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Abstract. Formic acid (HCOOH) is a prevalent organic acid that influences rain acidity and aerosol properties. However,

models largely underestimate its atmospheric abundance, particularly in biomass burning plumes. Here, we use the Infrared

Atmospheric Sounding Interferometer (IASI) to track HCOOH evolution in ageing South American biomass burning plumes

during the exceptionally active 2024 fire season. By integrating IASI retrievals of total column HCOOH (TCHCOOH) and car-

bon monoxide (TCCO) with atmospheric trajectory modelling, we analyse HCOOH changes over the rarely studied week-long5

period. We particularly focus on the free troposphere, consistent with satellite sensitivity and reported transport altitudes. We

find that HCOOH formation is most pronounced between the day of emission (Day 0) and the following day (Day 1), with the

TCHCOOH:TCCO ratio increasing by ∼5.7 ± 1.0% day−1. Between Day 2 and Day 6, the TCHCOOH:TCCO ratio decays

at ∼4.8 ± 0.8 % day−1 as HCOOH is lost, then stabilises by Day 8. Box modelling based on the UK Chemistry and Aerosol

model, initialised in the free troposphere (850 hPa) using in-plume observations, captures the increase in HCOOH:CO on the10

first day (4.4% day−1) but slightly underestimates it. The model identifies hydroxymethyl-methyl-α-lactone (HMML, an iso-

prene oxidation product), ethene, and acetylene as key HCOOH precursors. HMML might be influenced by vegetation-derived

emissions. After Day 1, the simulated HCOOH:CO ratio declines smoothly (2.7% day−1), dominated by OH oxidation. This

work demonstrates a novel approach that combines different observations and methods to investigate atmospheric chemistry in

biomass burning plumes over week-long timescales.15

1 Introduction

Formic acid (HCOOH) is a ubiquitous volatile organic compound (VOC) in the troposphere. As an organic acid, it plays an im-

portant role in regulating atmospheric acidity, particularly in natural environments (Andreae et al., 1988). Over boreal forests,

HCOOH reduces rainwater pH by 0.25 to 0.5 units (Stavrakou et al., 2012). As a result, HCOOH can limit pH-dependent
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reactions in clouds and on aqueous aerosol surfaces (Jang et al., 2002; Surratt et al., 2007; Tilgner et al., 2021). Additionally,20

HCOOH influences the hygroscopic properties of aerosols (Silva et al., 2022; Tan et al., 2024), potentially contributing to cloud

condensation nuclei abundance (Yu, 2000). The direct sources of HCOOH include fossil fuel combustion (Friedman et al.,

2017), biomass burning (R’honi et al., 2013), and emissions from soil (Sanhueza and Andreae, 1991) and plants (Kesselmeier

et al., 1998). The photochemical oxidation of biogenic (e.g. isoprene, ethene and monoterpenes) and non-biogenic (e.g. acety-

lene) VOCs contributes significantly to secondary HCOOH production (Millet et al., 2015; Stavrakou et al., 2012) and occurs25

via reaction with the hydroxyl radical (·OH) or ozonolysis, depending on the compound (Millet et al., 2015). HCOOH is largely

lost by wet and dry deposition within the boundary layer, limiting the lifetime of HCOOH to 2-4 days (Franco et al., 2021). In

the free troposphere, oxidation by the OH radical is the dominant sink (Millet et al., 2015; Paulot et al., 2011) and the HCOOH

lifetime increases to ∼25 days (Franco et al., 2021). Based on known HCOOH sinks and sources, modelled HCOOH concen-

trations regularly underestimate ambient observations by a factor of three, pointing to an unknown production source (Franco30

et al., 2021; Millet et al., 2015; Stavrakou et al., 2012). Aqueous-phase oxidation and heterogeneous reactions on aerosols have

been suggested as significant sources of HCOOH that might help to close the budget (Cope et al., 2021; Franco et al., 2021;

Jiang et al., 2023), however, these sources remain uncertain and have been challenged (Nguyen et al., 2023).

Models particularly underestimate observed HCOOH abundances in biomass burning plumes, with simulations showing

HCOOH magnitudes to be underestimated by a factor of 4-10 in these plumes (Chaliyakunnel et al., 2016; Permar et al.,35

2023), especially in the tropics. This discrepancy has been attributed to the secondary formation of HCOOH (R’honi et al.,

2013; Wizenberg et al., 2023; Yamanouchi et al., 2020), and an overall underestimation of the amount of HCOOH emitted

from fires (Viatte et al., 2015; Wizenberg et al., 2023). Investigations have revealed that the concentrations of HCOOH in

biomass burning plumes can be two orders of magnitude higher than expected from emissions alone (Chen et al., 2021). In

the extratropics, modelling by Wizenberg et al. (2023) captured observed HCOOH magnitudes in biomass-burning plumes but40

struggled to capture their variability.

Studies of HCOOH in biomass-burning plumes have frequently relied on observations from aircraft campaigns (e.g., Chen

et al., 2021; Johansson et al., 2022) and ground-based Fourier transform infrared (FTIR) spectrometers (e.g., Viatte et al., 2015;

Yamanouchi et al., 2020). Supported by laboratory experiments, these approaches have provided important insights into the

chemical processes controlling HCOOH production and loss (e.g., Zhang et al., 2025). Over the past two decades, satellite45

observations have enabled the retrieval of HCOOH total columns, substantially expanding the spatial coverage of observations

and providing valuable constraints for atmospheric models and biomass-burning emission estimates through the derivation

of emission factors (e.g., Pommier et al., 2017; Tereszchuk et al., 2011). However, satellite observations have rarely been

exploited to investigate the fate of HCOOH within biomass-burning plumes. This represents an important gap, as the detailed

measurements provided by aircraft and FTIR instruments are generally limited to short observational periods and spatially50

restricted segments of a plume, typically spanning less than a day. Consequently, these approaches are often insufficient to

track the evolution of HCOOH over the days-to-weeks timescales relevant to plume ageing and transport. However, satellite

retrievals can provide a valuable complementary perspective, enabling the investigation of processes controlling HCOOH
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evolution in biomass-burning plumes over regional scales and over the week-long timescales characteristic of its atmospheric

variability (Chen et al., 2021).55

This study aims to characterise and assess the evolution of HCOOH in biomass-burning plumes as they age and are trans-

ported during the week after emissions, using satellite retrievals from the Infrared Atmospheric Sounding Interferometer (IASI).

Our analysis centres on South American plumes, since this region, together with Africa, experiences the highest annual abun-

dance of biomass-burning-derived HCOOH in the southern tropics and midlatitudes (Glatthor et al., 2025). Specifically, we

examine the August to October 2024 fire season, a period marked by long-range transport of large-scale biomass burning60

plumes that extended across the Atlantic (see example in Fig. 1). This period was preceded by record-breaking drought con-

ditions over tropical South America (Signori et al., 2026; Barkhordarian et al., 2025), which triggered an exceptionally high

number of fires in the region, including in key ecosystems such as the Amazon and Pantanal (Belém et al., 2026; Bourgoin

et al., 2025). To provide a comprehensive understanding, we integrate data from meteorological reanalysis and retrievals of

Aerosol Optical Depth (AOD) from the Moderate Resolution Imaging Spectroradiometer (MODIS), alongside IASI satellite65

retrievals of HCOOH and carbon monoxide (CO). We characterised biomass-burning plumes during the period using atmo-

spheric trajectory modelling, and analysed HCOOH chemistry with the United Kingdom Chemistry and Aerosol (UKCA) box

model.

2 Methods

This study investigates atmospheric HCOOH levels during the South American fire season (August to October) of 2024.70

During this time period, biomass burning plumes were frequently transported within South America and extended out over

both the Pacific and Atlantic oceans, with some reaching Africa. As illustrated in Fig. 1, elevated total columns of HCOOH

and CO, averaged over a 7-day period, reveal a large biomass burning plume moving from South America across the Atlantic.

To quantify the spatial and temporal evolution of HCOOH levels, we analysed total column carbon monoxide (TCCO) and

total column formic acid (TCHCOOH) data, along with AOD, as detailed in Sections 2.1 and 2.2. In addition, we used an75

atmospheric transport model to compute forward air mass trajectories to isolate and characterise the biomass burning plumes

as described in Sections 2.3 and 2.4. We completed the study by conducting chemical box-model simulations of idealised

plumes with representative conditions; the details are described in Section 2.5.

2.1 IASI-Retrieved Total Columns of HCOOH and CO

Satellite-retrieved measurements of TCHCOOH and TCCO were utilised to identify biomass burning plumes and quantify80

HCOOH variability within them. CO is a key tracer of biomass burning combustion and is commonly used to define the

variation of more reactive tracers, as CO can persist in the atmosphere for 1-3 months after emission (Duncan et al., 2007).

Consequently, for analysis on a one-week scale, CO is expected to be relatively stable. For this study, we used the TCHCOOH

and TCCO retrieved by the University of Leicester IASI Retrieval Scheme (ULIRS) (Illingworth et al., 2011). ULIRS employs

an optimal estimation approach to retrieve trace-gas profiles from IASI-measured radiances using radiances simulated by the85
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Figure 1. Median total column HCOOH [1016 molecules cm−2] (background colours) and total column CO [1018 molecules cm−2] (black

contour lines) from 9th September to 16th September 2024 (illustrative plumes). White indicates that no data were available to calculate a

median value at the pixel.

Reference Forward Model (Dudhia, 2017). To retrieve TCHCOOH, ULIRS uses seven different absorption bands: 1082-1090

cm−1, 1092.5-1093.5 cm−1, 1095.5-1098 cm−1, 1103-1106 cm−1, 1109-1109.75 cm−1, 1113-1119 cm−11 and 1123-1134

cm−1. For TCCO, ULIRS uses the broadband 2143-2181 cm−1. The sensitivity of IASI near the surface is limited; on average,

the vertical sensitivity of the product peaks at 250 hPa for TCHCOOH and 700 hPa and 200 hPa for TCCO (see Fig. S1). This

sensitivity intrinsically defines biomass burning plumes closer to the mid-troposphere as the focus of this study.90

TCHCOOH and TCCO are retrieved from the IASI sensors on board MetOp-B and MetOp-C. These two MetOp satellites

are sun-synchronised, polar-orbiting satellites that cross the equator at their ascending and descending nodes at approximately

21:30 and 9:30 local time, respectively. For this study, the ULIRS retrievals were gridded onto a 1.0°×1.0° grid. The products

provide a measure of the degree of freedom signal (DOFS) for the retrieved total columns, indicating the extent to which the

retrieved columns are dominated by their a priori profile. Only retrievals with DOFS > 0.5 were used, ensuring that the retrieved95

product contained a meaningful independent signal from the satellite measurement rather than being dominated by the a priori

information. For these products, ULIRS operational data quality filtering removed pixels with cloud cover greater than 25%.

This study presents the first scientific application of the ULIRS TCHCOOH product. To assess its performance, we compared

the product with geographically and contextually relevant ground FTIR retrievals of TCHCOOH from the Belgian Institute for
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Space Aeronomy (BIRA-IASB) in Porto Velho, Brazil (Vigouroux et al., 2021) during the 2019 fire season. This comparison100

shows good accuracy for the ULIRS product (see Fig. S2), yielding a Spearman correlation of 0.88 between the FTIR-retrieved

TCHCOOH and the IASI-derived average TCHCOOH within 3 hours and 100 km of the FTIR measurement. However, ULIRS

tended to underestimate TCHCOOH compared to the ground-based retrieval, with a mean bias of 27%. Further details of the

comparison are provided in Text S1.

2.2 MODIS Aerosol Optical Depth105

We used AOD to detect aerosols in the biomass burning plume, which may act as a potential precursor of HCOOH formation

(Cope et al., 2021; Jiang et al., 2023; Zhang et al., 2025). We utilised the MODIS Aerosol Collection 6.1 products MOD04_L2

and MYD04_L2, obtained from Terra and Aqua, respectively (NASA, 2021). These are daily Level 2 datasets at 10 km reso-

lution. Specifically, we adopted the AOD 550nm dark target deep blue combined product, which integrates differential quality

filters for land and ocean to deliver a high-quality product. We resampled the product to the same 1.0°×1.0° grid used for110

TCHCOOH and TCCO, using nearest-neighbor method.

2.3 Fire activity and forward trajectories

We combine satellite data and atmospheric trajectory modelling to investigate the origin, atmospheric transport, and temporal

evolution of biomass burning plumes. We used MODIS active fire hotspots to identify where fire events began across South

America during our study period. We used only hotspots with a confidence level greater than 80%, as these indicate high115

confidence that the hotspot represents surface vegetation burning (Giglio, 2013). To account for fires that likely contribute to

large magnitude emissions, we filtered hotspots by fire radiative power (FRP). Active fires with an FRP greater than the 75th

percentile of the data (100 MW) were selected. From this, we created a 1.0◦×1.0◦ density map of fire occurrence for the three

studied months. From the density map, we selected pixels with accumulated hotspots greater than 15. This aimed to identify

large and/or frequent sources. We used the resulting 474 pixels as release locations to calculate air-mass forward trajectories.120

For the release altitudes of the forward trajectories, we used the two plume injection height products from the Global Fire

Assimilation System (GFAS) (CAMS, 2022). The first product is produced by the Monitoring and Modelling System for

wildland fires (IS4FIRES), while the second is produced by a one-dimensional plume rise model as the “mean height of max

injection” (Rémy et al., 2017). Both products are suitable for describing the plume injection height, and each has individual

strengths that make them complementary for this analysis (Rémy et al., 2017). The product heights, in meters, were converted to125

pressure levels using surface temperature and pressure from meteorological reanalysis from the European Centre for Medium-

Range Weather Forecasts 5th Generation Atmospheric Reanalysis (ERA5). For this, we used the barometric equation assuming

that temperature decreases linearly with height at a lapse rate of 6.2 K km−1 (Mokhov and Akperov, 2006). From the products,

we calculated the most frequent injection altitudes and used them as the release altitudes for each point extracted from the

3-month density map.130

Once release points were defined, we ran forward trajectories using the Reading Offline Trajectory Code (ROTRAJ) (Methven

et al., 2003), which computes air-mass trajectories from the ERA5 reanalysis. The forward trajectories were run for 240 hours

5

https://doi.org/10.5194/egusphere-2026-6903
Preprint. Discussion started: 12 November 2026
c© Author(s) 2026. CC BY 4.0 License.



(i.e., 10 days) with a time step of 3 hours. A new forward trajectory was calculated for each release point every 6 hours, starting

from August 1st at 00:00. In this configuration, ROTRAJ outputs the location, specific humidity, and temperature, extracted

from the ERA5 reanalysis, at each time step along each trajectory.135

We applied the same set of release points daily over the study period, and used the daily fire emission distribution to activate

or deactivate the trajectories (i.e., to select which were included in the analysis for each day). Additionally, the emissions were

used to weight trajectories to characterise the plume (see Section 2.4). For this, we use CO emissions from the near-real-time

extension of the fifth version of the Global Fire Emissions Database (GFED5.1) (van der Werf et al., 2025). In South America,

GFED5.1 has been shown to present higher CO emissions than other commonly used inventories, particularly in forest cover140

(Velásquez-García et al., 2026). However, more moderate inventories have been shown to underestimate emissions for this

2024 event by a factor of 1.5-3 (de Laat et al., 2026).

2.4 Biomass burning plume characterisation

The biomass burning plumes originating from South America were identified by combining the locations of the forward

trajectories and the TCCO and TCHCOOH values above a subjective threshold (2.0× 1018 molecules cm−2 and 0.008× 1018145

molecules cm−2, respectively). We chose the thresholds based on imagery observations of biomass burning plumes during

the period (e.g., see Figs. S3 and S4). The chosen thresholds enable a more pronounced extraction of in-plume trace-gas

enhancements, distinguishing them from background levels. The locations of the forward trajectories were gridded at the same

spatial resolution as the satellite-retrieved data (i.e., 1.0◦×1.0◦ grid). The trajectory steps in a grid were aggregated daily as

layers with all their features (i.e., temperature, humidity, altitude, and age). Only daily grids with a minimum overlap of five150

trajectory steps (a balance between sample size and the retention of spatial information) and with TCCO and TCHCOOH

values exceeding the subjective thresholds were used, limiting the analysis to the more frequent transport route of the South

American plumes and avoiding paths of solely African plumes.

The weighted median was used to represent the grid features in the multilayer grid. Here, we linearly weighted each trajectory

step by age-adjusted emission strength, assuming that plumes with larger emissions would dominate the observed variability155

in satellite retrievals. The GFED5.1 CO emissions at the release point (t=0) were adjusted by trajectory age at each trajectory

step to account for chemical loss and dispersion outside the plume. For every 3-hour step, the CO emissions (E, kg/kg) were

reduced using an e-folding lifetime (τ ) of 30 days (see Equation 1):

Et = Et−1e
∆t/τ (1)

Here, E0 is the actual emission at the starting location; this is reduced by an e-folding lifetime, where ∆t (seconds) is the 3 h160

step and τ (seconds) = 30 days. A 30-day lifetime is used, based on Goudar et al. (2023). Different weighted-average methods

were analysed, yielding consistent results (see Figure S5(b)).

To investigate the spatio-temporal evolution of TCHCOOH, we employed the normalised enhancement ratio of TCHCOOH

relative to TCCO (NERHCOOH ) and the direct ratio between the two products, TCHCOOH:TCCO. NERHCOOH is defined as

6

https://doi.org/10.5194/egusphere-2026-6903
Preprint. Discussion started: 12 November 2026
c© Author(s) 2026. CC BY 4.0 License.



the slope obtained from a linear regression of TCHCOOH against TCCO, calculated within isolated biomass burning plumes165

for each estimated day of plume age. NERHCOOH enables direct comparison with values reported in the literature and is

also dilution-corrected by background removal. The TCHCOOH:TCCO ratio is used to compare observed data directly with

HCOOH:CO ratios produced by the box model simulations. We evaluated different thresholds, as shown in Fig. S5(a), which

produced a similar evolution of the TCHCOOH:TCCO ratio throughout the ageing plume, although variability was large at the

oldest stage, resulting in different slopes. So, to capture the broader range of variation beyond the initially selected threshold,170

we included two additional alternative thresholds when calculating the trend slopes for both ratios. Specifically, we used nine

combinations of the pair of thresholds based on 0.006, 0.008, and 0.01 × 1018 molecules cm−2 for TCHCOOH, and 1.8, 2.0,

and 2.2 × 1018 molecules cm−2 for TCCO. For each threshold pair, we calculated the slopes using ordinary least squares

regression, repeated within 1000 bootstrap iterations. We report the slope as the mean with a 95% confidence interval.

2.5 Box model analysis of in-plume HCOOH sensitivities175

We use the box-model version of the UKCA scheme (O’Connor et al., 2014), the atmospheric chemical model of the United

Kingdom Earth System Model (UKESM), to assess the chemical budget of HCOOH in biomass burning plumes. For this study,

we refer to this box model as UKCA-box. Currently, UKCA-box is primarily used as a development tool for UKCA, as it omits

key processes such as dry/wet deposition and emissions (Esentürk et al., 2018). However, because it runs the same UKCA code

over a single cell, neglecting the impacts of atmospheric transport that would occur in UKESM, it can cost-effectively test the180

short-term temporal evolution of atmospheric chemistry within an atmospheric parcel using pre-defined initial conditions. For

this study, we conduct a sensitivity analysis assessing the response of HCOOH to varying initial chemical conditions. We used

the UKCA-box with the Common Representative Intermediates version 2.2 tropospheric chemistry mechanism, CRI v2.2,

combined with stratospheric chemistry (CRI-Strat) (Archer-Nicholls et al., 2021). CRI-Strat is an intermediate-complexity

chemistry scheme that represents the near-explicit mechanisms of the Master Chemical Mechanism while reducing its com-185

plexity via lumped species and reactions (Archer-Nicholls et al., 2021). Here, CRI-Strat is coupled to the GLObal Model

of Aerosol Processes (GLOMAP) (Spracklen et al., 2005) to represent aerosol evolution. CRI-Strat + GLOMAP has more

than double the number of reactions and almost three times the number of chemical species than the simplified Strat-Trop +

GLOMAP scheme commonly used in UKESM (Archer-Nicholls et al., 2021). Although this makes using the CRI-Strat scheme

more computationally expensive for a UKCA simulation, it is appropriate for sensitivity testing within a box model.190

CRI-Strat contains four sources and one sink of HCOOH. As sources, it includes the OH-oxidation of C5H8, acetylene

(C2H2), and hydroxymethyl-methyl-α-lactone (C4H6O3, also known as HMML), as well as the ozonolysis of ethene (C2H4),

the simplest alkene. HMML is produced in a downstream step of the C5H8 oxidation chain, triggered by the presence of NO

(Daimari et al., 2026; Jenkin et al., 2015). In CRI-Strat, the HMML oxidation reaction is a lumped version of two explicit

reactions in the Master Chemical Mechanism. In forested environments, C5H8 is recognised as a major precursor for HCOOH195

production (Link et al., 2020). In contrast, C2H2 is identified as a dominant non-biogenic precursor (Paulot et al., 2011). In the

model, HCOOH is lost by OH-oxidation, and because the UKCA-box does not include any physical loss, this is the only sink

of HCOOH considered in this study. However, because we focus on lofted plumes in the free troposphere due to the vertical
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Table 1. Comparison of initial meteorological conditions and mass mixing ratio (MMR) for the UKCA box model control simulation and

SAMBBA-obs experiment.

Meteorological variable Control value Initial MMR [kg/kg] MMR controla MMR SAMBBA-obs

Latitude [◦] −12 CO 2.82× 10−7 2.82× 10−7

Longitude [◦] −55 NO 3.96× 10−11 7.70× 10−11

Temperature [K] 291.64 NO2 2.07× 10−10 5.20× 10−10

Pressure [hPa] 850 C2H6 9.6× 10−9 1.88× 10−9

Surface temperature [K] 299.62 O3 1.05× 10−7 2.91× 10−8

Boundary layer height [m] 430.89 C5H8 4.5× 10−11 1.30× 10−9

Surface pressure [hPa] 975 C2H4 1.0× 10−15 2.67× 10−9

Water vapour in air [kg/kg] 0.007 C3H6 1.0× 10−15 1.52× 10−9

Cloud ice in air [kg/kg] 0 C2H2 1.0× 10−15 5.09× 10−10

Liquid cloud water in air 0 C4H10 1.0× 10−15 1.89× 10−10

Surface albedo 0.2 C3H8 3.02× 10−9 6.11× 10−10

BENZENE 1.0× 10−15 1.62× 10−9

TOLUENE 1.0× 10−15 9.24× 10−10

a1.0E-15 is the default mass mixing ratio if no other initial condition is available for the compounds.

sensitivity of satellite retrievals, OH oxidation is expected to dominate over other sinks of HCOOH. Loss from dry and wet

deposition is negligible and minor, respectively (Paulot et al., 2011; Franco et al., 2021). The UKCA-box does not include the200

proposed source of HCOOH from aerosol and cloud heterogeneous reactions (Franco et al., 2021; Jiang et al., 2023).

UKCA-box was setup to run a control 240 h (10 days) simulation at a location matching a central plume release point for

ROTRAJ at 12◦S, 55◦W in mid-west Brazil, and an altitude of 850 hPa. We ran the UKCA-box starting at 9 am, close to

the morning overpass time of MetOp. At this time (9 am), the results from the model were compared with satellite retrievals

day by day. The initial conditions used in UKCA-box (chemical species mass mixing ratios - Table S1) were extracted for205

the same location on the 31st of August 2014 from a UKESM simulation, which used the UKCA Strat-Trop scheme with

all atmospheric processes considered. This was the most relevant available dataset from a model simulation that used UKCA

with both hourly resolution and including the fire season for South America. UKESM simulations incorporating UKCA have

been shown to capture large-scale chemistry over fire-active regions. They demonstrate reasonable agreement with satellite

observations of total column CO and NO2 in areas of intense biomass burning (Archibald et al., 2020). Additionally, UKCA210

simulations compare well with aircraft measurements of organic aerosols during biomass-burning events (Kelly et al., 2019).

For the box model, the initial meteorological conditions (Table 1) were obtained from the 2024 ERA5 reanalysis as extracted

by ROTRAJ at the release location.

Two sensitivity experiments were conducted using UKCA-box, to compare with the control experiment described previously

(summary in Table 1). The first experiment, designated “SAMBBA-obs”, aims to intialise the model from the closest possible215
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real state of atmospheric chemistry under biomass burning conditions. For this, SAMBBA-obs incorporates initial conditions

for 13 chemical species based on aircraft observations from the South American Biomass Burning Analysis (SAMBBA)

campaign, flight B737. This flight took place in Rondônia state in the Amazonian tropical forest in western Brazil on 20th of

September 2012 and targeted fresh biomass burning emissions (Hodgson et al., 2018). The measurements were taken at an

altitude of around 780 hPa .To extract the in-plume observations, we used a CO threshold of 3.38 ×10−15 kg kg−1 (350 ppbv)220

(see Fig. S6). We extracted the mass mixing ratios from 12:00 to 13:00 UTC-4 (local time) when CO exceeded the threshold.

These values were then averaged and scaled to enable direct comparison with the UKCA HCOOH and other simulated species

in the control experiment. We scaled the SAMBBA-derived observations using the ratio between the UKCA CO and the

SAMBBA mean CO (i.e., 2.82/6.58). The scaled mass mixing ratios for the 13 species extracted for this experiment are

presented in Table 1 along with their counterpart used in the control run. The SAMBBA-extracted compounds include C5H8,225

C2H2, and C2H4, which can directly affect the HCOOH budget in UKCA-box. The second experiment, labelled as "SAMBBA-

obs-noMPAN," aims to evaluate HMML-derived HCOOH formation, as HMML was not observed in the SAMBBA campaign,

unlike the other HCOOH precursor species in the UKCA-box. In both the control and SAMBBA-obs, HMML is primarily

produced by peroxymethacrylic nitric anhydride (MPAN), which in both experiments is initialised based on the extracted mass

mixing ratios from the UKESM simulation. Therefore, SAMBBA-obs-noMPAN uses the same initial conditions as SAMBBA-230

obs for all chemical species except for MPAN. Here, we change the initialised MPAN concentrations from 2.97×10−9 kg

kg−1, as used in the control experiment, to a lower-limit initial concentration of 1.0× 10−15.

3 Results and discussion

3.1 Fires in South America from August to October 2024

During the 2024 fire season in South America, significant active fires and CO emissions were predominantly detected in Brazil235

and Bolivia, as shown in Fig. 2 (a). Although the land area of Bolivia is approximately 13% of the area of Brazil, the total CO

emissions from August to October 2024 were similar. Bolivia emitted around 54 Tg of CO, and Brazil around 57 Tg of CO.

Lower, frequent and significant emissions were also detected in Paraguay, Perú, and Argentina. Fire activity was predominantly

observed in forests and savannas, with a smaller fraction in grasses and croplands (see Fig. S9). We estimate that around 47%

of derived hotspots were present on forest-dominated lands, including evergreen broadleaf forest, deciduous broadleaf forest,240

and evergreen needleleaf forest, with evergreen broadleaf forest accounting for the largest share of hotspots (34% of total

hotspots). According to de Laat et al. (2026), forest fires, rather than deforestation fires, dominated CO emissions during the

2024 fire season in South America. The contribution of each land cover to the total number of hotspots fluctuated by around

10% throughout the study period, but the contributions remained relatively stable. Savanna-dominated land contributed around

35% of the total hotspots. According to Akagi et al. (2011), forest fires emit more CO and HCOOH than savanna fires, and245

the proportion of HCOOH relative to CO is also higher in forests. Based on the emission factors, the HCOOH:CO emission

ratio is 8.5 ×10−3 g g−1 and 3.3 ×10−3 g g−1 for forest and savanna, respectively (Akagi et al., 2011). Over the study
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Figure 2. (a) Fire activity (black squares represent cells with dense hotspots with FRP > 100 MW) and CO emissions [Gg] (background

colour). (b) Histogram of biomass burning plume injection altitude [hPa] based on the 1-D model and IS4FIRES products proposed by GFAS.

In panel (b), the horizontal dashed lines describe the heights 725, 850, and 1000 hPa, observed as peak plume injection heights.

period, TCHCOOH and TCCO have a high correlation coefficient (r = 0.93), which provides evidence consistent with their

co-emission.

According to the combined distribution of the plume injection height products in Fig. 2 (b), emissions were primarily250

released near the surface (around 1000 hPa) and at 850 and 700 hPa, corresponding to altitudes of approximately 130, 1500,

and 3000 meters. This pattern aligns closely with the typical range of smoke transport. This is supported by Gonzalez-Alonso

et al. (2019); Jury et al. (2021); Marenco et al. (2016), who describe a typical dense smoke layer near the surface and at around

900 and 600 hPa over the South American continent using CALIOP lidar data and an aircraft campaign. These altitudes (i.e.,

1000, 850, and 700 hPa) were used to release the 10-day ROTRAJ forward trajectories. As expected for the region, the surface-255

released trajectories tended to accumulate over the continent, particularly to the east of the Andean Mountains. As a result,

around 50% of the surface-released 10-day trajectories had a net horizontal distance between the release point and the endpoint

of less than 5 degrees. In contrast, the median distances for the trajectories released at 850 and 700 hPa were 20◦ and 22◦,

respectively. We excluded surface-released trajectories from further analysis because they remained in the lower troposphere

(median 995 hPa), whereas the satellite retrievals are most sensitive to the mid- and upper troposphere.260

3.2 Biomass burning plume transport and features

Once we identified South American biomass burning plumes, we examined their transport patterns and characterised features.

Figure 3 (a) and (b) illustrate the density of both the forward trajectories and pixels exceeding the satellite column thresholds.

10

https://doi.org/10.5194/egusphere-2026-6903
Preprint. Discussion started: 12 November 2026
c© Author(s) 2026. CC BY 4.0 License.



In Fig.3 (b), the black contour line encircles the compiled daily accepted trajectory and threshold limits, indicating that plumes

outside this area were not considered in the study. In Fig. 3 (b), the density of pixels exceeding the threshold during the study265

period shows two common paths for the plumes over the Atlantic Ocean, covering at least 20% of the study days. The paths

connecting South America and Africa are below and above 10◦S, each covering a latitude range of about 20◦ to the south and

north, respectively. In Fig. 3(a), the trajectory model primarily simulates the southern path, suggesting this as the more frequent

path for plumes originating in South America. Our observations show that the 10◦S to 10◦N latitude range is also frequent for

South American plumes moving eastward in October (see Figs. S3 and S4). However, the frequency of days with threshold270

exceedance was above 50%, while only 10% of days had South American trajectories. This indicates that this latitudinal range

was primarily associated with African plumes moving westward toward South America.

TCHOOH controls the daily data coverage because the weaker HCOOH spectral signature results in fewer robust retrievals

than TCCO. Consequently, data coverage is further reduced in regions with persistent cloud cover and over highly reflective

surfaces, where a larger proportion of observations fail the filtering criteria. In Fig. 3 (b), the areas lacking data point to highly275

reflective areas such as over the Sahara Desert and the western South Atlantic and South Pacific oceans, regions often covered

by marine stratocumulus clouds.

Biomass burning plumes from South America reached both the Atlantic and Pacific oceans. According to the forward

trajectories, around 64% of the plumes reached the Atlantic, while 17% reached the Pacific Ocean. In the studied period, the

transport of large plumes of biomass-burning emissions across the continent was largely controlled by the South American280

Low-Level Jet (SALLJ) at the eastern flank of the Andean mountains (Forgioni et al., 2025). This, together with frequent

biomass burning emissions, explains the high density of trajectories and younger-aged plumes across eastern Perú, Bolivia, and

Paraguay. At around 25◦S, the plume shifted eastward. This shift is possibly influenced by synoptic circulation configurations

such as the "no Chaco jet event", a SALLJ phase. The no Chaco jet event is characterised by strong zonal winds eastward in

mid-latitudes (Ramos et al., 2019).285

Plume ages were characterised using the forward trajectory transport times since emission. Figure 3 (c) shows the average

plume age through the sampled plume area. The method showed a consistent transition of plume age through transport, where

older plumes are located farther from the emission source (see Figs. 3 (c), Fig. S7 and S8). In Fig. 3 (c), the eastern side

of the Andes Mountains towards the Atlantic presents an interquartile range (IQR) of 3 days, probably as a consequence of

accumulation. This includes Bolivia, which, despite having many fresh plumes, has a median age of 1 day. Bolivia lies within290

the area of effect of the SALLJ and in an accumulation zone because the Andean Mountains act as a natural barrier; therefore,

it is a region of recurring circulation and a likely receptor of older plumes. On average, the freshest plumes (0 days) are in

southeast Brazil, around 0◦N and 50◦W; fire occurrence was lower than in other regions (see Fig. 2), but as shown in Fig. 3

(a), it is not largely influenced by other plumes. Figure 3 (c) also represents well the time that biomass burning plumes take to

reach key zones. Based on our findings, biomass burning plumes took, on average, about 4 days to reach the Atlantic Ocean295

and 6 days to reach the African continent. These ages match the estimates calculated by Tereszchuk et al. (2011) for the 2004

South American fire season. Under less favourable circulation conditions, biomass burning plumes took 5 days to cross the

Andes, change hemispheres, and reach the Pacific Ocean.
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Figure 3. Biomass burning plume identification from South America using both (a) forward trajectory frequency and (b) observation over

the set threshold (i.e., TCCO > 2.0 ×1018 molecules cm−2 and TCHCOOH > 0.008 ×1018 molecules cm−2); and biomass burning plume

characterisation based on (c) age (days), (d) altitude (hPa), and (e) relative humidity (%). The black contour in panel (b) represents the area

of valid biomass-burning plumes for the study, whereas the black contours in panels (c)-(e) represent the interquartile ranges of the estimated

features, with the same units as those presented in the background colour. In panel (b), the hatched area indicates the area with unavailable

TCHCOOH data for the study.

The altitude and relative humidity of the biomass burning plumes were determined from ROTRAJ trajectories. According

to the estimates shown in Fig. 3 (d), on average, the biomass burning plumes are transported at around 850-700 hPa over300

the continent, which, as mentioned in Section 3.1, aligns with the literature. In the Atlantic, the calculated transport altitude

increases from 700 to 400 hPa, which also matches a previously observed biomass burning plume from South America crossing

the Atlantic (Johansson et al., 2022). The plume moved over southern Africa at about 400 hPa, matching observations for South
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American biomass burning plumes in 2022 (Ranaivombola et al., 2025). In Fig. 3 (e), relative humidity reaches its maximum

levels over northern South America (∼ 90%), due to the intertropical convergence zone location. The high humidity extends305

as SALLJ transports humidity to the south (relative humidity > 60%). Large relative humidity is also observed in the colder

south Atlantic. According to our estimates, the relative humidity within the biomass burning plumes was, on average, 62%,

similar to the 60% reported by Guyon et al. (2005) from a biomass burning plume in the Amazon. This can still vary widely.

The relative humidity estimated for biomass burning plumes has an absolute IQR of 23%.

Applying this trajectory approach enabled the assessment of plume feature variability by calculating a range of characteristics310

for each pixel traversed by multiple trajectories. This method captures the intricate nature of plume dynamics and demonstrates

its robustness by producing features within the literature range. Previous studies have commonly used back-trajectory analyses

because observational data are typically restricted to plume transects obtained from ground-based or airborne measurements

(e.g., Alvarado et al., 2015; Chen et al., 2021; Permar et al., 2023). In the present study, forward trajectory modelling was more

appropriate, given the large spatial scale of the event, persistent emission sources, and multiple fire hotspots. Still, methods315

for plume characterisation that consider multiple continuous biomass burning plumes should continue to be evaluated and

refined to produce high-quality results that can inform future studies using combined datasets and models. As more retrievals

are available, future research should explore and compare alternative approaches, such as applying photochemical ageing to

estimate plume age, alongside traditional techniques to improve the accuracy and reliability of satellite-based analyses.

3.3 HCOOH evolution within the ageing plume320

Having characterised key biomass burning plume features, we then assess how HCOOH levels evolve as the plumes age. Figure

4 shows the TCHCOOH:TCCO variability for each day during the first 10 days after emission. Daily TCHCOOH:TCCO ratios

show moderate variability, with an IQR up to 40% of the median magnitude. Figure 4 also presents the calculated age IQR,

with an average magnitude of 2.8 days. The TCHCOOH:TCCO on Day 0 has a median value of 5.5 ×10−3 and an IQR of

1.9 ×10−3. From Day 0, TCHCOOH:TCCO increases by around 5.7 ± 1.0% day−1 to Day 1 (median value 5.9 ×10−3).325

TCHCOOH:TCCO median magnitudes are similar (<2% variation) from Day 1 to Day 2. After this, the TCHCOOH:TCCO

ratio at a faster rate when including plumes transported over the ocean than when considering only those on the continent (see

Fig. 4). From Day 2 to 6, the total set of plumes analysed decays at a rate of 4.8 ± 0.8 % day−1, while those transported solely

over the continent decay at a rate of 3.8 ± 1.1 % day−1. After Day 6, the set of all plumes continues to decay more slowly, at

2.1 ± 1.0 % day−1. In contrast, those transported only over the continent stabilise with a non-significant slope trend of -0.7 ±330

1.4 % day−1.

The difference in the magnitude and temporal evolution of species in the biomass burning plumes likely depends on the

background state. Continental-only plumes will have elevated background concentrations due to fresh and recirculated plumes,

as well as fresh emissions from other sources (e.g. HCOOH precursors emitted from vegetation). Continent-Ocean plumes

will typically have a lower background given the relatively clean ocean state the plumes propagate over in the latter stages of335

the plume life cycle. However, the NERHCOOH metric (which accounts for the background state) declines at a similar rate

independent of plume location(see Table 2 and Fig. S12). By accounting for the background influence, the NERHCOOH has a
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Figure 4. Box plot of the TCHCOOH:TCCO ratio by day of age for biomass-burning plumes. The black line describes the median magnitude

of all characterised plumes at each age, while the dark red line considers only plumes over continental South America (i.e., excluding plumes

over the ocean). The filled circles indicate the average plume height [hPa] for each dataset on the given colour scale.

steeper decline (-9.2± 0.1 % day−1) than the direct TCHCOOH:TCCO ratio (i.e. the background remains within the column

quantity when the ratio between pollutants is calculated). Additionally, according to NERHCOOH , continent-only plumes

may show significant HCOOH formation after Day 1, continuing until Day 4, which is obscured in the TCHCOOH:TCCO340

evolution and contributes to a smaller decay of TCHCOOH:TCCO over the continent. This sustained formation may reflect

more frequent entrainment of HCOOH precursors from other plumes and/or biogenic and urban-sourced compounds over the

continent. Additionally, as Figs. 4 and S13 show, plumes transported over the ocean tend to be lofted to higher altitudes, where

temperature decreases, and HCOOH and/or its precursors might partition to the particle phase (Morgan et al., 2010; Lv et al.,

2022), causing NERHCOOH to decline more quickly. Overall, the evolution of the TCHCOOH:TCCO ratios in continental345

plumes is particularly complex, as it reflects a more heterogeneous background.

NERHCOOH in Table 2 follows a similar pattern to TCHCOOH:TCCO but shows pronounced changes, which in general

agree with the literature. On Day 0, the NERHCOOH ratio was 6.6 × 10−3 mol mol−1, which is in acceptable agreement

with previous observations of South American biomass burning, as presented in Table 2. The literature has consistently pro-

vided evidence of strong formation of HCOOH in the biomass burning plumes during the first hours after emission (Alvarado350

et al., 2015; Permar et al., 2023; Yokelson et al., 2009), which aligns in direction with the observed enhancement of TCH-

COOH:TCCO and NERHCOOH on Day 1 in Fig. 4 and Table 2, respectively. From aircraft measurements in fresh plumes,

Alvarado et al. (2015); Permar et al. (2023) reported that NERHCOOH doubles its magnitude within a few hours. Here, using

satellite observations, we calculate an 8.4± 0.1% day−1 increase in the NERHCOOH on the first day after emission. Because
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Table 2. Normalised enhancement ratio of HCOOH relative to CO (NERHCOOH )[mol mol−1] with its confidence intervalsa and extracted

from the literature for South America.

Age
This study Literature

NERHCOOH ×103 r NERHCOOH ×103 Reference Instrument

0 days 6.6 ± 1.3 0.71

7.3 ± 0.1 Pommier et al. (2017) IASI

6.7 ± 2.1 Chaliyakunnel et al. (2016) TESb

5.1 ± 1.5 Abad et al. (2009) ACE-FTSc

152.6 ± 16.2 Chen et al. (2021) ATomd
1 days 7.1 ± 1.5 0.79

2 days 7.3 ± 1.5 0.77

3 days 6.4 ± 1.4 0.69

4 days 5.8 ± 1.3 0.62

5 days 5.0 ± 1.3 0.56

6 days 3.9 ± 1.3 0.49 2.6 ± 0.5 Tereszchuk et al. (2011) ACE-FTSc

6–9 days 3.9 ± 0.8 0.51
a confidence intervals calculated based on the standard Ordinary Least Squares confidence interval method.
aTES- Tropospheric Emission Spectrometer satellite sensor.
bACE-FTS - Fourier transform infrared spectroscopy (FTS) in the satellite Atmospheric Chemistry Experiment (ACE).
cATom - Atmospheric Tomography Mission aircraft campaign.

this study focuses on plumes transported at 850 hPa and above (i.e., higher altitude but lower pressure), large HCOOH losses355

are suggested along the route, particularly in the boundary layer (Chaliyakunnel et al., 2016), which might explain the dis-

crepancies. At the same time, key HCOOH precursors might have decreased through lifting because semi-volatile gas-phase

species partitioned to the particle phase at reduced temperatures (Morgan et al., 2010), especially under the humid conditions

above the emission region (Darbyshire et al., 2019). Moreover, our analysis spans large spatial and temporal scales, so we

consider different land cover, ignition conditions, and chemical pathways together, among other factors. Still, the Spearman360

correlation between TCHCOOH and TCCO, ranging from 0.5 to 0.8 across plume ages (see Table 2 and Fig. S10), suggests

that our method robustly describes HCOOH evolution in the plume. Consistently, the correlation tends to decrease with plume

age, as other physical (e.g., deposition) and chemical (e.g., oxidation) processes influence HCOOH in a different way than CO.

Beyond the day, few studies have tracked and characterised HCOOH in the biomass burning plume. Similar to this study,

but based on fractions of varied plume origin and using aircraft measurements, Chen et al. (2021) showed a general decrease365

in the NERHCOOH ratio from the first five days after emissions to the following five days of about 47% (from 38±12 ×10−3

to 20±18 ×10−3). When averaging the NERHCOOH values in these clusters (i.e., from Days 0 to 4 and from Days 5 to 9),

we report a similar estimate of 40% reduction. Although NERHCOOH from Chen et al. (2021) for a South American fire (see

15

https://doi.org/10.5194/egusphere-2026-6903
Preprint. Discussion started: 12 November 2026
c© Author(s) 2026. CC BY 4.0 License.



Table 2) is larger in magnitude, likely due to high boundary-layer values, the general temporal evolution of the plume shows

similar behaviour. Likewise, as Tereszchuk et al. (2011) found in a Canadian Boreal plume, we estimated a decrease of around370

20% in the NERHCOOH from Days 0 to 1 to Days 4 to 5 based on satellite retrievals.

3.4 Box model simulation of HCOOH

We used the UKCA-box model to estimate the underlying sources and sinks of HCOOH in South American biomass-burning

plumes and compared its evolution to satellite-derived estimates. Figure 5 (a) presents the control base simulation of the

HCOOH:CO ratio using the CRI-STRAT chemical mechanism. The HCOOH:CO ratio falls within the IQR of the observed375

TCHCOOH:TCCO for the 10-day simulation. The initial HCOOH:CO magnitude (6.4 ×10−3) from which the simulation

evolved was above the median observed ratio but still within the IQR. As illustrated in Fig. 5 (b), two reactions dominate

the production and loss of simulated HCOOH in this control run: its formation via OH-oxidation of HMML and its loss via

OH-oxidation (the only chemical sink in the model). The formation of HCOOH by HMML oxidation is limited to the first

∼three days after emission as HMML depletes. For Day 0 at midday, the HMML-derived flux was 4.5 ×104 molecules of380

HCOOH cm−3 s−1, while the OH-oxidation flux was 7.5 ×104 molecules of HCOOH cm−3 s−1. For Day 2 at midday, the

HMML mixing ratio has decreased by approximately 76% relative to Day 0 (see Fig. 5 (a)), decreasing the sink flux by 89%.

For sinks, OH decreased by 24% from Day 0 to Day 2 at midday, reducing HCOOH oxidation by 42%. OH oxidation was

more consistent throughout the 10-day simulation. After three days from emission, the OH mass mixing ratio reaches an hourly

maximum of ∼1.8×10−13 kg kg−1 every day, as illustrated in Fig. 5 (a). As shown by this figure, OH, formed primarily by385

photolysis, exhibits a strong diurnal cycle that clearly influences the diurnal variability of products formed from its reactions.

Although the UKCA-box chemical scheme CRI-STRAT considers other reactions as HCOOH sources, their flux is three

orders of magnitude lower than the HMML reaction in this simulation, as observed from 5 (b). The contribution of these

reactions is limited by the initial mass mixing ratio of C5H8, C2H4, and C2H2, which, according to SAMBBA observations,

might be at least two orders of magnitude larger than initialised in the control run (see Table 1). With the considered sinks and390

sources, HCOOH:CO constantly decrease at a rate of 3.6% day−1. Even when HCOOH is produced in the first days of the

simulation, the sink exceeds production.

The SAMBBA-obs experiment initialised the model with observed mass mixing ratios for several compounds, including

C5H8, C2H4, and C2H2, that are much larger than in the control experiment (see Table 1). Figure 6 (a) shows that sources of

HCOOH derived from C2H4 and C2H2 now play a significant role in the HCOOH budget, approaching the flux from HMML395

reaction. On Day 0 at midday, their reaction fluxes were at least 2 ×104 molecules of HCOOH cm−3s−1, and after Day

2, C2H2 became the dominant source as all reaction rates declined. Similarly to the satellite-based analysis, SAMBBA-obs

results show a slight increase in the HCOOH:CO ratio (∼4.4%) from Day 0 to Day 1. However, it did not simulate the large

formation of HCOOH in the first hours reported by previous studies (Alvarado et al., 2015; Permar et al., 2023). This may be

explained by missing HCOOH sources, such as heterogeneous reactions and/or missing gas-phase reactions. According to the400

budget, at midday on Day 0, reactions involving C2H4 and C2H2 account for about 37% and 24% of the HCOOH, respectively,

while the HMML reaction also explains about 37%. The contribution from C5H8 drops from 20% to below 1% in the first five
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Figure 5. UKCA-box 10-day simulation of (a) HCOOH:CO and species related to HCOOH chemistry, and (b) simulated sources and sinks

of HCOOH. Panel (a) contains the ratio of the total column HCOOH:CO for the complete dataset (black circles and whiskers) and the

continent-only observations (back triangles).

hours as its mass mixing ratio decreases by 99%. During the night, C2H4 explains almost all HCOOH formation, since O3

remains available (see Fig. 5). However, C2H4 is depleted within the first three days, consistent with previous biomass-burning

measurements Johansson et al. (2022). This nighttime contribution is particularly important for the increase in the HCOOH405

mass mixing ratio on Day 1 (see Fig. S14).

After Day 1, in SAMBBA-obs, the HCOOH:CO ratio declined at a rate of 2.7% day−1 to the end of the simulation. For

Day 2, C2H4, C2H2 and HMML reactions have decreased by 94%, 46%, 81%, respectively, compared with Day 0. For midday

on Day 2, the contribution of HMML reactions has dropped to ∼30%, while C2H2 reactions account for 60%. The formation

of HCOOH from the C2H2 reaction is maintained at the same order of magnitude until the end of the simulation. For this410

experiment, the simulated ratio remained within the observed IQR until Day 4, exceeding it thereafter. This might be because

of the missing physical sinks; however, excess production, perhaps from C2H2, is also a possibility. In general, although the

decline rate in the control experiment seems to better represent the decay ratio of HCOOH, SAMBBA-obs support net HCOOH

formation from Day 0 to 1, as described by the satellite-derived analysis, and point to likely main sources.

From the SAMBBA-obs-noMPAN run, we found that C5H8 alone is unlikely to produce the HMML needed to contribute415

significantly to HCOOH; instead, already oxidised products are required. Figure 6 (b) shows that reducing initial MPAN in

the SAMBBA-obs-noMPAN experiment almost completely suppressed HMML contribution to HCOOH formation. Only small

amounts of HMML were produced from the available C5H8, even under NOx-saturated plume conditions that enhanced MPAN

formation. As a result, whereas the control experiment and SAMBBA-obs. reached an hourly HMML maximum of ∼7.0 10−10

kg kg−1 on the first day, SAMBBA-obs-noMPAN peaked at only 2.0 10−11 kg kg−1. The initial MPAN mass mixing ratio420

used for the other experiments, taken from the UKESM simulation, likely represents convective transport of oxidised products
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Figure 6. UKCA-box 10-day simulated sources and sinks of HCOOH for (a) SAMBBA-obs and (b) SAMBBA-obs-noMPAN experiments,

and (c) HCOOH:CO ratio comparison for the control and experiment simulations, and observations. Panel (c) contains the ratio of the total

column HCOOH:CO for the complete set of data (black circles and whiskers) and the continent-only observations (black triangles).

from vegetation-emitted C5H8 rather than from biomass burning. As Santos et al. (2018) suggested, C5H8 and its oxidation

products in the plume come not only from biomass burning but also from vegetation emissions introduced via fire-induced

convection. The quantitative contribution of HMML to HCOOH formation remains to be thoroughly evaluated, as it may

substantially affect the initial HCOOH budget within the plume, particularly during forest fire events. Notably, even without425

significant HMML input in this experiment, the HCOOH:CO ratio increased by 2.4% from Day 0 to Day 1. After Day 1, this

ratio declined more gradually than in the other experiments, at about -2% day−1.

In general, experiments using the UKCA-box to simulate HCOOH:CO evolution show that fire emissions of C2H4 and

C2H2 are key precursors of HCOOH, as well as HMML, which may came from biogenic emissions beyond biomass burning.

However, the experiments slightly underestimated the increase in HCOOH after the emission day, likely because of missing430

HCOOH sources. The UKCA-box includes only gas-phase reactions and may still be missing key precursors. Although some

other precursors have been reported, not all are well quantified, making it difficult to add them to a model (Millet et al., 2015). A

missing source is HCOOH formation from formaldehyde (HCHO), which may be particularly important for this study because

HCHO is expected to be highly abundant in the plumes (Kluge et al., 2020) and because the plumes reach high altitudes, where
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the contribution of HCHO might be significant. Luo et al. (2023) suggest that the reaction of the Criegee intermediate (CH2OO)435

with HCHO is a significant source of HCOOH in the upper troposphere. Based on different reaction pathways, Millet et al.

(2015) also suggest the formation of HCOOH from HCHO and CH2OO as a potential source in the upper troposphere. (Franco

et al., 2021) suggested that hydrated HCHO could also form HCOOH through multiple pathways.

Expanding this research to different geographic regions is warranted, as our results already suggest significant regional

differences. For example, HCOOH evolution in ageing plumes may vary with dominant land cover, as HMML may be strongly440

influenced by biogenic emissions. Also, the distinct levels of C2H2, C2H4, and C5H8 between regions, such as those observed in

South America and Africa (Blake et al., 1996), likely influence HCOOH evolution in the ageing plume. Using more spatially

and chemically complex models that incorporate dynamic losses and heterogeneous mechanisms proposed in the literature

could further strengthen the analysis.

3.5 Potential Impact of aerosols on HCOOH abundance within the biomass burning plume445

Recent studies have suggested that heterogeneous reactions on aerosols may contribute significantly to the production of

HCOOH in both ambient conditions (Jiang et al., 2023), and biomass-burning plumes (Zhang et al., 2025). However, this

potential source has not yet been incorporated into UKCA and is therefore not considered in UKCA-box simulations (Section

3.4). Nonetheless, to elucidate the potential influence of aerosols, we used MODIS AOD as a proxy for aerosols and compared

its variability relative to CO (i.e., AOD:TCCO) with TCHCOOH:TCCO. Figure 7 (a) presents the correlation coefficient450

between TCHCOOH:TCCO and AOD:TCCO under all conditions and different relative humidity conditions, as this might

condition the influence of aerosols (Zhang et al., 2025). We calculated the correlation in the full study area and specific sub-

domains to mitigate potential spatial biases (e.g., between source and non-source areas). The correlation is moderate over

the continent (r>0.5) and low over the ocean. In four out of the five domains (including the general domain), the correlation

between TCHCOOH:TCCO and AOD:TCCO is larger when relative humidity is over 50%. Still, an exception is observed for455

the Brazil domain, which shows a high correlation of 0.68 under drier conditions. In the full domain, the correlation is ∼ 0.5

only for Days 1 to 3; older ages present lower correlation.

This analysis does not suggest any causality. However, these positive correlations align with previous research on the hetero-

geneous formation of HCOOH on aerosol surfaces (Zhang et al., 2025; Jiang et al., 2023). Jiang et al. (2023) evidenced a strong

positive correlation between HCOOH concentrations and aerosol abundance, especially in the fine size fraction and corrobo-460

rated the signal with laboratory experiments. Furthermore, our findings support evidence that heterogeneous reactions produce

higher HCOOH levels under wet conditions (Zhang et al., 2025), except for the Brazil sub-domain. The increasing correlation

may reflect enhanced AOD from water uptake (Myhre et al., 2007), which triggers HCOOH formation via aqueous reactions

at the aerosol interface (Cope et al., 2021). Still, HCOOH and secondary aerosols may form simultaneously from separate or

common precursor compounds. For instance, HMML, a key precursor in UKCA-box simulations of HCOOH, also contributes465

significantly to secondary aerosol formation (Nguyen et al., 2015). However, contrary to our results, HMML-derived secondary

organic aerosol formation is larger under dry conditions (Nguyen et al., 2015). In general, although our results are consistent

with possible HCOOH formation via heterogeneous chemistry, the evidence here is insufficient and requires further research.
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Figure 7. (a) Spearman correlation coefficient between the TCHCOOH:TCCO and AOD:TCCO ratios in different relative humidity condi-

tions and in different sub-domains, which are shown in panel (b). The general study domain includes samples inside and outside the study

domains. Panel (b) presents the spatial frequency of the available samples and the sub-domains used.

4 Conclusions

This study evaluated HCOOH evolution during ageing of South American large-scale biomass burning plumes during the470

2024 fire season, using satellite-derived products. We used fire activity, CO emissions, and plume injection height estimates to

simulate 10-day forward trajectories and characterise biomass burning plumes originating in the region. The trajectory release

altitudes, based on CAMS estimates, were within the observed altitude range of biomass burning plumes transported over

the continental region (i.e., near the surface and around 850 and 700 hPa). Only the higher injection heights were used, as the

surface plume tended to stay at the surface, and satellite sensitivity constrains this study to plumes close to the mid-troposphere.475

We then identify the South American plumes, using both these trajectories and TCCO and TCHCOOH subjective thresholds.

The plumes were characterised by age, altitude, and relative humidity using the trajectories and information extracted from

ERA5 reanalyses. The age and altitude of the plumes across the South American continent, the Atlantic Ocean, and those

reaching Africa matched features previously reported in the literature. During the study period, the latitude range between

30◦S and 10◦S was the most frequent transport pathway for South American plumes, while 10◦S to 10◦N was less frequent480

but a greater favourite for African plumes. On average, the plumes reach the Atlantic Ocean after four days, and some reach

Africa after six days.

We quantified HCOOH in the plumes using two metrics: the normalised enhancement ratio relative to CO (NERHCOOH )

and the TCHCOOH:TCCO ratio. From Day 0 (day of emissions) to Day 1, both NERHCOOH and TCHCOOH:TCCO in-

creased by approximately 8.4± 0.1% day−1 and 5.7 ± 1.0% day−1, respectively, suggesting net HCOOH production during485

the first day of transport. These rates match earlier reports of rising HCOOH in fresh biomass burning plumes. However, some

studies report that atmospheric HCOOH concentrations can double within hours of emission. This rapid increase may reflect

observational domains that encompass the lower troposphere, where compound abundances and dynamics are larger; however,
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the total column estimate partially dilutes this effect. The large HCOOH abundance in the plume persists for another 1 to 3

days. Continent-only plumes tend to show steady NERHCOOH values from Day 1 to 4, producing a smoother decline in TCH-490

COOH:TCCO than when including the plumes transported over the ocean. This may reflect entrainment of precursors from

inland emissions; however, plumes rising through the troposphere and transported across the ocean might present greater VOC

loss into the particular phase, leading to a sooner decline in NERHCOOH and a steeper decline in TCHCOOH:TCCO when

included. Both ratios stabilised by Day 8.

Simulations using the UKCA box model (UKCA-box), initialised from observations, agreed well with our satellite-derived495

estimates, showing an approximate 4.4% increase from Day 0 to Day 1. However, it did not capture the reported substantial

increase in the HCOOH:CO ratio within the first hours, as reported in the literature; it did agree with our estimates. According

to the UKCA-box observation-based simulation, HCOOH production on the first day after emissions was driven primarily by

the oxidation of C2H4, HMML (a downstream oxidised product of C5H8), and C2H2. This HMML-derived formation warrants

further analysis, as our literature review indicates it has not been reported in biomass burning plumes. Our experiments suggest500

that the C5H8 concentration in the plume may not be sufficient to produce the HMML concentration needed to contribute

significantly to HCOOH formation. Instead, fire-induced convection of vegetation-emitted C5H8, along with oxidised com-

pounds, might be a plausible source. This also makes HMML particularly relevant for forest fires. According to the simulation,

on Day 2, C2H4 and HMML dropped by at least 81%, and the C2H2 reaction increasingly drove HCOOH sources, while

the OH-oxidation sink dominated. The observation-based simulation underestimated the decline rate; however, this was better505

captured by a simulation initialised using the UK Earth System Model, which generally has lower VOC abundance.

The UKCA-box model does not account for heterogeneous reactions involved in HCOOH production. However, given their

widely recognised importance in the literature, we examined the possible influence of such reactions occurring on aerosol

surfaces using a simplified approach. We evaluated the correlation between THCOOH:TCCO and AOD:TCCO (which serves

as a proxy for aerosol presence) under varying humidity levels and at different plume ages. In agreement with previous studies,510

we found a positive but weak correlation (Spearman r: 0.5–0.7), particularly within the first three days of plume transport

and under more humid conditions. These findings support the hypothesis that heterogeneous reactions on aerosol surfaces

contribute to HCOOH formation via aqueous-phase processes. Nevertheless, our analysis does not provide definitive evidence

for the role of heterogeneous reactions, but it aligns with previous studies on this topic.

This study advances our understanding of HCOOH and the chemical evolution, transport, and atmospheric impact of biomass515

burning plumes, particularly on the week-long scale. Here, we show that satellite retrievals provide valuable complementary

data for understanding biomass burning plume chemistry. This is especially important given the increasing frequency of large

fire events worldwide and upcoming technological advancements that support mitigation and forecasting of fire atmospheric

effects. Notably, the IASI New Generation instrument (IASI-NG) and the geostationary InfraRed Sounder (IRS) aboard the

Meteosat Third Generation Sounder 1 (MTG-S IRS) will play key roles in these efforts. Studies like this one present different520

methodologies for analysing not only HCOOH but also other gases, while highlighting the underexploited capability of satellite

data for weekly-scale analysis of atmospheric chemistry in biomass burning plumes.
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Further investigation with satellite retrievals is needed to advance our understanding of atmospheric chemistry. To improve

multi-satellite analyses, future research should develop new methods that address differences in vertical sensitivity and uncer-

tainty when combining data from multiple satellites.525
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dataset, and you can request it by email (David P. Moore, dpm9@leicester.ac.uk). We downloaded the Porto Velho HCOOH estimates from

Vigouroux et al. (2021). The Aerosol Optical Depth retrieved from MODIS can be found from NASA (2021) at https://catalogue.ceda.ac.uk/

uuid/f5e2886edf254a42804b9a77af6d5c9c/ [last access: 06 November 2026]. ROTRAJ guideline can be found at https://www.met.reading.530
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Silva, M., Eisa, M., Ragauskaitė, D., and Baltrusaitis, J.: Water Sorption on Formic Acid-Modified Hydroxyapatite as a Function of Relative

Humidity: Simulated Environmental Aging Effects on Hygroscopicity and Nutrient Release, ACS Earth and Space Chemistry, 6, 3043–

3053, https://doi.org/10.1021/acsearthspacechem.2c00273, 2022.

27

https://doi.org/10.5194/egusphere-2026-6903
Preprint. Discussion started: 12 November 2026
c© Author(s) 2026. CC BY 4.0 License.



Spracklen, D. V., Pringle, K. J., Carslaw, K. S., Chipperfield, M. P., and Mann, G. W.: A global off-line model of size-resolved730

aerosol microphysics: I. Model development and prediction of aerosol properties, Atmospheric Chemistry and Physics, 5, 2227–2252,

https://doi.org/10.5194/ACP-5-2227-2005, 2005.

Stavrakou, T., Müller, J.-F., Peeters, J., Razavi, A., Clarisse, L., Clerbaux, C., Coheur, P.-F., Hurtmans, D., Mazière, M. D., Vigouroux, C.,

Deutscher, N. M., Griffith, D. W. T., Jones, N., and Paton-Walsh, C.: Satellite evidence for a large source of formic acid from boreal and

tropical forests, Nature Geoscience, 5, 26–30, https://doi.org/10.1038/ngeo1354, 2012.735

Surratt, J. D., Lewandowski, M., Offenberg, J. H., Jaoui, M., Kleindienst, T. E., Edney, E. O., and Seinfeld, J. H.: Effect

of Acidity on Secondary Organic Aerosol Formation from Isoprene, Environmental Science & Technology, 41, 5363–5369,

https://doi.org/10.1021/es0704176, 2007.

Tan, F., Zhang, H., Xia, K., Jing, B., Li, X., Tong, S., and Ge, M.: Hygroscopic behavior and aerosol chemistry of atmospheric particles

containing organic acids and inorganic salts, npj Climate and Atmospheric Science, 7, 203, https://doi.org/10.1038/s41612-024-00752-9,740

2024.

Tereszchuk, K. A., Abad, G. G., Clerbaux, C., Hurtmans, D., Coheur, P.-F., and Bernath, P. F.: ACE-FTS measurements of trace species in the

characterization of biomass burning plumes, Atmos. Chem. Phys, 11, 12 169–12 179, https://doi.org/10.5194/acp-11-12169-2011, 2011.

Tilgner, A., Schaefer, T., Alexander, B., Barth, M., Collett, J. L., Fahey, K. M., Nenes, A., Pye, H. O., Herrmann, H., and McNeill, V. F.:

Acidity and the multiphase chemistry of atmospheric aqueous particles and clouds, Atmospheric Chemistry and Physics, 21, 13 483–745

13 536, https://doi.org/10.5194/ACP-21-13483-2021, 2021.

van der Werf, G. R., Randerson, J. T., van Wees, D., Chen, Y., Giglio, L., Hall, J., Roland, V., Mu, M., Shahid, S. B., Barsanti, K. C., Yokelson,

R., and Morton, D. C.: Landscape fire emissions from the 5th version of the Global Fire Emissions Database (GFED5), Scientific Data

2025 12:1, 12, 1870–, https://doi.org/10.1038/s41597-025-06127-w, 2025.

Velásquez-García, M. P., Pope, R. J., Turnock, S. T., Deva, C., Moore, D. P., Mataveli, G., Arnold, S. R., Doherty, R. M., and Chipperfield,750

M. P.: Understanding drivers and biases of simulated CO emissions from the INFERNO fire model over South America, Biogeosciences,

23, 1341–1364, https://doi.org/10.5194/BG-23-1341-2026, 2026.

Viatte, C., Strong, K., Hannigan, J., Nussbaumer, E., Emmons, L. K., Conway, S., Paton-Walsh, C., Hartley, J., Benmergui, J., and Lin, J.:

Identifying fire plumes in the Arctic with tropospheric FTIR measurements and transport models, Atmospheric Chemistry and Physics,

15, 2227–2246, https://doi.org/10.5194/acp-15-2227-2015, 2015.755

Vigouroux, C., Aquino, C. A. B., Mazière, M. D., Gatti, L., Kumps, N., and Langerock, B.: FTIR formic acid (HCOOH) groundbased remote

sensing at Porto Velho from instrument BIRA.IASB004, https://doi.org/https://doi.org/10.18758/lguyweqe, 2021.

Wizenberg, T., Strong, K., Jones, D. B., Lutsch, E., Mahieu, E., Franco, B., and Clarisse, L.: Exceptional Wildfire Enhancements of PAN,

C2H4, CH3OH, and HCOOH Over the Canadian High Arctic During August 2017, Journal of Geophysical Research: Atmospheres, 128,

e2022JD038 052, https://doi.org/10.1029/2022JD038052, 2023.760

Yamanouchi, S., Strong, K., Lutsch, E., and Jones, D. B. A.: Detection of HCOOH, CH 3 OH, CO, HCN, and C 2 H 6 in Wildfire Plumes

Transported Over Toronto Using Ground-Based FTIR Measurements From 2002-2018, Journal of Geophysical Research: Atmospheres,

125, e2019JD031 924, https://doi.org/10.1029/2019JD031924, 2020.

Yokelson, R. J., Crounse, J. D., DeCarlo, P. F., Karl, T., Urbanski, S., Atlas, E., Campos, T., Shinozuka, Y., Kapustin, V., Clarke, A. D.,

Weinheimer, A., Knapp, D. J., Montzka, D. D., Holloway, J., Weibring, P., Flocke, F., Zheng, W., Toohey, D., Wennberg, P. O., Wiedinmyer,765

C., Mauldin, L., Fried, A., Richter, D., Walega, J., Jimenez, J. L., Adachi, K., Buseck, P. R., Hall, S. R., and Shetter, R.: Emissions from

biomass burning in the Yucatan, Atmospheric Chemistry and Physics, 9, 5785–5812, https://doi.org/10.5194/ACP-9-5785-2009, 2009.

28

https://doi.org/10.5194/egusphere-2026-6903
Preprint. Discussion started: 12 November 2026
c© Author(s) 2026. CC BY 4.0 License.



Yu, S.: Role of organic acids (formic, acetic, pyruvic and oxalic) in the formation of cloud condensation nuclei (CCN): a review, Atmospheric

Research, 53, 185–217, https://doi.org/10.1016/S0169-8095(00)00037-5, 2000.

Zhang, W., Xu, L., Thadiyampurath, S., Liu, X., Leong, T., Pagonis, D., Campuzano-Jost, P., Jimenez, J. L., Robinson, M. A., Veres, P.,770

DiGangi, J., Halliday, H., Nowak, J., Diskin, G. S., and Zhang, H.: Rapid Levoglucosan Oxidation as a Key Process in Biomass Burning

Aerosol Aging, Environmental Science & Technology, 60, 983–995, https://doi.org/10.1021/ACS.EST.5C14970, 2025.

29

https://doi.org/10.5194/egusphere-2026-6903
Preprint. Discussion started: 12 November 2026
c© Author(s) 2026. CC BY 4.0 License.


