
Contents lists available at ScienceDirect

Atmospheric Environment

journal homepage: www.elsevier.com/locate/atmosenv

Local and remote black carbon sources in the Metropolitan Area of Buenos
Aires

Melisa Diaz Resquina,b,c, Daniela Santágataa,b, Laura Gallardoc,e, Darío Gómeza,
Cristina Rösslera,d, Laura Dawidowskia,d,∗

a Comisión Nacional de Energía Atómica, Gerencia Química, Av. Gral. Paz 1499, B1650KNA San Martín, Pcia. Buenos Aires, Argentina
b Facultad de Ingeniería, Universidad de Buenos Aires, Av Paseo Colón 850, C1063ACV, Buenos Aires, Argentina
c Center for Climate and Resilience Research (CR)2, Blanco Encalada 2002, Santiago, Chile
dUniversidad Nacional de San Martín, Instituto de Investigación e Ingeniería Ambiental, 25 de Mayo y Francia, B1650KNA San Martín, Pcia. Buenos Aires, Argentina
e Departamento de Geofísica, Universidad de Chile, Blanco Encalada 2002, Santiago, Chile

A R T I C L E I N F O

Keywords:
Biomass burning
Fossil fuels
Aerosols
Black carbon
Megacity

A B S T R A C T

Equivalent black carbon (EBC) mass concentrations in the fine inhalable fraction of airborne particles (PM2.5)
were determined using a 7-wavelength Aethalometer for 17 months, between November 2014 and March 2016,
for a suburban location of the Metropolitan Area of Buenos Aires (MABA), Argentina. In addition to describing
seasonal and diurnal black carbon (BC) cycles for the first time in this region, the relative contributions of fossil
fuel and remote and local biomass burning were determined by distinguishing different carbonaceous compo-
nents based on their effect on light attenuation for different wavelengths. Trajectory analyses and satellite-based
fire products were used to illustrate the impact of long-range transport of particles emitted by non-local sources.
EBC data showed a marked diurnal cycle, largely modulated by traffic variations and the height of the boundary
layer, and a seasonal cycle with monthly median EBC concentrations (in μg m/ 3) ranging from 1.5 (February) to
3.4 (June). Maximum values were found during winter due to the combination of prevailingly stable atmo-
spheric conditions and the increase of fossil fuel emissions, derived primarily from traffic and biomass burning
from the domestic use of wood for heating. The use of charcoal grills was also detected and concentrated during
weekends. The average contribution of fossil fuel combustion sources to EBC concentrations was 96%, with the
remaining 4% corresponding to local and regional biomass burning. During the entire study period, only two
events were identified during which EBC concentrations attributed to regional biomass burning accounted for
over 50% of total EBC ; these events demonstrate the relevance of agricultural and forestry activities that take
place far from the city yet whose emissions can affect the urban atmosphere of the MABA.

1. Introduction

BC aerosols are produced by the incomplete combustion of fossil
fuels and biomass (Bond et al., 2013; UNEP, 2011). BC is defined as an
optimal light absorbing substance composed of carbon and which pre-
sents five essential characteristics (Bond et al., 2013): i) carbonaceous
particulate matter with a graphite-like structure containing a large
fraction of sp2-bonded carbon atoms, ii) consisting of spherules ag-
gregates of < nm10 to approximately 50 nm in diameter in a fractal-like
chain, iii) refractory, iv) insoluble in any solvent, and v) strongly light
absorbing across the entire visible spectrum, with a mass-specific ab-
sorption coefficient typically greater than 5 m g/2 at 550 nm for newly
produced particles. Existing methods cannot, however, quantify all five
of these properties simultaneously. In the absence of a method for

uniquely determining the BC mass, some authors recommend that the
term BC be used as a qualitative and descriptive term, while a dis-
tinctive terminology referring to the specific measurement method
should be used for the purpose of reporting data (Petzold et al., 2013).
For this investigation, we have adopted EBC terminology for reporting
BC, as recommended by Petzold et al. (2013) for measurements derived
from optical methods (given that the Aethalometer uses an optical at-
tenuation method to estimate BC concentrations). Optical BC estimates
generally show good agreement with elemental carbon measurements
using thermal techniques (Jeong et al., 2004).

More than 80% of people living in urban areas that monitor air
pollution are exposed to air quality levels that exceed the World Health
Organization (WHO) limits. While all regions of the world are affected,
populations in low-income cities are the most impacted. Rapid
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urbanization in Latin America, where more than 80% of the population
lives in cities (Zhu et al., 2013), demands a better understanding of
these implications. The Metropolitan Area of Buenos Aires (MABA) is
Argentina's largest urban agglomeration and, as in many other mega-
lopolis, combustion-related aerosol levels are influenced by local urban
activities. Fuels combusted in this area includes: (i) natural gas, the fuel
widely burned in this region by stationary sources in households, in-
dustry, institutions and power plants; this fuel is also burned in road
transportation; (ii) liquid fuels, mostly burned by mobile sources and
three large power plants, mostly during winter; (iii) liquifed petroleum
gas (LPG), in low income households, and (iv) wood and charcoal, al-
most exclusively for grilling. Coal is practically not burned in the
MABA. Regarding particulate matter, and according to current in-
ventories (D'Angiola et al., 2010; Oreggioni, 2010), traffic emissions are
responsible for 72% of the total emissions of inhalable particles, fol-
lowed by power plants, accounting for 18%.

Open biomass burning throughout South America contributes sig-
nificantly to global BC levels; this occurs mainly during the Southern
Hemispheres spring and is largely related to deforestation, with land
clearing often resulting in prescribed savanna burning for agricultural
use within the region Pereira et al. (2009). The spatial distribution of
these sources is diverse and spans almost the entire continent, with
most sources located hundreds or thousands of kilometers away from
Buenos Aires. Nevertheless, BC and gases emitted by these fires have
the potential to be transported long distances and can reach the flat
terrain of the La Plata river basin where Buenos Aires is located and
affect the urban atmosphere Pereira et al. (2011). The use of wood and
charcoal for residential heating during winter, especially in low income
neighborhoods far from the downtown area, and the combustion of
firewood and charcoal for barbecue, which takes place predominantly
during weekends and holidays, also represent important sources of local
emissions.

The aim of this study was to assess BC levels and their temporal
variability in a high traffic area of MABA, and to identify the roles of
primary local and regional sources of emissions from fossil fuel com-
bustion and biomass burning. For this purpose, a monitoring campaign
was carried out from November 2014 to March 2016. Previous studies
in this area have investigated the sources of particulate matter in
Buenos Aires, with focuses varying from sea salt markers Dos Santos
et al. (2012), to metal profiles Fujiwara et al. (2011), and the role of
volcanic eruptions Ulke et al. (2016), while other researchers have
studied PM2.5 and PM10 levels and their spatial distribution throughout
the year Arkouli et al. (2010). Our investigation contributes new in-
formation regarding both the daily and seasonal patterns of hourly EBC
concentrations, identifying the contributions of primary permanent
emission sources as well as local and regional sources that are likely to
impact the urban atmosphere on an intermittent basis. Section 2 pre-
sents the observational data analyzed and discusses our methods for

correcting and disaggregating BC concentrations. Section 3 addresses
results for total BC concentrations and estimates of biomass burning
and fossil fuel combustion contributions to total EBC levels. Finally,
Section 4 presents the main conclusions of this investigation.

2. Data and methods

2.1. Measurement site

The MABA is located on the southern shore of the La Plata River on
a flat plain, and is Argentina's only megalopolis, with a population of
approximately 13 million, a population density of 4600 inhabitants per

−km 2 and ca. 4.1 million vehicles registered reported by the National
Vehicle Registration Directory (DNRPA). The MABA is composed of the
city itself and 24 surrounding districts, and is characterized by social
and territorial inequities (INDEC, 2017).

The MABA exhibits marked seasonal climatological variation as a
result of the influence of semi-permanent systems, including the sub-
tropical South Atlantic Anticyclone (SAA) and synoptic and mesoscale
events such as fronts and convective storms (Garreaud and Falvey,
2008). The climate is humid-temperate with mean annual precipitation
of 1200mm, concentrated mainly in summer and mean annual tem-
perature of 17.9 °C (period 1981-2010). Winds derive predominately
from the north and northeast as a result of the influence of the SAA and
the city's coastal location (Barros et al., 2006). The annual precipitation
for the sampling period was near normal. However, the rainfall pattern
showed monthly variability. Some months exceeded the historic values
(November 2014 and August 2015) and other months presented smaller
values than the historic deficits and lower number of days with pre-
cipitation than normal (March 2015). In general, the temperature re-
mained close to the climatic values, nevertheless, winter 2015 was
warmer than average. During the monitoring campaign, mean wind
speed was 2.5 m s/ , rarely exceeding 12 m s/ , slightly lower than normal
conditions but higher than mean minimum. Predominant wind direc-
tion was north-northeast, except during winter when it shifted to north-
northwest.

Monitoring was carried out for an open area (34.56°S, 58.51°W,
20m asl) situated 14 km away from the city center and influenced by
the emissions of both mobile and stationary combustion sources
(Fig. 1). It is worth noting that emission control has been poorly en-
forced within the MABA, particularly for buses and light duty trucks.
Characteristics of the three main roadways are presented in Table 1.

A park was located to the east of the sampling site. Residential areas
of different socio-economical levels were located in the other direc-
tions; most households used natural gas for heating and cooking and
charcoal and wood for barbecuing throughout the year; some houses
occasionally used wood stoves during winter. LPG was used for cooking
in a low-income area to the southwest; open wood fires occurred

Fig. 1. Map of the study area (left) and surroundings
(right). Stars represent the monitoring site (red) and the
meteorological station (blue) and lines (yellow) the two
main highways and the avenue of the area (H1 and H2 in
yellow and A1 in green). Their main characteristics are
provided in Table 1. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web
version of this article.)
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sporadically in this area.

2.2. Instrument

A 7-wavelength Aethalometer (Magee Scientific USA, Model A42,
=λ 370, 470, 520, 590, 660, 880 and 950 nm) equipped with a PM2.5

cut-off size inlet was used at a flow rate of 4.90 l/min. EBC con-
centrations were determined at successive 5-min intervals by measuring
optical attenuation (ATN) caused by PM2.5 deposited on a roll of quartz
fiber filter tape. The Aethalometer automatically advances the tape to
provide a fresh filtration spot before carbon aerosol loading becomes
greater than a pre-set limit for the ATN value; this value was set at 75
units for any of the seven wavelengths, in accordance with the manu-
facturer's recommendations. Advancing the filter tape takes 15min,
during which no measurements are performed. In an urban environ-
ment, the tape may advance three or four times per day.

Spot optical attenuation was calculated based on light intensity
transmitted through the blank filter (I0) and through the deposited
particles (I) using the Beer-Lambert law (Equation (1)).

≡ ⎛
⎝

⎞
⎠

∗ATN I
I

ln 1000

(1)

The aerosol attenuation coefficient for sampled particles (bATN ) was
calculated using the change in light attenuation as a function of time,
the volumetric flow rate Q, and the filter spot area A (1.67 cm2):

=b A
Q

ATN
t

Δ
ΔATN (2)

EBC concentrations for sampled airflow were estimated based on
the rate of change in ATN between two successive measurements re-
sulting from the accumulation of optically absorbing particles on the
filter (Park et al., 2010). Measurements at =λ nm880 were used to
calculate EBC concentrations, given that BC absorbs efficiently in the IR
spectra and this band has been reported to be in better agreement with
BC measured by thermal-optical reflectance methods (Lin et al., 2014).
Biomass burning and traffic contributions were estimated using mea-
surements at 470 nm and 950 nm wavelengths, respectively, as speci-
fied in Section 2.5.

2.3. Data corrections and processing

Previous studies indicate that Aethalomether measurements are
affected by multiple factors: i) noise due to small, random fluctuations
of digitized signals, ii) signal drift as a result of incremental particle
load on the filter, and iii) multiple scattering by the fiber's filter.
Attenuation is expected to increase as the load on the filter spot in-
creases; however, deviations from this monotonic relationship often
result from electronic noise. Since bATN calculations are made for suc-
cessive differences of ATN, artificially negative values could appear and
should be corrected (Hagler et al., 2011).

To reduce signal noise, a post-processing strategy was applied: (i)
spots that did not fulfill the monotonic increasing condition were
identified, (ii) for these spots, raw values were replaced by the 30-min
moving average. An additional correction was applied to address the
fact that BC measurements decrease with increasing filter loading but

are enhanced by multiple scattering, which increases the optical path.
Different methods for correcting for these effects have been proposed
and widely applied (Drinovec et al., 2015; Herich et al., 2011;
Sandradewi et al., 2008a). A group of these methods, proposed by
Schmid et al. (2005) and Collaud Coen et al. (2010), require com-
plementary measurements such as scattering coefficients or BC mass
concentrations. In this study, such equipment was not available and the
empirical correction described by Weingartner et al. (2003) was
therefore applied, as suggested by Collaud Coen et al. (2010). This al-
gorithm uses two calibration factors, C and R (ATN), to address multiple
scattering and shadowing effects, respectively (Equation (3)), and
therefore convert Aethalometer attenuation measurements to absorp-
tion coefficients.

=b b
C R ATN

1
. ( )abs ATN

(3)

These factors describe two effects that alter the optical properties of
particles embedded in the filter with respect to the properties of the
same particles in their airborne state. The constant C, taken as 2.14
(Drinovec et al., 2015; Weingartner et al., 2003), compensates for
multiple scattering of light beams by the filter fibers in the unloaded
filter; R (ATN) describes the shadowing effects caused by deposited
particles (Favez et al., 2009).

⎜ ⎟= ⎛
⎝

− ⎞
⎠

−
−

+R ATN
f

ln ATN ln
ln ln

( ) 1 1 ( ) (10)
(50) (10)

1
(4)

In Equation (4), f is used as a parameter to compensate the instru-
mental error that occurs when the shadowing effect is disregarded. We
obtained our f value by minimizing the discontinuities in bATN for each
wavelength before and after changing the filter spot, resulting in

=f 1.221 , =f 1.152 , =f 1.123 , =f 1.104 , =f 1.085 , =f 1.046 ,
=f 1.027 .EBC concentrations were calculated as follows:

= = =EBC g m b
σ

b
σ R ATN

with σ σ C[ / ]
( )

   abs

abs

ATN

ATN
ATN abs

3
(5)

where σabs is the mass absorption cross-sections and σATN is the aerosol
light attenuation cross-section. Values for σATN of 31.1, 16.6 and 15.4
m g/2 for 470, 880 and 950 nm wavelengths, respectively, were re-
commended by the manufacturer and widely applied in the literature
and were therefore selected for this study (Fuller et al., 2014;
Sandradewi et al., 2008a; Segura et al., 2014). These values are con-
sistent with σabs reported for similar conditions, from 7.3 to 8.8 m g/2

(Zanatta et al., 2016; Laborde et al., 2013).

2.4. Other air pollution and meteorological data

The Buenos Aires SPARTAN network station (Snider et al., 2015) is
located less than 50m away from the Aethalometer. BC and PM2.5
concentrations reported by this network were used to calculate the
corresponding ratio and to complement Aethalometer measurements.

For biomass burning events, active fire locations from the Fire
Information for Resource Management System (FIRMS) MCD14ML fire
database (available on-line at https://earthdata.nasa.gov/active-fire-
data) were used to determine air masses reaching the city from areas
where hot spots were registered. This approach was complemented

Table 1
Summary of main roads, location and fleet.

Label Name Distance from the Site AADT Description of the fleet

H1 Gral Paz, Avenue 250mE 195 passenger cars, buses and light duty trucks (LDT)
H2 Panamericana, Highway 1.6 kmN 375 passenger cars, buses, LDT and heavy duty trucks
A1 De Los Constituyentes, Avenue 1.3 km S vehicles including old HDT and buses circulate at relatively low speed in a stop-and-go pattern.

AADT: annual average daily traffic (in thousand of vehicles). Reported by the local governmental sources in 2015.
Passenger cars use gasoline, diesel and compressed natural gas (CNG), LDT diesel and CNG and HDT only diesel.
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using a Cloud-Aerosol Lidar with an Orthogonal Polarization (CALIOP)
instrument on board the Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation (CALIPSO) spacecraft, which measures vertical
profiles of 532 nm total attenuated backscatter and provides data for
aerosol subtypes (Omar et al., 2009; Young and Vaughan, 2009). Wind
direction (standard 16 compass directions) and wind speed hourly data
of the Buenos Aires Observatory (34.58°S, 58.48°W, 25m asl), was
provided by the National Weather Service of Argentina (SMN), located
5 km away from the measurement site. Data from this station can be
considered representative of air ow over the city.

In addition to surface data, the SMN reports (i) daily upper air
temperature profiles from radiosonde at 12 GTM and (ii) convective
mixing heights values estimated as the top of the layer where the
temperature gradient is close to the dry adiabatic lapse rate. We esti-
mated hourly convective mixing height from surface meteorological
data using the largest value between convective (Zc) and mechanical
(Zm) mixing heights for daytime conditions, and the mechanical mixing
height for the night. Zm values were obtained from the well-known
Equation (6), where u* corresponds to the friction velocity and f is the
Coriolis parameter, while Zc were calculated solving Equation (7)
proposed by Batchvarova and Gryning (1991).

=Z u
f4.M
*

(6)

= + +dZ
dt

A H
ρ C γ Z

B u T
g γ Z

(1 2. )
. . .

2. . .
. .

c

P θ C θ C

*
3

2 (7)

where H, is the surface heat flux, ρ the density of the air, CP the specific
heat of air at constant pressure, γθ the potential temperature gradient
above the mixing height, T is the reference temperature (2m above the
surface), g the acceleration of gravity. A and B are parametrization
constants. This differential equation was numerically solved, using the
approach described in Turtos Carbonell et al. (2010) with A=0.2 and
B=5.0. The results for 12 GTM were compared with the values re-
ported by the SMN for the period 2001 2010 and a Pearson correlation
coefficient of 0.798 was obtained.

2.5. Source attribution methodology

2.5.1. Equivalent BC concentrations from fossil fuel combustion and
biomass burning

We addressed the relative contribution of biomass burning and
fossil fuel based on measured 470 nm and near-infra-red (IR1: 950 nm)
absorption signals, assuming negligible apportionment from all other
sources:

= +EBC EBC EBCbb ff (8)

where bb and ff stands for biomass burning and fossil fuels, respectively,
and

= + =b λ b λ b λ for λ nm nm( ) ( ) ( )     470 , 950abs abs bb abs ff, , (9)

where babs are the absorption coefficients.
The relation between the absorption coefficients and the Ångström

exponents for those bands (equation (10)) was used to calculate the α
experimental values for the whole monitoring campaign, and similar
expressions was used to estimate EBCff and EBCbb (equations (11) and
(12)).
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Since there were no auxiliary measurements that allowed calcu-
lating Ångström exponents for pure fossil fuel and pure biomass
burning, values reported in other studies were explored. There is a
general agreement about the value of α for pure fossil fuel and therefore
it was set as 1.1 (Sandradewi et al., 2008b; Fuller et al., 2014). For
biomass burning a larger range of values is reported, depending on the
type of biomass and the combustion efficiency (Favez et al., 2010):
sources burned under smoldering conditions, such as leaf litter or
charcoal used in grill cooking, are associated with αbb values greater
than 2 while sources burned under flaming conditions consistent with
wheat-residue-burning plumes with values lower than 1.4 (Garg et al.,
2016). In this work a range from 1.5 to 2.6 was explored for αbb.

(Sandradewi et al., 2008b; Fuller et al., 2014), for biomass burning a
larger range of values is reported, depending on the type of biomass and
the combustion efficiency (Favez et al., 2010): sources burned under
smoldering conditions, such as leaf litter or charcoal used in grill
cooking, are associated with αbb values greater than 2 while sources
burned under flaming conditions consistent with wheat-residue-
burning plumes with values lower than 1.4 (Garg et al., 2016). In this
work a range from 1.5 to 2.6 was explored for αbb.

EBC ff and EBC bb were calculated with b nm(950 )abs ff, from Eqs. (8)
to 12), b nm(950 )abs ff, was determined and EBC ff and EBC bb were
calculated as

=EBC EBC
b nm

b nm
(950 )

(950 )ff
abs ff

abs

,

(13)

= −EBC EBC EBCbb ff (14)

2.5.2. Spatial and temporal patterns of the black carbon contributing
sources

The time series of determined EBC concentrations, together with
those of their estimated components (EBC ff and EBCbb) and variations
in meteorological conditions, were used to infer temporal and spatial
variability in emissions contributions from biomass burning and fossil
fuel combustion. We employed univariate analysis (i.e. mean, median,
25th and 75th percentile, minimum and maximum) and bivariate polar
plots to determine different source types through wind speed depen-
dence, discriminated by wind direction. High concentrations under low
wind speeds (< m s3 / ) are indicative of surface emissions released with
little or no buoyancy, whereas high concentrations at high wind speeds
(> m s6 / ) are indicative of stack emissions or emissions at high velocity
and/or at a greater distance (Uria-tellaetxe and Carslaw, 2014).

Primary regional sources of emissions have been identified using the
potential source contribution function (PSCF) (Dos Santos et al., 2012;
Polissar et al., 2001; Zha et al., 2014). Three-day backward air mass
trajectories were calculated for every 6 h, using the hybrid single-par-
ticle Lagrangian integrated trajectory (HYSPLIT) model (Draxler and
Hess, 1998) with NCEP-NCAR Reanalysis meteorological data (Kalnay
et al., 1996; Kistler et al., 1999) and arrival heights at the receptor
location setting of 100, 500 and 1000m. PSCF was calculated on a
0.5×0.5 resolution grid that covered the area from 25-45S and 45-
80W, using the 75th percentile as the criterion value. These results were
weighed by an arbitrary function (Wij) to better reflect uncertainty in
values for cells with a smaller number of trajectories (Polissar et al.,
2001):

=WPSCF
m
n

Wij
ij

ij
ij

(15)

=
⎧

⎨
⎪

⎩⎪

>
< ≤

< ≤
≤

W

n n
n n n

n n n
n n

1, 2
0.75, 2
0.5, 0.5

0.15, 0.5

ij

(16)

where nij is the number of endpoints that cross the ijth cell, n is the
average number of endpoints that cross a cell, mij is the number of
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endpoints for the same cell which are associated with a EBC con-
centration higher than the criterion defined, and WPSCF is the weighted
PSCF.

2.5.3. Extreme EBCbb concentration events
In the analysis of the EBCbb concentration time series, we noted that

there were few occasions when extremely high EBCbb levels persisted
for several hours, and we therefore deemed valuable an exploration of
the circumstances surrounding these events. EBCbb concentrations
above the 99th percentile were grouped by date and classified con-
sidering the ventilation coefficient (VC) defined as the product of the
planetary boundary layer height (PBLH) and average wind speed
through the mixing layer (Arkouli et al., 2010). One-hour isolated re-
cords were not taken into consideration. The ventilation coefficient is a
good indicator of the potential dispersion of pollutants in the atmo-
sphere, with lower values corresponding to higher concentrations, in-
dependent of the apportionment of the different sources.

All of the events for which high concentrations of EBCbb were re-
gistered together with low ventilation conditions (zero or near zero
ventilation coefficients) were postulated as local extreme biomass
burning events, while under different ventilation conditions these were
postulated as regional extreme biomass burning events, as described in
the flow chart presented in Fig. 2.

For postulated local events, we verified whether high BC local
emissions for a particular event and/or a cold air intrusion leading to
extreme temperature lows had occurred. For regional events, we re-
viewed whether air masses arriving in the city during the same period
crossed fire regions, using the FIRMS database combined with HYSPLIT
back-trajectories. To complement this analysis, CALIOP Data v3.3 was
used to confirm the presence of smoke aerosols.

3. Results

3.1. Temporal variations of EBC concentrations

Hourly averages for EBC concentrations exhibited a log-normal
distribution, confirmed with a 99% level of confidence, with a mean of
3.18 μg m/ 3 and a median of 2.03 μg m/ 3. The 25th and 75th percentiles

were calculated as 1.23 and 3.57 μg m/ 3 and the 5th and 95th percentiles
were 0.58 and 9.42 μg m/ 3 respectively. Average EBC levels are similar
to those reported for other Latin American cities (Carbone et al., 2013;
Gramsch et al., 2016; Seguel et al., 2009; Souto-Oliveira et al., 2016).

EBC exhibited a well-defined diurnal and seasonal cycle. The
diurnal cycle during weekdays was clearly governed by traffic patterns,
following a typical bimodal distribution explained in detail in Section
3.3.

Hourly concentrations were maximum during winter (June-July-
August) (Fig. 3). During this period 24-h average concentrations
reached values of 22 μg m/ 3. Although maximum values for BC have not
yet been established in terms of air quality or health, the associated
PM2.5 concentrations considering the average EBC PM/ 2.5 ratio calcu-
lated from SPARTAN data of 0.16, exceeded the maximum re-
commended for PM2.5 (25 μg m/ 3) by the WHO. Therefore other cam-
paigns should be carried out in the area that include other criteria
pollutants such as CO, NOx and PM2.5 to evaluate in detail the air quality
of the area.

Diurnal cycle during summer (January-February-March) exhibited
comparatively lower values within a narrower spread.

When EBC mass concentrations were examined by season, we ob-
served higher values during winter nights that could be related to a
combination of heating emissions and lower and more stable PBLH;
flatter patterns were observed during summer and rainy seasons.

Our results demonstrate that in Buenos Aires, EBC concentrations
are similar to those measured in other Latin American cities. Black
carbon is normally a substantial fraction (20-30%) of PM2.5 (Begum
et al., 2012; de Miranda et al., 2012; Seguel A. et al., 2009). EBC PM/ 2.5
ratios estimated using data from the SPARTAN network fell within the
regional range of −0.09 0.36, with a median value of 0.15. These
fractions corresponded only to the summer, during which data from the
SPARTAN network were available; they are expected to vary in winter
due to source seasonality.

3.2. Selection of ångström exponents

The experimental values of the total Ångström exponents obtained,
using the expression showed in equation (10), presents a median of 1.1
with a range from 1.05 to 1.17, corresponding to the 25th and 75th

percentiles, totally in line with the values reported for fossil fuel com-
bustion sources. This result is consistent with the expected significant
role of the on-road mobile sources in this urban area.

For the selection of the Ångström exponent for pure biomass
burning a range of 1.5–2.6 was explored. In the range 1.5–1.9 a high
proportion of situations with =EBC 0ff was obtained, even during rush
hours, when it is well known the high traffic flow in the area. For thisFig. 2. Flow diagram of extreme EBCbb events identification methodology.

Fig. 3. Monthly variation of hourly EBC concentrations. The symbols, vertical line, lower
whisker, lower edge of the box, central line of the box, upper edge of the box, upper
whiskers, are standard deviation, 5th percentile, 25th percentile, median, 75th percentile
and 95th percentile, respectively. Box width is proportional to the square root of the
number of observations in each month.
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reason a range of 2–2.6 was considered as plausible, and the median
EBCff and EBCbb concentrations of the range considered were reported
in this study. These levels correspond to αbb of 2.2 which is consistent
with biomass burning under smoldering conditions (Garg et al., 2016).
Charcoal burning for grilling purposes used in grill cooking corresponds
to αbb greater than 2.0 being this the most frequent source of local
biomass burning. These levels correspond to αbb of 2.2, in line with
biomass burning under smoldering conditions (Garg et al., 2016),
which is consistent with those of the combustion of charcoal for grilling
purposes, the most frequent source of local biomass burning in the area.

The uncertainty associated with the selection of Ångström ex-
ponents resulted 0.02 μg m/ 3 for both fossil fuel and biomass burning. It
was estimated using the selected ranges of αff y αbb in the calculation of
EBCff and EBCbb. In relative terms these uncertainties values represent
less than 2% for the median of EBCff and about 30% for the median of
EBCbb.

3.3. Biomass burning and fossil fuel contributions

Fig. 4 displays EBC fossil fuel and biomass burning daily patterns
during weekdays and weekends. During weekdays, the EBCff median
value was 2.13 μg m/ 3 and the values corresponding to the 1st and 3rd

quantile were 1.30 and 3.81 μg m/ 3 during weekends, these decrease to
1.60, 0.91 and 2.86 respectively. The diurnal cycle of EBCff during
working days showed a distinctive peak at 8 a.m., an absolute minimum
at about 3 p.m. and a relative maximum beginning at 6 p.m., after
which concentrations remained at a fairly constant level until about 9
p.m. Weekend patterns were flatter, presenting higher values at about
midnight. EBCbb median, 1st and 3rd values were −5.9 10 2, −2.1 10 2 and

−1.2 10 1 μg m/ 3 during weekdays and −7.0 10 2, −2.8 10 2 and −1.5 10 1

μg m/ 3 during weekends. The diurnal cycle displayed two maximums, at
noon and at night, with more distinctive peaks on weekend days. These
relatively higher levels may be associated with residential emissions of

Fig. 4. Diurnal cycle of EBC biomass burning and fossil fuel concentrations for weekdays and weekends. Shaded areas represent concentrations between 25th and 75th percentile.

Fig. 5. Bivariate polar plot of EBC fossil fuel and biomass burning hourly median concentrations by wind speed and direction for weekdays and weekends. The color scale shows the
concentration of EBCff and EBCbb in μg m/ 3 and the radial scale shows the wind speed, which increases from the center of the plot radially out-wards.
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charcoal combustion from grilling. The diurnal cycle of EBC for
working days exhibited the same shape as EBCff ; this behavior together
with the relative contribution of EBCff and EBCbb to the total con-
centration of EBC confirmed that fossil fuel emissions dominated total
EBC concentrations. On average, EBCff represented 96% of the total
EBC measured consistently and with proximity to high traffic high-
ways.

Fig. 5 exhibits the bivariate polar plot of median concentrations of
EBCff and EBCbb by wind speed and direction. The color scale represents

the concentration and the radius increasing wind speed. EBCff pre-
sented a rather uniform distribution with wind direction, particularly
for weekdays, denoted by the very similar color distribution in the four
quadrants; during weekends, the sector W-NW and WSW-ESE exhibited
relatively lower concentrations at wind speed larger than 6 m s/ . De-
creasing EBCff levels with wind speed were noticeable for both week-
days and weekends; concentrations decreased sharply within the range
0–3 m s/ . EBCbb exhibited also a rather uniform distribution at the low
end of the concentration scale with the noticeable exception of the area
of relatively high concentrations in the WNW-WSW sector at wind
speeds over 4 m s/ . We further analyzed the occurrence of these values
and identified that they largely belong to the extreme EBCbb con-
centrations events discussed in Section 3.4, which were superimposed
on local contributions. The relatively high levels of EBCbb shown in
Fig. 5 occurred under the least frequent wind directions. These were not
the only extreme EBCbb events identified; however high EBCbb levels
corresponding to other events did not appear in this figure; since they
occurred under more frequent directions, they did not impact the
median EBCbb, which was dominated by numerous lower values.

Fig. 6 is a polar annulus plot representing hourly variations by wind
direction of the median EBCff concentrations. Moving across the an-
nulus depicts concentrations through the hour of the day, from the
inner part representing the median value for 0:00 and the outer part the
median value for 23:00. The areas of influence for the primary mobile
sources A1, H1 and H2 are delimited in violet, orange and burgundy
respectively for better understanding how the different sources affected
the site. The bimodal pattern of the diurnal cycles depicted in Fig. 4 can
be also appreciated in Fig. 6, by the two relatively higher concentration
annuli, typically occurring in the 8-12 and 20-24 intervals. The shape
and the coverage of these two annuli are not homogeneous throughout
wind direction, indicative of the different pattern of the contributing
sources. Maximum median concentrations (in the range 3.5–5.2 μg m/ 3)
were registered in the sectors under the influence of A1 and H1, from
8:00 to 12:00. This may be attributable to the contribution of emissions
from the morning traffic peak of these roads, which are typically busiest
in the morning of weekdays, delivering traffic from suburban to urban
areas. Lower concentration levels registered during the afternoon were
most likely consequence of decreasing traffic flow and higher con-
vective mixing heights. Since H1 is closer to the monitoring site and
registers larger traffic flow, we expected that the EBCff concentrations
under winds connecting H1 with the monitoring site would have been
higher than those concentrations from A1. However, this was not the
case. It is plausible to attribute this behavior to the following facts: (i)

Fig. 6. Polar annulus plots for hourly median EBCff concentrations, by hour of day, with
the earliest time (0:00) shown in the inner circle and the latest time (23:00) at the outer
circle. All units are in μg m/ 3. The circular sectors represent the directions influenced by
the main traffic areas, as defined in Table 1 and Fig. 1: A1 (violet), H1 (dark red) and H2
(orange).

Table 2
Summary of median, 25th and 75th percentiles of EBC , EBCff and EBCbb for the entire
period and by season.

Campaign Winter
(JJA)

Summer
(DJF)

Autumn
(MAM)

Spring
(SON)

2.03 (1.23-
3.57)

2.77 (1.61-
5.19)

1.65 (1.06-
2.60)

2.30 (1.33-
4.25)

2.00 (1.19-
3.43)

EBCff 1.98 (1.17-
3.53)

2.66 (1.48-
5.04)

1.62 (1.03-
2.59)

2.28 (1.27-
4.21)

1.84 (1.10-
3.29)

EBCbb 0.06 (0.02-
0.13)

0.10 (0.05-
0.22)

0.04 (0.01-
0.09)

0.06 (0.02-
0.13)

0.08 (0.03-
0.20)

Units.μg m/ 3

Fig. 7. WPSCF of the EBCbb above the 75th percentile for the entire period with the re-
ceptor at 100m.

Fig. 8. Scatter plot for EBCbb concentrations and the ventilation coefficients for the entire
period. Local and regional events are in blue and yellow and violet and red respectively.
Vertical lines represent media and 75th percentile values. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the Web version of this
article.)
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the numbers of heavy-duty diesel vehicles, well-known major black
carbon emitters (Bond et al., 2013), is typically much larger in A1 than
in H1, (ii) the average speed is higher in H1, and (iii) the number of
flowing traffic stops is higher in A1. In general, concentrations were
lower when winds came from the H2 direction as compared to the other
two sources. Two possible explanations for the relatively low con-
centrations of the highly trafficked H2 include: (i) the relatively lower
emissions associated with the high-speed pattern, and (ii) the sig-
nificant distance to the monitoring point.

Concentration levels of EBC , EBCff and EBCbb organized by seasons
are reported in Table 2, where can be observed greater concentration
levels in winter than in summer for all of them. This difference is
dominated by the contribution from fossil fuels. Traffic and thermal
power plants were the only black carbon sources exhibiting seasonal
variations in MABA during the monitoring period. It is worth noticing
that: (i) the contribution of thermal power plants can be considered
negligible at the monitoring site (Reich et al., 2006), and (ii) liquid fuels
are not customarily used for household heating, which is based on
natural gas and electricity. The sole increase in traffic flow during
winter cannot explain the increased level of EBC concentration. We
postulate that the other contributing factor is the lower PBLH during
winter, which worsen air pollutant dispersion.

We estimated the WPSCF for the set of EBCbb values above the 75th

percentile. The results are shown in Fig. 7 and indicate that the highest
WPSCF values were located in an area S-W and N-E of the monitoring
point, which includes central-east Argentina, north-west Uruguay,
southern Brazil and the northern portion of the Buenos Aires province.
Intensive agricultural and forestry activities take place within this re-
gion and it is therefore plausible to associate these high EBCbb levels
with biomass burning emissions transported from this region to the
monitoring site by N-NE winds. These results are consistent with those

presented in Fig. 5 and associated with regional biomass burning areas.

3.4. Periods of extreme EBCbb events

Concentrations of EBCbb above the 99th percentile were grouped by
date and classified considering the ventilation coefficient, ambient
temperature and specific circumstances related to high emissions. Using
the procedure discussed in Section 2.5.3, two events with near-zero VC
occurred from June 17th-23rd 2015 and December 31st 2014-January 1st

2015, and two events with VC higher than zero (August 30th-31st and
September 14th-15th 2015) were identified (Fig. 8).

From June 17th-23rd 2015, the biomass burning contribution reached
values of 44% of total registered EBC . During this period, very cold air
covered the entire territory and produced very low temperatures and
increased domestic heating requirements. These two conditions, to-
gether with calm wind conditions, increased the level of biomass con-
tribution significantly, almost triplicating average EBCbb and con-
firming this extreme biomass burning event as local in origin.

The highest EBCbb concentrations were measured during the
summer days of December 31st 2014 and January 1st 2015 under stable
conditions. It could be tempting to assign these situations to the usual
increase in the use of charcoal for New Year's Eve barbecues, but the
simultaneous use of fireworks, which typically contain carbonaceous
materials (black carbon, sugar or starch) must also be considered, as
argued by Yerramsetti et al. (2013). This particular BC event occurred
under calm conditions and could also be classified as locally driven.

The two situations identified with VC greater than zero were ver-
ified using the FIRMS database combined with HYSPLIT back-trajec-
tories to confirm that air masses arriving in the city during these periods
crossed through fire regions. CALIOP Data v3.3 was used to comple-
ment this analysis, demonstrating the presence of smoke aerosols from

Fig. 9. Regional Event: (up) Active fire locations during three-day backward trajectories arriving every 6 h at the sampling site at 100, 500 and 1000m and (down) Time Series of hourly
EBC and EBCbb concentrations for September 14th-15th 2015. Light blue circle represents the area of El Palmar where the controlled fires took place. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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the surface up to a height of 3 km. Under these circumstances, the EBCbb
concentration estimated from our measurements fell between three and
six times the average levels for the entire period, and was unexplained
by any specific local biomass burning event. For all of these reasons, we
assigned these atypically high EBCbb concentrations to regional sources.

Fig. 9 shows the temporal evolution of EBC and EBCbb for the
September −14 15th th event. During this period, the EBC EBC/bb ratio
was higher than 50% for 10 consecutive hours, including morning rush
hour on November 15th. On these dates, controlled fires were reported
by local media in the area of El Palmar de Colón, located within the
range of WPSCF values greater than 0.5 (El Entre Ríos, 2015).

In order to verify the proposed methodology, all back-trajectories
were analyzed for the 17 months of study, and an additional instance
was identified when air trajectories arriving in the city had crossed fire
regions (August 6th and 9th, 2015). Unfortunately, the Aethalometer was
not operational during this event.

4. Conclusions

Diurnal, monthly and seasonal variations of EBC concentrations in
the Metropolitan Area of Buenos Aires were analyzed over a 17-month
period, using 880 nm wavelength Aethalometer data with corrections
for filter overloading, multiple scattering, and signal noise. The in-
formation obtained by the 479 and 950 nm bands was useful for iden-
tifying fossil fuel and biomass burning apportionment. We also dis-
criminated between local and regional sources using a combination of
local wind speed and direction, back-trajectory air masses and satellite
fire data. To the best of our knowledge, this is the first study reporting
BC concentrations at hourly resolution for the 13th Megalopolis of the
world.

It was verified that the city's own emissions define both daily and
seasonal variations and constitute the primary source of EBC. Like in
other large urban conglomerates, emissions from diesel vehicles re-
sulted the largest black carbon contributor; the contribution of the use
of charcoal and wood for cooking and the combustion of wood and
other biomass for heating during winter is far less significant. Despite
the limited occurrence of regional events affecting MABA atmospheric
conditions, these sources (biomass burning from agricultural and for-
estry activities) are relevant due to the significant distance from the
urban area and their relative contribution to EBC that can exceed 50%
on such occasions.

The results obtained in this study demonstrate the ability of applied
methods to identify sources related to vehicle emissions and biomass
burning. The type of analysis used in this study, with the addition of
simultaneous PM2.5 measurements, can serve as a verification tool for
local emissions inventories. Complementary studies should be carried
out to generate reference measurements of black carbon with thermal
methods or scattering coefficients in order to reduce the uncertainties
surrounding the role of fossil fuel and biomass burning.
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