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Abstract. We present the variability of aerosol particle optical properties measured at the global Atmosphere
Watch (GAW) station Chacaltaya (5240 m a.s.l.). The in-situ mountain site is ideally located to study regional
impacts of the densely populated urban area of La Paz/El Alto, and the intensive activity in the Amazonian basin.
Four year measurements allow to study aerosol particle properties for distinct atmospheric conditions as stable and
turbulent layers, different airmass origins, as well as for wet and dry seasons, including biomass-burning
influenced periods. The absorption, scattering and extinction coefficients (median annual values of 0.74, 12.14
and 12.96 Mm respectively) show a clear seasonal variation with low values during the wet season (0.57, 7.94
and 8.68 Mm* respectively) and higher values during the dry season (0.80, 11.23 and 14.51 Mm'* respectively).
These parameters also show a pronounced diurnal variation (maximum during daytime, minimum during
nighttime, as a result of the dynamic and convective effects of leading to lower atmospheric layers reaching the
site during daytime. Retrieved intensive optical properties are significantly different from one season to the other,
showing the influence of different sources of aerosols according to the season. Both intensive and extensive optical
properties of aerosols were found to be different among the different atmospheric layers. The particle light
absorption, scattering and extinction coefficients are in average 1.94, 1.49 and 1.55 times higher, respectively, in
the turbulent layer compared to the stable layer. We observe that the difference is highest during the wet season
and lowest during the dry season. Using wavelength dependence of aerosol particle optical properties, we
discriminated contributions from natural (mainly mineral dust) and anthropogenic (mainly biomass-burning and
urban transport or industries) emissions according to seasons and tropospheric layers. The main sources
influencing measurements at CHC are arising from the urban area of La Paz/El Alto, and regional biomass-burning
from the Amazonian basin. Results show a 28% to 80% increase of the extinction coefficients during the biomass-
burning season with respect to the dry season, which is observed in both tropospheric layers. From this analyze,
long-term observations at CHC provides the first direct evidence of the impact of emissions in the Amazonian
basin on atmospheric optical properties far away from their sources, all the way to the stable layer.
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Introduction:

Natural and anthropogenic aerosol particle emissions significantly influence the global and regional climate by
absorbing and scattering the solar radiation (Charlson et al., 1992; Boucher et al., 2013; Kuniyal et Guleria 2018).
Global-scale estimates of aerosol radiative forcing are still highly uncertain. Regional and local scale radiative
forcing estimates show large variabilities, reflecting the dependence on highly variable factors such as the ground
albedo, aerosol particle loadings, as well as the nature and localization of the aerosol particle in the atmosphere.
While aerosol particles have a net cooling effect at a global-scale (-0.35 W.m, Myrhe et al., 2013), the sign of
local direct radiative forcing is determined by a balance between cooling by most aerosol species (sulfates, nitrates,
organic aerosols and secondary organic aerosols), and warming by black carbon (BC) that absorbs solar radiation
(Myhre et al., 2013).

The major sources of BC particles are biomass-burning and incomplete fuel combustion. The Amazonian Basin
accounts for approximatively fifty percent of the global tropical forest area and shrink more than 2% every year,
which makes it the one of the most important source of BC particles. However, long term measurements at high
altitude are still poorly documented in this region. Some observations of regional aerosol burden show the intense
emission sources for both primary and secondary aerosol particle and their local impacts. Martin et al. (2010)
report evidence of natural and anthropogenic emissions in this region with clear seasonal variations of atmospheric
particle concentrations close to the surface. Artaxo et al. (2013) retrieved from a sampling location close to nearby
recurrent fires (close to Porto Velho) concentrations of biomass particles 10 times higher during the dry period
than during wet period. The authors also report that the particles concentrations at this site are 5 times higher than
at a remote site in the same area, and both sites show a clear seasonal variation.

In addition to the aforementioned studies on the aerosol burdens, several other studies show important
modifications of the atmospheric optical properties during biomass-burning (BB) episodes, in the Amazonian basin
and in la Plata basin at the end of the dry season (August - September). Husar et al. (2000) have reported extinction
coefficients in the Amazon basin at four different altitude stations during the BB period. The study reports a spatial
pattern of the extinction coefficient between 100 and 200 Mm* over the Amazon Basin. However, extinction
coefficient values can reach 600 Mm™ at Sucre station (2903 m above sea level, hereafter abbreviated as “a.s.l.”),
1000 Mm'* at Vallegrande (1998m a.s.l.) and 2000 Mm'* at Camiri (792 m a.s.l.) during BB period. At “Fazenda
Nossa Senhora Aparecida” (FNSA) station in Brazil (770 m a.s.l.), Chand et al. (2006) report the absorption and
scattering coefficients reaching 70 Mm™ (at 532 nm) and 1435 Mm (at 545 nm) respectively during large-scale
BB events (PM2.5 > 225ug.m?) from ground-based measurements. This significant difference is due to the
proximity to BB sources for FNSA station and its very low altitude.

Only a few studies report BC transport through different atmospheric layers. During the Large-Scale Biosphere-
Atmosphere Experiment in Amazonia (LBA, in March 1998), Krejci et al. (2003) retrieved particle concentrations
in the free Tropospheric Layer (above 4 km a.s.l.), 2 and 15 times higher than in the boundary layer, due to new
particle formation in BB plumes. From airborne LIDAR measurements during SAMBBA, Marenco et al. (2016)
have also observed high particle concentrations at high altitude (between 1 to 6 km). Their work highlight long
range transport of biomass-burning plumes with lifetimes of several weeks. Chand et al. (2006) also demonstrate
increasing particle scattering with altitude, partly explained by particle coagulation and condensation of gases
during transport. Bourgeois et al. (2015) show from satellite remote sensing measurements (Cloud-Aerosol Lidar
with Orthogonal Polarization, CALIOP), that BB particles originating from the Amazonian Basin reach the altitude
of 5 km a.s.l. Contrary to Krejci et al. (2003) and Chand et al. (2006), they show a constant decrease of aerosol
particle extinction with altitude, at a rate of 20 Mm™ per kilometer of altitude. Hamburger et al. (2013) present
long term (3 years) ground-based measurements at Pico Espejo (4765 m a.s.l.), Venezuela. They show the
influences of the local Venezuelan savannah and of the Amazonian basin biomass Burning emissions, mainly
during the dry period, and into the whole Tropospheric layer.

A challenging part is to separate the contributions of different aerosol sources from retrieved optical properties.
For example, the single scattering albedo (SSA) is closely related to the particle size, and determines the magnitude
of the aerosol radiative forcing (Hansen et al., 1997). For Tropical BB events, the SSA is around 0.83 at 550 nm
for a fresh plume and increases with time up to 0.87 (Reid et al., 2005). On the other hand, the spectral dependences
of aerosol optical properties, the Angstrém exponents, decrease during the aging process of the smoke. From five
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different campaigns over different continents using AERONET sites, Russel et al. (2010) work permits to define
thresholds on the absorption and scattering Angstrom exponents (respectively AAE and SAE) for urban pollution,
BB and dust particles. They associated urban pollution particles to AAE close to 1, whereas BB particles to AAE
close to 2. In addition, SAE values are close to 1 for Dust particles and close to 2 for urban particles. Similar results
are observed from Clarke et al. (2007) work, based on in-situ airborne measurements over North-America. The
correlation between the single scattering albedo Angstrom exponent (SSAAE) and the concentration of dust allows
to define that air masses with SSAAE values bellow 0 are mainly influenced by dust sources, contrarily to urban
pollution sources that show values above 0 (Collaud Coen et al., 2004). This has also been confirmed from different
AERONET sites in the world (Dubovik et al., 2002).

The present work aims at evaluating the contribution of anthropogenic and natural particle to the global optical
properties of aerosols measured at a high altitude background site at Chacaltaya (Bolivia) over a four-year period
(2012-2015). Monthly and diurnal variations of extensive optical properties (related to particle concentration) and
intensive optical properties (related to particle chemistry) allow as a first step to analyze seasonal variation of both
anthropogenic and natural emissions in this region. Because aerosol particle transported within the atmospheric
layers is still weakly studied, a robust method based on the measurement of the atmospheric stability is applied to
distinguish atmospheric layers (stable and turbulent). In addition, a back-trajectory analysis identifies local and
regional sources that gives impacts to the area in these different atmospheric layers.

1. Site description

The urban area of La Paz/El Alto, extends from approximately 3200 m to more than 4000 m a.s.l. in the Altiplano.
It is a fast growing urban area with a population of 1.7 million, covering a complex topography. In this region,
meteorological conditions are governed by wet and dry seasons. The wet season is from December to March, and
the dry season from May to September. April, October and November are considered as transition periods between
the two main seasons. During August and September, agricultural practices in the Yungas and Zongo Valleys
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Figure 1: Topographic situation of La Paz and Chacaltaya region,
Bolivia. The urban area of La Paz-El Alto (marked as white shading)
lies in the Altiplano high-plateau.
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(closest valleys to the La Paz plateau and the Amazonian Basin) and the Amazon basins include intense vegetation
burning. In this paper, were therefor define August and September as the biomass-burning (BB) period.

The in-situ measurement site used in this study is the high altitude station of Chacaltaya GAW (Global
Atmospheric Watch) (site code: CHC, and coordinates: 16°21 S, 68°07 W), located at 5.240 m a.s.l., at 17 km
North of La Paz, as shown in Fig. (1). The station continuously measures concentrations of trace gases, and
physical and chemical properties of aerosols since 2011 (Rose et al., 2015).

2. Instrument and methods
2.1. In-situ measurements

Absorption and scattering coefficients of the aerosol were measured in dry conditions (< 40 %) using an
Aethalometer (Magee Scientific AE31) at 7 different wavelengths (370, 470, 520, 590, 660, 880 and 950 nm), a
Multi-Angle Absorption Photometer (MAAP, Thermo Scientific) at 635 nm and an integrated Nephelometer
(Ecotech Aurora 3000) at 3 wavelengths (450, 525 and 635 nm). The Aethalometer measures the rate of change
of optical transmission of the filter on which particles are collected at 5-minute resolution. The reference of the
transmissivity is the part of the same filter without particles (Hansen et al., 1982). Aethalometer measurements
were compensated with the method described by Weingartner et al. (2003). As described by Weingartner et al.
(2003) and reused on Chacaltaya measurements by Rose et al. (2015), the absorption coefficient oaps is retrieved
from BC concentrations measured from the aethalometer. From BC concentrations at every measurement spots,
attenuation coefficients oan at different wavelengths are retrieved as:

Oatn(4) = BC(A) .om (D) ()

with o the mass coefficients given by the instrument’s instructions (The Aethalometer, A.D.A. Hansen, Magee
Scientific Company, Berkley, California, USA).

The absorption coefficient is then calculated with the following equation:

_ Gan(D)
Oabs (’1) - C.R(ﬂ.) (2)
with C = 3.5 a calibration factor assumed constant according wavelengths (GAW Report No. 227),
and R, a calibration factor calculated as:
1 1 1)) — In(10%
RQ) :( _ ) 1(0am (D) — In(10%) ®)
f) In(50%) — In(10%)

where f represents the slope of the curve of R in function of In(a,,,). This factor is adjusted to obtain a median
ratio between the absorption coefficient before and after spot changes close to 1.

Similarly to the Aethalometer, the MAAP measures the radiation transmitted and scattered back from a particle-
loaded fiber filter (Petzold and Schonlinner, 2004). A mass absorption cross-section Qgc = 6.6 m2.g* at 670 nm is
used to determine Black Carbon mass concentrations (mggc) from absorption coefficient (caps) and a wavelength
correction factor of 1.05 was applied according Equ. (4) to obtain caps at 635 nm (Miiller et al., 2011a).

Oaps = 1.05 Mgpe Qppe 4

The nephelometer measures the integrated light scattered by particles. Because the angular integration is only
partial (from 10° to 171°), nephelometer data were corrected for truncation errors, but also for detection limits
according to Miller et al. (2011b). The instrument permits to retrieve aerosol particle scattering coefficients (oscat
from 10° to 171°). However, it has been noticed that the three wavelengths of the Chacaltaya’s nephelometer do
not present equivalent robustness. Indeed, measurements at 635 nm remain unstable during the analyzed period
and are thus not selected for the following results.
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More optical parameters can be retrieved from the combination of these instruments. The extinction coefficient
(0ext) and aerosol particle single scattering albedo (SSA) are calculated according to Equ. (5) and (6). In addition,
the full spectral information of each instrument is fitted by a power-law (Equ. (7) and (8)) and allow to retrieve
aerosol particle Angstrdom exponents such as the scattering Angstrom exponent (SAE) from nephelometer
measurements, the absorption Angstrom exponent (AAE) from aethalometer measurements and the single
scattering albedo Angstrém exponent (SSAAE).

Oext (/1) = Ogps (’1) + Oscat (A) (5)

Tscat (1)

SSA(A) - Oscat (A) + Oabs (A)

(6)

Oaps(A) = baps X ATA4E (]
Oscat(A) = boar X A~54% (8
SSAA) = bggq X A~SSAAE 9)

With baps, bscar and bssa,and AAE, SAE and SSAAE the power-law fit coefficients.

2.2. Method for differentiating stable or turbulent conditions at CHC

As is often the case for a mountain site, CHC is strongly influenced by thermal circulation, developing on a daily
basis on mountain slopes. Depending on the time of the day and the season, the high-altitude site at CHC can
measure the airmass from the mixing layer, the Residual Layer (RL) or the lower Free Troposphere. The mixing
layer height is driven by convective processes related to surface temperature, with higher mixing layer height
during daytime and lower height during nighttime. In addition to the diurnal mixing layer cycle, the complex
topography of the area affects regional circulation by channeling the flow complicating the differentiation between
the mixing layer and free troposphere. To differentiate stable conditions (SL; typically the free Tropospheric layer,
but also RL) from turbulent conditions (TL; typically the mixing layer, but also cloudiness over the station or wind
channelling effects), we used a methodology described in Rose et al. (2017). This method is based on the hourly
averaged value of the standard deviation of the horizontal wind direction (¢ in Eq. 10):

s 95a5)490(30)+ 96 45)+ b (60) (10)
Og(1h) = 2
with
og = sin~1(e)[1.0 + be3] (11)

and b = 2/4/3 -1 =0.1547, & =1 - (542 + C,2), with s, and ¢, the sine and cosine of the 15-minute average wind
direction measurements.

A smoothed threshold is used to separate TL and SL ranges from 12.5° to 18° for the dry season and from 12.5°
to 22.5° for the wet season based on Mitchell (1982)’s recommendations and on BC analyses (Rose et al., 2017).

The standard deviation of horizontal wind direction at CHC highlights the diurnal cycle between stable and
turbulent conditions directly related to temperature and the behavior of the atmospheric boundary layer (ABL).
This influence of the TL at CHC is due to its particular topographical setting, particularly due to its proximity to
the Altiplano plateau (altitude > 3 km, 200 km width near CHC). This high and semiarid plateau receives
significant amounts of solar radiation that heat the surface, producing an expansion of the TL as observed in Lidar
measurements near the station (Wiedensohler et al. 2018).

For clarity, the residual layer is excluded from the dataset in the rest of the paper.
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Figure 2: Standard deviation of the wind direction measured at the high altitude site of Chacaltaya (5240 m a.s.l.) from
the 31%t of May to the 2" of June 2012 at 1-hour resolution. Red points corresponding to turbulent layer (TL) cases,
blue points to stable layer (SL) cases and black points to undefined/interface cases. Time corresponds to the local time.

Figure (2) shows the standard deviation of the horizontal wind direction during a 3-day period (from 31 May 2015
to 2 June 2012) with blue lines representing SL cases and red lines, TL cases. Black spots represent undefined
cases due to a fluctuating classification within the 1-hour time window. This 3-day example shows that SL
conditions are mostly observed in the morning when the convective effect of the previous day is already dissipated
and no convective effect of the current day is present.

Following this classification, the average monthly and diurnal variation of the fraction of SL, TL and undefined
conditions for each season for 4 years of measurements (from 2012 to 2015) were calculated and are represented
in Fig. (3). For each season, SL conditions are dominant before 10:00 (local time) and after 18:00 whereas TL
conditions are mostly observed during daytime. This tendency is mostly observed during the dry season with more
than 60% of TL conditions in daytime and 80% of SL conditions in nighttime. However, monthly variations show
similar tendencies during the full year with around 60% of time in the stable layer (SL conditions in blue).

2.3. ldentification of air mass origins at regional and meso-scales
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The BTs have been grouped into different clusters defined by their similarities in time and space. The Cluster
Analysis method used in this study is described in Borge et al. (2007) and based on the Euclidean geographical
coordinates distance and given time intervals. Slow and fast air masses (defined by the mean wind speed through
the back-trajectory) are analyzed separately to elaborate on short and long-range influences. Using the method
proposed by Borge et al. (2007), a fraction of each cluster is assigned to each BT. Thus, for each cluster, 10% of
the events have been selected when the cluster had the most influence in the air masses arriving at CHC. Figure
(4a) shows seasonal variations of each cluster fraction.

Six clusters have been found around the Chacaltaya station and are shown Fig. (4b). The opacity of each pixel is
proportional to the number of BTs passing through each pixel. Results show that most of the airmasses influencing
the CHC station come from the highlands (Altiplano), the Pacific Ocean, and along the Cordillera Real slopes in
the North of the CHC station. For each cluster, a characteristic geolocation along the path of back-trajectory is
identified, and acronyms are used for clarity:

Cluster 1 (NA): Northern Amazonian Basin / North-East slope of Cordillera Real
Cluster 2 (SA): Southern Amazonian Basin

Cluster 3 (LP): La Paz / El Alto

Cluster 4 (ATL): Altiplano / Titicaca lake

Cluster 5 (APO): Altiplano / Pacific Ocean

Cluster 6 (NES): North-East slope of Cordillera Real

Clusters 1 and 2 (NA and SA respectively) cover the entire East part of air masses, limited by the high wall formed
by the Cordillera Real. These two clusters could be influenced by Amazonian Basin activities, such as BB that is
extremely active from August to September, and biogenic forest emissions. Cluster 3 (LP) seems to be the main
cluster representing local urban emissions, for example transportation, industrial activities, and domestic heating.
Clusters 4 and 5 (ATL and APO) can hoth give information of Altiplano sources (dust, transport, industrial

7
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230  activities, ...) but also humid air masses from Pacific Ocean and the Titicaca lake. Finally, cluster 6 (NES) has
properties close to cluster 1 but with less influence from the Amazonian Basin. All these cluster definitions will
be discussed in this paper in the context of the associated aerosol particle optical properties.

Figure (4a) shows the seasonal influence of the different clusters to CHC measurements. During the dry period,
air masses measured at the CHC station are mainly influenced by North-West BTs (cluster APO), according for

235 more than 60% of the BTs between June and July. During the wet period, the main influence is from the East
(clusters NA and SA) with more than 60% of the BTs between December and April. Finally, LP, ATL and NES
shares about 10% of the BTs throughout the year but with local maximum in August, September and October
respectively.

240 3. Aerosol particle optical properties
3.2. Seasonal and diurnal variations

Monthly median scattering coefficient (oscat), absorption coefficient (caps), extinction coefficient and single
scattering albedo (SSA) from 2012 to 2015 are shown in Fig. (5a) with 25" and 75" percentiles. They are all
interpolated at 500 nm using scattering and absorption Angstrom coefficients (Equ. (7) and (8)). Extinction

245  coefficient and SSA were calculated from Equ. (5) and (6) respectively at 500 nm. Figure (5b) shows monthly
Angstrém exponent values from the same dataset.

The annual median [25" percentile — 75" percentile] absorption coefficient at CHC is 0.74 Mm™ [0.43 — 1.25] at
500 nm. A clear seasonal variation can be observed with low values during the wet season (0.57 Mm? [0.32 —
1.05] between December to March) and higher values during the dry season (0.80 Mm* [0.52— 1.24] between May

250  and July). The highest values are observed from July to November (including the August-September BB period)
with a median absorption coefficient of 1.00 Mm™ [0.64 — 1.70]. Similar seasonal variations are observed for the
scattering coefficient, with a more pronounced increase occurring during the BB period.
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The median scattering coefficient of the entire dataset is 12.14 Mm* [6.55 — 20.17]. Scattering coefficients are
lower during the wet season (7.94 Mm™ [3.45 — 15.00]) than during the dry season (11.23 Mm™ [6.94 — 17.60]),
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and reach a maximum median scattering coefficient of 18.57 Mm™ [11.63 — 28.45] during the BB period.
Regardless of the season, these values are very low in comparison to aerosol particle optical properties at lower
lying stations, as shown by Chand et al. (2006) during the Large Scale Biosphere-Atmosphere Experiment in
Amazonia — Smoke, Aerosols, Clouds, Rainfall and Climate (LBA-SMOCC) campaign at the Fazebda Nossa
Senhora Aparecida (FNA) station (10.76°S, 62.32°W, 315 m.s.l.). Their works show that scattering coefficients
and absorption coefficients reach 1435 Mm™ and 70 Mm'® respectively during important BB periods while remain
at5 Mm and 1 Mm during clean conditions.

The median extinction coefficient at CHC is 12.96 Mm™ [7.07 — 21.62] and follows a seasonal variation that is
very similar to the one of the scattering coefficient. This extinction coefficient range are at least one order of
magnitude lower than other measurements reported during the BB period in the Amazonian Basin (up to 2000
Mm* at Camiri station at 792 m a.s.l., Husar et al., 2000). This is likely due to the altitude at which the CHC
station is located and, but mainly, its distance from the BB sources.

We measured a small seasonal variation of the SSA, with a median value of 0.93 [0.87 — 0.95] during wet season,
0.93 [0.91 — 0.95] during dry season and 0.95 [0.93 — 0.96] during the BB period. These observations are again
different from results reported from measurements performed closer to BB sources in the Amazonian region, with
SSA being higher at CHC than at the source regions. Reid et al. (1998) show that at Cuiaba, Porto VVelho and
Maraba, the SSA was around 0.80 from aircraft measurements during BB episodes. However, the authors report
that the SSA values increase rapidly with time, i.e. from 0,85 to 0,90 in 1 or 2 days in this region (Reid et al., 1998
; Reid et al., 2005). The remote location of the Chacaltaya station thus explain high SSA values observed in the
present study.

Figure (5b) shows the monthly variations of the Angstrom exponents. Even, AAE values are slightly lower than
expected (between 1 and 2 according Russel et al., 2010), variations of AAE and SSAAE values are well correlated
to seasons. Lowest values of AAE are retrieved between December and March (mean AAE value of 0.8) and
highest SSAAE values are retrieved during the same period (around 0.1). A seasonal variation of these intensive
optical parameters shows that different sources of aerosol influence the CHC in different season. While AAE and
SSAAE values show a significant seasonal variability, SAE values are more fluctuating. The highest SAE values
are observed in April and September (up to 2) and persisting low values are seen between June and August. Ealo
et al., (2016) used Angstrom coefficients to address the nature of aerosols. Applying their analysis technique, the
seasonal evolution of AAE, SSAAE and SAE can be interpreted that urban emissions (low AAE values and high
SSAAE and SAE values) contributes in the wet period in the La Paz region (from December to March) whereas
dust particles mostly contribute in the dry and biomass-burning period (from April to November).

Figure (6a) shows the diurnal variations of aerosol particle optical properties averaged over the wet and dry seasons
and BB period, and the diurnal variation of the standard deviation of the wind direction. For extensive optical
parameters, a clear increase is observed starting around 08:00 in local time. This time evolution is observed for all
seasons, as the result of the diurnal variation of the turbulent layer height described in Sect. 2.3. Optically scattering
and absorbing particles emitted at ground level are mixed into the turbulent layer and reach the CHC altitude due
to dynamic and convective effects of the atmosphere during daytime. Indeed, the variation of the atmospheric
dynamics can be observed through the variation of the wind direction with significantly stronger turbulences
between 08:00 and 12:00 and during all seasons.

From the diurnal variations one can also observe that not only the daytime optical properties exhibit pronounced
seasonal variation, but also nighttime coefficients do, being influenced by the SL conditions (Fig. 3). This confirms
that emissions in the region have a clear influence on both TL and SL layers which can be measured at high altitude
stations continuously.

The diurnal variation of the SSA shows a clear decrease at around 11:00, when only TL particles are sampled at
the station, indicating that TL particles are relatively more absorbing compared to SL particles. This observation
can be explained by the local BC emission from traffic (Wiedensohler et al., 2018) and aged BB particles. Values
can reach 0.90 a few hours after exhaust according Reid et al. (2005). Figure (A1) allows to identify these urban
influences of the in-situ measurements at CHC station through the difference of the AAE between workdays and
Sundays.
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Figure (6b) also shows hourly variations of the Angtsrom exponents for the three periods. A diurnal variation is
observed mostly for SSAE values for the wet period, with an increase of more than 50% of SSAAE values during
daytime compared to nighttime. As from extensive optical properties, these observations can be explained by the

arrival of the TL at CHC stations, with more local urban particles reaching the mountain station around 11:00.
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3.3. Aerosol particle optical properties in stable and turbulent layer conditions

Using the method explained in Sect. 2.3, it is possible to characterize SL and TL optical properties separately.
Median optical properties for each atmospheric layer (TL and SL) are presented Fig. (7) for each season (Wet, Dry
and BB).

The optical properties of the particles sampled in the TL are different from the ones sampled in the SL than the
SL, with 1.49 times higher scattering coefficients, 1.94 times higher absorption coefficients, and 1.55 times higher
extinction coefficients. We observe that the difference between TL and SL is highest during the wet season and
lowest during the dry season. Indeed, the mean TL to SL ratio of extinction coefficients is 1.71 during the wet
season, while it is only 1.49 during the dry season, and 1.44 during the BB period. These lower TL to SL ratios
indicate that the SL particles are more influenced by TL intrusions during the dry season and the BB period than
during the wet season.
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These results also show that emissions from the Amazonian basin have important influence on the whole
atmospheric column and at the regional scale. Indeed, both SL and TL layers present higher extinction coefficients
during the BB period than the dry season (around 2 times higher). Same observations can be made for scattering
and absorption coefficients.
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The SSA values do not show a strong contrast between the SL and the TL although lower values are systematically
observed in the TL compared to the SL (0.93, 0.93 and 0.95 during wet, dry and BB seasons respectively in the
SL layer, and 0.92, 0.91 and 0.93 in the TL layer). As discussed by Reid et al. (2005), SL aerosol particles are
aged longer and transported farther than TL particles. The long transport modifies their optical properties to slightly
increase the SSA. However, the small SSA difference between TL and SL indicates that the nature of the aerosol
is actually similar between the TL and SL for a given season. As shown previously, the AAE increases in the dry
and BB seasons, probably due to dust transport and to BB emissions. The contribution of dust is consistent with
the drastic difference in SSAAE between wet season on one side and dry and BB seasons on the other. Not only
SSA values, but also AAE, SAE and SSAAE values show weak TL/SL contrast. This again illustrates that ageing
processes of air masses into the full troposphere which homogenize their properties with time after emission.

3.4. Influences of air mass type on aerosol particle optical properties

The separation of air mass types into clusters allows us to analyze the influence of the different sources surrounding
the station on their aerosol particle optical properties. The seasonal variability of aerosol particle optical properties
may be attributed to a seasonal variability in the air mass types arriving at the station. As shown Fig. (4), air masses
coming from the North-West (Clusters APO) dominates during the dry season, whereas air masses are from the
East of the station. (Cluster NA and SA) plays a major role during the wet season. Figure (8) shows TL and SL

11
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Figure 8: Aerosol particle optical properties from Chacaltaya measurements from 2012 to 2015 at 500 nm
for TL (left bar), and SL (right bar) layers for each cluster and the three periods.

A strong air mass type dependence of the aerosol optical properties is found during the wet season. The highest
extinction coefficients are found within air masses originating from the urban area of La Paz / El Alto (LP in green)
with a median value of 13 Mm-2. This value is significantly larger than other airmasses, which remains at less than
7 Mm, The exceptionally high extinction coefficient can be mainly due to particle emissions from traffic in La
Paz (Wiedensohler et al., 2018), despite the effect of wet deposition during this period. The lowest SSA are
measured during the wet period, mainly within the NA air masses. This may be explained by important heating
activities from the Zongo Valley, on the North-East slope of Cordillera Real at this period. Due to the wet
deposition, aerosol particle life times are significantly decreased and the main part of aerosol particle optical
measurements at CHC is from low altitudes (TL). Indeed, median TL extinction coefficients are from 10% (for
APO) to 200% (for NA) higher than values in the SL.

During the dry season, extensive optical properties are larger than during the wet season for all clusters except for
the cluster from the urban area of La Paz / EI Alto (LP). The extinction coefficients are by more than 50% larger,
with median values around 10 + 2 Mm™. The soar of the extensive optical properties is due to low wet deposition
rate during the dry season that extends aerosol lifetime. The extended aerosol lifetime allows local emissions to
reach the in-situ station.

12
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A further clear increase of all extensive optical properties are observed during the BB period. Extinction
coefficients increase by 42% (LP) to 203% (NA). The cluster analysis shows that BB events impact atmospheric
properties regionally influencing all clusters. However, higher increases are observed for air masses coming from
the East (more than 80% higher for NA, SA, LP and NES) compared to direction from the West (45% to 70%
higher), directly linked to intensive anthropogenic activities in the Amazonian Basin during this period. During
extreme events, average extinction coefficients at CHC measurements can reach 247 Mm-! (for NA), closer to the
observations near BB sources (Husar et al., 2000). A strong influence of BB emissions appears in TL
measurements with extinction values more than 160% higher than during the dry season, but a significant increase
is also observed in the SL measurements (around 110% higher to dry season for North-East air masses).

In addition to the classification of air masses into different clusters, we further classify aerosol particle types from
their optical properties to characterize the influence of the different sources in this region.

Figure (9) shows the correlation of the Angstrém exponents for absorption (AAE), scattering (SAE) and Single
Scattering Albedo (SSAAE), for each season (symbols), each cluster (colors) and each tropospheric layers (filled
marker for the TL and un-filled markers for the SL).

As shown Fig. 5, low AAE values, especially during the wet season, can be explained by the high variability of
aerosol loading from aethalometer measurements. In these conditions, aethalometer calibration may be impacted.
However, AAE variations between season and clusters, especially during the dry season and the BB period, can
be fully analysed.

As observed previously, Fig. (9) demonstrates that the wet season (diamonds) in this region is mainly influenced
by a different source from the wet and the dry season. Thus, the wet season presents positive SSAAE and AAE
close or lower than 0.9, while dry season and BB period present SSAAE close to 0 and AAE higher than 0.9. These
values illustrate that mainly urban emissions drive aerosol particle properties during the wet period, and that mainly
dust emissions drive aerosol particle properties during the dry season and the BB period. Indeed, the large covering
of arid surfaces on the Altiplano (West of the CHC station) presents an important source of dust. This result also
indicates that whatever the air mass type, and the atmospheric layer, ground emissions are influencing the optical
properties of the whole atmospheric column and at a regional scale. In addition to dust emissions, BB period also
demonstrates a significant contribution of BB combustion particles with higher median AAE values than during
the dry season. Except for the NES cluster (West side of the Bolivian cordillera), AAE values are retrieved between
1.1 and 1.3 during BB period and between 0.9 and 1.1 during the dry season.

Even though there are dominant aerosol sources for each season as demonstrated in Fig. (8), the scatter plots of
Angstrém exponents in Fig. (9) provide additional insights into air mass origins. During the dry season, the
scatterplot of AAE and SAE shows an important contribution of urban emissions in addition to the dominant dust
aerosol. For some clusters, characteristics of urban emission is observed with AAE close to 1 and SAE higher than
1.4 for some clusters. During the BB period, a strong TL/SL dependence is seen for La Paz / El Alto air masses
(cluster LP). The AAE value for TL condition indicates urban pollution effects (AAE below 1.1) whereas the AAE
for SL conditions shows an influence of BB emissions (AAE close to 1.3). A similar SL dependence can also be
observed for NA and APO clusters. Because AAE values are powerful tracers to separate urban and BB influences
on aerosol particle optical properties, the TL/SL dependence clearly demonstrates the influence of Amazonian
biomass-burning on Chacaltaya in-situ measurements during the BB period within the SL. Because BB particles
are mainly emittied from the East part of the Bolivian Cordillera, NES air masses are less influenced by these
sources and present the lowest AAE values during the BB period.

13
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Figure 9: Wavelength dependence of optical properties measured at Chacaltaya station for each cluster (colors) and
each season (markers) as parametrized by Angstrém exponents. Diamonds correspond to median values during the
WET period, stars correspond to the DRY period and circles correspond to the BB period.

The distribution of SAE is more spread, and the value depends on layers, clusters and seasons. As analysed
previously, during the BB period and the wet season, LP air masses are less influenced by urban particles in the
TL than in the SL with signifantly lower SAE values in the TL. The opposite is observed from NA air masses.
While the main influence in these two air masses remains from urban emissions, it can be noticed that the lower
part of the atmosphere (TL) in LP air masses are more affected by local dust particles than at the higer part of the
atmosphere (SL). In NA cases, also observed for APO air masses, SL measurements are less influenced by urban
particles due to longer distance between CHC station and urban emissions than in LP cases.

Conclusions

This study reports on the variability of aerosol particle optical properties at a high-altitude site in the Bolivian
cordillera (Chacaltaya, 5240 m a.s.l.). Chacaltaya station is the unique atmospheric observatory in the Andes. The
location of the station allows to sample air masses of different types (urban, biomass-burning and dust particles).
Measurements have been run over a long-term period at a high temporal resolution and a large set of instruments.
The study shows that the Chacatlaya region is characterized by median annual values of absorption, scattering and
extinction coefficients of 0.74, 12.14 and 12.96 Mm! respectively. Results also show the effect of the two main
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seasons, a dry and a wet season, on aerosol particle optical properties characteristic of different source influences.
Diurnal variations are also observed due to high altitude location of the Chacaltaya in-situ station.

The topography of the surrounding region also gives unique opportunities to sample aerosol particle optical
properties within different atmospheric layers. For each season, stable layer (SL) conditions have been identified
in contrast to turbulent layer (TL) conditions using the standard deviation of the wind direction. Even TL is usually
attributed to mixing or residual layers, SL can be undoubtedly attributed to free tropospheric layers.

Every year, from July to November, this region is influenced by important biomass-burning activities at the
regional scale. Results show higher scattering and absorption coefficients during the BB period (44% to 144%
increase compared to the dry season) that can be observed in all tropospheric layers. The present study has hence
demonstrated that BB particles are efficiently transported to the higher part of the troposphere and over long
distances. However, differences of optical properties between different air mass types are less pronounced in the
SL than in the TL, which can be mainly explained by the longer life time of the aerosol particles within the higher
troposphere.

The urban area of La Paz / El Alto contributes significantly to optical properties of the atmosphere due to important
traffic emissions and industries (Wiedensohler et al., 2018). In addition to BB activities, the urban area with 1.7
million inhabitants, located at 17 km south to the station between 3200 and 4000 m a.s.l, was also found to
contribute to the optical characteristics of the aerosol particles sampled at CHC. The lowest single scattering albedo
values (median of 0.85), attributed to incomplete combustion, was observed for back-trajectories from the urban
area of La Paz / El Alto during the wet season, and the same airmass has the highest extinction coefficient during
the wet season. A strong signature of pollution aerosols is also found in air masses originating from the La Paz- El
Alto area, witnessed by the wavelength dependence of the absorption (Angstrém exponent (AAE) both for TL and
SL atmospheric layers.

Finally, the arid plateau of the region has also demonstrated to contribute to the aerosol particle load at the
Chacaltaya station. The wavelength dependence of the single scattering albedo (SSAAE) highlights a dust
influence during the entire dry season. This influence is no longer observed during the wet season due to particle
scavenging and less dust uprising due to wet soils.

The in-situ measurements of the high-altitude station of Chacaltaya provide useful information on the different
aerosol sources in this region in both the TL and SL layers. Thus, they can be used to validate satellite products as
Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) LIDAR measurements of the
vertical aerosol profiles, when chosen at the adequate time of the day. We also found that most aerosol intrinsic
properties were very similar in both layers, thus indicating that those can also be used to validate Moderate
Resolution Imaging Spectroradiometer (MODIS) measurements of columnar aerosol particle optical depth over
the bright region at high elevation.
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Appendix:

Figure Al: Weekly variation of the Aerosol Angstrom Exponent (AAE) for the all dataset from 2012 to 2015.
The medians are represented in addition to their 25" and 75™ percentiles from Sundays to Saturdays.

The weekly variation of the Absorption Angstrom Exponent (AAE) is shown in Fig. (Al) for the four years’
dataset. This representation of in-situ measurements at Chacaltaya station allows to better discriminate
465  anthropogenic influence on the aerosol optical properties.

Net decrease of the AAE is observed for every working day at about 10:00 - with median values of 1.2 in contrast
to around 1.5 in the beginning and the end of the day — whereas Sundays clearly show constant (+0.05) values of
AAE for the all day. These observations show that aerosol concentrations measured on Chacaltaya greatly depends
on the activities in the urbanized area below the station.
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470 Figure (A2) shows comparison of absorption coefficients at 635 nm measured by the aethalometer and the MAAP
at CHC station from 2012 to 2014. Because MAAP measurements can measure the aerosol particle absorption
coefficient with a better accuracy (Saturno et al., 2017), this study validates the correction method by Weingartner
et al. (2003) that is applied to the aethalometer measurements as preconized by ACTRIS (Miiller et al., 2011a ;
Drinovec et al., 2015).
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