
1. Introduction
Atmospheric nitrous acid (HONO) is an important source of the hydroxyl radical (OH) through rapid photolysis, 
where HONO lifetime can be as short as 10–20 min at noon under clear-sky conditions (Barney et al., 2000; W. 
R. Stockwell & Calvert, 1978). OH is the main initiator of oxidative degradation in the atmosphere, for example, 
of reduced non-radical compounds such as methane and carbon monoxide. By altering the atmosphere's oxidative 
capacity, HONO impacts secondary chemical pathways leading to ozone, peroxyacetyl nitrate, and secondary 
particulate matter (Gil et al., 2021; J. Zhang et al., 2020; S. Zhang et al., 2021).

HONO is directly emitted from combustion sources. Recently, scientists have been interested in HONO emitted 
from fires (Bourgeois et al., 2022; Lindaas et al., 2021; Peng et al., 2020). In the United States, both the number of 
large wildfires and the total burned area per year have been increasing and continued global warming is predicted 
to increase the very large fire potential by midcentury (Barbero et al., 2015; Dennison et al., 2014). Thus, fires 
are expected to become increasingly important sources of HONO. In addition to HONO, fires emit nitrogen oxide 
radicals such as nitric oxide (NO) and nitrogen dioxide (NO2). The partitioning of reactive nitrogen emissions 
from wildfires between HONO and NOx (NO + NO2) is of interest because HONO's production of OH can change 
the near-field chemistry and thus the fate of short-lived gases within wildfire plumes. However, there is a limited 
understanding of what determines this partitioning. A few studies have investigated the role of fuel characteristics 
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and combustion conditions on partitioning of reactive nitrogen emissions (Burling et al., 2010; Chai et al., 2019; 
Chen et al., 2010; Coggon et al., 2016; Roberts et al., 2020; C. E. Stockwell et al., 2014). However, most of these 
studies rely on laboratory burns, which are not representative of the real atmosphere, and some studies do not 
isolate HONO. No previous study has investigated the relationship between fire activity and reactive nitrogen 
partitioning. After emission, the partitioning of HONO and NOx depends upon available sunlight, dilution rates, 
and secondary chemistry (Juncosa Calahorrano et al., 2021; Peng et al., 2020, 2022; Wang et al., 2021).

HONO from fires in the field has primarily been measured in situ (Müller et al., 2016; Neuman et al., 2016; Peng 
et al., 2020; Rondon & Sanhueza, 1989; Yokelson et al., 2007, 2009), but these measurements have limited spatial 
coverage and are not sampled regularly enough to build informative statistics. Alternatively, HONO can be meas-
ured remotely using its spectroscopic properties. Recent advances in satellite retrievals have allowed HONO to be 
detected with TROPOspheric Monitoring Instrument (TROPOMI) (Theys et al., 2020). Satellite remote sensing 
has the benefit of having access to freshly emitted plumes directly over the fires, providing long-term observa-
tions with increased spatial and temporal sampling relative to in situ observations. However, satellite sounding 
through optically thick fire plumes makes quantitative interpretations of remotely sensed ultraviolet (UV) and 
visible spectra challenging (Bousserez, 2014; Lin et al., 2015; Rowe et al., 2022).

The 2019–2020 Australian bushfire season, known as the Black Summer, was an unprecedented occurrence of 
numerous, intense wildfires nationwide that greatly impacted tropospheric and stratospheric chemistry (Bernath 
et al., 2022; Mouat et al., 2022; Peterson et al., 2021; Simmons et al., 2022; Solomon et al., 2022, 2023). TROPOMI 
was operational during Black Summer and provided a rich chemical data set of these fires. Using TROPOMI and 
Visible Infrared Imaging Radiometer Suite (VIIRS) observations over Australia during the 2019–2020 Black 
Summer, we examine the relationships between the ratio of HONO to NO2 (HONO/NO2), fire radiative power 
(FRP), absorbing aerosol, and land (fuel) type. We show that our findings over Australia are similar to global 
fires, and suggest these relationships need to consider land type to improve biomass burning emission inventories 
of HONO for use in global chemical transport models, where currently, no FRP-based emission inventory quan-
tifies HONO, only NOx, through a constant land cover type emission factor.

2. Data and Methods
2.1. TROPOMI

TROPOMI is a hyperspectral imaging spectrometer providing measurements of atmospheric composition. It was 
launched into space on 13 October 2017, on the Sentinel-5 Precursor (S-5P) satellite. The spatial resolution of 
TROPOMI at nadir is 3.5 × 5.5 km 2 which became standard on 6 August 2019. S-5P crosses the equator in its 
ascending mode at 1:30 p.m. Mean Local Solar Time. Measurements of HONO and NO2 from TROPOMI used 
in this analysis are obtained by applying the Differential Optical Absorption Spectroscopy (DOAS) method (Platt 
& Stutz, 2008). The results of DOAS are slant column densities (SCDs) (i.e., the integrated concentration along 
the mean light path) of several trace gases, and other fitted parameters. Here, both HONO SCDs and NO2 SCDs 
are derived from the UV spectral range from 337 to 375 nm, as described by Theys et al. (2020). Additionally, 
the NO2 SCDs are corrected to remove the background (mostly stratospheric) component via a latitudinal param-
eterization in a clean sector over the Pacific Ocean. Presently, the vertical column densities (VCDs) of HONO 
and of NO2 are not computed, as the scaling factors (so-called air mass factors) necessary to convert SCDs into 
VCDs are rather uncertain under large aerosol loadings. Instead, we use the ratio of HONO SCD to NO2 SCD to 
cancel out air mass factors. Doing so, we assume that HONO and NO2 have nearly identical air mass factors due 
to their retrieval in the same wavelength window and have similar interactions with aerosols (Theys et al., 2020). 
As such, our analysis and conclusions focus on the ratio of temporally- and spatially-collocated HONO SCDs 
and NO2 SCDs (HONO/NO2) than on the SCDs alone. Historically, HONO/NOx is an established indicator of 
photochemical HONO production, but has also assessed fuel nitrogen content and burn conditions of wildfires 
(Burling et al., 2010; Elshorbany et al., 2012; Kleffmann, 2007; Peng et al., 2020).

In a first step, we analyzed TROPOMI data during austral summer from 1 September 2019 to 31 January 2020 
and selected for a region containing Australia, ranging latitudinally from 50°S to 10.58°S and longitudinally 
from 100°E to 180°E. To extend our analysis to the entire globe, we have then analyzed the TROPOMI data set 
provided as Supporting Information in Theys et al. (2020) which covers fires detected between 1 May 2018 and 
30 April 2019.
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We also used TROPOMI's standard Ultraviolet Aerosol Index (UVAI) product (Stein Zweers,  2022), which 
exploits the spectral contrast with respect to a pure Rayleigh atmosphere to detect aerosols. Positive values of 
this index indicate absorbing particles and is referred to as the Absorbing Aerosol Index. This index can capture 
both dust and biomass burning particles. When the UVAI product is negative, it is indicative of predominantly 
scattering particles (Penning de Vries et al., 2009).

2.2. Data on Fire Activity and Land Type

To locate fires across Australia, we accessed the Suomi National Polar-orbiting Partnership (Suomi NPP) 
VIIRS 375 m active fire detection standard product provided by the National Aeronautics and Space Admin-
istration's (NASA) Fire Information for Resource Management System (FIRMS) (Schroeder, 2020; Schroeder 
et al., 2014). This product reports geolocated FRP along with data quality and other data characteristics. Uncer-
tainties in FRP can result from partly-filled satellite pixels, smoke opacity above the fire, and non-unit fire 
emissivity (Schroeder et al., 2010; Souri et al., 2017). We assume that partly-filled VIIRS pixels will occur over 
the entire FRP range and its effect will be systematic when binning the data (i.e., a translation along the FRP 
axis), but should not change the conclusion that HONO/NO2 increases with FRP. Suomi NPP provides local 
measurements twice a day where the daytime equatorial crossing time is 1:30 p.m. Mean Local Solar Time. 
The Suomi NPP leads the S-5P by 3.5 min making comparisons between the two data sets nearly seamless in 
time. We analyzed VIIRS data during the same period and geographical boundaries as for TROPOMI described 
above.

To evaluate the role of different land cover types on the HONO/NO2 relationships, we used the Terra and Aqua 
combined Moderate Resolution Imaging Spectroradiometer (MODIS) Land Cover Type (MCD12Q1) Version 
6 yearly data product (Friedl & Sulla-Menashe, 2019) for the year 2019. This is a level 3 global data product 
with a spatial resolution of 500 m on the sinusoidal grid. We use the Annual International Geosphere-Biosphere 
Programme (IGBP) land cover type encoding. The land cover type encoding was sampled at TROPOMI pixel 
centers. There are 17 land cover type categories. For our analysis, the grouped categories are: (a) grassland and 
savanna, (b) open and closed shrubland, and (c) needleleaf and broadleaf evergreen.

2.3. TROPOMI Data Filtering and Analysis Method

Not all data collected from TROPOMI and VIIRS was included in this analysis. For TROPOMI pixels in our 
study area and period, we selected those that had both positive UVAI to capture smoke-impacted areas and 
contained at least one VIIRS fire detection. The fire detection pixels were a subset of the complete VIIRS data set 
and fulfilled five criteria: (a) labeled as vegetation fires, (b) FRPs greater than 50 MW, (c) detection with nomi-
nal or high confidence, (d) detection during daytime, and (e) detection within 25 min of the TROPOMI pixels. 
Condition (b) was determined due to TROPOMI's detection limits (see Figures 2b and 2c) (Theys et al., 2020). 
Condition (e) was selected to be between the satellites' train time lag (3.5 min) and their orbit times (101 min).

For every TROPOMI pixel that passed the pixel filtering, we calculated multiple descriptive statistics of surround-
ing VIIRS FRP pixels and surrounding UVAI >0 TROPOMI pixels. More specifically, we performed statistics 
on TROPOMI 3 × 3 neighboring pixels and on VIIRS fire pixels within the same region. We use the 3 × 3 
neighboring pixels to capture nearby smoke that was transported by the wind and to reduce high variability in 
HONO/NO2 in individual pixels. Figure S1 in Supporting Information S1 demonstrates our pixel analysis method 
for the Kangaroo Fire on 3 January 2020. We report on the weighted-mean HONO/NO2, weighted-mean HONO 
SCD, weighted-mean NO2 SCD, and unweighted-mean FRP, all hereafter referred to as mean HONO/NO2, mean 
HONO SCD, etc. Weighted-mean HONO/NO2 is computed as the average of ratios. The weighting methodology 
is found in Text S1 in Supporting Information S1. The results from this TROPOMI-pixel-focused analysis method 
remain the same if we perform an analogous VIIRS-pixel-focused analysis method.

For the global analysis of the supplementary TROPOMI data set, we slightly adapted the approach. The data set 
does not provide the same information as the TROPOMI Australia data set described in Section 2.1. The errors 
associated with HONO/NO2, the TROPOMI pixel boundaries, and UVAI are not included, and thus we adjusted 
our analysis to account for this. For every TROPOMI pixel, we performed descriptive statistics of surrounding 
TROPOMI pixels and VIIRS FRP pixels within 7  km. We report on the unweighted-mean HONO/NO2 and 
unweighted-mean FRP.
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3. Results
3.1. Australia

Over our study area and period, the satellites sampled many fires and detected large amounts of HONO and NO2 
in the atmosphere. An example of a satellite scene with HONO SCD and FRP is shown in Figure 1. Figure 2 
shows the mean HONO SCD, mean NO2 SCD, and mean HONO/NO2 for binned mean FRP over the Australian 
continent from 1 September 2019, to 31 January 2020 and then divides mean HONO/NO2 into three land cover 
groups. In Figure 2, the FRP bins are logarithmically spaced with a constant width (0.1), as more fires have lower 
FRPs than higher FRPs (Figure S2 in Supporting Information S1), and it more evenly distributes the bin sample 
sizes. Each bin needs a minimum of 30 pixels to be represented by a boxplot. A total of 5,227 TROPOMI pixels 
are distributed into eight bins.

As shown in Figures 2b and 2c, mean NO2 SCDs are larger than mean HONO SCDs. Both the medians and 
weighted means for these variables increase linearly with mean FRP up to ∼200 MW. After this point, mean 
HONO SCD continues increasing and mean NO2 SCD stalls. To quantify the observed increases with FRP, a 
linear function (y = a × x + b) is fit to the weighted-mean boxplot values in Figure 2. Additional functions are 
fit to the mean NO2 SCD binned weighted means because the linear fit fails to capture the shape. For HONO, 
the linear fit has a coefficient of determination, R 2, of 0.98. For NO2, the linear fit has an R 2 of 0.81. The mean 
HONO SCD variability within a mean FRP bin increases relative to that for mean NO2 SCD with increasing 
mean FRP, that is, the 25th to 75th percentile distance widens lower than four-fold for HONO but only lower than 
two-fold for NO2.

Contrary to the relationship of mean NO2 SCD, the weighted means of the boxplots for mean HONO/NO2 increase 
linearly with mean FRP with a linear function R 2 of 0.97 (Figure 2a). The binned weighted means closely follow 
the binned medians until a mean FRP of 200 MW. The coefficients for the linear fits can be found in Table 1.

We find that the observed increase of HONO, NO2, and HONO/NO2, with increasing FRP is robust against 
various pixels selections and definitions of quantities (an example of correlation with mean FRP density can be 
found in Figure S3 in Supporting Information S1). Photochemistry is expected to change in optically thick plumes 
leading to longer HONO photochemical lifetime and it has been found that NOx lifetime decreases with increas-
ing fire emissions (Jin et al., 2021). However, Figure S4 in Supporting Information S1 suggests that the increase 
in HONO SCD relative to that of NO2 SCD with increasing FRP is related to some extent to the fire power, and 
thus emissions. This is because the linear relationships for mean HONO/NO2 do not substantially vary in the 
slope under different UVAI conditions. However, the intercept increases with increasing UVAI, suggesting that 
the baseline HONO/NO2 from fires is affected by the presence of aerosols evenly across all FRP values. Thus, 
covariations in UVAI will also affect these relationships to some degree. The Australian Black Summer produced 
multiple pyrocumulonimbus plumes which exhibited UVAI values above 8 at high altitudes in the atmosphere 

Figure 1. (a) TROPOMI HONO SCD and VIIRS FRP and (b) TROPOMI HONO/NO2 and VIIRS FRP on 4 January 2020 
looking over southeastern Australia. Aqua MODIS surface reflectance imagery is the base layer in both maps. In (a), only 
UVAI > 0 TROPOMI pixels are plotted, meaning absorbing aerosols are present. In (b), only pixels where HONO and NO2 
SCDs were two times larger than their fit errors are plotted.
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(Lerot et al., 2023; Peterson et al., 2021). Only 114 of the Australian TROPOMI pixels we sampled had a UVAI 
greater than 8 (<3% of samples) and thus do not affect our fits. We do not constrain for plume height but acknowl-
edge this could have an influence on HONO/NO2.

Since fire emissions depend on fuel conditions, we investigated the effect that land cover type has on the 
mean HONO/NO2 and mean FRP relationship. Figure 2d–2f breaks Figure 2a up into three broad land cover 
categories: grassland and savanna, shrubland, and evergreen. There are 1,308 TROPOMI pixels that are either 
characterized as grassland or savanna, 594 shrubland TROPOMI pixels, and 2,563 evergreen TROPOMI 
pixels.

Looking at the bin counts, we find that all biomes share similar profiles, with grassland and savanna, and shrub-
land plants all reaching their maximums between 79 and 100 MW and the evergreen plants peaking between 
63 and 79 MW (Figure 2d–2f). From the binned boxplots, we conclude that evergreen fires have higher mean 
HONO/NO2 compared to the grassland and savanna, and shrubland fires (consistent with the findings of Theys 
et al., 2020), and is due to higher mean HONO SCDs (Figure S5 in Supporting Information S1). Both the grass-
land and savanna, and evergreen land cover types demonstrate good linear relationships with R 2 of 0.99 and 0.94, 
respectively, while shrubland types have an R 2 of 0.76. In the first FRP bin (50 MW), shrubland fires have the 
lowest bin mean of all other fires at 0.12, meaning they emit the least HONO per NO2 molecule. In contrast, 
evergreen fires have the highest bin mean at 0.22. Shrubland fires have the weakest relationship between mean 
HONO/NO2 and mean FRP, roughly a factor of three difference between the other fires. Figure 2 demonstrates 
that it is necessary to consider the land cover type when deriving these relationships. The coefficients for the 
linear fits can be found in Table 1. A comparison of linear fits between each individual land cover type can be 
found in Figure S6 in Supporting Information S1.

Figure 2. Binned boxplot distributions of (a) mean HONO/NO2, (b) mean HONO SCD, and (c) mean NO2 SCD for Australia. The gray box in (b) shows that for 
boxplots black lines are the medians, notches are the median 95% confidence interval, boxes extend from the 25th to 75th percentiles, whiskers extend to the 10th and 
90th percentiles, and red-filled circles are the weighted means. Boxplots with more than 30 counts are plotted. A linear function (y = a × x + b) fits the weighted means 
of each bin and coefficients can be found in Table 1. Since the weighted means in (c) level after 200 MW mean FRP, we performed additional fits. (d)–(f) Same as (a) 
for different land cover types in Australia: (d) grassland and savanna, (e) shrubland, and (f) evergreen. The last boxplot in (e) shrubland is a combination of the last two 
bins and is positioned at the average mean FRP.
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3.2. Global

We expanded our investigation to the entire globe to test if our Australian-derived 
relationships hold for the rest of the world. There are 2,449 datapoints in the 
global data set after applying the filtering method. The same land cover type 
categories shown in Figures 2d–2f are displayed in Figures 3b–3d, where there 
are 1,191 global TROPOMI pixels categorized as grassland or savanna, 122 
global TROPOMI pixels categorized as shrubland, and 233 global TROPOMI 
pixels categorized as evergreen. Contrary to the Australian wildfire data set, 
there are more observations of grassland and savanna fires than evergreen 
fires.

As shown in Table 1, the slope between mean HONO/NO2 and mean FRP in 
the global all-land-cover-type data set is 56% of the slope in the Australian data 
set, demonstrating a more complicated relationship between the two variables. 
The linear fit is weaker with an R 2 of 0.87 but is due to the nonlinear response 
of the bin means. The bin means follow more of a sigmoid response, perhaps 
indicating the existence of two solution states depending on the value of mean 
FRP. This sigmoid response is also seen in the global grassland and savanna 
fires in Figure 3b. Even though the global data set mixes many different regions 
and fire seasons across the world, the slopes of the grassland and savanna, 
and evergreen land cover type relationships agree well with those relationships 
derived from Australia. Conclusions about the global shrublands land cover 
type cannot be made as only three FRP bins had enough samples to perform a 
fitting. Results from each individual land cover type can be found in Figure S7 
in Supporting Information S1. A general conclusion from this analysis is the 
overall HONO/NO2 increase with increasing FRP. The similarities in relation-
ships between the world and Australia calls for a more detailed analysis for all 
regions of the world.

4. Conclusions
Based on satellite measurements, we found a consistent increasing linear rela-
tionship between the ratio of HONO to NO2 and FRP over the 2019–2020 
fires in Australia. Moreover, the linear regression fit parameters were found 
to vary with land cover type. By extending the analysis to the entire world, 
these relationships differ, but the overall increasing relationship remains. This 
suggests there is increased production of HONO under flaming combustion, 
though the impacts of smoke on increased HONO lifetime cannot be ignored, 
as UVAI impacted the regression intercepts. We have placed bounds on the 
HONO/NO2 versus FRP both in Australia and globally. However, we recom-
mend using these relationships for fires with FRP under 400 MW, and for fires 
above 400 MW to use a maximum HONO/NO2 of 1, as 90% of HONO/NO2 
was less than 1. We do not have the statistics to support conclusions about 
larger fires and satellite footprints may not be small enough to resolve these 
fires, thus future work is needed to analyze large individual fires. Our results 
support future HONO emissions estimations from fires, where parameter-
ized, first-order HONO emissions estimates require a land-cover-type- and 
FRP-dependent multiplier to the estimate of NO2 emissions. This framework 
would work well with emissions methods that utilize satellite FRP measure-
ments but lack HONO emission factors, such as the Quick Fire Emission 
Dataset (QFED) from NASA (Darmenov & da Silva, 2015) or the Global Fire 
Assimilation (GFAS) (Kaiser et al., 2012). An accurate description of HONO 
emissions from fires is critical to understanding and modeling the impacts of 
wildfire smoke on atmospheric chemistry.
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Data Availability Statement
The Australia and global data used for Figures 1–3 in the study are available at Open Science Framework via 
https://doi.org/10.17605/OSF.IO/2SP49 (Fredrickson & Thornton, 2023). The filtered Suomi NPP fire data in 
the study were downloaded from NASA FIRMS via their API area tool at https://firms.modaps.eosdis.nasa.gov/
api/area/. MODIS Land Cover Type Version 6 data were acquired through Google Earth Engine via https://doi.
org/10.5067/MODIS/MCD12Q1.006. The Jupyter notebook with Python code used to execute this project is 
preserved at https://doi.org/10.5281/zenodo.7782598 available via the MIT license (Fredrickson, 2023).

Figure 3. Binned boxplot distributions of mean HONO/NO2 against mean FRP for (a) global, (b) global grassland and 
savanna, (c) global shrubland, and (d) global evergreen fires. The boxplot symbology is the same as Figure 2, except red 
circles are now unweighted bin means. Boxplots with more than 30 counts are plotted. A linear function (y = a × x + b) is 
fit to the means of each bin and its coefficients can be found in Table 1. In (a), fires above a mean FRP of 398 MW were 
grouped together and plotted at the average mean FRP.
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