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Abstract. This study documents and analyzes a 4-year continuous recordWepresent-the-variabiity of aerosol
optical properties aerosel-particle-optical-properties-measured at the Gglobal Atmosphere Watch (GAW) station
of Chacaltaya (5240 m a.s.l.), in Bolivia. Records of Particle light scattering and particle light absorption
coefficients are used to investigate how the high Andean cordillera is affected by both long-range transport and by
the fast-growing aqqlomeratlon of La Paz [ El Alto, located approxmatelv 20 km away and 1.5 km below the

amQImg site. The in

year aIIows to study t he properties of aerosol partlcle prepe.tﬂesfor d|fferent air-mass eriginastypes, during wet and

dry as-well-as-for-wet-and-dry-seasons, inrchuding-also covers periods with the site affected by biomass-burning
influenced-periodsin the Bolivian lowlands and the Amazonian basin—layers. 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). The record is driven by variability at both seasonal and
diurnal scales. At diurnal scale, all records of intensive and extensive aerosol properties show a pronounced
variation (daytime maximum, nighttime minimum), as a result of the dynamic and convective effects. The particle
light absorption, scattering and extinction coefficients are on average 1.94, 1.49 and 1.55 times higher,
respectively, in the turbulent thermally driven conditions as respect to the more stable condition, due to more
efficient transport from the boundary layer. Retrieved intensive optical properties are significantly different from

one season to the other, reflecting the changing aerosol emission sources of aerosol at larger scale.Fhese
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discriminated contributions from natural (mainly mineral dust) and anthropogenic (mainly biomass-burning and
urban transport or industries) emissions according to seasons and trepespherie-layerslocal circulation. The main
sources influencing measurements at CHC are arising-from the urban area of La Paz/El Alto_in the Altiplano, and
regional biomass-burning from the Amazonian basin. Results show a 28% to 80% increase inef the extinction
coefficients during the biomass-burning season with respect to the dry season, which is observed in both
tropospheric dynamic fayersconditions. From this analysisze, long-term observations at CHC provides the first

direct evidence of the impact of Biomass Burning emissions ofin the Amazonian basin and urban emissions from
La Paz area on atmospheric optical properties to a remote site faraway-from-theirsources-all the way to the stable

layerfree troposphere.

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 variabilityies, 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 sources 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). Between the wet season and the biomass
burning season, Schafer et al. (2008) show an increase of Aerosol Optical Depth by a factor of 10 from AERONET
sites in southern forest region and the Cerrado region and, by a factor of 4 in the northern forest region. Husar et
al. (2000) have reported extinction coefficients_on the integrated visible range (or visibility) in the Amazon basin
at four different altitude stations during the BB period. The study reports a spatial pattern of the extinetion
coefficient-between-visibility 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. Even the study clearly
shows impacts of Amazonian activities at different altitudes and long distances, only few studies report long time
period of aerosol optical properties. 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
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measurements. Fhis-significant-differenceThese extremely high coefficients is-are 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
dependencyes of aerosol optical properties, the Angstrom exponents, decrease during the aging process of the
smoke. From five 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. Their work show BB plumes with AAE values close to 2,1 and polluted plume with AAE close
to 1. The correlation between the single scattering albedo Angstrdm 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).

Aerosol type SAE AAE SSAAE
Dust Closeto 1 Closeto 1 Below O
Urban pollution Close to 2 Closeto1 Higher than 0
Biomass burning Closeto 2,1

Table 1: Expected aerosol type and their optical properties for each cluster
according season and atmospheric stability.

As a summary, Table 1 shows expected Angstrom exponent for dust, urban pollution and Biomass Burning
particles according the different referenced works (Dubovik et al., 2002 ; Collaud Coen et al., 2004 ; Clarke et al.,
2007 ; Russel et al., 2010). This information has to be taken with caution since source influences are expected
homogeneous and have been reported from several regions.

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) are firstly shown.aHew-as-afirststep-to-analyze seasonal
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the-atmeosphericlayers-is-still-weakly-studied;A-a robust method based on the measurement of the atmospheric
stability is then applied to distinguish atmospheric layerconditions (stable and turbulent). ta-additionFinally, a
back-trajectory analysis and optical wavelength dependences are presented to identifyies impacts of local and

regional aerosol 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 c.a. 1.7 million_inhabitants, covering a complex topography. In
this region, meteorological conditions are governed by wet and dry seasons. The wet season spanis 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. Puring-August-and-SeptemberBetween May and October, agricultural
practices in the Yungas and-Zonge-VaHeys-(closest valleys to the La Paz plateau and the Amazonian Basin) and
the Amazon and La Plata basins include intense vegetation burning- (Carmona-Moreno et al. 2005, Giglio et. al
2013). Indeed, the closest region where large areas are affected by biomass burning activities is the Bolivian

Amazonia (Beni, Santa Cruz, north of La Paz departments) located ca. 300 km from the station, north and
eastward from the Andes mountain range. In this paper, were choose to therefer-define August and September as
the biomass-burning (BB) period_because those are the months when the BB activities are more intense in the
aforementioned region.-
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Figure 1: Topographic situation-description of La Paz and Chacaltaya region, and
Bolivia in the lower right panel. The black rectangle on the small panel represents
the-La Paz region. The urban area of La Paz-El Alto (marked as white shading) lies
in the Altiplano high-plateau at around 4000 m a.s.l..

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). In-situ instruments of the station operated behind a Whole Air Inlet equipped
with an automatic dryer (activated above 90% RH). TFhe station continuously measures concentrations of trace
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gases, and physical and chemical properties of aerosols since 2011 (Rose et al., 2015). In the current study, the
full dataset of in-situ optical measurements has been used between January 2012 and December 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._Every 5 minutes, the
spot on the filter band is changed in order to reduce loading effects. The reference of the transmissivity is the part
of the same filter without particles (Hansen et al., 1982). Sensor calibration is performed automatically and an
uncertainty of 5 % on attenuation coefficients is given by the constructor. Aethalometer measurements were
compensated for multi-scattering effects and loading effects (or shadowing effects) with-following the method
described by Weingartner et al. (2003) briefly explained below. As described by Weingartner et al. (2003) and
reused on Chacaltaya measurements by Rose et al. (2015), the absorption coefficient oays is retrieved from BC
concentrations measured from the aethalometer. From BC concentrations at every measurement spots, attenuation
coefficients cam at different wavelengths are retrieved as:

Oaen (1) = BC(A) . om (A) @)

with o the mass coefficients given by the instrument’s instructions (The Aethalometer, A.D.A. Hansen, Magee
Scientific Company, Berkley, California, USA) and based on the Mie theory. o, Strongly depends on the aerosol
type and age (from 5 to 20 m2 g%, Liousse et al., 1993). However, the manufacturer values (14625 nm m? g A1)
have been recently validated in a comparison study between different aethalometer corrections (Collaud Coen et
al., 2010 ; Saturno et al., 2017).-

The absorption coefficient is then calculated with the following equation:

Oatn (’1)
C.R(D)

Oars(A) = 2

with C = 3.5 a calibration factor linked to multiple-scattering and assumed constant according wavelengths (GAW
Report No. 227),

and R, a calibration factor which depends on aerosol loading on the filter and aerosol optical properties, -calculated
as:

) In(0g¢n (1)) — In(10%)

In(50%) — In(10%) ®)

1
R() = (— —1
fD
where f is the filter loading effect compensation parameter and represents the slope of the curve of R asir function
of In(o,:y,)_for a o,,,,_change from 10% to 50% . 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 Schénlinner, 2004). According to Petzold and Schonlinner (2004), uncertainty of
the absorbance is 12%. A mass absorption cross-section Qgsc = 6.6 m?.g? at 670 nm is used to determine
Equivalent Black Carbon mass concentrations (mgg.) from absorption coefficient (caps) and a wavelength
correction factor of 1.05 was applied according Equ. (4) to obtain cans at 635 nm (Muller et al., 2011a) from
measurement at 637 nm.

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
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according to Miiller et al. (2011b). The instrument permits to retrieve aerosol particle scattering coefficients (oscat
from 10° to 171°). The nephelometer instrument is calibrated using CO2 as span gas and frequent zero adjusts
were performed, following the procedure described in Ecotech manual (2009). The uncertainty of the Aurora 3000
is given in the user manual to be 2,5 %. 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.

More optical parameters can be retrieved from the combination of these instruments. The extinction coefficient
(oext) 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 Angstrom exponents such as the scattering Angstrém exponent (SAE) from nephelometer
measurements, the absorption Angstrom exponent (AAE) from aethalometer measurements and the single
scattering albedo Angstrom exponent (SSAAE).

Oext (1) = Oaps (1) + Oscar @) (%)

Oscat (’1)
Oscat (/1) + Oabs (’1)

SSA(A) = (6)

Oaps(A) = bgps X A~44E (7
Oscat (1) = bscar X A7SAE (8)
SSA(A) = bggy X ASSAAE 9

With babs, 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 sites, CHC is strongly influenced by thermal circulation, developeding on a
daily basis on mountain slopes_(Whiteman, 2000). Depending on the time of the day and the season, the CHC
high-altitude site at-CHC-can be influenced measure-theby air-masses from the mixing layer, the rResidual ILayer
{RL) or the lower fFree tFroposphere. 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 mountainous topography of the area affects regienal-local circulation by
channeling the air flow, thus complicating the differentiation between the mixing layer and free troposphere._In
addition, a residual layer can also be present at CHC station during nightime, resulting from low dispersion of the
daytime convection. Because no clear distinctions between the mixing, the free tropospheric, and the residual
layers can be strictly obtained from in-situ measurements only, the present dataset recorded at Chacaltaya station
is separated in terms of stability conditions (turbulent and stable). To differentiate stable conditions (SLSC;
typically the free Tropospheric layer, but also RL) from turbulent conditions (FLTC; 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 (g in Eq. 10)_calculated every 15 minutes:

(10)

2 2 2 2
2 _ 90(15)+96(30)+90(45)+ 96 (60)
O9(1h) = 2

with_og (45 the standard deviation of the horizontal wind direction calculated on the first 15 minutes of every hour,
and og40y_the last 15 minutes of every hour.

0g = sin"1(&)[1.0 + be3] (1)
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and b =24/3-1=0.1547, £ = /1 — (52 + c2)=1—{s>+¢.?)

~with_the averages s, = %Z{-":l sinf;ssand s, = %Z?’zl cosB;e, of N the number of horitontal wind direction (6;)
recorded in 15 minutes. i i i

A smoothed threshold is used to separate FLTC and SLSC 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). Interface cases correspond to unclassified data which mainly show high variability of the standard deviation
between the two categories of dynamic. As described in Rose et al. (2017), the classification depends also on the
oo value in the 4-hour time interval across the time of interest. Interface cases correspond to unclassified data
which mainly show a high variability of the standard deviation between the two categories of dynamic. For clarity,
the interface cases are excluded from the dataset in the rest of the paper.

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 FLTC 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 FLTC as observed in
Lidar measurements near the station (Wiedensohler et al. 2018).
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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 315t of May to the 2" of June 2012 at 1-hour resolution. Red points corresponding to turbulent layer-condition
(TCL) cases, blue points to stable layer-condition (SCL) 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 SESC cases and red lines, FLTC cases. Black spots represent
undefined cases (or interface) due to a fluctuating classification within the 1-hour time window. This 3-day
example shewews that SLSC cenditions-are mostly observed-in-the-merning-_during night when the convective
effect of the previous day is already dissipated and no convective effect of the current day is present.
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Following this classification, the average monthly and diurnal variation of the fraction of SESC, FLTC 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, SESC cenditions-are dominant before 10:00 (local time) and after 18:00
whereas TLTC conditions-are mostly observed during daytime. This tendency is mostly observed during the dry
season with more than 60% of FLTC eenditions-in daytime and 80% of SESC eenditions-in nighttime. However,
monthly variations show similar tendencies during the full year with around 60% of time in the stable
fayercondition (SESC eonditions-in blue).
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2.3. ldentification of air mass origins at regional and meso-scales

HYSPLIT (Hybrid Single Lagrangian Integrate Trajectory, Stein et al., 2015) back-trajectories (BTs) are used in
this study to investigate the aerosol particle transport to the CHC station and their properties as a function of the
air mass origins. Hence, 12-heurs-and-96 hours air mass BTs are calculated every hour from the CHC station during
the four years measurement period (from 2012 to 2015). WRFd04 dataset has been used to generate BTs every
hour, starting at nine locations around the Chacaltaya station (within a square of 2x2 km around the station). This
dataset presents the best topographic resolution for this region with spatial resolution of 1.06x1.06 km, and 28

pressure levels.




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
270  coordinates distance and given time intervals. Figure (4a) shows the trajectory frequency plot. The opacity of each

pixel is Qrogortlonal to the number of BTs Qassmg through each grld cel %lewand—tast—awnasses—(de#ned

mﬂuenees— Clusters are defined by using a two- staqe technrque (based on the non- h|erarch|cal K-means
algorithm). Six clusters have been found around the Chacaltaya station. Hence, a fraction of each cluster is assigned
275 to each BT, and is calculated according the residence time in each cluster and their dlstance from the reference
location (the Chacaltaya station)Usi
assigned-to-each-BT. In order to obtain aerosol optical properties of each cIuster only a part of the back -trajectories
have been selected. One BT is selected if its contribution to one cluster is high enough. Fhus—fFor each cluster,
the first 10% of the events—BTs have been selected by demonstrating the highest contribution to any one
280  clusterwhen-thecluster-had-the-mestinfluence-in-the-air-masses-arriving-at CHC. This firsts 10% of BTs related to

each clusters and their mean paths are shown in Appendix Al.
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-Figure (4ba) shows seasonal variations of each cluster fraction.

- Results show that most of the air-masses mfluencrng

285
the CHC station come from the hlghlands (Altlplano) 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
290 - 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
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- 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 transpertationvehicle emissions, industrial activities, and
domestic heating. Clusters 4 and 5 (ATL and APQO) can both give information of Altiplano sources (dust, transpert;
industrialactivitiesurban emissions, ...) 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_and
close to cluster 4 but with aerosol sources further from CHC station (> 100 km). All these cluster definitions will
be discussed in this paper in the context of the associated aerosol particle optical properties.

Figure (4ba) 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 BFs-(cluster APO), according for
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.

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

Monthly median scattering coefficient (oscat), absorption coefficient (oapns), 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 Angstrém coefficients (Equ. (7) and (8)). Extinction
coefficient and SSA were calculated from Equ. (5) and (6) respectively at 500 nm. Figure (5b) shows monthly
Angstrom exponent values from the same dataset.
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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
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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| Figure 5: Monthly (a) absorption coefficient,scattering

] coefficient, extinction coefficient and single scattering
albedo (all at 500 nm) measured at CHC stations for 4

years, and (b) absorption Angstrom exponent (AAE),
scattering Angstrom exponent (SAE) and single scattering
Angstrom exponent (SSAAE). Solid line corresponds to

14

the median and error bars indicate the range between the

25th and 75th percentiles.

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]),
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 Fazenbda 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-similarto-the-one-of the-seattering-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

Mmt-at-Camiri-station-at 792-m-a.s-—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 Velho 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

11
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; 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 exhibited typical
seasonal variationvatues-are-wel-correlated-to-seasens. 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 SESC eenditiens—(Fig. 3). This
confirms that emissions in the region have a clear influence on both FLTC and SLSC 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 FLTC particles are sampled
at the station, indicating that F=TC particles are relatively more absorbing compared to SESC 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 (A21) 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 FLTC 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 SLSC and F=TC optical properties
separately. Median optical properties for each atmospheric tayercondition (F=TC and SLSC) are presented Fig.
(7) for each season (Wet, Dry and BB).

The optical properties of the particles sampled in the F=TC are different from the ones sampled in the SESC-than
the-Sk, 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 FLTC and SLSC is highest during the wet
season and lowest during the dry season. Indeed, the mean FLTC to SLSC 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
FLTC to SLSC ratios indicate that the SLSC particles are more influenced by FLTC 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 SLSC and FLTC 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 SESC and the FLTC although lower values are
systematically observed in the F=TC compared to the SESC (0.93, 0.93 and 0.95 during wet, dry and BB seasons
respectively in the SESCHayer, and 0.92, 0.91 and 0.93 in the FTCHayer). As discussed by Reid et al. (2005),
SLSC aerosol particles are aged longer and transported farther than LT C particles due to less scavenging effects.
The long transport modifies their optical properties to slightly increase the SSA. However, the small SSA
difference between FLTC and SLSC indicates that the nature of the aerosol is actually similar between the FLTC
and SLSC 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 F=TC/SESC 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 FLTC and
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Figure 8: Aerosol particle optical properties from Chacaltaya measurements from 2012 to 2015 at 500 nm
for TCL (left bar), and SCL (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-. This value is significantly larger than other air-masses, 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 Zenge-ValleyYungas region, on the North-East slope of Cordillera Real at this period. Due to
the wet deposition, aerosol particle life--times are-is significantly decreased and the main part of aerosol particle
optical measurements at CHC is from low altitudes (F£TC). Indeed, median FLTC extinction coefficients are
from 10% (for APO) to 200% (for NA) higher than values in the SESC.

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 / El 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.
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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). -closerto
the-observations-hear-BB-sources{Husaret-al—2000)—A strong influence of BB emissions appears in F=TC
measurements with extinction values more than 160% higher than during the dry season, but a significant increase
is also observed in the SLSC 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
tayerconditions (filled marker for the F=TC and un-filled markers for the SESC).

As shown in Fig. 5 low AAE values, espemally during the Wet season, can be explalned by important reductlon

_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. A
linear relationship between AAE and SSAAE values is observed andFhese-values illustrates 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 layercondition, 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
Angstrom 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 FLTC/SLSC dependence is seen for La Paz / El Alto air
masses (cluster LP). The AAE value for F=TC eendition-indicates urban pollution effects (AAE below 1.1)
whereas the AAE for SLSC eenditions-shows an influence of BB emissions (AAE close to 1.3). A similar SLSC
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 FLTC/SLSC dependence clearly demonstrates
the influence of Amazonian biomass-burning on Chacaltaya in-situ measurements during the BB period within the
SLESC. 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.
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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 layersatmospheric conditions, clusters and
seasons. As-analysed-previoushyln addition to urban influences, during the BB period and the wet season, LP air

475 masses are also affected by dust particles, tess-influenced-by-urban-particles-especially in the FLTC,-than-in-the
SL with signifanth-lower SAE values-in-the-TFL. 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 (FLTC) in LP air masses are more affected by local dust particles than at the higer part of the
atmosphere (SESC). In NA cases, also observed for APO air masses, SESC measurements are less influenced by

480 urban particles due to longer distance between CHC station and urban emissions than in LP cases.

Cluster season SAE AAE SSAAE Aerosol types
NA WET 2,04 (1,42) | 0,58 (0,56) 0,18 (0,15) urban (dust/urban)
DRY 1,91(1,80) | 1,00(1,01) | 0,01 (0,004) urban (dust)
BB 1,92 (1,87) | 1,10 (1,26) 0,03 (0,02) dust/BB (dust/BB)
SA WET 1,2 (1,40) | 0,74 (0,68) 0,11 (0,11) urban (urban)
DRY 1,69 (1,70) | 1,04 (0,96) 0,02 (0,03) dust (dust)
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BB 2,16 (2,02) | 1,23(1,20) | 0,005 (0,01) BB (BB)
LP WET 1,71 (2,09) | 0,86 (0,82) 0,08 (0,10) urban (urban)
DRY 1,64 (1,74) | 1,05 (1,07) 0,02 (-0,01) urban (dust/urban)
BB 1,49 (1,93) | 1,09 (1,29) | -0,02 (-0,02) dust (dust/BB)
ATL WET 1,93 (2,11) | 0,75 (0,65) 0,11 (0,15) urban (urban)
DRY 1,77 (1,94) | 1,00 (1,05) | -0,001 (0,006) dust (dust/urban)
BB 1,80(1,81) | 1,23(1,08) | 0,008 (0,01) dust/BB (urban)
APO WET 2,15(2,04) | 0,84 (0,82) 0,11 (0,10) urban (urban)
DRY 1,39 (1,38) | 1,06 (1,10) | 0,006 (-0,02) dust (dust)
BB 1,56 (1,61) | 1,14 (1,20) | -0,008 (-0,01) dust/BB (dust/BB)
NES WET 2,05(1,67) | 0,72 (0,66) 0,13(0,12) urban (urban)
DRY 1,74 (1,83) | 1,06 (1,09) | -0,008 (0,003) dust/urban (dust)
BB 1,89 (1,80) | 0,95 (1,07) | 0,002 (0,02) dust/urban (urban)

Table 2: Median aerosol Angstrom exponents of turbulent condition (stable condition) for each
cluster and seasons measured at the CHC station and resulting aerosol types.

Table 2 summarizes the median Angstrém exponents measured at the CHC station for turbulent conditions
(stable conditions in parenthesis). According to these values and as discussed above, aerosol types for the
turbulent conditions (and stable conditions in parenthesis) are given.

Conclusions

cordilera—{Chacaklaya,—5240—m—a-s-k)—Chacaltaya station is currently the unique high-altitude atmospheric
observatory in the Andes. The location of the station allows to sample air masses of different types (mainly 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. This study reports on the impact of several aerosol sources in South-
America through the variability of aerosol particle optical properties. Fhe-studyWe shows that the Chacatlaya
Central Andean region (cordillera Real) 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
seasons, a dry and a wet season, on aerosol particle optical properties characteristic of different source influences.
Diurnal variations are also observed due to Atmospheric Boundary Layer dynamics influencing this 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 fayerconditions. For each season, stable fayerconditions (SESC) eenditions
have been identified in contrast to turbulent conditions layer-(FLTC) eonditions-using the standard deviation of
the wind direction. Even FLTC is usually attributed to mixing er—residual-layers, SLSC can be undoubtedly

attributed to free tropospheric layersor residual layers.

Every year, from July to November, this region is influenced by important biomass-burning activities at the
regional scale. The present study clearly demonstrates the regional impacts of these activities. 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 (Stable conditions) and over long distances_(more than
300 km long). However, differences in theef optical properties between different air mass types are less
pronounced in the SESC than in the FLTC, which can be mainly explained by the longer life time of the aerosol
particles within the higher troposphere.

One of the main aerosol sources in the Bolivian plateau is tFhe urban area of La Paz / El Alto. It 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
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km south to the CHC station between 3200 and 4000 m a.s.l, was alse-found to contribute significantly 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 air-mass has the highest extinction coefficient during the wet season.

ThisA strong signature of pollution aerosols is also feund-in-air-masses-originating-fromthe-La-Paz-ElFAko-area;
witnessedhighlighted by the wavelength dependence of the absorption {Angstrém exponent (AAE) both fer-in

FLTC and SESC-atmespheric-layers.

Finally, the arid plateau of the region has also demonstrated regional impact. te-contribute-to-the-aerosol-particle
lead-at-the-Chaealtaya-station—In addition to urban and BB influences, tFhe wavelength dependence of the single

scattering albedo (SSAAE) measured at CHC highlights a main dust influence during the entire dry season_with
SSAAE values close to 0. This influence is no longer observed during the wet season due to particle scavenging
and less dust uprising due to wet soils.

Aerosol type SAE AAE SSAAE
Dust - >0,9 [-0,05; 0,05]

Urban pollution >1,4 <0,9 > 0,05
Biomass burning - >1,1 [-0,05; 0,05]

Table 3: Updated Angstrom exponent values expected for aerosol types at the CHC station.

A new Angtsrom exponent classification can then be defined for measurement at the CHC station and is reported
Table 3. Thresholds are close to the ones proposed by previous works (Dubovik et al., 2002 ; Collaud Coen et al.,
2004 ; Clarke et al., 2007 ; Russel et al., 2010) but adapted to CHC’s instruments and particular atmospheric
conditions.

The in-situ measurements of the high-altitude station of Chacaltaya provide useful information on the different
aerosol sources in this region-in-beth-the Fland-Sktayers. 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 over the whole atmospheric column-ir-beth-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:
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Figure Al: Selected 96-hours back-trajectories for the six clusters obtained from the Borge et al. (2007) method.

The black line corresponds to the main back-trajectory.

For each hour of the period of the study, nine back-trajectories have been used to describe the mean influence at

555 Chacaltaya station. The nine BTs start within a square of 2 km by 2 km around the station. The mean BT has been
calculated from these nine BTs and generated every hour from January 2012 to December 2015. Clusters are
defined according the Borge et al. (2017) methods using a two-stage technique (based on the non-hierarchical K-
means algorithm). The Borge et al. (2007) method allows to attribute to each mean BT a fraction of each cluster
according to their time residence into the cluster and their distance from the CHC station. Hence, BTs are sorted

560 according to their representativeness in each cluster. The first 10% of them are used in the present study and are
reported in Fig. (Al).
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570

Figure A21: Weekly variation of the Aerosol Angstrém Exponent (AAE) for the wholeall dataset from 2012 to
2015. The medians are-represented-in-additionto-and their 25" and 751 percentiles from Sundays to Saturdays
are repsresented.

The weekly variation of the Absorption Angstrém Exponent (AAE) is shown in Fig. (A21) for the four years’
dataset. This representation of in-situ measurements at Chacaltaya station allows ate better discriminattione of
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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Figure A32: Comparison of absorption coefficients measured at 635 nm according
aethalometer and MAAP measurements from the CHC dataset between 2012 and 2014. Black
line corresponds to the 1 to 1 fit.

Figure (A32) 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 (Mdller et al., 2011a ;
Drinovec et al., 2015).
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Authors would like to thank the reviewer for his/her interest in the work and the constructive
suggestions. Corrections allow us to clarify the method used for clustering and highlight the main goals
of the paper.

The atmospheric stability is used as a tracer to differentiate the atmospheric layers. As recommended,
Stable Layer (SC) and Turbulent Layer (TL) are have been replaced by Stable Conditions (SC) and
Turbulent Conditions (TC). This was also requested by other 2 reviewers.

In the following, we provide answers to the reviewer’s comments and list the modifications made in
the manuscript.

This work reviews the optical properties of aerosol sampled in a mainly free tropospheric site in Bolivia
for a period that spans 4 years. The authors have performed a very comprehensive and thorough
analysis of their results categorizing the optical properties of aerosol in the area based on the layer
sampled (FT or PBL), based on source region and on seasons. The manuscript provides a rather
complete picture of the aerosol optical properties of Chacaltaya with the only information missing is
the composition of the measured particles. Even though, it is understood that such information (on
composition) cannot be included in this work, a short summary would be more than welcome. |
recommend that this work is published with only some minor additions which | list below.

Please add a table and summarize in a small paragraph what type of particles (dust,urban, ..etc) are
expected to be sampled in each season, layer and source region based on the types of categorization
performed in this work. This information is available, but scattered throughout the manuscript and if
you compile into one small paragraph the reader will be greatly assisted in understanding your work.

Answer: Three tables have been added to the text which summarize information from the text. The
Table 1 summarizes ranges of Angstrom exponent for the different aerosol types. Table 2 details the
median values of the Angstrém exponent for each cluster, season and atmospheric stability. Table 3,
on the conclusion, suggests a new Angtsréom exponent definition for the different aerosol types.

Modifications:

Aerosol type SAE AAE SSAAE
Dust Closeto 1 Closeto 1 Below 0
Urban pollution Close to 2 Closeto1 Higher than O
Biomass burning Closeto 2,1

Table 1: Expected aerosol type and their optical properties for each cluster according season and
atmospheric stability.



Cluster season SAE AAE SSAAE Aerosol types
NA WET 2,04 (1,42) | 0,58 (0,56) 0,18 (0,15) urban (dust/urban)
DRY 1,91 (1,80) | 1,00(1,01) | 0,01 (0,004) urban (dust)
BB 1,92 (1,87) | 1,10(1,26) 0,03 (0,02) dust/BB (dust/BB)
SA WET 1,2 (1,40) | 0,74 (0,68) 0,11 (0,11) urban (urban)
DRY 1,69 (1,70) | 1,04 (0,96) 0,02 (0,03) dust (dust)
BB 2,16 (2,02) | 1,23 (1,20) | 0,005 (0,01) BB (BB)
LP WET 1,71 (2,09) | 0,86 (0,82) 0,08 (0,10) urban (urban)
DRY 1,64 (1,74) | 1,05 (1,07) 0,02 (-0,01) urban (dust/urban)
BB 1,49 (1,93) | 1,09 (1,29) | -0,02 (-0,02) dust (dust/BB)
ATL WET 1,93 (2,11) | 0,75 (0,65) 0,11 (0,15) urban (urban)
DRY 1,77 (1,94) | 1,00 (1,05) | -0,001 (0,006) dust (dust/urban)
BB 1,80(1,81) | 1,23(1,08) | 0,008 (0,01) dust/BB (urban)
APO WET 2,15(2,04) | 0,84 (0,82) 0,11 (0,10) urban (urban)
DRY 1,39 (1,38) | 1,06 (1,10) | 0,006 (-0,02) dust (dust)
BB 1,56 (1,61) | 1,14 (1,20) | -0,008 (-0,01) dust/BB (dust/BB)
NES WET 2,05 (1,67) | 0,72 (0,66) 0,13 (0,12) urban (urban)
DRY 1,74 (1,83) | 1,06 (1,09) | -0,008 (0,003) dust/urban (dust)
BB 1,89 (1,80) | 0,95 (1,07) | 0,002 (0,02) dust/urban (urban)

Table 2: Median aerosol Angstrém exponents of turbulent condition (stable condition) for each

cluster and seasons measured at the CHC station and resulting aerosol types.

Aerosol type SAE AAE SSAAE
Dust - >0,9 [-0,05 ; 0,05]

Urban pollution >1,4 <0,9 > 0,05
Biomass burning - >1,1 [-0,05; 0,05]

Table 3: Updated Angstrém exponent values expected for aerosol types at the CHC station.

1.127: “As a summary, Table 1 shows expected Angstrém exponent for dust, urban pollution and
Biomass Burning particules according the different referenced works (Dubovik et al., 2002 ; Collaud
Coenetal., 2004 ; Clarke et al., 2007 ; Russel et al., 2010). This information has to be taken with caution
since source influences are expected homogeneous and have been reported from several regions.”

1.482: “Table 2 summarizes the median Angstrom exponents measured at the CHC station for turbulent
conditions (stable conditions in parenthesis). According to these values and as discussed above,
aerosol types for the turbulent conditions (and stable conditions in parenthesis) are given.”

1.525: “A new Angsrtém exponent classification can then be defined for measurement at the CHC
station and is reported Table 3. Thresholds are close to the ones proposed by previous works (Dubovik
et al., 2002 ; Collaud Coen et al., 2004 ; Clarke et al., 2007 ; Russel et al., 2010) but adapted to CHC's
instruments and particular atmospheric conditions.”



The source region analysis performed in this work is puzzling. | am not sure how source regions have
been distinguished. As an example C6 and C4 seem to overlap on Fig 4b. The same holds for source
regions C1 and C2. There is a second graph in the lower left corner of Fig 4b for which | could not find
any explanation. What is this graph about and how it is different than the main one of Figdb? Please
improve the caption of Fig 4 to include all information so that the reader can decipher the plots easily.
Some of the info required to do so are found in the text but definitely the info provided is not enough.
Since you have performed this analysis for 4 years, the individual trajectories for each source region
should be shown in a separate (for each source region) graph in the Appendix. Please also add another
plot showing the average trajectories for each source region on a map. Hysplit has this ability to
produce average trajectories and so other software that are free to use. Personally | would recommend
that the average trajectories graph for each cluster to be included in Fig 4. However it is not mandatory.

Answer: Cluster definition is based on the statistical method described by Borge et al. (2007) now
better described in the text. Hence, the six clusters correspond to the main directions of the BTs as
shown by the map figure 4. C1 and C2 show clear difference between their main origins (less
transparent cells in Figure 4a). About C4 and C6, the difference is much on the distance range from
CHC station which can be seen on the zoom in on the lower left corner. C4 corresponds to shorter
distance (within 100 km) and C6 corresponds to longer distance. Maps of the first 10% BTs of each
cluster and selected for the study are added in the appendix and clearly helps to visualize these
features.

Modifications:

Figure 4 has been improved according RC1 recommendations. Scales have been added and
geographical references improved.

(a) Brazil m Cl (b)
s C2 T
= m C3 0
i m 4 T
Ty mC ‘E
. r ) 5.,
e, @ C6 o
'hi.-_,- :*:‘:ﬁ E rL
-
- | =]
= Eas
- 7]
£ L E
-
Dy
=]
Bolivia
'l # o2
;.:: i
 Paraguay .
W Vann o 2 4 & & 10 12
% L/ " Maonth
Argentina S s _ . .
i | Figure 4: a. Trajectory frequency plot in La Paz region
— e} in Bolivia, with a scale of 500 km and 50 km in the lower
b = 63 61 left corner centered on CHC station. b Monthly
Longitude variation of the percentage of back-trajectories (BTs)

for each cluster.




Appendix Al:

Cluster APO Cluster NES

Figure Al: Selected 96-hours back-trajectories for the six clusters obtained from the Borge et al. (2007) method.
The black line corresponds to the main back-trajectory.

1.554: “For each hour of the period of the study, nine back-trajectories have been used to describe the
mean influence at Chacaltaya station. The nine BTs start within a square of 2 km by 2 km around the
station. The mean BT has been calculated from these nine BTs and generated every hour from January
2012 to December 2015. Clusters are defined according the Borge et al. (2017) method using a two-
stage technique (based on the non-hierarchical K-means algorithm). The Borge et al. (2007) method
allows to attribute to each mean BT a fraction of each cluster according to their time residence into
the cluster and their distance from the CHC station. Hence, BTs are sorted according to their
representativeness in each cluster. The first 10% of them are used in the present study and are
reported in Fig. (A1).”

1.301: “Finally, cluster 6 (NES) has properties close to cluster 1 but with less influence from the
Amazonian Basin and close to cluster 4 but with aerosol sources further from CHC station (> 100 km).”

There is a problem with the term € in Eq 11. Is sa and ca are the sine and cosine of the same angle then
by definition €=0 regardless. This is due to the well known formula of cos26+sin26=1. | suspect a typo.



Answer: s; and ¢, are the average value of sinB@ and cosB in the 15 minutes time interval. As described
in Yamartino et al. (1984), s, # sinBa, ca # cosB, and s.2 + c.2 < 1.

Modifications:

.231: Definition of € has been corrected : “e=+/1 — (s2 + c2) “

1.232: definition of sa and ca have also been corrected : “with the averages s, = Y N . sinf;ands, =

%Z?’:l cos0; of N the number of horitontal wind direction (8i) recorded in 15 minutes.”

In addition if 08 corresponds to the 15 minute average wind direction as stated in Line 179 what is the
6(15), 6(30), 6(45), 8(60) of Eq. 10. | thought they denoted different time intervals. Please spend some
effort to explain further how the classification shown in Fig.2 is performed. In other words explain
further what is discussed in Lines 181 and 182.

Answer: 05(15) corresponds to the squared standard deviation of the horizontal wind direction
calculated every 15 minutes. These quantities are later hourly averaged.

Indeed, atmospheric layer definitions are largely discussed on aerosol and dynamic studies, and
according to the method used, the definitions of the layers are slightly different. In the present study,
because we use atmospheric stability as tracer for atmospheric layers, it is more appropriate to use
the two different regime “stable conditions” and “turbulent conditions”.

Modifications:

In the full document, “layer” has been replaced by “condition” when needed, and SL — TL has been
replaced by SC — TC (Stable and Turbulent Conditions).

[.220: “In addition, a residual layer can also be present at CHC station during nightime, resulting from
low dispersion of the daytime convection. Because no clear distinctions between the mixing, the free
tropospheric, and the residual layers can be strictly obtained from in-situ measurements only, the
present dataset recorded at Chacaltaya station is separated in terms of stability conditions (turbulent
and stable).”

[.227: “This method is based on the hourly averaged value of the standard deviation of the horizontal
wind direction (oe in Eg. 10) calculated every 15 minutes”

1.229: “with og(15) the standard deviation of the horizontal wind direction calculated on the first 15
minutes of every hour, and og(so) the last 15 minutes of every hour.”

[.237: “As described in Rose et al. (2017), the classification depends also on the og value in the 4-hour
time interval across the time of interest. Interface cases correspond to unclassified data which mainly
show a high variability of the standard deviation between the two categories of dynamic. For clarity,
the interface cases are excluded from the dataset in the rest of the paper.”

Despite that most of this work relates to phenomenology, there are two important findings. These
are the very low AAE reported during the wet season and the linear relationship between SSAAE and
AAE observed during the wet and dry seasons. | am wondering if such low AAE have been reported
elsewhere in literature. Please discuss. Can the authors provide an explanation on the linear
relationship observed in Fig9a?



Answer: The present study shows AAE reaching 0.5. These values are also observed by Russel et al.
(2010) and corresponds to “urban industrial” impacts. AAE values from 1,5 to 3 correspond to dust
particles.

The linear relationship between SSAAE and AAE can mainly be explained by a similarity on the
sensibility to the two properties to two aerosol type. When air masses are mainly influenced by urban
particles, especially during the wet season for every clusters, AAE values are close to 1 (or lower than
BB influences) and SSAAE values are higher than 0. In the other hand, when air masses are mainly
influenced by dust and BB particles (dry season for every clusters), AAE values are close to 2 (or much
higher than during urban influences) and SSAAE values are close or below 0. A mixture between these
two aerosol types will lead to intermediate values located in line with them.

Modifications:

1.445: “As shown in Fig. 5, low AAE values, especially during the wet season, can be explained by
important reduction of dust and less biomass burning particles due to more efficient removal.”

[.450: “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. A linear relationship between AAE
and SSAAE values is observed and illustrates 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.”

There is a typo in the caption of Appendix Fig Al. Aerosol should probably be absorption and for the
entire dataset instead of the all dataset

Answer: True
Modifications:

“Figure A2: Weekly variation of the Absorption Angstrom Exponent (AAE) for the whole dataset from
2012 to 2015. The medians and their 25th and 75th percentiles from Sundays to Saturdays are
represented. “

Interactive comment on Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2019-510, 2019.
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First, authors would like to thank the reviewer for his/her constructive and detailed suggestions. Their
additions to the paper helping us to improve significantly the clarity and the precision of the method
used and the robustness of the results.

The atmospheric stability is used as a tracer to differentiate the atmospheric layers. As recommended,
Stable Layer (SC) and Turbulent Layer (TL) are have been replaced by Stable Conditions (SC) and
Turbulent Conditions (TC). This was also requested by other 2 reviewers.

In the following, we provide answers to the reviewer’s comments and list modifications made in the
manuscript.

This paper provides an interesting overview of the aerosol particle properties observed at the high
mountain station Chacaltaya in the South America (Cordillera Real). The topic is of interest for ACP and
the paper is generally well written. The scientific approach is sufficiently robust and the presentation
of data and results is fair. Nevertheless, some points should be better addressed before publications.
In particular, the authors should better discuss the caveats related with the back-trajectories analysis
as well as provide more details and information about the experimental methodologies (e.g., no
information about data generation, uncertainty characterization are provided).

Abstract. In the last sentence, the authors claimed that "CHC provides first evidences of impact of
emission from Amazonian basin far away from their source". Be more specific. Which "far away"
means? Please, in the site description provide distance of CHC from Amazonian basin.

Answer: The CHC station is described as a background GAW site and is located 17 km from the first
urban area, and around 300 km from fire area in Bolivia (Carmona-Moreno et al. 2005, Giglio et. al
2013). The Rondonia region where a significate deforestation process is reported every year is located
800 km from CHC station. In addition, CHC is the highest GAW station in the world and unique free
tropospheric conditions can be obtained in the region where particles and gases have residence time
of several months and be transported over large distances.

Modifications:

1.56: “From this analysis, long-term observations at CHC provides the first direct evidence of the impact
of Biomass Burning emissions of the Amazonian basin and urban emissions from La Paz area on
atmospheric optical properties to a remote site all the way to the free troposphere.”

1.148: “[...] (Carmona-Moreno et al. 2005, Giglio et. al 2013). Indeed, the closest region where large
areas are affected by biomass burning activities is the Bolivian Amazonia (Beni, Santa Cruz, north of La
Paz departments) located ca. 300 km from the station, north and eastward from the Andes mountain
range.”

Line 71: please provide wavelengths.

Answer: Husar et al., (2000) reports aerosol extinction coefficients values related to visibility. Their
values are representative of the integrated visible range. In this condition, it may not be reliable to



compare those aerosol extinction coefficients with the Chacaltaya measurements. However, the study
gives an interesting analysis of the impact of Amazonian fires at different altitudes and different
distances to the main fire activities.

Modifications:

1.84: “Between the wet season and the biomass burning season, Schafer et al. (2008) show an increase
of Aerosol Optical Depth by a factor of 10 from AERONET sites in southern forest region and the
Cerrado region and, by a factor of 4 in the northern forest region.”

1.88: “The study reports a spatial pattern of the visibility between 100 and 200 Mm-1 over the Amazon
Basin. However, values can reach 600 Mm-1 at Sucre station (2903 m above sea level, hereafter
abbreviated as “a.s.l.”), 1000 Mm-1 at Vallegrande (1998m a.s.l.) and 2000 Mm-1 at Camiri (792 m
a.s.l.) during BB period. Even the study clearly shows impacts of Amazonian activities at different
altitudes and long distances, only few studies report long time period of aerosol optical properties.”

1.96: “These extremely high coefficients are due to the proximity to BB sources for FNSA station and its
very low altitude.”

Line 92 — 105: this section is hard to follow. | would recommend to add a table with the different
threshold values for each type of particles (dust, pollution, biomass burning) for the different Angstrom
exponents (AAE, SAE, SSAE).

Answer: Three tables have been added to the text which summarize information from the text. The
Table 1 summarizes ranges of Angstréom exponent for the different aerosol types. Table 2 details the
median values of the Angstrém exponent for each cluster, season and atmospheric stability. Table 3,
on the conclusion, suggests a new Angtsrém exponent definition for the different aerosol types.

Modifications:

Aerosol type SAE AAE SSAAE
Dust Closeto 1 Closeto 1 Below O
Urban pollution Close to 2 Closeto 1 Higher than 0
Biomass burning Closeto 2,1

Table 1: Expected aerosol type and their optical properties for each cluster according season and
atmospheric stability.



Cluster season SAE AAE SSAAE Aerosol types
NA WET 2,04 (1,42) | 0,58 (0,56) 0,18 (0,15) urban (dust/urban)
DRY 1,91 (1,80) | 1,00(1,01) | 0,01 (0,004) urban (dust)
BB 1,92 (1,87) | 1,10 (1,26) 0,03 (0,02) dust/BB (dust/BB)
SA WET 1,2 (1,40) | 0,74 (0,68) 0,11 (0,11) urban (urban)
DRY 1,69 (1,70) | 1,04 (0,96) 0,02 (0,03) dust (dust)
BB 2,16 (2,02) | 1,23 (1,20) | 0,005 (0,01) BB (BB)
LP WET 1,71 (2,09) | 0,86 (0,82) 0,08 (0,10) urban (urban)
DRY 1,64 (1,74) | 1,05 (1,07) | 0,02 (-0,01) urban (dust/urban)
BB 1,49 (1,93) | 1,09 (1,29) | -0,02 (-0,02) dust (dust/BB)
ATL WET 1,93 (2,11) | 0,75 (0,65) 0,11 (0,15) urban (urban)
DRY 1,77 (1,94) | 1,00 (1,05) | -0,001 (0,006) dust (dust/urban)
BB 1,80(1,81) | 1,23(1,08) | 0,008 (0,01) dust/BB (urban)
APO WET 2,15(2,04) | 0,84 (0,82) 0,11 (0,10) urban (urban)
DRY 1,39 (1,38) | 1,06 (1,10) | 0,006 (-0,02) dust (dust)
BB 1,56 (1,61) | 1,14 (1,20) | -0,008 (-0,01) dust/BB (dust/BB)
NES WET 2,05 (1,67) | 0,72 (0,66) 0,13 (0,12) urban (urban)
DRY 1,74 (1,83) | 1,06 (1,09) | -0,008 (0,003) dust/urban (dust)
BB 1,89 (1,80) | 0,95 (1,07) | 0,002 (0,02) dust/urban (urban)

Table 2: Median aerosol Angstrom exponents of turbulent condition (stable condition) for each

cluster and seasons measured at the CHC station and resulting aerosol types.

Aerosol type SAE AAE SSAAE
Dust - >0,9 [-0,05 ; 0,05]

Urban pollution >1,4 <0,9 > 0,05
Biomass burning - >1,1 [-0,05; 0,05]

Table 3: Updated Angstréom exponent values expected for aerosol types at the CHC station.

1.127: “As a summary, Table 1 shows expected Angstrom exponent for dust, urban pollution and
Biomass Burning particles according the different referenced works (Dubovik et al., 2002 ; Collaud
Coenetal., 2004 ; Clarke et al., 2007 ; Russel et al., 2010). This information has to be taken with caution
since source influences are expected homogeneous and have been reported from several regions.”

1.482: “Table 2 summarizes the median Angstrom exponents measured at the CHC station for turbulent
conditions (stable conditions in parenthesis). According to these values and as discussed above,
aerosol types for the turbulent conditions (and stable conditions in parenthesis) are given.”

1.525: “A new Angtsrom exponent classification can then be defined for measurement at the CHC
station and is reported Table 3. Thresholds are close to the ones proposed by previous works (Dubovik
et al., 2002 ; Collaud Coen et al., 2004 ; Clarke et al., 2007 ; Russel et al., 2010) but adapted to CHC's
instruments and particular atmospheric conditions.”

Line 103: please correct "bellow"



Modifications: “bellow” has been corrected by “below”

Line 135: please clearly state which kind of compensation must be applied to aethalometer data.

Answer: Weingartner et al. (2003) correction is applied in order to compensate the multi-scattering
effects and the loading effects on the aethalometer’s filters. The correction is performed by adjusting
the f factor showed in equation 3.

Modifications:

1.170:“Aethalometer measurements were compensated for multi-scattering effects and loading effects
(or shadowing effects) following the method described by Weingartner et al. (2003) briefly explained
below.”

Line 140. was the mass coefficient provided by the manufacturer independently assessed and
validated by others? If yes, provide references, if not, provide adequate comments

Answer: The mass coefficient given by the manufacturer allows us to convert BC concentrations to
attenuation coefficients as derived from the Mie theory for small uniform spheres. Hence, the mass
coefficient is inversely proportional to the optical wavelength as follow: o= 14625 / A, which
corresponds to sigma values between 15 and 40 m? g for wavelengths between 370 and 950 nm.
Liousse et al. (1993) demonstrated highly variable mass coefficients depending on aerosol type and
age. Saturno et al. (2017) recently demonstrate agreement between aethalometer corrections using
manufacturer’s sigma coefficients and other instruments as MAAP and a multiple-wavelength
absorbance analyser (MWAA). Collaud Coen et al. (2010) also demonstrate Weingartner’s correction
as a good compromise comparing to Schmid’s et al. (2006) correction and Arnott’s et al. (2005)
correction.

Modifications:

1.176: “with om the mass coefficients given by the instrument’s instructions (The Aethalometer, A.D.A.
Hansen, Magee Scientific Company, Berkley, California, USA) and based on the Mie theory. om strongly
depends on the aerosol type and age (from 5 to 20 m? g-1, Liousse et al., 1993). However, the
manufacturer values (14625 nm m2 g-1 A-1) have been recently validated in a comparison study
between ifferent aethalometer corrections (Collaud Coen et al. 2010 ; Saturno et al., 2017).”

The method for deriving the absorption coefficient it is not clear. Equation 2, what is C.R(iA,"n)?.
Equation 3 it is also not clear: please describe the contribution of each member/factor. What In(10%)
and In(50%) represent? Why the factor R should be adjusted? What do you mean for "spot" change?
Why the absorption coefficient should be the same before and after the spot change?

Answer: “C.R(iA,"n)” is probably due to format issues and should be C.R(A). Then, C is defined as the
calibration factor constant with wavelength, and R another calibration factor which does depend on
the wavelength.

The aethalometer instrument permits to obtain aerosol absorption coefficients from optical
measurement of aerosol trapped on a filter. Every 5 minutes, the spot on the filter band is changed in
order to reduce loading effects. Hence, absorption coefficients from one spot to the other should not



change significantly, then the median ratio between two successive absorption retrievals should be
less than 1.

The method to derive absorption coefficients and correct data from aethalometer issues (multi-
scattering and loading effect) is briefly described in this paper. However, the method is described in
details in Weingartner et al. (2003) and largely used in other several studies (Bond et al., 2006, 2013 ;
Rose et al., 2015 ; Andreae and Gelencsér, 2006 ; Zotter et al., 2017 ; Rajesh and Ramachandran, 2018).
If C allows to correct multi-scattering effects linked to filter properties, R has to be adjusted in order
to correct the loading effect and is related to wavelength and aerosol properties trapped on the filter.
In Weingartner et al. (2003), we can find the description of every member. f is the filter loading effect
compensation parameter and represents the slope of the curve of R as function of In(ga) for a Gatn
change from 10% to 50%.

Modifications:
[.167: “Every 5 minutes, the spot on the filter band is changed in order to reduce loading effects.”

[.170: “Aethalometer measurements were compensated for multi-scattering effects and loading
effects (or shadowing effects) with the method described by Weingartner et al. (2003) and briefly
explained below.”

1.176: “with o, the mass coefficients given by the instrument’s instructions (The Aethalometer, A.D.A.
Hansen, Magee Scientific Company, Berkley, California, USA) and based on the Mie theory. o, strongly
depends on the aerosol type and age (from 5 to 20 m? g-1, Liousse et al., 1993). However, the
manufacturer values (14625 nm m2 g-1 A-1) have been recently validated in a comparison study
between aethalometer corrections (Collaud Coen et al., 2010 ; Saturno et al., 2017).”

1.182: “with C = 3.5 a calibration factor linked to multiple-scattering and assumed constant according
wavelengths (GAW Report No. 227), and R, a calibration factor which depends on aerosol loading on
the filter and aerosol optical properties, calculated as: [...]”

1.186: “where f is the filter loading effect compensation parameter and represents the slope of the
curve of R as function of In(0atn) for a 0t change from 10% to 50%”

Equation 4: what "mEBC" is? Does QEBC is equal to QBC reported by line 148?

Answer: EBC corresponds to Equivalent Black Carbon. Because Black Carbon concentrations are
obtained from optical measurements, and assumptions on mass absorption cross-section coefficients
have to be included, it seems more appropriate to use Equivalent Black Carbon. Qgc should be Qgsc
everywhere in the manuscript.

Modifications:

1.L191: “A mass absorption cross-section Qgsc = 6.6 m2.g™t at 670 nm is used to determine Equivalent
Black Carbon mass concentrations”

Line 155: the authors stated that the aethalometer measurement at 635 mm is unstable.
Quantitatively, what does this mean? Do you are able to provide threshold value that other users can
apply to evaluate if their own measurements are unstable? In general, which QA/QC
framework/procedures did you apply to all the suite of measurement discussed in this work? Please
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describe air inlet system and calibration strategies for the considered instrumentations (i.e.
nephelometer, aethalometr, MAAP). Please quantify uncertainties related to each of these
measurements.

Answer:

Indeed, nephelometer measurements at 635 nm do show unstable values during several days. The
figure below shows an example of these unstable periods, here for the scattering coefficients at 450,
525 and 635 nm between the 7" of September to the 9" of September 2012. The wavelength
dependence of the scattering coefficients suddenly changes the 7" of September around 6 pm and the
635 nm channel keeps high values for several months. Level 2 data used in this work are in the EBAS
database and consequently these data are controlled and opportunely flagged when issues were
observed. The authors decided to only use unchanged 450 and 525 nm channels to analyse aerosol
optical properties at Chacalataya.
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Figure 1: Temporal serie of the scattering coefficients at 450, 525 and 635 nm retrieved from the
nephelometer at Chacaltaya station between the 7th of September at 00 am to 9th of September
2012 at 00 am.

From optical property measurements, the full dataset between the 3™ of January 2012 to 30" of
November 2015 has been used. Every in-situ instruments of the station are located downstream a
Whole Air Inlet and a dryer.

The nephelometer instrument was periodically calibrated using CO; as span gas and frequent zero
adjusts were performed, following the procedure described in Ecotech manual (2009). The uncertainty
of the Aurora 3000 is given in the user manual to be 2,5 %.

The air-flow and the absorption cross-section of the aethalometer instrument are calibrated. The
method is detailed on the Magee Scientific manual (REF). Accuracy of attenuation coefficients are
around 5%.

The MAAP instrument is automatically calibrated for air-flow, temperature and pressure according to
the instruction manual (Model 5012 Instruction Manual) and described in Petzold and Schonlinner,
2004). According to them, uncertainty of the absorbance is 12%.

Modifications:

1.156: “In-situ instruments of the station operated behind a Whole Air Inlet equipped with an automatic
dryer (activated above 90% RH) .”

09/09/2012 00:00



1.158: “In the current study, the full dataset of in-situ optical measurements has been used between
January 2012 and December 2015.”

[.169: “Sensor calibration is performed automatically and an uncertainty of 5 % on attenuation
coefficients is given by the constructor.”

1.190: “According to Petzold and Schonlinner (2004), uncertainty of the absorbance is 12%.”

1.198: “The nephelometer instrument is calibrated using CO, as span gas and frequent zero adjusts
were performed, following the procedure described in Ecotech manual (2009). The uncertainty of the
Aurora 3000 is given in the user manual to be 2,5 %.”

Also equation 10 is not clear: what olt’2 (x) with X=12,30,45,60 represent? | think that the vocabulary
used by the authors can be misleading. More than layers this methodology can be able to discriminate
turbulent versus stable (or more stable) conditions at the measurement site. Please change
nomenclature.

Answer: 05(15) corresponds to the squared standard deviation of the horizontal wind direction

calculated every 15 minutes. Hence, the standard deviation of the horizontal wind direction is
calculated every 15 minutes and then hourly averaged.

Indeed, atmospheric layer definitions are largely discussed on aerosol and dynamic studies, and
according to the method used, the definitions of the layers are slightly different. In addition, a residual
layer can also be present at CHC station during nightime, resulting from low dispersion of the daytime
convection. In the present study, because we use atmospheric stability as tracer for atmospheric
layers, it is more appropriate to use the two different regime “stable conditions” and “turbulent
conditions”.

Modifications:

In the full document, “layer” has been replaced by “condition” when needed, and SL — TL has been
replaced by SC — TC (Stable and Turbulent Conditions).

[.220: “In addition, a residual layer can also be present at CHC station during nightime, resulting from
low dispersion of the daytime convection. Because no clear distinctions between the mixing, the free
tropospheric, and the residual layers can be strictly obtained from in-situ measurements only, the
present dataset recorded at Chacaltaya station is separated in terms of stability conditions (turbulent
and stable).”

1.227: “This method is based on the hourly averaged value of the standard deviation of the horizontal
wind direction (og in Eqg. 10) calculated every 15 minutes”

1.229: “with og(15) the standard deviation of the horizontal wind direction calculated on the first 15
minutes of every hour, and og(so) the last 15 minutes of every hour.”

Line 189: why was the residual layer excluded by the analysis? Does this mean that the residual layer
conditions are embedded in what the author defined as "stable" layers? Please, better specify this
point since this can have implications for the interpretation of results.

Answer: The residual layer is finally reported as stable condition. Hence, the interface cases do not
take into account the residual layer but cases which cannot be attributed to stable or turbulent
conditions. Indeed, these cases correspond to unclear dynamical conditions with high variability of the



standard deviation of the horizontal wind direction. In order to analyse aerosol properties in stable
and turbulent conditions only, the interface measurements have to be excluded.

Modifications:

1.220: “In addition, a residual layer can also be present at CHC station during nightime, resulting from
low dispersion of the daytime convection. Because no clear distinctions between the mixing, the free
tropospheric, and the residual layers can be strictly obtained from in-situ measurements only, the
present dataset recorded at Chacaltaya station is separated in terms of stability conditions (turbulent
and stable).”

1.236: “Interface cases correspond to unclassified data which mainly show high variability of the
standard deviation between the two categories of dynamic. As described in Rose et al. (2017), the
classification depends also on the og value in the 4-hour time interval across the time of interest.
Interface cases correspond to unclassified data which mainly show a high variability of the standard
deviation between the two categories of dynamic. For clarity, the interface cases are excluded from
the dataset in the rest of the paper.”

1.249: “Black spots represent undefined cases (or interface) due to a fluctuating classification within
the 1-hour time window.”

[.500: “Even TC is usually attributed to mixing layer, SC can be undoubtedly attributed to free
tropospheric or residual layers.”

Line 193: | think that "morning" must be changed by "night"
Answer: True.
Modifications:

1.250: “This 3-day example shows that SLSC conditions are mostly observed during night when the
convective effect of the previous day is already dissipated and no convective effect of the current day
is present.”

Line 204: what BT set is used for the cluster analysis (12 hours or 96 hours)? Why different TRJ lengths
were considered/calculated? Is the trajectory calculation set-up changing for the 12 and the 96 hours
BTs? The authors did not provide any indication about the meteorological files (which are? Which
horizontal and vertical resolution?) used for BT calculation nor about calculation set-up (which starting
heights? single or multiple starting points around the station locations). The resolution of the input
metro files is particularly important in this mountain region, | guess. Please comment on that and
provide caveats about the effective reliability of trajectories in this region. This point is critical for
interpretation of results.

Answer:

Indeed, only 96 hours back-trajectories are used in cluster analysis. 96-hours BTs are more appropriate
in this region to analyse long range transports in particular from the Amazonian forest.

Hysplit trajectories has been generated using WRFd04 data and the kinematic method with ERA-
interim data as boundary conditions. This dataset presents the best topographic resolution for this
region with spatial resolution of 1.06x1.06 km and give an altitude of Chacaltaya station of 5058 m
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a.s.l. (true altitude 5240 m a.s.l.). The WRF dataset presents 28 atmospheric levels of pressure given
every 6 hours. For this study, 96-hours BTs are generated every hour starting at 9 locations around the
Chacaltaya station (Table 4 below).

Latitude (degrees) | Longitude (degrees) | Altitude (ma.s.l.)
-16,36 -68,14 4852
-16,35 -68,14 4918
-16,34 -68,14 4883
-16,36 -68,13 5000
-16,35 -68,13 5058
-16,34 -68,13 4965
-16,36 -68,12 5042
-16,35 -68,12 5043
-16,34 -68,12 4936

Table 4: Positions of the 9 stating location of BTs calculations.
Chacaltaya station is bolded.

Modifications:

[.264: “WRFd04 dataset has been used to generate BTs every hour, starting at nine locations at less
than 1 km around the Chacaltaya station (within a square of 2x2 km around the station). This dataset
presents the best topographic resolution for this region with spatial resolution of 1.06x1.06 km, and
28 pressure levels.”

Figure 4ais hard to understand and the comparison among the different cluster is challenging. Maybe,
it can help to use a stack bar plot with 1 bar for each single month composed by the contribution from
each different single cluster.

Also Figure 4b is difficult. The geographical boundaries are not clear at all. The same is true for the
topographic features. Most of the locations listed in the legend are meaningfulness for readers not
used with the region (are these villages, cities, regions?). For these reasons, it should be strongly
improved.

Answer: Figures 4a and 4b have been improved. Indeed, stack bars allow to compare contribution of
each cluster every month and is better appropriate to details given in the text. As recommended by
RC1, trajectories of each cluster have also been added to Appendix A to illustrate results of the cluster
analysis method.

Modifications:
Figure 4a and 1b have been improved.

legend Figure 4: “a. Trajectory frequency plot in La Paz region in Bolivia, centered on Chacaltaya
station. ba. Monthly variation of the percentage of back-trajectories (BTs) for each cluster.”

Appendix A added with the 10% first BTs more representative of each cluster.

Line 212: sentence starting with "Thus, for each cluster,..." isnt.t clear: what do you mean for "events"?
" When the cluster have the most influence”: what does it mean?

Answer: In order to obtain aerosol optical properties of each cluster, only a part of the back-
trajectories have been selected. One BT is selected if its contribution to one cluster is high enough.



Hence, this can be obtained by selecting the first 10% of the BTs which are the most representative of
each cluster. The describing paragraph has been improved to explain this selection of BTs.

Modifications:

[.268: “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. Figure (4a) shows the
trajectory frequency plot. The opacity of each pixel is proportional to the number of BTs passing
through each grid cell. Clusters are defined by using a two-stage technique (based on the non-
hierarchical K-means algorithm). Six clusters have been found around the Chacaltaya station. Hence, a
fraction of each cluster is assigned to each BT, and is calculated according the residence time in each
cluster and their distance from the reference location (the Chacaltaya station). In order to obtain
aerosol optical properties of each cluster, only a part of the back-trajectories have been selected. One
BT is selected if its contribution to one cluster is high enough. For each cluster, the first 10% of the BTs
have been selected by demonstrating the highest contribution to one any cluster. This firsts 10% of
BTs related to each clusters and their mean paths are shown in Appendix Al

Line 263: Since the extinction is the sum of absorption and scattering, and scattering » absorption, the
similarity between extinction and scattering is trivial.

Answer: This sentence permits to show that the extinction coefficient is mainly driven by the scattering
property. This is regularly the case and can be deleted here.

Modifications:

1.333: “[...] and follows a seasonal variation that is very similar to the one of the scattering coefficient”
has been deleted.

Line 377 - 376: please better explain. in which way the AAE values are impacted by the aethalometer
variability. Do you mean that the uncertainty of aethalometer is enhanced during wet season? For
which reason? How this impact results robustness (please discuss in the conclusions)?

Answer: The absorption Angtstrom exponent is calculated according equation 7 by using wavelength
dependency of the absorption coefficients measured by the Aethalometer. As described in the
description of the Aethalometer correction, absorption measurements can be biased by an important
aerosol loading on filters and multi-scattering effects. However, two physical ways can explain these
low AAE values: a reduction of dust and less biomass burning particles due to more efficient removal
(higher hygroscopicity of BB particles). The Figure shows the frequency plot of the AAE for the entire
period. Results are centered around 1 but vary from -0.5 to 2.
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Figure 2 : Frequency plot of the Absorption Angstrom Exponent for the full period
of the study.

Modifications:

1.445: “As shown in Fig. 5, low AAE values, especially during the wet season, can be explained by
important reduction of dust and less biomass burning particles due to more efficient removal.”

Line 401: the decrease of urban particle influence within air-masses from LaPaz during "turbulent"
conditions (in which | expect more efficient transport from the lower layers to CHC) is rather surprising.
Does this indicate some inaccuracies in the local TRJ calculation or in the turbulent conditions
identification?

Answer: Capturing the local atmospheric stability is still highly challenging in this region due to the
complex topography and high altitude. In addition to these inaccuracies, and as mentioned in the text,
dust particles largely generated in this region can also affect measurements in turbulent conditions
measured at Chacaltaya station and thus, decrease SAE values. It can also be noticed that SSAAE are
still representative of urban influences with values above 0. This indicates the main influence of urban
particles from LP cluster in both stability conditions but with a moderate addition of dust influence in
the turbulent condition cases.

Modifications:

1.474: “In addition to urban influences, during the BB period and the wet season, LP air masses are also
affected by dust particles, especially in the TC, with significantly lower SAE values in the TL.”

Line 421:1 agree that the transport to higher troposphere layers was supported but the spread over
long-range (please, quantitatively specify what do you mean for longrange) is more a (reliable)
hypothesis.

Answer: The long-range transport from the aerosol sources still a challenge to define since no detailed
analysis is available about aerosol source locations. However, for BB emissions, the first intensive
biomass burning source is located at 300 km fare from Chacaltaya station.

Modifications:

1.148: “[...] (Carmona-Moreno et al. 2005, Giglio et. al 2013). Indeed, the closest region where large
areas are affected by biomass burning activities is the Bolivian Amazonia (Beni, Santa Cruz, north of La
Paz departments) located ca. 300 km from the station, north and eastward from the Andes mountain
range.”
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[.505: “The present study has hence demonstrated that BB particles are efficiently transported to the
higher part of the troposphere (Stable conditions) and over long distances (more than 300 km long).”

Line 435: the authors concluded that an effect of dust is visible during the entre dry season. However,
looking at figure 9, SSAAE is mostly >0 during the dry season which contradict this (see also line 103).
Please comment and/or rephrase.

Answer: In this arid region, dust sources have a significant impact on ground based measurements
especially when the station is in turbulent conditions which tend SSAAE values to be below 0. However,
air masses are not purely influenced by dust particles and are always slightly impacted by urban or BB
emissions. In these conditions, SSAAE values are close to 0. In addition, Figure 7 shows the large
variability of SSAAE values for every season and atmospheric condition due to the complexity of the
different contribution of each type of aerosol measured at CHC. Ealo et al. (2016) have also shown that
SSAAE performance in detecting dust is related to the amount of fine particles.

Modifications:

[.521: “In addition to urban and BB influences, the wavelength dependence of the single scattering
albedo (SSAAE) measured at CHC highlights a main dust influence during the entire dry season with
SSAAE values close to 0.”

Interactive comment on Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2019-510, 2019.
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Anonymous Referee #3

First, authors would like to thank the reviewer for his/her important comments and interesting
suggestions. We bieleve they clearly helped highlighting the main conclusions of the paper and extend
the interest to regional impacts of aerosol sources in South-America.

As recommend by all reviewers, layers have been renamed in order to justify that the method used
only allows to differentiate atmospheric dynamic. Thus, Stable Layer (SC) and Turbulent Layer (TL) are
replaced by Stable Condition (SC) and Turbulent Condition (TC).

In the following, authors answer to the reviewer and list modifications made to the paper.
Received and published: 10 September 2019

The paper by Aurelien et al. presents a detailed analysis of aerosol optical properties at a remote site
of Andean mountains. The measurements are long-term and, therefore, certainly credible in terms of
seasonal cycles, however, the novelty is mainly based on somewhat underexplored and sensitive
region and that alone does not constitute scientific novelty. The authors make up for publishable
results by careful and thorough data analysis separating dataset to represent stable and turbulent
atmospheric layers alongside detailed trajectory analysis. The paper can be accepted for publication
after addressing mainly minor comments. Last but not least English can be improved with the help of
senior co-authors.

Conclusions could be more concise if a summarising diagram with the main transport patterns and
corridors were presented. What matters is not a repeat of study results, but emphasising something
about lasting regional impacts. Otherwise, it is just another study of optical properties at a different
location.

Answer: Figure has been improved in order to illustrate the main airmasses transported to CHC station
according seasons. The main influences for different seasons are discussed from 1.274. As the RC3
suggests, this information gives interesting elements to discuss about regional impacts of the different
aerosol sources in this particular region. Regional impacts have been highlighted in the final conclusion.

In addition, three tables have been added to summarize ranges of Angstrom exponent for the different
aerosol types (Table 1), to detail the median values of the Angstrom exponent for each cluster, season
and atmospheric stability measured at CHC station (Table 2), and suggest a new Angtsrom exponent
definition for the different aerosol types (Table 3).

Modifications:

Figure 4 has been improved.
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Table 1, 2 and 3 have been added.

Aerosol type SAE AAE SSAAE
Dust Closeto 1 Closeto 1 Below O
Urban pollution Close to 2 Closeto1 Higher than O
Biomass burning Closeto 2,1

Table 1: Expected aerosol type and their optical properties for each cluster according season and
atmospheric stability.

Cluster season SAE AAE SSAAE Aerosol types
NA WET 2,04 (1,42) | 0,58 (0,56) 0,18 (0,15) urban (dust/urban)
DRY 1,91 (1,80) | 1,00 (1,01) | 0,01 (0,004) urban (dust)
BB 1,92 (1,87) | 1,10 (1,26) 0,03 (0,02) dust/BB (dust/BB)
SA WET 1,2 (1,40) | 0,74 (0,68) 0,11 (0,11) urban (urban)
DRY 1,69 (1,70) | 1,04 (0,96) 0,02 (0,03) dust (dust)
BB 2,16 (2,02) | 1,23(1,20) | 0,005 (0,01) BB (BB)
LP WET 1,71 (2,09) | 0,86 (0,82) 0,08 (0,10) urban (urban)
DRY 1,64 (1,74) | 1,05(1,07) | 0,02 (-0,01) urban (dust/urban)
BB 1,49 (1,93) | 1,09 (1,29) | -0,02 (-0,02) dust (dust/BB)
ATL WET 1,93 (2,11) | 0,75 (0,65) 0,11 (0,15) urban (urban)
DRY 1,77 (1,94) | 1,00 (1,05) | -0,001 (0,006) dust (dust/urban)
BB 1,80 (1,81) | 1,23(1,08) | 0,008 (0,01) dust/BB (urban)
APO WET 2,15(2,04) | 0,84 (0,82) 0,11 (0,10) urban (urban)
DRY 1,39 (1,38) | 1,06 (1,10) | 0,006 (-0,02) dust (dust)
BB 1,56 (1,61) | 1,14 (1,20) | -0,008 (-0,01) dust/BB (dust/BB)
NES WET 2,05(1,67) | 0,72 (0,66) 0,13(0,12) urban (urban)
DRY 1,74 (1,83) | 1,06 (1,09) | -0,008 (0,003) dust/urban (dust)
BB 1,89 (1,80) | 0,95(1,07) | 0,002 (0,02) dust/urban (urban)

Table 2: Median aerosol Angstréom exponents of turbulent condition (stable condition) for each

cluster and seasons measured at the CHC station and resulting aerosol types.

Aerosol type SAE AAE SSAAE
Dust - >0,9 [-0,05; 0,05]

Urban pollution >1,4 <0,9 > 0,05
Biomass burning - >1,1 [-0,05; 0,05]

Table 3: Updated Angstréom exponent values expected for aerosol types at the CHC station.




[.127: “As a summary, Table 1 shows expected Angstrom exponent for dust, urban pollution and
Biomass Burning particules according the different referenced works (Dubovik et al., 2002 ; Collaud
Coenetal., 2004 ; Clarke et al., 2007 ; Russel et al., 2010). This information has to be taken with caution
since source influences are expected homogeneous and have been reported from several regions.”

1.482: “Table 2 summarizes the median Angstrom exponents measured at the CHC station for turbulent
conditions (stable conditions in parenthesis). According to these values and as discussed above,
aerosol types for the turbulent conditions (and stable conditions in parenthesis) are given.”

[.525: “A new Angtsrom exponent classification can then be defined for measurement at the CHC
station and is reported Table 3. Thresholds are close to the ones proposed by previous works (Dubovik
et al., 2002 ; Collaud Coen et al., 2004 ; Clarke et al., 2007 ; Russel et al., 2010) but adapted to CHC's
instruments and particular atmospheric conditions.”

1.4503: “The present study clearly demonstrates the regional impacts of these activities.”

[.505: “The present study has hence demonstrated that BB particles are efficiently transported to the
higher part of the troposphere (Stable conditions) and over long distances (more than 300 km long).”

[.510: “One of the main aerosol sources in the Bolivian plateau is the urban area of La Paz / El Alto.”

1.520: “Finally, the arid plateau of the region has also demonstrated regional impact. In addition to
urban and BB influences, the wavelength dependence of the single scattering albedo (SSAAE)
measured at CHC highlights a main dust influence during the entire dry season with SSAAE values close
to 0.”

Minor comments

Line 31. Resulting in lower atmospheric...

Answer: In the final version, this sentence has been deleted.
Line 33. different aerosol sources.

Answer: In the final version, this sentence has been deleted.
Line 35. on average, instead of "in average".

Answer: Correction made.

Modification:

[.39: “[...] extinction coefficients are on average [...]”

Line 41. ...increase in the extinction...

Answer: Correction made.

Modification:

[.54: “28% to 80% increase in the extinction”



Line 44. How far away?

Answer: Scales still difficult to describe when only one in-situ station is used in addition to back-
trajectories. In the present study, “long distance influences” is used for aerosol particles transported
several hundreds of kilometres far from their sources whereas “local influence” is linked to aerosol
particles transported less than 100 km from their sources. Additional ground based measurements
could help to locate with more detail aerosol sources and satellite measurements could give more
information on their long distance transport.

Modification:
1.46: “[...] far away from their sources [...]” is replaced by “[...] to a remote site [...]”

Is stable layer normally the upper layer above the boundary layer or is it free troposphere? |
understand it is based on statistical treatment, but the abstract should convey the message without
reading all the details.

Answer: From the method based on the local dynamic of the atmosphere and the impossibility to
access to the vertical distribution of aerosol for the full period, stable and turbulent conditions are
used in this study to differentiate atmospheric layers. Hence, it is not possible to attribute stable and
turbulent conditions to unique common tropospheric layers. A sentence is added on the abstract to
make this step clearer.

Modification:

[.58: “Results are also separated from distinct atmospheric conditions as stable and turbulent, with
associated properties of the free troposphere and the planetary boundary layer”

Line 106-113. There have to be goals, not summary and justification of what and how the study has
done.

Answer: The paragraph has been modified according to these suggestions.
Modification:

[.133: “Monthly and diurnal variations of extensive optical properties (related to particle
concentration) and intensive optical properties (related to particle chemistry) are firstly shown. A
robust method based on the measurement of the atmospheric stability is then applied to distinguish
atmospheric conditions (stable and turbulent). Finally, back-trajectory analysis and optical wavelength
dependences are presented to identify impacts of local and regional aerosol sources.”

Figure 1. In insert would help to visualise in the larger region, especially tha the Figure covers only
appr. 50x50km.

Answer: A larger view of the topography is added to figure 1.

Modification:
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Figure 1: Topographic description of La Paz and Chacaltaya region, and Bolivia in
the lower right panel. The black rectangle on the small panel represents La Paz
region. The urban area of La Paz-El Alto (marked as white shading) lies in the
Altiplano high-plateau at around 4000 m a.s.l..

Line 125. The papers deals with impacts over much larger region, therefore, it is important to describe
that larger region, e.g. extending to 200km.

Answer: As discussed in previous remarks, long range transport is related to several hundreds of
kilometres. Precisions have been added to the text.

Line 193. Use past tense as measurements represent the past not present day.
Answer: Correction made.

Modification:

1.250: “This 3-day example showed that [...]"

Line 276. Correlation is a scientific term, therefore, cannot "correlate to seasons". Use "...values
exhibited typical seasonal variation".

Answer: Correction made.
Modification:

1.347: “[...] variations of AAE and SSAAE values exhibited typical seasonal variation.”



Line 327. | am not sure | follow why SL particles are aged longer and transported farther. Please
elaborate.

Answer: Aerosol particles reaching high altitudes are subject to a more stable atmosphere with strong
horizontal circulation and weak vertical motions. Hence, especially small particles (diameters around
1 um) can be aged longer and transported farther.

Modification:

1.399: “[...] SC aerosol particles are aged longer and transported farther than TC particles due to less
scavenging effects.”

Interactive comment on Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2019-510,2019
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