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ABSTRACT: This paper presents an introduction to the Southern Hemisphere High Altitude Experi-
ment on Particle Nucleation and Growth (SALTENA). This field campaign took place between
December 2017 and June 2018 (wet to dry season) at Chacaltaya (CHC), a GAW (Global Atmo-
sphere Watch) station located at 5,240 m MSL in the Bolivian Andes. Concurrent measurements
were conducted at two additional sites in El Alto (4,000 m MSL) and La Paz (3,600 m MSL). The
overall goal of the campaign was to identify the sources, understand the formation mechanisms
and transport, and characterize the properties of aerosol at these stations. State-of-the-art instru-
ments were brought to the station complementing the ongoing permanent GAW measurements,
to allow a comprehensive description of the chemical species of anthropogenic and biogenic origin
impacting the station and contributing to new particle formation. In this overview we first provide
an assessment of the complex meteorology, airmass origin, and boundary layer—free troposphere
interactions during the campaign using a 6-month high-resolution Weather Research and Fore-
casting (WRF) simulation coupled with Flexible Particle dispersion model (FLEXPART). We then
show some of the research highlights from the campaign, including (i) chemical transformation
processes of anthropogenic pollution while the air masses are transported to the CHC station
from the metropolitan area of La Paz—El Alto, (ii) volcanic emissions as an important source of
atmospheric sulfur compounds in the region, (iii) the characterization of the compounds involved
in new particle formation, and (iv) the identification of long-range-transported compounds from
the Pacific or the Amazon basin. We conclude the article with a presentation of future research
foci. The SALTENA dataset highlights the importance of comprehensive observations in strategic
high-altitude locations, especially the undersampled Southern Hemisphere.
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ere we introduce the Southern Hemisphere High Altitude Experiment on Particle

Nucleation and Growth (SALTENA), an international field campaign that took place

from December 2017 to May 2018 at the Global Atmosphere Watch (GAW) station
Chacaltaya in the Bolivian Andes at 5,240 m MSL. The overall goal of the campaign was to
understand the sources, formation and growth mechanisms, and properties of aerosols at
this high-altitude research station. The 6-month period was chosen in order to capture the
(parts of the) wet (until ~March), transition (~April), and dry season (~May and onward) and
the peak season for new-particle-formation events (May; Rose et al. 2015).

Aerosol particles play a fundamental role in Earth’s climate system (IPCC 2013;
Boucher et al. 2013). Depending on their chemical or physical properties, aerosol particles
can influence the climate by interacting directly with solar radiation, or indirectly by acting
as cloud seeds [cloud condensation nuclei (CCN) or ice nucleating particles (INP)]. Quantifying
aerosol and CCN/INP sources and mechanisms influencing their formation is therefore vital
for our understanding of the current and prediction of the future climate. Aerosol particles
can either be directly emitted by human or natural activities or be formed in the atmosphere
via gas-to-particle conversion processes such as new particle formation (NPF). It is estimated
that a significant fraction of CCN (>50%) in the atmosphere arises from NPF (Dunne et al. 2016;
Merikanto et al. 2009; Gordon et al. 2016; Kerminen et al. 2018).

An improved understanding of aerosol and CCN/INP sources and formation mechanisms
can be achieved by performing in-depth atmospheric observations of precursor gases and
aerosols across multiple geographic and climate zones (Kulmala 2018). In situ observations are
key to provide information on aerosol and aerosol precursors sufficiently detailed for process
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understanding. However, despite the increasing number of such observations, vast areas of
the globe such as Africa, South America, and in general the Southern Hemisphere, are poorly
characterized (Reddington et al. 2017; Laj et al. 2020). Similarly, observations at high altitudes
are scarce, as they involve complex logistics such as aircraft measurements or access to moun-
tain areas. In addition, data interpretation of high-altitude measurements is challenging as it
involves understanding of complex interactions between planetary boundary layer, free tropo-
sphere, and local orography-driven flows (Coen et al. 2018). Aerosols and their precursor gases
are predominantly emitted within the planetary boundary layer (PBL). During their lifetime in
the atmosphere, they can undergo several cycles of chemical reactions and phase transition
that modify their physical, optical, and chemical properties, and their ability to act as CCN/
INP. Aerosols have lifetimes of days to weeks, and once they reach the free troposphere they
can be transported across large distances. Observations of aerosol physico-chemical properties
at high altitudes, and in places characterized with intense solar radiation, are therefore crucial
to improve our understanding of transport and atmospheric removal mechanisms of particles
but remain limited to a few sites in Europe and the United States (Bukowiecki et al. 2016;
Andrews et al. 2011; Cristofanelli et al. 2013; Bonasoni et al. 2010), Asia (Kivekis et al. 2009;
Osada et al. 2003), and Africa (Gatari et al. 2009; Rodriguez et al. 2009). In addition to CHC,
In South America, atmospheric composition observations from high-altitude sites are available
from Pico Espejo in Venezuela (Schmeissner et al. 2011; Hamburger et al. 2013) and Cerro
Tololo in Chile (Fiebig-Wittmaack et al. 2006).

Located at 5,240 m MSL in the Southern Hemisphere and surrounded by a large variety
of complex natural and anthropogenically influenced environments, the Chacaltaya GAW
station is the perfect site for such advanced measurements. As shown in the schematic in
Fig. 1, this unique observation site in Bolivia is influenced by very different air masses, from
the lowlands and the Amazon basin loaded with biogenic emissions (Artaxo et al. 2013;
Chauvigné et al. 2019) the Altiplano perturbed by volcanic activity, anthropogenic activities,
and Lake Titicaca with its possible organic aerosol precursors emissions (Deng et al. 2021);
marine air masses from the Pacific Ocean; anthropogenically influenced air masses from
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Fig. 1. Schematic of the measurement site and its surroundings. The three measurement stations
include Chacaltaya, El Alto, and central La Paz (Pipiripi). The air masses are influenced by the
Amazon, the Altiplano and the volcanic activity, and the Pacific Ocean, and by the human activity
mainly in La Paz and El Alto.
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La Paz—El Alto (Wiedensohler et al. 2018); and air masses containing local and long-range
volcanic and biomass-burning emissions.

NPF events are detected regularly at Chacaltaya, with a very high annual frequency (>60%
of days) (Rose et al. 2015). While the NPF occurrence has been analyzed at Chacaltaya in
detail previously, the chemical description of the events, i.e., the composition of the molecu-
lar clusters nucleating to form new particles, and of the compounds contributing to particle
growth, has remained lacking. To achieve a complete understanding of particle formation
and growth mechanisms, such chemistry-oriented NPF research is fundamental. The techni-
cal advancements with respect to state-of-the-art mass spectrometric techniques have only
recently made it possible to investigate the chemistry behind NPF, also at remote locations
and under the low-pressure conditions of high altitudes (Bianchi et al. 2016, 2021).

Here we present an introduction to the SALTENA campaign. We give a short overview on the
history of the Chacaltaya station and describe the overall measurement setup of the field campaign.
We also present a brief summary of the analysis of the complex meteorology, airmass origin, and
boundary layer—free troposphere interactions using 6-month high-resolution Weather Research
and Forecasting (WRF) simulations coupled with Flexible Particle dispersion model (FLEXPART).
We then give an overview on the research highlights currently in the focus of our analysis efforts
and end with a few concluding remarks on the importance of the station in a changing climate.

SALTENA study design

Overview of the measurement sites. The main site in the SALTENA campaign is the Global
Atmosphere Watch (GAW) station CHC located at Chacaltaya (5,240 m MSL; 16.35°S, 68.13°W).
The station is located on the northwest face of the mountain with direct view to the metro-
politan area of La Paz—El Alto to the southwest. The site samples air masses arriving from the
Amazon to the east, the Altiplano (a large high-altitude plateau between 3,800 and 4,100 m
MSL) to the west, the Pacific Ocean farther west, and from the La Paz-El Alto metropolitan
region (1.7 million inhabitants) located 17 km to the south but 1.1 km below CHC. In addition,
given the clear influence of the urban conglomerate on the station, two additional sites were
selected for concurrent measurements, one in central La Paz and another at the international
airport of El Alto. The former is located on the roof of a Municipal Museum (Pipiripi) at the
center of the city of La Paz (3,600 m MSL; 16°30'04'S, 68°07'33”W). This site lies within
the perimeter of the central park of La Paz (Parque Urbano Central) and is surrounded by a
number of major, heavily trafficked roads (~100 m away). The El Alto site is located within
the international airport (4,025 m MSL; 16°30'36.07"S, 68°11'55.48"W) of La Paz—El Alto,
and is considerably farther away from any road (minimum distance of 600 m to the nearest
street) than the central La Paz site. No influence from airplanes taking off or landing was
detected in the past or during the SALTENA campaign, possibly because the runway is far
from the station (at least 300 m) to have a noticeable effect on the measurements. The central
La Paz station is more representative of curbside conditions, whereas the El Alto station is
considered an urban background site. The sites in La Paz and El Alto in addition to CHC were
chosen because they allow for investigation of aerosol properties at different altitudes (3,600,
4,025, and 5,240 m MSL) and along the gradient polluted-remote. Together the stations help
understand development of the boundary layer and transport of urban pollution to CHC, and
aerosol transformation processes during transport.

Campaign instrumentation. For the period of the SALTENA campaign, an extensive set of
instruments were added to the permanent measurements provided by the GAW station, in
order to allow for measurements of the key species to achieve the experiment objectives and
detailed trace gas and aerosol physico-chemical characterization. All instruments (and their
abbreviations) used at the three different locations are listed in Table 1. In Table 1 the “data
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Table 1. Instrumentation and measured parameters in Chacaltaya, El Alto, and La Paz sites.

Observation Instrument name Measured parameters Deployment Data capture
type period rate during
SALTENA
Chacaltaya (5,240 m MSL)
Particle physical ~ Particle Size Magnifier (PSM) Particle number size distribution (1-4 nm) Dec—May 88%
properties Neutral cluster and Air lon Spectrometer Particle number size distribution (2—40 nm), ion size ~ Permanent 80%
(NAIS) distribution (0.8—40 nm)
Mobility particle size spectrometers (MPSS) Particle number size distribution (10-500 nm) Permanent 87%
Condensation Particle Counter (CPC) Particle number concentration Permanent 75%
Single Particle Soot Photometer (SP2) Black carbon in individual aerosol particles Apr—May 80%
Multi Angle Absorption Photometer (MAAP)  Equivalent black carbon Permanent 81%
Nephelometer Aerosol particle optical scattering coefficient Permanent 90%
Aethalometer Black carbon, particle light absorption coefficient Permanent 90%
Meteorology 3D anemometer Horizontal and vertical wind speed and direction Dec—May >85%
Automatic Weather Stations (AWS) Temperature, RH, shortwave and longwave radiation, ~ Permanent >70%
wind speed and direction, precipitation
Trace gases Picarro (0, C0,, CH, mole fraction Permanent >83%
Ozone monitor Ozone concentration Apr—Jun 65%
Chemical Atmospheric Pressure interface Time-of- Chemical composition of positive and negative ions Dec—May 85%
composition Flight (APi-TOF)
F’f molecules, Chemical ionization Atmospheric Pressure Chemical composition and concentrations of Dec—May 50%
fons, and interface Time-of-Flight (CI-APi-TOF) molecules such as sulfuric acid and highly
particles (mass oxygenated organic molecules, trace gases
spectrometers) ) o ) ) )
Aerosol Chemical Speciation Monitor (ACSM)  Submicrometer nonrefractory aerosol chemical Mar—May 92%
composition
FIGAERO-CIMS Concentrations of oxygenated gas and particulate Apr—May 80%
phase organic and inorganic compounds, trace gases
Proton Transfer Reaction (PTR3) Trace gases, concentrations of reactive organic Apr—May 50%
carbon compounds
El Alto (4,025 m MSL)
Particle physical ~ NAIS Particle number size distribution (2-40 nm) and ion ~ Mar—May 80%
properties size distribution (0.8—40 nm)
MPSS Particle number size distribution (10—800 nm) Jan—May 98%
Aerodynamic Particle Sizer (APS) Particle number size distribution (500 nm—20 pm) Jan—May 88%
SP2 Extended Range (SP2-XR) Black carbon in individual aerosol particles Apr—May 60%
Nephelometer Aerosol particle optical scattering coefficient Jan—Jun 93.3%
Aethalometer Black carbon, particle light absorption coefficient Permanent 84%
Meteorology AWS Temperature, relative humidity Permanent 100%
Anemometer Horizontal wind speed and direction Permanent 100%
Trace gases CO monitor CO concentration Permanent 94%
Ozone monitor Ozone concentration Apr-Jun 70.%
Particle chemical ACSM Submicrometer nonrefractory aerosol chemical Apr-May 89%
composition composition
La Paz (3,600 m MSL)
Particle physical ~ MPSS Particle number size distribution (10-800 nm) Jan—-May 98%
properties APS Particle number size distribution (500 nm-20 um) Jan—May 98%
SP2-XR Black carbon in individual aerosol particles Apr—May 60%
Aethalometer Equivalent black carbon, particle light absorption Permanent 90%
coefficient
Meteorology Anemometer Horizontal wind speed and direction Permanent 98%
Rain gauge Precipitation Permanent 100%
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capture rate” is the ratio of the time that the instrument was fully operational to the total
amount of time that the instrument was installed at the measurement site. We note that at
GAW stations, monitors for particulate matter are not a priority, and therefore instruments
measuring particle mass are limited at CHC. However, this information can be retrieved from
filter-based samples by coupling nephelometer and SMPS measurements.

Meteorology: Observations and model simulations
Meteorological observations. Chacaltaya and the neighboring areas experience complex
meteorological conditions driven by a combination of the mountainous terrain and large-scale
weather patterns, which result in pronounced diurnal and seasonal cycles. The observed
temperature and precipitation at CHC during the 6-month campaign are shown in Fig. 2.
They clearly show the transition from wet to dry season, which was one of the reasons why
the period from December to May was chosen for the campaign. The average daily mean tem-
perature was 0.2°C (+1.0°C), the average daily maximum was 3.5°C (+1.8°C) and the average
daily minimum was -2.3°C (+1.2°C). The temperatures are relatively similar from December
to April, whereas generally cooler conditions and larger differences between day and night
are evident in May. The 6-month median (mean) daily precipitation was 0.45 (¢3.7) mm, with
a clear trend showing the wet and dry seasons (austral summer and winter, respectively).
Most days between December and March (the wet season) recorded more than 100 mm of
precipitation. Precipitation at CHC is primarily in the form of snow, but rain does also occur.
The monthly mean relative humidity (RH) exceeded 77% from December to March. In contrast,
during the transition from wet to dry season, precipitation and mean RH decreased to 26 mm
and 57%, respectively, in April, and 14 mm and 48%, respectively, in May.

Shortwave radiation (irradiance, not shown) also had a seasonal cycle with the highest values
in early dry season (May), and lower values from December to February during the wet season.

Comparing in situ observations from the 6-month SALTENA period to long-term meteorologi-
cal statistics shows good agreement for RH, temperature, and wind speed and direction (not
shown), despite a weak La Nina period from November 2017 to March 2018 (Nifa-3.4 indi-
ces of -0.86 to —0.73;
Rayner et al. 2003).

Satellite images 10.0 — Daily max 80
provide snapshot ex- 25 . T Bz:g Ei:an L0
amples of the large- j
scale weather patterns 5.0 - o] ; L 60
in the wet (Fig. 3a) and 5 z
dry (Fig. 3b) seasons, =  2.51 ‘ -50 £
corresponding to the g | 5
start and end of the ;ﬁ) 0.01 r403
SAL.TENA campaign. g— _25 4 ; - .g
During the wet season, 2 ‘ 5
the intertropical con- -5.0 L 50
vergence zone (ITCZ)
is located south of the =7.5 1 N BN | | R S o boremmnnoees - 10
equator and convec- ‘ | | | ||
tion is extensive across —10.0 - e - 0

17-12 18-01 18-02 18-03 18-04 18-05 18-06
Bolivia, northern Brazil, Date (YY-MM)

Peru, and Ecuador. Fig. 2. Time series of the observed daily maximum (red), daily minimum (blue),
T.he South Atlan- and daily mean (black) 2-m air temperature measured at CHC at 5,160 m MSL (the
tic convergence zone  main station is located at 5,240 m MSL) from 1 Dec 2017 to 31 May 2018. Gray
(Carvalhoetal.2004)is  bars show the daily accumulated precipitation.
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Fig. 3. Meteorological overview. (a),(b) Snapshot satellite images during the SALTENA campaign
from NASA Worldview (MODIS_Terra_SurfaceReflectance_Bands143) that are representative of the
(a) wet and (b) dry seasons. The dashed lines indicate the approximate location of the intertropi-
cal convergence zone (ITCZ). (c),(d) The monthly mean 250-hPa winds (shaded streamlines) and
monthly accumulated precipitation (blue shading) from the WRF simulations for (c) December 2017
and (d) May 2018. (e),(f) The zoomed-in monthly accumulated precipitation from WRF near CHC.
Colors in the white circles show observations of monthly accumulated precipitation. The purple,
orange, and green lines mark the topographic contours at 5, 3, and 1 km MSL, respectively. (g),(h)
Wind observations from daily radiosondes released from El Alto at 1200 UTC for 5-day periods
that are representative of the (g) wet and (h) dry season. A half barb is 5 kt (~2.5 m s™), a full barb
10 kt (~5 m s™), a filled flag 50 kt (~25 m s~'), and an unfilled circle indicates calm conditions. For
clarity only every 50th wind observation is plotted. The red box in (a) and (b) shows the largest
WRF domain and the green box in (c) and (d) shows the smallest WRF domain.
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also evident in the southeast corner of Fig. 3a. During the dry season, the ITCZ is located in
a more northerly position meaning that subsidence associated with the descending branch
of the Hadley cell (not shown) is present near CHC and thus clear skies prevail over Bolivia.

Radiosondes are launched at 1200 UTC (0800 local time) every weekday from El Alto. These
give valuable information about how the temperature, dewpoint and wind speed and direction
vary with height and how these vertical profiles vary between the wet and dry seasons. Two
representative 5-day periods are shown for December 2017 (Fig. 3g) and May 2018 (Fig. 3h). In
the wet season, winds are weak, quite variable between days, and are dominated by easterly
winds at most levels. In the dry season, the winds are mainly from the west and are much
stronger at upper levels. In both the dry and wet seasons, there are significant changes in the
observed wind direction between the surface and 1.5 km AGL, indicating that identifying the
origins of air masses is challenging.

Weather Research and Forecasting Model simulations. To complement the meteorological
observations and gain additional insight into the dynamics of local and large-scale meteorol-
ogy, we created a high-resolution gridded meteorological dataset by performing a 6-month
simulation with the WRF Model (Skamarock and Klemp 2008) for the SALTENA campaign
measurement period. The simulation consisted of four nested domains, the outermost of which
had a grid spacing of 27 km and covered a large part of the South American continent (red
box in Figs. 3a,b). The innermost domain was centered on CHC, with a grid spacing of 1 km,
and covered an area of 154 km x 151 km (green box in Figs. 3e,d). This model configuration
enabled us to accurately simulate the small-scale up-valley and up-slope thermally driven
winds that control dispersion of air pollution from La Paz—El Alto to CHC and the synoptic-
scale weather patterns that influence long-range transport to CHC.

The WRF simulation was verified by comparing observations, primarily from CHC, to the
modeled output on hourly, daily, and monthly scales. Reasonable agreement was found, for
example, the Pearson’s correlation coefficient between the hourly observed and model tem-
perature at CHC was 0.60.

The evolution of the large-scale weather patterns between the wet and dry seasons is also
captured well by the WRF simulation (this was ascertained by comparing the WRF monthly
mean values of the 500-hPa height, the 250-hPa wind speed, and precipitation) to those from
reanalysis datasets (not shown). The monthly mean 250-hPa (approximately 11 km MSL) winds
from our WRF simulation are shown for December 2017 (Fig. 3¢) and May 2018 (Fig. 3d). In
December, an upper-level anticyclone—the Bolivian high (Lenters and Cook 1997)—is present,
which results in easterly winds at upper levels. In contrast, the upper-level mean circulation
in May 2018 shows the zonally oriented subtropical jet on the southern edge of the WRF
domain (Fig. 3d). The observed and WRF-simulated monthly accumulated precipitation val-
ues are also shown for December 2017 (Fig. 3e) and May 2018 (Fig. 3f). On monthly scales,
reasonable agreement is found between the model precipitation and observed precipitation.
In December 2017, the simulated monthly accumulated precipitation at CHC was 124 and
81 mm in El Alto and the corresponding observed values were 146 and 75 mm, respectively.
These relatively high values are due to the prevailing easterly to northeasterly winds at the
surface (Fig. 3g) that transport moisture from the Amazon to CHC, which combined with
high levels of incoming solar radiation (especially when only scattered clouds are present)
and the lack of any large-scale subsidence, drives deep convection typically during daytime
(as evident in Fig. 3a). At nighttime, however, precipitation is mainly stratiform in structure

AMERICAN METEOROLOGICAL SOCIETY BAMS Unagﬁgﬁgéggl %8\%/&06(15(26@12/22 07:28 PM UTC



(Perry et al. 2017) but still fueled by the influx of Amazonian moisture. In May 2018, the
precipitation accumulations were much lower; 1 mm of precipitation was simulated at CHC
and O mm at El Alto. The observed values were 14 and 11 mm. These very low precipitation
amounts occur due to large-scale subsidence at the edge of the Hadley cell and limited mois-
ture sources: the moist air masses of the Amazon are not transported to CHC during May and
neither are the moist air masses that are present over the South Pacific, as a stable inversion
and the steep barrier of the Andes prevents transport to CHC (Falvey and Garreaud 2005).

Airmass origin. To fully understand the changes in atmospheric composition during SALT-
ENA, the measurements of trace gas and aerosol properties must be combined with detailed
information about the local meteorology and airmass origin. Therefore, in addition to using
local meteorological observations and the WRF simulation, output from the high-resolution
WRF simulations was used to drive backward trajectories with the Lagrangian dispersion
model FLEXPART (Brioude et al. 2013). The FLEXPART simulations, which cover the same
domain as the WRF simulations and have similar spatial resolution, allowed us to identify
source regions of air masses arriving at CHC and determine whether the station was influ-
enced by boundary layer, residual layer, or free-tropospheric air masses. This source area
identification method and the WRF and FLEXPART simulations are discussed in detail by
Aliaga et al. (2021).

Research highlights

Unraveling chemical transformation processes of anthropogenic pollution during trans-
port from the boundary layer to the free troposphere. The comprehensive instrumenta-
tion deployed across three measurement sites during the SALTENA campaign permitted an
unprecedented look at the changes in the physico-chemical properties of polluted air as it is
transported from anthropogenic source regions in the Altiplano, including the metropolitan
areas of La Paz—El Alto, to the high-altitude station CHC and the free troposphere. The ob-
servations will enable further investigation of (i) specific urban sources of pollution in the
undersampled Southern Hemisphere; (ii) anthropogenic aerosol ageing processes including
secondary formation under strong solar radiation conditions due the high altitude; (iii) the
role of atmospheric pollutants in NPF and growth of particles to sizes relevant for cloud for-
mation; and (iv) the potential climatic and environmental impacts of the pollution across the
broader Altiplano and Andes region of the South American continent.

Figures 4a and 4b show the difference in campaign-average diurnal pattern and relative
contribution to submicron particulate matter (PM,) of particulate compounds measured in El
Alto and CHC. The chemical composition of PM, , (PM with a diameter of up to 2.5 mm) was
not measured during SALTENA; currently ongoing analyses of filter-based samples of PM,
and PM, ; collected during the years prior to SALTENA at CHC will be the focus of a separate
study. Concentrations in EI Alto peaked at 0700 and 2000 local time corresponding to rush-
hour times, and the average submicron chemical composition was dominated by black carbon
and organic matter (of both primary and secondary origin). This supports findings from an
earlier study of Wiedensohler et al. (2018), who took advantage of a unique, traffic-free situ-
ation on the Bolivian Day of Census in 2012 to estimate that traffic-related emissions account
for a high 80% of the PM, pollution (including black carbon) in the metropolitan area of La
Paz—El Alto. One of our SALTENA-based research foci will include detailed analyses of the
traffic-related emissions of organic matter, the mass spectra of which indicate a very high
contribution of hydrocarbons (not shown), and black carbon properties (see further down)
and their implications for air quality and human health in El Alto.

The CHC diurnal pattern with its peak around noon visualizes how the PBL containing
pollution from the source regions in the Altiplano such as the metropolitan area of La Paz—El
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Alto develops to the altitude of the station dur-
ing the morning hours. Compared to El Alto, the
submicron particle chemical composition was
more dominated by secondary inorganic particle
components, especially sulfate (which will be
discussed later), and a more aged organic aerosol
(not shown), as indicated by mass spectral fea-
tures similar to these reported by Ng et al. (2011).
The detailed characterization of (photo-)chemi-
cal processing of air masses during transport
from the source regions to CHC, and molecular
composition of organic aerosol particles at such
altitudes are the focus of ongoing analyses.
These are greatly helped by the suite of state-
of-the-art mass spectrometers deployed at CHC
during SALTENA (see Table 1). Figures 4c and 4d
show as an example the average diurnal pattern
(9-23 May) of organic molecules containing
seven carbon atoms and different numbers of
oxygen, hydrogen, and nitrogen atoms in the
gas and particle phases at CHC. These are likely
related to toluene (C,H,), one of the most abun-
dant anthropogenic aromatic hydrocarbons
(Henze et al. 2008) and its oxidation products
(Jietal. 2017; Molteni et al. 2018). Such detailed
molecular-level information will help us not
only further specify sources and oxidation re-
actions of organics emitted within the PBL, but
also, e.g., parameterize climate-relevant aerosol
properties such as hygroscopicity and volatility
(Deng et al. 2018; Mohr et al. 2019).

Black carbon (BC) is of particular interest
for the region: it is not only a concern for hu-
man health in the La Paz-El Alto urban area,
but has likely also played a role in accelerating
the retreat of Andean glaciers and snow cover
over recent decades by decreasing the sur-
face albedo of ice-covered surfaces through
deposition, and thereby speeding up their
melting process (de Magalhaes et al. 2019;
Vuille et al. 2018). To investigate the transport
of anthropogenic emissions from La Paz-El
Alto to high altitudes, we combined the high-
resolution WRF simulations with FLEXPART
back trajectory modeling (see “Meteorology”
section), BC concentration measurements, and
elastic net regression (Pedregosa et al. 2011) to
identify the specific source regions of the BC
measured in the air at CHC. We note that the
La Paz-El Alto region is also a source of other
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aerosol components such as nitrate, sulfate, or organic matter, but use here BC due to
its unambiguous origin (outside the biomass-burning season) for anthropogenic source
region identification. Figure 5a displays the results of the BC footprint analysis, where
the probabilities that individual grid cells (P ) are source regions for the BC measured
at CHC are overlaid onto a map of the surrounding area. An extremely clear “hot spot”
of emissions probability is located directly over La Paz and El Alto, confirming that this
urban area is the dominant source of the high levels of BC aerosol that reach CHC and,
presumably, other surrounding mountains.

Measurements of refractory BC (rBC) particle core size distributions at the three measure-
ment sites of the SALTENA campaign (see “SALTENA study design” section) give further
insights into the changes of BC with residence time in the atmosphere and transport to CHC
(Fig. 5b). The very small BC particle core sizes (<100 nm) at the central La Paz site, which is
surrounded by heavily trafficked roads, support the conclusion that traffic is the dominant
source of BCin La Paz (e.g., Wiedensohler et al. 2018). At the urban background site of E1 Alto,
which is further from traffic sources than the La Paz site, the median BC core size distribution is
shifted to much larger values, with a peak observed around 190 nm. Since the organic aerosol
mass spectra recorded by the Aerosol Chemical Speciation Monitor (ACSM) at El Alto did not
possess any biomass-burning markers, we rule out biomass burning as a major BC source.
We therefore hypothesize that the much larger BC cores at E1 Alto compared to the La Paz site
are the result of rapid ageing (e.g., coagulation) and/or mixing and dilution with larger, aged
BC particles as the particles are advected away from the heavily trafficked roads. The shapes
of the BC core size distributions measured during boundary layer influenced conditions at
CHC are very similar to the El Alto distributions, which strengthens the conclusion from the
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Fig. 5. (a) Potential grid cell sources of BC influencing CHC during the campaign period (December
2017-May 2018), overlaid over a nighttime satellite picture from NASA (https:/earthdata.nasa.
gov/eosdis/science-system-description/eosdis-components/gibs#ed-gibs-citation) to show the
city limits of La Paz-El Alto. Increasing probability weight (P ) values indicate higher likeliness
of the cell to be a source region for BC. Local topography and the closeness to CHC favor the
likeness of the northern part of the city. (b) Median mass size distributions of refractory black
carbon (rBC) cores measured at the three SALTENA measurement stations (central La Paz, El Alto,
and Chacaltaya) for the period from 24 Apr to 19 May. Shaded areas represent the interquartile
ranges of each of the median mass size distributions. The Chacaltaya results only include mass
size distributions measured during boundary layer influenced conditions, which are defined as
occurring between 1000 and 1400 LT. The mass size distributions have been normalized by divid-
ing by the median integrated rBC mass concentration measured at each site, which are displayed
in parentheses in the figure legend.
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footprint analysis (Fig. 5a) that La Paz—El Alto is a major source region of the BC measured
at CHC. Further investigation of the BC transport and ageing processes during SALTENA is
currently being undertaken and will be discussed in the context of potential regional climate
effects in a separate publication.

Volcanic activities in the Altiplano as a source of atmospheric sulfur components. The
SALTENA campaign has revealed the Altiplano to be a significant source of atmospheric
sulfur-containing compounds in the gas and particle phase due to the volcanic activity in the
region. Especially the Sabancaya volcano in Peru was active during the measurement cam-
paign, and CHC was impacted by its plume as shown by the December 2017-May 2018 SO,
column amount derived from satellite images (filtered for outliers; Li et al. 2020) in Fig. 6a.
Figure 6b shows the time series of particulate sulfate concentrations, which exhibited par-
ticularly high loadings during May when the station was impacted by Altiplano air masses
(Aliaga et al. 2021). Volcanic emissions do not only directly affect particulate sulfate concen-
trations, but aerosol chemistry in many ways, as exemplified in Fig. 6¢c. Here we compare the
sulfur-containing compounds in the gas and particle phases for the periods when volcano
plumes were encountered (7-9 and 21-23 May 2018), and the periods less impacted by vol-
canic emissions (11-13 and 29-31 May 2018). During the volcanic episodes, a higher fraction
of sulfur-containing ions (H,S,0,, sulfuric acid and its clusters are not included) in the gas
phase and a higher mass fraction of sulfur-containing compounds including organosulfates
(CHOS) and nitroxy organosulfates (CHONS) in the particle phase were observed. SO, emitted
from volcanic activities and its oxidation products may also play a role in atmospheric NPF
observed regularly at CHC, especially during the dry season.

The chemical components involved in new particle formation. With the mass spectrometers
deployed during SALTENA (see Table 1) we have the unprecedented opportunity to elucidate
the chemical components involved in NPF observed regularly at CHC, and to unravel the con-
tributions of compounds from the (polluted) PBL and the free troposphere. An instructive way
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Fig. 6. (a) Average SO, concentration in the atmospheric column from December 2017 to May 2018
derived from the ozone monitoring instrument (OMI) on board the Aura satellite; (b) time series
of particulate sulfate measured by ACSM in Chacaltaya; and (c) box-and-whisker plots of signal
fraction of S-containing compounds (SO,, SO,, SO, HSO,, etc., except H,SO,) in the gas phase
measured by the APi-TOF (green) and mass fraction of S-containing organic compounds in the
particle phase measured by the FIGAERO-CIMS (blue), as well as particulate sulfate by the ACSM
(gray) during volcano plumes and non-volcano plume days in Chacaltaya.
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to present a mass spectrum is the mass defect plot, where the abscissa represents the measured
mass (mass-to-charge ratio m/z, with z = 1 in atomic mass units, amu) of the compounds and the
ordinate their mass defect, which is the difference between the accurate mass and the nominal
mass (Bianchi et al. 2014). In Fig. 7 we show a mass defect plot of negative naturally charged
ions nucleating during a NPF event in April 2018. The symbol size is proportional to the peak
intensity. Sulfuric acid clusters of various sizes and composition make up the largest fraction
of the signal (red and orange clusters). Sulfuric acid—ammonia clusters reaching a mass of
1,200 amu and above were observed in previous laboratory experiments (Bianchi et al. 2014),
and these large clusters are also probably one of the important drivers of NPF. A cluster with
a size of 1,200 amu corresponds to an estimated mobility equivalent diameter of 1.8 nm
(Mékela et al. 1996; Steiner et al. 2014). Signals of organic compounds were not negligible,
especially in the mass range of 200—600 amu. The role of organic compounds in NPF at CHC
is currently under investigation. Simultaneous measurements of cluster and particle number
size distributions at CHC and El Alto (Fig. 8) show NPF to happen at both locations. The mea-
surements are thus very useful to understand the regional extent of this phenomenon, as well
as the role that emissions from the boundary layer, convective uplifting, and transport of air
masses from the free troposphere play for nucleation and growth of particles at CHC/this region.

Free-tropospheric air masses and what they contain. The high altitude of the station also
allowed for glimpses into the chemical composition of compounds in the free troposphere,
and to assess long-range transport of compounds from such diverse sources as the lowlands
to the east of the Cordillera Real where the station is located, the Amazon region, and the
Atlantic Ocean, or, to the west, the Pacific Ocean. An earlier study investigating the role of
topography for the PBL influence on mountain stations (Coen et al. 2018) ranked CHC roughly
in the middle when comparing the PBL influence for all mountain stations around the globe.
Also, Rose et al. (2017) concluded that only during the night a significant fraction of the air
impacting the station would be from the free troposphere.

In addition to the detailed grid cell source analysis by Aliaga et al. (2021) (see “Meteorology”
section), we also used the water vapor mixing ratio measured at CHC as an indicator for free-
tropospheric air, especially for intrusions not captured by the previously mentioned modeling
work. The average wa-
ter vapor mixing ratios
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Fig. 7. Mass defect plot of the negative naturally charged ions in counts per second
(cps) measured by the APi-TOF during an NPF event observed on 11 Apr 2018. Each
dot represents a cluster with a unique ionic composition (green: organic ions;
red: clusters of pure sulfuric acid; orange: clusters composed solely by sulfuric
should contain com-  acid and ammonia). The largest clusters detected contain up to 13 molecules of
pounds representative  sulfuric acid and 7 molecules of ammonia.
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Fig. 9. () Frequency distribution and (b) time series of concentrations of highly oxygenated organic molecules (HOM) for
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History of the Chacaltaya GAW station

Scientific observations at Mount Chacaltaya have a long history
(Fig. SB1). Although the site is well-known for discoveries concerning
cosmic rays, the first observations were related to meteorological
measurements, when in 1942 a weather station was set up by
Bolivian scientist Ismael Escobar near where the current infra-
structure is located today. The interest in observations of cosmic
rays at high-altitude sites at that time motivated the search for
adequate locations. Chacaltaya was (and still is) an excellent site,
not only due to its altitude, but also to its location in the Southern
Hemisphere, which faces the center of our galaxy. In 1947, Brazilian
physicist Cesar Lattes, who at that time was part of an English
group led by Cecil Powell at the University of Bristol, took nuclear
emulsion plates to detect charged particles to Chacaltaya. These
plates allowed scientists to detect tracks left behind by those
particles when they passed through.

The Bristol group’s goal was to improve the observations made
the previous year by Giuseppe Occhialini at the French Pyrenees
mountain of Pic-du-Midi (2,877 m MSL) where they detected
a particle never observed previously. To confirm the discovery,
Lattes took the plates to Chacaltaya, where a larger number of
events that lead to the production of this particle were expected.
Soon thereafter, the discovery of 1-meson was confirmed and

Fig. SB1. Picture of the Chacaltaya GAW station. The
mountain behind the station is Mount Chacaltaya, which
is just 100 m above the measurement site. The Cumbre
site, where meteorological observations and aerosol
filter sampling are carried out, is visible on the ridge
behind the station.

some of its properties were finally established with the data
obtained at Chacaltaya. This particle was the elusive pion predicted
by Japanese physicist Hideki Yukawa, who received the Nobel
Prize in 1949 for his work. One year later, in the 1950s, Cecil
Powel was also awarded the Nobel Prize for the experimental
confirmation of the existence of Yukawa’s pion.

In 1952, the Brazilian Center for Research in Physics led by
Lattes, joined forces with Bolivia's University Mayor de San
Andres (UMSA) to build a cosmic ray laboratory on Mount
Chacaltaya. This action would later become an important step for
cosmic ray research in Latin America. At the end of that decade,
Lattes and Yukawa promoted scientific collaboration between
Brazil and Japan, which was carried out successfully at Chacaltaya
for almost three decades. The observatory is still active in cosmic
rays although a new, large experiment is being set up at a lower
part of the mountain; this time led by 2015 Nobel Prize Laureate
Takaaki Kajita from Japan.

In the meantime, atmospheric research returned to Chacaltaya
led by the UMSA's Laboratory for Atmospheric Physics when
a proposal to the Global Atmosphere Watch (GAW) network
from the World Meteorological Organization was accepted to
establish a regional station there. The CHC station was set up in
December 2011 by an international consortium led by UMSA and
partners from France, Germany, Sweden, Spain, and the United
States, and has been working continuously ever since, except
for a 4-month gap between September 2019 and January 2020,
required to perform substantial maintenance to the electric grid.
Its unique location, also for atmospheric sciences, makes it ideal
for studying transport of anthropogenic compounds into the
free troposphere, processes such as the impact of large human
settlements on the local and regional atmosphere, effects of
long-term transport of products from biomass burning on the
Andean glaciers and new particle formation under very different
environmental conditions.

Observations over the past 10 years have produced a number
of new results related to new particle formation (Rose et al. 2015)
and its impact on CCN production (Rose et al. 2017), variability of
black carbon (Chauvigné et al. 2019) and mercury (Koenig et al.
2021), and the impact of La Paz—El Alto on atmospheric composition
at CHC (Wiedensohler et al. 2018). A number of other studies are
in preparation.

Today, CHC is one of the few active GAW stations in South
America, especially in the Andean mountains, with the capacity
to host large-scale experiments, like SALTENA, as part of interna-
tional collaborations.

when the water vapor mixing ratio was below a certain threshold (5.5 g kg™ for the wet sea-
son and 1.5 g kg for the dry season), i.e., when the likelihood of tropospheric air impacting
the station was high. The highest values of both HOM and MSA concentrations were found
during periods with the lowest water vapor mixing ratio; Figs. 9b and 9d show an anticor-
relation for the entire period. This suggests that free-tropospheric air carries gaseous species
that are oxidation products of a marine compound from the Pacific and biogenic compounds
emitted in the lowlands/Amazon region. Our detailed chemical composition measurements at
CHC during SALTENA therefore help identify and characterize the compounds that undergo
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long-range transport in the atmosphere and therefore influence climate-relevant processes far
away from their source regions (here CHC can be regarded both as an impactor site, but also as
a source region for aerosols transported, e.g., to the remote Pacific Ocean (Shank et al. 2012;
Bourgeois et al. 2015).

Concluding remarks

The first results from the SALTENA observations highlight the importance of continuous
comprehensive observations in strategic locations such as the Chacaltaya GAW station. The
decade-long history of atmospheric measurements at CHC have laid the ground for this inten-
sive measurement campaign. Thanks to the deployment of the extensive set of instruments
during SALTENA it will be possible to characterize the multitude of activities that affect the
free troposphere above the tropical Andes. These activities include anthropogenic emissions
from polluted cities (La Paz and El Alto), but also natural phenomena such as sporadic volcanic
activities from the Altiplano or biogenic emissions from the Amazon forest, which can reach
high altitudes and affect aerosols and cloud formation. Our future work will allow for detailed
studies on these sources and their impact on Chacaltaya and the Andes in general, such as for
example making the connection between biogenic emissions and the large number of particles
that have been observed earlier at high altitudes above the Amazon (Andreae et al. 2018).

As in many locations across the globe, meteorology and seasonality play a crucial role for
emissions, concentrations, and properties of natural and anthropogenic atmospheric con-
stituents. At Chacaltaya, the prevailing wind is strongly connected to season (wet, easterly
winds versus dry, westerly winds); with SALTENA we were able to cover the wet and wet-to-
dry transition seasons as well as 1 month of the dry season. Future efforts should therefore
focus on a commitment to keeping CHC running despite logistical challenges, and to invest
in expanding its observational capabilities. This is of fundamental importance to capture the
different features observed in different seasons, catch unpredictable events such volcanic
eruptions or long-range transportation from the Pacific Ocean or the Amazon forest.

The SALTENA experiment is motivated by the idea of improving our knowledge on natural and
anthropogenic aerosols observed at high-altitude sites and their formation processes. Continuous
measurements will also allow us to understand the impact of environmental changes such as
land use changes in the Altiplano or Amazon basin and the fast growing urban areas in Latin
America on the atmospheric composition and its implications for air quality and climate change.
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