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Environmental Significance Statement for paper “Ozone production and precursor emission from 

wildfires in Africa” 

 

Tropospheric ozone is important in the context of both climate and air quality. It is formed photo-

chemically in the troposphere by reactions of carbon monoxide and volatile organic compounds in the 

presence of nitrogen oxides. Wildfires are an important source of these precursors particularly in Africa. 

It is estimated that surface emissions from biomass burning contribute ~24% to boundary layer ozone 

over Africa. This work presents measurements of the precursors of ozone formation from fires in 

Senegal and Uganda, providing new data on emission factors from the region. It also provides insight 

into the performance of a global chemistry transport model (GEOS-CF) for predicting ozone formed 

from wildfires in Africa as the air is transported over the Atlantic Ocean.   
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Abstract

Tropospheric ozone (O3) negatively impacts human health and is also a greenhouse gas. It is formed photochemically by 

reactions of nitrogen oxides (NOx) and volatile organic compounds (VOCs), of which wildfires are an important source. 

25 This study presents data from research flights sampling wildfires in West and Central African savannah regions, both close 

to the fires and after the emissions had been transported several days over the tropical North Atlantic Ocean. Emission 

factors (EFs) in g kg-1 for NOx (as NO), six VOCs and formaldehyde were calculated from enhancement to mole fractions 

in data taken close to the fires. For NOx, the emission factor was calculated as 2.05±0.43 g kg-1 for Senegal and 1.20±0.28 

g kg-1 for Uganda, both higher than the average value of 1.13±0.6 g kg-1 for previous studies of African savannah regions. 

30 For most VOCs (except acetylene), EFs in Uganda were lower by factors of 20-50% compared to Senegal, with almost all 

the values below those in the literature. O3 enhancement in the fire plumes was investigated by examining the ΔO3/ΔCO 

enhancement ratio, with values ranging from 0.07 - 0.14 close to the fires up to 0.25 for measurements taken over the 

Atlantic Ocean up to 200 hours downwind. In addition, measurements of O3 and its precursors were compared to the output 

of a global chemistry transport model (GEOS-CF) for the flights over the Atlantic Ocean. Normalised mean bias (NMB) 

35 comparison between the measured and modelled data was good outside of the fire plumes, with CO showing a model 

under-prediction of 4.6% and O3 a slight over-prediction of 0.7% (both within the standard deviation of the data).  For NOx 

the agreement was poorer, with an under-prediction of 9.9% across all flights. Inside the fire plumes the agreement between 

modelled and measured values is worse, with the model being biased significantly lower for all three species. In total across 

all flights, there was an under-prediction of 29.4%, 16.5% and 37.5% for CO, O3 and NOx respectively. Finally, the 

40 measured ΔO3/ΔCO enhancement ratios were compared those in the model for the equivalent flight data, with the model 

showing a lower value of 0.17±0.03 compared to an observed value of 0.29±0.05. The results detailed here show that the 

O3 burden to the North Atlantic Ocean from African wildfires may be underestimated and that further study is required to 

better study the O3 precursor emissions and chemistry.          

45
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1 Introduction

Tropospheric ozone (O3) is an important atmospheric constituent in the contexts of climate, air quality, and tropospheric 

chemistry. O3 is a secondary pollutant formed by the photo-oxidation of carbon monoxide (CO) and volatile organic 

50 compounds (VOCs) in the presence of nitrogen oxides (NOx), with an additional tropospheric source arising from transport 

from the stratosphere. O3 levels in the troposphere can also increase from the transport from the stratosphere, where O3 is 

naturally abundant. Emissions of O3 precursors (i.e. NOx and VOCs) can be anthropogenic in origin (e.g. fossil fuel 

combustion) and can also have natural sources such as wildfires, lightning and biogenic processes. Globally, wildfires have 

been estimated to produce approximately 170 Tg of O3 per year, which is 3.5% of all tropospheric O3 production1, 2. Africa 

55 is the single most important region for biomass burning related tropospheric O3, accounting for approximately 35% of the 

global annual pyrogenic O3 enhancement. It is estimated that surface emissions from biomass burning contribute ~24% to 

boundary layer O3 over Africa, with a large fraction of this transported away from the continent3. O3 production in a smoke 

plume is a complex process and depends on several factors including the relative composition of fire emissions, chemical 

and photochemical reactions, smoke injection height, aerosol effects on chemistry and radiation, and local and downwind 

60 meteorological conditions. Biomass burning encompasses both natural- and human-induced fires, and there remains 

significant uncertainty in the global estimates of emission factors of O3 precursors (VOCs and NOx) from these sources4 

and in the trends of these emissions over time5, 6. Emissions of the precursors and the subsequent photochemical O3 

formation are observed in different locations and on different scales7, 8. Often, one of the goals of making the measurements 

is to assess the skill of regional or global models in predicting O3 in fire plumes9. Whilst the photochemistry involved in 

65 O3 formation through hydroxyl radical (OH) initiated oxidation of VOCs and the reaction of the peroxy radical formed 

with NO is relatively well understood, models can still struggle to describe the evolution of atmospheric composition in 

fire plumes10. These model shortcomings are usually often attributed to errors in the chemical reaction rates11, emissions, 

resolving plume or filament structures due to spatial (vertical and horizontal) resolution12, or meteorology, demonstrating 

the need for further study. 

70

The effect of biomass burning has been studied extensively both on a global scale and over the North Atlantic region13-15, 

with increased levels of O3, CO and NOx
13 as well as HCN16 and HNCO17 observed in fire plumes. However, observations 

and modelling of O3 and its precursors from the African sub-Saharan tropics are scarce1, 2, with the majority of previous 

studies concentrating on emissions from North America18-20. Fires from the African continent constitute an important source 

75 of NOx and VOCs and transport of the air on prevailing Easterly winds mean they become an important source of O3 to the 

North Atlantic Ocean, therefore this lack of information warrants further study of the region. 

The Methane Observations and Yearly Assessments (MOYA) project (see figure 1 for campaign locations) was focused 

primarily on closing the global methane budget through new in-situ observations and analysis of existing datasets. This is 

80 being achieved (in part) by targeted field campaigns to quantify poorly-quantified methane sources on local and regional 

scales (including from wildfires), as well as the use of atmospheric chemical transport models such as GEOS-Chem21 in 

order to provide global estimates of methane emission trends. Two aircraft-based field campaigns were conducted in the 

Northern Sub-Saharan African region as a part of the MOYA project, timed to coincide with the dry season and hence the 

period of most intense burning22. The first was based in Dakar, Senegal between 27 February 2017 and 3 March 2017, and 
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85 the second based in Uganda and Zambia between 16 January 2019 and 11 February 2019 (referred to as MOYA-1 and 

MOYA-2 respectively throughout). 

The Atmospheric Reactive Nitrogen over the remote Atlantic (ARNA) project was focused on sources of NOx in the remote 

marine troposphere, in particular “renoxification” from particle bound nitrate to HONO and NO2
23, 24

. The project involved 

90 two aircraft based field campaigns based on São Vicente, Cape Verde, approximately 600 km from the coast of Senegal 

(see figure 1 for campaign locations). ARNA-1 took place in August 2019, a time when the area around Cape Verde does 

not experience much outflow from Africa, and hence could be used as background measurements. ARNA-2 took place in 

February 2020, when the Cape Verde region is often influenced by dust-rich air from the Sahara, that has also passed over 

the burning region of West Africa. During the ARNA-2 campaign, NASA’s Global Modelling Assimilation Office 

95 provided near-real time support. Only ARNA-2 flights are examined here.

In this paper, we present aircraft-based measurements of a range of gas phase species in order to investigate O3 formation 

in the fire plumes. Measurements of a range of plume ages from a few minutes to several days are presented, along with 

the corresponding O3:CO enhancement ratio (Section 2). The measurements are then compared against the publicly-

100 available global coupled meteorology-chemistry model output produced by the NASA Goddard Earth Observing System 

Composition Forecast System (GEOS-CF)25 in order to assess the model skill in capturing observations of O3 in the fire 

plumes. By comparing measured emission factors of CO, NOx and a range of VOCs - taken from flights close to the fires 

- the emission factors used in the model are assessed and any errors in the model prediction of O3.        

105

2 Methods

2.1 Description of flights

All flights were carried out by the UK’s large atmospheric research aircraft, a BAe-146-301 managed by the Facility for 

Airborne Atmospheric Measurements (FAAM). The flight tracks from the three field campaigns are shown in Figure 1 and 

110 described below.  

MOYA-1: Senegal 2017

During the first MOYA flying campaign (MOYA-1), four research flights (flight numbers C004, C005, C006 and C007) 

were conducted in March 2017 to specifically sample fire plumes from biomass burning in West Africa. Near-field biomass 

115 burning plumes were sampled on flights C004 and C005 close to the Casamance delta region in the south-west of Senegal, 

and longer-range biomass burning outflow for the whole of the Senegal and wider west African region were sampled in 

C006 and C007 over the Atlantic Ocean. During the near field flights, fires were chosen visually and multiple passes were 

made directly through the plumes at varying altitudes. Visual observation during low passes (<200m) in the flight showed 

that the fires were in wooded savannah terrain, in winter-dry and winter-brown forest tracts. The forests have been described 

120 in previous literature26,27. The likely fuels were C3 forest leaf litter and dropped branches as well as savannah grass. The 

Casamance forests in the overflown area were typically low trees with a generally open canopy. During C006 and C007, 

long straight and level runs were carried out over the ocean through the outflow of the fires, typically 20-50 km from the 

coast. These flights were guided by forecast back trajectories from National Oceanic and Atmospheric Administration 
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(NOAA) HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model28. The modified combustion 

125 efficiencies (MCE) varied from 0.93 – 0.96 for these flights, suggesting largely flaming fires with complete burning22. 

MOYA-2: Uganda 2019

The flying campaign in Uganda (MOYA-II) took place in late January 2019, a relatively dry month, when northern Uganda 

experiences its winter dry season, and equatorial southern Uganda is in a short January dry period. Two dedicated biomass 

130 burning sampling research flights were conducted (flight numbers C133 and C134), which targeted burning occurring in 

the north-west of Uganda. Box patterns were flown in the general area of the fires, with several passes directly in fire 

plumes also carried out with the clover-like flight patterns. From visual observation, flights C133 and C134 likely included 

fires mainly burning C4 tropical grasses29. Barker et al., (2020) showed that the fires sampled during C134 may have had 

a larger smouldering component, and they appeared to have involved less complete combustion than in C13322.

135

ARNA-2: Cape Verde 2020

The ARNA-2 flying campaign took place in February 2020 based on the island of São Vicente, Cape Verde. Six flights 

included sampling in air containing significant biomass burning outflow from West Africa (C218, C219, C221, C223, 

C224 and C225), with the flight tracks 500 – 700km from the African coast. Flights consisted of stacked straight and level 

140 runs (typically 20 minutes long) at varying altitudes, with the location of the run targeting where the GEOS-CF forecasts25, 

30 predicted both elevated NOy and dust. The on-board observations found NOy and dust at the locations indicated by the 

model forecasts.

Figure 2 shows five-day HYSPLIT back trajectories calculated using the Global Forecast System (GFS) weather forecast 

145 model produced by the National Centers for Environmental Prediction (NCEP), for each of the far field flights (C006, 

C007, C218, C219, C221, C223, C224 and C225). A trajectory was calculated for every minute in which biomass burning 

was sampled during each flight, as determined through a biomass burning flag where simultaneous enhancements of HCN 

and CO seven standard deviations above background signified the sampling biomass burning outflow. The trajectories are 

overlaid on satellite retrievals of locations that were actively burning during the time of the flights (and the 7 days before), 

150 taken from the NASA MODerate Resolution Imaging Spectrometer (MODIS). These indicate that all flights sampled 

outflow from the large concentration of fires across West Africa, with an air mass age between 1-5 days. 

2.2 Aircraft instrumentation

During the all three campaigns, the aircraft was equipped with a suite of instrumentation for high-precision trace gas 

155 measurements. 

Measurements of CO dry-air mole fractions were sampled using an Aerolaser AL5002 Vacuum-UV fast fluorescence 

instrument. Specifics about the principles of operation for this instrument are provided by Gerbig et al.31. The total 1σ at 1 

Hz precision for airborne CO measurements is estimated to be ± 1.8 ppb at 100 ppb mixing ratio (typical background CO 

160 mixing ratio in the free troposphere), with an overall uncertainty of ± 2.7 ppb (or 2.4 %), whichever is greatest22. O3 

concentrations were measured using a UV photometric analyser (model TEi-49i, Thermo Fisher Scientific Inc., USA), with 

a precision of 0.3 ppbv and overall uncertainty of 4%. Both the Aerolaser CO and the TEi ozone instruments were mounted 
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within the pressurised cabin of the aircraft within a single 19” rack. Air was sampled by means of a window-mounted 

rearward facing inlet comprising of 1/4” PFA tubing housed within 3/8” stainless steel tubing.

165

In-situ measurements of NO were made using a custom built chemiluminescence instrument with NO2 measured by 

photolytic conversion at 385 nm to NO on a second channel following the design of Pollack32. In-flight calibrations for NO 

sensitivity and NO2 conversion efficiency were carried out a minimum of three times per flight by standard addition of 5 

ppmV NO in nitrogen (BOC) to the sample inlet resulting in a calibration concentration of ~5.1 ppbV. NO2 conversion 

170 efficiency was determined by gas phase titration of a portion (~90%) of the NO standard with Ozone generated from pure 

O2 by low pressure mercury discharge lamp. The calibration factors were interpolated throughout the flight to account for 

any sensitivity drifts in the instrument. The chemiluminescent zero was determined every 5 minutes and also interpolated 

between. 3σ detection limits were ~30 pptv for NO and ~60 pptv for NO2 for 1 Hz data, with root sum square uncertainties 

of ~17% for NO at 0.1 ppbv and ~23% for NO2 at 0.1 ppbv. 

175

VOCs were measured using a whole air sampling (WAS) system on board the aircraft. The WAS system consists of sixty-

four silica passivated stainless steel canisters of three litre internal volume (Thames Restek UK) fitted to the rear hold of 

the aircraft and connected to an all-stainless steel assembly double headed bellows pump (Senior Aerospace, USA). The 

pump draws air from the main sampling manifold of the aircraft and pressurises it in to canisters33. Each WAS canister 

180 took approximately 10-20 seconds to fill, corresponding to roughly 1-2 km of horizontal flight. For the MOYA-2 and 

ARNA-2 campaigns, the aircraft was additionally fitted with an updated version of the parent WAS system. Essentially, 

the system comprises a multitude of inert Silonite coated (Entech) stainless steel canisters, grouped together modularly in 

cases with up to 16 per case. Canisters are sealed by pneumatically actuated bellows valves (Swagelok, SS-BNVS4-C). A 

maximum of 96 canisters can be filled per flight, with a fill time of 10 seconds. The air samples were analysed post-flight 

185 using a dual-channel gas chromatograph with flame ionisation detectors34, 35. 

Formaldehyde (HCHO) was measured by laser-induced fluorescence spectroscopy using an instrument design based on 

that of Hottle et al., (2009)36. A high-pulse repetition frequency (300 kHz) tuneable fibre laser (TFL3000, Novawave) was 

used to generate UV radiation at 353.370 nm, which excites the HCHO 50,5 ← 51,4 rotational transition of the 4 A1A2 ← 

190 X1A1 vibronic band. Ambient air was sampled from the common manifold on the aircraft into a low-pressure detection 

cell, and following laser-excitation fluorescence was collected at red-shifted wavelengths (λ ~ 390–550 nm) using a 

photomultipier (Sens-Tech P25PC photodetector module), and the signal recorded by gated photon counting (PMS400A, 

Becker and Hickl). Data were recorded at 1 Hz and the background signal was determined by changing the laser wavelength 

to an offline position (λ = 353.360 nm). The laser was also directed into a small cell containing HCHO and used to generate 

195 a reference fluorescence signal to calibrate the laser wavelength. Further details of the instrument can be found in Cryer 

(2016)37. The instrument was calibrated in situ periodically on the aircraft (2 or 3 times per flight) using a HCHO 

permeation source, with a calibration uncertainty of ~ 15 % (2). The instrument sensitivity is a function of the pressure 

in the fluorescence cell, which varies with altitude, and so a calibration factor appropriate to the altitude was used.

200 Measurements of 1 Hz hydrogen cyanide (HCN) were used during the MOYA-2 and ARNA-2 flights as a means to define 

fire emissions in the sampled dataset. The HCN measurements were recorded by a Time of Flight Chemical Ionisation 

Mass Spectrometer (ToF-CIMS), a detailed instrument description of which can be found in Barker et al., 202022.  The 
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ability to of I- CIMS measure HCN for use as a biomass burning tracer is provided by Priestley et al. (2018)38 and Le 

Breton et al. (2013)39. No HCN measurements were made during the MOYA-1 flights. 

205

2.3 Model calculations.

We use modelling output from the GEOS composition forecast model (GEOS-CF), which employs the GEOS-Chem 

model21 as the chemistry module run online within the NASA GEOS model architecture as described by Knowland et al 

(2020)30 and Keller et al (2021)25. Whilst the near-real time 5-day forecasts were used to inform the field team during 

210 ARNA-2, here we evaluate the GEOS-CF best estimate of the 3D atmospheric composition; prior to the launch of the 

forecast, the GEOS-CF runs a short historical simulation with the atmospheric general circulation model forced to the 

analysed meteorological fields from an assimilated GEOS product40 and stratospheric O3 is nudged toward the O3 fields 

produced by the GEOS forward processing (GEOS FP) system, which is constrained by ozone observations from the 

Microwave Limb Sonder (MLS), Ozone Monitoring Instrument (OMI), and the Ozone Mapping and Profiler Suite 

215 (OMPS)41, 42. No other trace gas observations are assimilated into GEOS-CF v1.0. 

Tropospheric and stratospheric chemistry is calculated online by GEOS-chem (v12.0.1, http://geos-chem.org) using a HOx-

NOx-BrOx-VOC-O3 scheme43, 44. Biomass burning emissions are from the near-real time satellite-based emissions from 

the Quick Fire Emission Database45, with 35% of the fire emissions emitted above the boundary layer, evenly between 3.5 

220 and 5.5 km altitude. Anthropogenic emissions are monthly averages from HTAP v2.246 and RETRO47, broken down into 

hourly values using sector-specific day-of-week and diurnal scale factors48.

The GEOS-CF model output from publicly accessible archived hourly model output at a global ~25x25 km (0.25o) 

horizontal resolution is extracted along the flight tracks at the nearest point in time and space for ARNA-2 campaign. Since 

225 the archived model output is only currently available for the period of January 1st 2018 to present day 

(https://gmao.gsfc.nasa.gov/weather_prediction/GEOS-CF/data_access/), modelled values are only available for the 

ARNA-2 campaign within this study.  

230 3 Results and Discussion

3.1 Aircraft measurements

Figure 3 shows time series of CO, O3, NOx, HCN (where available) and aircraft altitude, for all 12 flights used in this 

analysis. The grey shaded areas on the plots indicate where sampling was taking place in areas affected by emission from 

fires.  Flights C004 and C005, the flights near to the fires in Senegal, show distinct peaks as the aircraft flew through the 

235 fire plumes. Distinct enhancements of CO and NOx were observed, up to 12,000 ppb and 260 ppb respectively. Small O3 

enhancements were also seen, up to around 15 ppb above background levels. It should be noted that these O3 enhancements 

were observed in the general area of the fires, however when sampling in the main part of the fire plume no O3 enhancement 

was observed and in some cases O3 was depleted relative to the background. This is likely due to titration with the emitted 

NO and will be discussed further below. During flights C133 and C134, which were close to the fires in Uganda, similar 

240 distinct enhancements of CO and NOx were observed, although with slightly lower peak levels of 7000 ppb for CO and 

significantly lower peak NOx of up to ~ 10 ppb. Flights C006 and C007 sampled air further afield from the fires in Senegal 

(typically 20-50 km from the coast), and as a result of atmospheric dilution, the levels measured were much lower than the 
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near-field flights, with CO and NOx enhancements up to 110 and 2.5 ppb above background respectively. However, due to 

the longer transport time and increased photochemical processing of the air compared to the near-field flights, observed O3 

245 enhancements were higher at up to 35 ppbv above background. Flights C218, C219, C221, C223, C224 and C225 all took 

place around the Cape Verde islands, typically 500-800 km from the African coast. As a result, the fire plumes sample 

showed even lower concentrations of the primary emitted species, with CO up to 70 ppb above background and NOx up to 

0.3 ppb above background. Whilst the CO lifetime in the atmosphere is relatively long compared to the transport time 

observed here, NOx has a relatively short lifetime of a few hours, and thus the concentrations have reduced by a much 

250 greater amount in these flights compared to those nearer the fire source. HCN measurements were also available for these 

flights and were observed to be 250 – 450 ppt above background in the fire plumes, helping to confirm that the air sampled 

was indeed from biomass burning. O3 was observed to have larger enhancements of up to 50 ppb above background in 

these further afield flights. Figure 4 shows box whisker plots of CO, O3, NOx, HCN (where available) averaged for different 

altitude bins for each flight. The behaviour for the near-field flights (C004 and C005 for Senegal; C133 and C134 for 

255 Uganda) is as expected, with the enhancement observed close to the surface and not much mixing above. For the further 

afield flights, the enhancements due to fires were generally observed over a relatively small altitude range, usually between 

1500 and 2500 metres above mean sea level. This demonstrates the distinct nature of the fire plumes and that aircraft 

surveys are required in order to fully sample the biomass burning outflow.           

260 3.2 Emission factors

Data collected on the near-field flights close to the fires (C004 and C005 in Senegal and C133 and C134 in Uganda) was 

used to calculate emission factors for VOCs and NOx. Emission factors of various species (EFX) were calculated using the 

method described in Andreae (2019)49 and Barker et al, (2020)22, whereby emission ratios to a reference species (in this 

case CO) were calculated in each plume, then converted to emission factors using Eq (1).

265

 (Eq 1)𝐸𝐹𝑋 =  𝐸𝑅𝑋/𝐶𝑂.
𝑀𝑊𝑋𝑀𝑊𝐶𝑂 .𝐸𝐹𝐶𝑂

                                                                 

Where ERx/CO is the emission ratio of species X to CO, MWX / MWCO is the ratio of the molecular weight of species X to 

CO and EFCO is the emission factor for CO. The emission factor for CO was set at 72.5±12 g kg-1 for Senegal and 75.5±5 

270 g kg-1 for Uganda, according to measurements shown in Barker et al (2020)22.  The modified combustion efficiencies 

(MCE) used to generate the emission factors are 0.95 for Senegal and 0.94 for Uganda (also taken from Barker et al., 

202022). All emission factors are calculated in grams per kilogram of dry fuel burned.  The in-situ measurements of CO 

were averaged to the fill start and end time of the WAS canister and the emission ratios were calculated from a linear fit of 

the species in question against CO using reduced major axis regression (RMA), as shown in figure S1. We have used RMA 

275 to take account of deviations and errors in both the x and y variables52, whilst it also gives a reasonable estimate for the 

error in the enhancement ratio. We were able to calculate emission ratios for 9 VOCs: ethane, propane, ethane, ethane, 

acetylene, i-butane, n-butane, benzene and toluene and these are presented in figure 5(a).. Calculated emission factors for 

these species for the fires in Senegal and Uganda are also presented in figure 5(b), along with the uncertainty calculated 

from the regression analysis. Table 1 presents the emission factors, alongside average literature emission factors for 

280 savannah in West or North Africa given in Andreae (2019)49. Also in Table 1 are the emission factors calculated for NOx 

(also calculated relative to CO) and the corresponding literature values. Examining NOx first, the emission factor was 
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calculated (as NO, with 1 error) as 2.05±0.43 g kg-1  for Senegal and 1.20±0.28 g kg-1  for Uganda, both higher than the 

average value of 1.13±0.6 g kg-1  given in Andreae 201949. Previous measurements specifically from fires in West Africa 

(Ivory Coast) show emission factors for NOx of 1.07 g kg-1 50 and 1.60 g kg-1 51, both lower than the value from Senegal 

285 observed in our work. It should be noted that NOx and CO are emitted from completely different fire regimes: CO from 

low temperature pyrolysis and NOx from high temperature combustion63. We believe the fires sampled are a combination 

of the different types of burning22 , reflected in the relatively large error on the emission factor calculations. The NOx 

emission factors calculated here should thus be treated with caution and not attributed to any particular burning type.  

For most VOCs, EFs in Uganda were lower by factors of 20-50% compared to Senegal, the exceptions being acetylene, 

290 which was 35% higher in Uganda (although within the error of the calculation) and n-butane, which was only 5% lower in 

Uganda but again within experimental error. The lower values for Uganda could possibly be accounted for by differences 

in the Senegalese and Ugandan fuel mixtures. However, due to detailed analysis of the fuel burned in this study being 

impossible, and with the likelihood of the fuel source being mixed, the effect of differing fuel content is difficult to quantify. 

Another possibility is the higher soil moisture present in Uganda compared to Senegal22, could be supressing the release of 

295 VOC-rich air from the surrounding wildfires. More work, and in particular more detailed measurements, are required to 

investigate whether soil moisture could affect wildfire VOC EFs in this way. Figure 5(b) shows the measured emission 

factors for the 9 VOCs plotted against the average West and North African literature values given in Andreae, 2019. In 

general the measured values for Senegal tend to agree quite well for the larger VOCs. For example toluene, benzene, n-

butane, iso-butane and propane all sit very close to the 1:1 line, within 10% of the literature values. Measured values for 

300 Uganda for these species are lower but still within the scatter of the literature data. The smaller VOCs (e.g. acetylene, 

ethane, ethane and propene) show the most discrepancy, with the measured values being 60%, 37%, 19% and 40% lower 

than the average literature respectively for Senegal and 46%, 71%, 29% and 71% lower respectively for Uganda. The 

extensive review on biomass burning emission factors presented by Andreae (2019)49, includes very few measurements 

from African savannah or grassland and those that are reported tend to show significantly different emission factors to 

305 other savannah regions. This demonstrates the paucity of data from regions in Africa and the pressing need for further 

study. For the Uganda flights we also had measurements of HCHO and these also showed some correlation with CO. We 

were able to calculate the emission factor for HCHO for the two flights as 1.73±0.51 g kg-1. Whilst we could not find any 

literature values for HCHO for African savannah fires, this value is ~40% higher than the average HCHO emission factor 

for all savannah fires reported in Andreae (2019)49.  We cannot separate directly emitted HCHO with any that may have 

310 been formed in the time from emission to our measurements (1 – 2.4 hours) so our emission factor should be treated as an 

upper limit. Finally, we also examined the NOx / total VOC ratios for the different areas and a correlation plot of NOx 

against total VOC is shown in figure S2. Whilst measurements of only 10 VOCs were made from the whole air samples 

during this study neglecting potentially important compounds such as furans, the measured ratio is similar for the Senegal 

(0.93) and Uganda (0.85) fires, suggesting that chemistry maybe similar for the two types. Again it should be noted that as 

315 the fires sampled are mixed in nature, and VOCs and NOx are emitted from different types of fires, we would not necessarily 

expect these numbers to be consistent.   

3.3 O3 enhancement

O3 production was studied from biomass burning plumes by examining the relationship of the enhancement above 

320 background of O3 to CO. The plumes were characterised by their ΔO3/ΔCO enhancement ratio, calculated from the linear 

regression fit using RMA of each flight’s plume O3 and CO datasets. For the ARNA-2 flights, a statistical threshold 
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approach, similar to that conducted by Le Breton et al. (2013)39 and Barker et al (2020)22 was used to determine when a 

biomass burning plume was being sampled. The quality of the regression fit was studied in relation to enhancements in 

both CO and HCN individually, and concurrently. A simultaneous enhancement of CO and HCN, seven standard deviations 

325 above their respective background concentrations, afforded the highest average coefficient of determinations (r2) in the 

O3/CO regression fit for the six flights and thus this was used as the biomass burning filter for the analysis. For the near-

field MOYA sampling flights (C006 and C007) where HCN was not available, all data below the boundary layer was used 

to calculate the enhancement ratio. An additional filter was applied to flights C004, C005, C133 and C134 to remove data 

very close to the plume source where no O3 production was observed. This was done individually for each flight, with the 

330 cut-off determined when the high CO concentrations clearly deviated from the O3/CO regression fit. Finally, it was evident 

that flights C007 and C218 were sampling multiple plumes of different ages; all easily distinguishable by their time sampled 

during each flight. To get the most meaningful data from each flight, the plume sampled when the majority of the VOC 

measurements were taken was used for the analysis due to the ability to calculate the plume age from these measurements. 

Figure 6 shows O3/CO scatter plots for all measurements within fire plumes for all flights. Values of ΔO3/ΔCO range from 

335 <0.1 for flights close to the fires in Senegal and Uganda (C004, C005, C133 and C134), to >0.25 for flights around Cape 

Verde (C219 and C224). Flights over the Atlantic Ocean closer to the coast (C006 and C007) have intermediate values of 

ΔO3/ΔCO (0.16 – 0.17). The flights over the ocean have r2 values between 0.58 and 0.94, giving confidence in these 

measured O3 enhancement ratios. For the near-field flights in Senegal and Uganda, the r2 values are smaller (0.26 – 0.69), 

suggesting the O3 enhancement ratios from these should be treated with more caution. We also plotted Ox (NO2 + O3) 

340 against CO for all the flights to ascertain if the observed enhancements were being affect by titration of O3 with NO close 

to the fires (see figure S3). However, we see no significant difference to the corresponding O3 / CO linear regression slope 

(all values are within uncertainty), suggesting that titration O3 + NO does not play a major role in determining the O3 

enhancement. 

345 The age of the air sampled in this analysis ranges from a under an hour (for the near field flights close to the fires), to 

several days (for the flights around Cape Verde). In order to properly assess the magnitude of the O3 production in the fire 

plumes, and to compare with previous measurements, it is necessary to know the air mass age for the measured O3 

enhancement. We used the ratio of toluene:benzene to calculate air mass age for the flights close to the fires (equation 2)64 

and benzene:CO for the flights further afield (equation 3). 

350

(Eq 2)𝑡(𝑠) =  
1[𝑂𝐻](𝑘𝑡 ― 𝑘𝑏) ×  (𝑙𝑛( [𝑡𝑜𝑙𝑢𝑒𝑛𝑒][𝑏𝑒𝑛𝑧𝑒𝑛𝑒])𝑡 = 0

―  𝑙𝑛( [𝑡𝑜𝑙𝑢𝑒𝑛𝑒][𝑏𝑒𝑛𝑧𝑒𝑛𝑒]))

(Eq 3)𝑡(𝑠) =  
1[𝑂𝐻](𝑘𝑡 ― 𝑘𝑏) ×  (𝑙𝑛([𝑏𝑒𝑛𝑧𝑒𝑛𝑒][𝐶𝑂] )𝑡 = 0

―  𝑙𝑛([𝑏𝑒𝑛𝑧𝑒𝑛𝑒][𝐶𝑂] ))
355

where kt, kb and kCO are the rate constants for the reaction of toluene, benzene and CO with OH respectively. It was assumed 

that CO, toluene and benzene measured in the plumes was solely from the fires and that they are only removed chemically 

by reaction with OH. The toluene:benzene ratio at t=0 was determined using the measurements made very close to the fires 

360 which was removed from the O3 enhancement analysis as described above. Reaction rates for their reaction with OH were 
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taken from the Master Chemical Mechanism website (http://mcm.york.ac.uk). The OH concentration was estimated (from 

the findings of Lelieveld et al (2016)53) to be 1.65x106 molecules cm-3. The concentrations measured and the calculating 

age of each plume sampled on each flight are shown in tables S1a and S1b. Figure 7 shows the average O3 enhancement 

ratio (ΔO3/ΔCO) for each flight, plotted against calculated average air mass age for that flight. It can be seen that O3 

365 enhancement increases with increasing age, from 0.07 - 0.14 for flights close to the fires up to 0.25 for flights close to Cape 

Verde. There is a linear relationship between ΔO3/ΔCO and air mass age for the flights close to the fires (Senegal and 

Uganda), followed by a flattening of the relationship for the older air. This is likely due to NOx, the ‘fuel’ for O3 production, 

being used up as the air ages. Once the air is over the ocean there are virtually no other sources of NOx (or VOCs) and 

measurements of NOx on the flights close to Cape Verde, show levels of up to 100-200 pptv, which is getting close to 

370 levels where O3 production would no longer occur54. Previous measurements of O3 enhancement in air from biomass 

burning in Africa are rare. The review of O3 production in fires by Jaffe et al. (2012)2 included only one study of air from 

Northern Africa55, which showed a ΔO3/ΔCO of 0.23 for air mass age of around 2 days, very similar to our study. Most of 

the other measurements of ΔO3/ΔCO from other tropical regions presented in the Jaffe et al. study show values in a similar 

range to those presented here. Cristofanelli et al. (2009)56 observed a ΔO3/ΔCO enhancement of 0.10 in air originating from 

375 biomass burning in North Africa (2-4 days old) at a WMO-GAW mountain observatory in Northern Italy. Henne et al. 

(2008)57 analysed measurements from an observatory on Mount Kenya in East Africa and calculated ΔO3/ΔCO 

enhancements of average ratio of 0.36 (± 0.24) for biomass burning plumes aged 2-5 days. All of these previous 

measurements show a similar relationship between O3 enhancement and plume age to the results presented in this work.   

380 3.4 Comparison GEOS CF model

The data presented above shows a series of measured emission factors for NOx and VOCs from wildfires in Senegal and 

Uganda, along with O3 enhancements in the plume as the air ages and is transported over the Atlantic Ocean. Whilst this 

data is a useful addition to the literature, especially as measurements from fires in Africa are so scarce, it is through 

comparison with chemistry transport model where we can really start to assess our understanding of O3 production in 

385 biomass burning plumes in Africa.  

Figure 8 provides time series of measured and model data for CO, O3, NOx and HCHO for the flights over the Atlantic 

Ocean close to Cape Verde (C218, C219, C221, C223, C224 and C225). At the time of writing, the GEOS-CF model was 

not available before 2018 so there is no model data for flights C004, C005, C006 or C007. Measurements from the flights 

390 close to the fires in Uganda (C133 and C134) are not compared to the model as they are largely affected by sampling very 

close to fresh fire plumes, which the relatively coarse resolution model could not be expected to reproduce. The grey shaded 

regions indicate when outflow from burning was being sampled. It can be seen that on almost all flights, the position of the 

burning plume is reasonably well represented, indicated by increases of CO, NOx and O3 in both the measured and modelled 

data, but the magnitude of the enhancement is much smaller in the model. For instance, flight C224 shows an enhancement 

395 above the background of around 120ppb of CO and 55ppb of O3, whereas at the same time, the model shows enhancements 

of 50 ppb for CO and 25 ppb for O3. During flight C221 the model does not capture the observations, with the measured 

data almost anti-correlated with the middle for much of the flight. In general, outside of the model plumes the model and 

measured data appear to be in reasonable agreement for all flights. 
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400 In order to provide a statistically sound measure of how the modelled and measured data compare, Figure 9(a) shows the 

normalise mean bias (NMB) between the modelled and measured data for all flights. NMB is a commonly used statistical 

method for evaluating atmospheric model performance58, with a value over 0 % indicating a positive bias in the model (i.e. 

the model overpredicts compared to the observed value) and a negative NMB indicating a negative bias in the model (i.e. 

the model underpredicts compared to the observed value). Data has been separated into inside and outside fire plumes 

405 according to the plume identification described earlier. For the flights over the Atlantic Ocean outside of fire plumes, the 

model does a good job of reproducing the measurements. For CO, the model under-predicts the observations by between 

2 and 13% outside of the plumes, with a total NMB across all flights of -4.6%. O3 shows a similar agreement with NMB 

between -5.0 and 11.2% and a total of 0.7%. In both cases the comparison between modelled and measured data is within 

the standard deviation of the data. For NOx the agreement outside of the plumes is poorer, with NMB between -20.1 and 

410 3.2% for the flights and a total across all flights of -9.9%. Inside the fire plumes, the agreement between modelled and 

measured values is worse, with the model being biased significantly lower for all three species. In total across all flights, 

the NMB is -29.4%, -16.5% and -37.5% for CO, O3 and NOx respectively. In all flights the comparison also falls outside 

the standard deviation and quartile range of the data. If we do not include flight C221, where the model does not reproduce 

the structure of the observations, in our analysis, the NMB improves slightly for all species to -26.9%, -16.4% and -34.3% 

415 for CO, O3 and NOx respectively. However, considering plume dilution that occurs due to model resolution we would 

expect concentrations to be somewhat lower.  

We also examined the NMB between modelled and measured VOCs with the average comparison for all the flights over 

the Atlantic Ocean shown in figure 9(b). Four species (ethane, propane, acetaldehyde and acetone) are present in both the 

420 measurements and the GEOS-CF model output. While none of these species can particularly be thought of as typically 

from biomass burning sources, a comparison between model and measurements is still informative. We see that for propane, 

acetaldehyde and acetone, the observation-model agreement is better outside the fire plume than inside, with all three 

species showing the model to be biased low inside the plumes (-25.1%, -82.3% and -26.1% respectively). For ethane, the 

agreement is similar inside and outside the fire plumes, with both seeing the model biased high (19.2% and 20.1% 

425 respectively). The comparisons described above demonstrate that, whilst the model does a good job of predicting CO, O3 

and NOx in the clean background air of the North Atlantic, it cannot reproduce CO or NOx (or VOCs) in the fire plumes, 

which in turn leads to the negative bias in O3. For formaldehyde (HCHO) in all flights, the modelled data is biased 

significantly low (-66.3%) inside the fire plumes, with slightly less negative bias (-48.2%) outside of the plumes. HCHO 

can be thought of as a marker for photochemical activity and VOC oxidation and thus the negative bias suggests that the 

430 model is missing VOCs both inside and outside the fire plumes, whose oxidation eventually causes HCHO formation. It is 

worth noting too, that the QFED emission inventory used here prescribes higher fluxes of CO (as well as organic carbon 

and black carbon) than other inventories for this region66 and some of the missing sources of formaldehyde could be due 

to carbon being emitted as CO within the inventory when it in fact it should be emitted as more reactive VOCs. This could 

be another reason for the low bias of O3 in the model compared to observations in the plumes.  

435

3.5 O3 enhancement in the model

To further assess the model performance and attempt to ascertain why it is biased low compared to measurements in the 

fire plumes, we have examined the relationship of the enhancement above background of O3 to CO. We resampled the 

observation to the same 1-minute frequency of the extracted model data and plotted O3 against CO to calculate a slope 
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440 based on RMA (similar to the method used in section 3.3). Minute-averaged regressions for both the measurements and 

the model for the 5 flights over the North Atlantic are shown in figure 10, with the enhancement ratios and air mass age 

shown in table 2. We also give an average of the younger (C225) and older (C218-C224) air masses to allow comparison 

with the average oxidation ratios seen in plumes within the region. In general, the O3 enhancement ratio (ΔO3/ΔCO), is 

lower in the model compared to the measurement. On average across the six flights, measured ΔO3/ΔCO is 0.24±0.02, 

445 whereas in the model the value is 0.15±0.11. Flight C224 is the closest to the measurements, giving a value of 0.24±0.16 

in the model compared to 0.25±0.06 in the measurement. Flight C223 sees a higher value in the model (0.36±0.02) 

compared to the measurement (0.24±0.08). It is not immediately clear why these two flights are different to the rest. They 

do not show any particular difference in the NMB analysis of measured and modelled data, in fact C224 shows the highest 

discrepancy in CO and O3. When we consider the broader ΔO3/ΔCO enhancement ratios within the older plumes (not 

450 including flight C225), we see a value of 0.17±0.03 versus an observed value of 0.29±0.05. The modelled ΔO3/ΔCO 

enhancement ratio increases to 0.19±0.03 when we exclude the flight where the model did reproduce biomass burning 

enhancement (C221 - as discussed in Section 4.1), which is in better agreement with the observations, which are unchanged. 

The modelled point is also shown on figure 7.  

455 This analysis shows that the low bias of O3 in the model is not purely due to the low bias of CO (and NOx). It is known too 

that Eulerian models will struggle to represent individual plumes on the scales of these fires12, as least in part due to their 

limited vertical resolution, and coarser model resolution can fail to capture non-linearity of O3 formation chemistry. The 

fact that the O3-to-CO enhancement ratio is also lower in the model suggests that the model may also be missing chemistry, 

a hypothesis that is backed up by the low bias of VOCs and HCHO in the model, although the VOC analysis is only for a 

460 few compounds and is missing potentially important and very reactive compounds such as oxygenated VOCs, isoprenoids 

and Furans65. The implication of this work is that the contribution of biomass burden over to the O3 burden over the Atlantic 

Ocean could be underestimated, especially when considering the impact of uncertainty in biomass burning’s contribution 

to O3’s radiative forcing through time59. It is clear that more studies of O3 and its precursors from wildfires in Africa are 

required in order to properly understand the effect on the wider North Atlantic Ocean.  

465

4 Conclusions

Aircraft based measurements of O3 and a range of its precursors were made in African wildfire outflow during 12 research 

flights spanning March 2017 to February 2020. The flights ranged from within a few kilometres of the fires over Senegalese 

470 and Ugandan savannah to several hundred kilometres away over the North Atlantic Ocean near Cape Verde. Close to the 

fires, large enhancements of NOx (>100 ppbv), CO (>10,000 ppbv) and VOCs (>20 ppbv) were observed, and the 

measurements allowed emission factors (EFs) for NOx and VOCs to be calculated. For NOx EFs of 2.05±0.43 for Senegal 

and 1.20±0.28 for Uganda were calculated, both higher than the average value of 1.13±0.6 for North and West Africa given 

in Andreae 201949. For most VOCs, EFs in Uganda were lower by factors of 20-50% compared to Senegal, with values 

475 comparing well to literature for larger VOCs (e.g. benzene, toluene and the butanes). The agreement with literature for the 

smaller VOCs is poorer, with measured values 30-70% lower. We examined the ΔO3/ΔCO enhancement ratio for all the 

flights and found values from 0.06 close to the fires (within 1-2 hours of emission) to 0.29 over the Atlantic Ocean (>150 

hours from emission).      

Page 13 of 31 Environmental Science: Atmospheres

En
vi

ro
nm

en
ta

lS
ci

en
ce

:A
tm

os
ph

er
es

A
cc

ep
te

d
M

an
us

cr
ip

t

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

3
 S

ep
te

m
b
er

 2
0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 9

/2
8
/2

0
2
1
 1

2
:3

1
:2

4
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

DOI: 10.1039/D1EA00041A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ea00041a


13

480 We also compared our observations against an archived global high resolution (~25x25 km2) state-of-the-art chemistry 

model, which was also used in forecast mode to guide which air masses were targeted by the aircraft-based ARNA-2 

campaign. The model shows skill in capturing the biomass burning plumes, as well as reproducing the background 

atmospheric composition for the region. Within biomass-burning plumes the model showed an ability to capture 

enhancements in O3, CO and NOx in all but one flight. A model underestimate of O3 and CO was seen in biomass-burning 

485 plumes, along with a 35 % underestimate of the observed O3:CO ratio in older plumes. These differences between the 

model and observations can be attributed to an underestimate in biomass burning emissions (of  CO and VOCs), insufficient 

oxidation of emissions within the model, and the ability to represent plumes within a global model. 

This study suggests that the contribution of biomass burning to O3 burden over the Atlantic could be underestimated, which 

490 has implications for calculations of radiative forcing both in present day, as well as the past and future. When the GEOS-

CF model product is available for dates prior to 2018, we would wish to expand the model-observation comparison to 

include data from more research campaigns in this region. This would allow reduction the uncertainty in predicted emission 

factors for more species and explore differentiation within source regions. 
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Figures

745
Figure 1: All locations and flight tracks from campaigns MOYA-1 (28th February 2017 – 2nd March 2017), MOYA-2 (28th – 29th 

January 2019) and ARNA-2 (5th – 12th February 2020).   
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Figure 3: Time series of NOx, HCN, Altitude, O3, and CO for each flight. Grey shaded areas show when fire plumes were being 

760 sampled (see text for description of plume identification).
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765
Figure 4: Altitude binned box / whisker plots of NOx, HCN, O3, and CO for each flight. NOx concentrations higher than 1000 

ppt are not included in these plots so profile details are clearer at high altitude.
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770 Figure 5: a) Enhancement ratio (VOC / CO) and emission factor calculations for selected VOCs, b) plot of measured against 

literature emission factors (taken from Andreae, (2019)49). The dash line represents 1:1.
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780 Figure 7: O3 / CO ratio plotted against age mass age for flights C004, C005, C006, C007, C132, C133, C218, C219, C221, C223, 

C224 and C225. The error bars indicate standard error in the enhancement ration and age calculation. The insert shows a zoom 

of the lower air mass age data. The two black dots show the average ratio of the model O3 / CO for the younger (C225) and 

older plumes (C218-224) during the ARNA-2 campaign. 

785
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Figure 9: Box and whisker plots to show normalised mean bias (NMB) of the model (GEOS-CF) in and out of fire plumes for (a) 

795 CO, NOx, O3 and HCHO by flight (b) VOCs for all flights. The bold horizontal lines show the median NMB, the edge of the 

boxes show the lower and upper quartiles, the vertical lines show the minimum and maximum values no more than 1.5 times the 

interquartile range and NMB values greater than these are represented by black dots.  
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Species

Calculated EF Senegal Calculated EF Uganda Literature (West or North African 

savannah from Andreae, (2019))

NOx (as NO) 2.05 ± 0.43  1.202 ± 0.28 1.13 ± 0.6

Ethane 0.284 ± 0.023 0.133 ± 0.037 0.450 ± 0.26

Propane 0.078 ± 0.006 0.026 ± 0.011 0.088 ± 0.05

Ethene 0.916 ± 0.04 0.791 ± 0.22 1.12 ± 0.87

Propene 0.323 ± 0.02 0.156 ± 0.039 0.540 ± 0.29

i-Butane 0.007 ± 0.001 0.004 ± 0.002 0.004 ± 0.003

n-Butane 0.030 ± 0.003 0.028 ± 0.02 0.014 ± 0.013

Benzene 0.257 ± 0.018 0.164 ± 0.05 0.250 ± 0.22

Toluene 0.119 ± 0.01 0.070 ± 0.02 0.114 ± 0.14

Acetylene 0.270 ± 0.01 0.315 ± 0.03 0.676 ± 0.35

HCHO N/A 1.07 ± 0.51 1.23 ± 0.65 (all locations)

805
Table 1: Comparison of NOx / VOC emission factors with literature and in model. The MCE used to generate the emission 

factors are 0.95 for Senegal and 0.94 for Uganda (taken from Barker et al., 202022). 

Flight Number Air mass age / hrs Measured O3 / CO Modelled O3 / CO

C218 201.3 0.23 ± 0.045 0.15 ± 0.01

C219 179.9 0.25 ± 0.034 0.08 ± 0.035

C221 147.2 0.25 ± 0.017 0.03 ± 0.03

C223 166.8 0.27 ± 0.080 0.36 ± 0.02

C224 156.5 0.27 ± 0.060 0.24 ± 0.16

C225 76.8 0.21 ± 0.043 0.05 ± 0.04

Aged air (C218-C224) 170.4 0.29 ± 0.050 0.17 ± 0.03

Aged air (C218-C224, not 
C221)

176.1 0.29 ± 0.045 0.19 ± 0.03

810
Table 2: ΔO3/ΔCO enhancement ratios calculated for 1 minute averaged measured and GEOS-CF modelled data. 
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