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ABSTRACT: Wildfires are an important source of nitrous acid (HONO), a photo-labile radical precursor, 

yet in situ measurements and quantification of primary HONO emissions from open wildfires have been 

scarce. We present airborne observations of HONO within wildfire plumes sampled during the Western 

Wildfire Experiment for Cloud chemistry, Aerosol absorption and Nitrogen (WE-CAN) campaign. 

HONO to CO enhancement ratios close to the fire locations ranged from 0.7 – 17 pptv ppbv-1, with the 

median similar to previous observations of temperate forest fire plumes. Measured HONO to NOx 

enhancement ratios were generally factors of 2, or higher, at early plume ages than previously reported. 

Enhancement ratios scale with modified combustion efficiency and certain nitrogenous trace gases, which 

may be useful to estimate HONO release when HONO observations are lacking or plumes have 

photochemical exposures exceeding an hour as emitted HONO is rapidly photolyzed. We find that HONO 

photolysis is the dominant contributor to hydrogen oxide radicals (HOx = OH + HO2) in early stage (< 3 

hours) wildfire plume evolution. These results highlight the role of HONO as a major component of 

reactive nitrogen emissions from wildfires and the main driver of initial photochemical oxidation. 
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1 Introduction 

Nitrous acid (HONO) is emitted directly into the atmosphere through various combustion processes, from 

vehicle exhaust1 to biomass burning2. As a source of both hydroxyl radicals (OH) and nitrogen oxides 

(NOx = NO + NO2), HONO emissions can have a significant impact on the atmosphere’s oxidizing 

capacity3.  5 

 

During biomass burning, biomass nitrogen is combusted to form a range of inorganic and organic N 

containing species, such as HCN, HNCO, HONO, NO, NO2, N2O, N2, etc. The speciation among these 

various forms at the source remains actively researched4,5. In laboratory studies of biomass burning, Veres 

et al.6 observed HONO to carbon monoxide (CO) emission ratios between 1.2 × 10-3 and 4.6 × 10-3 mol 10 

mol-1 depending on the fuel type. Yokelson et al.7 observed direct emissions of HONO with a study-

average emission factor of 0.26 ± 0.13 g kg-1 from pasture fires during the Amazon dry season. Stockwell 

et al.8 determined the overall HONO to CO emission factor to be 0.10 g kg-1 in regional Indonesian peat 

fires during the FLAME-4 laboratory experiments.  

 15 

In wildland fire plumes, the fate and importance of HONO is influenced by fuel characteristics (e.g. 

moisture and N content), combustion conditions, sunlight, smoke plume opacity, cloud cover, and dilution 

rates9. Photolysis is expected to be the dominant daytime loss pathway for HONO with a lifetime of 10-

20 minutes at midday and unit quantum yield to OH and NO10,11. Previous in situ HONO measurements 

in biomass burning plumes were largely confined to prescribed fires, aged smoke far from the source, or 20 

outside of the typical western U.S. fire season12–14. While laboratory studies are useful for characterizing 

the initial conditions of wildfire emissions, they cannot replicate the variable and changing combustion 

conditions of wildfires, particularly for species as short-lived as HONO. Fuels are typically heterogeneous 

in composition and burn unevenly, creating variable plume heights and smoke transport at different phases 

of combustion15. Moreover, atmospheric and ecosystem conditions prior to and during fires affect burning 25 

conditions and fuel moisture content, which in turn affect emissions.  
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Uncertainties in HONO primary emissions limit the ability to understand and simulate photochemical 

production of O3 and secondary aerosol within wildfire plumes. Several prognostic models of biomass 

burning plumes have found that inclusion of additional HONO emissions accelerates initial plume 

chemistry and improves the agreement between simulated and measured O3 production16–18. Thus, more 

detailed information on primary HONO emissions at the source level is essential for simulating fire-5 

generated HONO and subsequent photochemical impacts.  

 

Herein, we use in situ measurements collected from the NCAR/NSF C-130 aircraft during the Western 

Wildfire Experiment for Cloud chemistry, Aerosol absorption and Nitrogen (WE-CAN) campaign, which 

was carried out in summer 2018 in the western U.S., to examine HONO and associated trace gases in 10 

fresh smoke plumes from large wildfires. Several fire plumes with known source locations and fuel types 

were sampled in a pseudo-Lagrangian approach, which proved useful for the study of near-source HONO 

and its impact on subsequent gas-phase photochemistry in plumes with physical ages from less than half 

an hour to greater than 5 hours for the same fire. Moreover, the number of distinct fires sampled allow us 

to evaluate potential drivers of variability in HONO emissions.  15 

 

2. Methods 

2.1 WE-CAN campaign overview and instrumentation 

The WE-CAN campaign took place from 22 July to 14 September 2018. The research aircraft was based 

in Boise, ID from 24 July to 31 August 2018, and this period is the focus of our paper. More detail on the 20 

campaign can be found in the Supplemental Information (SI). Here we focus on observations collected 

by the University of Washington (UW) High Resolution Time of Flight Chemical Ionization Mass 

Spectrometer (HRToF-CIMS). Measurements of other relevant species and parameters by different 

instruments on board are summarized in Table S1. 

The HRToF-CIMS with iodide (I-) adduct ionization was employed as described in detail previously19,20, 25 

and in the SI, with the main modification being the use of a sheath-flow facilitated, coaxial IMR region21. 
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Under laminar flow conditions, only 25% of gases are expected to diffuse to the inlet wall and back to the 

center of the flow from which we sample into the ion-molecule reaction (IMR) region. Background 

signals were measured every 60 seconds by overflowing the IMR sampling orifice with UHP N2 for 6 s 

as described previously20,21. The sampling inlet was also overflowed with UHP N2 during flight every 20 

min for 12 s. To prevent titration of reagent ions and thus nonlinear responses in wildfire plumes, the 5 

sample flow entering the IMR was diluted as needed with a known flow rate of ultra-high purity (UHP) 

N2 to maintain constant reagent ion count rates.  

We calibrated the HRToF-CIMS response to HONO, and a range of other trace gases (Table S2) before 

and after the campaign, and tied the calibration to HCN, Cl2, and HCOOH standards used to monitor 

relative changes in instrument sensitivity. We generated HONO following Febo et al. 22, flowing HCl 10 

across a NaNO2 salt bed to promote the reaction 

 

HCl(g) + NaNO2(s) → NaCl(s) + HONO(g). (R1) 

 

HONO output from R1 is variable in time, depending upon humidity and exposure. We therefore 15 

simultaneously measured the output utilizing an independently calibrated total reactive nitrogen (NOy) 

instrument operating a heated molybdenum catalyst coupled to a chemiluminescence NO analyzer. We 

also bubbled the output into vials containing a Griess reagent (sulfanilic acid and 2-naphthylamine in 

dilute acetic acid) which reacts with NO2
- in solution to form a visible light-absorbing compound. The 

vials were then analyzed by UV-Vis absorbance at 528 nm as commonly done for aquatic NO2
-/HONO 20 

measurements following Xue et al.23. The two calibration approaches resulted in the same HONO 

calibration factor to within combined uncertainties, of 2.1 ± 0.6 counts per second/pptv HONO/106 counts 

per second of reagent ions, which also agrees well with our independently determined value used for the 

previous WINTER campaign20,21. More details on HONO calibration and interference checks, such as 

from H13COOH and NO2 reactions on inlet surfaces, can be found in the SI (Figures S1 and S2).  25 

Maps of WE-CAN research flights are shown colored by the corresponding mixing ratio of HCN (Figure 

1) or HONO (Figure S3) measured by the HRToF-CIMS. Altogether 258 fire plumes were sampled across 
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the16 research flights (RFs). Most flights took off at approximately 14:00 local time ± 1 hour, with a 

flight duration of approximately 6 hours. More information can be found at 

https://www.eol.ucar.edu/field_projects/we-can.  

Results and discussion 

3.1 Primary HONO emissions  5 

In Figure 1, we show the average of HONO and CO concentrations, normalized to their respective 

maximum mixing ratios, measured during the horizontal transects of 19 fire plumes. For each plume 

intercept, prior to normalizing by the maximum, we subtracted the respective “background ambient” 

concentration to determine the plume enhancement, where the median of 20 seconds of ambient 

abundances just prior to intercepting the plume are used as the background. We have divided the intercepts 10 

into “near-field” and “far-field” representing how far downwind from the fire the plume was sampled and 

thus how long the smoke has been in the atmosphere. The threshold for physical “age” (see SI) of the 

near-field intercepts is < 40 min, while > 1 hour for those in the far field. The insets show the absolute 

mixing ratios measured during typical fresh and aged plume intercepts for HONO and CO.  

 15 

From these plume intercepts, we wish to calculate the normalized excess mixing ratio (NEMR), also 

called enhancement ratio (EnR), which has been widely adopted to connect smoke plume observations to 

fire emissions24,25. It is defined as  

 

NEMRX = ΔX/ΔY = (Xplume – Xbkg)/(Yplume – Ybkg)      (1)  20 

 

where ΔX and ΔY are the absolute excess concentration of target species X and reference species Y 

relative to the ambient background, respectively. Reference species Y is used to account for plume 

dilution by entrainment of background air in the near field, and has most commonly been CO, given its 

slow chemistry. 25 

 

https://www.eol.ucar.edu/field_projects/we-can
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We evaluated the various choices for determining NEMR, such as the ratio of maximum concentration 

enhancements in the plume, the ratio of integrals of concentrations across the entire plume26, and the slope 

of linear least square fits of ΔX versus ΔY. We chose to use the ratio of maximum concentration 

enhancements, specifically the ratio of mean of the top 5% of concentrations measured in an intercept, 

because of the expected short photolytic lifetime of HONO in the atmosphere. As illustrated in Figure 1, 5 

HONO plume transects are narrower than CO, and the difference in width becomes more prominent as 

the plume ages downwind. As the plume ages, it is turbulently diffusing and thus spreading in spatial 

extent, as indicated by the wider CO transects in the far-field compared to the near-field. HONO transects, 

in contrast, become if anything narrower in the far-field compared to the near-field, and certainly 

compared to those of CO. As discussed more fully below, this trend is largely driven by the changing 10 

HONO photolysis frequency along the plume transect (Figure S4), and is indicative that HONO emitted 

by the fire is being lost relative to the emitted CO during transport (as expected).  

 

At the plume edges, mixing of the smoke plume with cleaner background air leads to less aerosol light 

extinction and thus faster HONO photolysis. In addition, at the top of the plume, photolysis rates are 15 

actually enhanced by scattering from the plume below. Not only do these behaviors imply a complex 3-

D variation in the chemical processing of fresh wildfire plumes, with both dilution and photochemistry 

enhanced at the plume edges27, but they also suggest that using linear fits of HONO to CO across the 

plume intercept, plume-average concentrations, or even integrals over the plume intercepts would bias 

NEMRHONO low. Similarly, low time resolution observations of HONO (e.g. < 1 Hz) would also bias 20 

estimates of HONO emission ratios low if the role of edge effects on HONO abundances were not taken 

into account. Using only the top 5% of 1Hz HONO concentrations within a plume intercept are thus our 

best attempt to address this bias by focusing more towards the central, optically thicker, part of plumes, 

but measurements at any point downwind of the fire will be potentially biased by HONO losses.  

 25 

The emission ratio (ER) is a special case of the NEMR, which is reserved for measurements taken at the 

source, i.e., in the freshest smoke plumes28, and is more of a characteristic of fuel type and burning 

conditions, while NEMR may undergo substantial changes downwind of the source due to differential 
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dilution, chemistry, and deposition. In the following discussions, we report NEMRHONO determined 

within 1 hour of smoke emissions as approximations to its ER for consistency with previous methods27, 

and evaluate factors affecting its variability. Given HONO’s short photolytic lifetime, we thus expect our 

NEMR to be lower limits to the ER.  

 5 

Figure 2 shows HONO to CO NEMR from the emission plume passes for 19 different fires sampled 

across 10 different flights during WE-CAN. We have also labeled each with a corresponding physical age 

estimate. As described above, the NEMRs in plumes with estimated physical ages less than 1 hour were 

assumed to represent the emission ratios for that species, relative to CO or NOx. Ages of plumes clearly 

affected by more than 1 fire, e.g., as determined by satellite observations and in-flight observations, are 10 

considered unknown and excluded from this analysis. NEMRs computed using the entire plume 

integration method are shown in Figure S5 for comparison, and while broadly similar were consistently 

lower by an average of 40% for HONO to CO NEMR, and 29% for HONO to NOx NEMR. Tables S3 

and S4 list the quantification methods, ranges and other relevant information for HONO ER in the 

literature as well as in this study. 15 

 

As indicated in Figure 2, HONO is present in substantial amounts in the early stages of most plumes, with 

HONO to CO ER spanning from 0.65 to 17.2 pptv ppbv-1 (average 5.3 ± 5.2 pptv ppbv-1). The high HONO 

ER inferred from some of the youngest plume intercepts highlights the importance of direct fire emissions 

to HONO abundances, and the overall large variations in HONO ERs suggest differences in 20 

meteorological conditions, fuel type, plume reactivity, location and distance from the source24,29. Our 

range of HONO to CO NEMR covers values measured in past laboratory and field studies6,7,13,30–32 (see 

shading in Figure 2) that sampled fire emissions across several fuel types in the U.S., where the flaming 

stage HONO to CO NEMR range was reported as approximately 2 – 5 pptv ppbv-1. The reported emission 

factors of HONO and CO in Akagi et al. (2011) imply that HONO to CO NEMRs range from 1.8 to 7.0 25 

ppt·ppb-1 in temperate forests, while ranging from 5.9 to 10.7 pptv ppbv-1 in tropical forests13, which are 

of the same magnitude as the highest HONO to CO NEMR observed during WE-CAN. Neuman et al. 

(2016) determined that the HONO to CO ratio ranged from 1.3 to 5.2 pptv ppbv-1 in flaming stage fires 
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using airborne measurements over the Southeast U.S. at night33. Study-wide HONO NEMRs across 

different age ranges are shown in Figure S6.  

 

To assess whether fire-to-fire differences in the HONO to CO NEMR are caused by the variable nitrogen 

content of fuels, it is useful to compare ΔHONO to ΔNOx, which is also emitted during the flaming phase 5 

(Burling et al., 2010). The observed HONO to NOx ER during WE-CAN ranged from 0.25 to 1.4 pptv 

pptv-1 (average 0.72 ± 0.34 pptv pptv-1), for fires sampled 10 – 33 km downwind (corresponding to 0.3 – 

1.0 h transport after emission), as shown in Figure 2. Figure S7 shows scatter plots of HONO to CO and 

NOx for the closest plume transect in each fire during the campaign.  

 10 

Our ΔHONO/ΔNOx ERs clearly lie above most previous determinations. Trentmann et al. first described 

significant, direct emissions of HONO at ~0.03 pptv pptv-1 of NOx in a savanna fire16. Later, Keene et al.2 

determined ∆HONO/∆NOx values ranging from 0.048 to 0.23 pptv pptv-1 for different Southern African 

biomass samples in the laboratory. Yokelson et al.7 observed ∆HONO/∆NOx of ~0.14 pptv pptv-1 from 

Brazilian pasture fires. The laboratory studies by Burling et al.34 found the fire-integrated molar emission 15 

ratios of HONO relative to NOx ranged from approximately 0.03 to 0.20 pptv pptv-1, with higher values 

observed for southeastern fuels, while later airborne measurements from prescribed burning in 

southwestern U.S. by Burling et al.30 revealed systematically higher ∆HONO/∆NOx molar ratios spanning 

from 0.077 to 0.22 pptv pptv-1. Stockwell et al.8 reported the ∆HONO/∆NOx ratio was ~0.13 pptv pptv-1 

in cooking fires through a series of laboratory measurements. Selimovic et al.35 detected a HONO to NOx 20 

NEMR of 0.9 pptv pptv-1 from an Engelmann spruce canopy fire burned in the FIREX Fire Lab 

experiments, while reporting a study average ∆HONO/∆NOx of 0.21 ± 0.13 from various fuel types, 

suggesting fresh, moister conifer-canopy fuels may drive higher HONO to NOx NEMR.  

 

The collective range of ~0.03 – 0.9 pptv pptv-1 in the HONO to NOx NEMRs assembled from these prior 25 

studies implies high fire-to-fire variability in HONO emissions, not just from burning conditions, but also 

from fuel type and fuel characteristics such as moisture and nitrogen content2,9,34. Additional factors that 

can affect reported HONO to NOx and HONO to CO NEMRs include HONO photochemistry after 
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emission and measurement artifacts. Previous field measurements were mostly carried out in well-mixed 

plumes that had photolysis conditions close to clear sky. The large differences compared to previous 

measurements may reflect WE-CAN’s overall higher sampling frequency closer to fire sources, where 

the more rapid post-emission loss of HONO compared to NOx, as illustrated by the differences between 

Figure S2b and S2c, is less significant. The relative change of HONO to NOx following emission is 5 

smaller than the corresponding change in HONO to CO over the same timescale, given that CO remains 

constant aside from dilution, while NOx and HONO both dilute and react, so these photochemical effects 

are not necessarily able to explain all the differences in the HONO to NOx NEMRs. It is not clear to what 

extent past measurements of NOx were contaminated by HONO (or vice versa). For example, NOx is 

often measured by catalytic conversion of NO2 to NO as well as photolytic conversion with wavelengths 10 

< 400 nm which will also convert some fraction of HONO to NO, biasing the reported HONO to NOx 

NEMR low. The NO2 measurement made during WE-CAN used photolysis by LED having output 

optimized to 398 nm, with half power reached at  6 nm, implying minimal HONO conversion. The large 

variability in ∆HONO/∆NOx within WE-CAN, and the relatively small set of previous observations 

suggests that previous studies may simply not have sampled fires with the fuel nitrogen content, moisture 15 

content, Modified Combustion Efficiency (MCE), etc. of those sampled during WE-CAN. Thus, we 

conclude that the fuel type and characteristics, as well as fire conditions, are most important in setting the 

HONO to NOx emission ratio with large variations from fire to fire and across the fire season. 

 

3.2 HONO evolution and contribution to radical chemistry  20 

 

During WE-CAN, multiple fires were sampled in a pseudo-Lagrangian fashion, which allowed for 

investigations into the chemical evolution of the primary emissions downwind from the source. Figure 3 

displays the study-wide HONO to CO NEMR evolution in the first few hours of aging, where the points 

are colored by the average HONO photolysis frequency (jHONO) measured in each plume transect. The 25 

median HONO to CO NEMR of this sample population decays by more than 90% in less than 1 hour, 

which in turn suggests an e-folding time of about 20 minutes. An exponential fit (dashed magenta curve) 

to this observed decay in ΔHONO/ΔCO yields a decay constant of 0.058 min-1(with 95% confidence 
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bounds 0.053 - 0.063), which is nearly identical to the median observed HONO j-value (0.057 min-1). An 

offset of 0.096 pptv ppbv-1 was included in the fit function so that the curve passes through all the data at 

higher plume ages. However, the physical meaning of this offset is unclear given that it implies HONO 

mixing ratios near or below our 1 Hz detection limit (~20 pptv) and so we refrain from interpreting what 

it implies in terms of potential HONO steady state in aged plumes.  5 

 

The rapid decay of HONO in Figure 3 is a sign of its impact on chemical processing within the smoke 

plume and, as noted above, that the emission ratios relative to CO are likely biased low. The youngest 

plume ages in Figure 3 are ~ 20-30 min transport time from the source, equivalent to 1 to 2 photolysis 

lifetimes depending on plume j-values. Further downwind, where plume ages exceed 2 hours, HONO 10 

mixing ratios drop to tens of pptv, which are close to the CIMS detection limit for HONO (Lee et al., 

2018) and the ambient background mixing ratios, as shown in Figure S8. Figure 3 suggests the possibility 

to correct the measured HONO NEMR to account for the HONO lost to photolysis. However, we do not 

have measurements closer to the source to constrain such an estimate. Given that closer to the fire, plume 

opacity is likely increasing substantially, and plume vertical motions become more important than the 15 

horizontal motions, which we use to estimate plume age, a simple exponential function to estimate HONO 

at t = 0 may lead to substantial error. Thus, our reported ER for HONO are likely lower limits, and could 

be larger (e.g., by factors of 2 or more), but by how much remains uncertain.. 

  

The photolysis of HONO yields OH radicals and NO. In Figure 4, we show that the photolysis of HONO 20 

dominates the primary HOx (OH + HO2) radical production over the first ~1.5 h of atmospheric transport 

in the wildfire plumes sampled during WE-CAN. We used campaign-wide in-plume observations to 

generate an observationally constrained estimate of the average primary radical source strength within 

plumes as a function of plume age:  

 25 

P(𝐻𝑂𝑋) =  𝑗𝐻𝑂𝑁𝑂[𝐻𝑂𝑁𝑂] + 2𝑗𝐻𝐶𝐻𝑂[𝐻𝐶𝐻𝑂] +  𝑗𝐶𝐻3𝐶𝐻𝑂[𝐶𝐻3𝐶𝐻𝑂] + ∅𝑂𝐻𝑗𝑂1𝐷[𝑂3] + 𝑗𝐻𝑁𝑂3
[𝐻𝑁𝑂3] +

 ∑ [𝑂3](𝑘𝑖[𝑎𝑙𝑘𝑒𝑛𝑒𝑖])𝑖        (2) 
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More details are elaborated in the SI. HONO photolysis is the most important single primary source 

observed in fresh wildfire plumes, with maximum values of approximately 2 pptv s-1. HONO contributes 

over 70% in plumes with age shorter than an hour, and accounts for approximately 20% of HOx 

production even in plumes with physical ages of 3 hours. HCHO photolysis becomes more important than 

HONO at physical plume ages >1.5 h, but absolute radical production rates drop substantially after the 5 

first ~ 1 hours, explaining in part the sustained relative contribution of HONO. O3 photolysis is the third 

largest contributor overall to the total radical production rate within WE-CAN sampled plumes, but is 

most important in background air. The large radical source strength in aged (>3 h) fire plumes which is 

comparable to that of plumes with age ~1 h may stem from the increase in both the mixing ratio of 

secondary products like O3 and photolysis rates. The dominant role of HONO as the primary radical 10 

source, and its relatively rapid decay, suggests that wildfire plumes are highly photochemically active in 

the first few hours after emission, and then become much less active, closer to background air, thereafter. 

 

3.3 HONO NEMR Variability 

In wildfires, a variety of nitrogen containing species are emitted, including NH3, HONO, NOx, and HCN, 15 

acetonitrile (CH3CN) and isocyanic acid (HNCO)6,36. These nitrogenous gases are emitted to varying 

degrees depending on fuel and combustion conditions30,37. Rarely is it possible to directly measure the 

fuels consumed at each burning stage, thus we aim to develop an understanding from the WE-CAN 

campaign of what drives variability from fire to fire in the HONO emission relative to longer-lived trace 

gases such as CO and HCN.  20 

 

Setting aside HONO photolysis as perhaps the dominant driver of HONO NEMR variability at any point 

downwind of a fire, we focus on relationships among various trace gases and combustion conditions 

measured as close to the fires as possible. HONO mixing ratios in more aged smoke can be quite low due 

to its fast decay; HONO can also be formed by multiphase processes38 and thus measurements of plumes 25 

with older physical lifetimes may not reflect direct emissions. Therefore, to analyze HONO emission 
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characteristics, we focus on plume intercepts with physical age shorter than the instantaneous HONO 

photolysis lifetime to minimize the impact of HONO photolytic loss after emission on our conclusions.  

  

The release of fuel nitrogen and its chemical speciation depends significantly on the heating rate and fuel 

rank, i.e., the relative amount of nitrogen contained in aromatic structures relative to that in amine 5 

structures39. At combustion temperatures over 1000 K, increased fuel rank tends to produce more HCN, 

while decreased fuel rank favors NH3 formation. These pyrolysis products then undergo further in-flame 

processing in the flaming stage40,41. It is hypothesized that HONO emission results from reaction of OH 

radicals with fuel derived NO in the vicinity of the flame, where fast oxidation of HCN and NH3 also 

occur42. Thus, HONO emissions are expected to anti-correlate with HCN and NH3, as they are 10 

intermediate products that are being oxidized in the flame chemistry, while HONO emissions are expected 

to correlate with MCE and NOx, corresponding to higher combustion temperatures which favor more 

oxidized nitrogen. MCE is a proxy for the degree of flaming versus smoldering combustion: 

 

MCE =
∆𝐶𝑂2

∆𝐶𝑂2+ ∆CO
      (3) 15 

 

where ∆CO2 and ∆CO are background-corrected mixing ratio enhancements of CO2 and CO, 

respectively40,43. MCE ranged from 0.86 to > 0.94 in WE-CAN, suggesting some of the fire to fire 

variation in our reported ERs results from burning conditions alone. For major wildfires covering large 

areas, flaming and smoldering may occur concurrently, similar to the condition where many different 20 

smaller fires burn at the same time13. The co-existence of two combustion phases is common in plumes 

sampled during WE-CAN, as reflected by a large number of MCEs between flaming and smoldering 

MCE cutoffs. That said, the effective MCE in an plume intercept explains some of the large variability in 

the HONO NEMRs (factor of ~10) across the various fires sampled during WE-CAN (Figure 5c). 

Similarly, ΔHONO/ΔCO is negatively correlated with ΔNH3/ΔCO as well as with 25 

(ΔHCN+ΔCH3CN)/ΔCO (Figure 5a and 5b); both these parameters are expected to be larger when flame 

temperatures are lower and at lower MCEs. Previous work showed that NH3/NOx molar ratio was 

negatively correlated with MCE for a range of fuels, and that the emission factor of NH3 and HCN are 
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anti-correlated with MCE30,44–46. Others found that NOx and HONO are positively correlated with MCE6. 

Pyrolysis experiments with a series of biofuel model compounds reveal that the HNCO/HCN ratio is 

highly dependent on flame temperature while only slightly dependent on the type of compounds47,48. The 

emission of these species as well as the relative partitioning between reduced and oxidized fuel nitrogen 

appears to depend on both fuel nitrogen content and MCE30,37, and are therefore potentially a good 5 

reference set for evaluating biomass burning conditions.  

 

We define a broader metric, the ratio of reduced N to total N emitted, RN, which serves as a proxy of fire 

temperature and oxidizing conditions, with higher values representing higher combustion temperatures 

and more oxidation.  10 

 

RN =
HCN+CH3CN+NHx

HCN+CH3CN+NHx+ HNCO+NOx+(NO𝑧−HONO)
  (4) 

 

NHx is total (gas+particle) NH3, and NOz represents oxidized reactive nitrogen species such as PAN and 

other organic nitrates, 2*N2O5, and total (gas+particle) nitrate. RN without HONO in the denominator is 15 

highly correlated with our measured HONO enhancements (R2 = 0.74), as shown in Figure 5d. It is likely 

a more stable metric for estimating HONO emissions when a lack of observations or plume age do not 

allow direct quantification of HONO release assuming dry deposition is not significant. For example, 

HONO is often not measured during wildfire smoke studies, or a smoke plume is sampled several hours 

or more downwind of the source, in which the majority of emitted HONO will have photolyzed. The 20 

relationships in Figure 5 provide a means of estimating what the emitted HONO was in such cases and 

therefore its contribution to the primary radical source during plume evolution.  

 

3.4 Atmospheric Implications 

 25 

The above results highlight the importance of wildfires as a primary HONO source over the Western U.S. 

in summer. To our knowledge, our study has reported the highest HONO emission ratios in wildfire 

plumes. However, our HONO emission ratios are essentially convolutions of the initial emission and any 
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post-emission processes (e.g., photolysis, radical recombination, multiphase chemistry) that may have 

taken place during plume transport and aging, and are thus potentially lower limits. The focus on fresh 

biomass burning plumes allowed us to observe how the starting chemistry varies with fuel nitrogen, 

combustion efficiency, and other trace gas emission, providing an additional constraint on the release of 

HONO. We show that HONO emissions scale with MCE as well as measures of fire temperature and 5 

oxidation conditions, likely reflecting that emissions of this species are driven by flaming combustion 

with high temperatures.  

 

The HONO NEMRs presented here are likely critical to interpret the evolution of other trace gases and 

to initiate models intending to represent rapid oxidation within biomass burning plumes. While a complete 10 

assessment of plume radical chemistry is beyond the scope of this work, further investigations of the 

impact of these HONO emissions on downwind chemical evolution with a suite of models is warranted. 

Moreover, the variation of HONO photolysis frequencies and concentrations between the center and 

edges of the plumes that we observe suggests that a 3-D chemical plume model is ultimately needed for 

a complete description of smoke plume chemical evolution and dispersion. 15 
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FIGURE CAPTIONS 

 

 

Figure 1. (left) WE-CAN flight tracks colored and sized by HCN mixing ratios. For symbols with HCN 5 

mixing ratios greater than 500 pptv, the color scale stays the same. (right) Binned, averaged,  and 

normalized horizontal plume transects of HONO and CO excess mixing ratios in the near field (upper 

panel, physical age < 40 min) and far field (lower panel, physical age > 1 h) plumes. The plume cross-

sections have been aligned so that their maxima define the plume center (distance = 0). The mean physical 

age is 28 min for the near-field plumes and 137 min for far field plumes. Shading represents the standard 10 

deviations for each bin. The average aircraft speed is ~ 128 m/s. In both cases, HONO plume widths are 

narrower than those for CO, likely due to the faster photolysis of HONO at the plume edges (see text). 

The insets show the absolute mixing ratios for example near-field (top) and far-field (bottom) plume 

transects from RF 3. 

 15 

Figure 2. HONO enhancement ratios (derived from top 5% integration) relative to CO (top) and NOx 

(bottom) in the freshest plume pass for each fire sampled, sorted in descending order of HONO to CO 

NEMR. The error bars represent the combined instrumental uncertainties summed in quadrature. The 

top axis shows the respective plume age. Selected reference HONO NEMR ranges from past campaigns 

are denoted for comparison. Plumes with physical ages greater than 1 h are shown in blank markers. 20 

 

Figure 3. Campaign-wide ΔHONO/ΔCO enhancement ratio evolution with plume age colored by 

HONO photolysis frequency. Box-and-whisker plots (boxes: 25th and 75th percentiles; whiskers: 10th 

and 90th percentiles; horizontal lines: median) represent 30-minute binned data. The magenta curve is an 

exponential fit, with constant offset, to the median ΔHONO/ΔCO in each age bin.  25 

 

Figure 4. (top) Average relative contribution of different radical sources to HOx radicals versus plume 

age of all western wildfire plumes sampled in WE-CAN; (bottom) HOx production rate of different 

radical sources versus plume age. 

 30 

Figure 5. Scatter plots of HONO NEMR versus different tracers: (a) NH3/CO, (b) (HCN+CH3CN)/CO, 

(c) MCE, (d) (HCN+CH3CN+NH3)/(HCN+CH3CN+HNCO+NOx+NH3), for fresh plumes within HONO 

photolysis lifetime derived from j(HONO) measurements. Correlation coefficients (R2) were derived from 

bivariate linear regressions of all plotted data. 
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