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Abstract. Vegetation fires emit large quantities of aerosol to the atmosphere impacting regional air quality and climate. 10 

Previous work has used comparisons of simulated and observed aerosol optical depth (AOD) in regions heavily impacted by 

fires to suggest emissions of aerosol particles from fires may be underestimated by a factor of 2-5. Here we use surface, 

aircraft and satellite observations made over the Amazon during September 2012 along with a global aerosol model to 

improve understanding of aerosol emissions from vegetation fires. We apply three different satellite-derived fire emission 

datasets (FINN, GFED, GFAS) in the model. Aerosol emissions in these datasets vary by up to a factor 4 over the Amazon 15 

during this period, highlighting the considerable uncertainty in emissions. We find variable agreement between the model 

and observed aerosol mass concentrations. The model well reproduces observed aerosol concentrations in some periods over 

deforestation fires in the western Amazon. In contrast, the model underestimates aerosol concentrations over savannah fires 

in the eastern Amazon. The model consistently underestimates AOD compared to satellite and ground stations, even when 

the model reproduces the observed vertical profile of aerosol mass concentration. We suggest this is likely caused by 20 

uncertainties in the calculation of AOD, with the largest sensitivity due to uncertainty in water uptake. We therefore caution 

against using comparison with AOD to constrain particulate emissions from fires. 

1 Introduction 

Vegetation and peat fires (open biomass burning) are a major source of particulate matter (aerosol) to the atmosphere (van 

der Werf et al., 2010, Langmann et al., 2009) dominating the aerosol burden in many tropical regions (Lelieveld et al., 2015). 25 

There is considerable uncertainty in the magnitude of aerosol emissions from tropical fires (Reddington et al., 2016), 

hindering estimates of the impacts of fire on weather (Kolusu et al., 2015), climate (Rap et al., 2013; Thornhill et al., 2018) 

and human health (Johnston et al., 2012, Marlier et al., 2013, Reddington et al., 2015, Reid et al., 2016). Here we use the 

Global Model of Aerosol Processes (GLOMAP; Spracklen et al., 2005) to interpret surface, aircraft and satellite observations 
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made during the South American Biomass Burning Analysis (SAMBBA) field campaign during September 2012 over the 

Amazon basin. Our aim is to better quantify particulate emissions from fires over the Amazon basin. 

Models systematically underestimate aerosol optical depth (AOD) in regions impacted by tropical biomass burning, 

potentially suggesting that emission datasets underestimate aerosol emissions (Reddington et al., 2016). Fire emissions 

datasets are typically created through combining information on fire location and extent from satellite remote sensing with 5 

estimates of biomass consumption and species-specific emission factors (Langmann et al., 2009).  Emissions could be 

underestimated due to missing fire detections or uncertainties in burned area (Randerson et al., 2012), fuel consumption 

(Andela et al., 2016, van Leeuwen et al., 2014), or emission factors (Stockwell et al., 2016, van Leeuwen et al., 2013). 

Agreement between bottom-up and top-down approaches for carbon emissions from fires is typically better than for 

particulate matter (PM) (Yin et al., 2016), suggesting that uncertainties in burned area or fuel loads do not dominate. 10 

Estimating emissions of PM from fires is further complicated by the emission of a range of semi-volatile and intermediate 

volatility organic compounds that can contribute to aerosol formation (Grieshop et al., 2009, Jathar et al., 2014). These 

processes are poorly understood and are not treated in many models. Observational studies report varying amounts of 

secondary organic aerosol (SOA) formation in different biomass burning plumes. Analysis of Siberian biomass burning 

plumes (Konovalov et al., 2017) and southern African savannah and grassland fire plumes (Vakkari et al., 2018) show 15 

substantial in-plume SOA formation, whereas other studies report little SOA formation in tropical biomass burning plumes 

(Jolleys et al., 2012). At the global scale, a recent modelling study (Tsimpidi et al., 2016) estimates that 30% of organic 

aerosol (OA) in biomass burning aerosol originates from direct particulate emissions with the remainder being formed in the 

atmosphere. Analysis of OA:CO ratios in biomass burning plumes during the SAMBBA campaign suggests limited SOA 

formation from Amazon fires (Brito et al., 2014).  20 

Top-down studies typically use AOD, available from satellite remote sensing, to help constrain aerosol emissions from fires. 

In addition to particle mass concentration, simulated AOD is sensitive to assumptions about particle size, chemical 

composition, vertical profile of aerosol, optical properties, water uptake as well as meteorology and model resolution (Brock 

et al., 2016). Reddington et al. (2016) found that a global aerosol model showed better agreement with observed PM mass 

concentration compared to AOD, potentially suggesting that some of the discrepancy between top-down and bottom up 25 

studies may be connected to the calculation of AOD.  

To help explore these issues we analyse observations from the SAMBBA field campaign over the southern Amazon during 

the end of the dry season and transition to wet season. The Amazon exhibits a very strong seasonal cycle in aerosol 

concentrations (Martin et al., 2010). In the wet season PM2.5 (particulate matter with diameters smaller than 2.5 μm) 

concentrations in the central Amazon are ~1.5 μg m
-3

 and aerosol number concentrations of 220 cm
-3

 (Poschl et al., 2010, 30 

Artaxo et al., 2013), some of the lowest concentrations observed in a terrestrial environment. In the dry season, fires occur 

across Southern Amazonia, resulting in aerosol concentrations that are an order of magnitude higher (PM2.5 concentrations 

of >30 μg m
-3

 and aerosol number concentrations > 20 000 cm
-3

 (Artaxo et al., 2013).  
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Fires in the Amazon are a consequence of both climate and human activity (van Marle et al., 2017). There was relatively 

little fire activity in the Amazon before the mid-1980s (van Marle et al., 2017), when large scale clearance of the Amazon 

forests began. Fire is used to clear forest and vegetation resulting in positive relationships between the rate of deforestation 

and fire activity in the Amazon (Aragao et al., 2008, Reddington et al., 2015, van Marle et al., 2017). A reduction in the rate 

of deforestation across the Brazilian Amazon between 2002 and 2012 (Hansen et al., 2013) has led to reductions in 5 

deforestation-related fires (Reddington et al., 2015) and observed reductions in CO (Jiang et al., 2017) and AOD 

(Reddington et al., 2015). Fires are also used to maintain agricultural and pastoral land and may escape into surrounding 

forest leading to forest degradation (Chen et al., 2013a) and resulting in a disconnection between fire and deforestation 

(Aragao and Shimabukuro, 2010, Cano-Crespo et al., 2015). There has been reduction in area burned by fires in SW Amazon 

and increase in area burned further east during the last decade (Andela et al., 2017). Droughts enhance the occurrence of fire 10 

(Chen et al., 2013b) with seasons of increased large fire occurrence coinciding with the Amazon droughts of 2005, 2007 and 

2010 (Chen et al., 2013a).   

Aerosol from fires degrades air quality with negative impacts on human health (Marlier et al., 2013, Reddington et al., 2015, 

Koplitz et al., 2016, Crippa et al., 2016). Inhalation of smoke from fires in the Amazon causes DNA damage and death of 

human lung cells (de Oliveira Alves et al., 2017), impacts lung function (Jacobson et al., 2014), causes increased 15 

hospitalisations for respiratory diseases (Smith et al., 2014) and is estimated to result in thousands of mortalities each year 

(Reddington et al., 2015). Estimates on the health impacts of degraded air quality from fires require accurate information on 

the magnitude of particulate emissions from fire. A range of policy interventions will be necessary to reduce Amazonian fire 

(Morello et al., 2017).  

Here we combine detailed observations of aerosol vertical profiles made over the Brazilian Amazon during the dry season of 20 

2012 with surface observations, remote sensing and an aerosol model to better understand model representations of the 

magnitude and spatial distributions of particulate emissions from biomass burning. 

2. Method 

2.1 GLOMAP global aerosol model 

We used the TOMCAT chemical transport model (Chipperfield, 2006) coupled to the GLOMAP global aerosol model 25 

(Spracklen et al., 2005) to simulate aerosol during the SAMBBA campaign. Large-scale atmospheric transport and 

meteorology in TOMCAT are specified from European Centre for Medium-Range Weather Forecasting (ECMWF) ERA-

Interim reanalyses, updated every six hours and linearly interpolated onto the model time step. The model has a horizontal 

resolution of 2.8°×2.8° with 31 vertical model levels between the surface and 10 hPa. The vertical resolution in the boundary 

layer ranges from ~60 m near the surface to ~400 m at ~2 km above the surface. 30 

The aerosol size distribution is represented by a two-moment modal aerosol scheme (Mann et al., 2010). GLOMAP includes 

black carbon (BC), particulate organic matter (POM), sulfate (SO4), sea spray and mineral dust. Concentrations of oxidants 
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are specified using monthly mean 3-D fields at 6-hourly intervals from a TOMCAT simulation with detailed tropospheric 

chemistry (Arnold et al., 2005) linearly interpolated onto the model time step.  

Anthropogenic emissions of sulfur dioxide (SO2), BC and organic carbon (OC) were specified using the MACCity emissions 

inventory for 2010 (Lamarque et al., 2010). Open biomass burning emissions are described in Sect. 2.2. Monthly mean 

emissions of biogenic monoterpenes are taken from the Global Emissions InitiAtive (GEIA) database (Guenther et al., 5 

1995). Monoterpenes are oxidised to form a product that condenses irreversibly in the particle phase (Scott et al., 2014). 

Size-resolved emissions of mineral dust are prescribed from daily varying emissions fluxes (Dentener et al., 2006). 

2.1.1 Calculation of aerosol optical depth 

AOD was calculated from the simulated aerosol size distribution as in Reddington et al. (2016), using Mie theory assuming 

spherical particles (Grainger et al., 2004) that are internally mixed within each log-normal mode. Modelled AOD was 10 

calculated at specific wavelengths to match observations (500 nm and 550 nm), using component-specific refractive indices 

at the closest wavelength available from Bellouin et al. (2011).  

The aerosol hygroscopicity in the AOD calculation was obtained directly from GLOMAP using the aerosol water uptake 

calculated online in the model using Zdanovskii-Stokes-Robinson (ZSR) theory (Stokes and Robinson, 1966) (described in 

Sect. S1.1). We explore the sensitivity of simulated AOD to the calculation of aerosol water uptake in Sect. 3.5, by also 15 

using the κ-Köhler scheme (Petters and Kreidenweis, 2007) to calculate an offline estimate of water uptake (described in 

Sect. S1.2). The ZSR and κ-Köhler methods used in this study represent high and low aerosol water uptake cases, 

respectively (Reddington et al., 2016). In Sect. 3.5 we also explore the sensitivity of simulated AOD to assumed refractive 

indices and aerosol mixing state.  

2.2 Biomass burning emissions 20 

We use three different emissions datasets of aerosol from open biomass burning: the National Centre for Atmospheric 

Research Fire Inventory (FINN) (Wiedinmyer et al., 2011),  the Global Fire Emissions Dataset (GFED) (van der Werf et al., 

2010) and the Global Fire Assimilation System (GFAS) (Kaiser et al., 2012). We use daily mean fire emissions from FINN 

version 1.5, GFED version 4.1s (Mu et al., 2011; van der Werf et al., 2017) and GFAS version 1.2 (hereafter referred to as 

GFAS, FINN and GFED respectively). 25 

Brito et al. (2014) analysed OA:CO ratios and found little enhancement of OA in fire plumes during the SAMBBA 

campaign, suggesting that SOA formation is limited or balanced by loss of OA through volatilization. SOA formation in 

plumes may be occurring on short timescales but since this was not observed in the regional-scale analysis of Brito et al. 

(2014), we do not include any SOA formation associated with biomass burning emissions.  

Figure 1 compares total annual OC emissions from GFAS, FINN and GFED. The figure shows long-term (2002-2012) mean 30 

annual total emissions as well as annual total emissions in 2012, the year of the SAMBBA field campaign (total emissions 
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for the SAMBBA field campaign are shown in Fig. S1). For the long-term mean, all datasets show broadly similar spatial 

patterns with greatest OC emissions across the arc-of-deforestation (roughly 65-50°W, 8-14°S).  

Table 1 compares total annual emissions from the three datasets and Figs. S3, S4 and S5 compare the total daily emissions 

for the 2012 dry season and the SAMBBA campaign period. FINN emissions are greater than GFED and GFAS across 

regions of deforestation, but lower than GFED and GFAS in eastern Amazonia (50-40°W, 4-15°S).  Matching 2002-2012 5 

comparisons, FINN emissions in 2012 were also greater than GFED and GFAS over deforestation regions of western 

Amazonia and lower than GFED and GFAS in eastern Amazonia. Pereira et al. (2016) also reported that FINN had lower 

(higher) aerosol emissions in the eastern (western) Amazon compared to GFAS during the SAMBBA period. Reddington et 

al. (2016) reported similar patterns for comparison of GFAS version 1.0, FINN version 1.0 and GFED version 3 emissions. 

Figure 1 also shows the difference in annual total OC emissions between 2012 and the 2002-2012 mean. All three datasets 10 

show consistently lower emissions in 2012 compared to 2002-2012 across the arc-of deforestation in western Brazil and 

Bolivia (70
°
-50

°
W, 8

°
-18

°
S). OC emissions in 2012 in the western Amazon were 8-45% lower than the 2002-2012 mean 

(Table 1). Aerosol emissions from fire in Brazil have declined over this period, related to reductions in deforestation 

(Reddington et al., 2015) and consistent with observed declines in CO (Jiang et al., 2017) and AOD (Reddington et al., 

2015). Figure S2 shows a reduction in the area dominated by deforestation type fires (and an increasing dominance of 15 

savannah-type fires) in 2012 relative to the 2002-2012 mean. In 2012, emissions were greater than the 2002-2012 average 

across much of Peru, possibly due to increased deforestation there (Kalamandeen et al., 2018). In the eastern Amazon, 

emissions in 2012 were 30-96% greater than the 2002-2012 mean (Table 1), with largest differences in GFAS and GFED 

datasets.  

Fires can inject emissions above the surface due the buoyancy of the fire plume. Marenco et al. (2016) analysed Lidar data 20 

during the SAMBBA campaign and found that the mean height of aerosol layers was 2.0±0.4 km, suggesting that the 

majority of the aerosol is injected into the boundary layer. Fire emissions in GLOMAP are distributed vertically over six 

ecosystem-dependent altitudes between the surface and 6 km according to Dentener et al. (2006). Over Brazil ~53% of 

emissions were injected below 500 m elevation, ~30% between 500 m and 1000 m elevation, and ~17% between 1000 m 

and 3000 m elevation. We evaluate the vertical profile of simulated aerosol in Sect. 3.2.   25 

2.3 South American Biomass Burning Analysis (SAMBBA) 

We used observations from the South American Biomass Burning Analysis (SAMBBA) campaign. Aircraft and ground 

observations took place from 13 September to 3 October 2012. We separate the campaign into the dry season (Phase 1; 13 to 

22 September) and the dry-wet season transition (Phase 2; 22 September to 3 October) following Brito et al. (2014). Figure 3 

shows locations of aircraft flights and surface measurement sites. 30 
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2.3.1 Aircraft observations 

The BAe-146 research aircraft from the Facility for Airborne Atmospheric Measurements (FAAM) made 20 research flights 

with measurements of a range of gas-phase and aerosol species. We use measurements of OA and sulfate mass in the 50 - 

750 nm size range from an Aerosol Mass Spectrometer (AMS) (Canagaratna et al., 2007; Morgan et al., 2010; Allan et al., 

2014), refractive BC from a Single Particle Soot Photometer (SP2) (Stephens et al., 2003; McMeeking et al, 2010; Allan et 5 

al., 2014) and aerosol size distribution from a Scanning Mobility Particle Sizer (SMPS) (Wang and Flagan, 1990; Morgan et 

al., 2015) and a GRIMM model 1.108 optical particle counter (OPC) (Heim et al., 2008). See Allan et al. (2014) for more 

specific details regarding the aerosol sampling during SAMBBA. 

The flights sampled a broad region spanning 46-68°W, 1-12°S (Figure 3). Aerosol properties and fire emissions (Fig. 1) 

varied across this region, so we separated data into a western region (53-68°W, 1-12°S) and an eastern region (43-50°W, 4.5-10 

15°S) following Johnson et al. (2016). We used aircraft data from both vertical profiles and straight and level runs (SLR). To 

avoid bias, time periods when the plane was actively sampling smoke plumes were removed from the SLR data using a 

plume removal algorithm (Darbyshire et al., 2018). Visually observable plumes were specifically avoided when performing 

vertical profiles during SAMBBA so any enhancements due to smoke plumes in the profile data are small. Time periods 

when in-cloud sampling was performed were also filtered out of the data; specifically the data was screened for cloud 15 

artefacts when the liquid water content exceeded 0.05 g m
-3

 (Darbyshire et al., 2018). 

2.3.2 Ground observations 

A large suite of instruments were deployed at a site in the southwest Amazon (8.69°S, 63.87°W) (Brito et al., 2014). The site 

is located in a forest reserve about 5 km from Porto Velho (population of around 500 000) and is usually upwind of the city 

(Brito et al., 2014).  Here we used measurements from an Aerosol Chemical Speciation Monitor (ACSM; Ng et al. (2011)) 20 

and an Aethalometer (Magee Scientific, model AE30). The ACSM measured 30 min resolution mass concentrations of 

particulate ammonium, nitrate, sulfate, chloride, and organic species in the 75 - 650 nm size range. The Aethalometer 

measured 5 min resolution equivalent black carbon (BCeq) mass concentrations. Data from both instruments are available 

from the 6
th

 September to the 1
st
 October 2012. Mean aerosol mass concentration (ACSM + Aethalometer) during this period 

was 13.7 μg m
-3

, with OA contributing an average of 83% of total mass. Mean aerosol mass concentrations were lower in 25 

Phase 2 (6.0 μg m
-3

) compared to Phase 1 (17.8 μg m
-3

). Full details are provided in Brito et al. (2014). PM2.5 concentrations 

were measured using gravimetric filter analysis, with a measurement duration ranging from less than 1 day to ~7 days 

(Artaxo et al., 2013). 

2.3.3. AERONET aerosol optical depth 

We used spectral columnar AOD measured by Aerosol Robotic Network (AERONET) Cimel sun photometers (Holben et 30 

al., 1998) from 5 stations deployed across the region that have data available for the SAMBBA campaign period: Porto 
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Velho UNIR (63.94°W, 8.84°S), Alta Floresta (56.10°W, 9.87°S), Rio Branco (67.87°W, 9.96°S), Cuiaba-Miranda 

(56.02°W, 15.73°S), Santa Cruz UTEPSA (63.20°W, 17.77°S). We used Version 3 Level 2 cloud-screened and quality 

assured daytime average AOD, retrieved at 500 nm. Locations of the AERONET stations are shown in Fig. 2.  

2.3.4 MODIS aerosol optical depth 

We used daily AOD retrieved at 550 nm from the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument on 5 

board the Terra and Aqua satellites. We used the gridded 1°×1° product (Level 3 data) for the SAMBBA campaign period to 

calculate regional average AODs. Daytime equator crossing is 1030 for Terra and 1330 for Aqua.  

2.3.5 Comparing model and observations 

To compare the model to the aircraft and ground-based observations, we linearly interpolated the simulated hourly data 

along the flight path of the aircraft and to the horizontal location of the Porto Velho ground station. To compare with the 10 

aircraft AMS and ground-based ACSM measurements, the same detection ranges of the instruments (see Sects. 2.3.1 and 

2.3.2) were applied to the simulated mass concentrations. Prior to analysis, simulated data corresponding to periods of 

missing measurement data were removed. 

3. Results and Discussion 

3.1 Surface aerosol measurements 15 

Figure 3 shows surface PM2.5 concentrations observed at Porto Velho, in the southwest Amazon, from January to November 

2012. Observed PM2.5 concentrations are less than 2 μg m
-3

 between January to July 2012, increasing to 30-50 μg m
-3

 in late 

August and September, then declining to less than in 10 μg m
-3

 in October. This seasonal cycle is well reproduced by the 

model with all fire emission datasets. Simulated PM2.5 concentrations are enhanced by biomass burning from August 

through to October, when more than 80% of PM2.5 concentrations are from biomass burning. PM2.5 concentrations during 20 

September are well reproduced by the model with GFED and FINN emissions, but underestimated by the model with GFAS 

emissions. PM2.5 concentrations are underestimated during early August, potentially indicating that emission datasets have 

missed fires during the start of the dry season (see Fig. S3). During the SAMBBA campaign (13 Sep – 3 Oct), PM2.5 

concentrations are well reproduced by the model with FINN (r
2
=0.65; normalised mean bias factor (NMBF) =0.03) and 

GFED (r
2
=0.69; NMBF=-0.45) but underestimated with GFAS (r

2
=0.44; NMBF=-1.09) (see Table 2 for a summary of 25 

NMBF values). 

Figure 4 compares composition-resolved aerosol at Porto Velho during September 2012. Total aerosol mass, calculated as 

mass measured by the ACSM plus BCeq measured by the aethelometer, varies consistently with observed PM2.5 

concentrations during the campaign with maximum concentrations of around 30-40 μg m
-3 

(Fig. 4a). However, total 

(ACSM+BCeq) aerosol mass concentrations are consistently lower than observed PM2.5 concentrations by ~20-60% (see 30 
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Fig. S6). This difference in the observations is mostly apportioned to reduced aerosol size range from ACSM (i.e. 

submicrometric) in comparison to gravimetric analysis (< 2.5 µm) (Sect. 2.3.2), and, to a smaller extent, aerosol species 

unaccounted by the on-line instrumentation e.g. crustal elements.  

Average observed total (ACSM+BCeq) aerosol mass concentrations are 20 μg m
-3

 in Phase 1 reducing to 7 μg m
-3

 in Phase 2. 

The model with fire emissions captures the decrease in observed aerosol mass concentrations between Phase 1 and Phase 2, 5 

but underestimates the magnitude of the reduction (5-10 μg m
-3

, depending on the fire
 
emission dataset, compared to 13 μg 

m
-3

 in the observations). The model with GFED simulates observed total mass well in the ACSM detection range in Phase 1 

(NMBF=0.08), but overestimates observed mass in Phase 2 (NMBF=0.89). Conversely, the model with GFAS emissions 

simulates observed total mass reasonably well in Phase 2 (NMBF=0.30) but underestimates in Phase 1 (NMBF=-0.49). The 

model with FINN emissions overestimates observed total mass in both Phase 1 (NMBF=0.45) and Phase 2 (NMBF=1.94). 10 

Observed aerosol mass is dominated by OA (84%), with BC contributing 9% and summed NH4, NO3 and Chl contributing 

less than 5% of total mass during the SAMBBA campaign (Fig. 4b). Simulated aerosol (with fire emissions included) is also 

dominated by OA (86-88%) with BC contributing a slightly smaller fraction of the total aerosol mass (5%) than observed. 

NH4, NO3 and Chl are not accounted for in GLOMAP. Sulfate accounts for 2.6% of the observed total aerosol mass during 

the campaign, but 5-11% in the model (Fig. 4b). Sulfate concentrations are well reproduced by the model with no fire 15 

emissions and are overestimated when fire emissions are included. This suggests that either emissions of sulfate from fires 

are overestimated or that other sources of sulfate are overestimated in the model. 

3.2 Aerosol mass concentration vertical profile 

Figure 5 compares average vertical profiles of OA, sulfate and BC measured on the aircraft to that simulated by GLOMAP. 

As before the data is split into Phase 1 (flights 1–8) and Phase 2 (flights 9–20). We also split the data spatially into western 20 

and eastern Amazon regions (see Fig. 2). Observed aerosol concentrations are greatest in the BL then reduce rapidly above. 

The shape of the aerosol vertical profile is well reproduced by the model (see Fig. S7), further confirming that simulated 

vertical mixing and the vertical injection height of fire emissions are reasonable. Observed aerosol concentrations are 

relatively constant between the surface and ~2500 m in the western Amazon and between the surface and ~4000 m in the 

eastern Amazon. This behaviour is reproduced by the model, and is likely due to a deeper BL over grassland vegetation in 25 

the eastern Amazon.  

In the western Amazon, average concentrations of OA below 2.5 km (roughly the BL) were 19 μg m
-3

 in Phase 1 compared 

to 6 μg m
-3

 in Phase 2, similar in both magnitude and temporal pattern to the surface observations at Porto Velho. In Phase 1, 

the model underestimates observed OA concentrations in the BL with all emission datasets (NMBF=-0.33 for FINN to -1.96 

for GFAS). OA concentrations in Phase 1 in the western Amazon between 3 km and 5 km are also underestimated by the 30 

model with all emission datasets consistent with comparisons in the BL. The model does not simulate the observed reduction 

in OA concentrations between Phase 1 and Phase 2 overestimating OA concentrations in the western Amazon in Phase 2 
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with GFED (NMBF=0.41) and FINN (NMBF=1.21) emissions, but good agreement with GFAS (NMBF=0.03). This may be 

because the emission datasets report only moderately lower emissions in Phase 2 compared to Phase 1 (Figure S4a). In the 

eastern Amazon, average  concentrations of OA below 4 km (roughly the BL) were 16 μg m
-3

, underestimated by the model 

with all three emission datasets (NMBF=-0.92 for GFAS to -2.78 for FINN).  

Disagreement between observed and simulated OA may be due to uncertainty in the OA:OC ratio. In this study we assume 5 

an OA:OC ratio of 1.4, at the lower end of the range (1.4 to 2.6) assumed by other models (Tsigaridis et al., 2014). Philip et 

al. (2014) combined satellite data and AMS measurements to estimate an OA:OC ratio of 1.3 to 2.1. Preliminary analysis of 

aircraft data during SAMBBA suggests an OA:OC ratio of 1.5 to 1.8 for fresh BB aerosol and 2.0 to 2.3 for aged aerosol 

(Johnson et al., 2016). Assuming an OA:OC ratio of 2.3 would enhance our simulated OA concentrations by 60% reducing 

our underestimate of OA in both the western (NMBF=-0.85 to 0.20) and eastern (NMBF=-1.36 to -0.20) Amazon. 10 

Observed refractive BC (rBC) concentrations in the BL are ~1.0 μg m
-3 

in the western Amazon during Phase 1 dropping to 

~0.5 μg m
-3

 in during Phase 2. BC concentrations observed at the surface (Sect. 3.1; Phase 1, 1.6 μg m
-3

; Phase 2, 0.9 μg m
-3

) 

are greater than those measured on the aircraft, although this may be partly due to the different measurement techniques used 

and different size detection ranges. In the eastern Amazon, observed rBC concentrations are higher (1.8 μg m
-3

), qualitatively 

reproduced by the model with GFAS and GFED emissions but not with FINN emissions. The model strongly underestimates 15 

BC concentrations in the eastern Amazon with all emission datasets, particularly with FINN (NMBF=-1.41 for GFAS to -

5.55 for FINN). In the west the agreement is more variable, with the model well simulating concentrations in Phase 1 with 

FINN emissions but overestimating in Phase 2, GFED underestimating in Phase 1 but well simulating concentrations in 

Phase 2 and the model with GFAS emissions underestimating in both phases.  

In the western Amazon, comparison with sulfate aerosol is fairly consistent with OA and BC comparisons, with the model 20 

underestimating in Phase 1 and overestimating in Phase 2. In the eastern Amazon, the model overestimates sulfate 

concentrations even without a contribution from fires, suggesting that other natural and anthropogenic sulfate sources are 

overestimated in the model. 

Observed average BC:OA mass concentration ratios in the BL vary from 0.05 in the western Amazon (Phase 1, 1/19=0.05; 

Phase 2, 0.5/6=0.08) to 0.11 (1.8/16=0.11) in the eastern Amazon. These ratios reflect the much higher BC emission factors 25 

found for fires in the eastern Amazon relative to fires in the western Amazon (Hodgson et al., 2018). Simulated ratios are in 

good agreement with observations in the western Amazon with all emission datasets (e.g. Phase 1, FINN: 1/14=0.07; Phase 

2, FINN: 0.8/13=0.06). In the eastern Amazon, BC:OC ratios are underestimated using FINN (0.3/4.2=0.07) emissions, with 

better agreement using GFED (0.7/7.5=0.09) and GFAS (0.8/8.2=0.10) emissions. 

In the western Amazon, average aerosol concentrations at 4 km are ~27-50% of concentrations in the BL (<2.5 km) (OAP1: 30 

7/19=0.37, OAP2: 3/6=0.50; BCP1: 0.27/1=0.27, BCP2: 0.26/0.5=0.52). Marenco et al. (2016) reported a mean aerosol layer of 

2.0±0.4 km during the SAMBBA campaign, which is consistent with the model results presented here. A plume-rise model 

coupled to WRF-Chem overestimated OA concentrations at 6-8 km altitude observed over tropical forest regions during 
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SAMBBA, suggesting the plume rise model overestimated fire injection height (Archer-Nicholls et al., 2015). Overall there 

appears to be limited evidence for the need for substantial injection of fire emissions above the BL for fires in this region.  

Overall, the comparisons with aircraft observations show variable agreement between model and observations. The model 

with GFAS emissions consistently underestimates observed aerosol mass concentrations by up to a factor 3, but gives the 

best agreement (relative to GFED and FINN) with observations in the eastern Amazon. Agreement between the model and 5 

observations with GFED and FINN emissions is more variable with up to a factor 2-3 underestimation or overestimation, 

depending on the region and time period. In general, the model with FINN emissions performs well against observations in 

the western Amazon in Phase 1 (when observed aerosol mass concentrations are relatively high), but gives the largest 

underestimation of aerosol mass concentrations in the eastern Amazon (relative to GFED and GFAS). 

3.3 Aerosol size distribution 10 

Figure 6 compares simulated aerosol size distributions against those measured on the aircraft during straight and level runs. 

In the eastern Amazon, the model underestimates particle number below 300 nm diameter, consistent with aerosol mass 

comparisons (Sect. 3.2). In the western Amazon, the model with FINN and GFED emissions generally well matches the 

observed size distribution above 200 nm diameter, with a small underestimate during Phase 1 consistent with the vertical 

profiles of aerosol mass (Fig. 5). The model with GFAS emissions underestimates throughout the size distribution, consistent 15 

with earlier comparisons.  

There is a persistent underestimation of aerosol number at particle sizes below about 100 nm. We assume all biomass 

burning emissions are emitted into the accumulation mode with geometric mean diameter of 150 nm (Mann et al., 2010), 

which is substantially higher than observed in the ground station data (94 nm; Brito et al., 2014). The observations suggest 

biomass burning makes a considerable contribution to aerosol number from ~50 to 200 nm diameter that is not included in 20 

the model. This is consistent with Vakkari et al. (2018), where assumed emission size distributions in models poorly 

represented the number of particles in the 30–100 nm (Aitken mode) size range for southern African savannah and grassland 

fires. The particle number in the Aitken mode size range will have a negligible effect on AOD but may be important for 

cloud condensation nuclei concentrations. 

3.4 Aerosol optical depth 25 

Figure 7 compares simulated and satellite-retrieved (MODIS) AOD at 550 nm (AOD550) over the eastern and western 

regions for the SAMBBA campaign period. Compared to MODIS, the model consistently underestimates AOD over both 

regions and with all fire emission datasets (see NMBF in Table 3). The model with GFAS emissions has the largest 

underestimation in the western Amazon (the smallest with FINN) and the model with FINN emissions has the largest 

underestimate in the eastern Amazon (the smallest with GFAS). The model with FINN emissions underestimates AOD in the 30 

western Amazon in Phase 2 even when it overestimates aerosol mass concentrations throughout the vertical profile. In the 
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eastern region, the underestimation of AOD with all emission datasets is consistent with the comparison of the vertical 

profile of aerosol mass concentration.  

Figure 8 compares simulated and observed AOD at 500 nm (AOD500) at five AERONET sites across western and southern 

Amazonia during SAMBBA (no data is available from the AERONET station located in the eastern region during the 

campaign). There is reasonable agreement between AOD500 reported by AERONET and AOD550 reported by MODIS, 5 

with AERONET generally reporting higher values (Aqua, NMBF=-0.60 to -0.27; Terra, NMBF=-0.47 to -0.18). Consistent 

with comparisons to MODIS, the model consistently underestimates AOD500 at all stations and with all fire emissions, 

except at Rio Branco in the western Amazon with FINN emissions. For all stations, the model with GFAS emissions has the 

largest underestimation (Table 3). The fire emission dataset that gives the smallest model bias varies between GFED and 

FINN depending on the station and time period (Phase 1 or 2 of the campaign; Table 3). The smallest model underestimate 10 

for all simulations is at Rio Branco in the western Amazon (e.g. with FINNː NMBFP1 = 0.03, NMBFP2 = 0.11).  

The model consistently underestimates observed AOD during the SAMBBA campaign despite relatively good agreement 

with observed aerosol size distribution (> 200 nm diameter) and aerosol mass concentrations at the surface (consistent with 

Reddington et al. (2016)) and aloft in the western Amazon region. The calculation of AOD also depends on aerosol optics 

and water uptake. We explore the sensitivity of simulated AOD to these other factors in the following section. 15 

3.5 Exploring the sensitivity of simulated aerosol optical depth 

In Reddington et al. (2016) we identified a greater model underestimation of AOD than surface PM2.5 in the Amazon 

region, where coincident observations were available, suggesting that the negative model bias in AOD could be caused by 

errors in the calculation of AOD rather than by errors in simulated aerosol properties. However, due to a lack of available 

observations, we were unable to rule out errors in simulated aerosol size distribution and vertical profile (i.e. an 20 

underestimation of aerosol aloft) with any certainty. 

In this work, using the detailed SAMBBA observations, we have shown that the model well represents the vertical profile of 

aerosol mass concentrations and aerosol size distribution (in the diameter range relevant for visible light) in the western 

Amazon, yet continues to underestimate AOD. Below we explore the sensitivity of simulated AOD to other relevant aerosol 

properties including aerosol mixing state, refractive indices and hygroscopicity. 25 

3.5.1 Mixing state 

We find that simulated AOD is relatively insensitive to the assumption about the aerosol mixing state; with less than 5% 

difference in the magnitude of AOD between internally mixed and externally mixed cases (consistent with Reddington et al., 

2016). Calculating AOD assuming optical properties derived from an external mixture of aerosol species leads to slightly 

reduced values (by ~1-4%) when compared to AOD calculated assuming an internal (volumetrically-averaged) aerosol 30 

mixture. Han et al. (2013) also find relatively small changes in the magnitude of AOD (0.03 to 0.07) in high AOD regions 
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(~0.8 to 2.0) between internally and externally mixed cases, with the internal mixture assumption giving higher values than 

the external mixture assumption.  

Curci et al. (2015) find a greater difference (~37%) in simulated AOD between internally and externally mixed assumptions, 

with the external mixed case giving the highest AOD. However, the greater sensitivity of simulated AOD to the mixing state 

assumption in Curci et al. (2015) was chiefly due to the difference in the calculation of the aerosol number size distribution 5 

rather than the difference in the calculated optical properties. The GLOMAP model simulates both mass and number 

concentration of each size mode so the total number concentration stays identical for both mixing state assumptions (in the 

externally mixed case the number concentration of particles in a given size mode is split between aerosol components based 

on the volume fraction of that component in the mode). We note that the internally mixed case used in this study does not 

consider different mixing structure assumptions i.e. core-shell internal mixing, which may account for an additional 10 

uncertainty of ~5-10% in simulated AOD (Curci et al., 2015).  

3.5.2 Refractive index 

To investigate the sensitivity of simulated AOD to assumptions about the aerosol optical properties, we calculated AOD550 

from the model simulation with GFED emissions assuming a range of refractive indices appropriate for BC and POM 

aerosol (see Table S1). We find that the magnitude of simulated AOD550 varies by up to ~8% (relative to the control AOD) 15 

depending on the choice of refractive indices.  

Applying smoke aerosol refractive indices from Matichuk et al. (2007; 2008) to the model BC and POM components leads 

to a small mean decrease in AOD550 relative to the control (by 2-5% in the eastern region and 0-3% in the western region; 

Table S1). Assuming medium and highly absorbing refractive indices for BC from Bond and Bergstrom (2006) increases 

AOD550 by an average of 4-6% in the eastern region and 2-3% in the western region. Using the highly absorbing refractive 20 

index for BC gives the best agreement between model and satellite-retrieved (MODIS) AOD550 (Table S1).  

The relatively small sensitivity of simulated AOD to assumed aerosol refractive indices is consistent with previous studies 

(Matichuk et al., 2007; Curci et al., 2015; Reddington et al., 2016) and suggests that the negative bias in AOD cannot be 

wholly explained by the uncertainty associated with this assumption. 

3.5.3 Aerosol water uptake and relative humidity 25 

Aerosol water uptake plays a significant role in determining AOD, altering the refractive index and the size distribution of 

the aerosol. Our estimate of aerosol water uptake depends on the calculation method (including assumptions made regarding 

aerosol hygroscopicity; described in Sects. 2.1.1 and S1), the model relative humidity (from ECMWF reanalyses) and the 

simulated aerosol physical/chemical properties (size distribution and composition). 

To test the sensitivity of AOD to the calculation of aerosol water uptake, we compare AOD550 calculated using two 30 

methods (described in S1): 1) using ZSR online in the model and 2) using the κ-Köhler water uptake scheme (Petters and 
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Kreidenweis, 2007) offline during post-processing. Our previous work demonstrated that simulated AOD is sensitive to this 

calculation, with simulated AOD440 varying by a factor of ~1.6 between the upper and lower estimates of water uptake 

(Reddington et al., 2016). We find the same here, with AOD550 varying by a mean factor of 1.6 over the western Amazon 

and a mean factor of 1.5 over the eastern Amazon, between the two calculation methods. Using the κ-Köhler water uptake 

scheme decreases AOD550 (by 32-38%) relative to AOD550 calculated using ZSR, thus increasing the negative model bias 5 

against observations. 

In Reddington et al. (2016) we discussed the potential sensitivity of simulated AOD to errors in relative humidity. In this 

work we are able to evaluate the model relative humidity against SAMBBA aircraft observations. Figure S8 shows average 

vertical profiles of simulated and observed relative humidity during the SAMBBA campaign. The model captures the shape 

of the profile of observed relative humidity in both western and eastern regions (NMBF=-0.03); with small 10 

over/underestimates in the BL in the western/eastern regions, respectively (western BL: NMBF=0.10; eastern BL: NMBF=-

0.05). These results suggest that model relative humidity is unlikely to be responsible for the negative bias in AOD, since 

higher model relative humidity in the western region will act to increase AOD due to more water uptake by the aerosol. 

3.5.4 Model spatial resolution 

It is important to mention that the relatively coarse spatial resolution of the simulated aerosol and relative humidity fields 15 

may also contribute to the model underestimation of AOD. Increasing model spatial resolution has been shown to increase 

simulated AOD by ~11-13% (Bian et al., 2009; Weigum et al., 2016), depending on the initial and altered grid resolutions. 

Increasing simulated AOD by ~13% would improve agreement between model and observations but not fully resolve the 

negative bias in model AOD. Furthermore, comparisons between simulated and aircraft observed aerosol mass 

concentrations and relative humidity suggest that the model captures observed spatial variations in aerosol mass 20 

concentrations reasonably well for the SAMBBA period, at least over the western Amazon region. A higher resolution 

model would be required to explore the degree of sensitivity of AOD to the spatial resolution of simulated aerosol and 

relative humidity fields in detail. 

4. Conclusions 

We have used surface, aircraft and satellite observations made during the SAMBBA field campaign in the southern Amazon 25 

during September and October 2012 to improve our understanding of biomass burning emissions. We apply three different 

biomass burning emission datasets (FINN, GFAS, GFED) in the GLOMAP global aerosol model. Total annual aerosol 

emissions from fires across the Amazon region vary by up to a factor 3.7 across these datasets, highlighting the large 

uncertainty in aerosol emissions from fires. In 2012, annual aerosol fire emissions were 8-45% less than the 2002-2012 mean 

in the western Amazon, but 30-94% greater than the long-term mean in the eastern Amazon. This reflects declining 30 
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deforestation rate and associated fires in the western Amazon over this period (Redddington et al., 2015) and opposing trends 

in fires in the eastern Amazon (Andela et al, 2018). 

During 2012, observed surface PM2.5 concentrations in the southern Amazon increased from ~2 μg m
-3

 between January 

and July to 30-50 μg m
-3

 in September then declined to less than 10 μg m
-3

 in October. Observed aerosol mass (in the 75 - 

650 nm diameter size range) in September was dominated by OA which accounted for 84% of total mass with BC 5 

accounting for 9% of mass. The model reproduced the observed seasonal cycle of aerosol concentrations, with ~54-78% of 

simulated PM2.5 concentrations originating from fire emissions during September 2012. Fires are the dominant source of 

PM2.5 across the region during the dry season.   

In the western Amazon, where deforestation fires are the dominant fire type, agreement between simulated and observed 

aerosol mass concentrations in the BL is variable, depending on the fire emission dataset used both for OA (NMBF = -1.96 10 

to +1.21) and BC (NMBF=-1.32 to +0.56). In this region we do not find evidence that aerosol emissions are systematically 

underestimated across all emission datasets. In the eastern Amazon, where grassland/savannah fires are dominant, GLOMAP 

underestimates OA (NMBF = -0.9 to -2.8) and BC (NMBF = -1.4 to -5.6) concentrations with all three emission datasets. 

This suggests that all emission datasets may underestimate aerosol emissions from grassland/savannah fires in the eastern 

Amazon. We assume fire emissions have an OA:OC ratio of 1.4. Increasing our OA:OC ratio to 2.3, towards the upper end 15 

of that used in models (Tsigaridis et al., 2014) and matching aged aerosol observed in SAMBBA (Johnson et al., 2016), 

would improve the model-observation OA comparison in the eastern Amazon but would lead to an overestimate of OA in 

the western Amazon in some periods.  

Observed vertical profiles of aerosol mass concentrations were characterised by enhanced concentrations from the surface up 

to around 2 km altitude in the western Amazon and 4 km altitude in the eastern Amazon. In our model, we assume that all 20 

emissions from vegetation fires in this region are injected below 3 km altitude, with ~80% of emissions injected below 1 km. 

The model simulated a realistic relative vertical profile of aerosol mass concentrations, suggesting that our assumptions 

about injection height are valid. This further confirms that Amazon fires rarely inject emissions above the BL, as found by 

previous studies (Archer-Nicholls et al., 2015, Marenco et al., 2016). 

The model systematically underestimates AOD across the Amazon both in comparison to AERONET (NMBF=-1.31 to -25 

0.43) and MODIS (NMBF =-2.41 to -0.96). In the Eastern Amazon the underestimation of aerosol mass concentrations 

through the vertical profile contributes to this underestimation of AOD. In the western Amazon, the model underestimates 

AOD even when the vertical profile of aerosol mass concentration is either well predicted or overestimated. This suggests 

that underestimation of AOD may be due to uncertainties in the calculation of AOD, rather than underestimation of aerosol 

mass concentrations. To explore this possibility we tested the impact of uncertainty in refractive index, aerosol mixing state 30 

and aerosol water uptake on calculated AOD. We found that simulated AOD was most sensitive to assumptions about water 

uptake.  
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Overall, our work suggests that aerosol emissions from fires are on average underestimated over the Amazon, particularly 

over grassland fires in the eastern Amazon, albeit by less than the factor 3-5 assumed in some previous studies. Confirming 

our previous work (Reddington et al., 2016) we find that simulated and observed aerosol mass concentrations are generally 

in better agreement than simulated and observed AOD. We show that the model underestimates AOD even when it 

reproduces the observed vertical profile of aerosol mass. This suggests that uncertainties in the calculation of AOD, rather 5 

than the aerosol mass concentration, are the dominant reason for underestimation of AOD, and we find largest sensitivity to 

uncertainty in water uptake. We therefore caution against using comparison with AOD to scale particulate emissions from 

fires, as has been done in a number of previous studies. 
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Tables 

 

 Annual emission (2002-2012 

mean) (Gg a
-1

) 

2012  / 

(2002-2012) 

SAMBBA emission 

(Gg campaign
-1

) 

 OC BC OC:BC OC+BC OC BC 

Western Amazon (53-68°W, 1-12.5°S) 

GFAS 587 77.2 7.6 0.55 64.5 8.49 

FINN 1480 163 9.1 0.80 241 [3.7]  26.6 [3.1] 

GFED 692 81.0 8.5 0.92 134 [2.1] 15.6 [1.8] 

Eastern Amazon (43-50°W, 4.5-15°S) 

GFAS 336 46.6 7.1 1.46 118 16.7  

FINN 181 20.4 8.8 

1.30 

50.2 

[0.4] 5.61 [0.3] 

GFED 223 29.9 7.4 1.94 110 [0.9] 14.5 [0.9] 

Table 1. Comparison of organic carbon (OC) and black carbon (BC) emissions from biomass burning in the GFASv1.2, 

FINNv1.5 and GFED4.1s emissions inventories. Emissions are summed separately for the western (53-68°W, 1-12.5°S) and 5 

eastern (43-50°W, 4.5-15°S) Amazon as shown in Fig. 2. Table reports long-term (2002-2012) mean annual total emissions, 

the ratio of annual total emissions in 2012 to the 2002-2012 mean and total emissions for the SAMBBA campaign period (13 

September – 3 October 2012). All values are given to 3 significant figures. The ratios of total campaign emissions 

(FINN:GFAS and GFED:GFAS)  are given in parentheses.  
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 noBBA FINN GFED GFAS 

Porto Velho, Phase 1 

PM2.5 -4.80 -0.09 -0.54 -1.35 

Total mass -3.43 0.45 0.08 -0.49 

OA -3.45 0.50 0.11 -0.50 

BC -53.12 0.02 -0.34 -1.32 

Sulfate 0.47 2.69 2.32 1.96 

Porto Velho, Phase 2 

PM2.5 -2.26 0.32 -0.25 -0.61 

Total mass -0.72 1.94 0.89 0.30 

OA -0.44 2.44 1.18 0.47 

BC -34.63 0.12 -0.51 -1.51 

Sulfate -0.06 2.22 1.51 1.24 

Table 2. Summary of comparison between model and ground-based in-situ observations at the Porto Velho measurement 

station expressed as normalised mean bias factor (NMBF). Values are shown for PM2.5 (particulate matter with diameters 

smaller than 2.5 μm), total mass (mass measured by the ACSM plus equivalent black carbon measured by the aethelometer), 

organic aerosol (OA), black carbon (BC) and sulfate. Values are shown for the model with FINN1.5, GFAS1.2, GFED4.1s 5 

emissions and with no biomass burning emissions (noBBA). The numbers highlighted in bold show the model simulation 

with the smallest bias. 
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 noBBA FINN GFED GFAS 

Western Amazon, Phase 1 

OA (<2.5 km) -7.39 -0.33 -0.97 -1.96 

BC (<2.5 km) -35.88 -0.01 -0.51 -1.32 

Sulfate (<2.5 km) -2.04 -0.38 -0.63 -0.77 

AOD550 (MODIS) -5.13 -0.96 -1.47 -1.81 

AOD500 (AERONET) -7.06 -0.56 -0.59 -1.31 

Western Amazon, Phase 2 

OA (<2.5 km) -1.12 1.21 0.41 0.03 

BC (<2.5 km) -20.94 0.56 -0.06 -0.56 

Sulfate (<2.5 km) -0.64 0.68 0.37 0.22 

AOD550 (MODIS) -4.10 -1.02 -1.37 -1.63 

AOD500 (AERONET) -4.84 -0.43 -0.77 -1.15 

Eastern Amazon 

OA (<4 km) -13.21 -2.78 -1.08 -0.92 

BC (<4 km) -42.05 -5.55 -1.75 -1.41 

Sulfate (<4 km) 0.30 0.72 1.45 1.24 

AOD550 (MODIS) -4.92 -2.41 -1.44 -1.23 

Table 3. Summary of comparison between model and observations. Comparisons are shown for observations from the 

aircraft: organic aerosol (OA), black carbon (BC), sulfate mass concentrations; satellite: aerosol optical depth at 550 nm 

(AOD550) from MODIS, and AOD500 from AERONET. Comparisons are expressed as normalised mean bias factor 

(NMBF, blue indicates model underestimation). Aircraft comparisons are for concentrations below 2.5 km (western 5 

Amazon) or 4 km (eastern Amazon). AERONET comparisons are the average NMBF across 5 stations. Values are shown for 

the model with FINN1.5, GFAS1.2, GFED4.1s emissions and with no biomass burning emissions (noBBA). The numbers 

highlighted in bold show the model simulation with the smallest bias. 
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Figures 

 

  

Figure 1. Maps of estimated total annual organic carbon (OC) aerosol emissions from fire shown as (a)-(c) an average for 

the period 2002 to 2012 and (d)-(f) for 2012. The difference in OC emissions between 2012 and 2002 to 2012 (2012 5 

emissions minus 2002-2012 average) is shown in (g)-(i).  Blue colours show where emissions in 2012 were less than in 2002 

to 2011, while red colours show where emissions were greater. Emissions are shown for GFAS version 1.2 (left) and FINN 

version 1.5 (middle) and GFED version 4 (right).  
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Figure 2. Flight tracks of the FAAM aircraft during the SAMBBA field campaign (Phase 1: 13 - 23 September; Phase 2: 23 

September – 3 October 2012). The location of the Porto Velho ground station is shown by a black circle. The locations of 

AERONET stations operating during the SAMBBA campaign are shown by black crosses: Porto Velho UNIR (63.94°W, 

8.84°S), Alta Floresta (56.10°W, 9.87°S), Rio Branco (67.87°W, 9.96°S), Cuiaba-Miranda (56.02°W, 15.73°S), Santa Cruz 5 

UTEPSA (63.20°W, 17.77°S). The eastern (43-50°W, 4.5-15°S) and western (53-68°W, 1-12.5°S) domains are shown with 

black boxes. Land cover type is shown using the standard MODIS land cover type data product (MCD12Q1) in the IGBP 

Land Cover Type Classification (Channan et al., 2014; Friedl et al., 2010). 
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Figure 3. Time series of simulated (lines) and observed (bars) PM2.5 concentrations at Porto Velho between January and 

November 2012. Simulated daily mean concentrations are shown with FINN1.5 (green), GFAS1.2 (blue), GFED4 (red) 5 

emissions and with no biomass burning emissions (grey). Observed PM2.5 concentrations are averages over sampling 

periods that ranged from <1 day to 7 days in 2012. The NMBF values are given separately for Phase 1 and Phase 2 of the 

SAMBBA field campaign in Table 2. 

  

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-849
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 10 September 2018
c© Author(s) 2018. CC BY 4.0 License.



28 

 

 

(a) 

 

(b) 

 5 

Figure 4. Composition resolved aerosol mass at Porto Velho during the SAMBBA campaign. (a) Time series of observed 

(black) and simulated (colour) total aerosol mass. The observed aerosol mass is the total mass from the ACSM plus 

equivalent BC from the aethelometer. Simulated total aerosol mass is shown for the model with FINN1.5 (green), GFAS1.2 

(blue), GFED4 (red) emissions and with no biomass burning emissions (noBBA; grey). Numbers on the panel show the 

NMBF for the SAMBBA campaign separately for Phase 1 (P1) and Phase 2 (P2) (also see Table 2). (b) Bar chart showing 10 

observed and simulated average aerosol composition during the campaign: black carbon (BC; black), 

nitrate+ammonium+chloride (NO3+NH4+Chl; blue, not treated by the model), organic aerosol (OA; green) and sulfate 

(SO4; red). 
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Figure 5. Mean observed and simulated vertical profiles of (a) organic aerosol (OA), (b) black carbon (BC) and (c) sulfate 

(SO4) during the SAMBBA aircraft campaign, sectioned into 400 m altitude bins. Observations are shown by the black data 

points; simulated concentrations are shown for the model with FINN1.5 (green), GFAS1.2 (blue), GFED4 (red) emissions 

and with no biomass burning emissions (grey). The simulated data (linearly interpolated to the flight track of the aircraft) and 5 

the observations are split into western and eastern regions of the Amazon (Fig. 2) and by time (Phase 1: 13/09/2012 – 

22/09/2012, Phase 2: 23/09/2012 - 03/10/2012) for the western region. Error bars show the standard deviation of the 

observed mean. Concentrations are reported at STP conditions (at 273.15 K and 1013.25 hPa). The NMBF values are given 

separately for the western region (Phase 1 and Phase 2) and eastern region in Table 3. 
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Figure 6. Mean observed (black) and simulated (colour) aerosol number size distributions during the SAMBBA aircraft 

campaign for two altitude bands: between the surface and 2 km (top panel) and between 2 and 4 km asl (bottom panel). The 

observed number size distribution was measured with Scanning Mobility Particle Sizer (black crosses) and a Grimm optical 5 

particle counter (black diamonds). The simulated data (linearly interpolated to the flight track of the aircraft) and the 

observations are split into western and eastern regions of the Amazon (Fig. 2) and by time (P1: 13/09/2012 – 22/09/2012, P2: 

23/09/2012 - 03/10/2012) for the western region. Simulated concentrations are shown for the model with FINN1.5 (green), 

GFAS1.2 (blue), GFED4 (red) emissions and with no biomass burning emissions (grey). 
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Figure 7. Time series of simulated (colour) and observed (black) aerosol optical depth at 550 nm (AOD550) for the 

SAMBBA campaign (13 September – 3 October 2012) over (a) the western Amazon (53-68°W, 1-12.5°S) and (b) the 

eastern Amazon (43-50°W, 4.5-15°S). Observed AOD550 retrieved by MODIS on-board Terra (over pass timeː 10ː30 local 

time) is shown by the black diamonds and AOD550 retrieved by MODIS on-board Aqua (over pass timeː 13ː30 local time) 5 

is shown by the black crosses; the black line shows an average value for each day (plotted at midday local time). Simulated 

hourly AOD550 (plotted at local time for Rondônia, Brazilˑ UTC-4h) is shown for the model with FINN1.5 (green), 

GFAS1.2 (blue), GFED4 (red) emissions and with no biomass burning emissions (grey). The NMBF values are given 

separately for the western region (Phase 1 and Phase 2) and eastern region in Table 3. 
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Figure 8. Time series of simulated (colour) and observed (black) daily aerosol optical depth (AOD) during the SAMBBA 

campaign at 5 AERONET stations in the western and southern Amazon: (a) Porto Velho UNIR (63.94°W, 8.84°S), (b) Santa 

Cruz UTEPSA (63.20°W, 17.77°S), (c) Cuiaba-Miranda (56.02°W, 15.73°S), (d) Rio Branco (67.87°W, 9.96°S) and (e) Alta 5 

Floresta (56.10°W, 9.87°S). Daily mean AOD at 500 nm (AOD500) from AERONET (black line) is compared to AOD550 

retrieved by MODIS (Terra: black diamonds; Aqua: black crosses), using grid cells nearest the AERONET station location. 

Simulated daily mean AOD500 is shown for the model with FINN1.5 (green), GFAS1.2 (blue), GFED4 (red) emissions and 

with no biomass burning emissions (purple). The NMBF values are given separately for Phase 1 (P1) and Phase 2 (P2) of the 

campaign. 10 
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S1. Calculation of aerosol water uptake for simulated aerosol optical depth 

S1.1 Description of the online water uptake calculation 

In GLOMAP, the water uptake for each soluble aerosol component is calculated online according to 

Zdanovskii-Stokes-Robinson (ZSR) theory, which estimates the liquid water content as a function of 

solute molarity (Stokes and Robinson, 1966). For POM in the soluble modes, we assigned an 

hygroscopicity consistent with a water uptake per mole at 65% of that of SO4 (Mann et al., 2010). This 

is likely to be an upper estimate of aerosol hygroscopicity as discussed in Reddington et al. (2016). In 

the calculation of AOD, we used the resulting hourly mean aerosol wet radii and refractive indices to 

calculate the hourly aerosol extinction.  

S1.2 Description of the offline κ-Köhler water uptake calculation 

To calculate the water uptake “offline” we used the κ-Köhler scheme, based upon the Köhler equation 

with a single parameter, κ, defining the water uptake for different chemical species (Petters and 

Kreidenweis, 2007). The species-dependent hygroscopiticy parameter, κ, is defined through its effect 

upon the water activity of the solution as follows: 
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where Vs is the volume of the dry aerosol and Vw is the volume of water. For the SO4 and sea spray 

components in the model we used the mean values of κ for ammonium sulphate and sodium chloride 

for subsaturated air masses (0.53 and 1.12, respectively) from Petters and Kreidenweis (2007). BC is 

considered entirely hydrophobic in this model when using this scheme. We assume a κ value for POM 

(0.1) based upon aerosol samples collected during the 2008 Amazonian Aerosol Characterization 

Experiment (AMAZE-08) (Gunthe et al., 2009). 

Using Köhler theory and the above equation, the relationship between the relative humidity and the 

growth of the aerosol can be defined as follows (see Petters and Kreidenweis (2007) for derivation): 
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where S is the saturation ratio, Dd is the dry diameter, D is the wet diameter, κ is the hygroscopic 
parameter specific to the solute, σs/a is the surface tension of the droplet, R is the universal gas 
constant, T is the temperature and Mw and ρw are the molecular mass and density of water, 
respectively. In the model this equation is solved iteratively by incrementing D until the saturation 
ratio is equal to the ambient relative humidity. The growth factor and volume of water can be 
determined from this and used to calculate the refractive index of the wetted aerosol. 

Supplementary Table 

# BC  POM Description Reference Difference 
from control 

NMBF 

1 1.750 – 
0.442286i 
(ʎ=542 nm) 

1.500 – 0.00i 
(all ʎ) 

Control simulation Bellouin et 
al., 2011 

- WP1: -1.48 
WP2: -1.37 
E: -1.44 

2 1.54 – 0.025i 
(ʎ=550 nm) 

1.54 – 0.025i 
(ʎ=550 nm) 

Calculated for young 
smoke aerosol over 
southern Africa. 

Haywood et 
al., 2003 

W: +3.2% 
E: +1.3% 

WP1: -1.40   
WP2: -1.30 
E: -1.41    

3 1.51 – 0.024i 
(ʎ=440 nm) 

1.51 – 0.024i 
(ʎ=440 nm) 

Retrieved by 
AERONET station, 
Ndola in Zambia, 
located close to 
smoke sources (Sep 
2000 mean) 

Matichuk et 
al., 2007 

W: -0.9% 
E: -2.9% 

WP1: -1.51   
WP2: -1.39 
E: -1.51 

4 1.52 – 0.019i 
(ʎ=440 nm) 

1.52 – 0.019i 
(ʎ=440 nm) 

Retrieved by 
AERONET station, 
Ndola in Zambia (16 
Sep 2000) 

Matichuk et 
al., 2007 

W: 0.0% 
E: -2.2% 

WP1: -1.49 
WP2: -1.37 
E: -1.50 

5 1.50 – 0.02i  
(ʎ=440 nm) 

1.50 – 0.02i  
(ʎ=440 nm) 

Retrieved by 
AERONET station, Jaru 
Reserve in Brazil (20 
Sep 2002)  

Matichuk et 
al., 2008 

W: -2.6% 
E: -4.8% 

WP1: -1.56    
WP2: -1.43 
E: -1.56 

6 1.85 – 0.71i  
(ʎ=550 nm) 

[set to 1.500 
– 0.000i] 

Mid-range value for 
refractive indices for 
light absorbing carbon 

Bond and 
Bergstrom, 
2006 

W: +2.2% 
E: +3.9% 

WP1: -1.42   
WP2: -1.32 
E: -1.36 

7 1.95 – 0.79i  
(ʎ=550 nm) 

[set to 1.500 
– 0.000i] 

Upper limit of 
refractive indices for 
light absorbing carbon 

Bond and 
Bergstrom, 
2006 

W: +3.4% 
E: +5.8% 

WP1: -1.39   
WP2: -1.29 
E: -1.31 

Table S1. Range of refractive indices applied to explore the sensitivity of simulated aerosol optical 

depth (AOD) to assumptions about the aerosol optical properties (Sect. 3.5). Refractive indices were 

assumed for the BC and POM model components to calculate AOD at a wavelength (ʎ) of 550 nm 

(AOD550) to compare with satellite-retrieved (MODIS) AOD550 during the SAMBBA campaign. The 

mean difference from the control AOD and the normalised mean bias (NMBF) values between model 

and MODIS AOD550 are given for the eastern (E) and western (W) Amazon regions (shown in Fig. 2 

and Fig. S1). 
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Figure S1. Estimated total organic carbon (OC) aerosol emissions from fire shown for the SAMBBA field 

campaign (13 September to 3 October 2012). Emissions are shown for (a) GFAS version 1.2, (b) FINN 

version 1.5 and (c) GFED version 4.1s. The eastern (43-50°W, 4.5-15°S) and western (53-68°W, 1-

12.5°S) domains are shown with black boxes. 

 

 

(a) 2012               (b) 2002-2012 average 

Figure S2. Spatial distribution of the dominant fire types for fire emissions of OC in the Amazon region 

for (a) 2012 and (b) 2002-2012. Data is from GFED4 (van der Werf et al., 2010; 2017) re-gridded to 0.5° 

x 0.5° resolution to be consistent with Fig. 1. Fires are characterised into six types: deforestation and 

degradation fires (DEFO); peatland fires (PEAT); savanna, grassland, and shrubland fires (SAVA); 

temperate forest fires (TEMF); agricultural waste burning (AGRI); and boreal forest fires (BORF). The 

dominant fire type was derived by calculating the maximum GFED4 OC emissions flux for each fire 

type in each 0.5°x0.5° grid cell over the periods 2002-2012 and 2012. 

 



 

Figure S3. Total daily organic carbon (OC) aerosol emissions from fire for June – November 2012 over 

(a) the western Amazon (53-68°W, 1-12.5°S) and (b) the eastern Amazon (43-50°W, 4.5-15°S). 

Emissions are shown for GFAS version 1.2 (blue), FINN version 1.5 (green) and GFED version 4.1s (red). 

The SAMBBA campaign period (13 September – 3 October 2012) is shown in grey. 

 

 

Figure S4. Total daily organic carbon (OC) aerosol emissions from fire for the SAMBBA campaign (13 

September – 3 October 2012) over (a) the western Amazon (53-68°W, 1-12.5°S) and (b) the eastern 

Amazon (43-50°W, 4.5-15°S). Emissions are shown for GFAS version 1.2 (blue), FINN version 1.5 

(green) and GFED version 4.1s (red). 

 



 

Figure S5. Total daily organic carbon (OC) aerosol emissions from fire in every 0.5°x0.5° grid cell the 

western Amazon (53-68°W, 1-12.5°S) (red) and the eastern Amazon (43-50°W, 4.5-15°S) (blue), during 

the SAMBBA campaign (13 September – 3 October 2012). Emissions are shown for GFAS version 1.2, 

FINN version 1.5 and GFED version 4.1s. 

 

 

 

Figure S6. (a) Total aerosol mass concentration measured using gravimetric filter analysis (“Grav. 

Filter”; for aerosol < 2.5 µm in diameter) and calculated as mass measured by the ACSM plus 

equivalent black carbon (BCeq) measured by the aethelomter (“ACSM+Aeth.”; for aerosol in the 75 - 

650 nm diameter range). (b) BCeq measured using gravimetric filter analysis (“Grav. Filter”; for aerosol 

< 2.5 µm in diameter) and the aethelomter (“Aeth.”). The ACSM and aethelomter hourly data were 

averaged over the measurement duration of the gravimetric filter samples. 

 

 



 

 

Figure S7. Mean vertical profiles of observed and simulated fraction of aerosol mass column for 

organic aerosol (OA; top panel), black carbon (BC; middle panel) and sulfate (SO4; bottom panel) 

during the SAMBBA aircraft campaign, sectioned into 400 m altitude bins. Observations are shown by 

the black data points; simulated concentrations are shown for the model with FINN1.5 (green), 

GFAS1.2 (blue), GFED4 (red) emissions and with no biomass burning emissions (grey). The simulated 

data (linearly interpolated to the flight track of the aircraft) and the observations are split into western 

and eastern regions of the Amazon (Fig. 2 and Fig. S1) and by time (Phase 1: 13/09/2012 – 

22/09/2012, Phase 2: 23/09/2012 - 03/10/2012) for the western region. Observations when the 

aircraft was specifically targeting smoke plumes have been removed from the analysis. The dashed 

and dotted lines indicate the fraction of observed aerosol mass below 2.4 km and 4 km altitude, 

respectively. 



 

Figure S8. Mean observed and simulated vertical profiles of relative humidity (RH) during the SAMBBA 

aircraft campaign, sectioned into 400 m altitude bins. Observed RH values are shown by the grey data 

points; campaign-mean observed RH values are shown by the black data points; campaign-mean 

GLOMAP RH values are shown by the red line. GLOMAP RH fields are from six-hourly ECMWF ERA-

Interim reanalysis data, interpolated onto the model time-step. The GLOMAP data (linearly 

interpolated to the flight track of the aircraft) and the observations are split into western and eastern 

regions of the Amazon (Fig. 2 and Fig. S1) and by time (Phase 1: 13/09/2012 – 22/09/2012, Phase 2: 

23/09/2012 - 03/10/2012) for the western region. 
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