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1. Introduction
The buildup of fuel from fire suppression practices and anthropogenic climate change has doubled the area burned 
annually in the Western United States since the mid-1980s, compared to that expected from natural climate 
variability (Abatzoglou & Williams, 2016; Balch et al., 2017; Dennison et al., 2014; Westerling et al., 2006). 
Wildfire emissions negatively impact human health (Grant & Runkle, 2022; Reid et al., 2016), affect the forma-
tion of ozone downwind (Jaffe & Wigder,  2012; Xu et  al.,  2021), and influence the climate (Abatzoglou & 
Williams, 2016), highlighting the need for a comprehensive understanding of wildfire emissions to inform air 
quality forecasts and climate models (Sokolik et al., 2019). Most air quality forecasts and climate models assume 
that the chemical composition of wildfire emissions depends only on the vegetation type and area burned (van 
der Werf et al., 2017). However, laboratory and field measurements indicate that the composition of wildfire 
emissions are also dependent on the dominant combustion type (flaming vs. smoldering, Akagi et  al.,  2011; 
Burling et al., 2011; Liu et al., 2017; Roberts et al., 2020; Sekimoto et al., 2018; Selimovic et al., 2018; Yates 
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the composition of wildfire emissions during the commonly observed progression from more flaming to 
smoldering combustion. Laboratory measurements have consistently shown decreased nitrogen dioxide 
(NO2) relative to carbon monoxide (CO) over time, as they transitioned from more flaming to smoldering 
combustion, while formaldehyde (HCHO) relative to CO remained constant. Here, we show how daily ratios 
between column densities of NO2 versus those of CO and HCHO versus CO from the Tropospheric Monitoring 
Instrument (TROPOMI) changed for large wildfires in the Western United States. TROPOMI-derived emission 
ratios were lower than those from the laboratory. We discuss reasons for the discrepancies, including how 
representative laboratory burns are of wildfires, the effect of aerosols on trace gas retrievals, and atmospheric 
chemistry in smoke plumes.

Plain Language Summary Climate change has led to an increase in the frequency and size of 
wildfires in the Western United States. The gases and particles released from wildfires impact air quality and 
climate, so it is important to understand the chemical composition of these emissions. In current air quality 
forecasts and climate models, the composition of wildfire emissions is based on the dominant vegetation 
burned and is assumed to be constant over time. In contrast, measurements from laboratory burns indicate that 
the composition of emissions from fires changes over time, as fires progress from more flaming combustion 
to flameless burning dominated by smoke (smoldering). It is challenging to have daily field measurements 
of  the emissions from long-lived wildfires, but there are instruments in space that can make daily observations 
of wildfires globally. In this study, we show how the composition of emissions from wildfires in California, 
Oregon, and Washington changed over time, as they progressed from more flaming to more smoldering 
combustion, using observations from a satellite instrument called TROPOMI. The analysis of the composition 
of wildfire emissions and their evolution over time using TROPOMI could improve air quality forecasting and 
climate modeling globally.
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et al., 2016; Yokelson et al., 1996). A more complete understanding of the composition of wildfire emissions and 
their temporal evolution could improve air quality forecasts and climate models.

Results from the 2016 Fire Influence on Regional and Global Environments Experiment (FIREX) FireLab study 
illustrate the distinct composition of emissions during the flaming and smoldering phases of laboratory burns 
(Roberts et al., 2020; Sekimoto et al., 2018; Selimovic et al., 2018). As an example, Figure 1a shows that nitrogen 
monoxide (NO) and nitrogen dioxide (NO2) emissions are dominant during periods characterized by more flam-
ing combustion (1m:0s and 5m:56s), while carbon monoxide (CO) and formaldehyde (HCHO) are co-emitted 
by relatively inefficient smoldering combustion (4m:8s and 8m:7s). As a result, NOx/CO (NOx = NO + NO2) 
decreases as the fire progresses from more flaming to more smoldering combustion (Figure 1b), while HCHO/
CO does not change very much throughout the burn (Figure 1b). It is also important to note that flaming and 
smoldering combustion occur simultaneously throughout the transition from predominantly flaming to predomi-
nantly smoldering combustion (Figure 1a).

While field-based measurements provide the most detailed information about the chemical composition of wild-
fire smoke, their availability is limited. This makes it challenging to characterize the emissions from an individual 
wildfire over days to weeks, as it evolves from more flaming to more smoldering combustion. Satellite remote 
sensing has the potential to characterize temporal changes in emissions for many more wildfires globally. While 
only a few trace gases can be detected from space, this subset includes compounds that are predominantly from 
flaming combustion (NO2, nitrous acid (HONO)) versus some that are predominantly released from smolder-
ing (CO, HCHO, glyoxal (CHOCHO), ammonia (NH3)). Several studies have used satellite data to quantify 
the emission of air pollutants from wildfires. Emissions estimates using high resolution (∼3.5 × 5.5 km 2) NO2 
measurements from the Tropospheric Monitoring Instrument (TROPOMI) were found to be consistent with those 
calculated using field-based measurements (Griffin et al., 2021; Jin et al., 2021). The ratio between NO2 and CO 

Figure 1. Data from Fire 37 of the FIREX FireLab study presented with a 15s moving average. Five minutes into the burn, 
dry ponderosa pine needles were added, so there were two distinct flaming and smoldering phases.
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from TROPOMI has been used as a proxy for wildfire combustion efficiency (van der Velde et al., 2021). Addi-
tionally, TROPOMI has been used to detect HONO enhancement in fresh wildfire smoke (Theys et al., 2020), 
and the ratio between TROPOMI HONO and NO2 has been found to increase with increasing fire radiative power 
(Fredrickson et al., 2023).

In this study, we used TROPOMI to investigate changes in trace gas ratios (ΔNO2/ΔCO and ΔHCHO/ΔCO) 
from wildfires over the course of multiple weeks, finding they progressed from more flaming to more smoldering 
combustion. In dense smoke plumes, NO2 from TROPOMI can be underestimated by up to a factor of 6 (Rowe 
et al., 2022), an effect often referred to as aerosol shielding. This underestimation in NO2 is due to light extinction 
from biomass burning aerosols in the ultraviolet and visible wavelength range, which is not fully accounted for in 
the operational NO2 product from TROPOMI (van Geffen et al., 2022). Additionally, chemical transformation of 
air pollutants within a wildfire plume can be efficient (Calahorrano et al., 2021; Juncosa Calahorrano et al., 2021; 
Lindaas et al., 2021; Xu et al., 2021) and should be accounted for when determining trace gas ratios with satellite 
measurements. To address these challenges, we analyze the impact of aerosol shielding through radiative transfer 
analysis and the impact of chemistry on TROPOMI-derived trace gas ratios.

2. Data and Methodology
2.1. Fire Selection

The wildfires studied took place in California, Oregon, and Washington during the 2020 (6 fires) and 2021 (9 
fires) wildfire seasons (Table S1, Figure S1a in Supporting Information S1). These wildfires were chosen because 
they were large (>100,000 acres) and burned for multiple weeks, allowing for the analysis of how their emis-
sions changed over time. The starting locations and total burned area of the wildfires studied were gathered from 
InciWeb, a US Forest Service (USFS) database, and the California Department of Forestry and Fire Protection 
(CalFire).

2.2. TROPOMI and FRP Data

TROPOMI is a polar-orbiting spectrometer onboard the European Copernicus Sentinel-5 Precursor satellite 
that takes daily afternoon (∼1:30 p.m. local time) measurements globally of spectral bands in the ultraviolet 
(UV), visible (Vis), near-infrared (NIR), and shortwave infrared (SWIR) regions of the electromagnetic spectrum 
(Veefkind et al., 2012). These wavelength bands allow for the observation of molecules and aerosols in wildfire 
plumes including NO2 (van Geffen et al., 2022), HCHO (De Smedt et al., 2021), CO (Landgraf et al., 2016), 
and aerosol optical depth (AOD, Torres et al., 2020). TROPOMI has a spatial resolution up to ∼3.5 × 5.5 km 2 
in the UV-Vis and ∼5.5 × 7 km 2 in the SWIR. Daily tropospheric column densities of NO2 and HCHO, and 
total column densities of CO measured with TROPOMI were gridded to a ∼7 × 7 km 2 (0.06 × 0.06 degree 2) 
resolution. We used versions 1 and 2 of offline level 2 NO2 and CO data, and we used version 2 of offline level 
2 HCHO data. TROPOMI AOD at 388 nm was averaged with an area weight over a 0.06 × 0.06 degree 2 spatial 
grid to match the trace gas data. Using the Ångström component from the aerosol data file, the gridded AOD was 
interpolated to 437.5 nm to be near the center wavelength of the NO2 analysis window used by TROPOMI (van 
Geffen et al., 2022).

The quality assurance (qa) thresholds used for NO2, HCHO, and CO respectively were 0.50, meaning that only 
TROPOMI pixels with a higher qa value were included in the analysis (data filtering is further explained in Text 
S1 of the Supporting Information S1). AOD data was included when the quality flag was a 0 or 1. Fire radiative 
power (FRP) measurements from the National Aeronautics and Space Administration (NASA) and the National 
Oceanic and Atmospheric Administration (NOAA) Visible Infrared Imaging Radiometer Suite (VIIRS) instru-
ment onboard the Suomi National Polar-Orbiting Partnership (S-NPP, closely co-located with TROPOMI) space-
craft were filtered to include daytime measurements (∼1:30p.m. local time) with a nominal or high confidence 
designation.

The column densities of NO2 and HCHO were compared against those of CO to account for dilution effects 
because CO is relatively inert and released during both flaming and smoldering combustion. Wildfires smaller 
than 1,000,000 acres were analyzed using satellite data in a ∼100 km × 100 km (∼1 × 1 degree 2) bounding 
box centered at the initial wildfire location, while larger wildfires were analyzed with a ∼200 km × 200 km 
(∼2 × 2 degree 2) bounding box (Table S1 in Supporting Information S1).

 19448007, 2023, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
105811 by T

echnical U
niversity D

elft, W
iley O

nline L
ibrary on [19/12/2023]. 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



Geophysical Research Letters

ANDERSON ET AL.

10.1029/2023GL105811

4 of 11

2.3. Fuel Type Analysis

The fuel types burned in each wildfire were identified using the satellite-based land cover and fuel classification 
in version 4 of the Global Fire Emission Database (GFED4s), which is described in van der Werf et al. (2017). 
The GFED4s has monthly dry matter (DM) emissions and includes the contribution from different fuel types 
at a 0.25 × 0.25 degree 2 spatial resolution. Data from the starting month of each wildfire was filtered using the 
same bounding boxes as those for the trace gas analysis (Table S1 in Supporting Information S1). The fraction 
of each fuel type responsible for total DM emissions during this month was calculated. The fuel types present 
included agriculture, savanna (including grassland or shrubland), and temperate forest designations (Figure S1b 
in Supporting Information S1).

2.4. Radiative Transfer Modeling Analysis and RAP-Chem Data

To assess the sensitivity of satellite-derived ΔNO2/ΔCO ratios to aerosols present in the smoke plumes, we calcu-
lated the satellite's measurement sensitivity for different aerosol scenarios throughout the Beckwourth Complex 
Fire (Section 3.3). Simulated daily profiles of NO2, CO, and aerosol extinction from the Rapid-Refresh model 
coupled to Chemistry (RAP-Chem) were used as input to the Monte Carlo Atmospheric Radiative Transfer Model 
(McArtim) version 3 (Deutschmann et al., 2011). The RAP-Chem is an experimental air quality forecast model 
that combines dynamics and physics from the Rapid-Refresh forecast model (Benjamin et al., 2016) with the 
Weather Research and Forecasting model coupled with Chemistry (WRF-Chem, Grell et al., 2005). Emission 
factors used in RAP-Chem are based on those in Andreae (2019). Full details are provided in Texts S2 and S3 and 
Table S2 of the Supporting Information S1.

3. Results and Discussion
Below we show that TROPOMI can be used to monitor changes in the composition of wildfire emissions as 
combustion conditions evolve. First, we analyze how ΔNO2/ΔCO and ΔHCHO/ΔCO ratios from TROPOMI 
changed throughout the Beckwourth Complex Fire as a case study. Then, we extend the analysis for 15 large 
wildfires. Finally, we discuss how aerosol shielding and chemistry impacted TROPOMI-derived trace gas emis-
sion ratios.

3.1. Changes in the Composition of Emissions During the Beckwourth Complex Fire

The Beckwourth Complex Fire, which burned over 100,000 acres in northern California, is used here to illustrate 
temporal changes in wildfire emissions observed by TROPOMI. On the first day the wildfire was detected from 
space (Day 0), the NO2 tropospheric column density and CO total column density were elevated over the active 
fire region (Figures 2a and 2b), indicated by FRP measurements, which can be used as a proxy for combustion 
intensity. More than a week after the start of the wildfire (Day 8), the NO2 had decreased over the active fire 
region (Figure 2c), while the CO remained moderately elevated (Figure 2d). The ΔNO2/ΔCO ratio was derived 
from a linear regression analysis of tropospheric NO2 against total column CO, where the slope is the enhance-
ment ratio. To determine whether TROPOMI can observe differences in the composition of emissions at differ-
ent stages of the wildfire, ΔNO2/ΔCO calculated on Day 0 and Day 8 of the Beckwourth Complex Fire were 
compared (Figure 2e). The ΔNO2/ΔCO was twice as large on Day 0 as it was on Day 8, which is consistent with 
FRP measurements decreasing with time, as the wildfire transitioned from more flaming to more smoldering 
combustion (Figure 2f).

Following the example shown in Figure 2, ΔNO2/ΔCO was determined for each day of the Beckwourth Complex 
Fire. There was a decrease in ΔNO2/ΔCO throughout the wildfire, and the data was fit with an exponential decay 
because the ΔNO2/ΔCO cannot physically be less than 0 (Figure S3a in Supporting Information S1). Daily varia-
tions in ΔNO2/ΔCO were likely caused by changes in fire behavior, such as spreading of the wildfire to unburned 
areas or changes in fuel type (Burling et  al.,  2010; Roberts et  al.,  2020), which also affects FRP (Wooster 
et al., 2011, Figures S3b and S3c in Supporting Information S1). In Figure S3b of the Supporting Information S1 
we show average FRP, which is the average of the FRP measurements inside the same bounding box used in the 
TROPOMI analysis, throughout the Beckwourth Complex Fire. The overall decrease in both ΔNO2/ΔCO and 
average FRP over time (Figures S3a and S3b in Supporting Information S1) indicates that TROPOMI can be used 
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to analyze how the composition of wildfire emissions evolved as the Beckwourth Complex Fire transitioned from 
more flaming to more smoldering combustion.

3.2. Changes in the Composition of Emissions for All Fires

Trace gas emission ratio analysis was repeated for 15 large (>100,000 acres) wildfires in California, Oregon, and 
Washington during the 2020 and 2021 wildfire seasons (Figure S1a, Table S1 in Supporting Information S1). 
Daily ΔNO2/ΔCO and average FRP measurements decreased throughout the course of these wildfires as they 
progressed from more flaming combustion to more smoldering combustion (Figures 3a and 3b). Overall, the 
decrease in ΔNO2/ΔCO over time was consistent across all fuel types analyzed (Figure S4 in Supporting Infor-
mation S1). There were days when the ΔNO2/ΔCO increased compared with the day before; these increases often 
correlated with increased average FRP (Figure 3c; Figure S5a in Supporting Information S1). Figure 3c indicates 
that average FRP can be used to help estimate how ΔNO2/ΔCO changed throughout the course of several wild-
fires. However, we also find that the age of the fire is an important parameter in understanding the evolution of 
wildfire emissions.

The numerical values of ΔNO2/ΔCO from TROPOMI (Figure 3a) are smaller than ΔNOx/ΔCO from the labora-
tory and field by a factor of 2–20 (Table S3 in Supporting Information S1), partially due to aerosol shielding. We 
compare ΔNO2/ΔCO from space with ΔNOx/ΔCO from the laboratory and field because most of the emitted NOx 
would become NO2 on the spatial scales relevant to the satellite measurements. The ΔNOx/ΔCO from the labo-
ratory and field decreases with decreasing modified combustion efficiency (MCE, Table S3 in Supporting Infor-
mation S1), which is consistent with the downward trend in TROPOMI ΔNO2/ΔCO over time (Figure 3a). The 
MCE is calculated based on the enhancement of carbon dioxide compared with the sum of the enhancement of 
carbon monoxide and the enhancement of carbon dioxide (MCE = ΔCO2/(ΔCO + ΔCO2), Yokelson et al., 1996). 
When the MCE is above 0.9, the emissions are from mainly flaming combustion, while MCE values less than 0.9 

Figure 2. (a, c) NO2 and (b, d) CO from TROPOMI on Day 0 and Day 8 of the Beckwourth Complex Fire. Red pixels on (a)–(d) show FRP measurements from 
VIIRS. (e) NO2 values for each pixel plotted against CO values 0 (orange) and 8 days (gray) after the start of the wildfire. (f) Distribution of FRP measurements on 
Day 0 (orange) and Day 8 (gray) of the wildfire. VIIRS S-NPP true color images of the wildfire plumes on Day 0 and Day 8 can be seen in Figure S2 of the Supporting 
Information S1.
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indicate mainly smoldering combustion (Bertschi et al., 2003; Yokelson et al., 1996). However, MCE cannot be 
calculated using data from TROPOMI, so we use FRP as a proxy for changes in combustion intensity.

Wildfires analyzed that had HCHO data from TROPOMI (Table S1 in Supporting Information S1) were used 
to determine how HCHO changed relative to CO over time. In contrast with ΔNO2/ΔCO, the ΔHCHO/ΔCO 

Figure 3. (a) ΔNO2/ΔCO over time, (b) FRP averaged over the same bounding box used in the TROPOMI analysis, (c) 
ΔNO2/ΔCO compared with average FRP, and (d) ΔHCHO/ΔCO over time throughout the course of 15 large wildfires (Table 
S1 in Supporting Information S1). Error bars represent the 5th to 95th percentiles of each bin, and the regression lines on (a), 
(c), and (d) are inversely weighted by the standard deviation of the slopes included in the fit. The values with higher ΔNO2/
ΔCO in (a) and (c) had more error, so the fitted lines were pulled down toward lower ΔNO2/ΔCO values.
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ratios were relatively constant throughout the wildfires studied (Figure 3d) and did not correlate with average 
FRP (Figure S5b in Supporting Information S1). This is consistent with laboratory studies showing that HCHO 
and CO are co-emitted during mostly smoldering combustion. The ΔHCHO/ΔCO ratios from TROPOMI are 
smaller than those determined in the laboratory and in the field by a factor of 5–10 (Table S4 in Supporting 
Information S1). Some of this difference is due to an underestimation in HCHO. When HCHO column densities 
from TROPOMI are above 8 × 10 15 molec. cm −2, which they are in the wildfire plumes analyzed, HCHO values 
are systematically 25% lower than ground-based column measurements (De Smedt et al., 2021). Additionally, 
HCHO from TROPOMI is analyzed using UV-Vis wavelengths, so HCHO retrievals are also impacted by aerosol 
shielding. However, ΔHCHO/ΔCO does not depend on MCE (Table S4 in Supporting Information S1), which is 
in agreement with the relatively consistent ΔHCHO/ΔCO over time from TROPOMI (Figure 3d).

Overall, we found a decrease in TROPOMI-derived ΔNO2/ΔCO throughout the course of several large wildfires, 
while ΔHCHO/ΔCO remained relatively constant, which agrees with expectations from FIREX FireLab studies. 
When comparing ΔNO2/ΔCO from TROPOMI with ΔNOx/ΔCO from the laboratory and the field (Table S3 in 
Supporting Information S1), numerical values are significantly smaller. Reasons for this discrepancy include:

1.  Many sticks and leaves were burned during the FIREX FireLab study, which have a much higher (10–50×) 
nitrogen content than the wood commonly burned in Western U.S. wildfires (Coggon et al., 2016; Roberts 
et al., 2020). This decision was made, in part, because of the time it would have taken to burn larger fuel 
sources (e.g., 33 hr for a single log, Bertschi et al., 2003). We estimate that the choice of fuels could have 
inflated measurements of reactive nitrogen by more than 40%, compared to a more realistic ecosystem.

2.  TROPOMI does not measure NO, so it misses out on a portion of NOx measurements. While much of the 
NO is converted to NO2 downwind of the fire, fresh emissions could have NO concentrations that are ∼20% 
of the NO2 (Lindaas et al., 2021), and NO can still be present in aged wildfire plumes (Juncosa Calahorrano 
et al., 2021).

3.  Underestimation of NO2 from TROPOMI because of the impact of aerosol shielding on retrievals.
4.  Chemical conversion of NOx to different nitrogen-containing molecules in aging wildfire plumes (Calahorrano 

et al., 2021; Juncosa Calahorrano et al., 2021).

In the remainder of this paper, we discuss 3 and 4 more quantitatively, with a specific focus on whether these 
effects impacted the downward trend in ΔNO2/ΔCO that we observed over time.

3.3. Effect of Aerosols on ΔNO2/ΔCO From TROPOMI

In most cases, the presence of aerosols is negligible for the CO retrieval from TROPOMI (5%–10% overestima-
tion), but can strongly affect the retrieved NO2 vertical columns (Rowe et al., 2022). This is because with increas-
ing AOD, the number of photons that pass through the entire wildfire plume and are reflected to the satellite 
sensor is reduced, leading to a potential underestimation in the NO2 retrieval. To assess the impact of aerosols on 
ΔNO2/ΔCO, we first compared AOD and NO2 measurements on Day 0 and Day 8 of the Beckwourth Complex 
Fire. Even though the AOD was much higher on Day 0 compared with Day 8 (Figure S6 in Supporting Informa-
tion S1), NO2 was also significantly higher on Day 0 compared with Day 8 (Figures 2a and 2c). Plotting average 
NO2 versus average AOD over all days of the fire shows that NO2 is generally higher with higher AOD (Figure 
S7a in Supporting Information S1), despite the aerosol shielding effect. ΔNO2/ΔCO ratios show no negative 
correlation with AOD (Figure S7b in Supporting Information S1). Instead, higher ΔNO2/ΔCO correlates with 
higher FRP, which is indicative of its dependence on the stage of the fire. We conclude that while the aerosol 
shielding effect may reduce the observed NO2 columns relative to the true values, the effect does not cause the 
trend of ΔNO2/ΔCO versus time and versus FRP (Figures 3a and 3c). If anything, the aerosol shielding effect may 
obscure some of the true dependence of ΔNO2/ΔCO ratios on time and FRP, meaning that for the Beckwourth 
Complex Fire, the decreasing trend in ΔNO2/ΔCO would be steeper without aerosol shielding.

Next, we quantitatively analyzed the impact of aerosol shielding on the magnitude of ΔNO2/ΔCO using 
RAP-Chem output for the Beckwourth Complex Fire and radiative transfer modeling (Texts S2–S4 and Figure 
S8 in Supporting Information S1). The RAP-Chem air quality forecast model uses constant emission ratios, so 
daily changes in modeled ΔNO2/ΔCO are caused by changes in plume chemistry or meteorology. The original 
ΔNO2/ΔCO calculated from RAP-Chem NO2 and CO vertical column densities (VCDs) are shown together 
with the results of two aerosol case studies in Figure S8a of the Supporting Information S1. The first aerosol 
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case uses RAP-Chem AOD. However, the modeled AOD was significantly lower than the measured AOD, so 
in the second case, model AOD was scaled to get a magnitude comparable to the AOD observed by TROPOMI 
for the Beckwourth Complex Fire (Text S3 and Figures S7 and S8b in Supporting Information S1). For the aero-
sol case studies, satellite slant column densities (SCDs) and air mass factors (AMFs) for NO2 were simulated 
with the radiative transfer model constrained by RAP-Chem. SCDs are the primary result of the spectroscopic 
analysis of TROPOMI data and are light-path dependent. Division of SCDs by AMF accounts for this and other 
dependencies, to yield universally comparable VCDs. Here, we converted NO2 SCDs simulated for the wildfire 
plumes specific to each case study into VCDs using AMFs calculated for an aerosol free atmosphere (see Text 
S3 in Supporting Information S1). The ΔNO2/ΔCO calculated for these two aerosol case studies (Figure S8a in 
Supporting Information S1) present a worst-case scenario because the AMFs for the aerosol free atmosphere are 
larger than those accounting for aerosols within the plume. Resulting underestimation of the trace gas ratios for 
these two cases are on average a factor of 1.2 ± 0.1 using RAP-Chem AOD and 2.4 ± 0.5 for the scaled AOD case 
(Figure S8c in Supporting Information S1).

While aerosol shielding led to a decrease in magnitude of ΔNO2/ΔCO, it had no significant effect on the trend 
over time, as indicated by line fits included in Figure S8a of the Supporting Information S1. We observed the 
overall trend in ΔNO2/ΔCO throughout the aerosol case studies instead of studying daily variability in ΔNO2/
ΔCO because daily changes could be caused by differences in plume chemistry, meteorology, and aerosol shield-
ing. For both the original data and the aerosol case studies, the trend over time remained flat, as expected, based 
on the constant emission ratios used in RAP-Chem. Overall, our analysis confirmed that the decrease in ΔNO2/
ΔCO over time was not caused by the impact of aerosols on trace gas retrievals from TROPOMI.

3.4. Effect of Chemical Transformations in the Atmosphere

In order to determine the impact of chemistry on trace gas ratios from TROPOMI, we tested how the trace gas 
ratios changed as a function of bounding box size, that is, the domain used to calculate trace gas ratios, during the 
SQF Complex Fire (Table S1 in Supporting Information S1). As the bounding box size expanded and the number 
of pixels included in the analysis of the SQF Complex Fire increased, ΔNO2/ΔCO decreased due to the chem-
ical removal of NO2 (Figure S9a in Supporting Information S1, also observed in Jin et al. (2021) and Juncosa 
Calahorrano et  al.  (2021)). In contrast, ΔHCHO/ΔCO increased with bounding box size because of HCHO 
formation downwind of the wildfire from the oxidation of organic molecules (Figure S9b in Supporting Informa-
tion S1, also observed in Alvarado et al. (2020) and Liao et al. (2021)). In some cases, the bounding box size used 
for the SQF Complex Fire (1 degree 2) led to an observed underestimation of ΔNO2/ΔCO by up to a factor of 2, 
compared to ΔNO2/ΔCO observed at the smallest investigated bounding box size (0.16 degree 2). However, the 
smaller the bounding box size, the fewer pixels were available for the linear regression analysis used to determine 
trace gas ratios. For the SQF Complex fire, a bounding box of 1 degree 2 was chosen as a compromise between 
having enough data points available while minimizing the effect of chemistry on the trace gas ratios (Table S1 
in Supporting Information S1). Overall, the observed underestimate in ΔNO2/ΔCO due to chemistry was 25%, 
while the observed overestimate in ΔHCHO/ΔCO was 30%, when comparing the observed trace gas ratios at 
1 degree 2 with those at 0.16 degree 2 (Figure S9 in Supporting Information S1).

4. Conclusions
Wildfires are projected to continue becoming larger and more frequent due to climate change, so it is important 
to have a comprehensive understanding of wildfire emissions and their temporal evolution to inform air quality 
forecasts and climate models. We have shown that the composition of wildfire emissions changed throughout the 
course of several wildfires in California, Oregon, and Washington. Emitted NO2, which is predominantly from 
flaming combustion, decreased strongly over the course of several wildfires relative to CO. In contrast, HCHO 
relative to CO remained relatively constant because both are co-emitted during smoldering combustion. While 
these trends agree with those from FIREX FireLab experiments, the values from TROPOMI are lower due to 
differences in fuels burned, aerosol shielding, and chemistry.

Our work suggests that we can see changes in the emissions composition of large wildfires over time using 
daily trace gas measurements from TROPOMI. For these large wildfires, we also noted a correlation between 
the ΔNO2/ΔCO and the average FRP. Current air quality forecast models such as the RAP-Chem model and the 
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Rapid-Refresh Forecast System with Smoke and Dust (RRFS-SD) model use vegetation type and satellite FRP 
measurements to parameterize wildfire emissions. However, they do not currently have parameterizations for 
how emissions estimates should change based on the amount of flaming and smoldering combustion. Finding a 
parameterization that estimates the effect of the temporal evolution of wildfire emissions composition based on 
remote sensing measurements (e.g., trace gas ratios and average FRP) and weather could better inform models 
such as RRFS-Smoke and RAP-Chem.

Overall, we have shown that TROPOMI observed a significant decrease (around a factor of 4) in ΔNO2/ΔCO and 
relatively consistent ΔHCHO/ΔCO throughout the course of several large wildfires, which agrees with overall 
trends observed in laboratory and field studies. These results are robust despite the impacts of aerosol shield-
ing and chemistry on ΔNO2/ΔCO and ΔHCHO/ΔCO. We expect aerosol shielding to have a similar impact on 
ΔHCHO/ΔCO as ΔNO2/ΔCO. We estimate that aerosol shielding and chemistry could cause an underestimation 
of trace gas ratios by a factor of 2–3.

Even though there are many trace gases that cannot be observed from space, the ones that can be range from 
those dominant during flaming combustion (NO2, HONO) to those dominant during smoldering (CO, HCHO, 
CHOCHO, NH3). This allows us to gain valuable insight on how the composition of wildfire emissions change 
over time using space-based remote sensing instruments. TROPOMI measurements were used in Fredrickson 
et al. (2023) to study the ratio between HONO and NO2 for intense wildfires with high average FRP. In contrast, 
we observed wildfires with lower average FRP to study the transition from mainly flaming to mainly smolder-
ing combustion by comparing the ratio between NO2 and CO. Looking forward, space-based remote sensing 
measurements of other trace gases from wildfires including HONO, CHOCHO, and NH3 could be analyzed with 
respect to CO over time. Additionally, the Tropospheric Emissions: Monitoring of Pollution (TEMPO) instru-
ment that launched in April of 2023 measures NO2, HCHO, and other air pollutants at an unprecedented spatial 
(∼2.1 × 4.1 km 2) and temporal (hourly during the day) resolution (Zoogman et al., 2017). Data from TEMPO will 
allow us to further understand the temporal evolution of wildfire emissions.

Data Availability Statement
Information on the wildfires analyzed in this study can be found online at InciWeb (https://inciweb.nwcg.gov/) 
and CalFire (https://www.fire.ca.gov/). InciWeb deletes information on the wildfires once they are considered 
no longer relevant, so a spreadsheet with information regarding the names, starting locations, and sizes of the 
wildfires analyzed in this study is available in Anderson et al. (2023). FRP statistics and TROPOMI enhance-
ment ratios of ΔNO2/ΔCO and ΔHCHO/ΔCO from the wildfires analyzed in this study are also available in 
Anderson et al. (2023). Rap-Chem model output data for the Beckwourth Complex Fire is available in Schnell 
and Ahmadov (2023).

Offline level 2 TROPOMI NO2 (Copernicus Sentinel-5P, 2018b, 2021b), HCHO (Copernicus Sentinel-5P, 2020), 
and CO (Copernicus Sentinel-5P,  2018a,  2021a) data can be downloaded from the Copernicus Data Space 
Ecosystem (https://dataspace.copernicus.eu/). TROPOMI AOD at 388 nm is available in Torres (2021). To down-
load the TROPOMI data used in this study, we recommend using the wildfire starting locations and date ranges 
described in Table S1 of the Supporting Information S1 as search parameters. TROPOMI data used in this study 
was regridded using the Python interface of the data harmonization toolset for scientific earth observation data 
(HARP, https://stcorp.github.io/harp/doc/html/index.html).

FRP data from the VIIRS instrument onboard the S-NPP satellite can be requested at https://firms.modaps.eosdis.
nasa.gov/download/. VIIRS true color imagery with FRP information can be viewed using the Fire Information 
for Resource Management System (FIRMS) visualization at https://firms.modaps.eosdis.nasa.gov/map/. To view 
VIIRS true color imagery with FRP information or to request FRP data relevant to this study, we recommend 
using the wildfire starting locations and date ranges described in Table S1 of the Supporting Information S1 as 
search parameters.

Data from the FIREX FireLab study is available at https://csl.noaa.gov/groups/csl7/measurements/2016firex/
FireLab/DataDownload/. In this study, we used open-path Fourier-transform infrared spectroscopy (FTIR) 
measurements of NO2, NO, CO, and HCHO from stack burn number 37 in the FireLab. Field and laboratory 
emission factors from the Smoke Emissions Reference Application (SERA) are described in Prichard et al. (2020) 
and are available for download at https://depts.washington.edu/nwfire/sera/. Fuel type information and wildfire 
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emissions from version 4 of the GFED (GFED4s) are described in van der Werf et al. (2017) and can be down-
loaded from https://www.geo.vu.nl/∼gwerf/GFED/GFED4/.
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