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Abstract. Black carbon (BC) is a major component of submicron particulate matter (PM), with significant
health and climate impacts. Many cities in emerging countries lack comprehensive knowledge about BC emis-
sions and exposure levels. This study investigates BC concentration levels, identifies its emission sources, and
characterizes the optical properties of BC at urban background sites of the two largest high-altitude Bolivian
cities: La Paz (LP) (3600 m above sea level) and El Alto (EA) (4050 m a.s.l.), where atmospheric oxygen lev-
els and intense radiation may affect BC production. The study relies on concurrent measurements of equiva-
lent black carbon (eBC), elemental carbon (EC), and refractory black carbon (rBC) and their comparison with
analogous data collected at the nearby Chacaltaya Global Atmosphere Watch Station (5240 m a.s.l). The perfor-
mance of two independent source apportionment techniques was compared: a bilinear model and a least-squares
multilinear regression (MLR). Maximum eBC concentrations were observed during the local dry season (LP:
eBC =1.54+1.6ugm3; EA: 1.94+2.0ugm>). While eBC concentrations are lower at the mountain station,
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daily transport from urban areas is evident. Average mass absorption cross sections of 6.6-8.2m? g~
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! were found

in the urban area at 637 nm. Both source apportionment methods exhibited a reasonable level of agreement in the
contribution of biomass burning (BB) to absorption. The MLR method allowed the estimation of the contribution
and the source-specific optical properties for multiple sources, including open waste burning.

1 Introduction

Black carbon (BC), a particulate byproduct of hydrocarbon-
based fuel combustion, is considered not only one of the most
important pollutants contributing to climate change (Bond
et al., 2013), but also a threat to air quality and therefore
to human health. Named BC due to its dark appearance, it
possesses the ability to absorb radiation over a wide spectral
range. This makes BC a very important short-lived climate-
forcing agent (Bond et al., 2013). Typically introduced into
the atmosphere by vehicular, industrial, and biomass-burning
emissions (whether for residential heating, agricultural pur-
poses, or in wildfires), BC is often used as a good tracer
for continental emissions when monitoring air quality (Se-
infeld and Pandis, 2016; Bockhorn, 2013; Subramanian et
al., 20006).

Due to their size, fine and ultrafine particles contain-
ing BC can be inhaled deeply into the lungs, reaching the
blood stream and generating reactive oxygen species (ROS)
(Janssen, et al., 2012, 2014). This in turn can decrease lung
function (Suglia et al., 2008), worsen preexisting cardio-
vascular conditions (Nichols et al., 2013), and increase the
risk of chronic obstructive pulmonary disease hospitaliza-
tions and mortality (Gan et al., 2013). Moreover, due to its
agglomerate structure and large surface area to volume ratio,
BC is an efficient carrier of carcinogenic and mutagenic or-
ganic species (Moosmiiller et al., 2009; NTP, 2011). In con-
sequence, BC has become a pollutant of big concern in terms
of air quality.

The inhalation of BC has been associated with differ-
ent respiratory and cardiovascular diseases such as asthma,
lung cancer, and cardiac arrest (US EPA, 2011a), and high
altitude can increase the risk of exposure to atmospheric
pollutants. People in the Andean highlands have devel-
oped different physiological mechanisms to cope with hy-
poxia. Amongst them are an increased lung capacity and
an increased hemoglobin concentration in their blood. Even
though their resting ventilation has shown to remain the same
as for people living at sea level, conditions that require a
higher ventilation rate (e.g., physical activities, pregnancy)
put highlanders at greater risk (Beall, 2007; US EPA, 2011b;
Julian and Moore, 2019).

The formation of BC particles during combustion depends
not only on the amount and type of fuel burned but also
on the amount of oxygen available in the bonding process
of carbon and oxygen atoms when forming CO and CO,
molecules. Hence, the reduced oxygen availability for com-
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bustion in high-altitude cities is expected to increase the pro-
duction rate of carbonaceous particles (Seinfeld and Pandis,
2016). Furthermore, simulated and experimental studies have
shown that the amount of particulate matter (PM) produced
by a diesel-fueled engine can increase from 1.2 to 4 times
for an altitude of up to 1800 m above sea level compared to
the production of particles at sea level (He et al., 2011; Yu
et al., 2014; Human et al., 1990; Chaffin and Ullman, 1994;
Graboski and McCormick, 1996).

Moreover, fast-growing cities are often subject to a de-
grading air quality resulting from a growing vehicular fleet,
especially in low- and middle-income countries. Air qual-
ity studies in Latin American high-altitude cities have shown
that elemental carbon (EC, closely related to BC) and or-
ganic aerosol (OA) particles account for about 60 % of the
PMjp mass concentrations in Bogotd (2550-2620ma.s.l.;
Ramirez et al., 2018a), with average EC concentrations of
3.25+1.59 ug m 3. In Quito (2850 m a.s.L.), traffic emissions
have been shown to be responsible for almost 46 % of the
annual PM emissions (Raysoni et al., 2017). In the case of
Mexico City (2280 m a.s.l.), Peralta et al. (2019) reported an-
nual BC levels of 2.95 ugm~3, contributing to 16 %—20 % of
total PM» 5 concentrations.

La Paz (between 3200-3600ma.s.l.) and El Alto
(4050 ma.s.l.) are two high-altitude Bolivian cities located
in the Bolivian Andean region that form the second largest
metropolitan area in the country. High altitude, and hence
lower oxygen concentrations, can make the combustion pro-
cesses even more complex. As recently shown by Mardofiez
et al. (2023) and Wiedensohler et al. (2018), the air qual-
ity in these cities is predominantly influenced by local emis-
sions, with vehicular traffic (> 80 % powered by gasoline) as
the main source of absorbing aerosol particles, and responsi-
ble for 20 %-30 % of the measured PM( concentrations in
both cities. However, the cities are also subject to regional
sources of pollution such as agricultural biomass burning,
which is transported from the valleys and low lands across
the Andes (Chauvigné et al., 2019; Mardofiez et al., 2023)
and represents an important source of pollution at a regional
level (Mataveli et al., 2021). In contrast, residential biomass
burning for heating purposes is not a common practice in the
region. Moreover, Mardofiez et al. (2023) reported the pres-
ence of a third source of combustion related to open waste
burning that contributes to the measured EC mass concentra-
tions in the area and could potentially have an influence on
the locally measured absorption.
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Improving air quality in La Paz and El Alto is not a trivial
task, and the effectiveness of any air quality action plan must
be supported by sound scientific understanding of the life cy-
cle of the main pollutants in a high-altitude and high-solar-
radiation environment. Knowledge of BC emission sources
and of its characteristics in the urban environment is key to
assessing the impact of air quality on health for the specific
case of these high-altitude cities. Moreover, the conurbation
of La Paz—El Alto (LP-EA) is located less than 20 km away
from one of the three Global Atmospheric Watch (GAW)
global stations in South America, the Chacaltaya mountain
station (CHC-GAW). As previously evidenced by Wieden-
sohler et al. (2018), this station is often under the direct in-
fluence of urban emissions for at least a few hours throughout
the day, as the urban planetary boundary layer (PBL) devel-
ops in conjunction with advective winds that allow the fast
transportation of urban local pollution towards the mountain
station. Therefore, the characterization of the urban emis-
sions and their transport to CHC-GAW is a crucial task to
be able to distinguish between the influence of the urban
emissions and the long-range transport of air masses reach-
ing CHC-GAW.

This study aims to contribute to documenting the atmo-
spheric concentration, the variability, and the physical prop-
erties of BC in the unique LP-EA conurbation and the global
CHC-GAW station. Additionally, it seeks to determine the
contribution of local and regional sources of BC in the ur-
ban area. To do so, this work makes use of a 2-year record of
BC and other pollutants measured at two urban background
sites and at the mountain CHC-GAW station. The study also
provides a spatial description of the BC concentrations and
explores the effect of a half-kilometer altitude difference and
different topographical characteristics between La Paz and El
Alto, thus paving the way for future studies on the potential
health effects of air pollution in both cities.

2 Method

2.1 Site description

Having started as an extension of La Paz, El Alto has rapidly
become the second largest city in Bolivia in terms of popu-
lation, hosting over 1.1 million inhabitants (INE, 2020). It is
situated on the plateau formed between the two branches of
the Andes, a very high, open, flat, and dry (hence dusty) area,
with plenty of space for urban expansion. Hosting the second
largest international airport in the country, El Alto constitutes
one of the most important connections of the Bolivian seat of
government (La Paz) to other regions within and outside the
country. In contrast, La Paz is located in a river valley formed
between the Altiplano plateau and the oriental branch of the
Andes. Characterized by its hilly topography, it hosts over
950 000 inhabitants (INE, 2020), with limited space for ur-
ban growth.
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Meteorological seasons in LP-EA shift between a dry
(May to August, austral winter) and a wet (December to
March, austral summer) period, with relatively low tempera-
tures throughout the year. However, the difference in altitude
and topography produces very different local meteorological
conditions. The mean annual temperature in El Alto is 8 °C,
whereas in La Paz it is 13 °C. During the austral summer,
mean temperatures only increase by 1 °C with mean temper-
ature amplitudes (difference between the maximum and the
minimum temperature of the day) of 10 and 12 °C throughout
the day in El Alto and La Paz, respectively. In contrast, dur-
ing the austral winter mean temperatures decrease by 2 °C in
both cities, and the diurnal temperature amplitudes increase
to 17 and 15 °C. The average annual rainfall between 2016
and 2018 was 470 and 600 mmy~! in El Alto and La Paz,
respectively. Although not very frequent, precipitation in the
form of snow is possible in El Alto during transition periods.
Moreover, wind patterns in La Paz are constrained by the
north—south topographic features of the river valley. Average
atmospheric pressures at La Paz and El Alto are around 664
and 630 hPa, respectively.

2.2 Sampling sites

Urban background sampling sites were chosen in each city
to obtain representative measurements of the base state of the
air quality. This was not the first campaign that addressed BC
concentrations in La Paz and El Alto. In 2012, a shorter cam-
paign provided the first characterization of BC in this high-
altitude conurbation and its transport towards the CHC-GAW
(Wiedensohler et al., 2018). The results of the short cam-
paign provided insight into the present long-term campaign,
and the same urban background sampling site in El Alto was
maintained. In La Paz, the traffic sampling site described
in Wiedensohler et al. (2018) was transferred to a more se-
cluded site for the present study, away from direct vehicu-
lar emissions. The distance between the sampling sites LP—
EA is approximately 8 km, and they are located 17-19 km
from the CHC-GAW global monitoring station (Fig. 1), as
described in Bianchi et al. (2022).

The La Paz measurement site (LP) was installed on
the rooftop of the four-story building of the city’s Mu-
seum Pipiripi (Espacio Interactivo Memoria y Futuro
Pipiripi: 16.5013° S, 68.1259° W; 3600 m a.s.1.). This munic-
ipal building is located on a small hilltop in downtown La
Paz and is approximately 70 and 45 m from the nearest road
(horizontal and vertical distance, respectively). Within a 1 km
radius around the station, the LP site is surrounded by many
busy roads and dense residential areas. However, the imme-
diate surroundings (~ 100 m radius) are covered by green ar-
eas, with a parking lot for municipality buses at the base of
the hill.

The El Alto (EA) station was placed at the ground level of
the El Alto International Airport’s meteorological observa-
tory (16.5100° S, 68.1987° W; 4025 m a.s.l.). The building of
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Figure 1. (a) Geographical location of the sampling sites. (b) The
locations of La Paz (LP) and El Alto (EA) have been enlarged and
positioned with respect to the regional Chacaltaya GAW monitoring
station (CHC-GAW). The color scale represents the altitude above
sea level. ©OpenTopoMap (CC-BY-SA) (Mardoiiez et al., 2023).

the meteorological station is in an area restricted for the gen-
eral public, 250 m away from the airport runway. The shortest
distance to a major road is 500 m, as was described elsewhere
(Wiedensohler et al., 2018; Mardoiiez et al., 2023). The sta-
tion is surrounded by approximately 3.5km? of an empty,
dry, and arid field.

Both urban stations were equipped with anemometers
placed on the rooftops of the buildings where the rest of the
instruments were installed, reporting wind speed and wind
direction at a 15 min time resolution. For El Alto, pressure,
temperature, and relative humidity were measured and pro-
vided by the airport’s air navigation administration (Admin-
istracién de Aeropuertos y Servicios Auxiliares a la Nave-
gacion Aérea, AASANA) with a 1h time resolution and
for La Paz by the National Meteorology and Hydrology
Service (Servicio Nacional de Meteorologia e Hidrologia,
SENAMHI) at a daily time resolution.

2.3 Sampling methods

The measurement campaigns took place between April 2016
and June 2018 with a similar instrumental setup at both urban
background sites (LP and EA). Several simultaneous online
and offline measurements of chemical and physical aerosol
particle properties were continuously performed at both sites
during this period, along with measurements of meteorolog-
ical parameters. In addition, continuous measurements of at-
mospheric parameters have been taken at the CHC-GAW sta-
tion since 2012 (Table 1).

2.3.1 High-volume samplers

High-volume samplers (MCV CAV-A/mb) were used at both
sites to collect aerosol particles on pre-weighed quartz fiber
filters for later analysis; 24 h filter samples were taken ev-
ery 3 to 4d at a flow rate of 30m>h~! using PM;¢ heads
(MCV PM1025UNE) during the first 15 months of sampling
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at both sites. For the second year, the head was replaced with
a PMj 5 inlet (MCV PM1025UNE). Additionally, in La Paz,
a second high-volume sampler was added during the second
year of the campaign to collect samples of particles with
aerodynamic diameters smaller than 10 and 2.5 um. Sam-
pling always started at 09:00 local time. Henceforth, all the
references to time in the present study will be in local time
(UTC—4) at both sites. During the campaign, a total of 422
filters were collected between both sites, which were later
weighed to quantify the PM mass concentrations through
gravimetrical standard procedures (following the EN14907
protocol), conditioning the filters before and after sampling
at 20 °C and the relative humidity (RH) between 30 %-35 %.
The filters were then analyzed for over 180 different chemi-
cal species, including EC, OC (through thermal—optical anal-
ysis (TOA) using a Sunset instrument and the EUSAAR?2
protocol) (Cavalli et al., 2010), and several organic and in-
organic source tracers. A more detailed description of the
methodology and protocols can be found in Mardofiez et
al. (2023). The ambient concentrations obtained from the col-
lected filters were then multiplied by a factor of 1.66 and 1.60
in El Alto and La Paz, respectively, to convert them to stan-
dard temperature and pressure (STP) conditions (T =273K,
P =1013.5hPa).

Weekly PM;q filter samples were also collected at the
summit of Chacaltaya between April 2016 and August 2017,
as described by Moreno et al. (2024). The majority of the col-
lected samples (42 out of 50 samples) were nocturnal sam-
ples (23:00-08:00 or 23:00-09:00), outside the hours when
the station is directly influenced by the metropolitan area.

2.3.2 Single-particle soot photometer

The measurement period in the urban area ended with a 1-
month measurement period where refractory black carbon
(rBC) concentrations were measured in LP and EA with
extended-range single-particle soot photometers (SP2-XR,
Droplet Measurement Technologies). The SP2-XR is a new,
more compact version of the original SP2 instrument (Baum-
gardner et al., 2004; Schwarz et al., 2006). During the same
period, rBC concentrations were also measured at the CHC-
GAW station with an SP2 (SP2 revision C). The SP2 and
SP2-XR provide real-time measurements of rBC mass of in-
dividual particles, based on laser-induced incandescence sig-
nals. In the present study, all the SP2-based instruments were
calibrated with fullerene soot (Baumgardner et al., 2012),
size-selected with a differential mobility analyzer, and with
corresponding masses determined using the effective density
approximation of Gysel et al. (2011). The instrument opera-
tion and data analysis procedures were performed following
Laborde et al. (2012). The LP and EA stations were each
equipped with an SP2-XR unit and the CHC-GAW station
with an SP2-C unit between April and May 2018, from which
hourly rBC mass concentrations were retrieved, and are re-
ported here. A more detailed description of the instruments

https://doi.org/10.5194/acp-24-12055-2024
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Table 1. Summary of the instrumentation placed at each of the stations, the analyzed period, and time resolution. XR refers to the extended-

range version of the SP2 (SP2-XR).

El Alto La Paz CHC-GAW
Aecthalometer AE33 Apr 2016-Sep 2017 X X

(1 min)
Aecthalometer AE31 Jan 2018-Jun 2018 Apr 2016-Jun 2018 Apr 2016-Jun 2018

(5 min)

(5 min)

(5 min)

PM, filter samples

Apr 2016-Jun

2017

Apr 2016-Jun 2018

Apr 2016-Aug 2017

(24h every 3d) (24h every 3d)* (23:00-08:00 for a
week)
PM, 5 filter samples Jun 2017-Jun 2018 Jun 2017-Jun 2018 X
(24h every 3d) (24h every 3d)
Single-particle soot photometer (SP2)  SP2-XR SP2-XR SP2-C

Apr 2018-May
(1h)

2018

Apr 2018-May 2018
(1'h)

Apr 2018-May 2018
(1'h)

Meteorology

Apr 2016-Jun
(1h)

2018

Apr 2016-Jun 2018
(1d)

Apr 2016-Jun 2018
(1h)

* After June 2017, only 25 PM| filter samples were intermittently collected due to technical problems.

and the analysis of the measurements is reserved for a subse-
quent study.

2.3.3 Aethalometers

Aethalometers are filter-based absorption photometers that
measure light attenuation by atmospheric aerosol particles at
seven wavelengths in the visible—near-visible spectrum (370,
470, 520, 590, 660, 880, 950 nm). In this study we made use
of the measurements taken with these instruments to deter-
mine the spectral dependence of light absorption. In addi-
tion, the measurements at 880 nm were used to obtain an es-
timate of the black carbon mass concentration. We followed
the recommendation by Petzold et al. (2013) and use the term
equivalent black carbon (eBC) to emphasize that this is an
operationally defined quantity.

The Aethalometer AE33 (Magee Scientific, Drinovec et
al.,, 2015; tape: Pallflex tetrafluoroethylene (TFE)-coated
glass fiber filter T60A20/M8020) was used at the EA sta-
tion at the minimum 1 min time resolution provided by the
instrument (April 2016-September 2017). Due to technical
problems, the instrument had to be replaced by Aethalome-
ter AE31 (Magee Scientific, Arnott et al., 2005; tape: Pallflex
quartz fiber Q250F) for the end of the campaign (January—
June 2018). The same model, AE31, was operated in La Paz
during the entire campaign at its minimum 5 min time reso-
lution (June 2016—June 2018). Non-dried PM( aerosol par-
ticles were sampled at both sites throughout the campaign,
except for the period from April 2017 to September 2017,
when non-dried whole air was sampled at El Alto station.
The PMjy heads were installed at 2m and 6 m above the
instrument level for LP and EA, respectively. The instru-
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ments were set to report BC concentrations at STP con-
ditions at both urban sites. In addition, the data recorded
between April 2016 and July 2018 by Aethalometer AE31
at CHC-GAW station were downloaded from the EBAS
database (https://ebas-data.nilu.no/Default.aspx, last access:
23 February 2023) and were included in the analysis. The in-
let in CHC-GAW consists of a custom-made, hooded, whole-
air inlet that is heated when ambient relative humidity is
> 90 %, leading to sampling conditions of RH < 40 %.

As for all filter-based instruments, instrumental artifacts
needed to be accounted for in the post-processing data anal-
ysis. Thus, the necessary corrections are then applied to the
non-corrected attenuation coefficients (barn nc) that are pro-
portional to the change in attenuation (ATN) as defined in
Eq. (1):

A ATN,(A) — ATN,_a; (A)

0-100 At M)

barn,NC (M) =

where ATN corresponds to the logarithm of the light in-
tensity ratio reaching the detector after passing through the
loaded filter, compared to the attenuation of the light pass-
ing through a clean portion of the filter; A is the area of the
filter onto which particles are collected (Aag3; = 0.5 cm?;
Aap33 = 0.785 cm?); and Q is the sample flow rate. These
attenuation coefficients can be traced back from the BC
mass concentrations reported by both aethalometer models,
as shown in Egs. (2) and (3):

baTN,NC,AE31 (A) = BCag31 (1) - 0AE31(A) = BCAE31(R)
- Cro,aE31 - MACAE(M), 2
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batN NC,AE33 (A) = BCAE33 (A) - 0AE33 (A)
-(1—=k()-ATN(X)) = BCag33 (1) - Cro,AE33
-MACAE(A)-(1 —k(X)-ATN (L)), 3)

where oag31(A) denotes the mass attenuation coefficients,
also expressed as the product of the default correction
factor for multiple scattering (Crp), which depends on
the model of aethalometer and the filter tape used with it
(in the present study: Cpp ag31 = 2.14, Cro ag33 = 1.57),
as well as on the default mass absorption cross sections
(MAC:s) established by the manufacturer for each of the

seven wavelengths (MACAE 370nm = 18.47 [m?g™'];
MACAE’470 mm = 14.54 [IIl2 g_l]; MACAE,SZO nm =
13.14  [m?g7']; MACaEso0mm = 1158 [m?g7!];
MACAE.660nm = 10.35  [m?g~']; MACAE.8800m = 7.77

[m? g~']; MACAE,950nm =7.19 [m?g~']). In Eq. (3), k
is the loading correction factor reported by the instrument
(Drinovec et al., 2015), which will be described in more
detail below.

The measurements taken with the AE33 photometer ex-
hibited notable noise levels when operated at the minimum
time resolution (1 min). To address this issue, we applied the
noise reduction technique outlined by Backman et al. (2017)
and Springston and Sedlacek (2007), resulting in a signif-
icant reduction in noise while preserving the original tem-
poral resolution. Briefly, the latter studies proposed increas-
ing the period At from the original sampling time resolution
to a higher time interval in Eq. (1). Therefore, baTrn,nc val-
ues were recalculated using a Ar = 30 min for AE33 to effi-
ciently reduce the noise of the data set. This procedure was
only applied to barn, nc measured within the same filter spot;
hence, the At of the first 30 min of every new filter spot was
defined as Ar =t —ty (with 7y being the starting time of each
new filter spot).

As the filter becomes loaded, particles deposited on the fil-
ter may interact with the incoming light beam, increasingly
reducing the amount of light reaching the detector. This ar-
tifact is also known as “loading effect” and needs to be ac-
counted for. The way this correction is performed constitutes
the main difference between models AE31 and AE33. The
Aecthalometer AE33 performs the loading correction online,
thanks to its dual-spot design (Drinovec et al., 2015). In con-
trast, measurements taken with the Aethalometer AE31 need
to be corrected as part of the post-processing data analy-
sis (Virkkula et al., 2015). However, an overcompensation
of the loading effect was observed in the AE33 data output;
therefore, it was not used. Instead, the following correction
scheme proposed by Virkkula et al. (2015) and Drinovec et
al. (2015) was used to correct the data obtained from both
aethalometer models (Eq. 4):

barn,NC(A)

barn(A) = — ,
(1 +EO)-ATN, (x))

“
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where k denotes the monthly loading correction factors, de-
fined as the ratio of the slope over the intercept of the linear
fit of the non-corrected BC mass concentrations (reported by
the instrument) vs. ATN (Drinovec et al., 2015).
Multiwavelength absorption coefficients (baps(A)) are typ-
ically estimated from barn(X) by correcting the latter for the
multiple scattering taking place within the filter fibers or be-
tween the particles deposited and the filter fibers. This is done
by normalizing barn(2) by the multiple-scattering correction
factor (Cr), which depends on the properties of the filter ma-
trix as well as the optical properties of the aerosol population
(Eq. 5). Ct is often considered independent of X, although
that is likely not the case for AE33 (Yus-Diez et al., 2021).

barn(A)

babs )= Cs

®)

Several studies have shown that the default Cyy factors pro-
vided by the manufacturer often underestimate the impact of
multiple scattering happening in the filter matrix for both
models of aethalometers when measuring ambient aerosol
(Yus-Diez et al., 2021; Miiller, 2015; Bernardoni et al., 2021;
Valentini et al., 2020). Thus, a local Cf = 3.08 was estimated
for the AE31 that was operated in the urban stations. This
value resulted from a Deming linear regression of the AE31
hourly attenuation coefficients measured at the CHC-GAW
station and the absorption coefficients measured simultane-
ously by a multi-angle absorption photometer (MAAP) also
operating continuously at the mountain station (Eq. 6; Fig. S1
in the Supplement), forcing the intercept through zero, as de-
termined by previous studies (Valentini et al., 2020; Yus-Diez
et al., 2021; Bernardoni et al., 2021):

baTN, AE31,cHC(637nm) = C Ag31 - 1.05
- babs, MAAP,cHC (637 nm). (6)

The factor 1.05 included in Eq. (6) accounts for the dif-
ference between the measuring wavelength reported by the
MAAP manufacturer (670nm) and the actual wavelength
(637 nm) measured by Miiller et al. (2011). The attenuation
coefficients measured by the AE31 at CHC-GAW and in-
cluded in Eq. (6) were interpolated to MAAP’s wavelength
using the calculated absorption Angstrém exponent (AAE)
corresponding to each data point (mean AAEcHc_gaw =
1.0+0.5). The extrapolation of this calculated Cy factor to the
urban background stations is done under the assumption that
the cross-sensitivity to scattering does not change drastically
between the urban background and the regional background
sites. This is supported by the fact that the same model of
aethalometer using the same filter type was employed at the
three sites and that the single-scattering albedo (SSA) ob-
served in CHC-GAW is on average 0.91 (Fig. S11) and even
lower during the time interval from 10:00 to 16:00. This spe-
cific time frame corresponds to the period in which the CHC-
GAW station is typically under the influence of the urban
PBL, as previously demonstrated by Andrade et al. (2015).
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Systematically higher by, values were observed at EA
compared to LP when different models of aethalometers
were employed, whereas a negligible difference was ob-
served when using the Aethalometer AE31 at both urban
sites. Moreover, no significant differences in the average
concentrations of EC were found among the sites. This in-
dicated that the observed difference was rather associated
with differences between models AE33 and AE31. Since an
absorption reference instrument was not available to assess
the cross-sensitivity to scattering of AE33 at EA, we opted
for a suitable literature Cr factor of 2.78 for AE33, for it
brought the b,ps estimated from both models of aethalometer
closer together. The chosen Cy was reported by Bernardoni
et al. (2021) at an urban background station in Milan dur-
ing winter 2018 using the same type of filter tape as AE33
in the present study (T60A20); however, it is 21 %—40 %
larger than the values reported by Yus-Diez et al. (2021) for
an urban background station in Barcelona using the same
tape. Moreover, the Cr values applied in this study are sig-
nificantly larger than the default values given by the manu-
facturer of 2.14 and 1.57 for AE31 and AE33, respectively.
Therefore, the reported b,ps values in the present study are
smaller than what they would be using the factory default Cy
values. The difference between the b,ps estimated using the
Cr factors selected for each model of aethalometer decreases
to roughly 27 % when comparing similar periods of measure-
ments in EA.

2.4 Intrinsic properties of BC
2.41 Absorption Angstrém exponent (AAE)

The absorption efficiency of particulate matter varies
throughout the visible spectrum of radiation and is deter-
mined by the chemical and physical properties of the aerosol
particles. This wavelength dependency can often be de-
scribed in good approximation by a power law with the
absorption Angstr(jm exponent (AAE) (Moosmiiller et al.,
2011) as an exponent. Orthogonal nonlinear least-squares re-
gressions were used to describe the power-law dependency
of absorption with wavelength, Eq. (7):

babs (M) = a - L AAE, (7

Only wavelengths 2 to 7 (470-950 nm) were used in the re-
gression such that the extreme wavelengths match the pair
used for the BC source apportionment (Sect. 2.5.1). The ob-
tained time series of AAEs displayed the same noisy pattern
as observed in the BC time series prior to the noise reduc-
tion. Therefore, only AAEs corresponding to absorption co-
efficients baps 880 > 2Mm~! were considered in the rest of
the analysis for the urban sites. In the case of CHC-GAW, no
lower cut was applied to the AAE values since average levels
of b,ps were close to the threshold.

Among the major components of PM contributing to the
absorption of visible radiation, AAEs ~ 1 are typically ob-
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served in BC particles coming from vehicular emissions
(Bond et al., 2013). In contrast, brown carbon (BrC, a com-
bustion product containing organic material) has a stronger
absorbance at shorter wavelengths. Hence, a wider range of
AAE values associated with BrC have been observed, 0.9
to 2.2 depending on the type of soil and fuel burned, as
well as on the combustion conditions (Kirchstetter et al.,
2004; Sandradewi et al., 2008; Helin et al., 2021). Finally,
dust particles have also been found to be capable of absorb-
ing visible radiation depending on their chemical composi-
tion. Dust absorbs visible radiation more efficiently at shorter
wavelengths. Therefore, AAE values usually > 2 are associ-
ated with these particles (Bergstrom et al., 2007; Caponi et
al., 2017).

2.4.2 Mass absorption cross section (MAC)

The mass absorption cross section (MAC) is an intrinsic
property of absorbing aerosol particles that describes their
absorption efficiency per unit of mass. This property depends
on wavelength, aerosol type, and particle mixing state and
constitutes the bridge between the optical and physical prop-
erties of absorbing aerosol particles. The MAC, thus, pro-
vides insight into the particle mixing state (which is a func-
tion of aerosol aging) and is defined as follows:
baps (%) [Mm "]

m [pugm—3]
where byps is the absorption coefficient at wavelength A, and
m is the mass concentration of the absorbing particles. In the
present study the MAC coefficients of BC were estimated by
using baps (880 nm) in Eq. (8) (since at 880 nm absorption is
dominated by BC) and the mass concentrations of refractory
BC measured by thermal—optical methods (EC) and by laser-
induced incandescence (rBC). For the complete extent of the
campaign, daily MACgc values were estimated using daily
averaged b,ps (880 nm) in Eq. (8). Similarly, hourly MAC;gc
values were calculated for the period in which the high-time-
resolution rBC was available, using hourly averages of b,ps
(880 nm). For comparability with other studies, the obtained
MAC values were interpolated to other wavelengths typically
reported in the literature (550 and 637 nm) by interpolating
the absorption coefficients through their corresponding ab-
sorption Angstrém exponent.

When independent measurements of BC mass concentra-
tions are not available, Eq. (8) also allows the estimation of
the equivalent BC (eBC) mass concentrations if a represen-
tative MAC.pc is defined. Then, eBC can be understood as
the amount of BC necessary to absorb an equivalent amount
of radiation to the one reported by the estimated byps. When
measuring absorption coefficients using aethalometers, eBC
is typically reported at 880 nm using the default manufacturer
MACAE. 880nm = 7.77 [m? g~ !]. Then, Eq. (8) becomes

. babs(880nm)
MACAE, 880nm

MAC (%) [m2 g*l] — )

eBC ©)
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2.5 Description of methods for performing black carbon
source apportionment

2.5.1 Aethalometer method

Based on the differences in the source-specific AAE, a bi-
linear regression model was proposed by Sandradewi et
al. (2008) in order to determine the contribution of each
source to total absorption. Generally, this technique is used
to apportion the contributions of vehicular emissions and
biomass-burning emissions or dust (Lanz et al., 2008; San-
dradewi et al., 2008; Harrison et al., 2012; Zotter et al.,
2017). This method is also known in the literature as the
“aethalometer method”.

Considering the additive contribution of combustion
sources to absorption at any wavelength described in
Eq. (10),

babs (Ai) = Dabs, TR (Ai) + babs BB (X)), (10

where the subscripts TR and BB represent absorption due to
traffic and biomass burning, respectively, and the power-law
dependence of b,ns wavelength described in Egs. (7), (11),
and (12) can be obtained.

baps, TR (A1) _ (ﬂ)AAETR (11
Daps, TR (A2) A2 '
babs,BB (A1) (ﬂ)_AAEBB (12)
babs,BB (A2) A2 ’

The recombination of Egs. (10), (11), and (12) results in a
two-equation system with four unknowns. However, if the
AAE values of the evaluated sources are known or assumed,
the equation system can be solved. One step further, when
the contributions of each of the sources to total absorption at
Ao are known and converted to eBCtr and eBCgp concentra-
tions with Eq. (9), then the fractional contribution of eBCpp
to total eBC (eBCtor) can be estimated as described by Zot-
ter et al. (2017) if the ratio of MACgg(X2)/ MACTR (A7) is
known or assumed:

eBCgp _ 1 (13)
- MACgg(A2)  babs, TR(A2)
eBCTOT 14 YR Gl i)

In the present study  the assumption  of
MACgB(A2)/MACTR(A2) being ~ 1, proposed by pre-
vious studies and tested by Zotter et al. (2017), was kept.
The pair of wavelengths chosen to apply in this method
to apportion the contribution of local vehicular emissions
(also known as liquid fuel) from the regional agricultural
biomass-burning emissions (also known as solid fuel) was
470 and 950 nm. The representative source-specific AAEs
were chosen as the 5th and 99th percentiles of the frequency
distribution of the hourly averages of the calculated AAEs
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(AAETR = 0.85, AAEgg = 1.57) (Fig. S2 in the Supple-
ment). Given the observed large dispersion of the AAE
values calculated at CHC-GAW, the urban values were
extrapolated to the mountain site for the bilinear source
apportionment of BC.

2.5.2 Multilinear linear regression (MLR) method for
apportionment of light absorption to PM
segregated by sources

One of the limitations of the previously described aethalome-
ter method for source apportioning is that it only allows the
separation of the contributions of two sources of aerosol
particles to light absorption. Given that the contribution to
PM;g of dust and BB increases during the dry season in both
cities (Mardofiez et al., 2023), the aethalometer method can
neither quantify nor separate their influence from the influ-
ence of traffic. Moreover, the result of the source apportion-
ment through the aethalometer model is highly sensitive to
the choice of the representative AAEs. Furthermore, source-
specific AAEs are highly dependent on the conditions under
which combustion takes place and on chemical processing of
the combustion emissions in the atmosphere. Hence, the se-
lection of AAEs needed in the previous method can be some-
what arbitrary, and extrapolating literature values can sig-
nificantly influence the results of the apportionment of BC.
Thus, an alternative method was explored to calculate the
source-specific AAEs, to identify other possible sources of
absorbing aerosol particles, and to verify the results obtained
with the bilinear model.

Mardodiez et al. (2023) used the positive matrix factor-
ization tool (PMF v.5.0) to apportion the major sources of
particulate matter, based on the chemical speciation of the
PM; filter samples collected during the first 15 months of
the campaign at both sites. The complete description of the
factor analysis can be found in the mentioned article. Briefly,
the temporal evolution of 40 chemical species, including PM,
EC, OC, water-soluble ions, metals, and source-specific or-
ganic tracers, and their associated uncertainties were used as
input in the receptor model, following a multisite approach.
A statistically stable solution was found for 11 factors as-
sessed by the bootstrap and displacement methods, follow-
ing the European source apportionment recommendations
described in Belis et al. (2019). The complete description of
the factor analysis can be found in Mardofiez et al. (2023).

In the present study, a multilinear ordinary least-squares
regression (MLR) was performed to attribute the observed
absorption coefficients (buns) to the PMF-resolved sources
of PMjg. A similar approach was followed by Moschos et
al. (2018) to apportion the sources of BrC in a rural and an
urban background site in Switzerland. The calculated b,pg
values at each of the seven wavelengths were used as depen-
dent variables and the PMF-resolved source contributions as
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explanatory variables in Eq. (14):
babs(Mm,1 = (Gm,n X ,B(k)n,l) +e(Mm,15 (14)

where by, denotes the daily averaged absorption coefficients
measured in inverse megameters (Mm~1) (starting at 09:00
to match the filter sampling time), G,, , denotes the STP
mass contributions of the n sources for each of the m filters
(in pgm™3), B denotes the proportionality coefficients that
represent the absorption efficiency of each of the sources (in
m?2 g_l), and ¢ denotes the residuals that account for the dif-
ference between the observed and the modeled baps. The B
coefficients described above, similar to MAC values, mathe-
matically allow one to relate b,ps to the mass of the particles
contained in each of the factors included in the analysis, thus
describing their absorption efficiency as an ensemble of par-
ticles. However, a clear distinction must be made between the
two quantities as they are conceptually different, even though
they share the same units. The MAC values represent an in-
trinsic physical property of a material (BC). Conversely, the
B proportionality coefficients found through the multilinear
regression provide insight into the absorption efficiency per
unit of mass of the collection of particles that constitute each
factor (defined by the chemical profile that defines each fac-
tor), which also includes non-absorbing material. To avoid
further confusion, the symbol 8 will be maintained when de-
scribing the absorption efficiency of the factors in the source
apportionment of byps.

The uncertainties of the coefficients 8 obtained by the
MLR were estimated by bootstrapping the solutions 500
times and randomly selecting 70 % of the data points each
time to account for possible influence of extreme events. The
median values of the estimated § coefficients were then used
to calculate the wavelength-dependent contributions to bypg
of the individual sources. Finally, the source-specific AAEs
were calculated using the power-law nonlinear regression of
the source-specific MAC(A) values obtained with respect to
wavelength (Eq. 7).

Since the PMF analysis performed in Mardofiez et
al. (2023) was done following a multisite approach, we chose
to perform a multisite MLR in order to increase the number
of data points included in the deconvolution. The hypothesis
is therefore that BC presents the same optical properties at
the two sites. Nevertheless, the contribution of each source
to the measured mass of BC will be presented separately
per site.

3 Results

3.1 Observed BC concentration levels and variability

Table 2 displays the mean STP concentrations of eBC and
EC measured in La Paz (LP), in El Alto (EA), and at the
Chacaltaya mountain station (CHC-GAW). EC concentra-
tions were similar at both urban sites (ECpmig—rp: 2.1 £
1.2 ug m*3, ECpmio—ga: 2.4+1.1 ug m*3; ECpm2.5—1p:
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1.5+09pg m—3, ECpmas—pa: 1.6+0.8 ug m’3), whereas
nocturnal EC concentrations in CHC-GAW were signif-
icantly lower (0.0740.07 ugm~>). eBC mass concentra-
tions were consistently lower than EC in La Paz and El
Alto (eBCrp: 1.1+ 1.2pugm™3, eBCga: 1.6+ 1.7pugm™)
but higher compared to EC in CHC-GAW (eBCcuc—_caw:
0.2+0.3ugm™3). This implies that the MACAE 8gonm ap-
plied to derive eBC was too high for La Paz and El Alto
and too low for Chacaltaya, when considering EC as the
ground truth for BC mass, a finding confirmed in Sect. 3.2.
Although the urban background eBC mass concentrations do
not stand out as alarming, these concentrations can rapidly
increase closer to the main roads, as observed by Maduefio
et al. (2020).

The CHC-GAW station is often influenced by urban emis-
sions from LP and EA, as previously reported by Andrade et
al. (2015) and Wiedensohler et al. (2018). These emissions
get rapidly diluted on their way to CHC and arrive to the sta-
tion with a lag of nearly 3h as a result of the diurnal PBL
evolution above the Altiplano of the metropolitan area. The
average concentrations of eBC measured at CHC-GAW are
12 %—15 % of what is measured in the cities. However, dur-
ing the hours when CHC-GAW is influenced by the mixing
layer of the metropolitan area (10-16h), the concentrations
in the mountain station are roughly 30 % of what is measured
in the city.

In comparison with the other two high-altitude Latin
American cities where urban background concentrations of
absorbing aerosol particles have been reported, ECstp con-
centrations measured in La Paz and El Alto (PMg) are nearly
two-thirds of those reported in Bogotd (Ramirez et al., 2018).
Compared to Mexico City, the eBC mass concentrations in
LP-EA are 37 %-54 % of the concentrations reported by Per-
alta et al. (2019) for 2016. As the latter study did not provide
information on the temperature and pressure conditions un-
der which the concentrations were measured, these percent-
ages could potentially decrease to approximately 27 %—40 %
if the eBC mass concentrations were reported under ambi-
ent conditions (using an annual mean temperature of 15.7 °C
and a mean atmospheric pressure of 585 mmHg ( 779.9 hPa);
Estrada et al., 2009; Hernandez-Zenteno et al., 2002). Ve-
hicle emissions have been identified as the main source of
EC and eBC in these two metropolitan areas, with vehicle
fleets dominated by gasoline-fueled vehicles, as in La Paz
and El Alto. However, despite the combined population of
the La Paz—El Alto conurbation being more than 4 times
smaller than that reported for Bogota or Mexico City at the
time of the studies, the observed concentrations of eBC and
EC are not proportionally lower. This phenomenon may be
attributed to various factors, including distinctions in popu-
lation density, vehicle fleet density, combustion efficiencies,
the unique topographical features of the cities (notably in La
Paz), and pollutant dispersion efficiencies. However, a com-
prehensive examination of these factors is outside the scope
of the current study.

Atmos. Chem. Phys., 24, 12055-12077, 2024
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Table 2. Annual and seasonal average concentrations of eBC from the aethalometer and EC from TOA in La Paz (LP), El Alto (EA), and
Chacaltaya (CHC-GAW). EC concentrations in CHC-GAW were obtained from weekly nighttime (23-8 h) filters collected between April

2016 and August 2017.
Mean £ SD [ug m~3]
eBC (PM ()" \ EC (PM) EC (PMy 5)
CHC-GAW CHC-GAW

CHC-GAW  (nighttime: El La | (nighttime: El La El La
23-8h) Alto Paz 23-8h) Alto Paz Alto Paz
Annual 02+0.2 0.1+£0.1 16£1.7 1.1£12 | 007£0.07 24+1.1 21+12 | 1.6+08 1.5+0.9
Wet season (Dec—Mar) 0.1+0.2 0.1+0.1 1.0+£08 08409 | 0.04+£0.02 1.6+08 154+0.7 | 1.4+07 12+0.6
Wet-to-dry transition (Apr) 0.1+0.2 0.1+0.1 15+15 08%+10 | 0.04£0.07 26+1.1 25+13 | 1.2+02 1.0+03
Dry season (May—Aug) 02+0.2 0.1+£0.1 19+£20 1.54+1.6 | 0.13£0.09 294+0.8 3.0+12 | 214+08 22+1.1
Dry-to-wet transition (Sep—Nov) 024+0.2 0.1+£01 13£13 09409 | 0.08+£0.07 17£05 1.6+08 | 1.24+0.7 12+0.6

* The PM ) inlet was removed from April to September 2017 in EA, a period in which non-dried whole air was sampled.
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Figure 2. Boxplots describing (a) the seasonal variation and (b) the

difference between working days and weekends of the daily aver-

aged concentrations of eBC in La Paz, El Alto, and Chacaltaya. The

horizontal bar in the box represents the median value, the lower

(upper) hinge represents the 25th (75th) percentile, and the lower

(upper) whiskers represent the smallest (largest) observation greater

(less) than or equal to the lower (upper) hinge minus (plus) 1.5 times
the interquartile range (IQR).

Equivalent black carbon (eBC) mass concentrations in La
Paz and El Alto were strongly influenced by the local mete-
orology. Maximum concentrations are found during the dry
season, and minimum concentrations take place during the
wet season (Fig. 2a). A significant decrease in concentrations
can also be noted during the weekends compared to working
days (Fig. 2b), providing evidence of the presence of anthro-
pogenic sources of BC. Figure 2 also displays an important
difference between the eBC concentrations measured at the
urban sites compared to the mountain station. As can be de-
duced from Table 2, this difference increased by a factor of
2 when EC concentrations of the urban and mountain sites
are compared. This is partly due to the site specificity of the
MAC values, as will be developed in the following sections.
Nevertheless, caution should be made when comparing the
average EC concentrations obtained from the 24 h filter sam-
ples collected at the urban sites and the ones obtained from
the filter samples collected at nighttime at the GAW-CHC
station.

Atmos. Chem. Phys., 24, 12055-12077, 2024

In terms of diurnal variation, a clear bimodal pattern is ob-
served throughout the seasons, which is characteristic of sites
influenced by vehicular emissions (Fig. 3a). This pattern has
already been described by Wiedensohler et al. (2018) in a
shorter temporal scale at EA station (during the transition pe-
riod to the wet season in 2012). A less pronounced bimodal
behavior was observed by the same study at the road site sta-
tion in La Paz installed during the 2012 short campaign.

Maximum concentrations were observed during the morn-
ing rush-hour peak around 08:00 at both sites, followed by a
rapid decrease towards the minimum diurnal concentrations.
This rapid decrease in concentrations results from the effi-
cient ventilation and dilution caused by thermal convection,
advection, and growth of the boundary layer. During the mid-
day minimum, lower concentrations are achieved at EA com-
pared to LP, which could be related to a better ventilation in
El Alto due to the openness of the site compared to the sheer-
sided canyon where the city of La Paz lies. At CHC-GAW,
concentrations only start to increase at 09:00, when the urban
boundary layer has expanded enough to reach the altitude of
the station, peaking between 11:00 and 12:00. After mid-day,
concentrations slowly decrease towards minimum concentra-
tions during the evening.

While the maximum diurnal concentrations of eBC are
similar at EA and LP sites, the magnitude of the evening
peaks constitutes the largest difference in the diurnal vari-
ation of eBC between these two sites. This second mode
is associated with the evening rush-hour vehicular emis-
sions coupled with the re-stratification of the atmosphere
at sunset, when temperature decreases. At EA, the evening
peak reaches almost 60 % of the morning peak’s magni-
tude, whereas at LP the evening peak represents only 40 %
of the morning peak’s concentrations. Furthermore, the sec-
ond mode in La Paz starts to steadily increase around 16:00,
whereas in El Alto it increases more abruptly around 18:00.
This delay in the start of the evening mode is likely linked
to a combination of the earlier sunset in the city of La Paz
compared to El Alto (as a result of the difference in altitude
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Figure 3. Average diurnal variation of eBC concentration at the
three sites during (a) the complete sampling campaign, (b) the dry
season, (c) the wet season, (d) working days, and (e) Sundays. The
shaded areas around the mean values represent the 95 % confidence
interval. Note that the y axes are scaled differently.

and geography) and the delay in El Alto’s evening traffic rush
hour due to the time it takes to commute back from La Paz to
the city of El Alto.

Moreover, the evening mode in La Paz is composed of
two smaller peaks: one occurring around 19:00 and the other
around 23:00. This pattern is more pronounced during the dry
season (austral winter) and is not discernible in El Alto (see
Fig. 3b and d). The first peak of the second mode of eBC av-
erage diurnal concentrations in La Paz seems to correspond
to the evening rush hour; hence, it is not observed on Sun-
days (Fig. 3e). Instead, evening concentrations on Sundays
steadily increase until 23:00 in La Paz. In contrast, during
the wet season (austral summer), the second evening peak is
no longer observable, likely due to the increase in nighttime
temperatures during this period.

A reduction in vehicular traffic (as can be expected during
weekends) and changes in meteorology (higher temperatures
together with wet deposition) are both capable of reducing
the average concentrations by a factor of 2 at all sites. In ad-
dition, the difference in magnitude between the morning and
the evening peak is simultaneously modulated by the emit-
ting sources and the meteorology. When the number of emit-
ting sources is reduced, the difference between the morning
and the evening peak is also reduced by 20 % (Fig. 3c and e).
Finally, the combinations of precipitation and higher temper-
atures makes the evening peak concentrations similar at both
sites, but it also makes the morning peak in El Alto less sym-
metrical. A slight lump with maximum concentrations be-
tween 06:00 and 08:00 can be noted during the wet season in
the average diurnal pattern. This pattern was also observed in
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Figure 4. Scatterplot of daily averaged eBC mass concentrations
vs. PM|q (a) and PM, 5 (b) concentrations at both sites (two out-
liers were excluded from the ordinary least-squares regression dis-
played in the right panel).

Wiedensohler et al. (2018) both for eBC mass concentrations
and particle number concentrations (PNCs).

Wiedensohler et al. (2018) also reported eBC mass con-
centrations at the road site in La Paz as being on average 3 to
over 10 times higher throughout the day than the ones regis-
tered at EA station, with a less pronounced bimodal diurnal
pattern. In the present study, the average concentrations at LP
were not significantly different than at EA, both in concentra-
tions and diurnal variability, except for the difference in the
magnitude of the evening peak. This demonstrates that an in-
crease in the distance between the sampling site and the near-
est road in La Paz, from < 10 m (Wiedensohler et al. 2018)
to ~ 70 m horizontally and 40 m vertically (present study),
is enough to significantly dilute traffic emissions and make
the observations at the LP background station comparable to
the observations at the EA background station. Several pre-
vious studies (e.g., Alas et al., 2022 and Peters et al., 2014),
have described similar rapid decreases in eBC mass concen-
trations between road and urban background sites, as well
as between traffic hotspots and less crowded routes located
within a couple of hundred meters.

When compared to PM concentrations measured from
daily samples collected during the same period, eBC displays
similar trends to PM, with high dispersion around the linear
fit (Fig. 4). At both sites and for both PM ¢ and PM3 5, eBC
represents less than 5 % of the total measured PM. Similar
trends are observed when comparing EC and PM (Fig. S3
in the Supplement), with contributions of roughly 5 % and
6 % to total PMg and PM3 5, respectively. Comparing the
fraction of PM that corresponds to eBC and EC in other
high-altitude cities, we observe that according to Ramirez et
al. (2018b), the contribution of EC to PMj¢ in Bogot4 is al-
most 1.3 times higher (8.2%—-9%) than in La Paz—El Alto.
In contrast, in Mexico City, eBC contributions to PM; 5 re-
ported by Peralta et al. (2019) were almost 5 times higher
than the ones observed in LP-EA (16 %, calculated from av-
erage concentrations of eBC and PM» s).
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Figure 5. Diurnal variation of the hourly median AAE (solid lines)
and hourly average wind speed and wind direction (arrows above
and below the solid lines, the arrowhead points to the direction to
which the wind blows) at both sites during (a) winter and (b) sum-
mer. The shaded area behind the solid curves represents the 25th
and 75th percentiles.

3.2 Intrinsic aerosol and BC properties

The absorption Angstrém exponent (AAE) and the mass
absorption coefficient (MAC) of BC of an aerosol sample
are important aerosol parameters used for characterizing the
source origin of BC, aging effects, and radiation impact.
Here, we compute the variability of both parameters for
the two cities using different methodologies according to
Egs. (7) and (8). We also confronted such results with those
from CHC under the specific conditions of advection from
the metropolitan area, even though, as shown by Aliaga et
al. (2021), air masses reaching CHC are typically a mix of
different air masses.

3.2.1 Aerosol Angstrém Exponent (AAE)

Average AAE coefficients of 1.12+0.2 were found for both La
Paz and El Alto and of 1.0+ 0.3 in CHC-GAW. AAE values
in CHC reach their minimum values during the wet season
and their maximum between July and September, the period
in which the biomass-burning emissions reach their maxi-
mum contribution to the CHC (Moreno et al., 2024). During
the day, lower AAEs are observed in CHC-GAW between
06:00 and 18:00, with a minimum around 10:00, when the ur-
ban mixing layer develops enough to influence the mountain
station and eBC mass concentrations reach their maximum
(Fig. S4).

The diurnal variability of AAE in the urban sites shows
an overall decrease around the morning rush-hour peak to-
wards the minimum values for both sites (Fig. 5). However,
a difference in the evolution of this parameter throughout the
day can be noticed between the sites during winter, the dri-
est season of the year (Fig. 5b). A minor increment in the
average AAE is discernible exclusively in winter at El Alto
spanning from 09:00 to 18:00 (Fig. 5b), a period in which
the average wind direction changes in El Alto from being
mostly easterly/northeasterly to westerly/northwesterly. This
change in the wind direction seems to allow the incursion
of particles with different optical properties coming from
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the Altiplano, e.g., dust. Given that the change in the AAE
during this period of the day takes place when eBC mass
concentrations reach their minimum, no significant impact
in absorption was observed at 880 nm. This will be further
confirmed in Sect. 3.3.2. However, this also reveals that ad-
ditional sources to traffic and biomass burning could poten-
tially have an impact on absorption, and it emphasizes the
limitation of the aethalometer model to address them. Fur-
ther corroborating this phenomenon, in Fig. S5 in the Sup-
plement, winter days are categorized according to their dust
factor influence, which was resolved through the positive
matrix factorization (PMF) technique as described in Mar-
dofiez et al. (2023). Marginally higher AAE values are dis-
cernible during daylight hours on winter days that are char-
acterized by dust factor mass concentrations exceeding the
0.75 percentile threshold (7d in total). This trend also co-
incides with elevated wind speeds and changing wind direc-
tion. Conversely, winter days marked by dust factor contribu-
tions below the 0.25 percentile threshold (10d in total) coin-
cide with non-changing wind patterns and a less pronounced
diurnal variation.

In La Paz, winds are practically bidirectional throughout
the year due to the topography of the city; winds typically
follow the direction of the canyon, blowing mainly from the
south. No change in the AAE diurnal pattern is observed at
this site besides the expected decrease of AAE during day-
time resulting from fresh vehicular emissions.

3.2.2 Mass absorption cross section (MAC)

The comparison of the daily averaged eBC mass concen-
trations to the measured EC concentrations obtained from
the filter samples yielded good Spearman correlations for all
sampling sites (» > 0.7), especially in La Paz (r > 0.9) (Ta-
ble S1 in the Supplement). The fitting parameters obtained
from the least-squares regressions performed for both vari-
ables are very similar for both urban sites and for both size
cuts with slopes between 0.49-0.54 and offsets between 0.15
and 0.32 ugm . In contrast, the weekly averaged eBC mass
concentrations at CHC-GAW were 1.7 times larger than the
EC concentrations measured from the simultaneously col-
lected filter samples, leading to outstandingly high MAC val-
ues (Table 3). As previously mentioned in Sect. 3.1, this
contrast shows that the MACAE ggonm used to calculate eBC
mass concentrations was not representative of the actual op-
tical properties of the sampled aerosol particles; i.e., it over-
estimated the mixing state of the urban aerosol, whereas it
underestimated the mixing state of the aerosol particles sam-
pled in CHC-GAW.

The average ratio of the calculated absorption coefficients
bapbs and EC mass concentration (using a Cy = 2.78 for AE33
and Cr = 3.08 for AE31, resulted in relatively low MACEc
at the urban sites (Table 3). The averages of the daily MACgc
values found at both cities La Paz and El Alto are within
those reported for urban and urban background areas where

https://doi.org/10.5194/acp-24-12055-2024
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Figure 6. (a) Hourly average eBC and (b) daily average EC
mass concentrations vs. rBC concentrations measured during April—
May 2018 at both sites. Color and shape distinguish mass size dis-
tributions of rBC that peaked within (LP: purple triangles and EA:
green circles; corrected) or outside the size range of the SP2-XR
(gray crosses; non-corrected).

the absorbing particles had already undergone some mixing
and/or aging processes (Kondo et al., 2009; You et al., 2016;
Chen et al., 2017; Cui et al., 2016). Despite intense radiation,
the aging process does not appear to be faster at high altitudes
compared to other places. Average MAC;gc values obtained
from the hourly ratios of absorption coefficients over rBC
mass concentrations were similar to the MACgc for EA, but
much higher values were obtained for LP. The latter result
indeed comes from an instrumental limitation. The detection
capability of SP2 outside the size range 80-650 nm is very
limited (Pileci et al., 2021). Thus the rBC mass is typically
underestimated when the rBC mass distribution peaks below
the 80 nm lower detection limit of the SP2-XR. This was the
case for 90 % of samples in La Paz, while in El Alto, rBC
mass distributions were normally monomodal with a peak
around 180-200 nm.

From Table 3 it can be observed that despite the EC and
rBC concentrations having been measured during different
periods of time, with different measuring techniques and dif-
ferent time resolutions, average MACgc and MACpc re-
main consistent in EA and comparable in CHC. Neverthe-
less, the small differences between the calculated values for
the two techniques measuring mass concentrations (which
are found within the levels of uncertainty) could also be influ-
enced by the difference in the sampling period length. There-
fore, caution should be taken not to overinterpret them.

Figure 6 displays the comparison of the simultaneously
integrated mass concentrations of rBC compared to the op-
tically estimated eBC and thermally—optically derived EC
mass concentrations sampled in LP and EA between April
and May 2018. The cases when in LP (purple triangles) and
in El Alto (green circles) the mass size distributions peaked
above the SP2 detection limit (> 80nm) are displayed in
color, which account for the undetected mass of the particles
in the size range outside the detection limit of the instrument
through a lognormal fit of the rBC mass—size distribution.

https://doi.org/10.5194/acp-24-12055-2024
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In gray (crosses) are the cases in LP where the distribution
peaked below 80 nm, which cannot be accurately corrected
for undetected mass. In the latter case, the rBC mass concen-
trations are highly underestimated, accounting for less than
15 % of the mass of absorbing aerosol. Reliable MAC,g¢ co-
efficients can therefore not be calculated for LP due to the
large fraction of the mass missed, and no evident relation
between meteorological parameters and the particle’s aging
state was observed in La Paz that was associated with these
measurements. Nevertheless, this points out to major differ-
ences in the properties of BC between the two sites that will
be further discussed in a subsequent study. In the context of
the present study, we restricted the calculation of MAC;pc to
the cases when the size distribution of rBC peaked within the
detection limit of the SP2-XR (Table 3). Given the low num-
ber of data points that meet this criterion in LP, mean val-
ues of MACpc are strongly influenced by the few extreme
events, resulting in higher MAC;gc values. Median values
are closer to the MACgc and MAC,gc observed at EA (Ta-
ble S2 in the Supplement). No substantial variability in the
MAC;pc values was observed on hourly timescales in EA.
This indicates that the sources of emissions and the pathways
through which they were transported to the EA site were rel-
atively constant throughout the day and throughout the mea-
surement period. Nevertheless, two minima are observed in
the diurnal variation of MACpc at EA, which correspond
to the morning and evening rush-hour peaks (Fig. S6 in the
Supplement). In contrast, the maximum MACgc values ob-
served throughout the day take place in the early morning and
at midday. This provides evidence that fresh BC from traffic
has low MAC, whereas aged BC has somewhat higher MAC,
likely due to an increased degree of internal mixing. The di-
urnal variability in LP is not presented due to low statistical
power.

Table 3 also displays for CHC-GAW the average night-
time MACEgc values calculated for the period between April
2016 and August 2017 (when weekly nighttime PMq fil-
ter samples were collected) and the average MACpc val-
ues calculated for the period between April and May 2018
on an hourly basis during the hours in which the station is
under the influence of the urban boundary layer (10-16h)
and during nighttime (23-8 h). It is possible to observe that
the average (Table 3) and median (Table S2 in the Supple-
ment) MAC values obtained from these two very different
techniques for measuring rBC/EC mass concentrations, dur-
ing different periods of the year and during different peri-
ods of the day, are comparable as highlighted by Fig. 6 and
quantitatively expressed in Table S2. However, they are out-
standingly high compared to other European regional back-
ground stations, which according to Zanatta et al. (2016)
are on average 10.0m? g~!. The reasons behind these very
high MAC values will be further discussed in a subsequent
study. Although relatively high MAC values have been ob-
served in other stations, like Puy de Dome (seasonal average
at637nm: 13.4+1.6-19.9+1.7; Zanatta et al., 2016), instru-

Atmos. Chem. Phys., 24, 12055-12077, 2024



12068

V. Mardoinez-Balderrama et al.: Concentration levels and emission sources

Table 3. Average MACgc and MAC, g calculated following Eq. (8) using EC and rBC mass concentrations measured at the three sampling
sites. The MAC values were extrapolated to other commonly reported wavelengths using the corresponding daily mean AAEs (with average

values of 1.1 £ 0.2 in the urban area and 1.0 £ 0.3 in CHC-GAW).

CHC-GAW? CHC-GAW

nighttime daytime
BC mass A [nm] (23-8h) (10-16h) EA Lpb
EC-PM; MACEgc 550  26.0+11.2 — 90422 74427
+SD [m2 g~ 1] 637 214493 - 77+£19 6.6+24
880 14.8+6.9 — 54413 45417
EC-PM, 5 MACEc 550 - - 93+37 86=+1.8
+SD[m?g™ 1] 637 - - 82431 76+17
880 - - 58+22 51%1.1
SP2-XR MAC,5c® 550 283+85 22.6+49 8.8+23 -
(SP2-CinCHC) +SD[m?g™ 1] 637 244473  195+42 81421 -
880 177453 141430 56+1.2 -

4 MACEc values in CHC-GAW were calculated only during nighttime periods (23:00-08:00) between April 2016 and April, when the
station was outside the direct influence of the urban mixing layer. MAC,g¢ values in CHC-GAW were calculated during the period in
which the station was under the direct influence of the urban mixing layer (10:00-16:00) between April and May 2018. b Median
MAC;p values in La Paz were calculated for the rBC mass concentrations that resulted from rBC mass—size distributions that peaked
above the detection limit of the SP2_XR (i.e., approx. 10 % of the cases) and can be found in Table S2 in the Supplement. ¢ MAC,gc
values for CHC-GAW were extrapolated to 550 and 880 nm with Eq. (7) assuming a constant AAE = 1, which corresponds to the

average AAE in CHC.

mental artifacts in the filter-based measurements, resulting in
very high MAC values, cannot be ruled out.

3.3 Source apportionment methods for spectral
absorption

3.3.1 Aethalometer model

The apportionment of the contribution of vehicular emis-
sions and agricultural biomass-burning emissions to absorp-
tion was calculated following the methodology described in
Sect. 2.5.1. Average contributions attributed to BB emis-
sions present highest values during the BB season (July—
November) and minimum values during the beginning of the
wet season (December—January). The median contribution of
BB to eBC mass concentrations based on the aethalometer
method was estimated to be 29 % at CHC-GAW and 25 % at
the urban sites during the BB season (Fig. 7), and it decreased
to 20 %, 16 %, and 11 % in LP, EA, and CHC-GAW, respec-
tively, outside this period. Extremely low eBC mass con-
centrations measured at the CHC mountain station make the
apportioned BB contributions to eBC widely spread around
the median values in CHC-GAW. Even though the percent-
age contributions are consistent among the three sites dur-
ing the biomass-burning season, the contributions of BB be-
tween December and June appear rather high since outside
the biomass-burning season little to no agricultural burning
of crops is expected. This result is likely biased by the selec-
tion of AAETr and AAEgg, as will be shown in Sect. 3.3.2.
In Fig. S7 in the Supplement, the resulting time series of the
apportioned eBC mass concentrations attributed to biomass-
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burning practices are shown, which display similar seasonal
trends throughout the years at the three sites.

3.3.2 Estimation of source-specific absorption
efficiencies and AAE through multilinear
regression

One of the limitations of the aethalometer bilinear method is
that it only allows the differentiation of two emission sources
with significantly different optical properties, which might
be suited for many cities in OECD countries. However, in
La Paz-El Alto, this assumption does not necessarily hold,
as other sources of BC may be impacting the urban air qual-
ity. Hence, we used the results from Mardofiez et al. (2023),
where an integrated PMF approach was employed and 11 dif-
ferent sources of PM o were identified.

Briefly, out of the 11 resolved sources, dust and the en-
semble of vehicular emissions (traffic 1, traffic 2, lubricant
oil, non-exhaust emissions) were found to be responsible for
almost 50 % of the measured mass concentrations of PMg.
The overall contribution of agricultural BB was ~ 8 % with
maximum contributions between June and September (dur-
ing the biomass-burning season that takes place during the
dry season). Two other factors associated with secondary
aerosol formation (secondary sulfate and secondary nitrate)
were responsible for nearly 15 % of PMjg mass on a yearly
basis. However, the chemical profiles of both secondary fac-
tors evidenced an influence of traffic emissions by the pres-
ence of some species that are tracers for vehicular emissions,
such as EC (in secondary nitrate), OC, and alkanes. This sug-
gested that the gaseous precursors of the tracers for the sec-

https://doi.org/10.5194/acp-24-12055-2024
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Figure 7. Box-and-whisker plot of the daily eBC_BB/eBCtor at
950 nm resulting from the bilinear aethalometer method, displaying
maximum contributions during the biomass-burning season (July—
November). The horizontal bar in each box represents the median
value. The lower (upper) hinge represents the 25th (75th) percentile,
and the lower (upper) whiskers represent the smallest (largest) ob-
servation greater (less) than or equal to the lower (upper) hinge mi-
nus (plus)1.5 times the interquartile range (IQR).

ondary factors (sulfate, nitrate, and ammonium) could be at
least partly co-emitted with primary traffic emissions, and
therefore the PMF is not able to fully separate them. A small
factor in terms of percentage mass contribution was found to
be associated with open waste burning, predominantly in El
Alto between May and August. Finally, the natural sources
of aerosol particles accounted for the remaining ~ 17 % of
PM;o (Mardoiiez et al., 2023).

In the present study, only the sources that contributed pos-
itively and that presented a p value < 0.05 at multiple wave-
lengths were included in Eq. (14) (Sect. 2.5.2) for the anal-
ysis (i.e., biomass burning (BB), secondary nitrate, traffic 1
(TR1), traffic 2 (TR2), waste burning). Although some evi-
dence of the influence of dust was observed in the AAE in
EA, the dust factor was not considered in the source appor-
tionment since the p value for this source was only signif-
icant for the shortest wavelength (370 nm). The natural pri-
mary and secondary factors did not significantly contribute
to absorption and neither did the factors associated with lu-
bricant or non-exhaust emissions.

The regressions displayed correlations R? > 0.78 for all
wavelengths, with a reconstruction > 80 % of the observed
absorption coefficients. The obtained source-specific S co-
efficients (absorption per mass unit of each source) are pre-
sented in Fig. 8. Open waste burning stands out as the most
efficient source in terms of absorption, followed by sources
directly or indirectly linked to traffic (TR1, TR2, secondary
nitrate) and biomass burning.

In terms of their contribution to absorption at 880 nm
(Fig. 9), i.e., source-specific S x mass concentration of the
factor, TR2, waste burning, and secondary nitrate stand out
as the major sources of absorbing aerosols at both sites. It
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Figure 8. Median source-specific mass absorption cross sections
(B) obtained from the multisite MLR between b,pg (880 nm) and
the mass contribution of the five sources of PMy(, resolved by Mar-
dofiez et al. (2023), which significantly contributed to the measured
absorption coefficients. The black error bars represent the 95 % CI
of the median of the 500 bootstrap runs.

is important to highlight that the chemical profile of the sec-
ondary nitrate factor contained 10 %—20 % of the total mea-
sured EC and OC, together with some alkanes. These com-
ponents, tracers of traffic emissions, were not successfully
separated from the tracers of secondary nitrate (ammonium
and nitrate), thus revealing its association to primary vehic-
ular emissions. The chemical profile of the sources included
in the MLR model can be found in Fig. S8 in the Supple-
ment as well as the percentage mean contribution of EC and
OC of each source factor to the mean PM;( concentrations
attributed by the PMF to each factor (Table S3).

Having traffic and traffic-related factors as the major
sources responsible for absorbing aerosol particles is consis-
tent with the results obtained by the aethalometer method and
with the mean AAEs ~ 1 obtained at each site. However, at
EA open waste burning becomes a dominant factor in terms
of absorption, which only comes in at fourth in the source
ranking at LP. As stated by Mardofiez et al. (2023), open
waste burning is not the institutional method for waste man-
agement in the urban areas, for which it is likely that these lo-
cal emissions could originate from punctual sources of waste
burning or from the emissions of industrial and open com-
mercial areas in El Alto. Regional BB comes in as the fifth
source at EA and fourth at LP (tying with TR1 and waste
burning). It is noteworthy that open waste burning repre-
sented less than 5 % of the total PM ;g mass concentrations
at both sites (Mardoiiez et al., 2023); however, it becomes
one of the leading sources contributing to absorption in EA.
Figure S9 in the Supplement displays the absorption contri-
bution of each of the sources at 470 nm in which the ranking
of the sources is maintained for EA, whereas in LP biomass
burning becomes the third most important source in terms of
absorption.

Moreover, Table 4 presents the mean source-specific AAE
calculated, as described in Sect. 2.5.2, including all seven
wavelengths as well as excluding the shortest one (370 nm).
The highest (« 1) AAE using the pair of wavelengths found
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Figure 9. Mean contribution to absorption at a wavelength of
880nm of the five sources of PMy resolved by Mardofiez et
al. (2023) (a: EA, b: LP), who presented a positive contribution
to total absorption and a p value < 0.05 in the multilinear ordinary
least-squares regression.

corresponds to BB, which is at the lower end of the re-
ported literature values, which is well explained by the co-
emitted BrC. However, AAE for BB including 370 nm is
closer to the values recommended by Zotter et al. (2017)
for wood burning. The AAE value obtained excluding the
shortest wavelength confirms the AAEgp selected for the
aethalometer method in Sect. 2.5.1 and is comparable to the
lower end of AAE values found by Rizzo et al. (2011) dur-
ing the BB season in a Brazilian pasture site located in the
Amazon. The remaining sources, influenced by local anthro-
pogenic activities including vehicular emissions and open
waste burning, present an AAE close to 1, corresponding to
freshly emitted, relatively pure BC particles. The uniformity
of AAE among sources, excluding biomass burning (BB),
underscores the limitation of inferring additional source in-
formation through the incorporation of three or more sources
and the consideration of three or more wavelengths in an ad-
vanced aethalometer model. Consequently, there is a neces-
sity for independently constrained source contributions when
estimating aerosol mass.

The presence of EC in the chemical profile of the open
waste burning factor, as described in Mardoiiez et al. (2023),
and the AAE = 1.1-1.2 associated with it suggest that this
source could result from high-temperature combustion pro-
cesses. Furthermore, profile TR2 presents a lower AAE than
TRI1. Given that TR1 and TR2 presented different chemi-
cal profiles in Mardofiez et al. (2023), this difference in the
wavelength dependency of their contributions to absorption
could also give insights into the difference in the nature or the
state of the absorbing aerosol particles emitted by these two
sources. Based on the experiments of Schnaiter et al. (2005),
Liu et al. (2018) have estimated AAE < 1 for aged diesel BC
particles (compact and coated). Other European studies have
also reported low AAE in experiments that involved diesel
buses (accelerating) (Helin et al., 2021) or diesel-dominated
regions (Zotter et al., 2017). Nevertheless, given that the ve-
hicle fleet, the fuel, and the combustion conditions in LP-EA
are different to the ones in the mentioned studies, only an
in situ characterization of the exhaust emissions could un-
veil the identity of each factor. The pairwise source-specific
AAEs calculated following the method used by Zotter et
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Table 4. Source-specific AAEs obtained from the nonlinear regres-
sion of the source-specific mass absorption MAC () cross sections
and wavelength.

AAE AAE

(370-950nm)  (470-950 nm)

Biomass burning 1.75£0.08 1.48£0.03
Traffic 1 1.02£0.05 0.93 £0.06
Traffic 2 0.81£0.03 0.83 £0.04
Secondary nitrate 0.98 £0.01 0.99£0.02
Waste burning 1.17£0.03 1.12£0.05

al. (2017) are displayed in Table S4, showing very similar
results to those in Table 4, except for BB and waste burn-
ing. Waste burning AAEs were slightly lower compared to
the nonlinear least-squares estimates but closer to the values
reported by Zotter et al. (2017).

The time series of the daily contribution of BB to ab-
sorption obtained by the two methods of BC source appor-
tionment, the MLR and aethalometer methods, are presented
in Fig. S10. The apportioned absorption coefficients calcu-
lated with the aethalometer method are clearly higher than
those obtained from the MLR. However, when AAETR in the
aethalometer method is increased to 1 (the average AAE of
the traffic and traffic influenced factors), the apportioned ab-
sorption coefficients attributed to biomass burning obtained
from both methods are brought closer together (Fig. 10). This
change in the predefined AAETR decreased the previously
calculated median contribution of BB to absorption from
29% to 17 % at CHC-GAW and from 25 % to 12 % at the
urban sites during the BB season and resulted in a general
agreement between both absorption apportioning methods at
both sites (except for the maximum contributions obtained
by the aethalometer method at EA in 2016 and in March
2017 in La Paz). These discrepancies could be influenced by
the presence of other confluent sources that have AAE > 1
and an increase of their contributions during the same peri-
ods. Nevertheless, it is possible to observe that the efficiency
of predicting low contributions of BB by the aethalometer
method results in noisy absorption coefficients below 0.

As demonstrated by Virkkula (2021) and Luo et al. (2023,
2024), added uncertainty needs to be considered when in-
terpreting the results of the aethalometer model, since AAE
depends not only on the nature of the absorbing particle but
also on several of its time-evolving microphysical parameters
such as the mean core diameter, morphology, mixing state,
coating thickness, and coating material. Since the aethalome-
ter method heavily relies on the wavelength dependency of
absorption, the variations of AAE due to the mentioned fac-
tors have been shown to result in artificial positive and neg-
ative contributions of biomass burning (BB, also known as
solid fuel combustion), even when no brown carbon (BrC)
is present. In the present study, the AAETr and AAEgp
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Figure 10. Time series of the contribution of agricultural biomass
burning to the absorption coefficients at 950 nm measured at the
two urban background sites (LP and EA) using two different ap-
portioning methods: the aethalometer method (black lines, using
AAETR =1 and AAERp = 1.5, percentiles (1,99)) and MLR de-
convolution from the mass contribution of PMjq sources resolved
by Mardoiiez et al. (2023) (colored lines).

values used for the application of the aethalometer method
(0.85 and 1.57, respectively) were selected based on the fre-
quency distribution of AAE. This meant using an AAETR
lower than what is typically used in the literature. As mod-
eled by Virkkula (2021) and Luo et al. (2023), AAE <1 are
typically associated with compact BC particles that changed
their original aggregate morphology due to the coating of
other materials onto their surface, which might not be rep-
resentative of the main population of BC in the urban sites.
Using these values of AAEs resulted in higher contributions
of BB to absorption than those obtained from the second
method of absorption source apportionment presented in the
present study. These contributions remained > 0 even outside
the biomass-burning season and during the wet season, when
traffic emissions are expected to be the main source of ab-
sorbing aerosol. Similarly, an incorrect attribution to BB was
observed by Virkkula (2021) and Luo et al. (2023). In the lat-
ter studies, the fraction attributed to BB was slightly higher
when using the pair of lower AAEs suggested by Zotter et al.
(2017), 0.9 and 1.68, in the presence of non-absorbing ma-
terial coating entirely (Virkkula, 2021) or a fraction (Luo et
al., 2023) of the BC cores. In the present study, when the av-
erage AAE of all the non-BB sources was used to represent
traffic (AAEtr = 1), which also is closer to the mean of the
frequency distribution of AAE, the agreement of both source
apportionment methods improved. However, this change in
AAETR resulted in negative contributions of BB to absorp-
tion on the order of ~5 % during the wet season, a period
in which the removal efficiency of wet deposition is highest
and the presence of other combustion sources is minimum.
This incorrect negative contribution of BB to absorption is in
the range of the uncertainties associated with the application
of the aethalometer method using an AAETr = 1 for freshly
emitted BC found by Luo et al. (2024).

We can conclude that both source apportionment meth-
ods highlight local anthropogenic activities as the main
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sources responsible for the observed absorption, dominated
by sources influenced by primary and secondary vehicular
emissions. Nevertheless, the aethalometer method is sensi-
tive to the assumed values of AAETr and AAEgg. The con-
tributions of coexisting sources with similar optical proper-
ties such as TR1, TR2, and waste burning can be masked in
the two-source aethalometer model, partially leading to an
overestimation of the contribution of BB to total absorption.
In addition, BB is responsible for a small but significant frac-
tion of the observed absorption despite its emitting sources
being located hundreds of kilometers away from the urban
centers on the other side of the Andes. Despite the large con-
tribution of dust to PM mass concentrations, the chemical
and optical properties of dust make its contribution to total
absorption almost insignificant.

4 Conclusions

Long-term records of eBC concentrations and properties in
the high-altitude cities of La Paz (LP) and El Alto (EA) were
documented for first time. The average background concen-
trations of eBC in La Paz (LP) and El Alto (EA) are com-
parable amongst the sites and lower than the concentrations
reported for other high-altitude Latin American megacities.
The different local meteorological conditions make the con-
centrations of eBC in EA much higher during the evening
compared to LP. A factor of 2 of difference in magnitude
can be observed between working and non-working days at
both sites, as well as between the dry and the wet season,
indicating the important role that weekly anthropogenic ac-
tivities and meteorology play in modulating the eBC mass
concentrations. The influence of the conurbation can also be
observed at the global station CHC-GAW, located ~20km
away, showing concentrations that are roughly 35 % of what
is measured simultaneously at the urban area (within the
hours CHC-GAW is influenced by the urban mixing layer,
~10-16h). This illustrates the importance of the export
of BC emissions from the LP-EA conurbation at the re-
gional scale.

Despite the specific conditions of the urban sites, the in-
trinsic optical properties of BC in LP-EA are not fundamen-
tally different than at other urban sites. The MAC values and
the AAE estimated for both cities show that at an urban back-
ground level, eBC mass concentrations are dominated by rel-
atively fresh vehicular emissions that do not undergo drastic
aging processes. Nevertheless, the peaking at low diameters
of the BC mass size distributions in the city of La Paz is a
phenomenon that is not expected at an urban background site
and remains to be further investigated. Despite the presence
of two major sources of (potentially) absorbing aerosols, dust
and BB, the frequency distributions of AAE were narrow and
dominated by traffic-like combustion sources. The relatively
low estimated MACs and the size distributions of BC peaking
below 80 nm raise the question of whether these characteris-
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tics are the result of combustion processes in extreme atmo-
spheric conditions, which remains to be investigated. Better
understanding the combustion processes in high altitudes and
their main sources could help improve and or adjust the lo-
cally existing air quality policies.

MAC values quickly increase in their ~ 20 km journey to
CHC-GAW towards the highest values of MAC reported in
the literature. This observed rapid increase by a factor of ~3
in the estimated MAC values needs to be further studied. If
common patterns are found amongst other regional sites, this
absorption magnification would need to be considered in cli-
mate modeling.

The main sources of absorbing particulate matter in LP—
EA are rather local. Vehicular emissions are the first target to
tackle from an air quality perspective as well as to reduce the
impact these emissions can have on climate. Other sources
contributing to emitting BC are open waste burning (partic-
ularly in EA) and regional agricultural biomass burning hap-
pening in the lowlands across the Andes. Identifying the in-
fluence of open waste burning in absorption is noteworthy
since it occurs in many cities in developing countries: in Bo-
livia and elsewhere. No significant contribution to absorption
from dust was observed in the visible-IR range, despite be-
ing reported by previous studies as one of the main sources
of PMjg in the region.

It was observed that the aethalometer method can over-
estimate the contributions of biomass burning, as predicted
by previous studies, and more so in the presence of a third
source of absorbing aerosol particles, such as open waste
burning. The multilinear regression allowed evaluating and
constraining the results of the aethalometer method. In ad-
dition, it made possible the estimation of the source-specific
MAC values; the source contribution to total absorption; and
the source-specific absorption Angstrém exponent (AAE) of
the sources directly or indirectly associated with vehicular
emissions, biomass burning, and open waste burning. We
consider that this represents a relatively simple methodol-
ogy for evaluating the results of the acthalometer method in
measurement sites where a PMF analysis was performed and
where concurrent influence of multiple sources can be ex-
pected.

Rigorous policies controlling the open waste burning and
the size and/or state of the circulating vehicle fleet are there-
fore imperative to reduce the impact of BC on climate and
on health of the inhabitants of the conurbation. Furthermore,
the detection of ultrafine BC (black carbon) particles with
exceptionally small diameters at an urban background site
is a phenomenon that requires further investigation since it
represents a potentially higher risk of exposure to ultrafine
particles of the local population.

Data availability. Aerosol absorption coefficient (lev2) data
from the filter-based absorption photometer MAAP are avail-
able through the WMO/GAW WDCA monitoring database
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(EBAS) currently hosted at the Norwegian Institute for Air Re-
search (NILU): https://ebas-data.nilu.no/DataSets.aspx?projects=
GAW-WDCA&fromDate=2016-04-01&toDate=2018-07-31&
nations=BO068BOL (WDCA, 2023). Aerosol absorption coef-
ficient (lev2) data from the filter-based absorption photometer
AE31 are available through the WMO/GAW WDCA monitoring
database (EBAS) currently hosted at the Norwegian Institute
for Air Research (NILU): https://ebas-data.nilu.no/DataSets.
aspx?projects=GAW-WDCA&fromDate=2016-04-01&toDate=
2018-07-31&nations=BO068BOL (WDCA, 2023). Elemental
carbon (EC) concentration data from the high-volume PM|g and
PMj s filter samples are available through the WMO/GAW WDCA
monitoring database (EBAS) currently hosted at the Norwegian
Institute for Air Research (NILU): https://ebas-data.nilu.no/
DataSets.aspx ?projects=GAW-WDCA&fromDate=2016-04-01&
toDate=2018-07-31&nations=BO068BOL (WDCA, 2024). The
black carbon (BC), refractory BC, EC concentrations, and mete-
orological datasets for La Paz and El Alto, as well as the PMF
source apportionment datasets, are available upon request to the
corresponding author.

Code availability. All calculations were performed in R version
4.3.2, and the code is available upon request.

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/acp-24-12055-2024-supplement.
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