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Key Points: 40 

 Corn residue burned at higher modified combustion efficiency (MCE) than rice or soybean residue. 41 

 Impacts of fire emissions >6 hours downwind on OH reactivity will be more influenced by species that are 42 

less important at the source. 43 

 Emission factors from crop residue fires agreed better with previous results from the same region than with 44 

global compilations. 45 
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Abstract.  1 
Agricultural and prescribed burning activities emit large amounts of trace gases and aerosols on regional to global 2 

scales. We present a compilation of emission factors (EFs) and emission ratios (ERs) from the eastern portion of the 3 

Fire Influence on Regional to Global Environments and Air Quality (FIREX-AQ) campaign in 2019 in the United 4 

States, which sampled burning of crop residues and other prescribed fire fuels. FIREX-AQ provided comprehensive 5 

chemical characterization of 53 crop residue and 22 prescribed fires. Crop residues burned at different modified 6 

combustion efficiencies (MCE), with corn residue burning at higher MCE than other fuel types. Prescribed fires 7 

burned at lower MCE (<0.90) which is typical, while grasslands burned at lower MCE (0.90) than normally observed 8 

due to moist, green, growing season fuels. Most non-methane volatile organic compounds (NMVOCs) were 9 

significantly anticorrelated with MCE except for ethanol and NMVOCs that were measured with less certainty. We 10 

identified 23 species where crop residue fires differed by more than 50% from prescribed fires at the same MCE. Crop 11 

residue EFs were greater for species related to agricultural chemical use and fuel composition as well as oxygenated 12 

NMVOCs possibly due to the presence of metals such as potassium. Prescribed EFs were greater for monoterpenes 13 

(5×). FIREX-AQ crop residue average EFs generally agreed with the previous agricultural fire study in the US but 14 

had large disagreements with global compilations. FIREX-AQ observations show the importance of regionally-15 

specific and fuel-specific EFs as first steps to reduce uncertainty in modeling the air quality impacts of fire emissions.  16 

Plain Language Summary 17 
 18 

Crop residue and prescribed fires emit pollution that impacts air quality. FIREX-AQ provided observations of these 19 

emissions to better characterize their variability with a detailed set of chemical observations. These observations 20 

showed significant differences in the emissions from burning different crops (corn, rice, soybean, wheat) compared to 21 

other prescribed fires or grasslands that may be due to differences in the fuel composition, the use of agricultural 22 

chemicals, and moisture levels. Overall, FIREX-AQ observations for crop residue fires compared better with previous 23 

results in the region than with globally averaged information. The campaign observed even greater variability across 24 

EFs than previous studies, suggesting that new methods must be developed to take this into account to improve 25 

predictions of the air quality impacts of burning these fuels. 26 

1 Introduction 27 

Land management activities frequently use prescribed fires to decrease vegetative fuel loads (biomass), cycle 28 

nutrients, select for native species, decrease invasive species, and maintain landscape diversity. Burning of crop 29 

residue is a related type of planned fire. Globally, crop waste may be plowed back into the soil, used as fuel or livestock 30 

fodder, or burned in the field. Burning may happen in piles or spread across the field after mechanized harvesting 31 

(Yevich and Logan, 2003). Agricultural burning estimates in the United States (US) average 1 million ha/yr (McCarty 32 

et al., 2009) and appear to be increasing in the southern US (Lin et al., 2014). Non-agricultural prescribed fires 33 

(hereafter referred to as prescribed fires) in the US are estimated to burn 4–5 million ha/yr (Melvin, 2018; Jaffe et al., 34 

2020). For comparison, over the past forty years wildfires in the US burned on average 2 million ha/year (NIFC, 2022) 35 

albeit with a generally increasing trend (Jaffe et al., 2020). Prescribed and agricultural fires tend to be small and/or 36 
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short-lived and consume less fuel per area than wildfires (Akagi et al., 2011). Both may escape detection by satellites 1 

and are underrepresented in emissions inventories (Soja et al., 2009; Yokelson et al., 2011; Randerson et al., 2012; 2 

Nowell et al., 2018; Koplitz et al., 2018; Larkin et al., 2020; Warneke et al., 2023).  3 

 4 

Fire emissions can be hazardous to human health (Naeher et al., 2007; Bell et al., 2009; Zanobetti et al., 2009; Adetona 5 

et al., 2016; Reid et al., 2016; Doubleday et al., 2020), generating fine particulate matter < 2.5 𝜇m (PM2.5, (Hays et 6 

al., 2005; Janhall et al., 2010; Ortega et al., 2013; Kaulfus et al., 2017; Hodshire et al., 2019), non-methane volatile 7 

organic compounds (NMVOCs) including hazardous air pollutants (e.g., formaldehyde, benzene, polycyclic aromatic 8 

hydrocarbons (PAHs) (Samburova et al., 2016; Wentworth et al., 2018; O’Dell et al., 2020; Dickinson et al., 2022), 9 

and producing ozone (Baker et al., 2016; Koplitz et al., 2018; Jaffe et al., 2020; O’Dell et al., 2020; Bourgeois et al., 10 

2021). Fires may also resuspend deposited pollution (Eckhardt et al., 2007). Agricultural and prescribed burning in 11 

the US tends to maximize in spring, with smaller peaks in summer and fall (Korontzi et al., 2008; Tulbure et al., 2011). 12 

Different crop residue is burned in each season (McCarty, 2011). These fires are a large source of PM2.5 in the 13 

Southeast US and can result in exceedances of the National Ambient Air Quality Standard (NAAQS) (Zeng et al., 14 

2008; Tian et al., 2009; Kaulfus et al., 2017; Afrin and Garcia‐Menendez, 2020). Increases in both PM2.5 and ozone 15 

that are attributable to burning in the Southeast US have been observed in urban areas (Hu et al., 2008; Lee et al., 16 

2008; Akagi et al., 2013). 17 

 18 

Models are used to retrospectively determine or forecast air quality and health impacts from agricultural and prescribed 19 

burning (Zhou et al., 2018; Kelly et al., 2019). These simulations require knowledge of fuel-specific emission factors 20 

(EFs) of air pollutant species. These measurements are limited for a number of EFs including for furans, phenols, 21 

butadienes, and monoterpenes that have been recognized as important sources of OH reactivity not generally 22 

considered in chemical transport models (Carter et al., 2022; Permar et al., 2023). Many commonly-used inventories 23 

do not include agricultural and prescribed fires as a separate land cover type, or if they do, a global average EF is used 24 

for each species. Commonly used global compilations of EFs (Akagi et al., 2011; Andreae, 2019) aggregate studies 25 

including a wide variety of both crop residue fuels and prescribed burning activities from regions across the world 26 

that represent a range of agricultural techniques and burning practices. Some species have no available direct EF 27 

measurements for even these aggregated fuel types (e.g., ethanol) and have been estimated from field or lab 28 

measurements of other fuel types.  29 

 30 

Only a few studies have provided crop-specific EFs, and then only across a limited range of species. McCarty (2011) 31 

provided a compilation of seven EFs (CO2, methane, CO, NO2, SO2, PM2.5, and PM10) for eight crop types. During 32 

the MILAGRO campaign in 2006 (Yokelson et al., 2011) and the SEAC4RS campaign in 2013 (Liu et al., 2016), EFs 33 

including some NMVOCs were reported for crop residue burning loose in the field for 14 fires in Mexico and 15 fires 34 

in the Southeast US. These emissions were statistically different from the Akagi et al. (2011) global average for “crop 35 

residue”, which included observations from burning loose residue in fields in Mexico and rice straw burning in piles 36 

at low combustion efficiency, as is common in Asia. This difference indicates that the variability in crop-specific EFs 37 
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is large and not well understood. Crop residue burning has been shown to emit more NMVOCs than other fuel types 1 

including prescribed fire fuels (Stockwell et al., 2014, 2015) possibly due to differences in fuel composition (Stockwell 2 

et al., 2014; Hatch et al., 2015; Santiago-De La Rosa et al., 2018). The availability of NMVOC EFs is larger for 3 

prescribed fire fuels than crop residue, but many EFs were measured in a laboratory setting that may not be 4 

representative of ambient conditions (Yokelson et al., 2013; Stockwell et al., 2014, 2015; Koss et al., 2018; Selimovic 5 

et al., 2018). Airborne measurements of EFs for prescribed fires in the US (Yokelson et al., 1999; Burling et al., 2011; 6 

Akagi et al., 2013; May et al., 2014, 2015; Müller et al., 2016) have generally been included in global average 7 

compilations (Akagi et al., 2011; Andreae, 2019) but under the broad category of “temperate forest fires”.  8 

 9 

In this work we report results from the NOAA/NASA Fire Influence on Regional to Global Environments and Air 10 

Quality (FIREX-AQ) campaign, which was an interagency intensive study of North American fires that took place 11 

from July to September 2019 (https://asdc.larc.nasa.gov/project/FIREX-AQ). FIREX-AQ included dedicated 12 

sampling of crop residue burned loose in the field and prescribed fires in the Eastern US with a comprehensive suite 13 

of instruments measuring gas- and aerosol-phase species (Warneke et al., 2023). FIREX-AQ included a western phase 14 

sampling wildfires and EFs for these fires are described in (Gkatzelis et al., 2023). We determine EFs for all available 15 

gas-phase and aerosol species emitted from crop residue and prescribed fires during this eastern phase of the campaign. 16 

We assess differences in EFs across fuel types, discuss any observed dependence on burning characteristics such as 17 

modified combustion efficiency (MCE), and evaluate the applicability of global agricultural and prescribed EFs to 18 

regionally-specific fires. As some models move towards increasing complexity in their treatment of fire emissions 19 

(Rabin et al., 2018), this work will support the inclusion of fuel-specific EFs.   20 

2 Description of crop residue and prescribed fire plumes sampled during FIREX-AQ 21 

The FIREX-AQ campaign sampled crop residue burning and prescribed fires across a range of fuels on seven flights 22 

from 21 August to 3 September 2019. A full description of the campaign is provided in Warneke et al. (2023). Fires 23 

encompassing four crop residues (corn, rice, soybean, winter wheat) and five prescribed burning activities (slash, 24 

piles, grassland, shrubland, pine savanna understory) were identified by the FIREX-AQ Fuel2Fire team (Warneke et 25 

al., 2023; Schwarz and Fuel2Fire Team, 2023) using a combination of classifications that include the International 26 

Geosphere Biosphere Programme (IGBP, Loveland et al., 1999) scheme for landscape-scale classifications, the Fuel 27 

Characteristic Classification System (FCCS, Ottmar et al., 2007; Prichard et al., 2013) for forest constituents, and the 28 

2019 Cropland Data Layer (CDL, Johnson and Mueller, 2010; Boryan et al., 2011) for crop types. Fuels for individual 29 

fires are given by Warneke et al. (2023). We separately present EFs for the Blackwater River State Forest understory 30 

prescribed fire in Florida which was coordinated to coincide with FIREX-AQ sampling on 30 August 2019. The 31 

freshest pass is compared against wildfire fresh smoke from the western component of FIREX-AQ in Gkatzelis et al. 32 

(2023). The major FIREX-AQ eastern fuel types and their definitions are given below, and these can be found in detail 33 

in Warneke et al. (2023) and Schwarz and Fuel2Fire Team (2023). 34 

 35 

Crop residue fires  36 
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 Planned burning on lands used for raising crops (specifically corn, rice, soybean, winter wheat). 1 

Prescribed fires – Any fire intentionally ignited as part of land management strategies. 2 

 Slash: Managed extensive burning of logging residue and land clearing slash, primarily not in piles. Fuels 3 

can include shrubs, grasses, duff, and coniferous and deciduous residue. 4 

 Piles: Piles from yard waste or slash piled from land clearing or logging residue.  5 

 Grassland: Dominated by grasses and other non-woody herbaceous cover (< 2 m in height), with tree and 6 

shrub cover < 10%. 7 

 Shrubland: Dominated by woody/shrub perennials, < 2 m in height (cover 10-60%). The foliage can be either 8 

coniferous or deciduous.  9 

 Blackwater River State Forest (BRSF): Understory burn of primarily shrubs, grasses, and litter from pine, 10 

oak, and magnolia forest. 11 

 12 

Figure 1 provides representative photographs taken during FIREX-AQ of the fire types described above. Fire plumes 13 

were generally sampled directly over or near the burning field and were visible from the aircraft. Infrared photos are 14 

provided for slash and pile fires to highlight the difference in burning method. 15 

 16 

Figure 2 shows the location and fuel types of the crop residue and prescribed fire plumes sampled during FIREX-AQ 17 

and analyzed here. Most sampled crop residue fires were in the Mississippi River Valley region from southern Illinois 18 

to northern Louisiana, with several additional crop residue fires in Texas, Kansas, and Georgia. Grassland fires were 19 

sampled in Nebraska, Kansas, and Oklahoma, and slash and pile fires were sampled in Oklahoma, Texas, Arkansas, 20 

Mississippi, Alabama, and Georgia. The BRSF understory prescribed fire was in Florida. There were insufficient 21 

samples of any one given fuel type to determine if there was any regional dependence in emission factors. Table 1 22 

lists the number of plumes and fires used in the analysis described in section 3 for each fuel type and the dates on 23 

which each fuel type was sampled. In 2019, corn was the largest crop in terms of cultivated area in the US (Capehart 24 

and Proper, 2019). Approximately half of all sampled fires during the FIREX-AQ campaign eastern component in 25 

August-September 2019 were burning post-harvest corn residues. This is in contrast to Pouliot et al. (2017) who 26 

classified many fire detections in corn (and soybean) fields as non-agricultural burning for much of the midwestern 27 

US based on official correspondence from the Iowa State University Extension and Outreach stating “burning corn 28 

and soybean fields is just not a practice that is used in Iowa and many other Midwest states…”. In more recent 29 

inventories, fires detected in corn fields have been classified or reclassified as generic agricultural burning in the 30 

National Fire Emissions Inventory to account for the possibility that grassy areas next to the corn fields were burning. 31 

During FIREX-AQ, corn residue was directly observed to be burning in Georgia, Mississippi, Louisiana, Arkansas, 32 

Texas, and Missouri. 33 
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3 Determination of FIREX-AQ emission factors from aircraft observations 1 

Table 2 describes the aircraft observations used in this work and provides references describing the instrument 2 

analytical techniques. FIREX-AQ included both continuous and discrete measurements. From the continuous 3 

measurements, aircraft data were available at 5 Hz or faster for select instruments, and at 1 Hz for the remaining 4 

instruments. From instruments that require longer integration times (iWAS, TOGA-TOF, WAS), data were available 5 

at sampling resolutions between 10 and ~45 seconds.  Data were checked for alignment in time from all the instruments 6 

using the CO observations from the DACOM instrument. For the discrete samples, iWAS-, TOGA-, and WAS-merges 7 

of the 1 Hz data were generated for more accurate comparisons between co-measured species and CO mixing ratios. 8 

The TOGA-merge used here weighted concentrations to account for variable instrument fill times and is provided in 9 

the Data Availability section. Fire plumes were identified visually and confirmed by enhancements above background 10 

for CO and black carbon (BC) as described by Warneke et al. (2023). 11 

 12 

In approximately 30% of transects, there appeared to be overlapping plumes based on differences in the ratio of CO 13 

to CO2. For these cases we deconvoluted these transects into individual plumes (distinct peaks in the data) based on 14 

the observed change in this ratio. We excluded from our analysis poorly-defined plumes where the coefficient of 15 

determination (r2) for CO and CO2 was < 0.90 or the maximum CO (5 Hz) was too low for a thorough analysis (< 400 16 

ppb). The average plume sampling time was 8 seconds, with a minimum of 3 seconds and a maximum of 41 seconds.  17 

 18 

EFs from biomass burning activities were calculated according to equation (1) (Yokelson et al., 1999), 19 

𝐸𝐹𝑖(
𝑔

𝑘𝑔
) = 𝐹𝑐 × 1000 (

𝑔

𝑘𝑔
) ×

𝑀𝑊𝑖(𝑔)

12(𝑔)
×

𝐶𝑖

𝐶𝑇
 ,                 (1) 20 

where 𝐸𝐹𝑖 is the mass (g) of species i emitted per mass (kg) of dry fuel burned, 𝐹𝑐 is the fuel carbon fraction, 𝑀𝑊𝑖 is 21 

the molecular weight of species i, 𝐶𝑖 is the number of moles of species i, and 𝐶𝑇 is the total number of moles of emitted 22 

carbon. We assumed that 𝐹𝑐  was 41% for crop residue fuels, 46% for grasslands and shrublands, and 51% for piles 23 

and slash, assuming coniferous slash as a likely fuel (Johnson and Hale, 2002) according to Stockwell et al. (2014).  24 

 25 

The value of 
𝐶𝑖

𝐶𝑇
 here is calculated according to equation (2), where 

∆𝐶𝑖

∆𝐶𝑂
 is the emission ratio (ER). The ER is the slope 26 

of the species i with CO or the plume excess of species i over background divided by the excess CO over background. 27 

The emitted carbon (𝐶𝑇) was assumed to be encompassed by s = CO2 + CO + CH4 (N=3) which were available for all 28 

analyzed plumes and 
∆𝐶𝑠

∆𝐶𝑂
 is the ER for each species, s. 𝑁𝐶𝑠 is the number of carbon atoms in species s. Including 29 

carbon contained in organic aerosol and NMVOCs in 𝐶𝑇 would decrease calculated EFs by approximately 5% 30 

(Yokelson et al., 2013).  31 

𝐶𝑖

𝐶𝑇
=

∆𝐶𝑖
∆𝐶𝑂

∑ (𝑁𝐶𝑠×
∆𝐶𝑠
∆𝐶𝑂

)𝑁
𝑠=1

                      (2) 32 

All plumes were sampled directly overhead and likely underwent minimal photochemical aging, except for BRSF. In 33 

all cases, any aged plumes were removed using the ratio of maleic anhydride to furan (MA/F) < 0.2 from the PTR-34 

ToF-MS as a filter (Gkatzelis et al., 2023). While this photochemical clock cannot be directly related to OH exposure 35 
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due to uncertainties in the chemical mechanism, Gkatzelis et al. (2023) showed that it was well correlated with physical 1 

smoke age and a ratio of 0.2 roughly corresponded to 30 minutes of aging. Applying this MA/F filter removed 40% 2 

of the BRSF plumes, 1 slash residue plume, and 4 corn residue plumes from the analysis. The average MA/F for 3 

agriculture residue (0.06 ± 0.03) was not statistically different than the MA/F for prescribed fires (0.05 ± 0.03) 4 

suggesting similar aging across fuel types. 5 

 6 

Several instrument teams measured large suites of species, many of which may not be emitted from fires, such as 7 

human-made compounds like chlorofluorocarbons (CFCs). To determine whether species were emitted from the 8 

studied fires, either as part of the fuel itself or other associated sources of pollution such as heated soils or re-suspended 9 

applied/deposited chemicals, we assessed their relationship to CO using ordinary least squares regression and the 10 

Pearson correlation coefficient (r). While species may be formed after emission by a variety of different chemical or 11 

physical processes (e.g., oxidation by various mechanisms, rapid condensation) we expect all species emitted from a 12 

fire to scale with CO. We only report EFs for species where r2 with CO was greater than 0.70, calculated for each 13 

individual plume. For the lower time resolution (>1 Hz) instruments, as it was more difficult to obtain strong 14 

correlations for narrow plumes, we did not report species with either a negative or negligible correlation (r2 < 0.2) 15 

with CO across all fire plume data. Species with EFs obtained in only a few plumes at low concentrations such as 2-16 

methyl-3-buten-2-ol (MBO) were also not reported. All species measured but not reported are listed by instrument in 17 

Table 3. Many species were co-measured by multiple instruments. Species with known interferences or unresolved 18 

isomers that were better resolved by other instrumentation are also listed in Table 3 and not reported for that 19 

instrument. For example, oxygenated NMVOCs (OVOCs) are a less robust measurement than NMVOCs for the WAS 20 

instrument (Simpson et al., 2011) so OVOCs from WAS were excluded. The measurement of ammonia required 21 

special consideration as the slope method described below does not account for the tailing of measured concentrations 22 

that occurred during plume sampling. Ammonia (and NHx) EFs are therefore treated separately and described by 23 

Tomsche et al. (2023). Data from all FIREX-AQ instrumentation are available at 24 

https://asdc.larc.nasa.gov/project/FIREX-AQ.  25 

 26 

The ER (
∆𝐶𝑖

∆𝐶𝑂
 ) is often calculated by subtracting background values and taking the ratio of the difference of the excess 27 

mixing ratios (difference method). The ER may also be calculated from the slope between the species and CO (slope 28 

method). We used the slope method for data measured at 1 Hz or 5 Hz within the plume only and the difference 29 

method for instruments that measured at < 1 Hz (TOGA-TOF, WAS, and iWAS). We defined the background as the 30 

measurement immediately prior to the plume interception. The average background CO was 140 ppb. As background 31 

samples were not always available for each plume for TOGA-TOF, WAS, and iWAS, we took the following approach. 32 

Background CO has the largest influence on the calculation of ER using the difference method, and therefore we used 33 

the value obtained by the DACOM instrument. The background value for individual NMVOCs was obtained from the 34 

closest instrument measurement (TOGA-TOF, WAS, iWAS) with CO at background concentration below 200 ppb. 35 

For comparison, the average difference method methane EF across all plumes (4.2 g kg-1) was within 7% of the slope 36 

method (4.5 g kg-1). 37 
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 1 

After removing plumes that were poorly characterized by the observations as described above, we obtained EFs for 2 

228 individual plumes across 75 different fires (Table 1). There were 53 crop residue fires and 22 prescribed fires. 3 

Table 4 provides the average EFs for individual crop residue (corn, rice, soybean), and prescribed (slash, piles), and 4 

grassland fuels. Grassland EFs are presented separately as they had noticeable differences in EFs from other fuels as 5 

described further in section 4. Hereafter, ‘prescribed fires’ includes piles, slash, and shrubland. The shrubland, winter 6 

wheat, and intensively-studied understory fire (BRSF) EFs are given in Table S1 as they represent only one fire each. 7 

We also provide the average crop residue EFs (including winter wheat) and average prescribed EFs (including 8 

shrubland) in Table 4. ERs are listed in Table S2. Different numbers of calculated EFs were obtained for different 9 

instruments. To address this, we calculated the average crop residue and prescribed EFs by weighting the fuel-specific 10 

average EFs by the fraction of that fuel listed in Table 1. Where data for a species was completely missing for a given 11 

fuel type, we used the corn residue value for crop residue fires and the pile or slash value for prescribed fires.  12 

 13 

The EFs (Table 4, Table S1) and ERs (Table S2) for NMVOCs are presented as having either primarily near-field 14 

(shorter-lived: <6 hours) or farther afield (longer-lived: >6 hours) impacts determined by their lifetimes against 15 

reaction with OH (5 × 106 molecule cm-3) and daytime (10 to 17 LT) photolysis frequencies from the NCAR CAFS 16 

instrument. These lifetimes are provided in Table S1. One species, 2,3-butanedione, has a significantly shorter lifetime 17 

against photolysis (~hours) than OH oxidation (days). Many of the species reported react with other oxidants such as 18 

the nitrate radical at night (Decker et al., 2019) but here we focus on daytime chemistry. To avoid calculating total 19 

NMVOC EF and ER for individual plumes that were missing data for important NMVOCs, we required that 20 

measurements were available for the four most abundant shorter-lived and longer-lived NMVOCs described further 21 

in section 4. Table S3 lists the species included in the total NMVOC EF and ER.  22 

 23 

We report a particulate matter < 1 𝜇m (PM1) EF and ER that is the sum of black carbon (BC), organic aerosol (OA), 24 

ammonium, sulfate, nitrate, chloride, and potassium. We also report a particulate organic carbon (OC) EF that is 25 

determined by dividing the OA observations by the co-measured ratio of OA to OC for each plume. The average 26 

OA/OC was 1.9 ± 0.09 and was not significantly different between crop residue and prescribed fires. The OA/OC 27 

from the wildfires sampled during FIREX-AQ was 1.9 ± 0.2 (Gkatzelis et al., 2023). Both are higher than the value 28 

of 1.6 used by Andreae (2019) based on fresh biomass smoke and may represent some aging from the point of emission 29 

even though fires were sampled generally directly overhead.  30 

 31 

The NOAA PTR-ToF-MS instrument measurements can have contributions from multiple individual NMVOCs in a 32 

single reported mass (Koss et al., 2018). Where measurements were available from other instruments that measured 33 

with greater specificity (TOGA-TOF, iWAS, WAS), and the sum of those species agreed with the NOAA PTR-ToF-34 

MS measurement, we speciated that measurement. Where complete speciation was not available, we provided the 35 

available components for reference underneath the PTR-ToF-MS species in Table 4. For C9 aromatics and 36 

monoterpenes, <50% of the PTR-ToF-MS measurement could be speciated (Figures S1 and S2). Table 4 (and Figures 37 

S3 and S4 and Table S4) show where partial speciation agrees or disagrees with the fractional ion contributions from 38 
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Koss et al. (2018). Table S4 provides the speciation of all PTR-ToF-MS species with available measurements from 1 

TOGA, WAS, and iWAS based on the average EFs across all plumes.  2 

 3 

The most recent EF compilation available for crop residue fires (including some land-clearing activities) contains 84 4 

NMVOCs (Andreae, 2019). Observations from FIREX-AQ analyzed in this study provide EFs for 117 NMVOCs as 5 

well as 25 nitrogen-containing species (including NOx), 9 halogen-containing species, 11 aerosol species, and 5 sulfur-6 

containing species. 7 

4 Variability in emission factors and modified combustion efficiency across fuel types 8 

The variation in fire EFs is often related to MCE which is a measure of the amount of flaming combustion (MCE near 9 

0.99) compared to smoldering combustion (~0.8) (e.g., Akagi et al., 2011). A histogram of observed MCE (≡10 

∆𝐶𝑂2/(∆𝐶𝑂 + ∆𝐶𝑂2) by burned fuel type is given in Figure 2b ranging from 0.84 to 0.97. The MCE average for 11 

cropland residue was 0.93 ± 0.02 and for prescribed fuels was 0.90 ± 0.03. For comparison, the average MCE for the 12 

FIREX-AQ wildfires was 0.90 ± 0.02 (Gktazelis et al., 2023). The fuel-specific averages are given in Table 1. Corn 13 

residue burned at a statistically higher MCE (0.94, p < 0.05) than rice, soybean, grassland, slash, or pile fires. This 14 

may be due to differences in fuel moisture which impacts MCE (Chen et al., 2010; Hayashi et al., 2014). Crop residue 15 

generally dries out more quickly than woody fuels (Bradshaw et al., 1984). Corn residue also has greater biomass per 16 

acre compared to other crops and this higher fuel loading might increase MCE relative to other crops. In addition, 17 

crops like rice that are low to the ground may retain more fuel moisture even after drying before burning. Rice 18 

irrigation and variability in drying of woody fuels possibly drove the greater observed MCE variability for those fuels 19 

(Table 1). The BRSF MCE was higher than for other prescribed fires, likely due to the relatively lower moisture 20 

content of the fuels burned, consisting of understory fuels (shrubs, litter), as opposed to larger-diameter woody 21 

biomass. The sampled grassland fires occurred during the growing season when the grasses are green and moist, and 22 

thus burned at a much lower MCE (0.90) than is often observed (≥0.94) (Ward et al., 1992; Hoffa et al., 1999; 23 

Urbanski, 2014; Andreae, 2019). Similar variations in MCE (0.91 to 0.97) from the early to late dry season have been 24 

observed for African grassland fires (Korontzi et al., 2003). 25 

 26 

Figure 3 shows the methane EFs for individual plumes separated by fuel type as a function of MCE. The strong 27 

relationship of MCE with methane emissions played an important role in the average EF (Table 4), which for corn 28 

residue (3.0 g kg-1) was only approximately 40% of the EF for slash (8.4 g kg-1). Woody fuels had the highest methane 29 

EF at any given MCE. This difference in the MCE relationship between fuels was first shown between forest and 30 

savanna fires by (Hao and Ward, 1993) with over > 2× difference in the EF vs. MCE slope. To determine MCE 31 

dependence here for the average crop residue, prescribed, and grassland EFs, we averaged the EFs into bins of 32 

approximately 0.002 MCE and calculated their slope and intercept which are provided in Table S6 for all species with 33 

a significant correlation (r) with MCE. We then used the MCE dependence (Table S6) for methane to adjust the 34 

average crop residue EF (3.2 g kg-1, MCE=0.93) and the average prescribed fuels EF (7.5 g kg-1, MCE=0.90), to an 35 
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MCE of 0.92 (3.8 g kg-1 and 6.0 g kg-1, respectively). Therefore, even at the same MCE (0.92), the crop residue EF 1 

for methane was 40% less than for prescribed fuels. 2 

 3 

Shorter- and longer-lived non-methane volatile organic compounds (NMVOCs) 4 

Fires may impact ozone by contributing NMVOCs to regions where ozone production is VOC-limited (Singh et al., 5 

2012; Xu et al., 2021). Fires also transport both NOx and radicals in reservoir species such as PAN that can impact 6 

ozone chemistry downwind (Alvarado et al., 2010). Within most fire plumes, ozone production is NOx-limited after 7 

an initial period of rapid production (Robinson et al., 2021). Fires are reported to contribute to subsequent additional 8 

ozone production when mixed with NOx as in an urban setting (Jaffe and Wigder, 2012; Singh et al., 2012; Akagi et 9 

al., 2013; Jaffe et al., 2020; Selimovic et al., 2020; Rickly et al., 2023) although the impact of fires on ozone can be 10 

observed globally (Fishman et al., 1990; Andreae et al., 1994; Bourgeois et al., 2021). NMVOCs such as oxygenated 11 

aromatics (e.g., phenols) can also contribute to the formation of secondary organic aerosol (SOA) (Gilman et al., 2015; 12 

Ahern et al., 2019; Hodshire et al., 2019; Akherati et al., 2020).  13 

 14 

Figure 4a shows the contribution of individual species to the overall average NMVOC EF. We did not separate this 15 

figure into different fuel categories as this will be further discussed below. Acetaldehyde was the largest contributor 16 

to the total NMVOC EF. Shorter-lived species such as formaldehyde and acetaldehyde in wildfire smoke have been 17 

shown to drive downwind ozone production (Baker et al., 2016; Ninneman and Jaffe, 2021). The extent to which these 18 

common oxidation products of NMVOC chemistry may be directly emitted from fires versus produced from secondary 19 

oxidation of longer-lived precursors is uncertain. For example, photochemical formaldehyde production varied with 20 

plume chemistry from the FIREX-AQ western wildfires but often contributed > 40% of total formaldehyde (including 21 

primary emissions) after only several hours (Liao et al., 2021). Of the 17 NMVOC EFs shown in Figure 4a, 7 species 22 

or groups have a lifetime >6 hours against OH and photolysis.  23 

 24 

To provide an additional perspective on the importance of considering both photochemical lifetime and EF magnitude, 25 

we calculated a ‘dummy OH reactivity’ by weighting each species’ EF by its molecular weight and reaction rate with 26 

OH. In this way we assess potential rapid secondary NMVOC mass in a similar manner as previous work on SOA 27 

potential (Gilman et al., 2015; Hatch et al., 2017). Figure 4b rearranges the EFs by this metric. Furans (furan, 5-28 

methylfurfural + benzene diols, 2(3H)-furanone, benzofuran, furfural, and methylfurans + dimethylfurans) contributed 29 

~10% to the NMVOC EF by mass (Figure 4a) but 30% when weighting by OH reactivity (Figure 4b). Aromatics 30 

(benzene, toluene, C8 and C9 aromatics, phenol, guaiacol) contributed 6% to the NMVOC EF and the same when the 31 

weighting by OH reactivity. Only one longer-lived species (and formaldehyde precursor) had sufficient mass 32 

combined with reactivity to contribute above 2% to the weighted NMVOC EF (Figure 4b, ethene). Acetic acid + 33 

glycolaldehyde was the next most important EF when weighting by OH reactivity (1.5%). These species could be 34 

important to include in models considering transport of fire-related NMVOCs downwind. 35 

 36 
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Figure 5 shows the comparison of the total NMVOC EF in Figure 4a against MCE and split into shorter-lived (lifetime 1 

< 6 hours) and longer-lived (lifetime > 6 hours) species. Shorter-lived NMVOCs contributed ~60% by mass (Table 2 

4). The largest shorter-lived NMVOCs EFs were acetaldehyde, formaldehyde, methylglyoxal, 5-methylfurfural + 3 

benzene diols, and 2,3-butanedione + 2-oxobutanal + 1,4-butanedial (Figure 4a). 2,3-Butanedione was the only species 4 

with a lifetime against photolysis (~1 hour) shorter than OH oxidation (~3 days). The impact of this species on near-5 

field chemistry is thus missed only considering OH reactivity (Permar et al., 2023; Carter et al., 2022) but a model 6 

including photolysis showed it is an important radical and PAN precursor from fires in the Southeast US (Liu et al., 7 

2016). The largest longer-lived NMVOC EFs were acetic acid + glycolaldehyde, hydroxyacetone + methyl acetate + 8 

ethyl formate, methanol, and ethene (Figure 4a). As in previous studies, NMVOCs were highly correlated with MCE 9 

(e.g., Yokelson et al., 2011; Liu et al., 2016; Permar et al., 2021). The sum of shorter- and longer-lived NMVOCs 10 

exhibited a strong relationship with MCE for crop residue (r = -0.87 and -0.90 respectively, Table S6). The relationship 11 

for prescribed fires was weaker (r=-0.63 and -0.68, respectively), due to the departure from a linear relationship for 12 

low MCE (< 0.88). Similar behavior was observed in Yokelson et al. (2013) which could be due to the larger 13 

complexity of fuels burned in prescribed fires compared to crop residue.  14 

 15 

Figure 6 shows the same comparison as Figure 5 for a selection of individual shorter- and longer-lived NMVOCs that 16 

illustrate both MCE-dependent and fuel-specific differences. As described above, at low MCE, prescribed fuels 17 

emitted NMVOCs with lower EFs than other fuel types (Figure 5a,b) and this was driven by OVOCs such as 18 

formaldehyde and acetaldehyde (Figure 6a,b). Stockwell et al. (2014) found that some crop residue fires had higher 19 

emissions of some OVOCs compared to other fuels and they speculated that high glycolaldehyde emissions could be 20 

due to the sugar content in pre-harvest sugar cane. Hatch et al. (2015) found that rice straw had higher emissions of 21 

OVOCs compared to non-agricultural fuels which they hypothesized was due to the greater ash content that contains 22 

metals which catalyze cellulose degradation (Patwardhan et al., 2010). Not all OVOCs exhibited this pattern (e.g., 23 

Figure 6d). We discuss additional differences below. 24 

 25 

Crop residue and prescribed fuels are generally made up of ~25–40% cellulose, ~23–50% hemicellulose, and ~7–30% 26 

lignin (Saini et al., 2015). As these components are heated, multiple processes take place starting with distillation, 27 

pyrolysis, gasification, and finally flaming combustion if conditions are right for ignition. The non-flaming processes 28 

(e.g., gasification) are often collectively referred to as smoldering (Yokelson et al., 1996; Sekimoto et al., 2018). The 29 

initial distillation of the fuels emits monoterpenes from stored plant resins. This would be expected to be greatest from 30 

coniferous forest biomass (Hatch et al., 2019). Figure 6c shows the elevated monoterpenes from slash and pile fires 31 

which released 10× more monoterpenes than crop residue fires (Table 4: 0.08 vs. 0.77 g kg-1). 32 

 33 

Pyrolysis of cellulose, hemicellulose, and lignin emits different NMVOCs (Sekimoto et al., 2018). Woody biomass 34 

(slash/piles) has a higher lignin and cellulose content than crop fuels, while grasslands fall in between (Saini et al., 35 

2015; Acquah et al., 2018; Santiago-De La Rosa et al., 2018). Thermal degradation of lignin produces guaiacols, 36 

phenol, and syringol, while breakdown of cellulose and hemicellulose produces OVOCs such as acetaldehyde, furans, 37 
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and furfurals (Kibet et al., 2012; Sekimoto et al., 2018). Aromatization, occurring at high temperatures, produces 1 

aromatic hydrocarbons and PAHs (e.g., naphthalene). Figure 6d,e show EFs for guaiacol and 5-2 

methylfurfural+benzene diols, where the lowest values were observed for the BRSF prescribed fire and grassland 3 

fires, possibly indicative of lower lignin. The average crop residue and slash/piles EFs for these species had a similar 4 

dependence on MCE (Table S6) and within a 30% difference for each species after adjusting both to MCE=0.92. 5 

Phenol (Figure 6f) showed a statistically different EF for crop residues that was 70% higher than the EF for prescribed 6 

fires even after adjusting to the same MCE. Metals (such as potassium) that are more abundant in crop residue fuels 7 

than prescribed fuels catalyze production of OVOCs coming from cellulose and hemicellulose (Essig et al., 1989; 8 

Patwardhan et al., 2010) and this could possibly also impact phenol production although other species produced from 9 

lignin such as guaiacol (Fig. 6d) or 5-methylfurfural + benzene diols (Fig. 6e) did not show this effect. EFs for products 10 

of aromatization such as benzene (Figure 6g) and naphthalene (Figure 6h) were 2–4× greater for grassland fires than 11 

crop residue or other prescribed fires possibly due to the effects of higher fuel moisture (Zhang et al., 2022).  12 

 13 

Satellite Observable Species 14 

Several NMVOCs are observable from space, including formaldehyde (Chance et al., 2000), methanol and formic 15 

acid (Razavi et al., 2011; Cady-Pereira et al., 2014), glyoxal (Chan Miller et al., 2014), and isoprene (Wells et al., 16 

2020). Impacts of fires on formaldehyde and glyoxal have been observed from satellites (Stavrakou et al., 2016; 17 

Alvarado et al., 2020). The ratio of glyoxal to formaldehyde (RGF) from satellites may be used to distinguish between 18 

source categories (anthropogenic, pyrogenic, biogenic (Vrekoussis et al., 2009)). Changes in the RGF from the 19 

emission source to downwind have been observed from satellite and used to classify different pyrogenic fuels using 20 

space-based observations of wildfires, where secondary production of formaldehyde downwind causes the RGF to 21 

decrease with age (Alvarado et al., 2020). Here, glyoxal EFs (Figure 6i) increased with decreasing MCE for crop 22 

residue fires (r = -0.73, Table S6) but a significant relationship was not obtained for prescribed fires. Crop residue 23 

fires emitted 60% more glyoxal than prescribed fires (Table 4). Zarzana et al. (2018) found a consistent RGF of 0.07 24 

± 0.02 in their FIREX lab study of mainly forest fuels. Here, the RGF (calculated using ERs, Table S2), was 70% 25 

higher from crop residue fires (0.12 ± 0.04) than prescribed fires (0.07 ± 0.02).  26 

 27 

Nitrogen-containing species 28 

Emissions of NOx (Figure 7a) showed a non-linear and positive dependence on MCE for crop residue and prescribed 29 

fuels (Table S6), with a steep increase in EF above MCE ~ 0.92 for crop residue. This behavior is similar to the lab-30 

based results from Roberts et al. (2020) for the ratio of NOx to reactive nitrogen. Herbaceous fuels (crop residue, 31 

grasslands) have higher fuel nitrogen than the woody fuels consumed in prescribed burning (Coggon et al., 2016). 32 

Crop residue fires emitted ~2× as much NOx as prescribed fires (Table 4). Above MCE ~0.92, the ratio of the NOx 33 

EF to the total NMVOC EF (Figure 5c) increased steeply from <0.10 to 0.42. For comparison, the NOx/VOC ratio 34 

from mobile and stationary combustion sources in the US EPA inventory is much greater (0.89, EPA, 2020).  35 

 36 
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 Nitrous acid (HONO) has been observed from fires during many field (Yokelson et al., 2009; Peng et al., 2020; Chai 1 

et al., 2021) and laboratory-based studies (Veres et al., 2010; Chai et al., 2019; Roberts et al., 2020) as well as from 2 

satellites over fire hotspots (Theys et al., 2020). Laboratory studies show that HONO is produced mainly from flaming 3 

combustion (Burling et al., 2010; Roberts et al., 2010, 2020) regardless of overall MCE. Only three studies contributed 4 

to the HONO EF for crop residues in (Andreae, 2019). However, the Andreae value (0.37 g kg-1) compares well with 5 

the average crop residue EF here (0.39 g kg-1, Table 4) which could be due to the lack of dependence on MCE (Figure 6 

7b). The average prescribed EF (0.34 g kg-1) is also similar, but grassland EFs were ~60% larger (0.64 g kg-1,Table 4) 7 

possibly due to the effects of high fuel moisture also reported by Roberts et al. (2020).  8 

 9 

Hydrogen cyanide (HCN) and isocyanic acid (HNCO) are both produced during high-temperature pyrolysis (Sekimoto 10 

et al., 2018). HCN, in addition to ammonia (NH3), is also produced from gasification during smoldering combustion 11 

(Leppälahti and Koljonen, 1995; Houshfar et al., 2012; Chai et al., 2019). Grassland fires emitted over twice as much 12 

HCN (Figure 7c) and HNCO (Figure 7d) as crop residue or prescribed burning suggesting that gasification was the 13 

dominant contributor to this difference or that fuel moisture had a large effect. Overall, differences in organic nitrogen-14 

containing EFs were likely primarily driven by fuel nitrogen differences with additional effects from combustion 15 

processes or the effects of fuel moisture. Ammonia measurements during FIREX-AQ required special treatment due 16 

to instrument tailing effects. These EFs are described in Tomsche et al. (2023) where no clear relationship with MCE 17 

was found and most NH3 had partitioned into aerosol-phase ammonium at the time of sampling. 18 

 19 

Halogenated species 20 

Biomass burning produces methyl halides (CH3Cl, CH3Br, and CH3I) that are longer-lived ozone-depleting substances 21 

(Blake et al., 1996; Lobert et al., 1999; Bahlmann et al., 2019; Hu et al., 2023) and sometimes resuspends other 22 

halogenated species likely deposited from anthropogenic activities (Radke et al., 1991; Eckhardt et al., 2007). Methyl 23 

chloride (CH3Cl) was by far the most abundant measured halogenated species emitted from crop residue or prescribed 24 

fires during FIREX-AQ. Hydrogen chloride (HCl) may be emitted in similar amounts (Andreae, 2019) but was not 25 

measured during FIREX-AQ. Figure 8a shows the strong dependence of CH3Cl emissions on fuel type, where the 26 

crop residue fuel EFs were 5× greater than prescribed fire fuels (Table 4) due to their higher chlorine content 27 

(Stockwell et al., 2014). Methyl bromide (CH3Br) and methyl iodide (CH3I) EFs were highest for rice residue (Figure 28 

9b+c, Table 4). In a study of boreal fires that burned woody fuels, (Simpson et al., 2011) found that dichloromethane 29 

(CH2Cl2) was not significantly emitted from the prescribed fires. We similarly found no relationship between CH2Cl2 30 

and CO for prescribed fires (r = 0.17, Table S5) but CH2Cl2 did appear to be emitted by crop residue fires (r = 0.46, 31 

Table S5) which may be due to its use in agriculture chemical production (EPA, 2018). 32 

 33 

Several halogenated species were weakly anticorrelated with CO (Table S5). Halon 1211 was negatively correlated 34 

with CO for both crop residue fuels (r = -0.40) and prescribed burns (r = -0.41). The brominated species 35 

bromodichloromethane (CHBrCl2, r = -0.35), dibromochloromethane (CHBr2Cl, r = -0.32), and bromoform (CHBr3, 36 
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r = -0.25) were negatively correlated for crop residue fuels. This negative relationship could indicate destruction of 1 

these species during flaming combustion (Simpson et al., 2011).  2 

 3 

Aerosols 4 

Particulate matter < 1 𝜇m (PM1, Fig, 9a) was largely emitted as organic aerosol (OA, Figure 9b), which on average 5 

comprised 88% of crop residue and 95% of prescribed fire PM1 (Table 4). This fraction was more variable for crop 6 

residue fires that emit larger amounts of other species (chloride, Figure 9f, ammonium, Figure 9g, potassium, Figure 7 

9h). Nitrate exhibited a weakly negative (r = -0.65) relationship with MCE for crop residue (Figure 9e, Table S6) 8 

which we suggest could be due to its production from organic nitrogen-containing species. EFs for OA are reported 9 

as organic carbon (OC) as described in section 3. Figures 9a,b show the strong negative relationship of PM1 and OC 10 

EFs with MCE (Table S6). Corn residue fires emitted 50% lower OC than rice residue fires due to their higher MCE. 11 

After adjusting to MCE=0.92, crop residue fires emitted approximately 60% more PM1 and 80% more OC than 12 

prescribed fires. There was no statistically significant relationship of BC with MCE (Figure 9d, Table S6) despite BC 13 

being a product of flaming combustion (Akagi et al., 2011). This could be due to the few plumes sampled here at high 14 

MCE (>0.96 as reported by Aurell et al., 2015), or variability due to flame turbulence (Shaddix et al., 1994). The ratio 15 

of BC to OC ERs appeared to have an exponential dependence on MCE (Figure S5) which may be useful for predicting 16 

aerosol optical properties (Christian, 2003; Pokhrel et al., 2016; Li et al., 2019). 17 

 18 

Levoglucosan, a degradation product of cellulose (emitted during smoldering combustion), and potassium (emitted 19 

from flaming combustion) are both used as tracers of biomass burning (Fraser and Lakshmanan, 2000; Sullivan et al., 20 

2014; Quinteros et al., 2023). High metal content (e.g., potassium) in fuels suppresses levoglucosan production (Essig 21 

et al., 1989; Patwardhan et al., 2010) in favor of OVOC production as described above. Fields that have been treated 22 

with agricultural chemicals may be enriched in nutrients such as potassium, sulfur, phosphorous, and nitrogen that 23 

could be released during burning (Lobert et al., 1999; Wortmann et al., 2012; Stockwell et al., 2014; Liu et al., 2016). 24 

Figure 9f-h and Table S1 show that crop residue fires emitted 7× more chloride, 4× more potassium, and 3× more 25 

ammonium than prescribed fires. The elevated potassium could explain why levoglucosan (Figure 9c), was 11% of 26 

the OA EF for crop residue but 22% for prescribed fires. The relatively higher chloride emissions from crop residue 27 

fires were consistent with the 5× higher CH3Cl EFs from crop residue fires compared to prescribed fires (see above).  28 

 29 

Table 4 includes particle number with nominal diameters >3 nm and the average lognormal size distribution number 30 

median diameter (Dpg) and geometric standard deviation (sg). A common assumption for biomass burning particles 31 

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 32 

sg of 1.7. For prescribed burning, the distribution was difficult to characterize possibly due to the size cutoff of the 33 

LAS instrument (Table 2, 0.1 mm) or fewer available samples. 34 

 35 

Sulfur-containing and other species 36 

 21698996, ja, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

039309 by N
asa G

oddard Space Flight, W
iley O

nline L
ibrary on [06/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to Journal of Geophysical Research - Atmospheres 

Most measured sulfur was emitted as SO2. The crop residue and grassland fire EFs for SO2 were 2× greater than 1 

prescribed fires (Figure 10a, Table 4). There was a significant positive correlation between SO2 and MCE for crop 2 

residue and prescribed fires (Table S6, r = 0.46 to 0.72). The higher sulfur content of crop residue and grassland fuels 3 

(Stockwell et al., 2014; Hatch et al., 2015), combined with sulfur deposition and the use of sulfur-containing fertilizers 4 

(Rickly et al., 2022), are likely causes of the differences in SO2 EF. Other sulfur-containing compounds, such as 5 

methanethiol (CH3SH, Figure 10b), were similarly emitted in greater amounts from crop residue and grassland fires 6 

than from prescribed fuels. 7 

 8 

Direct emissions of hydrogen peroxide (H2O2) have been observed from fires in addition to secondary production 9 

from plume aging (Lee et al., 1997; Yokelson et al., 2009) that can have impacts even on the remote atmosphere (Allen 10 

et al., 2022). H2O2 has a lifetime of about 1 day but is also produced from secondary chemistry, allowing for impacts 11 

on downwind oxidation capacity if lost to reaction with OH or photolysis. The H2O2 EF had a negative relationship 12 

with MCE for crop residue fires (Figure 10c; from Table S6, r = -0.68). This could be due to greater fast prompt 13 

production from reactive NMVOCs at lower MCE (Figure 5, Figure 6) and lower NOx (Figure 7a). The plumes 14 

sampled during FIREX-AQ were minimally aged and no relationship of the H2O2 ER was observed with the ratio of 15 

maleic anhydride to furan (as an indicator of photochemical processing, Figure S6). The average H2O2 ER for 16 

agriculture and prescribed fires (0.87 and 0.82 ppt H2O2 ppb CO-1, respectively) was within 40% of the ER calculated 17 

by Yokelson et al. (2009) for fresh smoke in Mexico (1.5 ppt H2O2 ppb CO-1). 18 

 19 

Summary of observed relationships with MCE and fuel type 20 

Figure 11 summarizes the species with a significant (p < 0.05) positive or negative correlation with MCE for crop 21 

residue fires. Only strong negatively correlated species (r2 > 0.5) are plotted while the remainder (and correlations for 22 

prescribed fire fuels and grassland fires) are given in Table S6. The strongest relationships were observed for shorter-23 

lived OVOCs, but strong relationships were also obtained for shorter- and longer-lived NMVOCs, organic nitrogen-24 

containing species, and OC. Weaker relationships were found for positively correlated inorganic species (NO, NO2, 25 

SO2). Species with no significant correlation with MCE for any fuel type (Table S6) included aerosol species 26 

(potassium, chloride, BC), ethanol, and other VOCs where obtaining significant correlations was difficult (low 27 

concentrations, low time resolution instruments) although an MCE dependence might be expected (e.g., furfural). 28 

Overall, we found significant relationships with MCE for 81% (35%) of sampled species for crop residue (prescribed) 29 

fires. As an example of the impact of this dependence, the methane EF calculated at 0.84 MCE would be ~11× greater 30 

than at 0.97 MCE, the range observed during FIREX-AQ (Figure 3). 31 

 32 

Liu et al. (2016) sampled 15 agricultural fires in the Southeast US and found positive but not significant relationships 33 

with MCE for SO2, NOx and nitrate. Here, we obtained positive and significant correlations for SO2 and NOx (Figure 34 

7a) and a negative relationship for nitrate. For the species reported by Liu et al. (2016) with negative but insignificant 35 

correlations with MCE that were also measured during FIREX-AQ (HCN, acetaldehyde, OA, sulfate, isoprene, 36 
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acetonitrile, methanol, and acetone), we found significant and negative correlations with MCE for all species (Table 1 

S6).  2 

 3 

To explore differences in EFs between fuels that are not solely attributable to MCE, we adjusted the EFs with a 4 

significant dependence on MCE (p < 0.05, r2 > 0.5) for both crop residue and prescribed fires to an MCE of 0.92 5 

(average for agricultural residue from Andreae, 2019) using the slope and intercept provided in Table S6. Figure 12 6 

shows the 23 adjusted EFs for which the crop residue and prescribed values had a significant difference (using a t-7 

test, p < 0.05) of at least 50%. Large enhancements in crop residue fire adjusted EFs occurred for two chlorine-8 

containing species: aerosol chloride (7×) and methyl chloride (5×) and two other aerosol species: potassium (4×) and 9 

ammonium (3×). Eight nitrogen-containing adjusted EFs were enhanced for crop residue fires including pyrrole + 10 

butenenitrile (3×), NO (3×), and NO2 (2×). Sulfur dioxide and seven NMVOCs had adjusted EFs approximately 2× 11 

greater from crop residue fires than prescribed fires. The monoterpene crop residue adjusted EF was only 20% of the 12 

prescribed EF. This is expected because of the emission of stored terpenes from coniferous fuels as the vegetation is 13 

heated (Simpson et al., 2011).  14 

5 Comparison with prior global compilations and regional studies  15 

The comparison of average crop residue, prescribed fuels, and grassland EFs derived here to the compilation from 16 

Andreae (2019) is provided in Table S7. Some differences are likely due to the difference in MCE in the Andreae 17 

(2019) global compilation (0.92) compared to the average here (0.93) that is weighted toward corn fires. For example, 18 

Figure 4 shows that using the Andreae (2019) estimated “global average” methane EF for crop residue (5.7 g kg-1) 19 

would result in an 80% overestimate of methane EF from FIREX-AQ (3.2 g kg-1). The methane EF from grassland 20 

fires sampled during FIREX-AQ (4.5 g kg-1) was a factor of two higher than the EF (2.5 g kg-1) from Andreae (2019) 21 

again likely due to differences in MCE (0.90 vs. 0.94) as the sampled grassland fires here occurred during an unusually 22 

wet summer.   23 

 24 

FIREX-AQ EFs showed large disagreement with Andreae (2019) and Akagi et al. (2011) for OC and PM1. PM2.5 is 25 

the metric generally reported for global compilations but is expected to be similar to PM1. The PM2.5 EFs for crop 26 

residue from Andreae (2019) and Akagi et al. (2011) were 8 g kg-1 and 6 g kg-1, respectively, 60-70% lower than 27 

obtained here for PM1 (21 g kg-1). Those global compilations had limited data for crop residue and included some 28 

measurements based on older techniques. The FIREX-AQ crop residue average PM1 EF agreed within approximately 29 

50% compared to the Liu et al. (2016) average EF (15 g kg-1) with overlap over the range of MCE studied (Fig. 9a). 30 

Liu et al. (2016) and this study both measured speciated PM1 using an AMS (Table 2). The FIREX-AQ BC EF (0.12 31 

g kg-1) was 70–80% less than the values in Andreae (2019) (0.42 g kg-1) and Akagi et al. (2011) (0.75 g kg-1) but 32 

agreed within 20% of the Liu et al. (2016) EF (0.16 g kg-1). Therefore, global EFs may significantly underestimate 33 

OA and PM1 but overestimate BC emissions in the Eastern US from crop residue fires (i.e., Carter et al., 2020). 34 

Measurements of BC can however differ widely (30–80%) across instrument techniques (Li et al., 2019) and this 35 

should be taken into consideration when creating average compilations of EFs across studies.  36 
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 1 

A goal of FIREX-AQ was to expand EF availability and statistics for crop residue and prescribed fires (Warneke et 2 

al., 2023). This need was emphasized by Akagi et al. (2011) and demonstrated by differences in crop residue fire EFs 3 

between the 15 crop residue fires sampled in the Southeast US by Liu et al. (2016) and the earlier global compilation 4 

of Akagi et al. (2011) that is commonly used in models and fire emission inventories. These differences motivated the 5 

need for further sampling to better determine the distribution of crop residue fire EFs. Figures 13a+b (and Table S8) 6 

show the average crop residue fire EFs from this work (Table 4) compared to Liu et al. (2016). Also overlaid are the 7 

average crop residue fire EFs from Akagi et al. (2011) and Andreae (2019). The FIREX-AQ study sampled the most 8 

crop residue fires and measured the most species to date so this data will likely have a large impact on future global 9 

averages for many EFs. 10 

 11 

Study-average EFs between Liu et al. (2016) and FIREX-AQ for US crop residue fires agreed within 50% for 16 out 12 

of 21 comparable species (Figure 13, Table S8). The biggest discrepancy was for monoterpenes, where EFs from 13 

FIREX-AQ were 70% lower than in Liu et al. (2016). The rice-specific monoterpene EF from FIREX-AQ agreed 14 

better with Liu et al. 2016 (0.28 g kg-1 vs. 0.26 g kg-1, respectively) and therefore we attributed this difference largely 15 

to the dominance of corn residue fire EFs in the FIREX-AQ crop residue average compared to the majority rice residue 16 

fires in Liu et al. (2016). FIREX-AQ EFs were 60 to 90% larger for acetaldehyde, toluene, and acetonitrile and 50% 17 

less for HCN, but still within one standard deviation of the EF from Liu et al. (2016). 18 

 19 

The range in MCE observed during FIREX-AQ (0.84 to 0.97) was larger than in Liu et al. (2016) (0.90 to 0.96). As 20 

shown in Figure 6, Figure 7, Figure 9, and Figure 10, this led to a larger range in EFs observed from FIREX-AQ crop 21 

residue fires than in Liu et al. (2016). While fire-integrated MCE likely varies less than plume MCE, to improve 22 

accuracy in modeling crop residue (and prescribed) fire emissions, future work should focus on developing inventories 23 

that better account for fuel composition, seasonal moisture availability, and MCE variability. As a first step, the better 24 

comparison between Liu et al. (2016) and this study compared to global compilations (Akagi et al., 2011; Andreae, 25 

2019) highlights the importance of EFs that are regionally- and seasonally-specific even if crop-specific information 26 

or the ability to vary EFs with MCE or fuel moisture cannot yet be implemented. 27 

6 Conclusions 28 

Crop residue and prescribed fires are widely used to remove unwanted biomass, but chemical characterization of the 29 

emissions from these fires has been limited. We calculated emission factors (EFs) and emission ratios (ERs) for crop 30 

residue and prescribed fires during the Eastern US component of the 2019 NOAA/NASA FIREX-AQ campaign. These 31 

types of observations provide the basis for EFs that are used in models to predict the air quality impacts of fires. 32 

Currently-used EF compilations present global averages covering a large range of fuel types and burning conditions 33 

and are often based on a limited amount of sampling. FIREX-AQ sampled four types of crop residue burning (corn, 34 

soybean, rice, winter wheat), and four types of prescribed burning (slash, piles, shrubland, grassland), in addition to a 35 

prescribed understory fire at Blackwater River State Forest in Florida that was coordinated with FIREX-AQ sampling. 36 
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We obtained EFs and ERs for 53 crop residue fires and 22 prescribed fires for 117 VOCs, 25 nitrogen-containing 1 

species, 9 halogenated species, 11 aerosol species, and 5 sulfur-containing species significantly expanding the number 2 

of these fire types sampled globally and making these the most chemically-detailed field measurements of these 3 

sources to date. This information can be incorporated into future compilations of crop residue or prescribed burning 4 

activities to improve overall averages for these fuel types.  5 

 6 

During FIREX-AQ, 70% of the crop residue fires burned corn residue and this fuel type significantly influenced the 7 

crop residue average EFs in this study. Corn residue fires burned at a higher modified combustion efficiency (MCE = 8 

0.94 ± 0.02) than other fuel types, likely due to higher fuel loadings for this crop type and drier fuels compared to 9 

other crop types. The strong negative relationship of most NMVOCs with MCE resulted in lower average EFs for 10 

corn residue burning than for other fuel types and literature averages. Grassland fires during the campaign burned at 11 

a much lower MCE (0.90±0.01) than typically observed (≥0.94), because the fuels were green, moist, growing-season 12 

grasslands. Prescribed fires burned at an MCE of 0.90 which is expected for this fuel type. Misattributing any of these 13 

fuel types clearly could cause large errors in emissions just due to MCE alone. 14 

 15 

We calculated a large difference in the importance of NMVOCs between contributions to the total by mass only or 16 

after weighting by reactivity. This can inform which species may be most important to include for near-field and far-17 

field chemistry. Furans (furan, 5-methylfurfural + benzene diols, 2(3H)-furanone, benzofuran, furfural, and 18 

methylfurans + dimethylfurans) contributed ~30% to the NMVOC after weighting by OH reactivity (Figure 4b). 19 

Ethene and acetic acid + glycolaldehyde were longer-lived NMVOCs that had sufficient mass combined with 20 

reactivity to consider including in models of transport of fire-related NMVOCs downwind. 2,3-Butanedione was the 21 

only species that was longer-lived against OH oxidation (~3 days) but shorter-lived against photolysis (~1 hour) and 22 

is missed when only considering OH reactivity but has been shown in box modeling studies to be an important radical 23 

and PAN precursor. 24 

 25 

Emissions of NMVOCs from fires may impact surface ozone in urban regions that are VOC-limited. To provide 26 

insight into which NMVOCs may travel further downwind from a fire, we separated EFs by their lifetime against OH 27 

or photolysis into shorter-lived (<6 hours) or longer-lived (>6 hours) species. The total shorter-lived NMVOC EF by 28 

this definition was 60% of the total NMVOC EF. The largest shorter-lived NMVOC EFs were for acetaldehyde and 29 

formaldehyde, and the highest longer-lived NMVOC EFs were acetic acid + glycolaldehyde and hydroxyacetone + 30 

methyl acetate + ethyl formate. Furans, while only contributing 10% to the total NMVOC EF by mass, contributed 31 

30% when weighting by both mass and OH reactivity. Ethene and acetic acid + glycolaldehyde were longer-lived 32 

NMVOCs that had sufficient mass combined with reactivity to consider including in models of transport of fire-related 33 

NMVOCs downwind. 2,3-Butanedione was the only species that was longer-lived against OH oxidation (~3 days) but 34 

shorter-lived against photolysis (~1 hour) and had the 9th highest EF of all NMVOCs. The impact of this species on 35 

near-field chemistry and downwind PAN formation is misrepresented when viewing biomass burning emissions only 36 

in terms of OH reactivity. Overall, these findings from FIREX-AQ highlight the need to use chemical mechanisms 37 

that treat the oxidation of both shorter- and longer-lived NMVOCs. 38 
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 1 

We observed significant differences in EFs across fuel types. Like prior work, OVOCs were emitted in greater amounts 2 

by crop residue fires than prescribed fires which could be due to the presence of alkali metals that reduce levoglucosan 3 

but increase OVOC production (e.g., glycolaldehyde) from cellulose. Species emitted from degradation of lignin (e.g., 4 

guaiacol) showed less of a difference. As a result, the ratio of glyoxal to formaldehyde (RGF) was 70% higher from 5 

crop residue fires than prescribed fires, which may have implications for interpreting observations of RGF from space. 6 

Due to the storage of monoterpenes, biomass burned in prescribed fires emitted over 5× more monoterpenes than crop 7 

residue fuels. Crop residue fires had a factor of two greater NOx EFs compared to prescribed fires which have lower 8 

fuel nitrogen content. Likely due to high fuel halogen content as well as their use in agricultural chemicals, halogenated 9 

species were enhanced in crop residue fires, which emitted 7× more aerosol chloride and 5× more methyl chloride 10 

(CH3Cl) than prescribed fires. Most of the PM1 was emitted as organic aerosol and this fraction was greater for 11 

prescribed fires (96%) than crop residue fires (92%). In addition to chloride, crop residue fires emitted 4× more 12 

potassium and 3× more ammonium than prescribed fires. Likely due to higher sulfur content, the crop residue and 13 

grassland fire EFs for SO2 were both 2× greater than prescribed fires. We also reported direct emissions of hydrogen 14 

peroxide which were similar for crop residue and prescribed fires. 15 

 16 

Species with a strong relationship with MCE are more difficult for current models to accurately simulate as emissions 17 

inventories (e.g., Wiedinmyer et al., 2023) typically include dependence on fuel type but not burning conditions. The 18 

same fuel type (such as wet and dry grasslands) can have very different emissions when fuel moisture is higher, and 19 

MCE is lower. We found significant relationships with MCE for 81% of crop residue EFs and 34% of prescribed EFs. 20 

The strongest anticorrelations were observed for methane and OVOCs. Species with no significant correlation with 21 

MCE for any fuel type included inorganic aerosol species (potassium, chloride, BC) and some NMVOCs where 22 

obtaining significant correlations was difficult although an MCE dependence might be expected. A greater range in 23 

MCE and EFs was observed during FIREX-AQ than was observed during previous studies in the Eastern US. This 24 

range, for example 11× for the methane EF, further motivates work to parameterize EFs as a function of MCE. 25 

 26 

To investigate differences across fuel types not solely attributable to MCE, we adjusted all measured EFs with a strong 27 

dependence on MCE (R2 > 0.5) to a value of 0.92. We exclude monoterpenes from this correction due to the large 28 

differences across crop types within the ‘crop’ category. This step left 20 species that differed by more than 50% 29 

between crop residue and prescribed fire EFs including aerosol chloride (7×), methyl chloride (5×), aerosol potassium 30 

(4×), and NO (3×), and NO2 (2×). Sulfur dioxide and seven NMVOCs had adjusted EFs approximately 2× greater 31 

from crop residue fires than prescribed fires. The EFs for monoterpenes for agricultural residue was only 20% of the 32 

prescribed value. There may be additional significant differences between crop residue and prescribed fires EFs that 33 

we were not able to discern here for additional species. For some species, particularly some NMVOCs that were 34 

measured at lower temporal resolution, we did not obtain sufficient statical certainty.  35 

 36 

The EFs sampled here spanned a similar range as previous studies in the Southeast US, with the average standard 37 

deviation giving a variability of approximately 2× for most species with larger variability in fuel-specific species such 38 
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as inorganic aerosols likely related to agricultural chemicals (e.g., chloride) and stored biogenic VOCs 1 

(monoterpenes). In addition to fuel characteristics, variance was due to MCE or other factors such as fuel moisture or 2 

combustion temperature. Some efforts have been made to determine fire MCE operationally from space-based 3 

measurements such as TROPOMI CO and NO2 or VIIRS visible energy fraction (Wang et al., 2020; van der Velde et 4 

al., 2021). These efforts could improve EFs for species that are anticorrelated with MCE (NMVOCs, OA, organic 5 

nitrogen-containing compounds). Additional information on fuel-specific EFs in inventories would improve 6 

simulations of inorganic species related to the use of agricultural chemicals and fuel composition such as nitrogen 7 

content. As a first step, the better comparison between other regionally-specific EFs and this study compared to global 8 

averages highlights the importance of EFs that are regionally- and seasonally-specific even if crop-specific 9 

information or the ability to vary EFs with MCE or fuel moisture is not yet available. Variation of EFs with season 10 

has been implemented for methane emissions from Australian savannas (Russell-Smith et al., 2013). Models could 11 

consider similarly implementing both regionally-specific and temporally varying EFs, for example to address the ‘wet’ 12 

or ‘dry’ EFs based on knowledge of fuel conditions such as was observed during FIREX-AQ for grasslands. 13 

Preliminary work on such an implementation for the Eastern U.S. has begun combining cropland information from 14 

the CDL product with the EFs from this work and other local sources and including seasonally varying grassland EFs 15 

(Fite et al., 2023). 16 

Acknowledgements 17 

RY acknowledges funding from NSF AGS 1748266 and NOAA AC4 Award Number: NA16OAR4310100. AF 18 

acknowledges funding from NASA Award Number: 80NSSC18K0628. POW, LX, and JDC thank NASA for support 19 

via 80NSSC18K0660 and 80NSSC21K1704. HG, DP, DD, PCJ, and JLJ acknowledge funding from NASA Grants 20 

#80NSSC18K0630 and #80NSSC21K1451. This material is based upon work supported by the National Center for 21 

Atmospheric Research, which is a major facility sponsored by the National Science Foundation under Cooperative 22 

Agreement No. 1852977. ECA, AJH, and RSH acknowledge funding from NASA Award No. 80NSSC18K0633. 23 

DRB, SM, and IJS acknowledge funding from NASA Award Number 80NSSC18K0632. TFH, GMW, JL, and JMSC 24 

were supported by NASA Tropospheric Composition Program and NOAA AC4 grant NA17OAR4310004. CCW, 25 

MAR, and JMK were supported in part by the NOAA Cooperative Agreement NA17OAR4320101 with CIRES. We 26 

acknowledge Samuel R. Hall and Kirk Ullmann for use of the CAFS data (NASA Award Number: 80NSSC18K0638). 27 

We acknowledge Armin Wisthaler and Laura Tomsche for their helpful conversations about their ammonia 28 

measurement. We acknowledge Jeffrey Pierce, Holly Nowell, and Charley Fite for helpful conversations. 29 

 30 

Open Research 31 

 32 

FIREX-AQ observations are available at doi:10.5067/SUBORBITAL/FIREXAQ2019/DATA001. The specific 33 

observations used in this work have been compiled at https://doi.org/10.5281/zenodo.7884392. Analysis code is 34 
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 1 
Figure 1. Example photographs for fuel types sampled during the Eastern U.S. component of FIREX-AQ, from the DC-8 visible 2 
camera (corn, rice, soybean, winter wheat, shrubland), DC-8 infrared camera (piles, slash), and a ground-based camera (grassland).  3 
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1 
Figure 2. Crop residue and prescribed fire plumes sampled during FIREX-AQ, colored by fuel type. a) Map of fire locations. b) 2 
Stacked histogram of modified combustion efficiency (MCE) for sampled plumes. 3 

Table 1. Details for crop residue and prescribed fires sampled during FIREX-AQa.  4 
 Crop Residue Fires  Prescribed Fires 

 

Fuel 
Corn Rice Soybean Winter 

wheat 

Avg Slash Piles Shrub 

land 

Avg Grass 

land 

BRSF 

# Fires 37 12 3 1 53 7 9 1 17 4 1 

# Plumes 

analyzedc 108 29 4 1 

 

142 34 16 1 51 15 20 

MCE 

(sd) 

0.935  

(0.017) 

0.914 

(0.023) 

0.914 

(0.017) 

0.965 

(N/A) 

0.930 

(0.020) 

0.896 

(0.031) 

0.911 

(0.032) 

0.940 

(N/A) 

0.902 

(0.032) 

0.897 

(0.012) 

0.942 

(0.006) 

Date(s) 

sampled 

21, 23, 26, 

30, 31 Aug, 

03 Sep 

23, 29, 

31 Aug, 

03 Sep 

23, 31 

Aug 
29 Aug N/A 

21, 26, 

30, 31 

Aug 

21, 23, 26, 

30 Aug, 

03 Sep 

03 Sep N/A 29 Aug 30 Aug 

aFire locations are shown in Figure 2a. 5 
bNot applicable (N/A). 6 
cPlume analysis described in section 3. 7 
 8 
Table 2. Description of the aircraft observations used in this worka  9 

Instrument PI Species Sampling 

Frequency 

Reference 

Diode laser spectrometer (Differential 

Absorption Carbon monOxide 

Measurement, DACOM) 

Glenn Diskin CO, CH4 5 Hz (Sachse et al., 1987, 1991) 

 

Non-dispersive Infrared Spectrometer 

(NDIR; LI-COR 7000) 

Glenn Diskin CO2 5 Hz (Anderson, et al., 1996) 

NOAA PTR-ToF-MS Carsten 

Warneke 

VOCs, nitrogen-containing 

species 

5 Hz (Yuan et al., 2017) 

NCAR Trace Organic Gas Analyzer with 

Time-of-Flight Mass Spectrometer 

(TOGA-TOF) 

Eric Apel VOCs, nitrogen-containing 

species, halocarbons 

Typically 

every 1.75 

min 

(Apel et al., 2015) 

UCI Whole Air Sampler (WAS) Don Blake VOCs, alkyl nitrates, 

halocarbons, sulfur 

compounds 

Up to 168 

samples/flight 

(Simpson et al., 2020) 

NOAA Integrated Whole Air Sampler 

(iWAS) 

Jessica 

Gilman 

VOCs Up to 72 

samples/flight 

(Lerner et al., 2017) 

NASA In Situ Airborne Formaldehyde 

(ISAF) 

Tom Hanisco Formaldehyde 10 Hz (Cazorla et al., 2015) 

Compact Atmospheric Multispecies 

Spectrometer (CAMS) 

Alan Fried Formaldehyde, ethane 1 Hz (Richter et al., 2015) 
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Instrument PI Species Sampling 

Frequency 

Reference 

NOAA Airborne Cavity Enhanced 

Spectrometer (ACES) 

Caroline 

Womack 

Glyoxal, methylglyoxal, 

HONO, NO2 

1 Hz (Min et al., 2016) 

Caltech CIMS (CIT-CIMS) Paul 

Wennberg 

H2O2, HCN, organic acids, 

etc. 

1 Hz (St. Clair et al., 2010; 

Crounse et al., 2006) 

NOAA Iodide ToF-CIMS (NOAA 

CIMS) 

Patrick Veres HONO, HCN, HNCO, 

HCOOH, halogenated 

species 

1 Hz (Veres et al., 2019) 

NOAA NOyO3 four-channel 

chemiluminescence (NOAA CL) 

instrument 

Tom Ryerson NO, NO2 1 Hz (Bourgeois et al., 2022) 

NOAA Laser Induced Fluorescence 

(NOAA LIF) 

Drew Rollins NO, SO2 5 Hz (Rollins et al., 2020) 

CU High-Resolution Time-of-Flight 

Aerosol Mass Spectrometer (CU HR-

ToF-AMS)  

Jose Jimenez Non-refractive PM1 aerosol 

composition (OC, SO4, NO3, 

NH4, NR-Chl, K) 

Mostly 5Hz in 

plumes, 1 Hz 

otherwise 

(Nault et al., 2018; Guo et 

al., 2020, 2021) 

CU Extractive Electrospray Ionization 

Mass Spectrometer (EESI-MS) 

Jose Jimenez Particulate levoglucosan and 

4-nitrocatechol 

1 Hz (Pagonis et al., 2021; 

Lopez-Hilfiker et al., 

2019) 

NOAA SP2 Joshua 

Schwarz 

BC 1 Hz (Schwarz et al., 2008) 

NASA Langley Aerosol Research Group 

(LARGE) BMI Mixing Condensation 

Particle Counter (CPC) and Laser 

Aerosol Spectrometer (LAS) 

Rich Moore CN, size distribution 10 Hz, 1 Hz (Moore et al., 2021) 

NCAR Charge-coupled device (CCD) 

Actinic Flux Spectroradiometers (CAFS) 

Sam Hall Photolysis frequencies 1 Hz (Hall et al., 2018) 

aFor a listing of all available observations during FIREX-AQ, see (Warneke et al., 2023). 1 
 2 
 3 
Table 3. Measurements during FIREX-AQ that were not used for emission factor calculations.  4 
 5 

Instrument Species 

CU HR-ToF-AMS Iodinea, ClO4
a, Brominea, Sea salta, MSAa 

NCAR TOGA-TOF C2Cl4
b, CHCl3

b, CHBr3
b, CH2Br2

b, CHBrCl2
b, CH3CCl3

e, CH2Cl2
e, CHBr2Clf, CH2ClIf, 1,2-Dichloroethaneb, 

HFC-134ab, HCFC-22b, HCFC-141be, HCFC-142be, Limonene/d3-Carenef, Propanef, Propenef, MBOf, 

Isopropyl nitrateb, Isobutyl nitrate + 2-Butyl nitrateb, CH3CNd, C2H5OHb, Acroleind, Benzened, Toluened, 

CH2Oc, CH3CHOd, Styrened 

NOAA iWAS C2Cl4
b, CHCl3

b, Cyclohexanef, 3-Methylpentanef, 2,2,4-Trimethylpentaneb, 2,2-Dimethylbutaneb, CH3CNd, 

Benzened, Toluened 

UCI WAS C2Cl4
b, CHCl3

b, CHBr3
e, CHBrCl2

e, CHBr2Cle, CH3CCl3
b, C2HCl3

b, CCl4
b, Chlorobenzenef, Halon 1211e, 

Halon 1301b, Halon 2402b, CFC-11b, CFC-12b, CFC-113b, CFC-114b, HCFC-22b, HFC-134ab, HFC-152ab, 

HCFC-142bb, HCFC-141bb, HFC-365mfcb, 2,3,4-Trimethylpentaneb, 1,2-Dichloroethaneb, Limonenef, 2-

Methylpentaneb, 3-Methylpentaneb, 2,3-Dimethylbutaneb, 2-Butyl nitrateb, 3-Pentyl nitrateb, Isopropyl nitrateb, 

3-Methyl-2-butyl nitrateb, CH3CNd, Acroleind, Benzened, Toluened, Styrened, MVKj, MACRj, MEKj, Methyl 

acetatej, i-Butanalj, Butanalj, Furanj 

NOAA CIMS Cl2
b, HPMTFf, BrOb, BrCNb, BrClb 

CIT-CIMS ISOPNb 

NOAA PTR-ToF-MS CH2Of, Phenolg, Furanh, Isoprenei 
aNot reported in plumes due to interferences from OA. 6 
bInsignificant (p > 0.05) or weak (r2 < 0.2) relationship with CO. 7 
cNot used in favor of the higher rate ISAF and CAMS observations. 8 
dAll measurements agree thus we report the data for the NOAA PTR-ToF-MS only. 9 
eSignificant (p < 0.05) negative relationship with CO. 10 
fFew (< 5) or no valid observations. 11 
gDisagrees with CIT-CIMS, likely due to interference from fragmentation or contribution from additional isomers.  12 
hDisagrees with TOGA-TOF due to interferences. 13 
iDisagrees with TOGA-TOF, WAS, and iWAS, due to interference from aldehyde fragmentation.  14 
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jDisagrees with TOGA-TOF, and OVOCs are a less robust measurement than VOCs for the WAS group (Simpson et al., 2011). 1 
 2 

 3 
Figure 3. Methane emission factors (EFs) as a function of MCE for all 228 plumes (Table 1) organized by fuel type. The fuel 4 
types are identified by different shapes and colors (see legend). The EFs from previous global compilations (Akagi et al., 2011; 5 
Andreae, 2019) are overlaid for temperate forests, savanna and grasslands, and crop residues. 6 

 7 

 8 
Figure 4. a) Contribution of individual NMVOC measurements to the total NMVOC EF across crop residues (corn, rice, 9 
soybean, wheat) and prescribed fuel types (pile, slash, grassland, shrubland, Blackwater River State Forest). Species included in 10 
other make up less than 2% of the total on an individual basis. b) Contribution of individual NMVOCs to reactivity (described in 11 
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 12 
color for ease of comparison. 13 

 14 
Figure 5. EFs for the sum of a) shorter- and b) longer-lived NMVOC EFs (see Sect. 4) as a function of MCE for all 228 plumes 15 
(Table 1) organized by fuel type. Panel c) provides the ratio of NOx (as NO) to the total NMVOC EF. The fuel types are 16 
identified by different shapes and colors (see legend).  17 
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 1 
Figure 6. Individual NMVOC EFs as a function of MCE for all 228 plumes (Table 1) organized by fuel type. The fuel types are 2 
identified by different shapes and colors (see legend) and the NMVOC names are inset. The EFs from previous global 3 
compilations (Akagi et al., 2011; Andreae, 2019) are overlaid for temperate forests, savanna and grasslands, and crop residues. 4 
The crop residue EFs from Liu et al. (2016) are also included (black squares). 5 

 6 

 7 

Figure 7. Individual nitrogen-containing EFs as a function of MCE for all 228 plumes (Table 1) organized by fuel type. The fuel 8 
types are identified by different shapes and colors (see legend) and the species names are inset. The EFs from previous global 9 
compilations (Akagi et al., 2011; Andreae, 2019) are overlaid for temperate forests, savanna and grasslands, and crop residues. 10 
The crop residue EFs from (Liu et al., 2016) are also included (black squares). 11 

 12 
 13 
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 1 

2 
Figure 8. Individual halogen-containing EFs as a function of MCE for all 228 plumes (Table 1) organized by fuel type. The fuel 3 
types are identified by different shapes and colors (see legend) and the species names are inset. The EFs from previous global 4 
compilations (Akagi et al., 2011; Andreae, 2019) are overlaid for temperate forests, savanna and grasslands, and crop residues.  5 

 6 
Figure 9. Individual aerosol EFs as a function of MCE for all 228 plumes (Table 1) organized by fuel type. The fuel types are 7 
identified by different shapes and colors (see legend) and the species names are inset. The EFs from previous global compilations 8 
(Akagi et al., 2011; Andreae, 2019) are overlaid for temperate forests, savanna and grasslands, and crop residues. The crop 9 
residue EFs from Liu et al. (2016) are also included (black squares). 10 

 11 
Figure 10. Individual sulfur-containing and H2O2 EFs as a function of MCE for all 228 plumes (Table 1) organized by fuel type. 12 
The fuel types are identified by different shapes and colors (see legend) and the species names are inset. The EFs from previous 13 
global compilations (Akagi et al., 2011; Andreae, 2019) are overlaid for temperate forests, savanna and grasslands, and crop 14 
residues. The crop residue EFs from Liu et al. (2016) are also included (black squares). 15 

 16 
 17 
 18 
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 1 
Figure 11. Species with a significant anticorrelation (r2 > 0.5, p < 0.05) or significant positive correlation (p < 0.05) with MCE for 2 
agricultural residue fires, colored by their chemical classification. 3 

 4 
 5 

 6 
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 1 
Figure 12. Statistically significant ratios between the crop residue EF and prescribed EF as described in section 4. Colors designate 2 
species category and species that are italicized are in the aerosol phase. 3 
 4 

 5 

6 
Figure 13. Average EFs from crop residue from FIREX-AQ, Akagi et al. (2011), Liu et al. (2016), and Andreae (2019) for (a) 7 
aerosol and inorganic species, and (b) CO, CO2, and selected VOCs and OVOCs. x-axes are plotted on a logarithmic scale. 8 
 9 
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Table 4. Average emission factors (EF, g kg-1) for crop residue and prescribed fires1 

 Crop Residue Prescribed Fuels 

Names Formula Instrument2 Corn n Rice n Soybean n Average3,4 n Slash n Piles n Average5 n Grassland n 

Methane CH4 DACOM 3.01 (1.24) 108 3.66 (1.68) 29 3.89 (0.708) 4 3.17 (0.948) 142 8.41 (2.48) 34 7.26 (3.31) 16 7.48 (2.03) 51 4.52 (0.742) 15 

Carbon monoxide CO DACOM 65 (17) 108 85 (23) 29 86 (18) 4 71 (13) 142 125 (36) 34 108 (37) 16 113 (25) 51 113 (13) 15 

Carbon dioxide CO2 NIR spect. 1412 (29) 108 1378 (40) 29 1376 (29) 4 1403 (22) 142 1655 (63) 34 1684 (66) 16 1666 (44) 51 1506 (23) 15 

Shorter-lived NMVOC 

Formaldehyde6 CH2O CAMS, ISAF 1.57 (0.597) 107 2.34 (0.870) 28 1.68 (0.257) 4 1.75 (0.471) 139 1.79 (0.454) 34 1.96 (0.696) 16 1.90 (0.413) 51 3.46 (0.527) 15 

Propadiene C3H4 WAS 0.011 (0.005) 50 0.017 (0.007) 13 0.023 1 0.013 (0.004) 64 0.013 (0.004) 10 0.014 (0.006) 5 0.013 (0.004) 16 0.063 (0.017) 4 

Propene C3H6 iWAS, WAS 0.343 (0.182) 69 0.681 (0.405) 15 0.413 (0.310) 2 0.423 (0.160) 86 0.585 (0.224) 17 0.525 (0.310) 6 0.537 (0.188) 24 0.671 (0.288) 9 

Acetaldehyde C2H4O PTRMS7 2.09 (0.749) 81 3.81 (1.44) 20 3.32 1 2.54 (0.616) 103 1.96 (0.465) 27 2.34 (0.734) 11 2.17 (0.433) 39 4.07 (0.532) 10 

1-Buten-3-yne C4H4 WAS 0.011 (0.005) 47 0.015 (0.007) 12 0.024 1 0.013 (0.004) 60 0.012 (0.003) 10 0.015 (0.008) 4 0.013 (0.004) 15 0.062 (0.022) 4 

1,2-Butadiene C4H6 WAS 0.004 (0.001) 35 0.005 (0.003) 8 0.007 1 0.004 (0.001) 44 0.004 (0.001) 9 0.002 1 0.003 (0.0005) 11 0.012 (0.004) 4 

2-Butyne C4H6 WAS 0.002 (0.0007) 26 0.003 (0.0009) 3 NA NA 0.002 (0.0006) 29 0.003 (0.002) 7 NA NA 0.003 (0.002) 7 0.005 (0.002) 2 

1,3-Butadiene C4H6 WAS 0.096 (0.042) 50 0.157 (0.087) 13 0.201 1 0.116 (0.036) 64 0.126 (0.058) 10 0.135 (0.063) 5 0.125 (0.041) 16 0.323 (0.089) 4 

1,3-Butadiyne C4H2 WAS 8.73e-4 (5.25e-4) 19 0.001 (0.0008) 3 NA NA 9.81e-4 (4.42e-4) 22 0.001 (0.0004) 3 NA NA 0.001 (0.0004) 3 0.005 (0.002) 3 

Acrolein C3H4O PTRMS 0.815 (0.296) 82 1.25 (0.479) 20 1.27 1 0.933 (0.233) 104 0.751 (0.180) 27 0.984 (0.328) 11 0.874 (0.189) 39 1.39 (0.190) 9 

cis-2-Butene C4H8 iWAS, WAS 0.02 (0.01) 67 0.033 (0.024) 15 0.016 (0.002) 2 0.023 (0.009) 84 0.033 (0.016) 15 0.032 (0.022) 6 0.032 (0.013) 22 0.018 (0.005) 9 

i-Butene C4H8 iWAS, WAS 0.085 (0.085) 68 0.154 (0.097) 16 0.078 (0.011) 2 0.100 (0.065) 86 0.142 (0.061) 17 0.109 (0.084) 6 0.121 (0.051) 24 0.120 (0.027) 9 

trans-2-Butene C4H8 iWAS, WAS 0.027 (0.018) 70 0.043 (0.025) 16 0.020 (0.003) 2 0.030 (0.014) 88 0.042 (0.021) 17 0.042 (0.031) 6 0.040 (0.019) 24 0.020 (0.006) 9 

1-Butene C4H8 iWAS, WAS 0.072 (0.04) 69 0.141 (0.088) 15 0.086 (0.074) 2 0.088 (0.035) 86 0.108 (0.041) 17 0.103 (0.058) 6 0.103 (0.035) 24 0.128 (0.060) 9 

Glyoxal C2H2O2 ACES 0.401 (0.161) 103 0.464 (0.174) 20 0.464 (0.146) 4 0.419 (0.122) 127 0.241 (0.068) 28 0.291 (0.164) 11 0.265 (0.091) 40 0.717 (0.095) 13 

Propanal C3H6O PTRMS, TOGA spec.8 0.222 (0.085) 81 0.383 (0.169) 20 0.314 1 0.262 (0.070) 103 0.229 (0.056) 27 0.303 (0.083) 11 0.268 (0.049) 39 0.419 (0.053) 9 

Furan C4H4O TOGA 0.301 (0.258) 41 0.345 (0.233) 11 NA NA 0.311 (0.206) 52 1.01 (0.540) 9 0.405 1 0.632 (0.222) 10 0.340 (0.137) 4 

Cyclopentene C5H8 WAS 0.005 (0.003) 34 0.008 (0.004) 11 NA NA 0.006 (0.003) 45 0.010 (0.004) 6 0.009 1 0.009 (0.002) 7 0.017 1 

Isoprene C5H8 TOGA, iWAS, WAS 0.204 (0.291) 56 0.489 (0.509) 16 0.477 (0.594) 2 0.284 (0.241) 74 0.257 (0.212) 17 0.992 (0.802) 5 0.631 (0.433) 22 0.207 (0.175) 9 

trans-1,3-
Pentadiene 

C5H8 iWAS, WAS 0.023 (0.012) 66 0.038 (0.028) 14 0.023 (0.008) 2 0.027 (0.011) 82 0.035 (0.019) 15 0.031 (0.010) 6 0.032 (0.010) 22 0.043 (0.013) 8 

Methyl vinyl ketone C4H6O PTRMS, TOGA spec.8 0.432 (0.152) 81 0.810 (0.340) 21 0.632 1 0.526 (0.131) 104 0.527 (0.133) 23 0.615 (0.215) 12 0.562 (0.126) 36 0.606 (0.085) 10 

Methacrolein C4H6O PTRMS, TOGA spec.8 0.114 (0.04) 81 0.281 (0.118) 21 0.2 1 0.156 (0.039) 104 0.171 (0.043) 23 0.138 (0.048) 12 0.150 (0.031) 36 0.177 (0.025) 10 

2-Butenals C4H6O PTRMS, TOGA spec. 8  0.292 (0.103) 81 0.448 (0.188) 21 0.353 1 0.328 (0.084) 104 0.199 (0.050) 23 0.296 (0.103) 12 0.249 (0.058) 36 0.651 (0.091) 10 

2-Methyl-1-butene C5H10 iWAS, WAS 0.018 (0.02) 66 0.034 (0.021) 15 0.016 (0.003) 2 0.021 (0.015) 83 0.028 (0.013) 17 0.024 (0.020) 6 0.025 (0.012) 24 0.020 (0.005) 9 

3-Methyl-1-butene C5H10 iWAS, WAS 0.011 (0.006) 66 0.022 (0.014) 16 0.010 (0.0001) 2 0.014 (0.005) 84 0.018 (0.007) 17 0.016 (0.010) 5 0.016 (0.006) 23 0.023 (0.004) 9 

2-Methyl-2-butene C5H10 WAS 0.008 (0.005) 36 0.019 (0.011) 10 NA NA 0.010 (0.005) 46 0.014 (0.007) 7 0.025 (0.013) 2 0.019 (0.007) 9 0.009 (0.002) 2 

1-Pentene C5H10 iWAS, WAS 0.02 (0.013) 68 0.044 (0.023) 15 0.023 (0.014) 2 0.026 (0.011) 85 0.025 (0.008) 17 0.022 (0.011) 6 0.023 (0.007) 24 0.036 (0.010) 9 

cis-2-Pentene C5H10 iWAS, WAS 0.006 (0.003) 62 0.010 (0.005) 15 0.006 (0.0005) 2 0.007 (0.003) 79 0.010 (0.005) 16 0.009 (0.007) 5 0.009 (0.004) 22 0.009 (0.002) 7 

trans-2-Pentene C5H10 iWAS, WAS 0.013 (0.011) 68 0.020 (0.010) 16 0.011 (0.0006) 2 0.015 (0.008) 86 0.017 (0.009) 17 0.015 (0.012) 5 0.016 (0.008) 23 0.011 (0.003) 9 

Methylglyoxal9 C3H4O2 ACES 1.23 (0.538) 95 1.74 (0.837) 17 1.62 (0.462) 4 1.37 (0.430) 116 0.927 (0.299) 24 0.941 (0.486) 10 0.915 (0.285) 35 2.11 (0.445) 13 

Butanal C4H8O PTRMS, TOGA spec.8 0.031 (0.013) 82 0.069 (0.032) 18 0.043 1 0.040 (0.011) 102 0.038 (0.011) 24 0.041 (0.013) 10 0.040 (0.008) 35 0.030 (0.004) 9 

Isobutanal C4H8O PTRMS, TOGA spec.8 0.041 (0.017) 82 0.092 (0.043) 18 0.059 1 0.053 (0.015) 102 0.048 (0.014) 24 0.042 (0.013) 10 0.045 (0.009) 35 0.050 (0.006) 9 

Ethene 
hydroxyperoxide 

C2H6O3 CIT-CIMS 
0.016 (0.008) 103 0.022 (0.016) 27 0.028 (0.012) 4 0.018 (0.007) 135 0.016 (0.006) 32 0.014 (0.006) 12 0.016 (0.004) 45 0.035 (0.006) 15 

2-Methylfuran C5H6O TOGA 0.086 (0.096) 41 0.080 (0.066) 11 NA NA 0.085 (0.076) 52 0.262 (0.192) 9 0.131 1 0.177 (0.079) 10 0.041 (0.026) 4 

3-Methylfuran C5H6O TOGA 0.021 (0.019) 39 0.025 (0.015) 11 NA NA 0.022 (0.015) 50 0.037 (0.024) 9 0.043 1 0.038 (0.010) 10 0.012 (0.008) 4 

2(3H)-Furanone C4H4O2 PTRMS 0.692 (0.266) 84 1.03 (0.511) 22 0.844 1 0.774 (0.219) 108 0.523 (0.127) 23 0.605 (0.256) 11 0.576 (0.145) 35 1.04 (0.139) 10 

3,4-Methyl-1-
pentene 

C6H12 WAS 
0.003 (0.002) 18 0.007 (0.005) 6 NA NA 0.004 (0.002) 24 0.004 (0.002) 4 NA NA 0.004 (0.002) 4 NA NA 

1-Hexene C6H12 WAS 0.028 (0.025) 48 0.053 (0.032) 13 0.054 1 0.035 (0.020) 62 0.023 (0.009) 10 0.028 (0.016) 4 0.025 (0.009) 15 0.081 (0.021) 4 

                                                           
1 Standard deviation is given in parentheses. 
2 Where more than one instrument is listed, the EF was calculated by first taking the plume-by-plume average across the listed instruments. 
3 Includes winter wheat in Table S1. 
4 Average EF is calculated by weighting the fuel-specific average EFs by the fraction of that fuel listed in Table 1 as described in section 3. 
5 Includes shrubland in Table S1. 
6The two formaldehyde instruments had a slope of 1.27 (CAMS vs. ISAF) during the Western portion of FIREX-AQ likely due to differences in calibration methods (Liao et al., 2021). For the Eastern fires analyzed here, the difference was smaller (slope of 1.06). As there 
is no recommendation for which measurement is more accurate, we combine the measurements here. The average CAMS EF is ~10% larger than the ISAF EF. 
7 PTRMS is shortened throughout from NOAA PTR-ToF-MS. 
8 TOGA measurements used to speciate PTRMS measurements. 
9 Methylglyoxal may have interferences from biacetyl and acetylpropionyl (Zarzana et al., 2017) therefore this EF is an upper limit. 
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 Crop Residue Prescribed Fuels 

Names Formula Instrument2 Corn n Rice n Soybean n Average3,4 n Slash n Piles n Average5 n Grassland n 

2,3-Butanedione + 
2-Oxobutanal + 
1,4-Butanedial10 

C4H6O2 PTRMS 
1.09 (0.414) 81 1.69 (0.695) 21 1.44 1 1.24 (0.329) 104 0.768 (0.231) 27 0.961 (0.431) 12 0.873 (0.247) 40 1.12 (0.215) 10 

Phenol C6H6O CIT-CIMS 0.146 (0.058) 103 0.200 (0.085) 26 0.242 (0.064) 4 0.162 (0.045) 134 0.121 (0.037) 33 0.134 (0.047) 14 0.127 (0.029) 48 0.186 (0.037) 15 

Furfural C5H4O2 TOGA 0.481 (1.03) 37 0.044 (0.047) 6 NA NA 0.382 (0.795) 43 0.046 (0.063) 7 0.626 1 0.350 (0.026) 8 0.017 (0.011) 4 

2,5-Dimethylfuran + 
2-Ethylfuran + 
unknown11 

C6H8O PTRMS 
0.426 (0.172) 81 0.785 (0.361) 22 0.550 (0.046) 2 0.510 (0.145) 106 0.534 (0.205) 24 0.511 (0.166) 12 0.503 (0.122) 37 0.398 (0.071) 8 

Methylcyclohexane C7H14 iWAS, WAS 0.002 (0.005) 38 0.002 (0.003) 7 6.91e-4 1 0.002 (0.004) 46 0.005 (0.003) 15 0.015 (0.021) 4 0.010 (0.011) 20 0.010 (0.005) 8 

1-Heptene C7H14 WAS 0.014 (0.008) 41 0.026 (0.019) 13 0.024 1 0.018 (0.007) 55 0.012 (0.006) 10 0.018 (0.018) 3 0.015 (0.010) 14 0.034 (0.006) 3 

Styrene C8H8 PTRMS 0.053 (0.026) 69 0.111 (0.034) 17 0.102 1 0.068 (0.020) 88 0.074 (0.023) 19 0.105 (0.063) 8 0.086 (0.035) 27 0.183 (0.034) 8 

Benzaldehyde C7H6O PTRMS 0.09 (0.032) 80 0.155 (0.049) 21 0.135 (0.042) 2 0.107 (0.025) 104 0.124 (0.026) 22 0.126 (0.040) 11 0.118 (0.024) 33 0.193 (0.032) 7 

Ethylbenzene C8H10 
PTRMS, 
TOGA+WAS+iWAS 
spec.12 0.025 (0.01) 76 0.055 (0.026) 19 0.047 1 0.033 (0.009) 97 0.043 (0.015) 24 0.051 (0.032) 10 0.046 (0.018) 35 0.063 (0.013) 8 

o-Xylene C8H10 
PTRMS, 
TOGA+WAS+iWAS 
spec.12 0.021 (0.009) 76 0.039 (0.019) 19 0.04 1 0.026 (0.007) 97 0.043 (0.015) 24 0.035 (0.022) 10 0.037 (0.013) 35 0.028 (0.006) 8 

m,p-Xylene C8H10 
PTRMS, 
TOGA+WAS+iWAS 
spec.12 0.034 (0.014) 76 0.114 (0.054) 19 0.045 1 0.052 (0.016) 97 0.103 (0.035) 24 0.071 (0.044) 10 0.081 (0.028) 35 0.051 (0.010) 8 

2-Methylphenol 
(=o-cresol) + 
Anisol13 

C7H8O PTRMS 
0.539 (0.209) 83 0.896 (0.385) 22 0.81 1 0.629 (0.170) 107 0.765 (0.251) 26 0.658 (0.235) 11 0.678 (0.162) 38 0.608 (0.131) 10 

Cresol C7H8O CIT-CIMS 0.094 (0.046) 96 0.131 (0.071) 26 0.124 (0.035) 4 0.103 (0.036) 127 0.134 (0.056) 31 0.115 (0.051) 11 0.120 (0.035) 43 0.093 (0.024) 14 

Creosols C8H10O2 PTRMS 0.176 (0.075) 77 0.241 (0.103) 22 0.242 (0.025) 2 0.192 (0.057) 102 0.509 (0.225) 23 0.296 (0.141) 9 0.370 (0.119) 33 0.172 (0.035) 9 

5-Methylfurfural + 
Benzene diols 
(Catechol/Resorcin
ol)14 

C6H6O2 PTRMS 

1.08 (0.466) 79 1.76 (0.811) 22 1.60 (0.098) 2 1.26 (0.374) 104 1.67 (0.592) 24 1.33 (0.453) 11 1.42 (0.342) 36 1.35 (0.263) 9 

1-Octene C8H16 WAS 0.011 (0.006) 40 0.022 (0.013) 11 0.02 1 0.014 (0.005) 52 0.013 (0.007) 9 0.013 (0.0007) 2 0.012 (0.003) 12 0.023 (0.007) 4 

Benzofuran C8H6O PTRMS 0.066 (0.025) 73 0.100 (0.036) 19 0.1 1 0.075 (0.019) 94 0.086 (0.026) 19 0.090 (0.024) 9 0.083 (0.017) 28 0.119 (0.029) 6 

C9 aromatics15 C9H12 PTRMS 0.041 (0.031) 57 0.117 (0.053) 17 0.038 (0.012) 2 0.058 (0.025) 76 0.088 (0.036) 25 0.105 (0.062) 9 0.092 (0.036) 34 0.063 (0.017) 8 

1,2,4-
Trimethylbenzene 

C9H12 WAS 
0.007 (0.004) 33 0.014 (0.011) 8 NA NA 0.008 (0.004) 41 0.012 (0.006) 10 0.016 (0.006) 2 0.014 (0.004) 13 0.008 1 

1,3,5-
Trimethylbenzene 

C9H12 WAS 
0.002 (0.002) 18 0.002 (0.0000) 2 NA NA 0.002 (0.001) 20 0.005 (0.0009) 4 0.003 1 0.004 (0.0004) 6 NA NA 

2-Ethyltoluene C9H12 WAS 0.004 (0.002) 25 0.007 (0.007) 4 NA NA 0.004 (0.002) 29 0.005 (0.002) 7 0.004 1 0.005 (0.0009) 9 0.006 1 

3-Ethyltoluene C9H12 WAS 0.006 (0.003) 35 0.012 (0.010) 7 NA NA 0.007 (0.004) 42 0.011 (0.006) 10 0.024 (0.020) 3 0.017 (0.011) 14 0.010 (0.0001) 2 

4-Ethyltoluene C9H12 WAS 0.006 (0.007) 29 0.009 (0.008) 5 NA NA 0.006 (0.006) 34 0.006 (0.003) 8 0.006 1 0.006 (0.001) 10 0.006 1 

i-Propylbenzene16 C9H12 WAS 0.002 (0.001) 14 0.001 (0.0002) 2 NA NA 0.002 (0.0010) 16 0.004 (0.001) 6 0.003 1 0.003 (0.0005) 7 0.006 1 

n-Propylbenzene14 C9H12 WAS 0.003 (0.002) 27 0.007 (0.005) 5 NA NA 0.004 (0.002) 32 0.004 (0.001) 7 0.003 1 0.004 (0.0005) 9 0.006 1 

Guaiacol C7H8O2 PTRMS 0.565 (0.226) 81 0.850 (0.343) 22 0.75 1 0.633 (0.176) 105 0.885 (0.347) 24 0.685 (0.286) 11 0.748 (0.208) 36 0.452 (0.162) 9 

1-Nonene C9H18 WAS 0.008 (0.006) 36 0.016 (0.013) 9 0.013 1 0.010 (0.005) 46 0.009 (0.003) 8 0.011 (0.009) 2 0.010 (0.005) 11 0.024 (0.010) 3 

Naphthalene C10H8 PTRMS 0.046 (0.033) 57 0.140 (0.109) 14 0.082 1 0.069 (0.034) 73 0.084 (0.030) 14 0.100 (0.029) 5 0.088 (0.020) 19 0.245 (0.045) 6 

n-Nonane C9H20 iWAS, WAS 0.008 (0.014) 58 0.014 (0.015) 13 0.007 1 0.009 (0.010) 72 0.010 (0.006) 16 0.016 (0.013) 4 0.013 (0.007) 21 0.008 (0.003) 8 

Monoterpenes17 C10H16 PTRMS 0.022 (0.023) 30 0.283 (0.168) 17 0.072 1 0.084 (0.042) 48 0.581 (0.602) 21 1.00 (0.913) 3 0.771 (0.543) 24 0.182 (0.098) 7 

𝛼-pinene C10H16 TOGA, iWAS, WAS 0.01 (0.022) 41 0.041 (0.058) 4 0.004 (0.001) 2 0.016 (0.020) 47 0.189 (0.160) 18 0.178 (0.337) 5 0.172 (0.190) 23 0.021 (0.017) 8 

ß-Pinene/Myrcene C10H16 TOGA, WAS 0.008 (0.011) 31 0.023 (0.032) 3 0.011 1 0.012 (0.011) 35 0.026 (0.021) 12 0.102 (0.146) 4 0.065 (0.078) 16 0.015 (0.005) 2 

ß-Pinene C10H16 WAS 0.006 (0.012) 19 0.030 (0.041) 2 0.011 1 0.012 (0.013) 22 0.035 (0.015) 7 0.093 (0.128) 3 0.064 (0.068) 10 0.012 (0.0002) 2 

Myrcene C10H16 WAS 0.003 (0.002) 14 0.005 (0.005) 2 NA NA 0.003 (0.002) 16 0.007 (0.006) 5 0.038 (0.038) 3 0.023 (0.020) 8 0.007 1 

Camphene C10H16 TOGA, WAS 0.006 (0.007) 4 0.004 1 NA NA 0.006 (0.006) 5 0.024 (0.039) 16 0.043 (0.034) 2 0.032 (0.024) 18 0.011 (0.003) 4 

                                                           
10 (Koss et al., 2018) report fractional ion contributions of 87% 2,3-butanedione and 13% 2-oxobutanal + 1,4-butanediol.   
11 (Koss et al., 2018) report fractional ion contributions of 44% 2,5 dimethylfuran/10% 2-ethyl furan/and 46% other C2-substituted furan isomers. 
12 TOGA/WAS/iWAS measurements used to speciate PTRMS. 
13 Koss et al. (2018) report fractional ion contributions of 50% 2-methylphenol and 50% anisol.   
14 Koss et al. (2018) report fractional ion contributions of 50% 5-methylfurfural and 50% benzene diols.   
15Figure S1 shows that C9 aromatics from WAS only account for approximately 30% of PTRMS C9 aromatics. 
16 Long-lived NMVOC but placed here for complete list of measured compounds. 
17Figure S2 shows that individual monoterpene mixing ratios (α-pinene, β-pinene, camphene, myrcene, tricyclene) only represented ~36% of total observed monoterpenes. 
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 Crop Residue Prescribed Fuels 

Names Formula Instrument2 Corn n Rice n Soybean n Average3,4 n Slash n Piles n Average5 n Grassland n 

Tricyclene14 C10H16 TOGA, WAS 0.01 (0.032) 28 0.003 (0.002) 3 NA NA 0.008 (0.024) 31 0.009 (0.014) 15 0.022 (0.028) 3 0.015 (0.016) 18 0.005 (0.002) 5 

1-Decene C10H20 WAS 0.008 (0.005) 36 0.024 (0.024) 8 0.011 1 0.012 (0.006) 45 0.008 (0.004) 8 0.014 (0.006) 3 0.011 (0.003) 12 0.019 (0.003) 4 

n-Decane C10H22 iWAS, WAS 0.008 (0.013) 52 0.010 (0.008) 10 0.009 1 0.009 (0.010) 63 0.010 (0.007) 15 0.010 (0.008) 4 0.010 (0.005) 20 0.013 (0.005) 7 

Syringol C8H10O3 PTRMS 0.134 (0.073) 70 0.121 (0.045) 16 0.175 (0.104) 2 0.133 (0.054) 88 0.188 (0.096) 18 0.145 (0.095) 9 0.155 (0.064) 28 0.060 (0.028) 7 

n-Undecane C11H24 WAS 0.004 (0.002) 22 0.006 (0.006) 3 NA NA 0.004 (0.002) 25 0.004 (0.002) 3 0.013 (0.007) 2 0.009 (0.004) 6 0.028 (0.029) 2 

Longer-lived NMVOCs 

Ethyne C2H2 iWAS, WAS 0.171 (0.104) 68 0.318 (0.166) 15 0.272 (0.312) 2 0.210 (0.085) 85 0.162 (0.070) 17 0.211 (0.069) 6 0.189 (0.047) 24 0.971 (0.651) 9 

Ethene C2H4 iWAS, WAS 0.745 (0.38) 69 1.50 (0.669) 15 1.09 (1.05) 2 0.936 (0.317) 86 1.03 (0.295) 17 1.07 (0.363) 6 1.04 (0.227) 24 2.90 (1.22) 9 

Ethane C2H6 CAMS, WAS, iWAS 0.481 (0.318) 89 0.683 (0.356) 25 0.569 (0.203) 3 0.532 (0.242) 117 0.949 (0.303) 29 0.879 (0.433) 13 0.891 (0.261) 43 0.464 (0.195) 15 

Methanol CH4O PTRMS 1.34 (0.581) 81 1.71 (0.746) 20 4.69 (4.68) 2 1.60 (0.513) 104 2.27 (0.701) 26 2.10 (0.686) 12 2.14 (0.464) 39 1.11 (0.296) 10 

Propyne C3H4 WAS 0.04 (0.018) 51 0.057 (0.029) 13 0.065 1 0.045 (0.015) 65 0.049 (0.017) 10 0.052 (0.018) 5 0.050 (0.012) 16 0.186 (0.058) 4 

Propane C3H8 iWAS, WAS 0.147 (0.102) 67 0.212 (0.212) 15 0.192 (0.140) 2 0.164 (0.088) 84 0.295 (0.121) 17 0.248 (0.217) 6 0.263 (0.125) 24 0.086 (0.076) 7 

Formic acid CH2O2 NOAA CIMS, PTRMS 0.522 (0.288) 79 0.721 (0.427) 26 0.777 (0.421) 3 0.583 (0.225) 109 0.414 (0.114) 28 0.652 (0.325) 13 0.604 (0.178) 42 0.901 (0.264) 13 

Ethanol C2H6O PTRMS 0.203 (0.315) 15 0.292 (0.202) 2 0.626 1 0.257 (0.225) 19 0.161 (0.069) 11 0.690 1 0.431 (0.029) 12 0.309 (0.257) 2 

1-Butyne C4H6 WAS 0.005 (0.002) 39 0.007 (0.003) 9 0.012 1 0.006 (0.002) 49 0.005 (0.001) 9 0.006 (0.003) 3 0.006 (0.002) 13 0.016 (0.004) 4 

Acetone C3H6O PTRMS, TOGA spec.8 0.65 (0.248) 81 1.19 (0.527) 20 0.856 1 0.779 (0.210) 103 0.856 (0.209) 27 0.776 (0.212) 11 0.798 (0.141) 39 0.713 (0.091) 9 

n-Butane C4H10 TOGA, iWAS, WAS 0.048 (0.057) 72 0.086 (0.082) 16 0.056 (0.047) 2 0.057 (0.045) 90 0.075 (0.038) 20 0.061 (0.034) 5 0.066 (0.024) 26 0.062 (0.042) 7 

Isobutane C4H10 TOGA, iWAS, WAS 0.012 (0.015) 65 0.017 (0.016) 17 0.022 (0.022) 2 0.013 (0.012) 84 0.028 (0.013) 20 0.023 (0.016) 5 0.024 (0.010) 26 0.012 (0.009) 9 

Methyl formate C2H4O2 TOGA, iWAS 0.041 (0.058) 62 0.045 (0.026) 15 0.027 1 0.041 (0.042) 78 0.048 (0.025) 17 0.038 (0.030) 5 0.044 (0.019) 23 0.037 (0.016) 7 

Acetic acid + 
Glycolaldehyde18 

C2H4O2 PTRMS 1.87 (0.81) 82 2.60 (1.23) 21 2.12 1 2.03 (0.631) 105 1.87 (0.871) 27 1.94 (0.598) 12 1.94 (0.478) 40 2.36 (0.405) 9 

Isopropanol C3H8O TOGA, WAS 0.009 (0.011) 51 0.010 (0.008) 13 0.005 1 0.009 (0.008) 65 0.008 (0.005) 11 0.007 (0.004) 3 0.007 (0.003) 15 0.013 (0.007) 5 

Cyclopentane C5H10 WAS 0.002 (0.002) 26 0.003 (0.003) 6 NA NA 0.002 (0.002) 32 0.002 (0.001) 6 0.002 1 0.002 (0.0005) 7 0.005 (0.003) 3 

Methyl ethyl ketone C4H8O PTRMS, TOGA spec.8 0.198 (0.08) 82 0.323 (0.152) 18 0.22 1 0.225 (0.066) 102 0.216 (0.061) 24 0.217 (0.068) 10 0.214 (0.044) 35 0.149 (0.019) 9 

Isopentane C5H12 TOGA, iWAS, WAS 0.015 (0.027) 63 0.033 (0.048) 15 0.024 (0.028) 2 0.020 (0.022) 80 0.022 (0.019) 20 0.029 (0.008) 4 0.025 (0.009) 25 0.024 (0.015) 9 

n-Pentane C5H12 TOGA, iWAS, WAS 0.018 (0.019) 69 0.041 (0.047) 16 0.021 (0.018) 2 0.024 (0.017) 87 0.029 (0.018) 20 0.034 (0.002) 4 0.031 (0.008) 25 0.042 (0.027) 9 

Hydroxyacetone + 
Methyl acetate + 
Ethyl formate19 

C3H6O2 PTRMS 1.92 (0.72) 82 3.03 (1.31) 21 2.56 1 2.19 (0.583) 105 1.39 (0.378) 26 1.74 (0.880) 12 1.61 (0.491) 39 2.22 (0.356) 9 

Methyl acetate C3H6O2 TOGA 0.38 (0.369) 41 0.468 (0.364) 11 NA NA 0.400 (0.297) 52 0.540 (0.274) 9 0.839 1 0.667 (0.113) 10 0.125 (0.042) 4 

Benzene C6H6 PTRMS 0.283 (0.123) 78 0.545 (0.171) 20 0.711 1 0.364 (0.094) 100 0.561 (0.154) 26 0.545 (0.159) 11 0.519 (0.105) 37 1.29 (0.194) 9 

Methylcyclopentan
e 

C6H12 iWAS, WAS 0.004 (0.007) 55 0.008 (0.010) 13 0.001 (0.0007) 2 0.005 (0.006) 70 0.004 (0.002) 15 0.010 (0.008) 3 0.007 (0.004) 19 0.007 (0.009) 8 

Cyclohexane C6H12 WAS 0.004 (0.005) 37 0.013 (0.010) 7 0.007 1 0.006 (0.004) 45 0.004 (0.002) 10 0.010 (0.005) 2 0.007 (0.003) 13 0.017 (0.006) 4 

3-Methylpentane C6H14 TOGA 0.003 (0.004) 37 0.004 (0.004) 6 NA NA 0.004 (0.003) 43 0.004 (0.003) 8 0.007 1 0.005 (0.001) 9 0.008 (0.006) 4 

2-Methylpentane C6H14 TOGA, iWAS, WAS 0.011 (0.035) 61 0.007 (0.009) 12 0.002 1 0.009 (0.025) 74 0.008 (0.005) 19 0.011 (0.004) 5 0.009 (0.003) 25 0.016 (0.016) 8 

n-Hexane C6H14 TOGA, iWAS, WAS 0.016 (0.02) 70 0.021 (0.018) 17 0.006 (0.003) 2 0.016 (0.015) 89 0.018 (0.007) 20 0.020 (0.012) 6 0.019 (0.007) 27 0.028 (0.019) 10 

Propene 
hydroxyperoxide 

C3O3H8 CIT-CIMS 0.022 (0.014) 99 0.022 (0.013) 26 0.032 (0.019) 4 0.022 (0.010) 130 0.008 (0.003) 25 0.016 (0.009) 6 0.013 (0.005) 32 0.012 (0.002) 15 

Toluene C7H8 PTRMS* 0.209 (0.083) 80 0.439 (0.190) 20 0.349 1 0.266 (0.072) 102 0.384 (0.131) 26 0.340 (0.181) 11 0.347 (0.110) 38 0.427 (0.071) 9 

Maleic anhydride C4H2O3 PTRMS* 0.06 (0.038) 76 0.078 (0.052) 18 0.065 (0.008) 2 0.064 (0.029) 97 0.061 (0.030) 24 0.086 (0.042) 11 0.080 (0.026) 36 0.109 (0.050) 10 

2,3-
Dimethylpentane 

C7H16 WAS 0.014 (0.033) 12 NA 
N
A 

NA NA 0.014 (0.033) 12 0.002 (0.0009) 5 0.002 1 0.002 (0.0004) 6 0.004 (0.003) 4 

2,4-
Dimethylpentane 

C7H16 iWAS 0.011 (0.007) 40 0.014 (0.015) 7 0.012 1 0.012 (0.006) 48 0.028 (0.011) 11 0.022 (0.019) 4 0.024 (0.011) 16 0.006 (0.001) 6 

2-Methylhexane C7H16 WAS 0.008 (0.015) 20 0.013 (0.017) 2 NA NA 0.009 (0.012) 22 0.003 (0.002) 9 0.013 (0.005) 2 0.008 (0.003) 11 0.007 (0.002) 4 

3-Methylhexane C7H16 WAS 0.006 (0.01) 16 0.005 (0.005) 4 NA NA 0.005 (0.008) 20 0.004 (0.004) 10 0.017 (0.004) 2 0.011 (0.002) 12 0.013 (0.007) 4 

n-Heptane C7H16 TOGA, WAS 0.013 (0.013) 56 0.028 (0.034) 11 0.004 1 0.016 (0.012) 68 0.019 (0.011) 16 0.025 (0.009) 5 0.021 (0.007) 22 0.041 (0.023) 7 

Ethynylbenzene C8H6 TOGA, WAS 0.009 (0.008) 55 0.012 (0.010) 11 0.014 1 0.010 (0.006) 67 0.006 (0.003) 14 0.014 (0.012) 3 0.010 (0.006) 18 0.049 (0.019) 7 

2,2,4-
Trimethylpentane 

C8H18 TOGA, iWAS, WAS 0.005 (0.013) 46 0.004 (0.004) 11 0.002 1 0.005 (0.009) 58 0.002 (0.002) 17 0.008 (0.012) 5 0.005 (0.007) 23 0.004 (0.002) 7 

n-Octane C8H18 TOGA, iWAS, WAS 0.008 (0.007) 58 0.017 (0.016) 11 NA NA 0.010 (0.007) 69 0.010 (0.006) 16 0.020 (0.011) 3 0.015 (0.006) 20 0.013 (0.005) 7 

Hydroxybenzoquin
one 

C6H4O3 PTRMS 0.125 (0.07) 79 0.183 (0.115) 22 0.124 (0.017) 2 0.137 (0.055) 104 0.147 (0.047) 21 0.146 (0.051) 11 0.146 (0.033) 33 0.159 (0.022) 9 

                                                           
18Koss et al. (2018) report fractional ion contributions of 67% acetic acid and 33% glycolaldehyde.  
19Koss et al. (2018) report fractional ion contributions of 48% hydroxyacetone/37% methyl acetate/and 14% ethyl formate with 50% uncertainty. The contribution of methyl acetate is 18% from TOGA (Figure S3) so we do not speciate C3H6O2 using those 
contributions.  Models could consider 48% hydroxyacetone, the most reactive of these ions, as a lower bound on the potential emission factor. 
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 Crop Residue Prescribed Fuels 

Names Formula Instrument2 Corn n Rice n Soybean n Average3,4 n Slash n Piles n Average5 n Grassland n 

Shorter-lived 
NMVOC20 

N/A21 Table S1 
13.65 (4.45) 68 23.16 (8.44) 12 18.71 1 16.09 (3.72) 81 14.39 (5.25) 20 13.68 (5.22) 7 13.77 (3.51) 28 19.52 (3.17) 9 

Longer-lived 
NMVOC 

N/A Table S1 
8.79 (3.01) 77 13.72 (4.84) 19 12.75 1 10.05 (2.37) 98 10.04 (2.96) 26 10.16 (2.92) 11 10.16 (1.97) 38 12.86 (2.35) 9 

Nitrogen-containing Species 

Hydrogen cyanide HCN 
NOAA CIMS, CIT-
CIMS, PTRMS, TOGA 

0.257 (0.145) 105 0.477 (0.255) 29 0.295 (0.154) 4 0.310 (0.117) 139 0.229 (0.167) 34 0.399 (0.408) 15 0.313 (0.227) 50 0.786 (0.222) 15 

Nitrogen oxide NO 
NOAA LIF, NOAA 
NOyO3 

0.36 (0.271) 106 0.280 (0.289) 29 0.167 (0.042) 4 0.342 (0.200) 140 0.087 (0.065) 34 0.155 (0.066) 16 0.118 (0.044) 51 0.148 (0.093) 15 

Nitrogen dioxide NO2 ACES, NOAA NOyO3 1.83 (0.586) 105 1.72 (0.569) 23 1.27 (0.123) 4 1.84 (0.429) 133 1.03 (0.468) 34 1.19 (0.466) 14 1.06 (0.313) 49 1.35 (0.306) 15 

NOx (as NO) NO 
NOAA LIF, NOAA 
NOyO3 

1.55 (0.531) 104 1.36 (0.490) 23 0.995 (0.103) 4 1.53 (0.387) 132 0.758 (0.347) 34 0.933 (0.341) 14 0.810 (0.230) 49 1.03 (0.242) 15 

Acetonitrile CH3CN PTRMS 0.228 (0.115) 81 0.529 (0.261) 21 0.647 (0.426) 2 0.319 (0.103) 105 0.170 (0.067) 25 0.199 (0.086) 11 0.184 (0.053) 37 0.383 (0.060) 9 

Isocyanic acid HNCO NOAA CIMS, PTRMS 0.441 (0.201) 88 0.690 (0.424) 27 0.355 (0.332) 4 0.497 (0.171) 120 0.322 (0.264) 29 0.639 (0.329) 12 0.471 (0.206) 41 1.05 (0.388) 13 

Nitrous acid HONO ACES, NOAA CIMS 0.387 (0.139) 96 0.379 (0.157) 25 0.421 (0.120) 3 0.388 (0.103) 125 0.311 (0.142) 30 0.403 (0.196) 12 0.341 (0.119) 42 0.638 (0.193) 13 

Acrylonitrile C3H3N 
PTRMS, TOGA, WAS, 
iWAS 

0.056 (0.04) 95 0.082 (0.031) 24 0.047 (0.050) 2 0.061 (0.029) 122 0.043 (0.036) 28 0.045 (0.024) 12 0.045 (0.019) 41 0.181 (0.119) 13 

Propionitrile C3H4N TOGA, WAS 0.035 (0.032) 134 0.060 (0.051) 32 0.032 2 0.041 (0.026) 168 0.018 (0.006) 28 0.026 (0.013) 8 0.022 (0.007) 38 0.080 (0.035) 14 

Nitromethane CH3NO2 PTRMS 0.056 (0.016) 76 0.080 (0.026) 16 0.078 1 0.062 (0.013) 94 0.053 (0.014) 19 0.075 (0.044) 10 0.061 (0.024) 29 0.145 (0.015) 8 

Pyrrole + 
Butenenitrile22 

C4H5N PTRMS 0.085 (0.042) 81 0.199 (0.097) 18 0.257 (0.170) 2 0.119 (0.038) 102 0.042 (0.015) 23 0.062 (0.032) 10 0.051 (0.018) 34 0.150 (0.027) 9 

Pyrrole C4H5N TOGA 0.027 (0.028) 28 0.008 1 NA NA 0.023 (0.022) 29 0.009 (0.007) 2 0.015 1 0.012 (0.003) 3 NA NA 

Methyl nitrate CH3NO3 TOGA, WAS 0.003 (0.003) 64 0.003 (0.002) 15 0.003 1 0.003 (0.002) 80 0.001 (0.0007) 16 0.003 (0.002) 4 0.002 (0.001) 21 0.004 (0.002) 7 

Ethyl nitrate C2H5NO3 TOGA, WAS 6.05e-4 (4.96e-4) 54 0.002 (0.003) 12 9.74e-5 1 8.37e-4 (7.23e-4) 67 
4.88e-4 (4.85e-
4) 

13 
7.29e-4 
(2.14e-5) 

3 
6.45e-4 
(2.00e-4) 

17 
8.78e-4 
(9.46e-4) 

5 

Methacrylonitrile C4H5N TOGA 0.016 (0.01) 36 0.031 (0.017) 10 NA NA 0.020 (0.009) 46 0.014 (0.007) 8 NA NA 0.014 (0.007) 8 0.049 (0.025) 4 

Benzonitrile C7H5N PTRMS 0.032 (0.016) 76 0.076 (0.033) 18 0.040 (0.003) 2 0.042 (0.013) 97 0.040 (0.013) 20 0.043 (0.012) 8 0.041 (0.008) 29 0.073 (0.011) 8 

n-Propyl nitrate C3H7NO3 WAS 1.21e-4 (1.46e-4) 41 
2.68e-4 (3.08e-
4) 

8 3.82e-5 1 1.50e-4 (1.26e-4) 50 
2.40e-4 (2.39e-
4) 

6 
3.88e-4 
(3.74e-5) 

3 
3.18e-4 
(1.00e-4) 

10 
3.99e-4 
(3.36e-4) 

3 

Ethene 
hydroxynitrate 

C2O4H5N CIT-CIMS 0.001 (0.0009) 46 0.001 (0.0006) 10 0.001 (0.0002) 2 0.001 (0.0007) 58 0.001 (0.0008) 5 2.47e-4 1 
6.07e-4 
(3.39e-4) 

6 0.002 (0.0009) 10 

Dinitrogen 
pentoxide 

N2O5 NOAA CIMS 1.23e-4 (9.63e-5) 32 
2.36e-4 (1.41e-
4) 

6 NA NA 1.49e-4 (8.10e-5) 38 
2.73e-4 (1.29e-
4) 

4 8.15e-5 1 
1.56e-4 
(5.31e-5) 

5 
4.18e-4 
(3.83e-4) 

5 

Propene 
hydroxynitrate 

C3O4H7N CIT-CIMS 0.002 (0.001) 70 0.002 (0.002) 16 0.002 (0.0004) 3 0.002 (0.0010) 89 0.002 (0.001) 19 0.002 (0.001) 4 0.002 (0.0008) 23 0.002 (0.0006) 11 

Butene 
hydroxynitrates 

C4H9NO4 CIT-CIMS 0.003 (0.002) 62 0.005 (0.005) 12 0.002 (0.0006) 3 0.003 (0.002) 77 0.004 (0.004) 17 0.006 (0.008) 6 0.005 (0.005) 23 0.003 (0.0007) 8 

Nitrophenol C6H5NO3 CIT-CIMS 0.004 (0.002) 23 0.007 (0.003) 5 NA NA 0.005 (0.002) 29 0.004 (0.001) 2 NA NA 0.004 (0.001) 2 0.006 (0.001) 2 

Nitrocresol C7H7NO3 CIT-CIMS 0.006 (0.003) 69 0.011 (0.008) 16 0.006 (0.001) 2 0.007 (0.003) 88 0.006 (0.003) 14 0.006 (0.002) 4 0.006 (0.002) 19 0.009 (0.002) 10 

Nitrocatechol C6H5NO4 CIT-CIMS 0.013 (0.007) 83 0.019 (0.008) 20 0.017 (0.006) 3 0.015 (0.005) 107 0.009 (0.003) 20 0.012 (0.006) 6 0.011 (0.003) 27 0.012 (0.003) 11 

Nitromethylcatechol C7H7NO4 CIT-CIMS 0.006 (0.003) 76 0.008 (0.004) 16 0.010 (0.006) 4 0.007 (0.002) 96 0.005 (0.004) 18 0.005 (0.002) 5 0.006 (0.002) 24 0.007 (0.001) 10 

NOy NOy NOAA NOyO3 NA NA NA 
N
A 

NA NA NA NA NA NA NA NA NA 
N
A 

NA NA 

Halogenated Species 

Methyl chloride CH3Cl WAS 0.516 (0.41) 51 0.497 (0.402) 12 0.094 1 0.488 (0.308) 64 0.024 (0.017) 8 0.094 (0.099) 4 0.095 (0.053) 13 0.162 (0.120) 4 

Chloroethane C2H5Cl WAS 0.002 (0.002) 47 0.002 (0.002) 12 NA NA 0.002 (0.001) 59 
6.26e-4 (7.36e-
4) 

5 0.001 (0.002) 4 0.001 (0.0009) 10 0.001 (0.0004) 3 

Nitryl chloride ClNO2 NOAA CIMS 1.59e-4 (1.22e-4) 33 
1.64e-4 (6.21e-
5) 

9 5.88e-5 1 1.55e-4 (8.87e-5) 43 
3.58e-5 (1.90e-
5) 

6 
2.75e-4 
(3.22e-4) 

2 
1.61e-4 
(1.71e-4) 

8 
1.03e-4 
(2.55e-5) 

7 

Dichloromethane23 CH2Cl2 TOGA, WAS 0.004 (0.008) 32 0.009 (0.014) 10 NA NA 0.005 (0.007) 42 NA NA NA NA NA 
N
A 

NA NA 

Chloroacetic acid C2H3O2Cl NOAA CIMS 8.98e-5 (4.75e-5) 16 
1.82e-4 (1.67e-
4) 

2 5.58e-5 1 1.09e-4 (5.08e-5) 19 NA NA 
3.94e-4 
(3.75e-4) 

2 
3.94e-4 
(3.75e-4) 

2 
2.67e-4 
(2.07e-4) 

2 

Methyl bromide CH3Br TOGA, WAS 0.002 (0.002) 63 0.008 (0.005) 15 NA NA 0.004 (0.002) 78 
5.45e-4 (3.78e-
4) 

14 0.006 (0.004) 3 0.003 (0.002) 18 0.005 (0.003) 6 

                                                           
20 Species included in the total NMVOC emission factor are given in Table S1.  
21 N/A is “not applicable”. 
22Koss et al. (2018) report fractional ion contributions of 57% pyrrole/43% butene nitrile isomers, with 15% uncertainty. The contribution of pyrrole is 48% from TOGA (Figure S4) across all plumes/in good agreement with this speciation.   
23Correlation with CO is not significant (p<0.05) for pile/slash/grassland fires. 
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 Crop Residue Prescribed Fuels 

Names Formula Instrument2 Corn n Rice n Soybean n Average3,4 n Slash n Piles n Average5 n Grassland n 

Chlorobenzene C6H5Cl TOGA 5.39e-4 (4.86e-4) 35 0.001 (0.0008) 8 NA NA 6.56e-4 (4.20e-4) 43 
2.46e-4 (2.44e-
4) 

7 9.79e-4 1 
6.20e-4 
(1.00e-4) 

8 
4.56e-4 
(1.97e-4) 

3 

Methyl iodide CH3I TOGA, WAS 7.62e-4 (8.51e-4) 61 0.002 (0.002) 15 3.26e-4 1 0.001 (0.0007) 77 0.001 (0.0007) 16 0.003 (0.004) 5 0.002 (0.002) 22 0.001 (0.0006) 7 

Dibromomethane CH2Br2 WAS 0.001 (0.0007) 48 0.002 (0.002) 12 0.002 1 0.001 (0.0006) 61 
9.89e-4 (7.84e-
4) 

10 0.001 (0.0002) 5 0.001 (0.0003) 16 0.001 (0.0003) 3 

Aerosols 

Black carbon BC NOAA SP2 0.129 (0.065) 44 0.091 (0.102) 8 0.118 (0.068) 2 0.120 (0.052) 54 0.180 (0.144) 16 0.265 (0.222) 11 0.219 (0.132) 28 0.309 (0.154) 9 

Organic carbon OC AMS 8.25 (4.02) 100 15.29 (8.08) 23 9.24 (2.12) 3 9.88 (3.35) 127 11.58 (4.88) 19 8.94 (4.12) 15 10.14 (2.97) 35 14.22 (2.02) 12 

Organic aerosol OA AMS 16.02 (7.93) 100 28.11 (14.83) 23 17.83 (4.51) 3 18.85 (6.48) 127 22.47 (9.84) 19 17.69 (8.37) 15 19.96 (6.00) 35 27.34 (3.98) 12 

Levoglucosan24 C6H10O5     EESI 2.06 (0.989) 36 2.08 (1.24) 12 1.31 1 2.02 (0.763) 49 5.49 (3.02) 19 4.11 (2.35) 6 4.44 (1.76) 25 3.20 (0.575) 13 

4-Nitrocatechol C6H5NO4     EESI 0.021 (0.015) 47 0.056 (0.057) 5 0.016 (0.001) 2 0.028 (0.017) 54 0.059 (0.079) 13 0.042 (0.025) 9 0.052 (0.035) 23 0.043 (0.022) 8 

Ammonium25 NH4 AMS 0.614 (0.441) 96 0.538 (0.533) 20 0.209 (0.120) 3 0.567 (0.331) 120 0.111 (0.066) 15 0.155 (0.170) 11 0.184 (0.094) 27 0.296 (0.102) 11 

Chloride Cl AMS 1.34 (0.905) 97 1.08 (0.829) 23 0.599 (0.199) 3 1.22 (0.659) 124 0.039 (0.020) 12 0.208 (0.246) 12 0.169 (0.131) 25 0.425 (0.091) 12 

Potassium K AMS 0.391 (0.217) 94 0.327 (0.259) 18 0.288 (0.061) 3 0.365 (0.162) 116 0.044 (0.010) 10 0.127 (0.103) 6 0.085 (0.055) 16 0.136 (0.036) 10 

Nitrate26 NO3 AMS 0.401 (0.323) 100 0.590 (0.517) 23 0.330 (0.049) 3 0.442 (0.254) 127 0.465 (0.211) 18 0.420 (0.259) 15 0.487 (0.162) 34 0.716 (0.176) 12 

Sulfate SO4 AMS 0.105 (0.137) 55 0.259 (0.345) 12 0.067 (0.0000) 2 0.138 (0.126) 69 0.060 (0.006) 6 0.097 (0.106) 2 0.123 (0.056) 9 0.251 (0.038) 5 

PM1
27 NA AMS 18.8 (8.56) 100 30.66 (15.62) 23 19.38 (4.58) 3 21.47 (6.95) 127 23.14 (10.03) 19 18.65 (8.46) 15 20.97 (6.09) 35 29.19 (4.29) 12 

CN > 3nm28 (1E15) N/A LARGE 5.34 (2.34) 79 6.41 (2.66) 19 5.90 (1.48) 3 5.61 (1.78) 101 4.57 (1.14) 28 5.52 (1.73) 15 5.04 (1.03) 44 5.84 (1.75) 10 

Sulfur-containing Species 

Methanethiol CH3SH TOGA 0.021 (0.021) 41 0.055 (0.046) 11 NA NA 0.028 (0.019) 52 0.009 (0.004) 9 0.033 1 0.021 (0.001) 10 0.038 (0.010) 4 

Sulfur dioxide SO2 NOAA LIF 0.906 (0.28) 105 0.883 (0.230) 29 0.625 (0.226) 4 0.894 (0.203) 139 0.343 (0.223) 30 0.530 (0.333) 16 0.430 (0.198) 47 1.07 (0.194) 14 

Carbonyl sulfide OCS WAS 0.033 (0.03) 42 0.050 (0.052) 12 NA NA 0.037 (0.026) 54 0.017 (0.011) 8 0.065 (0.059) 3 0.043 (0.031) 12 0.057 (0.046) 3 

Dimethyl sulfide C2H6S PTRMS, TOGA, WAS 0.015 (0.015) 79 0.016 (0.015) 21 0.034 (0.041) 2 0.016 (0.012) 102 0.003 (0.002) 16 0.021 (0.011) 8 0.013 (0.006) 25 0.005 (0.003) 6 

Carbon disulfide CS2 TOGA 7.68e-4 (5.73e-4) 37 0.001 (0.0010) 10 NA NA 8.62e-4 (4.95e-4) 47 
5.60e-4 (3.89e-
4) 

9 4.42e-4 1 
4.64e-4 
(1.60e-4) 

10 0.002 (0.001) 4 

Other 

Hydrogen peroxide H2O2 CIT-CIMS 0.071 (0.039) 102 0.090 (0.064) 27 0.102 (0.018) 3 0.077 (0.031) 133 0.077 (0.029) 33 0.081 (0.040) 14 0.097 (0.025) 48 0.131 (0.025) 15 

 1 
 2 

 3 

                                                           
24 Included in measurement of organic carbon and not included in PM1 calculation. 
25 NHx EFs are given in Tomsche et al. (2022). 
26 Includes HNO3 as NO3 measured by CIT-CIMS. 
27 Calculated for plumes containing data for organic carbon at a minimum. Organic aerosol is calculated from organic carbon emission factor as described in section 2. 
28 The geometric mean and standard deviation for the distribution are given in section 3 for the average agricultural burning distribution. 
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