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Abstract. Wildfire smoke influences air quality and climate through the scattering and absorption of solar radiation by aerosol 10 

particles, yet the factors controlling aerosol optical properties and their spatial variability within smoke plumes remain 

uncertain. Here, we use satellite observations of aerosol optical properties and trace gases from the TROPOspheric Monitoring 

Instrument (TROPOMI) to investigate the influence of combustion conditions on aerosol optical properties and their spatial 

variability within wildfire smoke plumes during the Australian 2018–2019 and 2019–2020 bushfire seasons.  

Substantial differences in aerosol optical depth (AOD) and single-scattering albedo (SSA) are observed among major land 15 

cover types. Wildfires characterized by stronger flaming combustion, inferred from nitrogen dioxide (NO2) and carbon 

monoxide (CO) column density ratios (ΔNO2/ΔCO), are associated with more absorbing plume-averaged aerosol populations, 

whereas smoldering-dominated fires are associated with more scattering smoke and larger AOD. These relationships indicate 

that combustion conditions exert a first-order control on aerosol absorptivity, while aerosol loading is more strongly influenced 

by total emissions. Within individual plumes, aerosol loading and trace gas abundance remain concentrated in NO2-defined 20 

plume cores, whereas SSA exhibits much weaker spatial gradients. Independent box-size analyses further show a systematic 

tendency toward higher SSA away from plume cores and source regions while ΔNO2/ΔCO decreases, indicating that these 

spatial changes occur concurrently with atmospheric processing. Although chemical processing, dilution, and mixing cannot 

be separated, these observations provide constraints for evaluating model representations of wildfire emissions, plume 

evolution, and smoke radiative effects.  25 

1 Introduction 

Biomass burning is a major source of aerosols to the global atmosphere (Akagi et al., 2011; Andreae, 2019). Wildfire aerosols 

are harmful to human health and affect atmospheric chemistry and climate directly by scattering and absorbing solar radiation, 

and indirectly by modifying cloud properties (Bond et al., 2013; Reid et al., 2016; IPCC, 2021). Their importance is expected 

to increase as climate change enhances the frequency, intensity, and duration of wildfires in many regions of the world, leading 30 
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to larger aerosol emissions and more frequent long-range smoke transport events (Jolly et al., 2015; IPCC, 2021; Jones et al., 

2022). 

Wildfire smoke consists of complex mixtures of primary particulate emissions, including black carbon (BC), often referred to 

as soot, and organic carbon (OC) aerosol. During transport, smoke aerosols undergo physical and chemical evolution driven 

by dilution, condensation, coagulation, water uptake, and the formation of secondary organic aerosol (SOA) from oxidation of 35 

volatile organic compounds (Andreae, 2019; Reid et al., 2005a). These processes modify aerosol size distributions, 

composition, and optical properties over timescales of hours to days. Consequently, the radiative effects of wildfire smoke 

remain a major source of uncertainty in assessments of aerosol-radiation interactions and climate forcing (IPCC, 2021).  

Numerous aircraft and ground-based studies have documented the rapid optical evolution of fresh smoke plumes (Palm et al., 

2020; Reid et al., 2005b). However, these observations typically sample a limited number of plumes over relatively short time 40 

periods, making it difficult to establish relationships across diverse fuel types, combustion conditions, and stages of plume 

evolution. Satellite observations complement these measurements by providing large ensembles of wildfire plumes sampled 

under a wide range of environmental conditions, enabling statistical investigation of the factors controlling aerosol optical 

properties. Furthermore, smoke plumes generally remain internally heterogeneous during the first several hours after emission. 

Consequently, the spatial distributions of aerosol and trace gas properties within individual plumes can provide additional 45 

information on the coupled effects of atmospheric processing and mixing.  

Recent advances in satellite remote sensing have demonstrated that wildfire smoke observations contain valuable information 

on wildfire emissions, land cover type, combustion conditions and plume chemistry. Measurements of carbon monoxide (CO), 

nitrogen dioxide (NO2), and nitrous acid (HONO) from the TROPOspheric Monitoring Instrument (TROPOMI) have been 

used to constrain NO2 and CO emissions (Griffin et al., 2021, 2024), while trace gas column ratios of ΔNO2/ΔCO have been 50 

applied to distinguish between more flaming and more smoldering combustion and infer information on land cover type 

(Anderson et al., 2023; van der Velde et al., 2021). The ratio of HONO to NO2 has been used to investigate relationships 

between fire radiative output and atmospheric chemical processing (Fredrickson et al., 2023). These studies suggest that trace 

gas observations contain information not only on wildfire emissions, but also on the processes that govern the composition 

and atmospheric processing of smoke plumes.  55 

Fresh smoke emitted during flaming combustion typically contains larger fractions of BC, whereas smoldering combustion 

produces larger amounts of OC aerosols that contribute primarily to scattering (Andreae, 2019; Bond et al., 2013; Reid et al., 

2005b). Consequently, combustion conditions are expected to influence both aerosol loading and aerosol absorptivity, as well 

as their subsequent changes during atmospheric transport. An important remaining question is to what extent the combustion 

signatures and spatial patterns identified in trace gas observations are also reflected in aerosol optical properties, and whether 60 

aerosol observations provide complementary constraints on wildfire combustion and atmospheric processing.  

The Australian 2018–2019 and 2019–2020 bushfire seasons provide an ideal opportunity to address this question because they 

encompass a large ensemble of wildfire plumes spanning diverse land cover types and combustion conditions. In addition, 

Australia's relatively sparse population density facilitates the separation of wildfire emissions from anthropogenic pollution. 
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The 2019–2020 season, commonly referred to as the "Black Summer," was characterized by extreme temperatures and 65 

prolonged drought that contributed to a fire season of unprecedented scale, with substantial impacts on tropospheric and 

stratospheric composition, regional climate, and air quality (Boer et al., 2020; Khaykin et al., 2020).  

To investigate these fires, we combined coincident TROPOMI observations of NO2 and CO with aerosol optical depth (AOD) 

and single-scattering albedo (SSA) from the NASA-TROPOMI aerosol algorithm (TropOMAER) product (Torres et al., 2020). 

AOD quantifies total light extinction, whereas SSA describes how that extinction is partitioned between scattering and 70 

absorption, allowing aerosol loading and absorptivity to be investigated simultaneously across large wildfire populations. This 

distinction is important because aerosol loading and aerosol absorptivity need not evolve identically during plume transport 

and therefore may provide complementary information on wildfire emissions and atmospheric processing. Combined with fire 

radiative power (FRP) and vapor pressure deficit (VPD), these observations are used to investigate how combustion conditions, 

fuel dryness, and land cover type influence wildfire aerosol optical properties. We first characterize the fire conditions and 75 

aerosol optical properties of the sampled wildfire plumes. We then investigate how combustion indicators derived from NO2, 

CO, and FRP relate to aerosol loading and absorptivity across different land cover types. Finally, we use plume-core and box-

size analyses to investigate how aerosol loading, aerosol absorptivity, and trace gas abundance vary spatially within individual 

wildfire plumes and what these spatial patterns reveal about early atmospheric processing. 

2 Materials and methods 80 

2.1 Fire locations 

The analysis focuses on the Australian 2018–2019 and 2019–2020 fire seasons, which encompass wildfires across much of 

the continent. Australia and northern North America were initially identified as suitable study regions because both 

experienced frequent wildfires spanning a wide range of land cover types, with limited anthropogenic interference and high 

availability of TROPOMI observations. However, most North American wildfires did not exceed the CO threshold required 85 

for classification as biomass burning aerosol in the TropOMAER retrieval algorithm. Consequently, a different aerosol model 

was used to retrieve aerosol optical depth and single-scattering albedo from the measured radiances (Torres et al., 2013, 2020). 

To ensure consistent aerosol retrievals across the dataset, the present analysis is therefore restricted to the Australian 2018–

2019 and 2019–2020 fire seasons. 

2.2 TROPOMI data 90 

The TROPOspheric Monitoring Instrument (TROPOMI) is a spectrometer on ESA’s Copernicus Sentinel-5 Precursor (S-5P) 

satellite (Veefkind et al., 2012) that provides daily global coverage of trace gases relevant to air quality and climate. The spatial 

resolution of TROPOMI at nadir for the UV-visible wavelength range is 3.5 x 5.5 km2 after 6 August 2019 and 3.5 x 7.0 km2 

before, and 7.0 x 5.5 km2 after 6 August 2019 and 7.0 x 7.0 km2 before for the shortwave-infrared wavelength. NO2 is retrieved 

in the UV-visible wavelength range and CO in the shortwave-infrared wavelength range. AOD and SSA are reported at 388 95 
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nm. The S-5P satellite crosses the equator at 1:30 pm local solar time. Here we use operational data version 2 of reprocessed 

NO2 tropospheric vertical column densities (van Geffen et al., 2022) and CO vertical column densities (Borsdorff et al., 2019; 

Landgraf et al., 2016), and version 1.1.1 AOD and SSA data based on the TropOMAER retrieval (Torres et al., 2013, 2020), 

from 1 September 2018 to 31 January 2019, and from 1 September 2019 to 31 January 2020. All TROPOMI orbit file data are 

gridded on a rectilinear latitude/longitude grid with a resolution of 0.05° x 0.05°, using the overlap of the satellite’s ground 100 

pixel corners with the grid boxes to generate weighted averages. NO2 and CO are filtered for a quality assurance value >= 0.5. 

AOD and SSA data are only used for data points labeled as smoke and selected with a final algorithm flag of 0, i.e., “best” 

data. 

2.3 Fire radiative power, land cover type, and meteorological data   

We used the collection 2 VIIRS 375 m active fire product from the Visible Infrared Imaging Radiometer Suite (VIIRS) 105 

instrument aboard the Suomi National Polar-orbiting Partnership (Suomi-NPP) satellite, accessed through NASA's Fire 

Information for Resource Management System (FIRMS) (Schroeder et al., 2014). FRP data were filtered to include daytime 

measurements, which are within minutes of TROPOMI measurements, and with a nominal or high confidence level. For 

analysis purposes, summed FRP data were also gridded to 0.05° x 0.05° latitude/longitude. 

To classify land cover types, we used the Terra and Aqua satellites combined Moderate Resolution Imaging Spectroradiometer 110 

(MODIS) annual CMG V061 - MCD12C1 product (Friedl & Sulla-Menashe, 2022). This is a level 3 global data product on a 

spatial resolution of 0.05° x 0.05° latitude/longitude that matches the resolution of our gridded TROPOMI data. For land cover 

classification we use the Annual International Geosphere-Biosphere Programme (IGBP) land cover type encoding for the years 

2018 through 2020. Our final analysis includes the following land cover types: grasslands, open shrublands, closed shrublands, 

woody savannas, savannas, and evergreen broadleaf forests. To improve data statistics, open and closed shrublands were 115 

combined as “shrublands” and woody savannas and savannas were combined into “savannas”. 

To characterize atmospheric fuel-drying conditions at the time of each wildfire observation, we calculated vapor pressure 

deficit (VPD). VPD is defined as the difference between the saturation and actual water vapor pressure and provides a measure 

of the atmosphere's evaporative demand (Seager et al., 2015). Because it is closely related to fuel moisture and wildfire activity, 

VPD is widely used as an indicator of fire weather and fire risk (Abatzoglou and Williams, 2016). Here, we calculated VPD 120 

for the TROPOMI overpass time on a 0.05° x 0.05° latitude/longitude grid using 2m air temperature and 2m dewpoint 

temperature data from the ERA-5 reanalysis from the European Centre for Medium-Range Weather Forecasts (Hersbach et 

al., 2020). ERA-5 data have an hourly temporal resolution and a spatial resolution of 0.25° x 0.25° latitude/longitude. All data 

are horizontally extrapolated to match the spatial resolution of the gridded satellite data and interpolated in time to match the 

satellite’s overpass. 125 
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2.4 Analysis Framework and Metrics  

To enable the analysis of a large ensemble of wildfire plumes, we developed an automated plume identification and 

characterization algorithm. The algorithm combines coincident TROPOMI trace gas and aerosol observations with FRP 

detections, VPD calculations, and land cover data. It then identifies and delineates wildfire plumes, derives plume and fire 

characteristics, applies quality criteria, and stores the resulting metrics for subsequent analysis. The complete processing 130 

workflow is summarized in Fig. 1, and the following sections describe each component in detail. 

 

 

Figure 1: Flowchart of the automated plume identification and characterization algorithm. 

 135 

For each TROPOMI orbit, FRP cluster contours were derived from the gridded FRP data using contour lines of summed FRP 

= 1 MW. Only FRP cluster contours containing at least three individual FRP detections were retained for further analysis. 

These thresholds were determined empirically and effectively excluded FRP clusters lacking significant NO2 enhancements. 

For each retained FRP cluster contour, the location of the maximum NO2 enhancement was identified within a rectangular 

FRP cluster box surrounding the contour and used as the center of a 0.8° x 0.8° latitude/longitude analysis box. Note that, 140 

although analysis box dimensions are reported throughout in degrees latitude and longitude, the longitudinal extent of each 

analysis box was adjusted according to the fire latitude to maintain approximately equal physical dimensions in both directions. 

Figure 2a shows an example of an identified FRP cluster contour and the corresponding NO2 maximum within the FRP cluster 

box for a grassland fire on 6 December 2019. The wildfire plume perimeter was subsequently derived from the NO2 

enhancement field using an iterative thresholding approach. Starting from a high NO2 threshold, the threshold was 145 

progressively lowered until the closed contour surrounding the NO2 maximum either opened or merged with a neighboring 
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NO2 enhancement. The final plume perimeter was defined as the last closed contour before either condition occurred, thereby 

minimizing contamination from nearby plumes while retaining the contiguous NO2 enhancement associated with the target 

fire. Smaller FRP cluster contours contained within the plume perimeter that lacked a distinct associated plume were 

incorporated into the target plume. Figure 2 illustrates the resulting plume perimeter together with the corresponding NO2, CO, 150 

AOD, and SSA fields. 

 

 

Figure 2: Example of a grasslands smoke plume detection on 6 December 2019 and corresponding (a) NO2, (b) CO, (c) AOD, 

and (d) SSA TROPOMI observations. FRP detections, FRP cluster contour and associated NO2 maximum within the FRP 155 

cluster box are included in panel (a). Black solid lines denote the NO2-derived plume perimeter and black dashed lines indicate 

the regions defined as plume core. Each panel includes the 0.8° x 0.8° latitude/longitude analysis box that is centered on the 

NO2 maximum. 

 

Following plume delineation, local background values for NO2, CO, and AOD were determined from pixels within the analysis 160 

box that were not associated with the identified plume. To reduce contamination from additional smoke plumes, pixels with 

NO2 values exceeding the plume-defining NO2 threshold were excluded from the background calculation. Because CO and 

aerosol particles have substantially longer atmospheric lifetimes than NO2, the corresponding background thresholds were 
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derived from the median CO and AOD values along the NO2 plume boundary and used to exclude residual smoke-affected 

pixels from the background estimates. For subsequent analysis, plumes were required to have at least 50% valid plume data 165 

coverage, and both the plume and background regions were required to contain a minimum of 20 valid data pixels. 

For each retained plume, fire and plume statistics were calculated. Average FRP was derived from individual FRP detections 

within the FRP cluster contour. Fire size was quantified as the number of 0.05° x 0.05° latitude/longitude grid cells enclosed 

by the FRP cluster contour line, while average VPD was calculated as the mean value across those grid cells. Land cover type 

was assigned from these same grid cells and according to the dominant land cover fraction when multiple land cover types 170 

were present. Wildfire plume averages were calculated from pixels within the NO2-defined plume perimeter. As a consistency 

check for plume SSA, we compared the arithmetic plume-averaged SSA with the corresponding AOD-weighted mean. The 

excellent agreement between the two (R2 = 0.99) indicates that spatial variations in aerosol loading introduce negligible bias 

into the plume-averaged SSA used throughout this study. Plume column enhancements for NO2, CO, and AOD, referred to as 

ΔNO2, ΔCO, and ΔAOD, were calculated by subtracting the corresponding local background from the plume-averaged total 175 

column. The trace gas column ratio ΔNO2/ΔCO was determined from the slope of a linear fit across plume and background 

pixels within the analysis box to minimize sensitivity to background offsets and provide a plume-scale measure of NO2 

enhancement relative to CO. To characterize plume structure, plumes were divided into "core" and "rest," where the plume 

core was defined as pixels exceeding the 80th percentile of plume ΔNO2. Plume dilution was approximated using the ratio of 

plume ΔCO to the 95th percentile of plume ΔCO, with smaller values indicating greater dilution relative to the least diluted 180 

portions of the plume. Finally, fires located near major anthropogenic NO2 sources were excluded by applying a threshold of 

2.5 x 1015 molecules cm-2 to the long-term average NO2 column derived from the complete analysis period. 

Within the data set analyzed, we found 27730 FRP cluster contours with an associated NO2 delineated smoke plume. Out of 

these plumes, 27531 passed the anthropogenic NO2 filter, 7959 passed the quality filters for NO2 and CO, and 1268 had 

available and sufficient aerosol data coverage. The following analysis is based on the 1268 plumes that passed all quality 185 

controls. An overview of the fire locations for these plumes is provided in Fig. S1, overlaid on both the original MODIS land 

cover map and the adapted land cover map used in this study.  

2.5 Retrieval limitations and uncertainties  

Potential biases in the operational TROPOMI NO2 retrieval due to aerosol shielding warrant consideration when interpreting 

ΔNO2/ΔCO. Dense smoke can reduce satellite sensitivity to NO2, whereas the CO retrieval is substantially less sensitive to 190 

aerosol loading (Anderson et al., 2023; Rowe et al., 2022). Anderson et al. (2023), however, demonstrated that aerosol 

shielding primarily affects the absolute magnitude of retrieved ΔNO2/ΔCO ratios while preserving their dependence on 

combustion conditions. Consequently, aerosol shielding may influence the absolute values reported here but is unlikely to alter 

the relative differences among land cover types or the inferred relationships between combustion conditions and aerosol optical 

properties. 195 
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Additional uncertainties arise from assumptions embedded in the TropOMAER aerosol retrieval. Retrieved AOD and SSA 

depend on the assumed aerosol optical model, surface reflectance, and aerosol layer height (ALH). The retrieval employs an 

ALH climatology, while coincident Atmospheric Infrared Sounder (AIRS) total column CO observations are used to 

distinguish carbonaceous aerosols from other aerosol types (Torres et al., 2013, 2020). Because the sensitivity of near-UV 

radiances to absorbing aerosols increases with ALH (Torres et al., 2020), differences between the assumed climatological and 200 

actual ALH can introduce systematic biases in retrieved AOD and SSA. This is particularly relevant for wildfire smoke because 

plume injection height can depend on combustion conditions, implying that ALH-related retrieval biases may also vary 

systematically with combustion regime. Further, TropOMAER uses gridded AIRS total-column CO observations at 1° × 1° 

latitude/longitude resolution. Because AIRS CO is available only at regional scales, aerosol-type selection is informed by the 

broader atmospheric environment rather than local plume structure. Consequently, the assumed aerosol model may not always 205 

represent the actual aerosol composition within individual wildfire plumes or their surrounding background, particularly where 

aerosol properties vary over spatial scales smaller than the AIRS footprint. 

Since plume aerosol enhancements here are obtained by subtracting local background AOD from the total-column retrieval, 

uncertainties in the retrieved background aerosol directly affect the magnitude of ΔAOD. To better understand elevated 

background AOD values, we inspected representative cases using coincident true color satellite imagery. While some cases 210 

exhibited widespread regional haze and smoke consistent with elevated background aerosols, several shrubland, grassland, 

and savanna cases showed moderately elevated background AOD (typically exceeding 0.3) despite little or no visible evidence 

of smoke. These latter cases were also generally not accompanied by obvious enhancements in background CO relative to the 

surrounding regional field, although the true non-smoke CO background is difficult to establish because of substantial spatial 

variability and frequent smoke influence across Australia. Together, these observations suggest that elevated background AOD 215 

in a subset of cases may reflect limitations associated with regional aerosol type selection, assumed ALH, surface reflectance, 

or combinations thereof. Retrieval-related sensitivities may also lead to missing observations near active fire fronts, thereby 

reducing the sampling of the youngest and most concentrated smoke. 

These retrieval limitations primarily affect analyses that depend directly on AOD, such as comparisons of plume aerosol 

loading among land cover types and box-size analyses. In contrast, analyses based on relative spatial variability within 220 

individual plumes are expected to be substantially less sensitive because they rely on coincident retrievals within the same 

retrieval scene. Because this study focuses on individual wildfire plumes rather than long-term climatological aerosol 

distributions, departures from the climatological aerosol assumptions employed by the retrieval may be particularly important. 

The potential influence of these retrieval limitations is considered where relevant in the interpretation of the results. 
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3 Results and discussion 225 

3.1 Characteristics of fire conditions and aerosol optical properties 

The fires included in this analysis span a broad range of burning conditions and aerosol optical properties. Figure 3 summarizes 

the distributions of average FRP, fire size, VPD, ΔNO2/ΔCO, ΔAOD, and SSA for all sampled wildfires, separated by land 

cover type. The distributions of average FRP (Fig. 3a) are characterized by long upper tails across all land cover types, 

indicating that a relatively small number of fires account for the highest FRP values, as reflected by mean values that 230 

consistently exceed the corresponding medians. Grasslands, savannas, and evergreen broadleaf forests exhibit similar FRP 

distributions, whereas shrublands are characterized by the highest mean and median FRP values (25 MW and 21 MW, 

respectively). Fire size distributions (Fig. 3b) are strongly weighted toward smaller fires. Mean and median fire sizes are 

comparable among all four land cover types and range between five and nine grid cells. VPD distributions (Fig. 3c) are 

approximately symmetric but differ substantially in magnitude. Shrublands burn under the driest conditions, with a mean VPD 235 

of 58 hPa, followed by grasslands, savannas, and evergreen broadleaf forests.  

 

 

Figure 3: Histograms of (a) average FRP, (b) fire size, (c) average VPD, (d) ΔNO2/ΔCO, (e) ΔAOD, and (f) SSA. Note the 

logarithmic y-axes in panel (e). 240 
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The ΔNO2/ΔCO distributions (Fig. 3d), which serve as a proxy for the relative contributions of flaming and smoldering 

combustion, exhibit a similar ordering. Shrublands show the highest mean ΔNO2/ΔCO of 0.0064, indicating the greatest 

contribution from flaming combustion, whereas evergreen broadleaf forests are characterized by more smoldering combustion 

with a mean ΔNO2/ΔCO of 0.0018, indicating substantial differences in combustion behavior among the land cover types. 245 

These findings are in line with previous TROPOMI observations by van der Velde et al. (2021), who found that savanna fires 

exhibit higher ΔNO2/ΔCO ratios reflecting a larger contribution from flaming combustion compared to temperate forest fires 

that were characterized by lower ΔNO2/ΔCO values and stronger smoldering signatures. While fuel nitrogen content can also 

influence ΔNO2/ΔCO, the ratio is used here primarily as an indicator of combustion conditions. Although aerosol shielding 

may reduce the absolute magnitude of retrieved ΔNO2/ΔCO under conditions of dense smoke (Section 2.5), previous work has 250 

shown that it largely preserves the relative dependence of ΔNO2/ΔCO on combustion conditions (Anderson et al., 2023). 

Consequently, aerosol shielding is unlikely to explain the systematic differences in ΔNO2/ΔCO observed among the four land 

cover types. All land cover types display distributions skewed toward lower ΔNO2/ΔCO values, although the shrubland 

distribution is more symmetric. The predominance of lower ΔNO2/ΔCO values is consistent with the expectation that strongly 

flaming combustion often represents a shorter phase of the burning process, whereas smoldering combustion can persist for 255 

longer periods (Akagi et al., 2011; Andreae, 2019). This behavior is also consistent with satellite observations of wildfire 

ΔNO2/ΔCO over time reported by Anderson et al. (2023). Because satellite observations provide only intermittent snapshots 

of fire activity, the probability of sampling these highly flaming conditions is relatively low. As a result, most observations 

represent more mature combustion states with lower ΔNO2/ΔCO values, leading to distributions weighted toward less flaming-

dominated combustion.  260 

Figure 3e and f show the distributions of plume-averaged and background-corrected AOD, ΔAOD, and plume-averaged SSA. 

For all land cover types, the ΔAOD distributions are strongly skewed toward lower values and decrease approximately 

exponentially toward higher ΔAOD. Mean ΔAOD values for grasslands, shrublands, and savannas range from 0.33 to 0.54, 

whereas evergreen broadleaf forests exhibit substantially larger optical depths with a mean ΔAOD of 1.4 and a more 

pronounced high-AOD tail. In contrast, SSA distributions are comparatively symmetric across all land cover types, but 265 

systematic differences are evident. Shrublands are shifted toward lower SSA values, indicating aerosols that are more 

absorbing, whereas evergreen broadleaf forests are shifted toward higher SSA values, consistent with more scattering-

dominated particles. Although combustion conditions likely explain most of the observed SSA differences, systematic ALH-

related retrieval sensitivities may also contribute.  

Collectively, these distributions suggest that drier fuels and larger flaming fractions tend to produce more absorbing aerosol 270 

populations and lower SSA values, whereas land cover types characterized by lower flaming fractions and larger fire sizes 

tend to exhibit larger AODs. As discussed in Section 2.5, uncertainties in retrieved background AOD primarily affect ΔAOD 

and are expected to be greatest over shrubland, grassland, and savanna regions, where elevated background AOD may partly 

reflect retrieval assumptions rather than biomass burning aerosol alone. In contrast, the substantially larger ΔAOD observed 

for evergreen broadleaf forests is consistent with widespread regional smoke apparent in coincident true-color imagery. 275 
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Because ΔAOD represents only the enhancement above the local background, and accounts for only about half of the 

corresponding total-column AOD on average (Fig. S2), it should be interpreted as a measure of plume aerosol enhancement 

rather than absolute plume aerosol loading. 

 

3.2 Effects of fire and combustion conditions on aerosol optical properties     280 

To investigate the factors controlling aerosol optical properties across fires in different land cover types, we first examined 

relationships among the fire and combustion metrics used to characterize burning conditions and then assessed how these 

metrics relate to AOD and SSA. Results are presented in Figs. 4 and 5, which show binned medians and interquartile ranges 

for all variables. Marker sizes represent a third variable as indicated in the figure captions. Note that, because each bin was 

required to contain at least six data points, not all data points shown in Fig. 3 are included in the subsequent analyses.  285 

Figure 4 characterizes relationships among fire intensity, fuel dryness, and combustion indicators. Panel (a) shows the 

relationship between ΔNO2/ΔCO and average FRP, with marker size scaled to fire size. For all land cover types, ΔNO2/ΔCO 

increases with FRP at low to moderate fire intensity, indicating a larger fraction of flaming combustion as fire radiative output 

increases. The relationship is strongest below approximately 30 to 40 MW, where increases in FRP are accompanied by 

increases in both ΔNO2/ΔCO and fire size. At higher FRP, however, the dependence weakens and in some cases levels off. 290 

This behavior may reflect limitations on fire spread at high intensity, including reduced fuel continuity and landscape 

fragmentation. Similar nonlinear relationships between FRP and fire size have been reported previously for many fire-prone 

ecosystems, where fire size increases with FRP only up to intermediate fire intensities before reaching a threshold (Laurent et 

al., 2019). Anderson et al. (2023) likewise observed a positive relationship between ΔNO2/ΔCO and FRP, consistent with 

greater relative NO₂ emissions during more intense, flaming-dominated combustion.  295 

 

 

Figure 4: Relationships among fire intensity, fuel dryness, and combustion indicators for the four land cover types. (a) 

ΔNO2/ΔCO vs average FRP, (b) ΔNO2/ΔCO vs average VPD, and (c) ΔNO2 vs ΔCO. Points denote binned median values and 
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shading indicates the 25th–75th percentile range. Marker sizes represent median (a) fire size, (b) FRP, and (c) ΔAOD. Marker 300 

sizes are normalized separately for each land cover type. 

 

The relationship between ΔNO2/ΔCO and average VPD is shown in Fig. 4b. All land cover types exhibit generally increasing 

ΔNO2/ΔCO with increasing VPD, indicating that drier environmental conditions favor a larger fraction of flaming combustion. 

Variations in marker size reveal a concurrent increase in FRP, suggesting that combustion intensity, fuel dryness, and 305 

combustion phase are closely linked. Together, panels (a) and (b) demonstrate that overall ΔNO2/ΔCO is a useful indicator of 

the relative balance between flaming and smoldering combustion, although the relationship is modulated by fire size, fuel 

availability, and environmental conditions. 

Figure 4c shows the relationship between plume-averaged and background-corrected NO2 and CO column enhancements. 

Across all land cover types, ΔNO2 increases with ΔCO, indicating that larger trace gas enhancements are generally associated 310 

with stronger wildfire emissions. However, the relationship differs systematically among fuel types. Shrubland fires exhibit 

the steepest increase in ΔNO2 with increasing ΔCO, whereas evergreen broadleaf forest fires show the weakest increase. These 

differences suggest systematic variations in combustion characteristics among fuel types, consistent with the ΔNO2/ΔCO 

distributions discussed above (Fig. 3d). Marker sizes scaled to ΔAOD generally increase with ΔCO, reflecting larger aerosol 

burdens associated with stronger emissions. Scaling marker sizes to total column AOD produces nearly identical patterns, 315 

indicating that the inferred relationship between combustion characteristics and trace gas enhancements is insensitive to the 

choice of plume-averaged AOD definition. 

Figure 5 examines how fire and combustion metrics relate to aerosol optical properties. In panel (a), ΔAOD is plotted vs ΔCO. 

Across all land cover types, ΔAOD generally increases with ΔCO, while marker sizes proportional to fire size likewise tend 

to increase toward larger ΔAOD values, indicating that AOD is strongly linked to total emissions and fuel consumption. The 320 

observed increase of ΔAOD with ΔCO is consistent with the close association between emissions of CO and organic aerosol 

in wildfire smoke. Because organic aerosols typically constitute most of the aerosol mass in wildfire plumes and are efficient 

light scatterers, they often dominate total aerosol extinction and therefore contribute strongly to AOD (Akagi et al., 2011; 

Andreae, 2019; Reid et al., 2005b). Figure 5b shows the dependence of ΔAOD on fire size. For all land cover types, larger 

fires are associated with higher AOD, although substantial variability is present for a given fire size. Marker sizes scaled by 325 

ΔCO demonstrate that increases in ΔAOD are accompanied by larger trace gas enhancements, reinforcing the interpretation 

that aerosol loading is primarily governed by total emissions. Evergreen broadleaf forests stand out from the other land cover 

types by producing substantially larger ΔAOD and ΔCO values for comparable fire sizes. This behavior is consistent with the 

larger fuel loads and generally less dry conditions characteristic of forest ecosystems, which support comparatively greater 

emissions of both aerosol and trace gases per unit area burned. Figure 5c examines the relationship between ΔAOD and 330 

ΔNO2/ΔCO. No clear monotonic relationship is observed for any land cover type, indicating that combustion phase is not the 

dominant control on aerosol loading in this ensemble. Evergreen broadleaf forests exhibit the largest spread in ΔAOD, 

particularly at low ΔNO2/ΔCO values, suggesting that smoldering-dominated combustion can generate large aerosol burdens 
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when sufficient fuel is available. Anderson et al. (2023) reported a positive relationship between AOD and ΔNO2/ΔCO for an 

individual wildfire event, where changes in AOD primarily reflected the evolution of the same fire over time. In contrast, each 335 

ΔNO2/ΔCO bin in the present analysis contains many different fires spanning a wide range of fire sizes, fuel loads, and total 

emissions. Consequently, variability in total emissions dominates the AOD distribution within each combustion-regime bin, 

masking the underlying dependence on combustion phase. To assess the sensitivity of these relationships to the AOD 

background correction, the analyses shown in Fig. 5a, b, and c were repeated using total column AOD in place of ΔAOD (Fig. 

S3). The resulting relationships are nearly identical, indicating that the observed dependence of plume aerosol loading on ΔCO, 340 

fire size, and ΔNO2/ΔCO is robust to the treatment of the background aerosol. 

 

 

Figure 5: Relationships between fire and combustion metrics and aerosol optical properties for the four land cover types. AOD 

is plotted vs (a) ΔCO, (b) fire size, (c) ΔNO2/ΔCO. SSA is plotted vs (d) average FRP, (e) ΔNO2, and (f) ΔNO2/ΔCO. Points 345 

denote binned median values and shading indicates the 25th–75th percentile range. Marker sizes represent fire size in panels 

(a), (c), (e), and (f), ΔCO in panel (b), and average VPD in panel (d). Marker sizes are normalized separately for each land 

cover type, or as labeled.  
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Figure 5d, e, and f show relationships between SSA and average FRP, ΔNO2, and ΔNO2/ΔCO, respectively. Across all land 350 

cover types, SSA decreases with increasing FRP, increasing ΔNO2, and increasing ΔNO2/ΔCO. These correlations indicate 

that aerosols emitted from more intense fires that burn under larger fractions of flaming combustion, and that are characterized 

by higher NOx emissions are systematically more absorbing. The similarity of the trends across FRP, ΔNO2, and ΔNO2/ΔCO 

reflects the close coupling between fire intensity and combustion phase identified in Fig. 4. Variations in fuel dryness indicated 

by marker size scaled to average VPD in panel (d) and variations in fuel load indicated by marker size scaled to fire size in 355 

panels (e) and (f), as well as large quartile ranges demonstrate that these factors are not independent but evolve together. The 

observed decreases in SSA under increasingly flaming conditions are consistent with enhanced emissions of BC relative to 

OC aerosol. Flaming combustion favors the production of highly absorbing BC, whereas smoldering combustion produces 

larger quantities of organic aerosol that contribute primarily to scattering. Consequently, shifts toward more flaming 

combustion reduce SSA by increasing the relative contribution of aerosol absorption. Although retrieved SSA may also be 360 

influenced by systematic retrieval sensitivities (Section 2.5), the consistent relationships between SSA across multiple 

combustion metrics indicate that combustion conditions exert a first-order control on aerosol absorptivity across all land cover 

types examined in this study. Taken together, these results reveal distinct combustion and aerosol optical regimes across the 

four land cover types, which are summarized in Table 1. The land cover type ordering emphasizes the contrast between 

shrubland and evergreen broadleaf forest fires, which define the extremes of the observed relationships among fuel dryness, 365 

combustion phase, aerosol loading, and aerosol absorptivity.  

 

Table 1 Summary of fire metrics, combustion conditions, and aerosol optical properties for all land cover types.  

 

 370 

3.3 Spatial organization of aerosol optical properties  

The relationships presented in Section 3.2 describe how combustion conditions influence plume-averaged aerosol optical 

properties across different land cover types. However, wildfire plumes are spatially heterogeneous, with substantial variability 

in aerosol and trace gas concentrations occurring within individual plumes. To characterize this spatial variability, we 

employed two complementary analyses. The first compares NO2-defined plume cores, representing the most combustion-375 
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influenced regions of the plume, with the surrounding plume ("rest"), thereby quantifying spatial gradients in aerosol loading 

and absorptivity. The second examined how plume-averaged aerosol optical properties vary with increasing analysis-box size, 

providing complementary information on the spatial organization of aerosol optical properties across progressively larger 

portions of wildfire plumes. 

Figure 6a and b show the core-rest analysis by relating AOD (core-rest) and SSA (core-rest), respectively, to CO (core-rest), 380 

with marker size representing NO2 (core-rest). Positive values indicate higher concentrations in the NO2-defined plume core 

than in the surrounding plume. Distributions of plume core-rest differences for NO2, CO, AOD, and SSA are provided in Fig. 

S4. All land cover types exhibit positive core-rest differences in both AOD and CO (Fig. 6a), showing that NO2-defined plume 

cores are characterized by enhanced aerosol loading and trace gas abundance. Furthermore, AOD (core-rest) increases with 

CO (core-rest) across all land cover types, indicating that spatial gradients in aerosol loading closely follow those in the 385 

relatively long-lived tracer CO. Larger NO2 (core-rest) enhancements generally coincide with larger CO (core-rest) values 

despite the more rapid chemical loss of NO2.  

 

Figure 6: Spatial organization of aerosol optical properties within wildfire plumes for the four land types. (a) Core-rest 

differences in AOD and (b) SSA as a function of CO. Points denote binned median values and shading indicates the 25th–75th 390 

percentile range. Marker size represents the corresponding core-rest NO2 difference and is normalized separately for each land 
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cover type. Panels (c–e) show the fraction of plumes for which ΔAOD, SSA, and ΔNO2/ΔCO, respectively, exceed the 

corresponding value obtained using the reference 0.8° x 0.8° latitude/longitude analysis box when applying either a smaller 

(0.4° x 0.4°) or larger (1.2° x 1.2°) analysis box.  

 395 

Figure 6b shows SSA (core-rest) as a function of CO (core-rest). In contrast to AOD, SSA (core-rest) remains close to zero 

across the full range of CO (core-rest), indicating that aerosol absorptivity exhibits substantially weaker spatial gradients than 

aerosol loading. Nevertheless, most observations exhibit slightly negative SSA (core-rest) values, indicating that plume cores 

are, on average, marginally more absorbing than surrounding plume regions. The core-rest analysis is insensitive to the choice 

of NO2 percentile used to define the plume core, with 70th and 90th percentile thresholds producing qualitatively similar 400 

contrasts in AOD, SSA, CO, and NO2 to those obtained using the 80th percentile threshold adopted in the main analysis. 

The second analysis examines how plume-averaged aerosol optical properties vary with spatial scale by comparing results 

obtained using smaller (0.4° x 0.4° latitude/longitude) and larger (1.2° x 1.2° latitude/longitude) analysis boxes with those 

from the reference 0.8° x 0.8° analysis box. ΔAOD (Fig. 6c) decreases modestly with increasing analysis-box size across all 

land cover types, consistent with increasing dilution as progressively larger plume regions are sampled. The corresponding 405 

total column AOD exhibits the same qualitative box-size dependence across all land cover types (Fig. S5), indicating that the 

inferred dilution signal is robust to the treatment of the background aerosol. SSA plume averages shown in Fig. 6d reveal a 

systematic tendency toward increasing SSA with increasing spatial scale: between 61% and 83% of plumes exhibit lower SSA 

in the 0.4° x 0.4° analysis box than in the reference box, whereas between 65% and 80% exhibit higher SSA in the 1.2° x 1.2° 

box. Although retrieved SSA may also be influenced by systematic retrieval sensitivities (Section 2.5), these effects are 410 

unlikely to explain the consistent increase in SSA observed across multiple land cover types and analysis-box sizes. To 

distinguish dilution from concurrent chemical processing, Fig. 6e shows the corresponding behavior of ΔNO2/ΔCO. The large 

majority of plumes exhibit distinctly higher ΔNO2/ΔCO in the smaller analysis box and lower values in the larger box. Previous 

work using the same type of box-size analysis demonstrated that this systematic decrease in ΔNO2/ΔCO results from the more 

rapid chemical loss of NO2 relative to the much longer-lived CO (Anderson et al., 2023).  415 

Although the two analyses examine plume structure from different perspectives, they arrive at a consistent conclusion. The 

core-rest analysis demonstrates that plume cores contain substantially higher aerosol loading but only slightly lower SSA than 

surrounding plume regions, while the box-size analysis shows that SSA increases as progressively larger portions of the plume 

are sampled. Together with the concurrent decrease in ΔNO2/ΔCO, these observations indicate that aerosol absorptivity 

evolves while chemical processing is taking place. Consequently, the observed increase in SSA cannot be attributed to dilution 420 

alone but instead likely reflects the combined effects of chemical processing, dilution, and mixing. Note also that aerosol 

retrieval gaps near fire sources may underrepresent the youngest plume segments and some of the most rapid early changes in 

aerosol absorptivity. The agreement between the independent core-rest and box-size analyses provides confidence that the 

observed behavior in AOD and SSA is a robust characteristic of the sampled wildfire plumes, although the present observations 

cannot distinguish the relative contributions of individual processes altering the smoke plume.  425 
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The box-size dependence of AOD, SSA and ΔNO2/ΔCO reflects the spatial scales sampled by our analysis. Using a 0.8° x 

0.8° latitude/longitude analysis box (approximately 90 km x 90 km at 10° S and 90 km x 70 km at 40° S) means that most 

observations represent plume ages of several hours rather than freshly emitted or multi-day transported smoke. Because the 

active fire is located near the center of each analysis box and TROPOMI observes each plume once daily around midday, this 

sampling primarily captures sub-daily plume evolution. Previous aircraft campaigns have documented rapid chemical 430 

transformation of wildfire smoke over these sub-daily timescales, with observations spanning fresh emissions to smoke several 

hours downwind (Kleinman et al., 2020; Warneke et al., 2023). The spatial gradients in aerosol and trace gas abundance 

observed here are consistent with plumes that have undergone substantial atmospheric processing while retaining distinct 

plume-core structure. Histograms of the CO dilution metric (see Section 2.4) yield remarkably similar distributions across all 

land cover types, with mean and median values near 0.5 (Fig. S6). These values indicate moderately diluted yet still well-435 

defined smoke plumes, suggesting that substantial dilution has already occurred while distinct plume-core enhancements 

remain. Because the CO dilution metric quantifies the contrast between average plume conditions and the plume core, similar 

values across land cover types suggest that TROPOMI is sampling plumes in broadly comparable mixing states despite large 

differences in fire size, emissions, and plume aerosol loading.  

4 Summary and conclusions 440 

This study demonstrates that combustion conditions exert a first-order control on wildfire aerosol optical properties. More 

flaming combustion generally produces more absorbing aerosol populations, whereas more smoldering combustion is 

associated with larger AODs and more scattering-dominated smoke. The contrast is particularly evident between shrubland 

fires, which had the highest mean ΔNO2/ΔCO (0.0064), and evergreen broadleaf forest fires, which had the lowest (0.0018), 

with corresponding shifts from more absorbing toward more scattering aerosol populations. Across all land cover types 445 

analyzed here, consistent relationships between SSA, FRP, ΔNO2, and ΔNO2/ΔCO indicate that aerosol absorptivity responds 

systematically to variations in combustion phase and fire intensity, while ΔAOD is more strongly linked to total emissions and 

fuel loading, as reflected by its relationships with fire size and ΔCO. Together, these results demonstrate that plume-averaged 

AOD and SSA observations provide complementary information about wildfire behavior, with AOD primarily reflecting 

emission strength and aerosol loading, and SSA primarily reflecting combustion conditions. These relationships were found 450 

to be largely insensitive to the choice of background-subtracted or total column AOD, providing confidence that the principal 

conclusions are not driven by the treatment of the background aerosol. 

These findings are consistent with previous satellite observations linking higher ΔNO2/ΔCO to more flaming combustion 

across land cover types and to increasing fire radiative outpu (van der Velde et al., 2021; Anderson et al., 2023). However, 

whereas Anderson et al. (2023) observed increasing AOD with ΔNO2/ΔCO during the evolution of an individual fire, no clear 455 

monotonic relationship was found across the large fire ensemble analyzed here. This difference indicates that, across diverse 

wildfires, variability in total emissions and fuel loading can dominate aerosol loading and obscure its dependence on 
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combustion phase. The present results therefore extend previous trace-gas-based characterization of wildfire combustion by 

demonstrating that aerosol loading and absorptivity provide distinct and complementary information about wildfire emissions 

and combustion conditions.  460 

The plume-core and box-size analyses demonstrate that atmospheric processing, dilution, and mixing collectively contribute 

to the observed spatial variability in aerosol loading and absorptivity and that AOD and SSA exhibit fundamentally different 

spatial behavior within wildfire plumes. Aerosol loading remains closely coupled with smoke abundance and dilution, whereas 

aerosol absorptivity exhibits substantially weaker spatial variability. Nevertheless, SSA changes systematically with spatial 

scale: 61-83% of plumes exhibited lower SSA in the 0.4° x 0.4° analysis box than in the 0.8° x 0.8° reference box, whereas 465 

65-80% exhibited higher SSA in the 1.2° x 1.2° box. The accompanying decrease in ΔNO2/ΔCO with increasing analysis box 

size indicates that the observed increase in SSA occurs while chemical processing is simultaneously taking place, indicating 

that the spatial patterns are unlikely to reflect dilution alone. This behavior is consistent with previous aircraft observations 

showing rapid chemical transformation of wildfire smoke over timescales of several hours (Kleinman et al., 2020; Warneke et 

al., 2023). However, the present observations cannot distinguish the relative contributions of chemical processing, dilution, 470 

and mixing with surrounding aerosols. More broadly, these results indicate that aerosol absorptivity is more spatially 

homogeneous than aerosol loading and trace gas abundance over the plume scales sampled here. The consistency of plume-

core and box-size analyses provides additional confidence that these inferred spatial patterns reflect plume evolution rather 

than methodological artifacts.  

The relationships presented here provide observational constraints on the links between combustion conditions, aerosol optical 475 

properties, and the spatial organization of wildfire smoke, offering a framework for evaluating whether models realistically 

represent the coupled effects of emissions, aerosol growth, mixing, and chemical processing on aerosol radiative properties. 

More broadly, these observations add to the established understanding that wildfire aerosol optical properties are shaped by 

both combustion conditions and atmospheric processing by showing that aerosol loading and absorptivity exhibit distinct 

spatial behavior within wildfire plumes. Because the analysis is primarily sensitive to plume structure and atmospheric 480 

processing on sub-daily timescales, it does not directly constrain longer-timescale processes associated with multi-day 

transport, cloud processing, or changes in aerosol composition such as brown carbon photobleaching. Nevertheless, the results 

suggest that important changes in aerosol absorptivity occur on sub-daily timescales, highlighting the importance of accurately 

representing the coupled effects of combustion conditions, early plume mixing, and atmospheric processing when quantifying 

the radiative effects of wildfire aerosol in regional and global atmospheric models. The present analysis is also subject to 485 

retrieval uncertainties, however, the principal relationships between combustion conditions, aerosol optical properties, and 

plume structure were robust across the sensitivity analyses performed here. 

Future work could combine TROPOMI aerosol observations with geostationary fire measurements, plume transport analyses, 

and meteorological data to investigate how diurnal variations in fire intensity and combustion conditions influence aerosol 

optical properties throughout the wildfire lifecycle. Such analyses could help link the statistical relationships identified here 490 
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between fire and combustion metrics and AOD and SSA to the temporal evolution of individual wildfire plumes, while 

providing additional constraints on the relative roles of emissions, atmospheric processing, dilution, and plume mixing.  
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