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We thank the reviewers for taking the time to assess this manuscript and for their insights and 

suggestions for its improvement. Based on these comments, we have made revisions to our original 

manuscript and provided responses individually to the suggestions, below. The reviewer’s comments are 

in black and our responses are in red.  

This paper discusses airborne aerosol particle measurements over a coastal region from Cote D’Ivoire to 

Benin. Three extensively-equipped research aircraft are used and data is collected from marine as well 

as coastal and inland regions during a threeweek campaign in 2016. The focus of the analysis is on 

chemical composition measured with AMS (on board three aircrafts) and size distribution measured 

with SMPS (on board one aircraft). The main finding of the paper is that aerosol chemical composition 

and accumulation mode size distribution within the lowest 2km are very similar over the ocean and 

inland. This is an important finding as it characterises a significant regional background aerosol load, on 

top of which urban emissions are emitted. However, the claim that this background aerosol originates 

from central and southern African biomass burning is not supported by the data. 

We have taken significant steps in this revised version of the manuscript to address the reviewer’s 

concern here that the data do not fully support our conclusions. We have extended our descriptions of 

the meteorological conditions in the region and included a discussion about the extent of the sea-breeze 

circulation to the south of the West African coast. We have included further exploration of the 

chemistry in the manuscript, including an extended discussion of the OA/CO ratio. In addition, we have 

worked to integrate our modelling results more fully with the rest of the paper. A second model, GEOS-

Chem, was also run as part of this project and we have now included these results as well as those from 

COSMO-ART. We have shown these model results earlier in the paper alongside observational results 

and discussed more fully the ways in which they support our conclusions. We believe these revisions 

have strengthened the evidence supporting our conclusions. 

Major comments 

The average chemical composition observed for <4km aerosol has high SO4 (and NH4) content 

compared to biomass burning smoke observations - see e.g. Capes et al. (2008) and Vakkari et al. (2014) 

for observations from African fires. And there is a wealth of observations from e.g. North and South 

American biomass burning. Actually, the composition of the <4km aerosol is quite close to dry season 

average composition outside Johannesburg, South Africa (Tiitta et al., 2014). Only the >5km composition 

looks like pure biomass burning aerosol (OA>80%). 

A comparison to these studies has now been included in lines 279-284. 

It is likely that the incoming aerosol in the monsoon layer has also been influenced by marine aerosol, 

which explains the high sulfate concentration. This was not properly discussed in the text before, but 

has now been added to lines 274-278. 



During the DACCIWA campaign the air above 5 km mostly came from an easterly-northeasterly 

direction, roughly from the direction of Sudan and Chad (see, for example, the back trajectories shown 

below). Therefore, this air mass is likely to be primarily influenced by desert dust (which cannot be 

measured by conventional AMS techniques). Non-refractory aerosol concentrations were low (~0.6 µg 

m-3 organics) and analysis of the AMS data indicates that at least some of the organics at this level are 

formed in-situ. Back trajectories at this level do not cross the burning area in central Africa. It is 

therefore unlikely that aerosol at this level originates purely from biomass burning. The sources 

influencing aerosol composition at this altitude are very different to those influencing the lower layers. 

The presence of a BBA layer originating from central/southern African fires between 2 and 4 km is well-

established (Chatfield et al., 1998; Das et al., 2017; Mari et al., 2008; Murphy et al., 2010; Sauvage et al., 

2005). The similarities between aerosol properties in this layer and in the monsoon layer over the sea 

are a strong indication that there is a common source. 

  

Figure 1: Back trajectories showing the origin of the air mass in the upper troposphere (> 5 km). 

In my opinion the similar chemical composition for urban outflow and upwind marine is an indication of 

urban emissions being transported over the ocean. A sea breeze circulation can extend up to 150 km 

from shoreline and could be responsible for such transport, as shown by Flamant et al. (2018) for 

DACCIWA domain. CALIPSO aerosol profiles might help to show where the observed aerosol layer 

originates – if it is limited to within 100-200 km of coast or is really connected to the westward transport 

of central African biomass burning. 

It is true that sea and land breeze circulations can reach the spatial extent you are mentioning, but this 

is not the case in southern West Africa during summer. Here, the sea-breeze circulation superposes with 

the strong southerly monsoon flow, which largely impedes the transport from land to sea.  A pilot 

balloon climatology by Guedje et al. (2019) for Cotonou reveals that during July–September the flow 

below 1km is exclusively from southerly quadrants, while above that a weak northerly component does 

occur occasionally. As shown by Flamant et al. (2018)’s Fig. 8 derived from numerical tracer experiments 

for a case study, city pollution is mostly transported inland and hardly reaches beyond 50 km south of 

the shoreline and even less near the surface where the southerlies are strongest. Radiosonde 

measurements from coastal stations shown in Fig. 4 of Flamant et al. show that there is hardly a 

northerly component in the wind at all. For the upwind marine domain, we discarded data less than 20 



km south of the coast, thus largely filtering out a potential influence from West African cities. The 

analysis by Flamant et al. (2018) focused on one ATR flight, which took place on 2 July 2016 and was 

chosen specifically due to its proximity to the coast. Data from this flight were not included in our 

analysis here, as it was not considered to represent the marine background.  

The southerlies in the monsoon layer are very stable during the summer, with an onshore flow during 

both the day and the night (Flamant et al., 2018; Guedje et al., 2019), leaving little opportunity for a 

pollution transport far to the south of the coast. This has now been explained in more detail in the text 

in lines 396-405. 

The semi-permanent cloud cover over the Atlantic and adjacent land makes it very difficult to determine 

the presence of a biomass burning layer from CALIPSO to the south of the coast, though there are 

indications that it is present. See, for example, the figure shown below, which is from CALIPSO on 14th 

July 2016, one of the days that the ATR aircraft flew over the Atlantic. 

 

Fig. 2: Results from the CALIPSO satellite showing aerosol present in the boundary layer below the clouds over the Atlantic 

Ocean. 

Two parameters are missing from the biomass burning aerosol analysis: BC and CO. It would greatly 

increase the value of this data set if you can provide the PM/CO ratio (and OA/CO) for the different 

layers, as this value can be (and should be) compared to other biomass burning observations. Likewise, 

if you have BC (e.g. from aerosol absorption measurements) it would be highly valuable to include it in 

Fig. 4. BC can easily make 10% of BB aerosol. 

An analysis of OA/CO in the different regimes has been included in lines 353-381, alongside a figure 

showing this relationship. These have been compared to other values in the literature. We have also 

now shown in Fig. 7 that our model was unable to reproduce the observed CO concentrations over the 

ocean without the includion of biomass burning in central/southern Africa.  

The sparse coverage of BC measurements during this campaign and significant disagreements between 

instruments on different aircraft made it very difficult to establish BC concentrations in each regime. We 

are therefore, unfortunately, unable to include BC observations here.  

Regarding the mass spectra presented in Fig. 5: please apply PMF to the data to check if the same 

sources contribute as much to the different geographical regions. Please include also >5km BB layer in 

the analysis. 



PMF has already been carried out for this dataset and the results are available in Brito et al. (2018). 

Three factors were found: fresh urban aerosol, which included tracers of traffic emission and fresh 

biomass burning, was found primarily close to the cities; aged urban aerosol, which was mostly present 

in plumes downwind of large cities such as Lomé or Abidjan; and oxidised organic aerosol, which was 

found to be present across the whole region, including over the ocean. This third factor corresponds to 

the background of aged organic aerosol that we discuss here, and the mass spectrum of this factor is 

almost identical to those shown here for the elevated biomass burning layer and for the upwind marine 

aerosol. A reference to this study has been included in lines 309-312. 

Regarding COSMO-ART modelling, the only purpose of the model seems to be show ing that BB 

emissions have an effect on cloud droplet size distribution. However, this much is evident from the 

previous studies cited in the manuscript (see also Rosenfeld et al., 2019). 

Indeed there were a lot of studies in the past that assessed the interaction of biomass burning aerosols 

with cloud formation (the paper of Rosenfeld et al. was published after our submission). Nevertheless, 

the results are still subject to large uncertainties due to the methods applied in the individual studies 

and justify addressing the topic with an alternative method. Here, we use a fully interactive aerosol-

chemistry scheme, together with a detailed cloud microphysics scheme instead of prescribing the 

aerosol properties, as it was often done in the past. 

Fig. 8 comparison is relevant only if the model (with BB emissions) gets the aerosol properties correct 

for the study domain. If you decide to keep the model section, please provide a comparison with 

observations, and a more detailed description of the model setup.  

We extended the model description and added a comparison with observations. 

For instance, the model domain (Fig. 2) seems to exclude a substantial fraction of the central African 

active fires (Fig. 7a). 

As we are using MOZART results as boundary conditions for our model results we do not expect that we 

are losing substantial contributions of biomass burning over Central Africa. We added this information 

to the model description. 

Minor comments 

Line 2. “which releases large concentrations of aerosols into the atmosphere” I think here the amount of 

aerosol is more relevant than the concentration near source. Same for line 34. 

This has been updated to “large quantities” in the manuscript, in both cases. 

Line 108. Please define the “upwind marine” regime as distance from the shoreline and/or indicate it on 

the map in Fig. 1. 

This has been updated in line 127: we are only taking into account data more than 20 km south of the 

shoreline. 

Line 131. Did you scale the emissions by 3.4 as recommended by Kaiser et al. (2012)? 



We made no correction as we are not using the GFAS emission data. We have our own emission scheme 

described in Walter et al. (2016). The only thing we are taking from GFAS is the fire radiative power. 

Therefore we do not need to scale our emissions. 

Line 145. Please define the size range for Aitken and accumulation mode. 

This has now been defined as particles smaller than 100 nm. 

Line 164. Are the “N” and “M” for panels b and c correct? 

These were the wrong way round – they have now been switched back to the correct positions. 

Line 171. Density of 1.3 g/cm3 seems quite low to considering that 40% of the aerosol is inorganic. 

Please justify the value. 

Yes this was an old value and is too low. This has been changed to a new value of 1.6 g cm-3, which was 

calculated by Haslett et al. (2019). These values are now closer to the measured aerosol mass 

concentrations. We thank the reviewer for spotting this. 

Line 191. Are the CN number concentrations averaged over all CPC’s or only for the CPC that had similar 

cut-off diameter? 14nm cut-off diameter may result in a much lower concentration compared to 3nm 

cut-off in some cases. 

The CN concentrations were averaged across all CPCs. There was found to be very little discrepancy 

between the CPCs within similar air masses (<10%), which suggests that the contribution of particles 

between 3 and 14 nm was minimal during this campaign. In addition, there are likely to be inlet and 

tubing line effects leading to substantial particle losses in the sub-10 nm size range. Therefore, the real 

system cutoffs are likely not as different as the CPC technical specifications might suggest. 

Line 197-201. Please compare with biomass burning plume chemical composition measurements. For 

regional aerosol Tiitta et al. (2014) measurements in South Africa may be more relevant comparison 

than global average – please check if there are other more recent observations available. 

A more in-depth comparison to other measurements has now been added to lines 279-284. 

Line 239-240. “The m/z 44 contribution here correlates well with the total organic mass” Please include 

correlation coefficient. 

The correlation coefficient has been added to the text in line 326. 

Line 279. Should “(a)” and “(b)” be “(b)” and “(c)”? 

This has been updated. 

Line 290-291. I disagree: the large contribution of SO4 suggests significant contribution of non-BB 

sources. 

Sulfate is typically found over the ocean, from both sea salt and the oxidation products of DMS. Around 

2 µg m-3 from these sources combined is to be expected, which is around what we see here. This 

explanation has been added to the text in lines 274-278 (Choi et al., 2017; Fitzgerald, 1991). 



Line 321-322. “However, results presented here show that in addition, a significant proportion (up to 

10%) of the aerosol mass from the biomass burning plume is being entrained into the boundary layer” 

This, especially the 10%, is not shown here. Please elaborate. 

This fraction was based on the difference in concentration between the monsoon layer aerosol and the 

elevated biomass burning aerosol. However, after further discussion, we have removed this number as it 

was not robustly backed up.  

Line 332. The number of CCN is the relevant parameter; aerosol number concentration can be 

dominated by nucleation mode particles that are too small to act as CCN. 

This has been updated in the text. 

Line 341. Y-label: what is “cloud number concentration”? 

Cloud droplet number concentration. This has been updated. 

Line 407-410. “Previous research has shown that during the monsoon season, submicron particles in 

southern West Africa absorb moisture and can easily grow to more than double their dry diameter 

(Deetz et al., 2018; Haslett et al., 2018). This would therefore enhance the aerosol mass loading from 

these particles, potentially close to the 10 µg m-3 annual exposure recommended by the World Health 

Organisation (WHO, 2005).” I think that the air quality limits (and epidemiological studies) are based on 

dry PM. Please check. 

The text has been altered to take this into account. 
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Abstract. Vast stretches of agricultural land in southern and central Africa are burnt between June and September 

each year, which releases large quantities of aerosol into the atmosphere. The resulting smoke plumes are carried 

west over the Atlantic Ocean at altitudes between 2 and 4 km. As only limited observational data in West Africa 

have existed until now, whether this pollution has an impact at lower altitudes has remained unclear. The Dynamics-

Aerosol-Chemistry-Cloud Interactions in West Africa (DACCIWA) aircraft campaign took place in southern West 5 

Africa during June and July 2016, with the aim of observing gas and aerosol properties in the region in order to 

assess anthropogenic and other influences on the atmosphere. 

Results presented here show that a significant mass of aged accumulation mode aerosol was present in the southern 

West African monsoon layer, over both the ocean and the continent. A median dry aerosol concentration of 6.2 µg 

m-3 (standard temperature and pressure (STP)) was observed over the Atlantic Ocean upwind of the major cities, 10 

with an interquartile range from 5.3 to 8.0 µg m-3. This concentration increased to a median of 11.1 µg m-3 (8.6 to 

15.7 µg m-3) in the immediate outflow from cities. In the continental air mass away from the cities, the median 

aerosol loading was 7.5 µg m-3 (5.9 to 10.5 µg m-3). The accumulation mode aerosol population over land displayed 

similar chemical properties to the upstream population, which implies that upstream aerosol is a significant source of 



2 
 

aerosol pollution over the continent. The upstream aerosol is found to have most likely originated from central and 15 

southern African biomass burning. This demonstrates that biomass burning plumes are being advected northwards, 

after being entrained into the monsoon layer over the eastern tropical Atlantic Ocean. It is shown observationally for 

the first time that they contribute up to 80% to the regional aerosol loading in the monsoon layer over southern West 

Africa. Results from the COSMO-ART (COnsortium for Small-scale MOdelling – Aerosol and Reactive Trace 

gases) and GEOS-Chem models support this conclusion, showing that observed aerosol concentrations over the 20 

northern Atlantic Ocean can only be reproduced when the contribution of transported biomass burning aerosol is 

taken into account. 

As a result, the large and growing emissions from the coastal cities are overlaid on an already substantial aerosol 

background. Simulations using COSMO-ART show that cloud droplet number concentrations can increase by up to 

27% as a result of transported biomass burning aerosol. On a regional scale this renders cloud properties and 25 

precipitation less sensitive to future increases in anthropogenic emissions. In addition, such high background 

loadings will lead to greater pollution exposure for the large and growing population in southern West Africa. These 

results emphasise the importance of including aerosol from across country borders in the development of air 

pollution policies and interventions in regions such as West Africa. 

1 Introduction 30 

West Africa is currently undergoing rapid urbanisation, population growth and industrial development. As a result of 

these large socioeconomic changes, anthropogenic pollution in the region tripled between 1950 and 2000 (Lamarque 

et al., 2010), and is expected to do so again from 2005 to 2030 (Liousse et al., 2014). Nevertheless, West African air 

quality is among the most poorly studied worldwide. As a result, these changes are being imposed on a largely 

unknown regional background (Zuidema et al., 2016; Knippertz et al., 2015). 35 

Plumes of biomass burning pollution from further afield are known to impact the mid-troposphere above West 

Africa during the summer monsoon (Chatfield et al., 1998; Mari et al., 2008, Murphy et al., 2010; Reeves et al., 

2010; Sauvage et al., 2005). These plumes are the result of vast quantities of agricultural land in southern and central 

Africa being burnt between June and September each year (Barbosa et al., 1999). The large-scale burning releases 

large quantities of aerosol into the atmosphere, which are carried west over the Atlantic Ocean at altitudes between 2 40 

and 4 km. This transport mechanism is reliant on the southern hemispheric African Easterly Jet; when the jet is 

active, vast intrusions of biomass burning pollution can be transported across the Atlantic Ocean, in some cases as 

far west as South America (Mari et al., 2008). Intrusions into southern West Africa have been well documented from 

in-situ and satellite data. To date, this phenomenon has been thought to be confined predominantly to layers between 

2 and 4 km in altitude (Barbosa et al., 1999; Capes et al., 2008; Chatfield et al., 1998; Mari et al., 2008). 45 

Though recent modelling studies (Deroubaix et al., 2018; Menut et al., 2018) indicate that pollution may mix further 

down into the boundary layer, this has remained unconfirmed due to limited in-situ observations. Recent attempts to 
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quantify the extent to which smoke over the Atlantic Ocean entrains into the boundary layer using model 

simulations have shown that different models can provide very different results (Das et al., 2017; Peers et al., 2016). 

Deroubaix et al. (2018) suggest that long-range transport of biomass burning aerosol could have contributed around 50 

50% of PM2.5 (aerosol smaller than 2.5 µm in diameter) mass in southern West Africa during the monsoon season 

observed by the AMMA campaign in 2006. These results make the collection and analysis of observational evidence 

on this matter particularly important, to confirm and quantify the presence of long-range transported aerosol in the 

boundary layer.  

Both near-field and remote sources of pollution are likely to have an effect on cloud properties, radiative forcing and 55 

human health in southern West Africa. During the onset of the West African Monsoon, aerosol becomes entrained 

into newly-forming banks of monsoon clouds, so could have a resultant effect on rainfall patterns as well as the 

region’s response to climate change. The emergence of megacities along the southern coast means that large 

numbers of people will be exposed to any atmospheric pollutants that exist in the region. 

Airborne measurements made during the Dynamics-Aerosol-Chemistry-Cloud Interactions in West Africa 60 

(DACCIWA) campaign (Knippertz et al., 2015; Flamant et al., 2018) in June - July 2016 provided the opportunity to 

map aerosol properties in southern West Africa extensively. Here, observations from the three aircraft employed 

during the campaign are used to examine the relative contributions of local and transported pollution towards the 

aerosol loading in the regional monsoon layer (<1.9 km) in southern West Africa. The relative contributions of 

regional urban emissions and aged biomass burning aerosol from central and southern Africa towards this 65 

background are assessed, using both observational evidence and simulations from the COSMO-ART (COnsortium 

for Small-scale MOdelling – Aerosol and Reactive Trace gases) and GEOS-Chem models. Biomass burning aerosol 

advected inland from remote sources is found to be the key driver of particulate pollution in the monsoon layer over 

southern West Africa away from large urban centres. The effect of this influx of long-range pollution on clouds 

forming during the monsoon period is assessed using the COSMO-ART model.  70 

2 Method 

2.1 Airborne observations 

The DACCIWA aircraft campaign took place during June and July 2016 and focused on the highly populated 

southern coastal region of West Africa. Science flying began on 29th June and concluded on 16th July 2016. Three 

aircraft took part in the campaign: the German Deutsches Zentrum für Luft- und Raumfahrt (DLR) Falcon 20, the 75 

French Service des Avions Français Instrumentés pour la Recherche en Environnement (SAFIRE) ATR-42 and the 

British Antarctic Survey (BAS) Twin Otter. All three aircraft were based at the military airport in Lomé, Togo 

(6.16°N, 1.25°E), though the ATR-42 flew to the Aéroport Félix Houphouët-Boigny in Abidjan, Côte D’Ivoire, 

twice, on the 6th and 11th July. In total, 50 scientific flights were carried out, which comprised 155 hours of 

scientific sorties. The DLR Falcon completed 12 scientific missions during the campaign, the ATR-42 completed 20 80 

and the Twin Otter 18 (Flamant et al., 2018). The aircraft campaign took place after the monsoon onset; at this time, 
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the bulk of the monsoon rainfall is typically north over the Sahel, with limited precipitation in southern West Africa. 

The measurement period in 2016 was characterised by a northward-shifted intertropical discontinuity, which likely 

resulted in less wet deposition than usual. This period has been described as Phase 2 of the 2016 West African 

Monsoon (Knippertz et al., 2017). 85 

Several flights were conducted between Lomé and the air above a ground station in Savè, Benin (8.03 ºN, 2.48 ºE), 

around 250 km to the north-east, which were used to build up statistics on background aerosol concentrations and 

cloud-aerosol interactions. Other flight patterns included city emission flights, which targeted city plumes and 

flights over the sea. Flight paths for all three aircraft are shown in Fig. 1.  

 90 

Figure 1: Map showing the flight paths of the Falcon, ATR and Twin Otter aircraft during the DACCIWA campaign.  
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Submicron aerosol chemical composition was measured using Aerodyne compact Time-of-Flight Aerosol Mass 

Spectrometers (AMS) (Drewnick et al., 2005; Canagaratna et al., 2007), mounted onboard all three aircraft. The 

instrument samples submicron particles from ambient air through an aerodynamic lens, which focuses the particles 

in the vacuum chamber into a narrow beam. The particle beam is directed onto a hot surface vaporiser (~600 °C) 95 

where the particles are flash evaporated. The gas molecules formed are then ionised by electron ionisation and the 

ions are analysed in a time-of-flight mass spectrometer. The AMS produces quantitative chemical mass loading 

information for organic and inorganic non-refractory submicron aerosols with a time resolution of 20-45 seconds. A 

fragmentation table (Allan et al., 2004) was used to distinguish different compounds, yielding measurements of 

sulfate (SO4),  nitrate (NO3), ammonium (NH4) and organic compounds. An average collection efficiency of 0.5 was 100 

used throughout the campaign, which is standard for ambient measurements in similar environments (Middlebrook 

et al., 2012). The ionisation efficiencies of the instruments were calibrated several times througout the campaign 

using size-selected ammonium nitrate aerosol. A more detailed description of the ATR AMS data processing has 

been described by Brito et al. (2018). 

Submicron aerosol size distributions were measured using a TSI Scanning Mobility Particle Sizer (SMPS) on board 105 

the ATR aircraft. This produced a size distribution of aerosol between 0.02 and 0.5 µm every 90 s. Condensation 

nuclei number concentrations were measured using Condensation Particle Counters (CPC) on board each of the 

three aircraft (a Brechtel Mixing CPC on the Twin Otter, modified TSI 3010 on the Falcon and TSI 3788 CPC on 

the ATR; lower size limits were 3 nm, 14 nm and 3 nm respectively). 

In order to integrate these datasets successfully, the sensitivities of the instruments on all three platforms were 110 

compared. The transect between the coastal city of Lomé in Togo and the inland city of Savè in Benin was flown 

several times by each aircraft, which provided a basis for performing statistical comparisons. The median 

measurements of the AMS instruments on the ATR and the Twin Otter aircraft were within 20% of one another, 

although a larger interquartile range was observed in measurements from the ATR. The CPCs on board all three 

instruments showed a discrepancy in the median values of less than 10%. Where applicable, measurements were 115 

corrected to standard temperature and pressure (STP). 

The AMS data were compared for the take-offs and landings at Lomé airport. Despite calibration efforts, the AMS 

on the Falcon measured lower mass concentrations than the other two at low altitudes. This is believed to have been 

caused by a loss process at its inlet that affected the absolute, but not the relative measured mass concentrations of 

the different compounds. Therefore, only the proportional chemical distribution and the high altitude mass 120 

concentrations from the Falcon AMS is used here. It is indicated in the text where these data are included. 

The West African Monsoon governs surface level wind patterns in southern West Africa during June and July. 

Southerlies associated with the monsoon bring air into West Africa that has been advected over the ocean for several 

thousand kilometers (Williams et al., 2007). The incoming air is then affected by large coastal cities before 

continuing inland. In order to study the influence of different sources, aerosol was analysed in three regimes: 125 
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‘upwind marine’, ‘continental background’ and ‘urban outflow’. The first two include data collected above the 

ocean more than 20 km south of the shoreline and over West Africa away from immediate urban sources, 

respectively. This distinction provides a direct comparison between upwind air entering the region from the south 

and that influenced by the coastal cities, Abidjan (Côte D’Ivoire), Accra (Ghana), Lomé (Togo) or Cotonou (Benin). 

The ‘urban outflow’ regime includes data from the centre of near-field urban plumes. 130 

In all three cases, only aerosol below 1.9 km was considered. This is the height of the monsoon layer: the deep, 

moist layer that transports moisture into the continent from the south (Kalthoff et al., 2018). The boundary layer is 

the layer in direct exchange with the surface. This is typically shallow over the ocean (around 500 m); when the air 

reaches land, however, a much deeper mixing results in the low boundary layer over ocean mixing with the air 

above it to deepen the boundary layer to around 1.5 km and to determine the concentration further inland. It is the 135 

monsoon layer below 1.9 km, however, that controls aerosol influx into the boundary layer over land, hence its use 

here. In the ‘continental background’ and ‘urban outflow’ regimes, data from below 100 m were removed to avoid 

bias, as the aircraft only flew at this altitude over land in the vicinity of the airport; the airport’s influence was found 

to be negligible above this altitude. ‘Urban outflow’ data were from the centre of the near-field (<60 km) urban 

plumes emitted from the cities listed above. These data were confined  to include only measurements where NOx 140 

levels were within the highest 5% measured during the campaign (3.2 ppbv). 

2.2 Regional Modelling 

Two regional-scale models were used to test the hypothesis that aerosol measured by the aircraft over the sea is 

transported form central Africa: the COSMO-ART (Consortium for Small-scale Modelling – Aerosol Reactive 

Trace gases) model is on online chemistry-transport model and is used to provide a high resolution (2.5km grid 145 

resolution) evaluation of a relatively short time period. This model has the advantage of being able to be used to 

investigate the impacts of biomass burning on cloud microphysical properties. GEOS-Chem (www.geos-chem.org) 

is an offline chemistry transport model run at a coarse resolution (0.25°x0.23125°), but with the advantage of being 

able to be run for a longer time period.  

COSMO-ART is based on the German Weather Service (DWD)’s operational weather forecast model COSMO 150 

(Baldauf et al., 2011), coupled with an aerosol model (ART) for online treatment of aerosol chemistry and dynamics 

(Vogel et al., 2009; Bangert et al., 2012; Athanasopoulou et al., 2014; Knote et al., 2011). The interaction of 

aerosols with liquid and ice clouds were simulated using the two moment microphysics scheme of Seifert and 

Beheng (2006). For the liquid phase a parameterisation of Phillips et al. (2008) was applied (for details, see Bangert 

et al. (2012) and Rieger et al. (2014)). This allows feedbacks between aerosols and radiation as well as between 155 

aerosols and clouds to be calculated. 

Emission data from EDGAR (2010) (Emission Database for Global Atmospheric Research) were used for the 

anthropogenic emission of gases and aerosols. Natural emissions of biogenic volatile organic compounds (Weimer 

et al., 2017), sea salt (Lundgren et al., 2013), dimethyl sulfide (DMS; Lana et al., 2011), mineral dust (Stanelle et al., 

http://www.geos-chem.org/
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2010; Rieger et al., 2017) and GFAS (Global Fire Assimilation System) emissions from vegetation fires (Kaiser et 160 

al., 2012; Walter et al., 2016) are calculated online for each model time step. Gas flaring emissions are prescribed 

following Deetz and Vogel (2017). Meteorological initial and boundary conditions are taken from the operational 

global ICOsahedral Non-hydrostatic (ICON) model (Zängl et al., 2015) runs of DWD. Initial and boundary 

conditions for gaseous and particulate compounds are derived from Model for Ozone and Related Chemical Tracers 

(MOZART) forecasts (Emmons et al., 2010). 165 

There was a spin-up period of 7 days (19 June to 5 July 2016) and results are presented for 24 hours on 6 July 2016. 

Two simulations were performed for this study: one with the biomass burning emissions (both near-field and 

remote) included and the other without. The simulations were performed over a large domain (D1) covering West 

Africa and the south eastern Atlantic Ocean with a grid size of 5 km and 50 vertical layers. The output from D1 was 

used to provide boundary conditions for a smaller, nested domain (D2) covering southern West Africa (the 170 

DACCIWA region), with a grid spacing of 2.5 km and 80 vertical levels (see Fig. 2). Although domain D1 covers a 

large area, COSMO-ART is still a limited area model. Comparing Fig. 2 with Fig. 8a it is therefore evident that D1 

misses about 20% of the fire emissions of central Africa. However, this is likely compensated by the provision of 

boundary conditions for gaseous and particulate compounds of the global model system MOZART (2017). 

   175 
Figure 2: The two nested domains used by the COSMO-ART model. 

GEOS-Chem is a three-dimensional model of tropospheric chemistry (Bey et al., 2001; Wang et al., 2004), driven 

with  offline meteorological input from NASA Goddard Space Flight Center’s Global Modeling and Assimilation 

Office. This study uses GEOS-Chem version 11-01 (http://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-

Chem_v11-01). Simulations were performed globally at a horizontal resolution of 2° x 2.5° to provide boundary 180 
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conditions for the regional (latitudes 6°S - 6°N, longitudes 18.125°W – 26.875°E) West Africa model at a resolution 

of 0.25° x 0.3125°. Simulation have 47 vertical levels from the surface to 0.01 hPa, using meteorological data 

produced by the NASA Goddard Space Flight Center’s Global Modeling and Assimilation Office. The model was 

run for the period from 29th June to the 16th July 2016 (the duration of the DACCIWA aircraft campaign) with a two 

week spin up period.  185 

The model uses EDGAR v4.2 (EC-JRC / PBL, 2011) for anthropogenic emissions, which is overwritten by regional 

inventories where available: EMEP for Europe, NEI for the USA, CAC for Canada, MIX for South-East Asia and 

BRAVO for Mexico. Over Africa, the DACCIWA inventory (Junker & Liousse, 2008; Knippertz et al., 2015) is 

used for anthropogenic emissions. The Global Fire Assimilation System (GFAS) data is used for biomass burning 

emissions with a scale factor of 3.4 applied to the organic carbon emissions as recommended by Kaiser et al. (2012). 190 

The model uses MEGAN v2.1 (Guenther et al., 2012) for biogenic emissions of volatile organic compounds, 

biogenic soil NOx emissions from Hudman et al. (2012) and interactive lightning NOx (Murray et al., 2012). More 

details of the processing of organic aeorsol in the model can be found in Park et al. (2003). 

3 Results and discussion 

3.1 Observations 195 

Figure 3 shows the aerosol particle number size distribution observed in each of the three regimes considered here. 

Significant variation can be seen in the number of smaller, Aitken mode particles, here considered to be those 

smaller than 100 nm. These particles are emitted from urban centres or formed from precursor gases and grow 

quickly in the atmosphere; large Aitken mode populations therefore indicate the presence of significant local 

sources. In the urban outflow regime, the Aitken mode concentration was often high, with a median number 200 

concentration of 3,400 cm-3. In contrast, the Aitken mode was barely present in upwind marine air (median of 130 

cm-3). The number concentration of accumulation mode particles, with an average diameter near 200 nm, however, 

was remarkably consistent across the three regimes: 80% of the data lay within ± 30% of the campaign median in all 

cases. The median accumulation mode concentration was 600 cm-3 STP in the upwind marine air and 850 cm-3 STP 

in the continental background. 205 

In the lower atmosphere during June and July, wind speeds in southern West Africa are generally low and wind 

comes from the south, becoming south-westerly as it approaches the coast. Therefore, within the monsoon layer, 

cool, moist Atlantic air progresses towards the cities and is likely to carry their plumes inland (Knippertz et al., 

2017). Nevertheless, the similarity between the accumulation mode concentration in the upwind marine and 

continental background regimes seen here suggests that the air mass already contained a large number of the 210 

accumulation mode particles prior to urban influence. Comparing the median accumulation mode number 

concentrations in the continental background regime (850 cm-3 STP) and the upstream marine regime (600 cm-3 

STP) suggests that far from the source, city emissions and land-based biogenic sources contributed only an extra 

40% on top of the incoming accumulation mode aerosol. This calculation assumes a constant influence across the 
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region from incoming aerosol, and so likely represents a lower limit. Nevertheless, this implies that incoming 215 

pollution from the Atlantic has a considerable influence on the aerosol population over the land.  

  

Figure 3: Size distributions of aerosol in the urban outflow, continental background and upstream marine regimes, 

measured by the SMPS on board the ATR aircraft. For each regime, the median size distribution is shown by the dark 

line; the dark shading contains 50% of the data; and the light shading contains 80% of the data. The comparison of all 220 
three plots in panel (a) shows a stable accumulation mode that exists in all three regimes, centred at around 200 nm, while 

the smaller Aitken mode is much more variable. In panels (b-d), N shows the median total number concentration summed 

across the whole distribution, with the lower and upper quartiles shown in brackets; M shows the calculated aerosol 

mass, assuming an aerosol density of 1.6 g cm-3 (Haslett et al., 2019), with the interquartile range again shown in brackets. 

The Aitken and accumulation modes are labelled in panel (c). 225 

The chemical composition of aerosols observed during DACCIWA supports the suggestion that much of the aerosol 

in the region originates upwind of the cities. Figure 4a shows aerosol mass and number concentrations in the three 

regimes, with mass classified by chemical species. The median total aerosol concentrations observed were 6.2, 11.1 

and 7.5 µg m-3 in the upwind marine, urban outflow and background continental regime, respectively, with 

interquartile ranges of 2.8, 7.1 and 4.2 µg m-3. Although there was some day-to-day variability, which can be seen in 230 

the interquartile ranges shown in Fig. 3, there was no statistically significant variation in the median throughout the 

diurnal cycle (the variation in the median throughout the day was < 1 µg m-3). Very little variation between the three 

regimes is seen in the proportional contribution of the different chemical species. The largest contribution to the 

measured PM1 (particulate matter with a diameter smaller than 1 µm) was organic aerosol, which accounted for 

approximately 60% of the aerosol mass in all three regimes. Sulfate accounted for approximately 25% and nitrate 235 
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was generally low, comprising 4-6%. Ammonium contributed around 11%. The largest aerosol mass loadings and 

number concentrations were observed in the urban outflow, although even here, accumulation mode aerosol present 

in incoming air could account for as much as 50% of the total mass. Figure 4b shows the proportional chemical 

distribution for the three regimes explored here alongside those for the elevated biomass burning aerosol layer 

commonly sampled at 2-4 km from the ATR and Falcon, and the free troposphere above 5 km from the Falcon. 240 

Figure 4c shows the modelled fine aerosol composition from COSMO-ART and GEOS-Chem. The COSMO-ART 

simulation is from 6 July, while that from GEOS-Chem is an average calculated from hourly output data from 29 

June – 16 July 2016 (the duration of the DACCIWA aircraft campaign). The average concentrations in the upwind 

marine data (4.45 µg m-3 for COSMO-ART and 5.47 µg m-3 by GEOS-Chem) are in reasonable agreement with the 

observations (6.3 µg m-3). In the urban outflow, modeled concentrations increase (11.52 µg m-3 from COSMO-ART, 245 

10.85 µg m-3 from GEOS-Chem) and are again generally consistent with the observations (11.1 µg m-3). In 

continental background air, however, there is a discrepancy, with COSMO-ART simulating 1.90 µg m-3, while 

GEOS-Chem calculates 8.28 µg m-3; observations found an average of 7.5 µg m-3. Several factors could be 

responsible for the COSMO-ART response: (i) failure to simulate the inland progression of the marine air far 

enough northwards; (ii) overestimation of aerosol losses in the model, potentially due to vertical mixing being too 250 

strong over land; (iii) the model simulation being for a specific day, while observed results are from flights 

performed at different times during the DACCIWA campaign. 

Switching off the biomass burning emissions over central Africa and West Africa reduces aerosol concentrations in 

both models. Models attribute ~75% of the upwind marine, and ~50% in the urban outflow of the aerosol mass to 

the biomass burning, with the vast majority of that occuring in central Africa (see Section 3.2). From these model 255 

studies we conclude that the majority of the fine aerosol seen in the upwind marine, and a significant fraction of that 

seen in the urban outflow is of biomass burning origin.  
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Figure 4: (a) The observed chemical composition and condensation nucleus (CN) concentration in each of the three 260 
regimes. Coloured bars indicate aerosol mass concentration measured by the AMS. The CN bars show the total aerosol 

number concentration in each location (measured by the CPC), with shaded regions indicating the number of aerosol 

particles in the accumulation mode (derived from SMPS data shown in Fig. 3). Bars indicate the median, with error bars 

showing the interquartile range of observations (for total aerosol in the case of the AMS). A similar chemical distribution 

can be seen in each of the three regimes. (b) A comparison of the aerosol chemical distribution in all three regimes, 265 
alongside observations from the biomass burning layer at 3-4 km altitude (ATR and Falcon; labelled ‘BBA layer’) and 

the free troposphere (> 5 km; Falcon) for comparison. (c) Aerosol composition in the three regimes simulated by the 

COSMO-ART and GEOS-Chem models. 

The proportion of organic aerosol in the monsoon layer was large compared with what has been seen in other 

locations dominated by a mix of urban or biogenic emissions: Zhang et al. (2011) found that the global average 270 
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organic fraction measured by the AMS is between 43% in remote locations and 52% downwind from urban centres. 

The contribution of nitrate here, in contrast, was lower than is typically seen in locations influenced by urban 

outflow. Zhang et al. (2011) found a global average contribution of 12% and 18% in downwind and urban locations, 

respectively, which is much larger than was observed here. The high sulfate loading in the upwind marine regime is 

typical of marine aerosol. Sulfate over the oceans can originate from sea salt, as well as from the oxidation products 275 

of dimethyl sulfide (DMS) produced by phytoplankton. Non-sea-salt sulfate is typically found in concentrations of 

0.2 – 1.5 µg m-3 in marine aerosol (Choi et al., 2017; Fitzgerald, 1991). In the inland regions, this likely mixes with 

sulfate produced from the cities.  

The aerosol composition here is comparable with measurements during the dry season in South Africa, which can be 

influenced by emissions from savannah burning (Tiitta et al., 2014). The high contribution from organic aerosol is 280 

similar to observations of biomass burning plumes made in West Africa during 2006 as part of the DABEX (Dust 

and Biomass burning Experiment; Capes et al., 2008), as well as those made from biomass burning plumes in 

southern Africa (Vakkari et al., 2014). The key difference here is the large sulfate contribution, which is likely due 

to the influence of marine emissions.  
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 285 

Figure 5: Average organic aerosol mass spectra in (a) the 2-4 km biomass burning layer (from the Falcon AMS), and (b-

d) each of the three regimes (ATR and Twin Otter). The influence of fresh urban emissions can be seen in the urban 

outflow regime and, to a lesser extent, in the continental background, demonstrated by the higher proportion of m/z 55 

and 57, alongside larger hydrocarbon clusters. Fresh biomass burning is indicated by the peak at m/z 60. However, the 

dominant contribution in all cases is from m/z 28 and 44, both indicators of aged, oxidised organic aerosol. 290 

The organic mass spectra from the AMS on board the Twin Otter and the ATR for the three regimes are shown in 

Fig. 5, alongside the mass spectrum of the biomass burning layer at 2-4 km from the Falcon AMS, which is widely 

considered to have originated from central Africa (Flamant et al., 2018). All four spectra are dominated by aged 

organic aerosol, which is characterised by strong peaks at m/z 28 and 44 (Ng et al., 2011). Although the 2-4 km 

biomass burning layer showed a chemical distribution containing more organics and nitrate and less sulfate than 295 

aerosol observed lower in the atmosphere (Fig. 5b), the organic mass spectra shown here for this layer is very 

similar to that of the upstream marine aerosol, with m/z 28 and m/z 44 comprising 50% of the total organic mass in 

both cases. The urban outflow and, to a lesser extent, continental background mass spectra show features 

characteristic of urban pollution, including peaks at m/z 42, 55 and 91, which are associated with internal 

combustion engines (Ng et al., 2011), and a number of clustered hydrocarbon peaks, for example at m/z 65, 67 and 300 

69 or m/z 79, 81 and 83. A peak can be seen in the urban outflow and continental background regimes at m/z 60, 
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which is often associated with levoglucosan and other anhydrous sugars from biomass burning (Cubison et al., 

2011) and likely arises from the widespread use of individual stoves for cooking, both in cities and in rural areas. 

This peak is associated only with fresh biomass burning; due to the oxidisation of anhydrous sugars in the 

atmosphere (Henningan et al., 2011), it would no longer be strongly visible in the spectrum after a few days of 305 

processing (Cubsion et al., 2011). These features together indicate that local urban and fresh biomass burning 

sources do contribute to the aerosol mass loading in the monsoon layer over southern West Africa. However, there 

appears to be a further, significant, and considerably more aged source, which is entering the region from the south 

and has resulted in all four mass spectra being dominated by the oxidised peaks m/z 28 and m/z 44. This analysis is 

supported by a PMF factor analysis that was carried out by Brito et al. (2018). The study identified a factor of 310 

highly-aged, oxidised organic aerosol, which was relatively homogeneously present across the entire DACCIWA 

campaign region, including over the Atlantic Ocean south of the coast.  

 

Figure 6: (a) Values of m/z 44, a strong indicator of aged organic aerosol, plotted against the total organic aerosol mass. 

The pink and blue lines show the average contribution of m/z 44 to the total for oxidised organic aerosol (OOA) and 315 
hydrocarbon-like organic aerosol (HOA). Grey circular markers show datapoints from the DACCIWA campaign. 

Median observations from each of the three regimes are shown as black shapes. (b) The fractional contribution of m/z 44 

(f44) vs m/z 60 (f60). Fresh biomass burning aerosol is generally located within the triangle shown by the two black lines 

(Cubison et al., 2011) , with fresher aerosol lower in the triangle. The dashed line is representative of aerosol that is not 

from fresh biomass burning. While m/z 60 aerosol is present here, the low contributions suggest that fresh biomass 320 
burning is not a dominant contributor towards the total organic aerosol mass.  

The dominance of aged aerosol in the overall population can be demonstrated further by comparing the magnitude 

of the m/z 44 peak with the total organic mass. Five-minute averaged datapoints from the Twin Otter aircraft are 

shown as markers in Fig. 6a. The dataset shown includes the continental background and urban outflow regimes; the 

median observation for each regime, including upwind marine, is also displayed. The m/z 44 contribution here 325 

correlates well with the total organic mass (r = 0.78), with m/z 44 contributing around 15% throughout the 

campaign. 
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The relationship between m/z 44 and the total organic aerosol mass can provide some insight into the source of 

ambient aerosol. The pink and blue lines in Fig. 6a show the averages across several campaigns from different parts 

of the globe for two different factors derived using positive matrix factorisation (PMF), as compiled by Ng et al. 330 

(2011). PMF is a technique used to analyse the contributions of different aerosol sources to an AMS dataset and 

identify a mass spectrum associated with each source based on its variation in time. Two factors commonly 

identified by PMF include oxidised organic aerosol (OOA) and hydrocarbon-like organic aerosol (HOA). The highly 

oxidised OOA factors are generally associated with photochemically aged aerosol, with m/z 44 contributing a 

significant fraction of the total organic aerosol mass, as is shown by the higher gradient of the pink OOA line in Fig. 335 

6a. The HOA fractions are often seen in pure fresh urban emissions. The contribution of m/z to the total organic 

aerosol is significantly lower in these cases, with the m/z 44 peak typically contributing less than 2% of the mass. 

This can be seen in the shallow gradient of the blue HOA line in Fig. 6a. In urban environments, mass spectra would 

be expected to have a large HOA component and thus, a large amount of scatter would be expected in the data, with 

the majority lying between the OOA and HOA lines. Here, the data are scattered predominantly around the OOA 340 

line, which suggests that the urban contribution is not the dominant factor in this dataset. The most significant 

proportion of the aerosol measured during the campaign is from aged, oxidised organic aerosol. 

The presence of a peak at m/z 60 in the continental background air suggests that local biomass burning is present in 

the observed air mass. This is explored in more detail in Fig. 6b. It has been shown previously that fresh biomass 

burning contains a large fraction of m/z 60 (f60), a fragment of levoglucosan, which decreases as the plume ages. 345 

Furthermore, as the plume becomes more oxidised, the fraction of m/z 44 (f44) increases. Thus, fresh biomass 

burning emissions populate the bottom of the triangle shown in Fig. 6b, and move towards the top corner in the 

direction shown by the arrow as they age (Cubison et al., 2011). The dashed line to the left shows the expected 

baseline values for air not containing any fresh biomass burning. Here, f60 is consistently slightly higher than the 

baseline, suggesting the presence of some fresh biomass burning. However, f60 is not high enough at any time to 350 

suggest that fresh biomass burning is the dominant source of aerosol. The values of f44 are generally high, which 

again shows the prevalence of aged organic aerosol in the air mass. 

The relationship between the organic aerosol mass concentration and CO enhancement over the baseline (ΔCO) is 

shown in Fig. 7a. Given its long atmospheric lifetime (Wang & Prinn, 1999), CO can be used as an inert tracer to 

account for the effects of dilution. A line of regression therefore indicates the source strengths and deviation from 355 

this line arises from changes in the organic aerosol due to photolytic effects, secondary organic aerosol (SOA) 

enhancements, wet removal or dry deposition. The intercept of the CO axis in this case within monsoon layer is at 

0.11 ppmv, which is taken in further calculations to be the baseline across the region. The intercept above the 

monsoon layer was slightly lower, at 0.10. 

The emission ratio ΔOA/ΔCO (where ΔOA is organic aerosol enhancement above zero) in fresh urban plumes is 360 

usually lower than 20 µg m-3 ppmv-1, though once SOA has formed this increases to between 40 and 100 µg m-3 

ppmv-1 (DeGouw and Jimenez, 2009). Unlike environments dominated by urban emissions, the ΔOA/ΔCO in 
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biomass burning plumes is considerably more variable, with ratios having been observed between 45 µg m-3 ppmv-1 

and 200 µg m-3 ppmv-1. Capes et al. (2008) reported an emission ratio of approximately 175 µg m-3 ppmv-1 in West 

Africa during the DABEX campaign in 2006, while Vakkari et al. (2014) reported ratios between 50 and 200 µg m-3 365 

ppmv-1 for biomass burning plumes in southern Africa. The high variability in ratios between different fires is likely 

related to the variable properties of the individual fire events (Jolleys et al., 2012), as well as to differences in 

atmospheric aging processes (Vakkari et al., 2014).  

Here, the low emission ratio in the urban outflow (51 µg m-3 ppmv-1) is slightly higher than would be expected for a 

fresh urban plume; this may be related both to the large amounts of biomass burning in the city and to the 370 

background aerosol. The ratio in the elevated biomass burning layer was considerably higher (225 µg m-3 ppmv-1). 

In the upwind marine (142 µg m-3 ppmv-1) and continental background (116 µg m-3 ppmv-1) regimes, the value was 

higher than would be expected from even an aged urban plume. Many of the datapoints in Fig. 7a fall along the 

same line as the elevated biomass burning layer. These results provide a strong sugestion that much of the aerosol 

measured during the DACCIWA aircraft campaign did not originate from urban pollution, but from biomass 375 

burning. 

Fig. 7b show modelled concentrations of CO from the GEOS-Chem model in the upwind marine regime, with the 

emissions from biomass burning switched off in the first model run and on in the second. This is shown alongside 

observed values of CO for each of the three regimes. The model results were only comparable with observations 

when biomass burning emissions were included, suggesting a significant influence from biomass burning over the 380 

ocean. 

 

Figure 7: (a) The ratio of organic aerosol to CO, with lines of regression included for each of the three regimes and the 

elevated BBA layer between 2 and 4 km. CO is shown as enhancement above the background (0.11/0.10 ppmv for 

in/above the monsoon layer). (b) CO concentrations. Modelled results from GEOS-Chem show the CO concentration in 385 
the upwind marine regime with biomass burning emissions off/on. Observational results are shown from all three 

regimes. The model simulation is only comparable with observational measurements when biomass burning is considered. 

(a) (b) 
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3.2 Southern and central African biomass burning 

The lack of variability in the accumulation mode concentration and composition is evidence that much of the aerosol 

observed during the DACCIWA campaign originated from a similar type of source. Furthermore, the similarity 390 

between these characteristics across the three regimes, including the upwind marine, identifies the dominant source 

to be outside the urban coastal region, upwind of all three locations. A closer inspection of the organic aerosol mass 

spectra during DACCIWA suggests the presence of a large mass of aged aerosol, with smaller contributions from 

fresh urban and fresh biomass burning sources. 

Aerosol in the upwind marine regime is unlikely to have originated from either the coastal cities or from oil fields 395 

over the Atlantic Ocean. The southerlies in the monsoon layer in this region are very stable, with an onshore flow 

during both the day and the night (Flamant et al., 2018; Guedje et al., 2019). Transport from land to sea is therefore 

largely impeded by the superposition of the sea breeze circulation with this strong southerly monsoon flow. As a 

result, city pollution is mostly transported inland and hardly reaches beyond 50 km south of the shoreline; even less 

when the southerlies are stronger (Flamant et al., 2018). A pilot balloon climatology by Guedje et al. (2019) for 400 

Cotonou reveals that during July-September the flow below 1 km is exclusively from the southerly quadrants, while 

at higher altitudes a weak northerly component occurs only occasionally. Radiosonde measurements from coastal 

stations show that there is hardly a northerly component in the wind direction at all (Flamant et al., 2018). Aerosol 

mass in the upwind marine regime is therefore unlikely to have originated from the cities and been transported south 

of the coast. Studies of oil rig emissions over the Atlantic carried out during the DACCIWA campaign show that 405 

these emissions are characterised by narrow plumes of pollution that are strongest close to the source, and which 

have generally dispersed after 40 km (Brocchi et al., 2019). This profile of spikes in CO, NOx and aerosol emissions 

was not observed during the flights that are, making it unlikely that they were influenced by oil field emissions. This 

evidence therefore shows that a large proportion of the aerosol mass in the continental West African boundary layer 

originates from the monsoon layer over the eastern tropical Atlantic Ocean, and is present prior to influence from 410 

coastal cities.  
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Figure 8: (a) The location and intensity of organic aerosol emissions from biomass burning in central Africa during the 

DACCIWA campaign (June-July 2016) from the GFAS inventory (Kaiser et al., 2012), (b, c) Wind stream functions at (b) 

the surface level, and (c) 750 hPa (approx. 2.5 km) from the NASA Global Modelling and Data Assimilation Office’s 415 
GEOS-5 analysis. The line thickness indicates wind speed.  

One of the most significant fine-mode aerosol sources south of the coastal cities is the agricultural and savannah 

burning that takes place annually in central and southern Africa between June and September (Barbosa et al., 1999). 

Vast quantities of biomass burning aerosol are injected into the mid troposphere between 3 and 4.5 km as a result of 

these fires (Labonne et al., 2007) and carried west over the Atlantic Ocean by tropospheric winds at around 700 hPa 420 

(Das et al., 2017; Edwards et al., 2006). The location and intensity of these fires during the DACCIWA aircraft 

campaign is shown in Fig. 8, alongside modelled wind streams at ground level and at 750 hPa. At 750 hPa, the 

easterly currents that carry biomass burning pollution west out of central Africa can be clearly seen, while the 

surface level chart shows the southerly air stream that passes from the Atlantic Ocean into the southern West 

African monsoon layer.  425 

The observations of the aerosol composition in the continental monsoon layer during the DACCIWA campaign 

described above show it to be characteristic of aged biomass burning aerosol. The proportion of organic aerosol was 

higher and nitrate was lower than would be expected in areas influenced primarily by urban outflow  (Zhang et al., 

2011). The mass spectra of organic aerosol below 1.9 km were dominated by peaks typical of aged, low-volatility 

aerosol, which closely resembled the mass spectrum of the 2-4 km biomass burning layer. Even in the urban outflow 430 

Surface                                                                            750 hPa 
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regime, mass spectral features associated with near-field urban sources such as internal combustion engines were 

less prominent than would be expected from pure urban aerosol. This evidence supports the assertion that these 

central and southern African fires are the primary source of accumulation mode aerosol in southern West Africa 

during the summer monsoon season.  

Recent observations carried out on Ascension Island to the south-west of the DACCIWA region (7.93 °S, 14.42 °W) 435 

as part of the US Department of Energy Atmospheric Radiation Measurement Layered Atlantic Smoke Interactions 

with Clouds (LASIC) campaign show that smoke from these fires can be detected at the planetary surface (Zuidema 

et al., 2018). This demonstrates that the central and southern African biomass burning aerosol plume is commonly 

entrained into the monsoon layer of the remote tropical Atlantic Ocean to the south of the DACCIWA region. This 

confirms that there is a pathway for biomass burning aerosol to enter the monsoon layer across large parts of the 440 

tropical eastern Atlantic. Once this biomass burning aerosol has been entrained into the monsoon layer, the 

prevailing southerly trade winds at the surface will carry it northwards towards the coast of southern West Africa. 

There was little evidence of precipitation over the east Atlantic and dry deposition rates of accumulation mode 

aerosol over open ocean are low. Once entrained, any aged biomass burning aerosol from central and southern 

Africa would therefore be advected into the DACCIWA region with little further loss. It has been shown that 445 

biomass burning emissions in Africa are among the least variable in the world on annual timescales (Voulgarakis et 

al., 2015). This implies that this influence on the southern West African monsoon layer is likely to be a consistent 

feature of the West African Monsoon. 

In a recent multi-model evaluation, the extent of the plume’s entrainment into the monsoon layer over the Atlantic 

Ocean proved difficult to model consistently (Das et al., 2017), with many models showing the plume descending 450 

too rapidly. In contrast, Gordon et al. (2018) use the HadGEM climate model to show the plume remaining above 

the clouds between 2-4 km and not descending at all until approximately 10 °W. A modelling study by Deroubaix et 

al. (2018) compared the impacts of long-range transported biomass burning aerosol with that of local anthropogenic 

pollution during the monsoon season observed by the AMMA campaign in 2006. In this study, it was found that 

long-range transport of biomass burning aerosol was likely to contribute around 52% of the aerosol below 1 km in 455 

southern West Africa. 

Results from the DACCIWA campaign verify the presence of regular biomass burning plume intrusions at altitudes 

of 2-4 km over the West African continent, with high aerosol loadings above 60 µg m-3 being observed at this 

altitude in some cases (Flamant et al., 2018). This is consistent with research suggesting that the majority of the 

southern and central African biomass burning plume remains above the clouds over the Atlantic Ocean (Adebiyi et 460 

al., 2015; Das et al., 2017; Gordon et al., 2018). However, results presented here show that in addition, a significant 

proportion of the aerosol mass from the biomass burning plume is being entrained into the monsoon layer, where it 

is likely to have a significant impact on cloud properties and human health, particularly for the large population 

living along West Africa’s southern coast.  
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3.3 Aerosol influence on cloud properties 465 

Clouds’ susceptibility to increased accumulation mode aerosol decreases when an aerosol background already 

exists. The relationship between aerosol concentration and cloud droplet number concentration is governed by a 

power law (Duong et al., 2011; McComiskey et al., 2008; Ramanathan et al., 2001; Terai et al., 2012), so increasing 

the aerosol number concentration has a proportionally greater impact on clouds that would otherwise have formed in 

clean air. Furthermore, the change in albedo from increasing the number of water droplets is greater in a cloud with 470 

an initially low concentration (Twomey, 1977). Below around 100 CCN cm-3, light scattering by low-level cloud is 

extremely sensitive to even small increases in aerosol concentration (Kaufman and Fraser, 1997; Kaufman et al., 

2005; Ramanathan et al., 2001). This susceptibility decreases gradually; a similar change from a higher initial 

loading will have a substantially smaller impact. Lower susceptibility would be expected for a cloud forming in a 

region with an aerosol concentration of 600 particles cm-3 or more. 475 

During June and July, extensive low-level cloud forms along the West African southern coast (Knippertz et al., 

2011; Schrage and Fink, 2012). It has been speculated that during the monsoon season, clouds above West Africa 

could be highly susceptible to increases in anthropogenic pollution (Knippertz et al., 2015). However, the presence 

of a significant quantity of biomass burning smoke in incoming wind from the Atlantic Ocean is likely to reduce this 

effect. 480 

 

Figure 9: Two dimensional histograms showing cloud properties in the NO FIRE (a) and FIRE (b) simulations conducted 

with COSMO-ART. 

Here, the effect of such an influx of biomass burning aerosol on cloud formation in the region was investigated 

using the COSMO-ART model. Two simulations were carried out for 6 July: one including biomass burning aerosol 485 
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(FIRE) and one without (NO FIRE). These simulations are used here to illustrate the difference made to cloud 

properties by increasing the accumulation mode aerosol concentration. Figures 9a and b show two-dimensional 

histograms of cloud droplet number concentration and effective radius across the inner domain. In the NO FIRE 

case, the number concentrations are lower and the effective radii higher than in the FIRE case, with number 

concentrations increasing by up to 27%. 490 

These results show that remote biomass burning aerosol creates a significant background loading that systematically 

perturbs the cloud field. Any increase in anthropogenic emissions will be superimposed onto this existing 

background, reducing its influence on cloud. Thus, while enhancements in cloud droplet number concentrations in 

near-field city plumes were observed during the DACCIWA campaign, the influence of these plumes became 

indistinguishable further afield as they dispersed into the background. On a regional scale, city plumes were of 495 

secondary importance. This conclusion is supported by observations of cloud droplet number concentrations carried 

out during the DACCIWA campaign (Taylor et al., 2019). 

4 Summary and conclusion 

Observations of aerosol measurements below 1.9 km were collated from the three aircraft that took part in the 

DACCIWA aircraft campaign during June and July 2016. A regional background of pollution was observed across 500 

southern West Africa, which contained around 6.3 µg m -3 of dry aerosol in the accumulation mode and was 

dominated by aged organic matter. The lower atmosphere above the eastern tropical Atlantic Ocean, immediately 

upwind of the DACCIWA region, was similarly polluted. Mass concentrations of upwind pollutants here were 

typically around 80% of those over the land. Contributions from cities and local, small-scale biomass burning to the 

regional background was of secondary importance compared with this large aged aerosol mass. This aerosol 505 

background was attributed to large-scale biomass burning taking place in central and southern Africa. Emissions 

become entrained into the monsoon flow over the Atlantic Ocean and are advected northwards into the southern 

West African region. Aerosol concentrations simulated using the COSMO-ART and the GEOS-Chem models 

support this conclusion, showing that concentrations in the upwind marine and urban outflow regimes could not be 

replicated without remote biomass burning emissions being taken into account. 510 

The chemical composition of this aerosol background is consistent with aged biomass burning being advected over 

the continent in the monsoon layer. Markers of oxidised aerosol dominated the organic mass spectra in all locations 

with a ratio to total organics that is typical for more aged aerosol. Urban aerosol and the signature of local biomass 

burning are present, but both play a minor role compared with the larger quantity of aged aerosol. Although there 

was some day-to-day variability in the total mass concentration, the aerosol background was observed across the 515 

entire region with very little variation in chemical composition, suggesting a large-scale, distant source. If this were 

related to locally-produced aerosol, greater variability would be expected across the region, with larger distinctions 

between urban outflow and rural measurements. Locally-produced aerosol would be unlikely to be observed over 

the ocean as far upwind of the coast as it has been observed here, and the composition of the upwind aerosol does 
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not resemble recycled urban emissions. It has been shown in previous DACCIWA studies that circulation of urban 520 

emissions over the ocean does not extend more than 50 km south of the southern West African coast (Flamant et al., 

2018). Biomass burning from central and southern Africa is the most likely source of a large-scale mass of 

homogeneous aerosol in this region. This conclusion is consistent with observations from other campaigns that show 

biomass burning smoke is present at this time of year in the monsoon layer further south in Ascension Island 

(Zuidema et al., 2018). 525 

Results presented here suggest that the biomass burning pollution accounts for up to 80% of the accumulation mode 

aerosol mass over the continent. Given this large moderating effect on the air pollution over West Africa at this time 

of year, the microphysics of the prevalent stratiform clouds in the West African Monsoon is likely already largely 

perturbed even before near-field anthropogenic pollution is taken into consideration. Simulations using the 

COSMO-ART model showed significant differences in the cloud droplet number concentration and effective radius 530 

of cloud droplets when this biomass burning influx was taken into account. The cloud droplet number concentration 

increased by up to 27% over the marine domain when biomass burning was switched on.  This suggests that, 

significant increases in anthropogenic pollutants could have a smaller perturbing effect than would have been the 

case if incoming air were less polluted (Taylor et al., 2019).  

This study takes place in the context of a strong focus in the research community on the dynamics and effects of the 535 

African biomass burning plume. A number of campaigns, including LASIC, ORACLES, CLARIFY and AEROCLO 

(Zuidema, 2016) have recently been carried out over the Atlantic Ocean west of the African continent, with the aim 

of better understanding this problem and quantifying the direct and semi-direct aerosol effects of the plume, which 

can differ significantly depending on the altitude at which the plume spreads (Das et al., 2017). This study provides 

further motivation for understanding these processes, as it shows that the potential for biomass burning aerosol to 540 

become entrained into the southern West African monsoon layer can have significant implications for large 

populations in West Africa, in addition to its effects on radiative forcing. During the DACCIWA campaign, it was 

only possible to gain a snapshot of the monsoon layer aerosol, with a limited number of observations over the ocean 

to the south. It is therefore strongly recommended that more observations are carried out in southern West Africa 

and over the upwind Atlantic Ocean in the future, in order to document the transport of biomass burning aerosol into 545 

the continental monsoon layer more comprehensively across larger timescales and areas. Ideally, observations would 

also be made along the secondary pathway suggested by the simulations of Menut et al., (2018). This will allow 

improved quantification of the impact on the population along the West African south coast. 

The significant contribution of long-range emissions towards local pollution in southern West African coastal cities 

highlights the often unique challenges faced in policy creation in developing regions. The population in West Africa 550 

is currently almost 400 million and is expected to more than double in the next 30 years (UN, 2017), with a growing 

proportion living in cities along the southern coast. Thus, the monsoon layer aerosol described in this paper will 

increase the PM1 exposure of a large population by around 8 µg m-3 from June to September, based on observational 

evidence presented here. This is a considerable proportion of the 10 µg m-3 annual exposure recommended by the 
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World Health Organisation (WHO, 2005). Previous research has shown that during the monsoon season, submicron 555 

particles in southern West Africa absorb moisture and can easily grow to more than double their dry diameter (Deetz 

et al., 2018; Haslett et al., 2018). This would therefore enhance the aerosol mass loading from these particles, 

potentially close to the 10 µg m-3 annual exposure recommended by the World Health Organisation (WHO, 2005). 

During the dry season (November-January), high concentrations of desert dust from the Sahara and local biomass 

burning are advected into the region. Results presented here show that high levels of particulate are not confined to 560 

the local dry season but are present throughout much of the year as a result of long-range transport. This regional 

influx of aerosol presents a challenge for future management of air quality in countries across West Africa. 

Controlling air quality in these cities cannot be considered solely in terms of reducing local anthropogenic 

emissions. Rather, regional- and continental-scale sources of particulate, notably these large biomass burning 

sources, must be considered. This contrasts with air quality problems encountered in North America and Europe, 565 

where urban emissions contribute the majority of air pollution. Solely importing air quality strategies from these 

regions may therefore be unsuccessful in West Africa, given that transnational transport of particulate plays an 

important role. Thought should be given to changes in land use practices in countries across the African continent to 

reduce the quantity of biomass burning if human exposure to particulate matter is to be limited.  
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We thank the reviewers for taking the time to assess this manuscript and for their insights and 

suggestions for its improvement. Based on these comments, we have made revisions to our original 

manuscript and provided responses individually to the suggestions below. The reviewer’s comments are 

in black and our responses are in red.  

General remarks. 

The main objective of this paper is to present and discuss the airborne aerosol measurements carried 

out during the DACCIWA campaign in the monsoon layer (ML) of the Gulf of Guinea coast. The objective 

of the work is very well described and sound because there is still uncertainty about the role of biomass 

burning (BB) emission in southern and central Africa on the composition of low-level aerosols in the 

monsoon layer. In addition to the paper Mari et al. (2008), the authors could provide other AMMA 

publications that raised the issue of the distinction between BB and local pollution emissions by using 

trace gas or aerosol measurements near the Gulf of Guinea coast during the wet season. The analysis of 

data from three aircraft under three different chemical regimes (urban outflow, upwind marine and 

continental background) is very convincing to support the hypothesis that the background composition 

of aerosols at the regional level is of critical importance. The analysis of the AMS data indeed 

demonstrates that the role of BB emission is very likely, but I still believe that other emission sources 

such as Nigerian off-shore oil fields should also be discussed, given the relatively large amount of sulfate 

already present in the upwind marine class (>25%) and not in the BBA layer above the monsoon layer 

(<15%). Section 3.3 on the modelling study showing cloud droplet concentration as a function of aerosol 

composition is somewhat beyond the scope of this nice paper on airborne data analysis. If the authors 

want to maintain such a model study, either a thorough discussion on model capabilities to address this 

issue or at least a comparison between DACCIWA measurements of cloud and aerosol properties and 

model simulations are necessary. 

We have taken these comments into consideration and integrated suggestions into the manuscript. 

More references related to AMMA have been included in discussing the presence of a biomass burning 

layer between 2 and 4 km (Murphy et al., 2010; Reeves et al., 2010; Sauvage et al., 2005; lines 37-38). In 

particular, a modelling study based on AMMA data by Deroubaix et al. (2018) has now been discussed in 

more detail in lines 50-54 and lines 452-456. This study assessed the relative contributions of biomass 

burning aerosol from central Africa and local anthropogenic pollution in southern West Africa during the 

AMMA campaign. Similar to our results, this study showed that long-range transport of biomass burning 

aerosol is likely to have a significant influence on pollution in the region (contributing around 52% below 

1 km). 

We have included some discussion of off-shore oil fields into the text in lines 405-408. Emissions from 

these oil fields were observed during the DACCIWA campaign, with several flights by the Falcon being 

carried out specifically to investigate their impact. The emissions were found to have very characteristic 

profiles, with narrow plumes of increased NOx, CO and PM being observed close to the sources and 



dissipating after around 40 km (Brocchi et al., 2019). Oil field plumes were not observed during the 

flights included in this analysis, however. The primary particulate emission from oil flaring is black 

carbon (Fortner et al., 2012). It is likely that the sulfate observed over the ocean in our case was from a 

mixture of sea salt and DMS (dimethyl sulphate) emissions, which is typical in marine air masses (Choi et 

al., 2017; Fitzgerald, 1991). 

We have worked to integrate our modelling results more fully into the manuscript, as we feel this both 

provides a further body of evidence to support our conclusions, and that it was a valuable addition to 

the manuscript to consider the impact of this aerosol mass on cloud properties. A second model, GEOS-

Chem, was also run as part of this project and we have now included these results as well as those from 

COSMO-ART. We have shown these model results earlier in the paper alongside observational results 

and have discussed more fully the ways in which they support our conclusions. 

Detailed remarks and questions: 

p.3 line 70 How do the unusual dry conditions modify the paper conclusions about the aerosol 

composition during the wet season ? 

Our measurements took place during June-July, when the bulk of the monsoon precipitation is typically 

far north of the coast, over the Sahel. In southern West Africa this is often called the little dry season, as 

there is only occasional rain. Although it was slightly drier than usual during 2016 due to the northward-

shifted intertropical discontinuity, the overall conditions were typical of this time of year in being 

dominated by southerlies. Thus, aerosol composition was controlled by long-range transport and local 

sources, with very little dust, which is the normal situation. We have reworded this phrase in the 

manuscript to acknowledge that the differences from normal conditions were only minor, in lines 82-84. 

p.5 line 91 Add also a discussion about the characteristics of the AMS instrument since it is a major 

contribution to the data analysis 

More detail has been added to the description of the AMS is in lines 93-98. 

p.5 line 97 Comment on the 40% discrepancy between the CPC observations. Typical ? 

This was an oversight – there was a 40% discrepancy over the whole campaign, largely due to sampling 

bias in the locations in which the aircraft flew. When comparing results from when aircraft were flying in 

comparable locations, however, this discrepancy was much lower. Along the Lomé-Savè transects 

described in the text that were used to compare the instruments, there was only a 10% difference 

between the CPCs on different aircraft. This has been updated in the text in line 115. More details from 

this comparison are shown here in Fig. 1. 

It was not possible during the campaign to compare the different instruments directly. Therefore, there 

may still be sampling bias in these results, which may explain the difference in spread between the Twin 

Otter CPC and the Falcon CPC. 

 



 

Figure 1: A comparison of the frequency distribution of CPC measurements in the continental background regime for the 

three different aircraft. This shows close agreement between the median CPC counts for each of the aircraft. 

p. 5 line 107 “surface level aerosol” is misleading. Do you mean aircraft data near the surface or surface 

network observations ? If surface network observations are used they should be described. 

This term has now been removed from this description. We were referring to aerosol in the monsoon 

layer. 

p. 5 line 113 Why is the 1.9 km altitude selected for the ML ? A plot of monsoon layer height distribution 

as a function of latitude might be useful to justify the altitude level selected, i.e. from aircraft met data. 

In this paper we are using the height of the monsoon layer, as described by Kalthoff et al. (2018), which 

was established to be 1.9 km on average over Savè, which is about 180km north of the coast in Benin. As 

the monsoon layer typically gets shallower towards the north, we assume this value to be reasonable for 

our purposes.  This is the height of the deep, moist layer that transports moisture into West Africa from 

the southwest. Long-range transport in the monsoon layer controls the aerosol concentration in the 

boundary layer. We have updated the terminology in the manuscript to reflect this distinction more 

accurately and included a comparison between the two terms in lines 131-133 for clarity. 

p. 6 line 128 Are the emissions from the off-shore oil extraction fields included in the EDGAR data ? 

Emissions from the off-shore oil extraction fields are included in the EDGAR data. There may be some 

double counting of these emissions; however, this effect is likely small. The EDGAR HTAP_v2 flaring 

approach neglects all offshore flaring and was done based on rural population proxy data in 2010. The 

only double count that could be considerable is in the Niger Delta (Nigeria) and it is unlikely that plumes 

from here would be observed in the DACCIWA region, based on average wind directions.  

p.9 line 197 What is the sulfate and organic aerosol fraction expected for gas flaring emission ?  

The overwhelming majority of aerosol emitted from gas flaring is released as black carbon (Fortner et 

al., 2012). Studies from DACCIWA have shown that over our campaign region, gas flaring emissions were 

highly recognisable as narrow plumes of pollution that were strongest close to the source (Brocchi et al., 

2019). These characteristic spikes in CO, NOx and aerosol concentrations were not visible during the 

flights analysed here, making it unlikely that gas flaring is a significant contribution to the aerosol 



background we observed. An acknowledgement of these emissions has now been added to the text in 

lines 405-408.  

How do you explain the large sulfate contribution for the upwind marine ? 

Sulfate is typically found over the ocean, from both sea salt and the oxidation products of DMS. Around 

2 µg m-3 from these sources combined is to be expected. This explanation has been added to the text in 

lines 274-278 (Choi et al., 2017; Fitzgerald, 1991). 

Caption of Fig. 4: Define BBA layer  

This has been added to the text. 

p.10 Very interesting section on AMS data analysis to demonstrate the major role of BB emissions even 

within the ML. Are m/z 44 and 28 occurrence characteristic of aging regardless of the aerosol type or 

specific of the BB aging ? 

M/z 44 and 28 are characteristic of general aged organic aerosol – this is not specific to biomass burning. 

We have written this now as “aged organic aerosol” instead of just “aged aerosol” in line 352, to 

underline that this is not specific.  

Caption of Fig. 6 define the dashed line 

This has now been defined.  

Fig.6 Might be useful to add "Fresh BB" in the figure within the triangle area 

This has been added to the figure. 

p.13 line 285-290 Do satellite observations (MODIS, MISR, CALIOP) show the extent of the BB plume 

above the ocean during DACCIWA ? 

It is not possible to isolate the extent of the BB layer in the monsoon layer using satellite data, due to 

the semi-permanent clouds over the Atlantic and the much larger BB plume that is often found at higher 

elevation, between 2 and 4 km. Both of these can obscure the plume at lower levels, making it difficult 

to ascertain its extent. CALIPSO data, which uses a lidar to produce vertical cross sections, indicates that 

there is an unbroken layer of aerosol below the clouds stretching from the Atlantic Ocean to the east of 

central Africa up to the DACCIWA region. This is illustrated with the below plot (Fig. 2) from 14th July, 

one of the days when the ATR was flying over the ocean south of the coast.  



  

Fig. 2: Results from the CALIPSO satellite showing aerosol present in the boundary layer below the clouds over the Atlantic 

Ocean. 

p.14 line 322 How is the 10% fraction of the BB plume entrained in the ML obtained ? 

This fraction was based on the difference in concentration between the monsoon layer aerosol and the 

elevated biomass burning aerosol. However, after further discussion, we have removed this number as it 

was not robustly supported.  

p.15 I am not convinced that the work with COSMO-ART is a significant added value to this paper as the 

model performances are not provided to perform such a study on aerosol/cloud interaction in addition 

to the initial goal of the paper of the role of regional BB within the ML. My feeling is that this section is 

not necessary and would require a specific publication where the important question 

aerosol/interaction question is properly introduced with relevant literature and where the model is 

validated against the DACCIWA data set before being to discuss the low level cloud formation in the ML. 

We agree that showing only the modelled impact of aerosol changes on clouds created a disconnect 

from the rest of the paper. Nevertheless, we believe that the model has interesting information to offer 

to this study that makes our argumentation stronger. Therefore, we have decided to extend this section 

to link it better to the rest, as well as including additional results from the GEOS-Chem model, described 

in lines 176-193. This allows us to explore simulated averages over the entire campaign, as well as a 

simulation of a single day. In the revised version, we now include a comparison of the simulated with 

the observed mass concentration to show that the model produces realistic fields, particularly over the 

upwind marine area. We show that switching off biomass burning in both models results in a decrease in 

aerosol concentration over the upwind marine area of around 75% (lines 253-257), which supports our 

interpretation of long-range transport from central Africa. After this additional discussion of modelling 

results, we finally show the impact on clouds, as a result that we cannot retrieve from the observations 

alone. We modified the text to justify the use of a model to complement our results much better than in 

the original version. 

p. 17 line 388-420 This section of the conclusion which advocates for new campaigns could be 

significantly reduced. 

This section has now been reduced. 

 



Brocchi, V., Krysztofiak, G., Deroubaix, A., Stratmann, G., Sauer, D., Schlager, H., Deetz, K., Dayma, G., 

Robert, C., Chevriere, S. and Catoire, V.: Local air pollution from oil rig emissions observed during the 

airborne DACCIWA campaign, Atmos. Chem. Phys. Discuss., doi: 10.5194/acp-2019-27, 2019. 

Choi, Y., Rhee, T. S., Collette Jr. J. L., Taehyun, P., Park, S.-M., Seo, B.-K., Park, G., Park, K., Lee, T.: Aerosol 

concentrations and composition in the North Pacific marine boundary layer, Atmos. Environ., 171, 165-

172, doi: 10.1016/j.atmosenv.2017.09.047, 2017. 

Deroubaix, A., Flamant, C., Menut, L., Siour, G., Mailler, S., Turquety, S., Briant, R., Khvorostyanov, D. 

and Crumeyrolle, S.: Interactions of atmospheric gases and aerosols with the monsoon dynamics over 

the Sudano-Guinean region during AMMA, Atmos. Chem. Phys., 18, 445-465, doi: 10.5194/acp-18-445-

2018, 2018. 

Fitzgerald, J. W.: Marine aerosols: a review, Atmos. Environ., 25A, 3/4, 533-545, doi: 10.1016/0960-

1686(91)90050-H, 1991. 

Fortner, E. C., Brooks, W. A., Onasch, T. B., Canagaratna, M. R., Massolie, P., Jayne, J. T., Franklin, J. P., 

Knighton, W. B., Wormhoudt, J., Worsnop, D. R., Kolb, C. E. and Herndon, S. C.: Particulate emissions 

measured during the TCEQ comprehensive flare emission study, Ind. Eng. Chem. Rs., 51, 12586-12592, 

doi: 10.1021/ie202692y, 2012. 

Murphy, J. G., Oram, D. E. and Reeves, C. E.: Measurements of volatile organic compounds over West 

Africa, Atmos. Chem. Phys., 10, 5281-5294, doi: 10.5194/acp-10-5281-2010, 2010. 

Reeves, C. E., Formenti, P., Afif, C., Ancellet, G., Attié, J.-L., Bechara, J., Borbon, A., Cairo, F., Coe, H., 

Crumeyrolle, S., Fierli, F., Flamant, C., Gomes, L., Hamburger, T., Jambert, C., Law, K. S., Mari, C., Jones, 

R. L., Matsuki, A., Mead, M. I., Methven. J., Mills, G. P., Minikin, A., Murphy, J. G., Nielsen, J. K., Oram, D. 

E., Parker D. J., Richter, A. Schlager, H., Schwarzenboeck, A. and Thouret, V.: Chemical and aerosol 

characterisation of the troposphere over West Africa during the monsoon period as part of AMMA, 

Atmos. Chem. Phys., 10, 7575-7601, doi: 10.5194/acp-10-7575-2010, 2010. 

Sauvage, B., Thouret, V., Cammas, J.-P., Gheusi, F., Athier, G., and Nédélec, P.: Tropospheric ozone over 

Equatorial Africa: regional aspects from the MOZAIC data, Atmos. Chem. Phys, 5, 311-335, doi: 

10.5194/acp-5-311-2005, 2005. 



1 
 

Remote biomass burning dominates southern West African air 

pollution during the monsoon 

Sophie L. Haslett1,a, Jonathan W. Taylor1, Mathew Evans2,3, Eleanor Morris2, Bernhard Vogel4, 

Alima Dajuma4,5, Joel Brito6, Anneke M. Batenburg7, Stephan Borrmann7, Johannes Schneider7, 

Christiane Schulz7, Cyrielle Denjean8, Thierry Bourrianne8, Peter Knippertz4, Régis Dupuy9, 

Alfons Schwarzenböck9, Daniel Sauer10, Cyrille Flamant11, James Dorsey1,12, Ian Crawford1 and 

Hugh Coe1. 

1 School of Earth and Environmental Sciences, University of Manchester, Manchester, United Kingdom 
2 Wolfson Atmospheric Chemistry Laboratories, Department of Chemistry, University of York, York, United 

Kingdom 
3 National Centre for Atmospheric Science, University of York, York, United Kingdom 
4 Institute of Meteorology and Climate Research, Karlsruhe Institute of Technology, Karlsruhe, Germany 
5 L’Université Félix Houphoët-Boigny, Abidjan 01, Côte D’Ivoire 
6 Laboratory for Meteorological Physics (LaMP), University Blaise Pascal, Aubière, France 
7 Particle Chemistry Department, Johannes Gutenberg University Mainz/Max Planck Institute for Chemistry, 55128 

Mainz, Germany 
8 CNRM, Université de Toulouse, Météo-France, CNRS, Toulouse, France 
9 Laboratoire de Météorologie Physique, Université Clermont Auvergne, Aubière, France 
10 Institut für Physik der Atmosphäre, Deutsches Zentrum für Luft- und Raumfahrt, Oberpfaffenhofen Wessling, 

Germany 
11 LATMOS/IPSL, Sorbonne Université, UVSQ, CNRS, Paris, France 
12 National Centre for Atmospheric Science, University of Manchester, Manchester, United Kingdom 
a now at: Department of Environmental Science and Analytical Chemistry, Stockholm University, Stockholm 11418, 

Sweden 

 

Correspondence to: Hugh Coe (hugh.coe@manchester.ac.uk) 

Abstract. Vast stretches of agricultural land in southern and central Africa are burnt between June and September 

each year, which releases large quantities of aerosol into the atmosphere. The resulting smoke plumes are carried 

west over the Atlantic Ocean at altitudes between 2 and 4 km. As only limited observational data in West Africa 

have existed until now, whether this pollution has an impact at lower altitudes has remained unclear. The Dynamics-

Aerosol-Chemistry-Cloud Interactions in West Africa (DACCIWA) aircraft campaign took place in southern West 5 

Africa during June and July 2016, with the aim of observing gas and aerosol properties in the region in order to 

assess anthropogenic and other influences on the atmosphere. 

Results presented here show that a significant mass of aged accumulation mode aerosol was present in the southern 

West African monsoon layer, over both the ocean and the continent. A median dry aerosol concentration of 6.2 µg 

m-3 (standard temperature and pressure (STP)) was observed over the Atlantic Ocean upwind of the major cities, 10 

with an interquartile range from 5.3 to 8.0 µg m-3. This concentration increased to a median of 11.1 µg m-3 (8.6 to 

15.7 µg m-3) in the immediate outflow from cities. In the continental air mass away from the cities, the median 

aerosol loading was 7.5 µg m-3 (5.9 to 10.5 µg m-3). The accumulation mode aerosol population over land displayed 

similar chemical properties to the upstream population, which implies that upstream aerosol is a significant source of 
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aerosol pollution over the continent. The upstream aerosol is found to have most likely originated from central and 15 

southern African biomass burning. This demonstrates that biomass burning plumes are being advected northwards, 

after being entrained into the monsoon layer over the eastern tropical Atlantic Ocean. It is shown observationally for 

the first time that they contribute up to 80% to the regional aerosol loading in the monsoon layer over southern West 

Africa. Results from the COSMO-ART (COnsortium for Small-scale MOdelling – Aerosol and Reactive Trace 

gases) and GEOS-Chem models support this conclusion, showing that observed aerosol concentrations over the 20 

northern Atlantic Ocean can only be reproduced when the contribution of transported biomass burning aerosol is 

taken into account. 

As a result, the large and growing emissions from the coastal cities are overlaid on an already substantial aerosol 

background. Simulations using COSMO-ART show that cloud droplet number concentrations can increase by up to 

27% as a result of transported biomass burning aerosol. On a regional scale this renders cloud properties and 25 

precipitation less sensitive to future increases in anthropogenic emissions. In addition, such high background 

loadings will lead to greater pollution exposure for the large and growing population in southern West Africa. These 

results emphasise the importance of including aerosol from across country borders in the development of air 

pollution policies and interventions in regions such as West Africa. 

1 Introduction 30 

West Africa is currently undergoing rapid urbanisation, population growth and industrial development. As a result of 

these large socioeconomic changes, anthropogenic pollution in the region tripled between 1950 and 2000 (Lamarque 

et al., 2010), and is expected to do so again from 2005 to 2030 (Liousse et al., 2014). Nevertheless, West African air 

quality is among the most poorly studied worldwide. As a result, these changes are being imposed on a largely 

unknown regional background (Zuidema et al., 2016; Knippertz et al., 2015). 35 

Plumes of biomass burning pollution from further afield are known to impact the mid-troposphere above West 

Africa during the summer monsoon (Chatfield et al., 1998; Mari et al., 2008, Murphy et al., 2010; Reeves et al., 

2010; Sauvage et al., 2005). These plumes are the result of vast quantities of agricultural land in southern and central 

Africa being burnt between June and September each year (Barbosa et al., 1999). The large-scale burning releases 

large quantities of aerosol into the atmosphere, which are carried west over the Atlantic Ocean at altitudes between 2 40 

and 4 km. This transport mechanism is reliant on the southern hemispheric African Easterly Jet; when the jet is 

active, vast intrusions of biomass burning pollution can be transported across the Atlantic Ocean, in some cases as 

far west as South America (Mari et al., 2008). Intrusions into southern West Africa have been well documented from 

in-situ and satellite data. To date, this phenomenon has been thought to be confined predominantly to layers between 

2 and 4 km in altitude (Barbosa et al., 1999; Capes et al., 2008; Chatfield et al., 1998; Mari et al., 2008). 45 

Though recent modelling studies (Deroubaix et al., 2018; Menut et al., 2018) indicate that pollution may mix further 

down into the boundary layer, this has remained unconfirmed due to limited in-situ observations. Recent attempts to 
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quantify the extent to which smoke over the Atlantic Ocean entrains into the boundary layer using model 

simulations have shown that different models can provide very different results (Das et al., 2017; Peers et al., 2016). 

Deroubaix et al. (2018) suggest that long-range transport of biomass burning aerosol could have contributed around 50 

50% of PM2.5 (aerosol smaller than 2.5 µm in diameter) mass in southern West Africa during the monsoon season 

observed by the AMMA campaign in 2006. These results make the collection and analysis of observational evidence 

on this matter particularly important, to confirm and quantify the presence of long-range transported aerosol in the 

boundary layer.  

Both near-field and remote sources of pollution are likely to have an effect on cloud properties, radiative forcing and 55 

human health in southern West Africa. During the onset of the West African Monsoon, aerosol becomes entrained 

into newly-forming banks of monsoon clouds, so could have a resultant effect on rainfall patterns as well as the 

region’s response to climate change. The emergence of megacities along the southern coast means that large 

numbers of people will be exposed to any atmospheric pollutants that exist in the region. 

Airborne measurements made during the Dynamics-Aerosol-Chemistry-Cloud Interactions in West Africa 60 

(DACCIWA) campaign (Knippertz et al., 2015; Flamant et al., 2018) in June - July 2016 provided the opportunity to 

map aerosol properties in southern West Africa extensively. Here, observations from the three aircraft employed 

during the campaign are used to examine the relative contributions of local and transported pollution towards the 

aerosol loading in the regional monsoon layer (<1.9 km) in southern West Africa. The relative contributions of 

regional urban emissions and aged biomass burning aerosol from central and southern Africa towards this 65 

background are assessed, using both observational evidence and simulations from the COSMO-ART (COnsortium 

for Small-scale MOdelling – Aerosol and Reactive Trace gases) and GEOS-Chem models. Biomass burning aerosol 

advected inland from remote sources is found to be the key driver of particulate pollution in the monsoon layer over 

southern West Africa away from large urban centres. The effect of this influx of long-range pollution on clouds 

forming during the monsoon period is assessed using the COSMO-ART model.  70 

2 Method 

2.1 Airborne observations 

The DACCIWA aircraft campaign took place during June and July 2016 and focused on the highly populated 

southern coastal region of West Africa. Science flying began on 29th June and concluded on 16th July 2016. Three 

aircraft took part in the campaign: the German Deutsches Zentrum für Luft- und Raumfahrt (DLR) Falcon 20, the 75 

French Service des Avions Français Instrumentés pour la Recherche en Environnement (SAFIRE) ATR-42 and the 

British Antarctic Survey (BAS) Twin Otter. All three aircraft were based at the military airport in Lomé, Togo 

(6.16°N, 1.25°E), though the ATR-42 flew to the Aéroport Félix Houphouët-Boigny in Abidjan, Côte D’Ivoire, 

twice, on the 6th and 11th July. In total, 50 scientific flights were carried out, which comprised 155 hours of 

scientific sorties. The DLR Falcon completed 12 scientific missions during the campaign, the ATR-42 completed 20 80 

and the Twin Otter 18 (Flamant et al., 2018). The aircraft campaign took place after the monsoon onset; at this time, 
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the bulk of the monsoon rainfall is typically north over the Sahel, with limited precipitation in southern West Africa. 

The measurement period in 2016 was characterised by a northward-shifted intertropical discontinuity, which likely 

resulted in less wet deposition than usual. This period has been described as Phase 2 of the 2016 West African 

Monsoon (Knippertz et al., 2017). 85 

Several flights were conducted between Lomé and the air above a ground station in Savè, Benin (8.03 ºN, 2.48 ºE), 

around 250 km to the north-east, which were used to build up statistics on background aerosol concentrations and 

cloud-aerosol interactions. Other flight patterns included city emission flights, which targeted city plumes and 

flights over the sea. Flight paths for all three aircraft are shown in Fig. 1.  

 90 

Figure 1: Map showing the flight paths of the Falcon, ATR and Twin Otter aircraft during the DACCIWA campaign.  
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Submicron aerosol chemical composition was measured using Aerodyne compact Time-of-Flight Aerosol Mass 

Spectrometers (AMS) (Drewnick et al., 2005; Canagaratna et al., 2007), mounted onboard all three aircraft. The 

instrument samples submicron particles from ambient air through an aerodynamic lens, which focuses the particles 

in the vacuum chamber into a narrow beam. The particle beam is directed onto a hot surface vaporiser (~600 °C) 95 

where the particles are flash evaporated. The gas molecules formed are then ionised by electron ionisation and the 

ions are analysed in a time-of-flight mass spectrometer. The AMS produces quantitative chemical mass loading 

information for organic and inorganic non-refractory submicron aerosols with a time resolution of 20-45 seconds. A 

fragmentation table (Allan et al., 2004) was used to distinguish different compounds, yielding measurements of 

sulfate (SO4),  nitrate (NO3), ammonium (NH4) and organic compounds. An average collection efficiency of 0.5 was 100 

used throughout the campaign, which is standard for ambient measurements in similar environments (Middlebrook 

et al., 2012). The ionisation efficiencies of the instruments were calibrated several times througout the campaign 

using size-selected ammonium nitrate aerosol. A more detailed description of the ATR AMS data processing has 

been described by Brito et al. (2018). 

Submicron aerosol size distributions were measured using a TSI Scanning Mobility Particle Sizer (SMPS) on board 105 

the ATR aircraft. This produced a size distribution of aerosol between 0.02 and 0.5 µm every 90 s. Condensation 

nuclei number concentrations were measured using Condensation Particle Counters (CPC) on board each of the 

three aircraft (a Brechtel Mixing CPC on the Twin Otter, modified TSI 3010 on the Falcon and TSI 3788 CPC on 

the ATR; lower size limits were 3 nm, 14 nm and 3 nm respectively). 

In order to integrate these datasets successfully, the sensitivities of the instruments on all three platforms were 110 

compared. The transect between the coastal city of Lomé in Togo and the inland city of Savè in Benin was flown 

several times by each aircraft, which provided a basis for performing statistical comparisons. The median 

measurements of the AMS instruments on the ATR and the Twin Otter aircraft were within 20% of one another, 

although a larger interquartile range was observed in measurements from the ATR. The CPCs on board all three 

instruments showed a discrepancy in the median values of less than 10%. Where applicable, measurements were 115 

corrected to standard temperature and pressure (STP). 

The AMS data were compared for the take-offs and landings at Lomé airport. Despite calibration efforts, the AMS 

on the Falcon measured lower mass concentrations than the other two at low altitudes. This is believed to have been 

caused by a loss process at its inlet that affected the absolute, but not the relative measured mass concentrations of 

the different compounds. Therefore, only the proportional chemical distribution and the high altitude mass 120 

concentrations from the Falcon AMS is used here. It is indicated in the text where these data are included. 

The West African Monsoon governs surface level wind patterns in southern West Africa during June and July. 

Southerlies associated with the monsoon bring air into West Africa that has been advected over the ocean for several 

thousand kilometers (Williams et al., 2007). The incoming air is then affected by large coastal cities before 

continuing inland. In order to study the influence of different sources, aerosol was analysed in three regimes: 125 
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‘upwind marine’, ‘continental background’ and ‘urban outflow’. The first two include data collected above the 

ocean more than 20 km south of the shoreline and over West Africa away from immediate urban sources, 

respectively. This distinction provides a direct comparison between upwind air entering the region from the south 

and that influenced by the coastal cities, Abidjan (Côte D’Ivoire), Accra (Ghana), Lomé (Togo) or Cotonou (Benin). 

The ‘urban outflow’ regime includes data from the centre of near-field urban plumes. 130 

In all three cases, only aerosol below 1.9 km was considered. This is the height of the monsoon layer: the deep, 

moist layer that transports moisture into the continent from the south (Kalthoff et al., 2018). The boundary layer is 

the layer in direct exchange with the surface. This is typically shallow over the ocean (around 500 m); when the air 

reaches land, however, a much deeper mixing results in the low boundary layer over ocean mixing with the air 

above it to deepen the boundary layer to around 1.5 km and to determine the concentration further inland. It is the 135 

monsoon layer below 1.9 km, however, that controls aerosol influx into the boundary layer over land, hence its use 

here. In the ‘continental background’ and ‘urban outflow’ regimes, data from below 100 m were removed to avoid 

bias, as the aircraft only flew at this altitude over land in the vicinity of the airport; the airport’s influence was found 

to be negligible above this altitude. ‘Urban outflow’ data were from the centre of the near-field (<60 km) urban 

plumes emitted from the cities listed above. These data were confined  to include only measurements where NOx 140 

levels were within the highest 5% measured during the campaign (3.2 ppbv). 

2.2 Regional Modelling 

Two regional-scale models were used to test the hypothesis that aerosol measured by the aircraft over the sea is 

transported form central Africa: the COSMO-ART (Consortium for Small-scale Modelling – Aerosol Reactive 

Trace gases) model is on online chemistry-transport model and is used to provide a high resolution (2.5km grid 145 

resolution) evaluation of a relatively short time period. This model has the advantage of being able to be used to 

investigate the impacts of biomass burning on cloud microphysical properties. GEOS-Chem (www.geos-chem.org) 

is an offline chemistry transport model run at a coarse resolution (0.25°x0.23125°), but with the advantage of being 

able to be run for a longer time period.  

COSMO-ART is based on the German Weather Service (DWD)’s operational weather forecast model COSMO 150 

(Baldauf et al., 2011), coupled with an aerosol model (ART) for online treatment of aerosol chemistry and dynamics 

(Vogel et al., 2009; Bangert et al., 2012; Athanasopoulou et al., 2014; Knote et al., 2011). The interaction of 

aerosols with liquid and ice clouds were simulated using the two moment microphysics scheme of Seifert and 

Beheng (2006). For the liquid phase a parameterisation of Phillips et al. (2008) was applied (for details, see Bangert 

et al. (2012) and Rieger et al. (2014)). This allows feedbacks between aerosols and radiation as well as between 155 

aerosols and clouds to be calculated. 

Emission data from EDGAR (2010) (Emission Database for Global Atmospheric Research) were used for the 

anthropogenic emission of gases and aerosols. Natural emissions of biogenic volatile organic compounds (Weimer 

et al., 2017), sea salt (Lundgren et al., 2013), dimethyl sulfide (DMS; Lana et al., 2011), mineral dust (Stanelle et al., 

http://www.geos-chem.org/
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2010; Rieger et al., 2017) and GFAS (Global Fire Assimilation System) emissions from vegetation fires (Kaiser et 160 

al., 2012; Walter et al., 2016) are calculated online for each model time step. Gas flaring emissions are prescribed 

following Deetz and Vogel (2017). Meteorological initial and boundary conditions are taken from the operational 

global ICOsahedral Non-hydrostatic (ICON) model (Zängl et al., 2015) runs of DWD. Initial and boundary 

conditions for gaseous and particulate compounds are derived from Model for Ozone and Related Chemical Tracers 

(MOZART) forecasts (Emmons et al., 2010). 165 

There was a spin-up period of 7 days (19 June to 5 July 2016) and results are presented for 24 hours on 6 July 2016. 

Two simulations were performed for this study: one with the biomass burning emissions (both near-field and 

remote) included and the other without. The simulations were performed over a large domain (D1) covering West 

Africa and the south eastern Atlantic Ocean with a grid size of 5 km and 50 vertical layers. The output from D1 was 

used to provide boundary conditions for a smaller, nested domain (D2) covering southern West Africa (the 170 

DACCIWA region), with a grid spacing of 2.5 km and 80 vertical levels (see Fig. 2). Although domain D1 covers a 

large area, COSMO-ART is still a limited area model. Comparing Fig. 2 with Fig. 8a it is therefore evident that D1 

misses about 20% of the fire emissions of central Africa. However, this is likely compensated by the provision of 

boundary conditions for gaseous and particulate compounds of the global model system MOZART (2017). 

   175 
Figure 2: The two nested domains used by the COSMO-ART model. 

GEOS-Chem is a three-dimensional model of tropospheric chemistry (Bey et al., 2001; Wang et al., 2004), driven 

with  offline meteorological input from NASA Goddard Space Flight Center’s Global Modeling and Assimilation 

Office. This study uses GEOS-Chem version 11-01 (http://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-

Chem_v11-01). Simulations were performed globally at a horizontal resolution of 2° x 2.5° to provide boundary 180 
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conditions for the regional (latitudes 6°S - 6°N, longitudes 18.125°W – 26.875°E) West Africa model at a resolution 

of 0.25° x 0.3125°. Simulation have 47 vertical levels from the surface to 0.01 hPa, using meteorological data 

produced by the NASA Goddard Space Flight Center’s Global Modeling and Assimilation Office. The model was 

run for the period from 29th June to the 16th July 2016 (the duration of the DACCIWA aircraft campaign) with a two 

week spin up period.  185 

The model uses EDGAR v4.2 (EC-JRC / PBL, 2011) for anthropogenic emissions, which is overwritten by regional 

inventories where available: EMEP for Europe, NEI for the USA, CAC for Canada, MIX for South-East Asia and 

BRAVO for Mexico. Over Africa, the DACCIWA inventory (Junker & Liousse, 2008; Knippertz et al., 2015) is 

used for anthropogenic emissions. The Global Fire Assimilation System (GFAS) data is used for biomass burning 

emissions with a scale factor of 3.4 applied to the organic carbon emissions as recommended by Kaiser et al. (2012). 190 

The model uses MEGAN v2.1 (Guenther et al., 2012) for biogenic emissions of volatile organic compounds, 

biogenic soil NOx emissions from Hudman et al. (2012) and interactive lightning NOx (Murray et al., 2012). More 

details of the processing of organic aeorsol in the model can be found in Park et al. (2003). 

3 Results and discussion 

3.1 Observations 195 

Figure 3 shows the aerosol particle number size distribution observed in each of the three regimes considered here. 

Significant variation can be seen in the number of smaller, Aitken mode particles, here considered to be those 

smaller than 100 nm. These particles are emitted from urban centres or formed from precursor gases and grow 

quickly in the atmosphere; large Aitken mode populations therefore indicate the presence of significant local 

sources. In the urban outflow regime, the Aitken mode concentration was often high, with a median number 200 

concentration of 3,400 cm-3. In contrast, the Aitken mode was barely present in upwind marine air (median of 130 

cm-3). The number concentration of accumulation mode particles, with an average diameter near 200 nm, however, 

was remarkably consistent across the three regimes: 80% of the data lay within ± 30% of the campaign median in all 

cases. The median accumulation mode concentration was 600 cm-3 STP in the upwind marine air and 850 cm-3 STP 

in the continental background. 205 

In the lower atmosphere during June and July, wind speeds in southern West Africa are generally low and wind 

comes from the south, becoming south-westerly as it approaches the coast. Therefore, within the monsoon layer, 

cool, moist Atlantic air progresses towards the cities and is likely to carry their plumes inland (Knippertz et al., 

2017). Nevertheless, the similarity between the accumulation mode concentration in the upwind marine and 

continental background regimes seen here suggests that the air mass already contained a large number of the 210 

accumulation mode particles prior to urban influence. Comparing the median accumulation mode number 

concentrations in the continental background regime (850 cm-3 STP) and the upstream marine regime (600 cm-3 

STP) suggests that far from the source, city emissions and land-based biogenic sources contributed only an extra 

40% on top of the incoming accumulation mode aerosol. This calculation assumes a constant influence across the 
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region from incoming aerosol, and so likely represents a lower limit. Nevertheless, this implies that incoming 215 

pollution from the Atlantic has a considerable influence on the aerosol population over the land.  

  

Figure 3: Size distributions of aerosol in the urban outflow, continental background and upstream marine regimes, 

measured by the SMPS on board the ATR aircraft. For each regime, the median size distribution is shown by the dark 

line; the dark shading contains 50% of the data; and the light shading contains 80% of the data. The comparison of all 220 
three plots in panel (a) shows a stable accumulation mode that exists in all three regimes, centred at around 200 nm, while 

the smaller Aitken mode is much more variable. In panels (b-d), N shows the median total number concentration summed 

across the whole distribution, with the lower and upper quartiles shown in brackets; M shows the calculated aerosol 

mass, assuming an aerosol density of 1.6 g cm-3 (Haslett et al., 2019), with the interquartile range again shown in brackets. 

The Aitken and accumulation modes are labelled in panel (c). 225 

The chemical composition of aerosols observed during DACCIWA supports the suggestion that much of the aerosol 

in the region originates upwind of the cities. Figure 4a shows aerosol mass and number concentrations in the three 

regimes, with mass classified by chemical species. The median total aerosol concentrations observed were 6.2, 11.1 

and 7.5 µg m-3 in the upwind marine, urban outflow and background continental regime, respectively, with 

interquartile ranges of 2.8, 7.1 and 4.2 µg m-3. Although there was some day-to-day variability, which can be seen in 230 

the interquartile ranges shown in Fig. 3, there was no statistically significant variation in the median throughout the 

diurnal cycle (the variation in the median throughout the day was < 1 µg m-3). Very little variation between the three 

regimes is seen in the proportional contribution of the different chemical species. The largest contribution to the 

measured PM1 (particulate matter with a diameter smaller than 1 µm) was organic aerosol, which accounted for 

approximately 60% of the aerosol mass in all three regimes. Sulfate accounted for approximately 25% and nitrate 235 
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was generally low, comprising 4-6%. Ammonium contributed around 11%. The largest aerosol mass loadings and 

number concentrations were observed in the urban outflow, although even here, accumulation mode aerosol present 

in incoming air could account for as much as 50% of the total mass. Figure 4b shows the proportional chemical 

distribution for the three regimes explored here alongside those for the elevated biomass burning aerosol layer 

commonly sampled at 2-4 km from the ATR and Falcon, and the free troposphere above 5 km from the Falcon. 240 

Figure 4c shows the modelled fine aerosol composition from COSMO-ART and GEOS-Chem. The COSMO-ART 

simulation is from 6 July, while that from GEOS-Chem is an average calculated from hourly output data from 29 

June – 16 July 2016 (the duration of the DACCIWA aircraft campaign). The average concentrations in the upwind 

marine data (4.45 µg m-3 for COSMO-ART and 5.47 µg m-3 by GEOS-Chem) are in reasonable agreement with the 

observations (6.3 µg m-3). In the urban outflow, modeled concentrations increase (11.52 µg m-3 from COSMO-ART, 245 

10.85 µg m-3 from GEOS-Chem) and are again generally consistent with the observations (11.1 µg m-3). In 

continental background air, however, there is a discrepancy, with COSMO-ART simulating 1.90 µg m-3, while 

GEOS-Chem calculates 8.28 µg m-3; observations found an average of 7.5 µg m-3. Several factors could be 

responsible for the COSMO-ART response: (i) failure to simulate the inland progression of the marine air far 

enough northwards; (ii) overestimation of aerosol losses in the model, potentially due to vertical mixing being too 250 

strong over land; (iii) the model simulation being for a specific day, while observed results are from flights 

performed at different times during the DACCIWA campaign. 

Switching off the biomass burning emissions over central Africa and West Africa reduces aerosol concentrations in 

both models. Models attribute ~75% of the upwind marine, and ~50% in the urban outflow of the aerosol mass to 

the biomass burning, with the vast majority of that occuring in central Africa (see Section 3.2). From these model 255 

studies we conclude that the majority of the fine aerosol seen in the upwind marine, and a significant fraction of that 

seen in the urban outflow is of biomass burning origin.  
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Figure 4: (a) The observed chemical composition and condensation nucleus (CN) concentration in each of the three 260 
regimes. Coloured bars indicate aerosol mass concentration measured by the AMS. The CN bars show the total aerosol 

number concentration in each location (measured by the CPC), with shaded regions indicating the number of aerosol 

particles in the accumulation mode (derived from SMPS data shown in Fig. 3). Bars indicate the median, with error bars 

showing the interquartile range of observations (for total aerosol in the case of the AMS). A similar chemical distribution 

can be seen in each of the three regimes. (b) A comparison of the aerosol chemical distribution in all three regimes, 265 
alongside observations from the biomass burning layer at 3-4 km altitude (ATR and Falcon; labelled ‘BBA layer’) and 

the free troposphere (> 5 km; Falcon) for comparison. (c) Aerosol composition in the three regimes simulated by the 

COSMO-ART and GEOS-Chem models. 

The proportion of organic aerosol in the monsoon layer was large compared with what has been seen in other 

locations dominated by a mix of urban or biogenic emissions: Zhang et al. (2011) found that the global average 270 
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organic fraction measured by the AMS is between 43% in remote locations and 52% downwind from urban centres. 

The contribution of nitrate here, in contrast, was lower than is typically seen in locations influenced by urban 

outflow. Zhang et al. (2011) found a global average contribution of 12% and 18% in downwind and urban locations, 

respectively, which is much larger than was observed here. The high sulfate loading in the upwind marine regime is 

typical of marine aerosol. Sulfate over the oceans can originate from sea salt, as well as from the oxidation products 275 

of dimethyl sulfide (DMS) produced by phytoplankton. Non-sea-salt sulfate is typically found in concentrations of 

0.2 – 1.5 µg m-3 in marine aerosol (Choi et al., 2017; Fitzgerald, 1991). In the inland regions, this likely mixes with 

sulfate produced from the cities.  

The aerosol composition here is comparable with measurements during the dry season in South Africa, which can be 

influenced by emissions from savannah burning (Tiitta et al., 2014). The high contribution from organic aerosol is 280 

similar to observations of biomass burning plumes made in West Africa during 2006 as part of the DABEX (Dust 

and Biomass burning Experiment; Capes et al., 2008), as well as those made from biomass burning plumes in 

southern Africa (Vakkari et al., 2014). The key difference here is the large sulfate contribution, which is likely due 

to the influence of marine emissions.  



13 
 

 285 

Figure 5: Average organic aerosol mass spectra in (a) the 2-4 km biomass burning layer (from the Falcon AMS), and (b-

d) each of the three regimes (ATR and Twin Otter). The influence of fresh urban emissions can be seen in the urban 

outflow regime and, to a lesser extent, in the continental background, demonstrated by the higher proportion of m/z 55 

and 57, alongside larger hydrocarbon clusters. Fresh biomass burning is indicated by the peak at m/z 60. However, the 

dominant contribution in all cases is from m/z 28 and 44, both indicators of aged, oxidised organic aerosol. 290 

The organic mass spectra from the AMS on board the Twin Otter and the ATR for the three regimes are shown in 

Fig. 5, alongside the mass spectrum of the biomass burning layer at 2-4 km from the Falcon AMS, which is widely 

considered to have originated from central Africa (Flamant et al., 2018). All four spectra are dominated by aged 

organic aerosol, which is characterised by strong peaks at m/z 28 and 44 (Ng et al., 2011). Although the 2-4 km 

biomass burning layer showed a chemical distribution containing more organics and nitrate and less sulfate than 295 

aerosol observed lower in the atmosphere (Fig. 5b), the organic mass spectra shown here for this layer is very 

similar to that of the upstream marine aerosol, with m/z 28 and m/z 44 comprising 50% of the total organic mass in 

both cases. The urban outflow and, to a lesser extent, continental background mass spectra show features 

characteristic of urban pollution, including peaks at m/z 42, 55 and 91, which are associated with internal 

combustion engines (Ng et al., 2011), and a number of clustered hydrocarbon peaks, for example at m/z 65, 67 and 300 

69 or m/z 79, 81 and 83. A peak can be seen in the urban outflow and continental background regimes at m/z 60, 
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which is often associated with levoglucosan and other anhydrous sugars from biomass burning (Cubison et al., 

2011) and likely arises from the widespread use of individual stoves for cooking, both in cities and in rural areas. 

This peak is associated only with fresh biomass burning; due to the oxidisation of anhydrous sugars in the 

atmosphere (Henningan et al., 2011), it would no longer be strongly visible in the spectrum after a few days of 305 

processing (Cubsion et al., 2011). These features together indicate that local urban and fresh biomass burning 

sources do contribute to the aerosol mass loading in the monsoon layer over southern West Africa. However, there 

appears to be a further, significant, and considerably more aged source, which is entering the region from the south 

and has resulted in all four mass spectra being dominated by the oxidised peaks m/z 28 and m/z 44. This analysis is 

supported by a PMF factor analysis that was carried out by Brito et al. (2018). The study identified a factor of 310 

highly-aged, oxidised organic aerosol, which was relatively homogeneously present across the entire DACCIWA 

campaign region, including over the Atlantic Ocean south of the coast.  

 

Figure 6: (a) Values of m/z 44, a strong indicator of aged organic aerosol, plotted against the total organic aerosol mass. 

The pink and blue lines show the average contribution of m/z 44 to the total for oxidised organic aerosol (OOA) and 315 
hydrocarbon-like organic aerosol (HOA). Grey circular markers show datapoints from the DACCIWA campaign. 

Median observations from each of the three regimes are shown as black shapes. (b) The fractional contribution of m/z 44 

(f44) vs m/z 60 (f60). Fresh biomass burning aerosol is generally located within the triangle shown by the two black lines 

(Cubison et al., 2011) , with fresher aerosol lower in the triangle. The dashed line is representative of aerosol that is not 

from fresh biomass burning. While m/z 60 aerosol is present here, the low contributions suggest that fresh biomass 320 
burning is not a dominant contributor towards the total organic aerosol mass.  

The dominance of aged aerosol in the overall population can be demonstrated further by comparing the magnitude 

of the m/z 44 peak with the total organic mass. Five-minute averaged datapoints from the Twin Otter aircraft are 

shown as markers in Fig. 6a. The dataset shown includes the continental background and urban outflow regimes; the 

median observation for each regime, including upwind marine, is also displayed. The m/z 44 contribution here 325 

correlates well with the total organic mass (r = 0.78), with m/z 44 contributing around 15% throughout the 

campaign. 
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The relationship between m/z 44 and the total organic aerosol mass can provide some insight into the source of 

ambient aerosol. The pink and blue lines in Fig. 6a show the averages across several campaigns from different parts 

of the globe for two different factors derived using positive matrix factorisation (PMF), as compiled by Ng et al. 330 

(2011). PMF is a technique used to analyse the contributions of different aerosol sources to an AMS dataset and 

identify a mass spectrum associated with each source based on its variation in time. Two factors commonly 

identified by PMF include oxidised organic aerosol (OOA) and hydrocarbon-like organic aerosol (HOA). The highly 

oxidised OOA factors are generally associated with photochemically aged aerosol, with m/z 44 contributing a 

significant fraction of the total organic aerosol mass, as is shown by the higher gradient of the pink OOA line in Fig. 335 

6a. The HOA fractions are often seen in pure fresh urban emissions. The contribution of m/z to the total organic 

aerosol is significantly lower in these cases, with the m/z 44 peak typically contributing less than 2% of the mass. 

This can be seen in the shallow gradient of the blue HOA line in Fig. 6a. In urban environments, mass spectra would 

be expected to have a large HOA component and thus, a large amount of scatter would be expected in the data, with 

the majority lying between the OOA and HOA lines. Here, the data are scattered predominantly around the OOA 340 

line, which suggests that the urban contribution is not the dominant factor in this dataset. The most significant 

proportion of the aerosol measured during the campaign is from aged, oxidised organic aerosol. 

The presence of a peak at m/z 60 in the continental background air suggests that local biomass burning is present in 

the observed air mass. This is explored in more detail in Fig. 6b. It has been shown previously that fresh biomass 

burning contains a large fraction of m/z 60 (f60), a fragment of levoglucosan, which decreases as the plume ages. 345 

Furthermore, as the plume becomes more oxidised, the fraction of m/z 44 (f44) increases. Thus, fresh biomass 

burning emissions populate the bottom of the triangle shown in Fig. 6b, and move towards the top corner in the 

direction shown by the arrow as they age (Cubison et al., 2011). The dashed line to the left shows the expected 

baseline values for air not containing any fresh biomass burning. Here, f60 is consistently slightly higher than the 

baseline, suggesting the presence of some fresh biomass burning. However, f60 is not high enough at any time to 350 

suggest that fresh biomass burning is the dominant source of aerosol. The values of f44 are generally high, which 

again shows the prevalence of aged organic aerosol in the air mass. 

The relationship between the organic aerosol mass concentration and CO enhancement over the baseline (ΔCO) is 

shown in Fig. 7a. Given its long atmospheric lifetime (Wang & Prinn, 1999), CO can be used as an inert tracer to 

account for the effects of dilution. A line of regression therefore indicates the source strengths and deviation from 355 

this line arises from changes in the organic aerosol due to photolytic effects, secondary organic aerosol (SOA) 

enhancements, wet removal or dry deposition. The intercept of the CO axis in this case within monsoon layer is at 

0.11 ppmv, which is taken in further calculations to be the baseline across the region. The intercept above the 

monsoon layer was slightly lower, at 0.10. 

The emission ratio ΔOA/ΔCO (where ΔOA is organic aerosol enhancement above zero) in fresh urban plumes is 360 

usually lower than 20 µg m-3 ppmv-1, though once SOA has formed this increases to between 40 and 100 µg m-3 

ppmv-1 (DeGouw and Jimenez, 2009). Unlike environments dominated by urban emissions, the ΔOA/ΔCO in 
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biomass burning plumes is considerably more variable, with ratios having been observed between 45 µg m-3 ppmv-1 

and 200 µg m-3 ppmv-1. Capes et al. (2008) reported an emission ratio of approximately 175 µg m-3 ppmv-1 in West 

Africa during the DABEX campaign in 2006, while Vakkari et al. (2014) reported ratios between 50 and 200 µg m-3 365 

ppmv-1 for biomass burning plumes in southern Africa. The high variability in ratios between different fires is likely 

related to the variable properties of the individual fire events (Jolleys et al., 2012), as well as to differences in 

atmospheric aging processes (Vakkari et al., 2014).  

Here, the low emission ratio in the urban outflow (51 µg m-3 ppmv-1) is slightly higher than would be expected for a 

fresh urban plume; this may be related both to the large amounts of biomass burning in the city and to the 370 

background aerosol. The ratio in the elevated biomass burning layer was considerably higher (225 µg m-3 ppmv-1). 

In the upwind marine (142 µg m-3 ppmv-1) and continental background (116 µg m-3 ppmv-1) regimes, the value was 

higher than would be expected from even an aged urban plume. Many of the datapoints in Fig. 7a fall along the 

same line as the elevated biomass burning layer. These results provide a strong sugestion that much of the aerosol 

measured during the DACCIWA aircraft campaign did not originate from urban pollution, but from biomass 375 

burning. 

Fig. 7b show modelled concentrations of CO from the GEOS-Chem model in the upwind marine regime, with the 

emissions from biomass burning switched off in the first model run and on in the second. This is shown alongside 

observed values of CO for each of the three regimes. The model results were only comparable with observations 

when biomass burning emissions were included, suggesting a significant influence from biomass burning over the 380 

ocean. 

 

Figure 7: (a) The ratio of organic aerosol to CO, with lines of regression included for each of the three regimes and the 

elevated BBA layer between 2 and 4 km. CO is shown as enhancement above the background (0.11/0.10 ppmv for 

in/above the monsoon layer). (b) CO concentrations. Modelled results from GEOS-Chem show the CO concentration in 385 
the upwind marine regime with biomass burning emissions off/on. Observational results are shown from all three 

regimes. The model simulation is only comparable with observational measurements when biomass burning is considered. 

(a) (b) 
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3.2 Southern and central African biomass burning 

The lack of variability in the accumulation mode concentration and composition is evidence that much of the aerosol 

observed during the DACCIWA campaign originated from a similar type of source. Furthermore, the similarity 390 

between these characteristics across the three regimes, including the upwind marine, identifies the dominant source 

to be outside the urban coastal region, upwind of all three locations. A closer inspection of the organic aerosol mass 

spectra during DACCIWA suggests the presence of a large mass of aged aerosol, with smaller contributions from 

fresh urban and fresh biomass burning sources. 

Aerosol in the upwind marine regime is unlikely to have originated from either the coastal cities or from oil fields 395 

over the Atlantic Ocean. The southerlies in the monsoon layer in this region are very stable, with an onshore flow 

during both the day and the night (Flamant et al., 2018; Guedje et al., 2019). Transport from land to sea is therefore 

largely impeded by the superposition of the sea breeze circulation with this strong southerly monsoon flow. As a 

result, city pollution is mostly transported inland and hardly reaches beyond 50 km south of the shoreline; even less 

when the southerlies are stronger (Flamant et al., 2018). A pilot balloon climatology by Guedje et al. (2019) for 400 

Cotonou reveals that during July-September the flow below 1 km is exclusively from the southerly quadrants, while 

at higher altitudes a weak northerly component occurs only occasionally. Radiosonde measurements from coastal 

stations show that there is hardly a northerly component in the wind direction at all (Flamant et al., 2018). Aerosol 

mass in the upwind marine regime is therefore unlikely to have originated from the cities and been transported south 

of the coast. Studies of oil rig emissions over the Atlantic carried out during the DACCIWA campaign show that 405 

these emissions are characterised by narrow plumes of pollution that are strongest close to the source, and which 

have generally dispersed after 40 km (Brocchi et al., 2019). This profile of spikes in CO, NOx and aerosol emissions 

was not observed during the flights that are, making it unlikely that they were influenced by oil field emissions. This 

evidence therefore shows that a large proportion of the aerosol mass in the continental West African boundary layer 

originates from the monsoon layer over the eastern tropical Atlantic Ocean, and is present prior to influence from 410 

coastal cities.  
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Figure 8: (a) The location and intensity of organic aerosol emissions from biomass burning in central Africa during the 

DACCIWA campaign (June-July 2016) from the GFAS inventory (Kaiser et al., 2012), (b, c) Wind stream functions at (b) 

the surface level, and (c) 750 hPa (approx. 2.5 km) from the NASA Global Modelling and Data Assimilation Office’s 415 
GEOS-5 analysis. The line thickness indicates wind speed.  

One of the most significant fine-mode aerosol sources south of the coastal cities is the agricultural and savannah 

burning that takes place annually in central and southern Africa between June and September (Barbosa et al., 1999). 

Vast quantities of biomass burning aerosol are injected into the mid troposphere between 3 and 4.5 km as a result of 

these fires (Labonne et al., 2007) and carried west over the Atlantic Ocean by tropospheric winds at around 700 hPa 420 

(Das et al., 2017; Edwards et al., 2006). The location and intensity of these fires during the DACCIWA aircraft 

campaign is shown in Fig. 8, alongside modelled wind streams at ground level and at 750 hPa. At 750 hPa, the 

easterly currents that carry biomass burning pollution west out of central Africa can be clearly seen, while the 

surface level chart shows the southerly air stream that passes from the Atlantic Ocean into the southern West 

African monsoon layer.  425 

The observations of the aerosol composition in the continental monsoon layer during the DACCIWA campaign 

described above show it to be characteristic of aged biomass burning aerosol. The proportion of organic aerosol was 

higher and nitrate was lower than would be expected in areas influenced primarily by urban outflow  (Zhang et al., 

2011). The mass spectra of organic aerosol below 1.9 km were dominated by peaks typical of aged, low-volatility 

aerosol, which closely resembled the mass spectrum of the 2-4 km biomass burning layer. Even in the urban outflow 430 

Surface                                                                            750 hPa 
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regime, mass spectral features associated with near-field urban sources such as internal combustion engines were 

less prominent than would be expected from pure urban aerosol. This evidence supports the assertion that these 

central and southern African fires are the primary source of accumulation mode aerosol in southern West Africa 

during the summer monsoon season.  

Recent observations carried out on Ascension Island to the south-west of the DACCIWA region (7.93 °S, 14.42 °W) 435 

as part of the US Department of Energy Atmospheric Radiation Measurement Layered Atlantic Smoke Interactions 

with Clouds (LASIC) campaign show that smoke from these fires can be detected at the planetary surface (Zuidema 

et al., 2018). This demonstrates that the central and southern African biomass burning aerosol plume is commonly 

entrained into the monsoon layer of the remote tropical Atlantic Ocean to the south of the DACCIWA region. This 

confirms that there is a pathway for biomass burning aerosol to enter the monsoon layer across large parts of the 440 

tropical eastern Atlantic. Once this biomass burning aerosol has been entrained into the monsoon layer, the 

prevailing southerly trade winds at the surface will carry it northwards towards the coast of southern West Africa. 

There was little evidence of precipitation over the east Atlantic and dry deposition rates of accumulation mode 

aerosol over open ocean are low. Once entrained, any aged biomass burning aerosol from central and southern 

Africa would therefore be advected into the DACCIWA region with little further loss. It has been shown that 445 

biomass burning emissions in Africa are among the least variable in the world on annual timescales (Voulgarakis et 

al., 2015). This implies that this influence on the southern West African monsoon layer is likely to be a consistent 

feature of the West African Monsoon. 

In a recent multi-model evaluation, the extent of the plume’s entrainment into the monsoon layer over the Atlantic 

Ocean proved difficult to model consistently (Das et al., 2017), with many models showing the plume descending 450 

too rapidly. In contrast, Gordon et al. (2018) use the HadGEM climate model to show the plume remaining above 

the clouds between 2-4 km and not descending at all until approximately 10 °W. A modelling study by Deroubaix et 

al. (2018) compared the impacts of long-range transported biomass burning aerosol with that of local anthropogenic 

pollution during the monsoon season observed by the AMMA campaign in 2006. In this study, it was found that 

long-range transport of biomass burning aerosol was likely to contribute around 52% of the aerosol below 1 km in 455 

southern West Africa. 

Results from the DACCIWA campaign verify the presence of regular biomass burning plume intrusions at altitudes 

of 2-4 km over the West African continent, with high aerosol loadings above 60 µg m-3 being observed at this 

altitude in some cases (Flamant et al., 2018). This is consistent with research suggesting that the majority of the 

southern and central African biomass burning plume remains above the clouds over the Atlantic Ocean (Adebiyi et 460 

al., 2015; Das et al., 2017; Gordon et al., 2018). However, results presented here show that in addition, a significant 

proportion of the aerosol mass from the biomass burning plume is being entrained into the monsoon layer, where it 

is likely to have a significant impact on cloud properties and human health, particularly for the large population 

living along West Africa’s southern coast.  
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3.3 Aerosol influence on cloud properties 465 

Clouds’ susceptibility to increased accumulation mode aerosol decreases when an aerosol background already 

exists. The relationship between aerosol concentration and cloud droplet number concentration is governed by a 

power law (Duong et al., 2011; McComiskey et al., 2008; Ramanathan et al., 2001; Terai et al., 2012), so increasing 

the aerosol number concentration has a proportionally greater impact on clouds that would otherwise have formed in 

clean air. Furthermore, the change in albedo from increasing the number of water droplets is greater in a cloud with 470 

an initially low concentration (Twomey, 1977). Below around 100 CCN cm-3, light scattering by low-level cloud is 

extremely sensitive to even small increases in aerosol concentration (Kaufman and Fraser, 1997; Kaufman et al., 

2005; Ramanathan et al., 2001). This susceptibility decreases gradually; a similar change from a higher initial 

loading will have a substantially smaller impact. Lower susceptibility would be expected for a cloud forming in a 

region with an aerosol concentration of 600 particles cm-3 or more. 475 

During June and July, extensive low-level cloud forms along the West African southern coast (Knippertz et al., 

2011; Schrage and Fink, 2012). It has been speculated that during the monsoon season, clouds above West Africa 

could be highly susceptible to increases in anthropogenic pollution (Knippertz et al., 2015). However, the presence 

of a significant quantity of biomass burning smoke in incoming wind from the Atlantic Ocean is likely to reduce this 

effect. 480 

 

Figure 9: Two dimensional histograms showing cloud properties in the NO FIRE (a) and FIRE (b) simulations conducted 

with COSMO-ART. 

Here, the effect of such an influx of biomass burning aerosol on cloud formation in the region was investigated 

using the COSMO-ART model. Two simulations were carried out for 6 July: one including biomass burning aerosol 485 
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(FIRE) and one without (NO FIRE). These simulations are used here to illustrate the difference made to cloud 

properties by increasing the accumulation mode aerosol concentration. Figures 9a and b show two-dimensional 

histograms of cloud droplet number concentration and effective radius across the inner domain. In the NO FIRE 

case, the number concentrations are lower and the effective radii higher than in the FIRE case, with number 

concentrations increasing by up to 27%. 490 

These results show that remote biomass burning aerosol creates a significant background loading that systematically 

perturbs the cloud field. Any increase in anthropogenic emissions will be superimposed onto this existing 

background, reducing its influence on cloud. Thus, while enhancements in cloud droplet number concentrations in 

near-field city plumes were observed during the DACCIWA campaign, the influence of these plumes became 

indistinguishable further afield as they dispersed into the background. On a regional scale, city plumes were of 495 

secondary importance. This conclusion is supported by observations of cloud droplet number concentrations carried 

out during the DACCIWA campaign (Taylor et al., 2019). 

4 Summary and conclusion 

Observations of aerosol measurements below 1.9 km were collated from the three aircraft that took part in the 

DACCIWA aircraft campaign during June and July 2016. A regional background of pollution was observed across 500 

southern West Africa, which contained around 6.3 µg m -3 of dry aerosol in the accumulation mode and was 

dominated by aged organic matter. The lower atmosphere above the eastern tropical Atlantic Ocean, immediately 

upwind of the DACCIWA region, was similarly polluted. Mass concentrations of upwind pollutants here were 

typically around 80% of those over the land. Contributions from cities and local, small-scale biomass burning to the 

regional background was of secondary importance compared with this large aged aerosol mass. This aerosol 505 

background was attributed to large-scale biomass burning taking place in central and southern Africa. Emissions 

become entrained into the monsoon flow over the Atlantic Ocean and are advected northwards into the southern 

West African region. Aerosol concentrations simulated using the COSMO-ART and the GEOS-Chem models 

support this conclusion, showing that concentrations in the upwind marine and urban outflow regimes could not be 

replicated without remote biomass burning emissions being taken into account. 510 

The chemical composition of this aerosol background is consistent with aged biomass burning being advected over 

the continent in the monsoon layer. Markers of oxidised aerosol dominated the organic mass spectra in all locations 

with a ratio to total organics that is typical for more aged aerosol. Urban aerosol and the signature of local biomass 

burning are present, but both play a minor role compared with the larger quantity of aged aerosol. Although there 

was some day-to-day variability in the total mass concentration, the aerosol background was observed across the 515 

entire region with very little variation in chemical composition, suggesting a large-scale, distant source. If this were 

related to locally-produced aerosol, greater variability would be expected across the region, with larger distinctions 

between urban outflow and rural measurements. Locally-produced aerosol would be unlikely to be observed over 

the ocean as far upwind of the coast as it has been observed here, and the composition of the upwind aerosol does 
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not resemble recycled urban emissions. It has been shown in previous DACCIWA studies that circulation of urban 520 

emissions over the ocean does not extend more than 50 km south of the southern West African coast (Flamant et al., 

2018). Biomass burning from central and southern Africa is the most likely source of a large-scale mass of 

homogeneous aerosol in this region. This conclusion is consistent with observations from other campaigns that show 

biomass burning smoke is present at this time of year in the monsoon layer further south in Ascension Island 

(Zuidema et al., 2018). 525 

Results presented here suggest that the biomass burning pollution accounts for up to 80% of the accumulation mode 

aerosol mass over the continent. Given this large moderating effect on the air pollution over West Africa at this time 

of year, the microphysics of the prevalent stratiform clouds in the West African Monsoon is likely already largely 

perturbed even before near-field anthropogenic pollution is taken into consideration. Simulations using the 

COSMO-ART model showed significant differences in the cloud droplet number concentration and effective radius 530 

of cloud droplets when this biomass burning influx was taken into account. The cloud droplet number concentration 

increased by up to 27% over the marine domain when biomass burning was switched on.  This suggests that, 

significant increases in anthropogenic pollutants could have a smaller perturbing effect than would have been the 

case if incoming air were less polluted (Taylor et al., 2019).  

This study takes place in the context of a strong focus in the research community on the dynamics and effects of the 535 

African biomass burning plume. A number of campaigns, including LASIC, ORACLES, CLARIFY and AEROCLO 

(Zuidema, 2016) have recently been carried out over the Atlantic Ocean west of the African continent, with the aim 

of better understanding this problem and quantifying the direct and semi-direct aerosol effects of the plume, which 

can differ significantly depending on the altitude at which the plume spreads (Das et al., 2017). This study provides 

further motivation for understanding these processes, as it shows that the potential for biomass burning aerosol to 540 

become entrained into the southern West African monsoon layer can have significant implications for large 

populations in West Africa, in addition to its effects on radiative forcing. During the DACCIWA campaign, it was 

only possible to gain a snapshot of the monsoon layer aerosol, with a limited number of observations over the ocean 

to the south. It is therefore strongly recommended that more observations are carried out in southern West Africa 

and over the upwind Atlantic Ocean in the future, in order to document the transport of biomass burning aerosol into 545 

the continental monsoon layer more comprehensively across larger timescales and areas. Ideally, observations would 

also be made along the secondary pathway suggested by the simulations of Menut et al., (2018). This will allow 

improved quantification of the impact on the population along the West African south coast. 

The significant contribution of long-range emissions towards local pollution in southern West African coastal cities 

highlights the often unique challenges faced in policy creation in developing regions. The population in West Africa 550 

is currently almost 400 million and is expected to more than double in the next 30 years (UN, 2017), with a growing 

proportion living in cities along the southern coast. Thus, the monsoon layer aerosol described in this paper will 

increase the PM1 exposure of a large population by around 8 µg m-3 from June to September, based on observational 

evidence presented here. This is a considerable proportion of the 10 µg m-3 annual exposure recommended by the 
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World Health Organisation (WHO, 2005). Previous research has shown that during the monsoon season, submicron 555 

particles in southern West Africa absorb moisture and can easily grow to more than double their dry diameter (Deetz 

et al., 2018; Haslett et al., 2018). This would therefore enhance the aerosol mass loading from these particles, 

potentially close to the 10 µg m-3 annual exposure recommended by the World Health Organisation (WHO, 2005). 

During the dry season (November-January), high concentrations of desert dust from the Sahara and local biomass 

burning are advected into the region. Results presented here show that high levels of particulate are not confined to 560 

the local dry season but are present throughout much of the year as a result of long-range transport. This regional 

influx of aerosol presents a challenge for future management of air quality in countries across West Africa. 

Controlling air quality in these cities cannot be considered solely in terms of reducing local anthropogenic 

emissions. Rather, regional- and continental-scale sources of particulate, notably these large biomass burning 

sources, must be considered. This contrasts with air quality problems encountered in North America and Europe, 565 

where urban emissions contribute the majority of air pollution. Solely importing air quality strategies from these 

regions may therefore be unsuccessful in West Africa, given that transnational transport of particulate plays an 

important role. Thought should be given to changes in land use practices in countries across the African continent to 

reduce the quantity of biomass burning if human exposure to particulate matter is to be limited.  
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