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Abstract  15 

From June to October, southern Africa produces one-third of the global biomass burning (BB) emissions by widespread fires. 

BB aerosols are westward transported over the south-eastern Atlantic with the mid-tropospheric winds, resulting in significant 

radiative effects. Ascension Island (ASI) is located midway between Africa and South America. A 17-month in-situ campaign 

on ASI found a low single-scattering albedo (SSA) as well as a high mass absorption cross-section of black carbon (MACBC), 

demonstrating the strong absorbing marine boundary layer in the south-eastern Atlantic. Here we investigate the monthly 20 

variations of critical optical properties of BB aerosols, i.e., SSA and MACBC, during the BB seasons and the driving factors 

behind these variations. Both SSA and MACBC increase from June to August and decrease in September and October. The 

average SSA during the BB seasons is 0.81 at 529 nm wavelength, with the highest mean ~0.85 in October and the lowest 

~0.78 in August. The absorption enhancement Eabs derived from the MACBC shows similar trends with SSA, with the average 

during the whole BB seasons at ~ 1.96 and ~ 2.07 in 2016 and 2017. As the Eabs is higher than the ~1.5 commonly adopted 25 

value by climate models, this result suggests the marine boundary layer in the south-eastern Atlantic is more absorbing than 

model simulations. We find the enhanced ratio of BC to CO (BC/∆CO) is well correlated with SSA and MACBC, providing a 

simple way to estimate those aerosol optical characteristics in the south-eastern Atlantic. The exponential function we proposed 

can approximate SSA and MACBC with BC/∆CO, and can better capture the growth of SSA as the decrease of BC/∆CO, 

especially when BC/∆CO is small. BC/∆CO is influenced by combustion conditions and aerosol scavenging. From the analysis 30 

of the location of BB burning, the primary source fuel, the water content in the fuel, combined with the mean cloud cover and 

precipitation in the transport areas of BB plume, we conclude that the increase in BC/∆CO from June to August is likely to be 

caused by burning becoming more flaming. The reduction in the water content of fuels may be responsible for the changing 
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of the burning conditions during these periods. The decrease in BC/∆CO in September and October may be caused by two 

factors, one being a lower proportion of flaming conditions, possibly associated with a decrease in mean surface wind speed 35 

in the burning area, and the other being an increase in precipitation in the BB transport pathway, leading to enhanced aerosol 

scavenging, which ultimately results in an increase in SSA and MACBC. 

1 Introduction 

Biomass burning (BB) is the largest source of primary carbonaceous aerosols and the second-largest source of reactive trace 

gases in the atmosphere (Akagi et al., 2011; Andreae, 2019; Andreae and Merlet, 2001; Guenther et al., 2006; van der Werf et 40 

al., 2017). Aerosols emitted from BB have profound implications for air quality (Brey et al., 2018; Chen et al., 2017; Reisen 

et al., 2013), health (Johnston et al., 2012; Naeher et al., 2007; Roberts et al., 2011) and climate (Bond et al., 2013; Che et al., 

2021; Freire et al., 2020; Malavelle et al., 2019; Thornhill et al., 2018). From June through October, southern Africa produces 

around one-third of the global BB emission by widespread fires across the savannah region (Roberts et al., 2009; van der Werf 

et al., 2017). These BB aerosols are westward transported by mid-tropospheric winds over the coincident south-eastern Atlantic 45 

(SEA) stratocumulus clouds (Adebiyi and Zuidema, 2016), and can result in significant radiative effects affecting the regional 

climate (Chand et al., 2009; Che et al., 2021, 2022b; Gordon et al., 2018; Lu et al., 2018; Sakaeda et al., 2011; Stier et al., 

2013; Wilcox, 2012). Despite extensive studies, the radiative forcing associated with BB aerosol in the south-eastern Atlantic 

remains uncertain (Mallet et al., 2021; Doherty et al., 2022).  

Black carbon (BC) emitted from BB is the primary absorbent particle that directly impacts the single-scattering albedo (SSA), 50 

resulting in a significant warming effect dominating the direct radiative forcing of BB aerosols (Mallet et al., 2020; Pokhrel et 

al., 2016). Since SSA is one of the largest sources of uncertainty in estimating the aerosol direct and semi-direct radiative 

forcings (Jiang et al., 2006; McComiskey et al., 2008), it is critical to constrain models with observed SSA. Previous studies 

generally consider the SSA of BB aerosol ranging from 0.8 to 0.9 at 550 nm (Wu et al., 2020; Eck et al., 2013; Johnson et al., 

2008; Pistone et al., 2019), while an extremely low SSA (~ 0.75 at 550 nm) was observed on Ascension Island (ASI) by 55 

Zuidema et al. (2018), suggesting a strong absorbing marine boundary layer in the south-eastern Atlantic. Those SSA values 

are lower than flight observations near ASI (Wu et al., 2020) during CLARIFY (CLoud-Aerosol-Radiation Interactions and 

Forcing for Year 2017) campaign, and represent the lowest values compared to all previously reported observations of African 

BB aerosols (e.g. Pistone et al., 2019), motivating us to investigate the causes and variations of their occurrence. In addition 

to SSA, the mass absorption cross-section of BC (MACBC) is an essential parameter in quantifying BB aerosol absorbing 60 

capacity and is a fundamental input in climate models (Bond et al., 2013). For fresh BC, MACBC falls within a narrow range 

of 7.5 ± 1.2 m2 g-1 at 550 nm, while with ageing and internal mixing of BC, MACBC can increase by approximately 50% (Bond 

et al., 2013). The increased absorption results from coatings on BC particles through the so-called lensing effect and is often 

represented by an absorption enhancement (Eabs). Observations in different global regions have reported varying Eabs, 
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depending on the coating thickness and mixing states of BC particles (Xu et al., 2018). Zuidema et al. (2018) demonstrated a 65 

high MACBC observed on ASI, suggesting the Eabs can be higher than 2, which is usually observed in heavily polluted areas 

(Xu et al., 2018). The Eabs observed on ASI is significantly higher than the generally adopted value of ~ 1.5 by current climate 

models (Cappa et al., 2012; Bond et al., 2013), indicating that the marine boundary layer in the south-eastern Atlantic is more 

absorbing than the model simulations. All these aerosol optical properties measured on ASI suggest current models may not 

be able to well simulate the marine boundary layer in the south-eastern Atlantic, raising questions about the accuracy of climate 70 

models in this region. 

During the BB season, the physical and chemical properties of BB aerosols change with variations in combustion conditions, 

source fuel, and meteorological conditions, resulting in variations in the optical characteristics of BB aerosols (Pokhrel et al., 

2021). Although satellite and surface-based sun photometer observations are able to estimate long-term SSA variation, the 

presence of the extensive clouds make it difficult to retrieve SSA in the marine boundary layer in the SEA (Haywood et al., 75 

2004; Eswaran et al., 2019). Recent aircraft campaigns conducted in this region have provided information on the optical 

properties of the African BB aerosols, such as SSA and MACBC (Redemann et al., 2021; Haywood et al., 2021; Pistone et al., 

2019). However, these campaigns are of short duration and thus unable to provide a long-term dataset on the variation of 

optical properties of BB aerosols in the marine boundary layer as the African plume transects to ASI.  

From 1 June 2016 to 31 October 2017, the LASIC (Layered Atlantic Smoke Interactions with Clouds) observation campaign 80 

was carried out on ASI, which offers, for the first time, the opportunity to collect a long-term dataset on those fundamental 

aerosol properties (Zuidema et al., 2018b, 2016). The island is midway between Africa and South America, and located within 

the trade wind shallow cumulus regime with the deepening boundary layer known to entrain free tropospheric plumes during 

the African BB seasons (Adebiyi and Zuidema, 2016). With the 17 months of continuous observations, LASIC enables a 

detailed study of the variation of the optical properties of BB aerosols and the factors influencing them. Therefore, here, we 85 

examined the monthly variations of SSA, MACBC, and Eabs measured on ASI during the two-year BB seasons, and explored 

the factors responsible for these variations. The data and method we used are described in Sect. 2, the variation of SSA, MACBC, 

and Eabs are discussed in Sect. 3.1. Then relations between these aerosol optical properties (SSA and MACBC) and BC/∆CO 

(introduced and discussed in Sect. 2) are discussed in Sect 3.2. The potential drivers behind the changes in BC/∆CO are further 

discussed in Sect. 4. Section 5 offers conclusions. 90 
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2 Method 

2.1 In-situ field observations 

LASIC campaign was carried out on the Atmospheric Radiation Measurement (ARM) Mobile Facility 1 site at Ascension 

Island, located at a latitude of -7.97, longitude of-14.35 and altitude of 340.8 m. A more detailed description of the sampling 95 

location and instruments can be found in the campaign report (Zuidema et al., 2018a). Here we provide a brief introduction of 

instruments and data we have used in this paper.  

Carbon monoxide (CO) concentration was measured by Los Gatos Model ICOS CO/N2O/H2O Analyzer. The aerosol 

absorption coefficient is derived by Particle Soot Absorption Photometer (PSAP, Radiance Research Inc), and the data are 

corrected as an average of the Virkkula (2010) and Ogren (2010)	corrections. The aerosol scattering coefficient is measured 100 

by a nephelometer. Absorptions were measured at 464, 529 nm, and 648 nm wavelengths, while scattering was at 450, 550, 

and 700 nm. The scattering coefficients were then adjusted to the wavelength of the absorptions using the scattering Ångström 

exponent to derive the SSAs. Only data with absorption coefficients greater than 5 Mm-1 were used to calculate the SSA. All 

data is applied with standard temperature and pressure correction (STP). Note that the aerosol absorption and scattering 

coefficients were measured at different relative humidity, as PSAP measured dry aerosols with the estimated relative humidity 105 

(RH) ≤ 25%, while the nephelometer measured aerosols with RH spanning 45% to 60%. Since the scattering measurement is 

conducted on a sample that is not as dry as the absorption, the SSA observed on ASI likely represent an upper bound to the 

true SSA. The refractive BC was derived from Single Particle Soot Photometer (SP2, Droplet measurement Technologies Inc) 

measurements.  The MACBC is calculated as the ratio of absorption coefficient and the BC mass concentration. To minimise 

instrument accuracy errors in the derived MACBC, only data with BC greater than 70 ng and absorption coefficients greater 110 

than 5 Mm-1 were used. The absorption enhancement Eabs was calculated by dividing the MACBC from our observations with 

that characteristic of fresh uncoated BC (7.5 ± 1.2 m2 g−1 at a wavelength of 550 nm by Bond and Bergstrom (2006)), and 

assuming the absorption Ångström exponent (AAE) of fresh BC as 1. Recent studies have shown that the AAE of fresh BC 

can vary from 0.8 to 1.4 (Liu et al., 2018), thus we further estimated a possible Eabs range based on the variation of the AAE. 

We also calculated the contribution of brown carbon (BrC) to total absorption at a wavelength of 464 nm, based on the AAE 115 

derived from the observations using the following equation: 

𝑓!"# = 1 −
𝑀𝐴𝐶$%&
𝑀𝐴𝐶'('

(
529
464.

))*!"#$%&'
	(1) 

where the fBrC is the fraction of absorption at 464 nm due to BrC, and MAC464 and MAC529 are the measured MACBC at 464 

and 529 nm wavelengths, respectively. AAE529-648 is the absorption Ångström exponent calculated between 529 and 648 nm. 

This method is similar to the one used by Taylor et al. (2020),  while it may bring uncertainties as the AAE of BC is not always 120 

1, and the MACBC at longer wavelengths might contain contributions from other absorbing materials, such as dust (Lack and 
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Langridge, 2013; Zhang et al., 2022). Note that most of the BC observation for September and October 2017 is unreliable due 

to issues with the inlet system. Therefore, the MACBC, Eabs, and fBrC for this period are also unreliable, and hence, excluded 

from our analysis. 

The enhanced ratio of BC to CO (∆BC/∆CO) is often used to indicate the emission conditions of the fire source, as the lifetime 125 

of CO is approximately one month, so the ratio of ∆BC/∆CO removes the effect of diffusion. ∆ represents the difference 

between observed and background concentrations. The background concentration of BC was considered to be zero, whereas 

the background concentration of CO was taken as the lowest 5th percentiles of the observations per month and can be found in 

Fig. S1 (supplement). Hence, ∆BC/∆CO is equal to BC/∆CO, the ratio that will be used in the ensuing analysis. Note the CO 

was converted to the same mass unit as the BC; therefore, BC/∆CO is a unitless parameter.  130 

2.2 Filter samples 

During August 2017, filter samples were collected from FAAM’s filters systems on the UK’s Bae-146 aircraft near ASI. 

Samples were deposited on Paella TEM grids, and analysed with a JEOL™ JEM-2010F FEG-TEM with a ThermoNoran™ 

energy dispersive X-ray detector (EDX), with more detailed information described by Dang et al. (2021). There were 17 

samples collected near ASI, while only two samples were collected inside the marine boundary layer and close to ASI (within 135 

5 km) to represent the composition and mixing of the aerosol measured on ASI. Between these two samples, BB aerosols were 

collected on just one filter. Therefore, although this sample (sampled at 2017/08/24 9:43-9:49, at 319.4 m) may provide 

information on the chemical composition of BB aerosols, it is not statistically representative. 

2.3 Satellite data 

The fire and land cover data were obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensors 140 

onboard the Terra and Aqua satellites. The active fire data was obtained from the MODIS Thermal Anomalies Collection 6.1 

(Giglio et al., 2016, p.6), which provide monthly mean fire radiative power at the centre of a 1 km pixel. To identify the main 

areas of combustion, the accumulated fire counts were calculated each month with the confidence greater than or equal to 

nominal for each pixel, then areas with the fire count >500 are considered the main burning areas. The land cover data was 

taken from the MODIS version 6, which provide annual land cover types derived from six different classification schemes 145 

(Sulla-Menashe et al., 2019). Here we used the Land Cover Type 3 product with the annual leaf area index (LAI) classification, 

to show the land cover types on the African continent. Normalized Difference Moisture Index (NDMI) is used to determine 

vegetation moisture content. It is derived from the Landsat 8 Operational Land Imager (OLI)/Thermal Infrared Sensor (TIRS 

surface reflectance (Wilson and Sader, 2002), and can be used to monitor fuel levels in fire-prone areas. 
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2.4 Meteorological data 150 

The monthly averaged surface wind, low-level cloud fraction, and total precipitation data are all from the ECMWF ERA5 

reanalysis dataset, which is the fifth-generation reanalysis for the global climate and weather (Hersbach et al., 2020). The data 

is at 0.25° × 0.25° resolution. The surface wind anomalies are calculated using the monthly deviations from the averages during 

the BB season (June-October) in 2016 and 2017 combined. 

2.4 Trajectories and PSCF analysis 155 

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al., 2015) was used to generate 7-

day back trajectories. Trajectories were initiated from the coordinate of the sampling location, but at altitudes of 500 and 2000 

m, using the Global Data Assimilation System (GDAS) database with 1° spatial resolution. One trajectory was generated per 

hour during the entire BB season in 2016 and 2017. However, airmass trajectories based on HYSPLIT only reflect the large-

scale subsidence and cannot capture entrainment, which has a significant contribution to the BB aerosols observed on the ASI 160 

(Diamond et al., 2018). Backward trajectories initiated from Ascension Island at an altitude of 500 m were largely distributed 

over the clean oceanic region in the southeast throughout the BB season and rarely touched the African continent (Fig. S2). 

Therefore, we only show the trajectories in the free troposphere (initiated at 2000 m) to show potential BB aerosol transport 

paths prior to entrainment. 

The potential source contribution function (PSCF) (Polissar et al., 2001) is widely used to identify the probable location of the 165 

emission sources and pathways that affect the receptor site (Koçak et al., 2009; Karaca et al., 2009). We calculated the PSCF 

with BC/∆CO > and ≤ 0.0034, respectively. This threshold is taken as a proxy that represents the different combustion 

conditions and is discussed in detail in section 4.1. The PSCF in the sub-region ij at each BC/∆CO category X is given by the 

following equation: 

𝑃𝑆𝐶𝐹+_-. =
𝑚+_-.

𝑛-.
					(2) 170 

where mX_ij is the number of segment trajectory endpoints in the ijth cell at a certain category X of BC/∆CO (> or ≤ 0.0034), 

and nij is the total number of air masses falling into the ijth cell. The value of the PSCF represents a conditional probability 

where a specific type of BC/∆CO (> or ≤ 0.0034) is related to the passage of air parcel through the ijth cell. High PSCF cells 

indicate areas of high potential contributions to current selected BC/∆CO, and the trajectories passing over these cells 

contribute to the major transport pathways at the receptor site. To reduce the uncertainty of PSCF resulting from small nij, an 175 

arbitrary weight function Wij is used to multiply by the PSCF, as introduced by Polissar et al. (2001). 
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𝑊-. =

⎩
⎪
⎨

⎪
⎧1.0																													𝑛-. > 2 × 𝐴𝑣𝑔
0.75													𝐴𝑣𝑔 < 𝑛-. ≤ 2 × 𝐴𝑣𝑔
0.5												0.5 × 𝐴𝑣𝑔 < 𝑛-. ≤ 𝐴𝑣𝑔
0.15															0 < 𝑛-. ≤ 0.5 × 𝐴𝑣𝑔

			(3) 

where Avg is the average number of endpoints in each cell. 

3 Results 

3.1 Monthly variation of optical properties of BB aerosols 180 

 

Figure 1.  Monthly percentiles (10%, 25%, 50%, 75%, and 90%) of aerosol absorption coefficient, SSA, MACBC, and BC/∆CO 

as box-whisker plots spanning the fire season in 2016 and 2017. The light blue, green and red colours of absorption, SSA, and 

MACBC indicate observations at wavelengths of 464, 529, and 648 nm, respectively.  
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Zuidema et al. (2018) described the seasonal variation of SSA on ASI, and we also show this variation in Fig. 1 to facilitate 185 

illustration and comparison. SSA and absorption show opposite trends, i.e., from June-August, the aerosol absorption 

coefficient increases while SSA decreases, and from September to October, it shows the opposite variation. This indicates an 

increase in the proportion of absorbing aerosols from June to August, which leads to an increase in the aerosol absorption 

coefficient and a decrease in SSA, and a decrease in the proportion of absorbing aerosols from September to October. As BC 

is the primary absorbing aerosol, this suggests a variable proportion of BC observed on the ASI during biomass burning, 190 

suggesting potential differences in BB plume for each month. The average SSA during the BB seasons is 0.81 at 529 nm 

wavelength, with the highest mean ~0.85 in October and the lowest ~0.78 in August. Such low values indicate the presence of 

pronounced absorption aerosol within the marine boundary layer in the south-eastern Atlantic. MACBC has a similar monthly 

pattern as SSA, which is particularly noticeable in 2016. This suggests that during the BB season, SSA and MACBC are lower 

when the proportion of BC in the plume is higher, which can be explained by the change in the coating thickness of BC 195 

particles. As more BC aerosols are present in the plume, they compete for condensable material, resulting in a smaller average 

coating thickness on BC particles, leading to a decrease in SSA and MACBC. The mean MACBC during the BB season in 2016 

is 15.4 at 529 nm, with the highest monthly mean values of 19.1 in October and the lowest of 12.9 in August.  

The absorption enhancement Eabs is illustrated in Fig. 2. As Eabs is derived based on MACBC, it has the same trend as MACBC. 

Eabs in 464 and 648 nm wavelength show large fluctuations when assuming the AAE of fresh uncoated BC in the range of 0.8 200 

to 1.4; however, Eabs in the 529 nm is less sensitive to the AAE of fresh BC. Therefore, Eabs at 529 nm will be discussed and 

compared to observations from other geographical areas. The Eabs observed on ASI are higher than most of those observed in 

rural areas worldwide that are affected by BB (Xu et al., 2018), with some months averaging around 2.4. This finding is 

consistent with that of Denjean et al. (2020), which found that the absorption enhancement could reach 210% in the SEA. The 

averaged Eabs at 529 nm wavelength are 1.96 in 2016 and 2.07 in 2017. Taylor et al. (2020) found an averaged Eabs around 1.85 205 

around ASI, following the airborne measurements during CLARIFY, while they also showed the MACBC is higher in the 

marine boundary layer than free troposphere, supporting our finding of such high Eabs on ASI. Zuidema et al. (2018) reported 

the July-September averaged MACBC measured in 2016 on the ASI as 15.1, 13.3, and 10.7 m2 g−1 at 464, 529 and 648 nm, 

which corresponds to Eabs as 1.70, 1.71, and 1.68 respectively. The relatively low values they observed are due to the lower 

enhancement between July and September, with August having the lowest average of around 1.64 at three wavelengths.  210 
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Figure 2.  Monthly percentiles (10%, 25%, 50%, 75%, and 90%) of absorption enhancement Eabs, AAE (between 464 and 648 

nm), and calculated BrC contribution to total absorption at 464 nm as box-whisker plots spanning the fire season in 2016 and 

2017. Eabs is calculated by assuming an AAE of 1 for the fresh BC. The black solid lines in the upper panel indicate the upper 

and lower boundary of the calculated median Eabs when the AAE is in the range of 0.8 to 1.4. 215 

The high value of MACBC and Eabs observed on ASI may be attributed by two factors: the high concentration of other absorbing 

aerosols, such as brown carbon (BrC) and dust, or thickly coated BC particles. Fig. 2 shows the evaluated contribution from 

BrC on total absorption at 464 nm is generally around 1-2%, suggesting BrC have a minimal influence on the ASI. Zhang et 

al. (2022) found around ~10 % of BrC at 470 nm near the African continent, while Taylor et al. (2020) found ~10 % BrC at a 

much lower wavelength (405 nm) in the free troposphere near Ascension Island. In contrast to these measurements in the free 220 

troposphere, our observed BB plumes are generally considered to have experienced cloud processing, which could further 

reduce the BrC content (Che et al., 2022a). In addition to considering the contribution to absorption from BrC, Fig. 3 shows 

the plausible existence of dust particles (Fe bearing) as a contributor to the observed absorption, based on single-particle filter 
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analysis by TEM-EDX (Dang et al., 2021) sampled close to ASI. Fe-bearing particles are suspected of contributing to this 

large Eabs, as Fe oxides, such as magnetite, have strong and uniform absorption at visible wavelengths (Zhang et al., 2015), 225 

which could lead to a high MACBC, and an AAE around 1, consisting of our measured AAE (Fig. 2). However, only two 

samples were collected in the marine boundary layer near ASI, and only one sample includes aerosols from the BB, while the 

other shows clean sea salt aerosols. For the sample with BB aerosols, out of 50 sampled particles, 11 included Fe. Although 

this can prove the presence of Fe-bearing aerosols at ASI, the limitations of the sample numbers make it difficult to estimate 

the proportion of Fe-bearing aerosols and whether they contribute significantly to the observed Eabs.  Zhang et al. (2022) noticed 230 

a small contribution of Fe-bearing aerosols in the absorption based on an optical closure study with filter samples from the 

ORACLES aircraft campaign (ObseRvations of Aerosols above CLouds and their intEractionS) near the African continent. 

However, even considering a 10 % absorption contribution is from dust, the upper limit, according to their conclusions, is still 

not enough to explain the high value of Eabs we observed on the ASI. Therefore, the high Eabs from ASI is most likely caused 

by the thickly coated BC particles, that is, the ‘lensing effect’, consisting with Denjean et al. (2020). 235 

 

 

Figure 3.  Elemental composition and representative microphysical images of particles from TEM-EDX analysis for the 

collected sample (sampled at 2017/08/24 9:43-9:49, at 319.4 m) near ASI.  

After emission, BC particles can acquire additional coatings with age through deposition of semivolatile atmospheric species 240 

or coagulation with pre-existing particles, resulting in enhanced absorption of sunlight. As the African smoke engulfing ASI 

is aged for several days (Taylor et al., 2020), it is reasonable to expect the BC particles to have a thick coating. Previous studies 
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have shown that BC particles encapsulated in a core-shell configuration display substantial Eabs (Adachi et al., 2010; Zhang et 

al., 2017), with values depending strongly on the ratio of coating materials to BC (Cappa et al., 2019; Peng et al., 2016; Liu et 

al., 2015; Xie et al., 2019; Cross et al., 2010). Chakrabarty and Heinson (2018) further proposed a power-law function to 245 

characterise the relation of Eabs and mass ratio of coated particle to BC core (Mtotal/MBC). By applying this relation to our data, 

we estimate the average Mtotal/MBC of ~ 7.5 in 2016 and ~ 8.8 in 2017 during the BB season, suggesting that, on average, the 

mass of coated materials is ~6.5 and ~7.8 times higher than BC cores during in those two years. Zhang et al. (2017) theoretically 

investigated the effect of BC microphysical properties on Eabs using the multiple-sphere T-matrix method. According to their 

results, we estimate the ratio of the shell-core ratio (spherical equivalent particle diameter divided by BC core diameter) is ~ 250 

2.2 on average, suggesting that the coating thickness is 1.2 times the BC core radius.  

In addition to thick coating, there are other factors that can result in high Eabs, such as the particle morphology (i.e., the physical 

arrangement of BC with respect to other components within a given particle) and different refractive index of BC (Zhang et 

al., 2017). If the particle has an off-centre core-shell structure (BC core is partially encapsulated or attached to the edge of its 

shell), then the Eabs would be small or close to 1, suggesting the ageing has a minimal effect on absorption with such structure 255 

(Cappa et al., 2019). Furthermore, with the increase of the shell-core ratio, the Eabs even decrease for those off-centre core-

shell particles (Zhang et al., 2017). While for particles with concentric core-shell structures (BC core located at coating centre), 

Eabs increases substantially with the coating thickness. Therefore, our results may suggest most of the BC particles on ASI have 

concentric core-shell structures. The higher refractive index of BC can also lead to larger calculated Eabs, which may be another 

reason behind the high Eabs observed on the ASI. However, the impact of the refractive index on Eabs is relatively small and 260 

within 4% (Zhang et al., 2017). Therefore, we speculate that most of the BC aerosols observed on the ASI have a very thick 

coating and are concentrically structured, consistent with the finding from CLARIFY aircraft observation (Taylor et al., 2016). 

As most climate models use a fixed value of Eabs ~1.5 (Wang et al., 2014), our results suggest that the absorption in the south-

eastern Atlantic may be significantly underestimated.  

3.2 BC/∆CO and aerosol optical properties 265 

The lowest panel in Fig. 1 shows the monthly variation of the enhanced ratio of BC to CO (BC/ΔCO, detailed in methods). 

BC/∆CO increases from June to August and decreases in the following two months in both 2016 and 2017, showing an opposite 

trend to that of SSA, MACBC, and even AAE and Eabs in Fig. 2. As BC/∆CO can indicate the emission conditions near the fire 

source, this finding may suggest the seasonal variation of aerosol properties observed on ASI may be driven by the burning 

conditions of African fires. However, as ASI is several days away from the burning locations in terms of the plume transport, 270 

atmospheric ageing can also affect the observed BC/∆CO. A more detailed analysis of BC/∆CO and factors behind its variation 

is presented in the following section. Here we investigate in detail the relationship between BC/∆CO and BB aerosol optical 

properties shown in Fig. 1. 
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Figure 4. Relations of BC/∆CO with (a) SSA and (b) MACBC at 529 nm wavelength. The solid black lines represent the linear 275 

regressions, and the red dash lines are the curves fitting with the function displayed in the legend. The colour scale indicates 

the density of the data in each plot. The vertical dashed black lines in each plot corresponding to BC/∆CO = 0.0034 

The relationship between BC/∆CO and SSA and MACBC at 529 nm wavelength are exhibited in Fig. 4, where the colour scale 

indicates the density of the data. Overall, there is a tendency for both SSA and MACBC to decrease with the increase in 

BC/∆CO. The decrease of SSA with BC/∆CO is more dramatic when BC/∆CO is smaller than 0.0034 (left side of the black 280 

dashed line). Since higher BC/∆CO represents a larger fraction of BC emitted from the combustion (which suggests that 

combustion becomes more flaming), the trend of decreasing SSA and MACBC with increasing BC/∆CO indicates that a higher 

fraction of flaming combustion can result in a lower SSA and MACBC. This may be due to flaming fires producing more BC 

particles, which can directly lower the SSA. In contrast, smouldering combustion is characterised by a higher concentration of 

scattering OA, therefore, a higher SSA. The magnitude of the MACBC depends mainly on the shell-core ratio of BB aerosols, 285 

as discussed in the previous section. Microscopy observations have suggested that smouldering dominated combustion can 

result in a smaller BC core and thicker coating (Adler et al., 2010; Wang et al., 2017), as smouldering combustion has higher 

gas-phase organic compound emissions (Yokelson et al., 2009), and can result in a higher SOA formation ratio (Vakkari et al., 

2018). Consequently, the shell-core ratio of BC particles is higher in smouldering fires, leading to a higher MACBC. While for 

the flaming fires, a higher number of BC particles compete for coating materials, resulting in a reduction in the average coating 290 

thickness on BC aerosol, and thus a reduction in MACBC.  
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In Fig. 4, SSA and MACBC are approximated by linear and exponential functions with BC/∆CO, respectively (black and red 

fitting lines). Despite the scattered SSA and MACBC values, the fitted lines are able to well represent the denser data. The 

exponential function can represent the relationship between SSA and BC/∆CO better than the linear regression with a higher 

R2 value, especially when BC/∆CO < 0.0034, where a rapid increase of SSA is observed as BC/∆CO decreases. However, 295 

MACBC values are highly scattered when BC/∆CO is small (less than 0.04), so for MACBC, the differences in linearity and 

curve fittings are not significant. The scatter of MACBC is mainly related to the BC measurements, as MACBC calculated from 

the absorption and BC mass ratio has a large uncertainty when the BC content is small. Nevertheless, these functions provide 

us with a simple way to estimate the parameters of the aerosol optical characteristics in the south-eastern Atlantic, and can 

help to improve the parameterisations used in climate models. 300 

4 Discussion 

Since BC/∆CO shows a good linear relationship with the optical properties of aerosols observed on ASI, factors that affect the 

value of BC/∆CO are examined in this section. The potential drivers of the variation of aerosol optical properties during BB 

season are also discussed. The magnitude of BC/∆CO depends primarily on two factors, one being the condition of the 

combustion, and the other being the scavenging of aerosols during transport of the plume. Here we discuss the relation of 305 

BC/∆CO and burning conditions in 4.1, and explore the reasons behind the monthly variation of BC/∆CO in 4.2 and 4.3. In 

4.2, we mainly discuss the variation in aerosol scavenging, and in 4.3, we focus on the burning conditions and the factors 

behind its monthly variation.  

4.1 BC/∆CO and burning conditions 

As discussed earlier, BC/∆CO is related to the combustion conditions of the fire. The combustion phase of biomass, i.e., 310 

flaming, smouldering, and pyrolysis, is commonly represented by the modified combustion efficiency (MCE). Higher MCE 

indicates a larger fraction of flaming combustion, and when MCE equals 0.9, it means that the combustion is about half flaming 

and half smouldering (Akagi et al., 2011). However, the calculation of the MCE requires the determination of the background 

concentrations of CO and CO2, which will introduce uncertainties, especially in aged plumes. BC/ΔCO can also represent the 

burning condition, and was proved more reliable than MCE for combustion characterization in diluted plumes by Vakkari et 315 

al. (2018), who investigated the secondary organic formation in Africa aged plumes. 
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Figure 5. Summary of BC/∆CO and the corresponding modified combustion efficiency (MCE) from literature for fresh fires 

(age < 0.5 h). The solid black line is the linear regression of BC/∆CO and MCE values from various investigations (Hennigan 

et al., 2011; May et al., 2014; Vakkari et al., 2018; Akagi et al., 2012) for BC/ΔCO < 0.015 , and the blue shaded areas indicate 320 

the estimated zones for BB aerosol with cloud processing.  

The relationship between MCE and BC/ΔCO is clearer for fresh plume (Vakkari et al., 2018). Fig. 5 shows the relation of 

MCE and BC/∆CO for near-source BB plume (age < 0.5h) from the literature. From the figure, it is shown that MCE increases 

with BC/ΔCO, indicating that the higher BC/ΔCO represents the higher fraction of flaming combustion. However, the 

relationship between BC/ΔCO and MAC is not linear across the entire range, as suggested by May et al. (2014), where the 325 

growth of MAC becomes much slower for BC/ΔCO greater than 0.015. Vakkari et al. (2018) found that when BC/ΔCO is 

smaller than 0.015, MCE shows a clear near-linear relation with the BC/ΔCO. Therefore, in the figure, we fitted (black solid 

line) the available observational data for BC/ΔCO values less than 0.015. The result shows a reasonable linear relationship of 

MCE and BC/ΔCO, with the R2 value = 0.44. Therefore, this result suggests that with the increasing fraction of flaming 

combustion, BC/ΔCO also increases. Our measured BC/ΔCO values are generally smaller than 0.012, suggesting this linear 330 

relation is applicable to our data. This linear relationship, therefore, suggests that one of the major factors contributing to the 

variation in the observed BC/ ΔCO is the change in combustion state from the BB region. Based on this fitted line, we estimate 

that BC/ΔCO is around 0.004 when MCE = 0.9. This means for fresh plume with BC/ΔCO > 0.004, the burning is dominated 

by flaming combustion, while when BC/ΔCO < 0.004, the burning is mainly smouldering. Considering that the plume reaching 

ASI undergoes atmospheric ageing and scavenging processes of about one week, for a plume from the same burning, the value 335 

of BC/ΔCO we observed should be lower than the fresh ones. Therefore, our observed BC/ΔCO corresponding to MCE = 0.9 
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should be less than 0.004. Owing to the absence of CO2 observations on the ASI, we are unable to directly compare the 

BC/ΔCO observed with MCE; however, when BC/ΔCO > 0.004, the plume is likely to be all from the flaming combustion.  

Since BB aerosols are transported above clouds, the BB aerosols observed on the ASI may have undergone cloud removal as 

they enter the boundary layer. In a previous study (Che et al., 2022a), we have found that cloud processing is responsible for 340 

~20 to ~80 % of the reduction of aerosol mass with the transport of the plume from the African continent, depending on the 

cloud liquid content and the residence time of the BB aerosol in the cloud layer. Assuming that all BB aerosols observed on 

the ASI undergo cloud processing and assuming that the cloud processing removes 20 to 80 percent of the aerosols, then the 

linear relationship for our observed MCE and BC/ΔCO would lie in the blue shaded interval in Fig. 5 (a). The upper and lower 

boundaries of the shaded area represent the relationship between BC/ΔCO and MCE for 20 and 80 % of aerosol removal, 345 

respectively. As a result, our observed BC/ΔCO corresponding to an MCE equal to 0.9 ranges from 0.0017 to 0.0034. This 

finding is consistent with the relationship between BC/CO and SSA, i.e., the rate at which SSA decreases with BC/ΔCO 

changes clearly for BC/ΔCO around 0.0034 (the black dashed line), potentially indicating a shift in combustion state, i.e., from 

smouldering to flaming. However, the estimated value of our measured BC/ΔCO corresponding to an MCE of 0.9 has large 

uncertainties. Our assumption is that all BB aerosols undergo cloud removals, but in reality, there will be BB aerosols that do 350 

not pass through the clouds, as the cloud cover is not 100%, in which case the BC/ΔCO value corresponding to MCE=0.9 will 

be higher than our estimated values, but should not exceed 0.004. However, with regard to the linear relationship between 

BC/ΔCO and MCE, the reason for the seasonal variation in BC/ΔCO as shown in Fig. 1 may be that there is a change in 

combustion conditions in each month, i.e., from June to August there is an increase in the proportion of flaming combustion, 

while from September to October smouldering combustion increases. This finding is consistent with Fig. S3, which shows that 355 

burning with higher fire radiative power (FRP) declined in September and October. 
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4.2 Aerosol scavenging  

 

Figure 6.  Monthly mean low cloud fraction calculated from the ERA5 reanalysis data. The location of ASI is marked as the 

red star. The grey boxes represent the range of the main transport paths of BB aerosols observed on ASI. The box means are 360 

the mean cloud fractions calculated in the grey box region.  

 

Figure 7.  Same with Fig 6, but with precipitation.  

Cloud processing and rain removal are the two main mechanisms for BB aerosol scavenging (Textor et al., 2006). The monthly 

variation of the mean low-level cloud fraction and precipitation are illustrated in Fig. 6 and 7. Using the location of ASI as a 365 
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boundary, we placed a box at the upstream areas of the plume to roughly represent the main paths and areas of the plume 

transport, which are indicated by a grey box in both figures. The position of this box is approximately consistent with the 

backward trajectories of the plume (Fig S2). The mean value inside the box is calculated to roughly to represent the average 

cloud cover and precipitation during the transport of the plume.  

From Fig. 6, it can be seen that in the plume transport region, the proportion of low clouds increases from June to August, 370 

indicating the increase of the probability of aerosols undergoing cloud processing, which could result in a decrease in BC/∆CO 

from June to August. Mean precipitation in the grey box remains almost constant from June to August (Fig 7), indicating that 

the contribution of rain removal mechanisms to the BC/∆CO did not change during these months. Thus, aerosol scavenging 

should negatively affect BC/∆CO from June to August, which is inconsistent with the observed increase in BC/∆CO, 

suggesting that changes in combustion status may be the main reason for the increase in BC/∆CO during these months. From 375 

August to October, the mean proportion of cloud cover within the grey box generally remained the same, suggesting that cloud 

processes may not have had much influence on the change in BC/∆CO from August to October. However, the mean 

precipitation in the grey box increases from August to October, suggesting the potential increase of the rain removal of BB 

aerosols in these months, which can result in a decrease of BC/∆CO, consistent with our observations. In general, the increase 

in BC/∆CO from June to August is probably mainly due to changes in combustion conditions, and the effect of aerosol 380 

scavenging may not be significant. In contrast, from August to October, rain removal of BB aerosols may have increased, 

which may, in turn, have contributed to the reduction in BC/∆CO during that period.  

4.3 Changes in BB burning conditions 

4.3.1 Changes in BB burning location and fuel types 

The variation of burning location on the African continent is illustrated in the supplement (Fig. S4). In the 2016 and 2017 BB 385 

seasons, there is also no significant change in biomass burning locations for the same months, and the number of fires is 

similar. Therefore, we further compare the changes in fuel sources in different months using 2016 as an example, as shown in 

Fig. 8. The major burning sites in different months are defined as areas with a cumulative number of fires >500 for that month, 

and are illustrated in the black contour in the figure. In general, the main burning areas shift eastwards from June to October 

in 2016 and 2017. From June to August, the main burning areas gradually expanded. In contrast, the smallest burning areas 390 

are found in September and October, mainly in south-eastern Africa. For the fuel source, the results indicate that savannah 

burning is predominant in each month, while the proportion of burning in grasses/cereal is higher in September and October. 

Especially during October, major burning also occurs in the northern grassland areas. Different burning fuels may result in 

changes in combustion conditions, but their effect is uncertain. The increased burning in grasses/cereal areas may suggest a 

source of fuel dependence on the observed decrease in BC/∆CO in September and October. BC/∆CO is increasing from June 395 

to August, but there is no significant change from the fuel source, which imply that the change in combustion conditions during 
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these periods is not caused by changes in fuel sources. However, more detailed studies will be required to further investigate 

the relation between fuel source and ∆BC/∆CO ratio, especially for the seasonal dependence. 

 

 400 

Figure 8.  Major burning locations and land covers during the BB season in 2016. The different colours on the land indicate 

different land types. Areas with accumulated fire count greater than 500 are illustrated in the black contour each month. The 

land cover data is from the MODIS collection 6 product MCD12Q1 (https://doi.org/10.5067/MODIS/MCD12Q1.006) 
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4.3.2 PSCF analysis of BC/∆CO 405 

 

Figure 9. The spatial distribution of potential source contribution function (PSCF) during the Africa fire season in 2016 and 

2017. The 7-day backward trajectories in the upper blue and lower orange rectangles indicate air mass flow when BC/∆CO > 

or ≤ 0.0034, respectively. Different colours indicate the probability of different transport paths of the plumes. Note the 

trajectories are initiated at an altitude of 2000 m at the sampling site (marked as the black star) on ASI. The pink areas on the 410 

continent indicate savannah, the main burning material in each month.  

The PSCF results derived from the 7-day backward trajectories initiated at an altitude of 2000 m at the sampling site during 

the African fire seasons are illustrated in Fig. 9. These trajectories represent the transport of air masses in the free troposphere. 

A similar analysis but for trajectories initiated at an altitude of 500 m is shown in the supplement Fig. S5. Those boundary 

layer airflow generally exhibit a similar pattern for different months, i.e., southeasterlies advecting clean Southern Hemisphere 415 
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air around the southern Atlantic subtropical anticyclone, as illustrated by Zuidema et al. (2018). Those findings suggest the 

BB aerosols observed on ASI mainly result from the entrainment of the free troposphere plumes. Therefore, back trajectories 

in the free troposphere are more relevant for the indication of the BB geographical source fuel. 

The trajectories and main pathway of the airmass for BC/∆CO > 0.0034 cases, representing potential flaming combustions, 

are illustrated inside the upper blue rectangle for each month. In contrast, the lower orange rectangle shows the trajectories of 420 

airmass for potential smouldering dominated combustions with BC/∆CO ≤ 0.0034. Overall, the air mass trajectories do not 

vary much in the direction from month to month for different BC/∆CO values, although a stronger zonal wind in October was 

documented (Zhang and Zuidema, 2021). For those observations where BC/∆CO > 0.0034 (flaming conditions), back 

trajectories suggest BB aerosols originated from the savannah increases from June to August. Moreover, trajectories with high 

BC/∆CO values during August have a higher probability of originating from the savannah, while the trajectories with small 425 

BC/∆CO are more likely to originate from other sources. This may indicate that the difference in fuel source contributes to the 

change in combustion conditions and result in a change in BC/∆CO. During September and October, the probability of 

trajectories from the savannah but with smaller BC/∆CO increases, suggesting that savannah burning became more 

smouldering during these months. In contrast, savannah burning is dominated by flaming combustion in August. This 

difference may be attributed to the change in meteorological conditions and water content in the fuel.  430 

4.3.3 Variation of normalized difference moisture index 

 

Figure 10.  Major burning locations and normalized difference moisture index (NDMI) during the BB season in 2016 and 

2017. Areas with accumulated fire count greater than 500 are illustrated in the black contour in each month, and are defined 

as the major burning areas. The mean values of NDMI in the major burning areas each month are also displayed in the figure.  435 
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The NDMI (Normalized Difference Moisture Index) is used to describe the water stress level in vegetation, and can be used 

to monitor fuel levels in fire-prone areas. The monthly mean NDMI within the major bunning areas are labelled in the figure. 

As can be seen, mean NDMI in the major burning areas decreases from June to August, indicating the fuel become drier. The 

primary fuel from June to August is Savannah and without significant change, therefore the change in burning state is likely 

to be a result of changes in the water content of the fuel. When the fuel is drier, the more flaming of the combustion. This 440 

result is consistent with the increase in BC/∆CO in these months, suggesting that it is likely that the burning became more 

flaming from June to August is caused by the drier of the fuel. The average NDMI for both September and October are smaller 

than that of August, suggesting that fuel is drier in these two months. However, BC/∆CO are lower in September and October 

than in August, meaning that the change in moisture in the fuel is not the main reason for the decrease in BC/∆CO between 

these two months. Although the average NDMI in the main burning areas is lower than that in other months, the value of 445 

NDMI increases slightly from September to October and is more noticeable in 2017. This indicates an increase in fuel water 

content in October compared to September, consistent with the observed decrease in BC/∆CO. However, as changes in 

combustion conditions do not depend solely on the water content of the fuel, factors such as surface wind can also have an 

effect, therefore the change in September/October may also be related to other factors. 

4.3.4 Impact of meteorological factors on combustion conditions 450 

 

Figure 11. Monthly-mean surface wind anomaly calculated from the ERA5 reanalysis data. The baseline is an average from 

June to October in 2016 and 2017 combined. The means are calculated as the average anomalies in the major burning areas (> 

500 fire counts), which is illustrated in the black counter each month.  
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The current understanding of the mechanisms leading to the changes and transition between smouldering and flaming 455 

combustions is poor and mostly limited to experiments (Santoso et al., 2019). In general, previous studies have suggested that 

wind can exert competing effects; first by increasing the oxygen supply, which will increase the flaming combustion fraction, 

and second, by simultaneously increasing the effective cooling, thereby suppressing active flaming. The surface wind 

anomalies in each month during the BB season in 2016 and 2017 are shown in Fig. 11. A distinctive feature is the noticeable 

lower wind speeds in September and October in the main burning areas. This result may suggest the decrease in wind speed 460 

may have led to a reduction in oxygen supply, resulting in the increase of the proportion of smouldering combustion in 

September and October. Another feature is the change in the direction of the wind during these months. From June to August, 

a relatively large proportion of winds from the southeast allowed the burning to expand northwards. In September and October, 

however, the northwest winds begin to increase, causing the burning area to return to the south where it had previously burned 

and move eastwards. The airflow during September and October are proposing smouldering propagations, which may carry 465 

the heat away from the burning zone away to the ash layer, diminishing the heat supplied for heating the fuel and resulting in 

an increased fraction of smouldering combustion (Santoso et al., 2019).  

5 Conclusion  

A 17-month in-situ campaign was conducted on ASI during 2016-2017. The monthly variation of measured aerosol optical 

properties during the African BB seasons are investigated in this paper. An increase of aerosol absorption coefficient from 470 

June to August is observed along with a concomitant reduction in SSA and MACBC. In contrast, during September and October, 

the aerosol absorption coefficient decreases, with the increases in SSA and MACBC. The highest SSA is observed in October, 

with a mean value ~ 0.85 at 529 nm, while the lowest monthly mean in August, around 0.78.  

The absorption enhancement Eabs also shows similar trends with SSA, and exhibits the same values as observations in heavily 

polluted areas. The mean Eabs during the whole BB season is ~ 1.96 in 2016 and ~ 2.07 in 2017. Our observed Eabs is 475 

significantly higher than the value (~1.5) commonly adopted by climate models, suggesting the marine boundary layer in the 

south-eastern Atlantic is more absorbing than the model simulations. Further analysis indicates the contribution of BrC to 

absorption is negligible, as BrC calculated from AAE are generally around 1-2% at 464 nm. Although filter samples collected 

in the boundary layer near the Ascension Island demonstrate the existence of dust aerosols, which can also contribute to the 

total aerosol absorption, the fraction of dust aerosol is low and unable to explain such high Eabs along. Therefore, we conclude 480 

that those high Eabs mainly resulted from the thick coating of BC particles, i.e., the lensing effect. By applying the results from 

theoretical simulation, we estimated the ratio of the shell-core (spherical equivalent particle diameter divided by BC core 

diameter) is ~ 2.2 on average, suggesting the coating thickness is 1.2 times the BC core radius for the BB aerosols observed 

on the ASI. The monthly variation of SSA and MACBC are found to have a good relationship with BC/∆CO, suggesting that 

the variation in BC/∆CO may be responsible for the variation in SSA and MACBC across months during the BB season. In 485 
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general, both SSA and MACBC decrease with the increase of BC/∆CO, and this decrease is more dramatic when BC/∆CO is 

small (< 0.0034). 

We further analyse the factors affecting BC/∆CO and therefore discuss the reasons for the monthly variation in BC/∆CO during 

the BB season. From the analysis of fresh smoke, the combustion state (represented by MCE) and BC/∆CO are linear 

correlated. Therefore, the change in BC/∆CO reflects the change in combustion state, i.e., the more flaming, the higher of 490 

BC/∆CO. However, due to the long transport time and the extensive clouds underlying the plume layer, we estimate the 

BC/∆CO observed on ASI may be subject to aerosol scavenging processes with the transport of the plume. From June to 

August, mean cloud cover increases in the BB plume transport region with the mean precipitation remaining constant, 

suggesting that the removal of BB aerosols by cloud processing may have been increased during this period. Therefore, the 

observed increase in BC/∆CO from June to August may be due to changes in combustion conditions, i.e., increasing flaming 495 

combustion from June to August. The analysis of the water content of plants shows that the fuel becomes increasingly drier 

from June to August, which could be the reason for the more flaming combustion. In September and October, mean 

precipitation increases in the BB aerosol transport region, thus in addition to the changes in burning conditions, aerosol 

scavenging also contributes to the decrease in observed BC/∆CO. For the analysis of burning conditions, these two months 

show an increase in grass burning, along with a decrease in surface wind speed in the burning area during these two months, 500 

which may have caused their burning to become more smouldering. However, the above discussion of combustion remains 

highly uncertain and future work is required to explore the reasons for the change in combustion state and the effect of aerosol 

scavenging on the BC/∆CO. 

Therefore, the correlation of BC/∆CO with SSA and MACBC suggest that both SSA and MACBC decreases when the 

combustion becomes more flaming (BC/∆CO increases). This may be because flaming combustion is characterised by a higher 505 

concentration of BC while smouldering is characterised by a higher concentration of scattering OA; hence, the more flaming 

the combustion is, the lower the SSA. For the MACBC, smouldering combustion can result in a smaller BC core and thicker 

coating, which could lead to a higher shell-core ratio of BC particles and thus a higher MACBC. We further propose SSA and 

MACBC can be approximated by either linear or exponential functions with BC/∆CO. Both functions are able to represent the 

denser data in general, while the exponential function can better capture the rapid growth of SSA as the decrease of BC/∆CO 510 

when BC/∆CO < 0.003. These functions provide us with a simple way to estimate the parameters of the aerosol optical 

characteristics in the south-eastern Atlantic, and can help to improve the parameterisations used in climate models. 
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