fire EFs for SO, were both 2x greater than prescribed fires. We also reported direct emis-
sions of hydrogen peroxide which were similar for crop residue and prescribed fires.

Species with a strong relationship with MCE are more difficult for current models to accurately simulate as
emissions inventories (e.g., Wiedinmyer et al., 2023) typically include dependence on fuel type but not burning
conditions. The same fuel type (such as wet and dry grasslands) can have very different emissions when fuel
moisture is higher, and MCE is lower. We found significant relationships with MCE for 81% of crop residue EFs
and 35% of prescribed EFs. The strongest anticorrelations were observed for methane and OVOCs. Species with
no significant correlation with MCE for any fuel type included inorganic aerosol species (potassium, chloride,
BC) and some NMVOCs where obtaining significant correlations was difficult although an MCE dependence
might be expected. A greater range in MCE and EFs was observed during FIREX-AQ than was observed during
previous studies in the Eastern US. This range, for example, 11X for the methane EF, further motivates work to
parameterize EFs as a function of MCE.

To investigate differences across fuel types not solely attributable to MCE, we adjusted all measured EFs with a
strong dependence on MCE (r2 > 0.5) to a value of 0.92. We exclude monoterpenes from this correction due to
the large differences across crop types within the “crop” category. This step resulted in 23 species that differed
by more than 50% between crop residue and prescribed fire EFs including aerosol chloride (7x), methyl chloride
(5%), aerosol potassium (4x), and NO (3x), and NO, (2x). Sulfur dioxide and seven NMVOCs had adjusted EFs
approximately 2X greater from crop residue fires than prescribed fires. The EFs for monoterpenes for agricultural
residue was only 10% of the prescribed value. There may be additional significant differences between crop
residue and prescribed fires EFs that we were not able to discern here for additional species. For some species,
particularly some NMVOCs that were measured at lower temporal resolution, we did not obtain sufficient statis-
tical certainty.

The EFs sampled here spanned a similar range as previous studies in the Southeast US, with the average standard
deviation giving a variability of approximately 2x for most species with larger variability in fuel-specific species
such as inorganic aerosols likely related to agricultural chemicals (e.g., chloride) and stored biogenic VOCs
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(monoterpenes). In addition to fuel characteristics, variance was due to MCE or other factors such as fuel moisture
or combustion temperature. Some efforts have been made to determine fire MCE operationally from space-based
measurements such as TROPOMI CO and NO, or VIIRS visible energy fraction (van der Velde et al., 2021;
Wang et al., 2020). These efforts could improve EFs for species that are anticorrelated with MCE (NMVOCs,
OA, organic nitrogen-containing compounds). Additional information on fuel-specific EFs in inventories would
improve simulations of inorganic species related to the use of agricultural chemicals and fuel composition such
as nitrogen content. As a first step, the better comparison between other regionally-specific EFs and this study
compared to global averages highlights the importance of EFs that are regionally- and seasonally-specific even
if crop-specific information or the ability to vary EFs with MCE or fuel moisture is not yet available. Varia-
tion of EFs with season has been implemented for methane emissions from Australian savannas (Russell-Smith
et al., 2013). Models could consider similarly implementing both regionally-specific and temporally varying
EFs, for example, to address the “wet” or “dry” EFs based on knowledge of fuel conditions such as was observed
during FIREX-AQ for grasslands. Preliminary work on such an implementation for the Eastern US. has begun
combining cropland information from the CDL product with the EFs from this work and other local sources and
including seasonally varying grassland EFs (Fite et al., 2023).

Data Availability Statement

FIREX-AQ observations are available at https://doi.org/10.5067/SUBORBITAL/FIREXAQ2019/DATAOQ01. The
specific observations used in this work have been compiled at https://doi.org/10.5281/zenodo.7884392. Analysis
code is provided at https://doi.org/10.5281/zenodo.8276726.
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