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Abstract 

Biomass burning particulate matter (BBPM) affects regional air quality and global climate, 

with impacts expected to continue growing over the coming years. We show that studies of North 

American fires have a systematic altitude-dependence in measured BBPM normalized excess 

mixing ratio (NEMR; ΔPM/ΔCO), with airborne and high-altitude studies showing a factor of two 

higher NEMR than ground-based measurements. We report direct airborne measurements of 

BBPM volatility that partially explain the difference in BBPM NEMR observed across platforms. 

We find that when heated to 40-45 ℃ in an airborne thermal denuder, 19% of lofted smoke PM1 

evaporates. Thermal denuder measurements are consistent with evaporation observed when a 

single smoke plume was sampled across a range of temperatures as the plume descended from 4 

km to 2 km altitude. We also demonstrate that chemical aging of smoke and differences in PM 

emission factors can not fully explain the platform-dependent differences. When the measured PM 

volatility is applied to output from the HRRR (High Resolution Rapid Refresh)Smoke regional 

model, we predict lower PM NEMR at the surface compared to the lofted smoke measured by 

aircraft. These results emphasize the significant role that gas-particle partitioning plays in 

determining the air quality impacts of wildfire smoke. 

 

Synopsis Statement 

Through direct measurements of biomass burning aerosol volatility we explain a significant gap 

between aerosol concentrations in airborne and ground-based studies. 
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Introduction 

 Biomass burning particulate matter (BBPM) emissions cause widespread impacts and 

dominate the fine particulate matter (PM) burden in regions such as the Western United States.1,2 

The majority of BBPM is organic aerosol (BBOA),3–6 thus understanding the processes controlling 

BBOA concentrations is essential to quantify BBPM impacts on health and climate. The health 

impacts of BBPM are determined by surface burden, while climate impacts are determined by 

burden across the entire atmosphere. This necessitates study of BBPM at all altitudes. In order to 

study BBPM in these different parts of the atmosphere, researchers have used several different 

sampling platforms, each with their own strengths and limitations. Airborne measurements of 

wildfires are ideal for sampling near-source lofted smoke and studying the first few hours of plume 

aging, but the contribution of nighttime smoke or unlofted near-surface emissions might be under-

estimated or uncharacterized from aircraft.4,6–8 Fixed surface stations or mobile laboratories 

downwind of fires are especially well-suited to characterize the overall ground-level impact of 

regional emissions by collecting data from fires burning at all stages of an entire fire season.9–12 

Ground sites may systematically underrepresent the emissions of more intense fires that are more 

likely to be lofted into the free troposphere or even the stratosphere13 Also, determining a smoke 

age or source measured by these techniques can be especially difficult in situations with multiple 

mixed sources. Detailed measurements in population centers are less common9,10,14 and the amount 

of fire-impacted data collected can depend heavily on chance and the intensity of the fire season. 

Fixed surface station data may not include specificity on fuels and fire behavior, making it difficult 

to tease out initial variability and chemical or physical mechanisms contributing to the 

transformation of smoke. Understanding the differences between smoke sampled by ground and 

airborne platforms is critical for designing mitigation strategies, planning future wildfire studies, 

https://paperpile.com/c/xjzJLM/ZMKLh+yYeSH
https://paperpile.com/c/xjzJLM/Kswkw+fCi8r+eW5p7+sppzb
https://paperpile.com/c/xjzJLM/fCi8r+GlnJq+sppzb+v32fj
https://paperpile.com/c/xjzJLM/S3Srm+OVZVp+F9bLY+Mppv1
https://paperpile.com/c/xjzJLM/mtkN0
https://paperpile.com/c/xjzJLM/S3Srm+OVZVp+CEPac
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optimizing satellite retrievals, and determining preferred model inputs for air quality and climate 

models.15,16 Efforts to synthesize laboratory, airborne, and ground-based studies of BBOA 

emissions and evolution have not yielded a clear description of the processes that determine BBOA 

concentration in different parts of the atmosphere, and the various processes believed to play a role 

are discussed below.  

  The literature describing the chemical and physical processes that can impact BBPM 

normalized excess mixing ratios (NEMR; ΔPM/ΔCO) is extensive. The key processes emphasized 

in the literature are: the differences in emissions with fuels combustion state (e.g., flaming vs. 

smoldering); the differences in the extent of chemical aging experienced during atmospheric 

transport; and the effects of dilution and temperature on gas-particle partitioning of semivolatile 

organic compounds.17–23 

The combustion state of a fire is often characterized with the modified combustion 

efficiency (MCE), calculated as ΔCO2/(ΔCO2+ΔCO), where Δ represents the difference in 

concentrations between background air and smoke. Many studies have observed a clear 

relationship between MCE and the emission factor of BBOA (EFOA; gOA kgfuel
-1).17,24–26 As MCE 

increases, the conversion of fuel carbon to CO2 becomes more efficient, and less BBOA is emitted 

per kg of fuel combusted. Improving our understanding of the relationship between MCE, EFOA, 

and BBPM NEMR is central to connecting satellite measurements of fire area and/or radiative 

power (from which mass of fuel combusted can be estimated) to total PM emissions, and thereby 

PM concentrations downwind of fires. Currently, estimation methods based on measurements of 

fire radiative power (FRP) can result in good estimates of CO, CO2, and black carbon emissions, 

but are more uncertain for estimates of PM, with techniques giving root mean square errors of 46-

75% for PM across a recent large-scale field campaign.27,28 

https://paperpile.com/c/xjzJLM/fJ0ue+f260m
https://paperpile.com/c/xjzJLM/Ifbem+u7CGq+OT4BW+4qtb8+Opilk+eUtIk+caUC3
https://paperpile.com/c/xjzJLM/Ifbem+l1r4H+UuW8f+d55wM
https://paperpile.com/c/xjzJLM/LQkWg+MFU9l
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In a critical review of BBOA aging in laboratory and field studies, Hodshire et al.20 

demonstrate that in laboratory studies chemical aging often produces additional BBOA, while in 

field studies chemical aging rarely leads to net BBOA production, potentially due to differences 

in dilution rate and gas-particle partitioning. Results from the WE-CAN aircraft study in the 

Western US demonstrated that oxidation of measured volatile organic compounds (VOCs) in a 

smoke plume to form secondary organic aerosol (SOA) could account for just 13% of the SOA 

formed during aging.29 The remaining 87% of the SOA was then inferred to be produced by the 

oxidation of evaporated primary organic aerosol (POA). That study lacked the direct 

measurements of BBOA volatility aloft that could constrain the extent of POA evaporation 

downwind of fires. 

As is the case for all primary OA sources, some components of primary BBOA are 

semivolatile and undergo evaporation or condensation as they establish absorptive partitioning 

equilibrium with the gas phase surrounding each particle. The partitioning equilibrium constant of 

each compound is determined by the compound’s vapor pressure (at a given temperature) and the 

total concentration of OA.30,31 Any shifts of the gas-particle partitioning equilibrium will change 

the BBOA concentration, and will have a direct impact on the observed BBOA NEMR. Dilution 

and increases in temperature during transport of smoke both lead to net evaporation of BBOA, 

while decreases in temperature lead to condensation. Thus, the dilution rate of a smoke plume, the 

background OA concentration, and ambient temperature are expected to be important determinants 

of the evolution of BBOA NEMR and aerosol optical properties downwind of a fire.15,32 The 

volatility distribution of biomass burning emissions has been measured in several ground-based 

field and laboratory studies, including FLAME III and IV.21,23 The applicability of these data to 

real wildfire smoke in different levels of the atmosphere has not been thoroughly assessed. 

https://paperpile.com/c/xjzJLM/4qtb8/?noauthor=1
https://paperpile.com/c/xjzJLM/14c89
https://paperpile.com/c/xjzJLM/yYraK+Vsiw2
https://paperpile.com/c/xjzJLM/sMh4K+fJ0ue
https://paperpile.com/c/xjzJLM/Opilk+caUC3/?noauthor=0,0
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Previous airborne thermal denuder measurements have heated biomass burning aerosols to 

hundreds of degrees C in order to separate refractory and non-refractory material.33 There are 

presently no published direct measurements of the volatility distribution of organic aerosol from 

airborne platforms. The volatility of BBOA is not currently accounted for in most operational 

smoke forecasting models such as HRRR-Smoke and this model has been shown to overpredict 

smoke concentrations in the Western US.34 

 Here we present results from the FIREX-AQ field study35 where we conducted airborne 

thermal denuder measurements that quantified the volatility of bulk BBPM and BBOA, as well as 

the volatility of key molecular components of BBPM such as levoglucosan and nitrocatechol. 

These measurements are the first of their kind and serve to constrain the volatility of BBPM. These 

results are compared to multiple ground and aircraft studies of BBPM in the United States and we 

compare the variability in BBPM NEMRs observed to the volatility constraints derived from 

thermal denuder data. We also apply our results to HRRR-Smoke output to estimate the impacts 

of BBPM volatility on surface smoke concentrations on a regional scale.  

 

Materials and Methods 

Field Measurements of BBPM 

 This study utilizes eleven BBPM datasets from the following campaigns: FIREX-AQ (Fig. 

S1);12,35,36 WE-CAN;37 Missoula, MT; 9,10 BBOP;17 and SEAC4RS.24,25 These campaigns cover a 

variety of fuel types, locations, sampling platforms, and instrumentation. The particulate matter 

data utilized was either acquired using a high-resolution time-of-flight aerosol mass spectrometer 

(AMS),38 an extractive electrospray ionization time-of-flight mass spectrometer (EESI-MS),36,39 a 

soot-particle high-resolution time-of-flight aerosol mass spectrometer,17,40 or an environmental 

beta-attenuation PM2.5 mass monitor.9,10 The complete list of instrumentation, campaign dates, 

https://paperpile.com/c/xjzJLM/Bmusj
https://paperpile.com/c/xjzJLM/NFUOf
https://paperpile.com/c/xjzJLM/tHKbG
https://paperpile.com/c/xjzJLM/Mppv1+tHKbG+6mcW
https://paperpile.com/c/xjzJLM/YDlRE
https://paperpile.com/c/xjzJLM/S3Srm+OVZVp
https://paperpile.com/c/xjzJLM/Ifbem
https://paperpile.com/c/xjzJLM/l1r4H+UuW8f
https://paperpile.com/c/xjzJLM/ZZwsz
https://paperpile.com/c/xjzJLM/wdD6E+6mcW
https://paperpile.com/c/xjzJLM/Ifbem+5zpVz
https://paperpile.com/c/xjzJLM/OVZVp+S3Srm
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platform, fire types sampled, location, number of fires, and analysis details sampled is presented 

in Table S1 and Section I. 

We group these studies into three sets: airborne and high-elevation (>2.5 km above mean 

sea level) wildland fire studies; airborne agricultural fire studies; and ground-based wildland fire 

studies (below 1 km above mean sea level). Agricultural fires are separated from the other airborne 

sampling since they are below 1 km above mean sea level. To compare values from airborne 

studies with continuous ground-based sampling we reduce all datasets to the fire-day level. For 

airborne campaigns this means that all transects of a fire from an individual research flight are 

averaged to a single value; while for ground campaigns smoke impacts are averaged by calendar 

day. This approach very coarsely averages over diurnal variation in fire behavior in ground studies, 

and also weights fires of all sizes more equally in airborne studies, since larger fires tend to have 

longer sampling times (more transects) on a given flight day. The number of fire-days that each 

campaign was reduced to is presented in Table S1. 

 

Direct Airborne Quantification of BBPM Volatility Distribution 

The volatility of BBPM was quantified during FIREX-AQ using airborne thermal denuder 

(TD) measurements. The TD was a 13 L aluminum cylinder heated to 40-45 ℃, followed 

immediately by a charcoal denuder (ADI; Fort Collins, CO). The TD was a converted potential 

aerosol mass oxidation flow reactor (PAM OFR)41,42 operated without ultraviolet lights. The 

airborne configuration of the PAM OFR on the DC-8 is described in Nault et al,43 wherein the 

PAM OFR was used to study aerosol formation potential and aerosol nitrate volatility.43,44 

Concentrations of BBPM components following evaporation in the TD were measured for 15 s 

every 4 minutes by the University of Colorado AMS45 and the University of Colorado EESI-

https://paperpile.com/c/xjzJLM/n15Ac+GcO9l
https://paperpile.com/c/xjzJLM/e3bO4/?noauthor=1
https://paperpile.com/c/xjzJLM/sy9r7+e3bO4
https://paperpile.com/c/xjzJLM/Hz8L


 

9 

 

MS.36,46 Because variations in smoke plume concentrations occurred faster than the residence time 

of the TD (90 s), a full treatment of the TD residence time distribution is necessary to relate 

concentrations at the exit of the TD to the unperturbed concentrations in ambient air. The residence 

time distribution was directly measured with pulse injections of ammonium sulfate and the 

analyses needed to account for TD residence time and for particle loss within the TD are presented 

in SI Section II, Figures S3-S6.  

 

Organic Aerosol Emission Factors: 

BBOA emission factors (EFOA; gOA kgfuel
-1) were calculated using a carbon balance 

approach,47 assuming a fuel carbon fraction of 0.5 for forest fires, 0.4 for agricultural fires, and 

0.45 for grass fires.48,49 Species included in the carbon balance were (in decreasing order of 

abundance): CO2, CO, the sum of VOCs measured by PTR-ToF-MS, OA, methane, formaldehyde, 

ethane, and black carbon. Additional details are in the Supplement. 

 

Volatility Basis Set Fitting 

 The fitted volatility basis set (VBS) used in this work was generated using a brute-force 

algorithm that utilizes the enthalpy of vaporization parameterization from May et al.21 In this 

procedure the bounds and step sizes of the VBS parameters were predefined and the fit quality was 

assessed for all possible combinations of parameters. A complete description of the parameter 

space explored is presented in section III of the SI.  

 

https://paperpile.com/c/xjzJLM/g3G8R+6mcW
https://paperpile.com/c/xjzJLM/cw0rU
https://paperpile.com/c/xjzJLM/wVl32
https://paperpile.com/c/xjzJLM/Opilk/?noauthor=1


 

10 

 

Results 

Multi-campaign Analysis of BBOA NEMR 

 Figure 1 presents analysis of BBOA NEMRs from eleven North American studies targeting 

fire emissions. This analysis shows a systematic altitude / platform dependence in BBOA NEMRs, 

with the airborne and high-altitude studies measuring NEMRs roughly twice that of ground-based 

studies. These studies have been carried out by several different research groups using different 

methods (Table S1 in Supplement) and the platform-dependent trends are robust across those 

potential sources of variability. One possible explanation for these trends is that the ground-based 

studies sample air at higher ambient temperatures and therefore semivolatile OA has partially 

evaporated, decreasing NEMRs. The direct TD measurements of BBPM volatility during FIREX-

AQ allow us to explore the extent to which gas-particle partitioning may be driving these trends 

in NEMRs.  
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Figure 1. Comparison of biomass burning particulate matter normalized excess mixing ratio 

(BBOA NEMR; ΔOA/ΔCO) across multiple campaigns in the United States, demonstrating that 

airborne and high-altitude studies show OA NEMRs roughly twice as large as those from ground 

studies. All datasets are averaged to one day to allow comparison across fixed and mobile 

platforms. Statistical parameters for each campaign are calculated from the one-day data. Shaded 

regions are the standard deviation of NEMR for each set of campaigns. Note that the two Montana 

(MT) based ground campaigns are BBPM and not BBOA 
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Volatility of BBPM at FIREX-AQ 

The experimental design of the TD measurements was to simulate the extent of evaporation 

that would be expected if lofted smoke were to be transported to lower, warmer altitudes. BBPM 

loses 19% of its mass when heated from ambient temperatures of 0-5 °C to 40-45 °C. The 

dependence of MFR on plume concentration and temperature is shown in the Supplement. For 

comparison to ground studies, the average yearly maximum temperature recorded in Missoula, 

MT (1990-2020) is 38 °C.50 Figure 2 presents the results of these measurements for selected 

components of BBPM. The evaporated mass is primarily BBOA, which comprises over 90% of 

BBPM mass. We correct for particle wall losses using the non-volatile components sulfate and 

chloride. Particle chloride at FIREX-AQ is dominated by potassium chloride, which (unlike 

ammonium chloride) is not volatile at these temperatures.  

 

https://paperpile.com/c/xjzJLM/bzz03
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Figure 2. Results from airborne thermal denuder measurements of biomass burning particulate 

matter during FIREX-AQ by AMS and EESI-MS. Scatter plots show the concentrations at the 

output of the thermal denuder (40–45 ℃), compared to the input ambient concentrations (0–5 ℃). 

Organic aerosol, nitrate, and nitrocatechol measurably evaporate while aerosol sulfate, chloride, 

and levoglucosan do not evaporate within measurement uncertainties. The evaporation predicted 

by this study’s fitted VBS is shown in the organic aerosol panel. This figure is presented in log 

scale in the SI, Figure S2. 

 

The evaporation of BBOA is modeled using the kinetic TD model of Cappa,51 which takes 

a VBS and temperature conditions as inputs and outputs the mass fraction remaining (MFR). We 

evaluated multiple BBOA VBS from the literature21,52–55 and also fitted a basis set as part of this 

work (SI Section III, Figures S7-S9). The fitted basis set is presented in Table S2. Our fitted basis 

set gives a root mean-squared error (RMSE) of 17%. Of the literature basis sets, the VBS of May 

et al.21 performed best (RMSE = 25%), but overpredicted the extent of evaporation under high-

OA conditions. Conversely, the VBS derived in this work underpredicts evaporation compared to 

the May et al. VBS21 during a natural thermal denuding experiment at concentrations under 100 

μg sm-3, as shown in the following section. Comparison of the performance of additional VBS 

from the literature is presented in the supplement.  

The average MFR in the particle phase of levoglucosan and nitrocatechol measured by 

EESI-MS was 1 and 0.55, respectively (Fig. 2). Prior work has established the attribution of EESI-

MS signal to these compounds through the use of offline filter sample analysis.36 These MFRs 

correspond to saturation vapor concentrations (C*298) below 1 μg m-3 for levoglucosan and C*298 

30 μg m-3 for nitrocatechol. Literature estimates of C*298 for levoglucosan and nitrocatechol are 

https://paperpile.com/c/xjzJLM/tAQ6r/?noauthor=1
https://paperpile.com/c/xjzJLM/2A6l3+ywDVu+Opilk+n98eS+cYFeB
https://paperpile.com/c/xjzJLM/Opilk/?noauthor=1
https://paperpile.com/c/xjzJLM/6mcW
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13 μg m-3 56 and 12-13 μg m-3 57,58 respectively. Literature vapor pressure estimates often vary by 

an order of magnitude, so these differences are not unexpected.56 In addition, it is possible that 

measurement uncertainties, significant non-idealities,59 or particle-phase reactions of these 

compounds in smoke particles may impact their gas-particle partitioning. As shown in the 

following section, the prior measurements of levoglucosan C* are more consistent with the 

observed evaporation in a natural evaporation experiment, while nitrocatechol C* retrieved in this 

work performs better than other estimates. Resolving the relationship between the volatility of bulk 

BBOA and its individual constituents will require significant additional effort that is beyond the 

scope of this work. 

 

Sheridan Fire Ambient Thermal Denuding Experiment 

We further evaluated the volatility of BBPM during FIREX-AQ by measuring smoke 

emitted from a single fire that was present under a range of ambient temperatures — a natural 

experiment that allows us to assess the validity of the TD results presented above. Smoke emitted 

from the Sheridan Fire (Lat. 34.68, Long. -112.89) on August 15th, 2019 was sampled from 

altitudes of 2-5 km, with the flight track and plume structure shown in Figure 3A, and further 

analysis of plume rise presented in the Supplement (Section IV, Figure S10). This variability in 

smoke altitude produced a 17 K temperature gradient in the sampled smoke. The smoke sampled 

spans a physical age range of 3 h and interpretation of changes in the NEMR is complicated by 

potential variability in initial fire emissions and chemical aging. 

https://paperpile.com/c/xjzJLM/xElLZ
https://paperpile.com/c/xjzJLM/TOfHD+OX7sz
https://paperpile.com/c/xjzJLM/xElLZ
https://paperpile.com/c/xjzJLM/0zWGJ
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Figure 3. (A) Sampling of the Sheridan Fire smoke under a range of altitudes (ambient 

temperatures) during FIREX-AQ (August 16th, 2019 at 01:40–01:46 UTC). The flight track is 

overlaid on the High Spectral Resolution Lidar backscatter ratio, which is an indicator of BBPM 

concentration. (B) Changes in OA, BC, aerosol levoglucosan, and aerosol nitrocatechol NEMRs 

during the plume’s descent to lower altitudes (bolded region of panel A). BC NEMR remains 

constant while OA, levoglucosan, and nitrocatechol NEMRs show decreases consistent with 

temperature-driven evaporation. Modeled OA evaporation is shown with the fitted VBS from this 

wok and that of May et al.21 Modeled levoglucosan and nitrocatechol evaporation are shown using 

both the C*
298  from the literature21,56 and those derived from the thermal denuder measurements 

in this work. 

 

Figure 3B shows no significant change in black carbon NEMR with increasing ambient 

temperature, suggesting similar initial emissions across different points in the plume, since BC 

emissions are very sensitive to fire conditions. The VBS fitted to this study’s aircraft TD data 

https://paperpile.com/c/xjzJLM/Opilk+xElLZ
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underpredicts the extent of BBOA evaporation, with only half of the evaporation accounted for. 

The May et al. VBS21 largely reproduces the decrease in OA NEMR. The decrease in levoglucosan 

NEMR is again underpredicted by our TD fit, but is consistent with previous literature 

measurements of levoglucosan vapor pressure and ΔHvap.
56 While it is not possible to separate 

evaporation from the potential impacts of chemical aging and variability in emissions in this case 

study, the consistency in the OA partitioning trends between Figs. 2 and 3 shows that gas-particle 

partitioning alone can plausibly explain the variability in OA NEMR observed at the Sheridan fire.  

 

OA Emission Factors 

In the following sections, we examine the campaign-wide relationship between OA 

NEMR, OA emission factor, MCE, and smoke age from the FIREX-AQ dataset. MCE was 

calculated from the slope of a York regression of CO and CO2 concentrations. We find that the 

effects of MCE and age are significantly smaller than the large shifts in OA NEMR resulting from 

the semivolatile nature of BBOA. As shown in Fig. 4, EFOA exhibits a linear dependence with 

MCE. This relationship has been observed in previous BBOA airborne campaigns.17,24–26 These 

studies did not all show the same trend between EFOA and MCE, but they mostly lie within the 

variability of the larger FIREX-AQ dataset. This result indicates that prior apparent disagreement 

among smaller campaigns could be partially due to variability in emissions, given the smaller 

number of fires sampled in those studies. 

https://paperpile.com/c/xjzJLM/Opilk
https://paperpile.com/c/xjzJLM/xElLZ
https://paperpile.com/c/xjzJLM/Ifbem+UuW8f+l1r4H+d55wM
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Figure 4. MCE dependence of OA emission factors for all plume transects (N=489) during FIREX-

AQ. Fuel-specific emission factor averages are overlaid. Fuel-specific fits showing a consistent 

relationship between emission factor and MCE across fuels are presented in Fig S11. The 

variability of the FIREX-AQ data spans most of the range of observations from previously 

published airborne studies. 

 

Average emission factors for the three primary fuel types in FIREX-AQ (forest, total 

transects (N) = 307; agricultural residue, N = 117; and grass, N = 21) are shown in Fig. 4. EFOA 

for each fuel type follows a similar MCE dependence (Fig. S11, indicating that MCE-driven 

variability in EFOA is more significant than fuel-driven variability in EFOA. 

Critically, the linear dependence of OA emission factors with MCE cannot explain the 

difference between ground and airborne studies shown in Fig. 1. This is because a species whose 
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emission factor varies linearly with MCE will show no correlation between NEMR and MCE (Fig. 

5A), because the emission factor of CO is also varying (almost) linearly with MCE in the same 

way (MCE = ΔCO2/(ΔCO2+ΔCO)). Quantification of MCE and fuel loading are crucial to 

producing accurate estimates of the total quantity of PM emitted by a fire, but this result shows 

that MCE- and fuel-driven differences in BBPM emission fluxes will not cause the platform-

dependent variability in BBPM NEMR shown in Fig. 1. Differences in MCE can explain the 

differences in BC NEMR observed across campaigns (Fig. S12), because BC emissions do not 

vary linearly with MCE.26 

 

 

Figure 5. The OA NEMR measured during FIREX-AQ, as a function of fire MCE (A), physical 

smoke age (B), and the volatility of compounds expected to be equally partitioned between the gas 

and particle phases (C). The trend in (C) shows that gas-particle partitioning is a major driver of 

OA NEMR in the FIREX-AQ dataset. Error bars are standard deviations within each decile, and 

the shading in (B) is the standard deviation of each decile for the VBS prediction. 
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Aging of Biomass Burning Organic Aerosol: 

 The relationship between OA NEMR and physical smoke age in the airborne FIREX-AQ 

dataset is shown in Fig. 5B. Without accounting for other factors, there is an apparent trend of 

increasing OA NEMR within the first 3 hours of aging, from 0.2 g g-1 to 0.3 g g-1, but there is a 

strong correlation in the FIREX-AQ dataset between smoke age and air temperature, with fresh 

smoke being roughly 25 K hotter than smoke that is 4 h old (Fig. S12). This difference in 

temperature has the potential to produce significantly lower OA NEMRs for fresh smoke, which 

is what we observe in Fig. 5B. To separate the effects of gas-particle partitioning and SVOC 

evaporation from those of chemical aging, we can use the VBS derived in this work to explore the 

anticipated trends in OA NEMR at the plume temperatures and concentrations sampled at FIREX-

AQ. First, we derive the MCE dependence of the SVOC emission factor using the VBS fitted to 

the TD data above (SI Section V, Figure S14). Then we use the plume MCE and summed carbon 

concentration to calculate the total SVOC concentration for each plume transect (CSVOC (μg sm-3) 

= EFSVOC (g kg fuel-1) × CCarbon (μg sm-3) / %CFuel). Finally we solve the gas-particle partitioning 

equilibrium at the plume air temperature and pressure. The OA NEMR is then calculated for all 

plume transects, averaged into deciles, and compared to observed OA NEMR deciles in Fig.5A. 

The majority of the observed increase in OA NEMR with smoke age is accounted for by the fact 

that plumes sampled at > 3 h age are both colder and had a higher OA concentration than plumes 

that were only sampled at ages < 3 h. Fire and plume size play a clear role in this effect: only the 

largest fires produced plumes that were sufficiently coherent and concentrated to be sampled 

across many hours of aging. Rates of chemical aging can vary widely from one smoke plume to 

another, and so we also conducted an identical analysis using the furan:maleic anhydride 

photochemical clock60 in place of physical age. Our conclusions for chemical age are the same as 
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those seen for physical age (Fig S15). From this, we conclude that the aging of BBOA only has a 

minor impact on BBPM NEMR compared to gas-particle partitioning. This result is consistent 

with the data of Palm et al.,29 but we ascribe a fundamentally different mechanism to the trend. 

Palm et al.29 attributes all increases in BBPM NEMR to formation of SOA and since only 13% 

percent of the shift in NEMR is attributable to SOA from VOC precursors, it is assumed that the 

remaining 87% of the increase in OA NEMR observed during WE-CAN is due to the evaporation 

and subsequent oxidation of POA. Our data suggests that in fact these trends are wholly 

explainable by the initial volatility distributions of BBOA. While there is certainly aging of 

evaporated POA occurring as smoke travels (trends in O:C ratio of BBOA presented in Fig. 

S16),20,22 our results indicate that chemical aging was not producing a noticeable shift in the 

volatility distribution of the organic compounds. Accordingly, models which aim to capture BBPM 

concentrations (as opposed to composition) might choose to prioritize parameterizations of BBPM 

volatility and emission factors over descriptions of chemical aging. 

 

Quantifying Gas-Particle Partitioning  

 The extent of gas-particle partitioning for a smoke plume depends on the plume BBOA 

concentration and air temperature. In the FIREX-AQ dataset temperature and plume concentration 

are both highly variable and so it is desirable to express the state of gas-particle equilibrium with 

a single parameter. We do this by calculating the volatility (C*298) of compounds that are expected 

to be evenly partitioned between the gas and particle phase. This calculation involves taking the 

equipartitioned C* at the temperature of the plume (which is equal to the OA concentration) and 

calculating the vapor pressure at 298 K according to the ΔHvap parameterization used in this work.21 

This parameter (equipartitioned C*298) describes the extent to which the particle phase is favored 

https://paperpile.com/c/xjzJLM/14c89/?noauthor=1
https://paperpile.com/c/xjzJLM/14c89/?noauthor=1
https://paperpile.com/c/xjzJLM/4qtb8+eUtIk
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in the gas-particle partitioning equilibrium and gives a better correlation with OA NEMR than 

either plume OA concentration or temperature independently (Fig. S17). A higher equipartitioned 

C*298 indicates that the particle phase is heavily favored (since higher-volatility compounds are 

found in the particle phase), while a very low equipartitioned C*298 indicates that only the lowest-

volatility compounds are found in the particle phase. As shown in Fig. 5C, the equipartitioned 

C*298 describes the variability in OA NEMR during FIREX-AQ better than age or MCE. This 

result supports the assumption underlying this work that there is a consistent SVOC:CO emission 

ratio from fires in the United States (Fig S14). Because of this conclusion, we expect that 

differences in plume concentration and temperature across multiple campaigns contribute to the 

platform-dependent BBPM NEMR difference shown for North American campaigns above. 

 

Applying VBS to High-Resolution Rapid Refresh (HRRR)-Smoke  

 To assess the impacts of gas-particle partitioning on smoke concentrations on a regional 

scale and to determine if the BBOA volatility constrained in this study can explain the differences 

in BBPM NEMR shown in Fig. 1, we apply the FIREX-AQ VBS and emission factors to output 

from the High Resolution Rapid Refresh Smoke (HRRR-Smoke) model from a single point in time 

from summer 2018,61 where bins are assumed to be smoke-impacted if they have over 1 μg m-3 of 

BBPM and bins below this threshold are excluded. HRRR-Smoke represents PM as a chemically 

inert tracer, which allows us to scale HRRR-Smoke surface PM concentration to a VBS 

concentration using the ratio of the average FIREX-AQ emission factors for PM and SVOC (CSVOC 

= CPM,HRRR x EFSVOC / EFPM). Gas-particle partitioning of the SVOC is then solved for each 

surface-level grid cell to arrive at PM concentrations. In effect, this analysis lets us approximately 

translate from the chemically-inert PM tracer in HRRR-Smoke to a VBS representation of gas-

https://paperpile.com/c/xjzJLM/lU2Oj
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particle partitioning. These results are shown for HRRR-Smoke output from August 3, 2018 in 

Fig. 6. Across the United States, this model exercise predicts that gas-particle partitioning produces 

a median reduction in surface smoke concentrations of 31%, and there is a clear relationship 

between the concentration of surface smoke in HRRR output and the shifts in gas-particle 

partitioning predicted by the VBS. 

 

Figure 6. Application of this work’s SVOC emission ratios to the HRRR Smoke model output for 

surface smoke concentrations from August 3, 2018 (A and B). Accounting for evaporation of 

BBPM at surface temperatures reduces surface concentrations by 31%, approximately two thirds 
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of the difference observed between ground and airborne campaigns in the United States (C and 

D). 

 

 Accordingly, the results shown in Fig. 6C explain over half of the platform-dependent 

trends seen in our compilation of wildfire studies in the United States (Fig. 1). Airborne and high-

altitude studies are at higher concentrations and lower temperatures than ground-based studies and 

semivolatile compounds favor the particle phase, increasing the OA NEMR (Fig. S18). In warmer 

and more dilute ground-based studies, semivolatile compounds favor the gas phase, leading to 

lower OA NEMRs. We hypothesize that the remaining difference between ground-based and 

airborne studies may be due to factors such as dry deposition,62 in addition to smaller impacts of 

aging chemistry and differences in emissions.  

 These measurements show that volatility basis sets measured through laboratory studies of 

smoke emissions are directly applicable to ambient smoke in the troposphere. Similarly, laboratory 

studies of the volatility of individual components of BBPM are consistent with evaporation 

observed in the field, within the typical order-of-magnitude uncertainty in SVOC vapor pressure. 

We show that BBPM emission factors depend more on MCE than fuel identity; and that chemical 

aging has a minor effect on BBPM NEMR up to 20 hours downwind of fires. These results indicate 

that accurate characterization of gas-particle partitioning, fuel loading, and combustion state have 

the greatest potential to improve BBPM forecasts. Further study of BBOA volatility and altitude-

dependent partitioning would advance our understanding of how evaporating BBOA impacts air 

quality at the surface. 

 

https://paperpile.com/c/xjzJLM/Ww9So
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