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ABSTRACT
New particle formation (NPF) in the tropical free troposphere (FT) is a globally important source of cloud
condensation nuclei, affecting cloud properties and climate. Oxidized organic molecules (OOMs)
produced from biogenic volatile organic compounds are believed to contribute to aerosol formation in the
tropical FT, but without direct chemical observations. We performed in situmolecular-level OOMs
measurements at the Bolivian station Chacaltaya at 5240 m above sea level, on the western edge of
Amazonia. For the first time, we demonstrate the presence of OOMs, mainly with 4–5 carbon atoms, in
both gas-phase and particle-phase (in terms of mass contribution) measurements in tropical FT air from
Amazonia.These observations, combined with air mass history analyses, indicate that the observed OOMs
are linked to isoprene emitted from the rainforests hundreds of kilometers away. Based on particle-phase
measurements, we find that these compounds can contribute to NPF, at least the growth of newly formed
nanoparticles, in the tropical FT on a continental scale.Thus, our study is a fundamental and significant step
in understanding the aerosol formation process in the tropical FT.
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INTRODUCTION
The tropical free troposphere (FT) can host large
numbers of aerosol particles, serving as cloud
condensation nuclei (CCN), and thus affects the
climate system on a global scale [1,2]. Atmospheric
newparticle formation (NPF) comprises two crucial
steps: nucleation and subsequent growth of newly
formed nanoparticles. NPF has been consistently
observed in the tropical FT in regionswith high con-
centrations (in termsof particle number) of ultrafine
particles (UFPs, here defined as particles with diam-
eters of between 10 and 50 nm) using an aircraft and
is thus likely to be a significant source of FT aerosols
[1–4]. Oxidized organic molecules (OOMs),

produced from biogenic volatile organic com-
pounds (BVOCs) carried up to the FTbymesoscale
convective systems, are hypothesized to be key com-
ponents in forming aerosols due to their reduced
volatility at low temperatures [1,2,4–6].

Recent modeling studies have reported that
biogenic-related NPF likely dominates FT aerosol
formation in tropical BVOC emission hotspots
such as Amazonia [6–8]. Elucidating the chemical
composition of OOMs is required to constrain
model simulations and improve understanding of
the mechanism and influence of biogenic-related
NPF in the tropical FT [7]. Direct observations
to date are limited to airborne studies lacking
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necessary chemistry instrumentation [1–4]. The
Southern hemisphere high ALTitude Experiment
on particle Nucleation And growth (SALTENA)
campaign (see [9] and ‘Methods’) performed direct
molecular-level observations ofOOMs using a set of
state-of-the-art mass spectrometers at the Bolivian
Global Atmosphere Watch (GAW) station Chacal-
taya (CHC; 5240 m above sea level (a.s.l.)), on the
western edge of the Amazon Basin (Supplementary
Fig. S1). These measurements complemented
long-term observations at CHCof e.g. particle num-
ber size distribution and equivalent black carbon
(eBC). For this campaign, we reconstructed the
96-h air mass history using the Lagrangian particle
dispersion model FLEXPART-WRF to determine
the origin and footprint of air masses arriving at
CHC (see [10] and ‘Methods’).

RESULTS
The present study focuses on measurements in Jan-
uary 2018 during the austral summer (wet season),
when FT air from Amazonia exerted a large influ-
ence on CHC compared with other periods of the
campaign (‘Methods’). The data were divided into
FT, mixed FT and local air (non-FT), and daytime
events. The FT events occurred during night-time
(19 : 00–06 : 00; local time,UTC–4)when the influ-
ence of FT air was dominant at CHC.These periods
were characterized by low water vapor mixing ratio
(WVMR) and eBC concentrations, as tropical FT
air is typically drier and less polluted (here indicated
by the lower eBC concentration) than the bound-
ary layer (BL) air during the wet season (see ‘Meth-
ods’ for the detailed description of FT event identifi-
cation) [11–13]. The remaining night-time periods
were defined as non-FT periods when the influence
of local BL air was more significant compared with
FT periods. Due to the thermally driven local mix-
ing layer cycle and air circulation, the impact of BL
air was evident at CHC from 07 : 00 to 18 : 00. As a
result, during daytime periods, CHC was impacted
by urban air pollution from the nearby La Paz—El
Alto metropolitan area [11,12].

During the study period, FT events at CHCwere
frequently observed (on 14 out of 17 nights; Supple-
mentary Fig. S2) under the persistent influence of
airmasses fromAmazonia. An FT event is exemplar-
ily shown in Fig. 1 for the night of 10 January 2018
(from 21 : 10 to 00 : 30), when very low WVMR
(4.7 g kg−1) and eBC concentrations (close to
the detection limit) were measured. Detailed, high-
resolution analysis of the modeled source-receptor
relationship (SRR; see [10] and ‘Methods’) for this
event,which links the sampled airmasses atCHCvia
their transport and residence time therein, shows the

AmazonBasin as the origin (Fig. 1a and Supplemen-
tary Fig. S3, with hourly airmass history from19 : 00
to 03 : 00).The SRR vertical profile (Fig. 1b) further
shows that a large fraction of these air masses had
spent considerable time within the Amazon BL in
the region of 800–1400 km away from CHC before
ascending to the FT. Similar to all other FT events
in January 2018,MODIS (Moderate Resolution Im-
age Spectroradiometer) satellite images show that
several mesoscale convective systems were present
concurrently over this region (Supplementary Figs
S4 and S5), indicating that air masses from the Ama-
zon BL were transported to the tropical FT through
convective lifting. Once in the FT, the air masses
were transported via horizontal advection to CHC
in≤36 h. In this way, the Amazon Basin can contin-
uously and widely affect the tropical FT during the
wet season.

The composition of FT air from Amazonia
showednotabledifferences fromthatduringnon-FT
periods on the night of 10 January 2018.WVMRand
eBC concentrations started to decrease at 20 : 00
and reached a minimum after ∼1 h, indicating that
by 21 : 10, the CHC was dominantly influenced by
FT air (Fig. 1c). The FT condition persisted for
3 h until shortly after midnight on 11 January 2018.
Figure 1d shows increased UFP concentrations dur-
ing that period. The hourly averaged particle size
spectra (Supplementary Fig. S6) show that the in-
crease in UFPs was primarily due to enhancement
of particles with diameters of between 20 and 30 nm.
This is consistent with particle size spectrameasured
in the Amazon FT using an aircraft [3,4]. We divide
observed gas-phase OOMs (Fig. 1e) measured by a
nitrate-based chemical ionization atmospheric pres-
sure interface time-of-flight mass spectrometer (CI-
APi-TOF) into three groups based on their num-
ber of carbon atoms (C4–5, C6–8 andC≥9).Whereas
C6–8 and C≥9 OOM concentrations remained at
low levels throughout the night, C4–5 OOMconcen-
trations increased during the FT event. A concur-
rent increase in the total signal of organic ions was
also measured by using an APi-TOF (Supplemen-
tary Fig. S7), as compositions of OOMs and organic
ions (negative ion adducts of OOMs) were usually
identical [14,15].More FT events are shown in Sup-
plementary Figs S3, S8 and S9.

Overall, the characteristics determined based on
all FT events are distinct from those of non-FT pe-
riods. WVMR and eBC concentrations (Fig. 2a and
b) were significantly lower during FT conditions
compared with non-FT conditions. High number
concentrations of UFPs (Fig. 2c and d) are another
typical feature of Amazon FT air, which is attributed
to the significantly different properties between
particles in the Amazon FT and BL. Previous
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Figure 1. An Amazon FT event observed at CHC in the night of 10 January 2018. (a) Horizontal profile of the vertically
integrated source receptor relationship (SRR, units of hours) derived from the FLEXPART-WRFmodel and averaged from 21 : 00
to 00 : 00 (local date and time, UTC–4). The semi-transparent circle indicates the horizontal output domain of the model. The
model output is in 1-h time resolution. The color bar denotes the SRR values of the passive air tracers. (b) Vertical profile of
the SRR integrated over the radial direction, averaged from 21 : 00 to 00 : 00. Black shading indicates the topography near
the station. (c) Concentrations of WVMR and eBC. The gray shaded area denotes the exact period of the FT event, identified
with WVMR ≤ 5.5 g kg−1 and eBC ≤ 0.08 μg m−3 (‘Methods’). (d) Concentrations of UFPs (diameter of 10–50 nm) and
accumulation mode particles (diameter of 100–500 nm). (e) Concentrations of oxidized organic molecules (OOMs) measured
by using a nitrate-based CI-APi-TOF; grouped based on their number of carbon atoms (C4–5, C6–8 and C≥9). The C≥9 OOM
concentration is below the detection limit of the CI-APi-TOF (‘Methods’) for most of the time during this FT event.

aircraft-based aerosol studies showed that FT
particles are predominately Aitken-mode particles
and are barely affected by particles from theAmazon
BL [1,3,4]. Concentrations of C6–8 and C≥9 OOMs
were much lower than C4–5 OOM concentrations
(Fig. 2e–g) and showed no clear differences be-
tween FT events and non-FT periods for these two
groups. In contrast, C4–5 OOM concentrations in
FT events were significantly higher than that during
non-FT periods, indicating that tropical FT air is
enriched in C4–5 OOMs during the wet season.

We further compare the molecular composi-
tion of OOMs during FT, non-FT and daytime
events (Fig. 3). The variability in OOM composi-
tion among these periods strongly indicates differ-
ent sources, pathways and origins of OOMs ob-
served at CHC. During FT events, C4–5 OOMs
such asC4H6,8O4,5 andC5H6,8,10O4,5 were the dom-
inant CHO species (Fig. 3a). These compounds
have been observed previously in chamber stud-
ies on the oxidation of isoprene (C5H8) by hy-
droxyl radicals (OH) [16,17]. The most abundant
CHONs (Fig. 3b) were C4H7,9O3,4(ONO2) and
C5H7,9O3,4(ONO2),which have been characterized

as OH-oxidation products of isoprene in the pres-
ence of NOx (NOx = NO + NO2) [17–19]. C6–8
OOMs observed in FT events consisted of several
compounds, mainly C6H10O6, C7H9,11O5(ONO2)
and C8H12,14O6, which could be from various
sources, such as the residual of daytime BL air, evap-
oration from existing particles and oxidation prod-
ucts of other BVOCs (e.g. monoterpenes). Further-
more, the composition of OOMs in the FT air from
the Amazon Basin differs significantly from that in
other regions. OOMs observed in the FT over other
regions often contain a higher number of carbon
atoms, such as C6–12 OOMs observed at Jungfrau-
joch [14] and C10–20 OOMs observed at Himalaya
[20].

During non-FT periods (Fig. 3c and d), OOM
concentrations were generally lower. The C4–5
OOM composition was very similar to those identi-
fied in FT events, but almost an order of magnitude
lower in concentration. In contrast, C6–8 OOMs
weremore varied and accounted for a larger fraction
of the total OOMs than during FT events. Whereas
we attribute the significantly reduced C4–5 OOM
concentrations to the decreased influence of FT air,
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Figure 2. Variation in the parameters measured during periods with FT events and without FT events (non-FT). Only night-time data during the study pe-
riod (January 2018) are included. (a) WVMR concentrations. (b) eBC mass concentrations. (c) Number concentrations of UFPs. (d) Number concentrations
of accumulation mode particles. (e) Concentrations of C4–5 OOMs. (f) Concentrations of C6–8 OOMs. (g) Concentrations of C≥9 OOMs. Concentrations of
C≥9 OOMs were close to the detection limit during the study period. OOMs with fewer than four carbon atoms (not shown here) were mostly composed
of small organic acids, including malonic acid (C3H4O4) and oxalic acid (C2H2O4), which could come from both biogenic and anthropogenic sources.
Boxes and whiskers are plotted for the 10th, 25th, 50th, 75th and 90th percentiles. Notches denote the 95% confidence interval of the median value.
The number of data points (10-min resolution) for FT events and non-FT periods are 370 and 842, respectively. Panels (f) and (g) with y-axis on smaller
scales are shown in Supplementary Fig. S10.

the changes in C6–8 OOMs appear to be due to the
increased impact ofBLair (or night-time residual BL
air).Duringnon-FTevents,C4–5 OOMsduringday-
time were accompanied by noticeable amounts of
C6–8 and C≥9 OOMs (Fig. 3e and f). These OOMs
also contained on average more oxygen atoms than
the OOMs in FT air, suggesting they had a differ-
ent origin, likely oxidation products of urban bio-
genic and anthropogenic emissions in the nearby
metropolitan area [19].

We believe that the dominant role of C4–5 com-
pounds in the observed OOMs at CHC during FT
events directly reflects strong isoprene emissions
from the Amazonian rainforest. During the wet sea-
son, isoprene concentrations (several ppbv (parts
per billion by volume)) in the Amazon BL are ap-
proximately anorder ofmagnitudehigher than those
of other BVOCs (e.g. monoterpenes (C10H16))
[21]. Shilling et al. reported that isoprene was still
abundant (up to∼3 ppbv) at the top of the Amazon
BL (∼1-km altitude), whereas monoterpene con-
centrations were usually<0.2 ppbv (the instrument
detection limit) [22].Organic compounds are trans-
ported to the FT by deep convection. It is a different
pathway to the BLmixing. Frequent mesoscale con-
vective systems in the Amazon Basin [23] provide a
transportmechanism for liftingorganics from theBL
to the tropical FT [4,5]. In this process, while organ-
ics less volatile and/or more soluble than isoprene

are largely scavenged by cloud hydrometeors [24], a
substantial amount of isoprene (>1 ppbv, originat-
ing from the Amazon BL) is transported to the FT
over tropical South America at sunset [6].

While isoprene is short-lived when its atmo-
spheric lifetime is determined mainly by OH oxida-
tion during daytime (0.4 h; see ‘Methods’ for de-
tails) in the tropical FT, its lifetime is prolonged at
night when O3 and NO3 radicals become its major
oxidants (∼40–55 h; ‘Methods’). In contrast, the
lifetime of other BVOCs, such as monoterpenes, is
much shorter (3–4 h) under nocturnal FT condi-
tions. Moreover, the primary first-generation prod-
uct of OH-initiated isoprene oxidation, isoprene hy-
droxy hydroperoxide (ISOPOOH), has a lifetime
of ∼3–5 h [25]. Further oxidation of ISOPOOH
by OH leads to the formation of isoprene epoxy-
diols (IEPOX), the major second-generation prod-
uct with a lifetime of ∼20–30 h [6,17]. The rela-
tively longer lifetimes of isoprene (nocturnal) and its
major oxidation products facilitate their long-range
transport in the tropical FT compared with other
BVOCs [6].

Isoprene-OOMs observed in the tropical FT
are potentially the multi-generation OH-oxidation
products of isoprene. The predominant CHO
and CHON species in these isoprene-OOMs
(Fig. 3) have been previously detected under
low-NOx conditions in various studies, including
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Figure 3. Chemical composition of OOMs observed in different conditions at CHC in
January 2018. (a) and (b) Concentrations of OOMs containing (a) carbon, hydrogen and
oxygen atoms (CHO) and (b) carbon, hydrogen, oxygen and nitrogen atoms (CHON) av-
eraged over all FT events. OOMs are grouped with different oxygen atom numbers as a
function of carbon atom numbers. Note that the contribution of a nitrate (-ONO2) func-
tional group to OOM volatility is comparable to an alcohol (-OH) group due to the same
effective O : C ratio [29]. (c) and (d) Concentrations of (c) CHO and (d) CHON OOMs aver-
aged over ‘non-FT’ periods during night-time (19 : 00–06 : 00). (e) and (f) Concentrations
of (e) CHO and (f) CHON OOMs averaged over daytime (07 : 00–18 : 00) when CHC was
affected by BL air from the nearby La Paz—El Alto metropolitan area. (g) Correlation
between C4-5 CHO and C4-5 CHON in January 2018 (including both daytime and night-
time data), colored by the WVMR. Here the FT events are indicated by lower WVMR
and higher OOM concentrations.

chamber experiments investigating isoprene OH
oxidation under varying NOx conditions [26]
and field measurements conducted at remote,
isoprene-dominated forests in Alabama, USA [19].
The observed isoprene-OOMs exhibit an overall
CHON/CHO ratio of ∼1.3 : 1 (Fig. 3g), which
is comparable to ratios obtained in the previous
studies when NO concentrations (nitric oxide;
∼25–40 pptv (parts per trillion by volume)) were
close to those observed in the tropical FT (less than

∼50 pptv) [4] and predicted by chemical transport
models (10–100 pptv) [6]. Thus, isoprene-OOMs
may also be prevalent in the tropical FT, leading
them to be observed at CHC, located hundreds of
kilometers away from the Amazon Basin.

The outflow of the mesoscale convective systems
in the FT could also provide a suitable chemical en-
vironment for the formation of isoprene-OOMs ob-
served in our study. During the study period, in-
tensive lightning activity associated with convective
systems was observed (Supplementary Figs S4 and
S11), which enriches the amounts of OH and (NO)
needed for forming isoprene-OOMs in this region
and the Amazon FT [6,27]. OOMs previously con-
densed on aerosol particles in the upper part of FT
can be another potential source of these isoprene-
OOM vapors due to evaporation as temperature
rises in descending air masses [28].

Thus, we conclude that the majority of OOMs
observed in lower tropical FT at CHC were from
the isoprene emitted from the Amazonian rainfor-
est. Still, it is important to note that the chemical en-
vironment changes along the path of the air masses
and the chemical transformation ofOOMsmayhap-
pen in the gas and particle phases. However, a de-
tailed investigation of this mechanism is unlikely
based on our mountain-top measurements.

DISCUSSION
The question is whether the observed isoprene-
OOMs play a role in NPF to form large numbers of
UFPs observed over the tropical FT (Fig. 4). Previ-
ous model studies have concluded that OOMs play
a crucial role inNPF in the tropical FT, contributing
to a significant portion of CCN in this region [7,8].
The NPF parameterizations utilized in these studies
predominantly relied on OOMs extracted from
chamber experiments, which investigated NPF
driven by monoterpene-derived OOMs [29,30]. In
contrast, isoprene-OOMs usually show a suppres-
sive effect on NPF in chamber studies [31–33] and
are likely the reason for NPF to be rarely observed
in the Amazon BL [3,4]. However, the potentially
widespread isoprene-OOMs in the tropical FT
may exert a spatially broader influence on aerosol
formation compared with non-isoprene-OOMs.
Furthermore, isoprene-OOMs measured by using
the nitrate-basedCI-APi-TOFconstitute a relatively
small fraction of the total isoprene oxidation prod-
ucts. While the majority of the oxidation products
are composed of less oxygenated and more volatile
species (e.g. ISOPOOHand IEPOX) than isoprene-
OOMs [34,35], they may still contribute to particle
growth in the tropical FT by condensing on
larger-sized particles [6]. Isoprene-OOMs formed
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Figure 4. Life cycle of isoprene-OOMs and their role in NPF over the tropical FT. Isoprene emitted from the Amazon rainforest is transported upwards
by mesoscale convective systems (convective clouds) to the tropical FT (right). Isoprene surviving from removal processes in the clouds (e.g. scavenging
by cloud hydrometeors) reacts with hydroxyl radicals (OH), hydroperoxyl radicals (HO2) and nitrogen oxides (NO and NO2) produced by lightning in the
convective clouds [27]. In the cloud outflow, isoprene-OOMs (C4–5 CHOs and C4–5 CHONs) are formed. These OOMs can contribute to NPF in the tropical
FT, particularly the growth of newly formed nanoparticles (middle). The isoprene-OOMs, which can endure long-range transport in the lower and middle
regions of tropical FT, are potentially involved in aerosol formation on a continental scale (left).

through multi-generation oxidation of isoprene
have higher oxidation states than other oxidation
products and thus may participate in NPF more
efficiently due to their lower volatility (see [36] and
‘Methods’).

In addition to the gas-phase observations dur-
ing the wet season, enhanced contributions of C4–5
OOMs were observed in the particle phase at CHC
when particle chemical composition measurements
were available (in April 2018 during the wet-to-
dry transition period; ‘Methods’). On the night
of 22 April 2018, CHC was affected by FT air
from the western part of Amazonia (Supplementary
Fig. S12). As in the winter FT events, the observed
particles were predominated by small Aitken-mode
particles with decreasing WVMR and eBC concen-
trations. Concentrations of gaseous C4–5 OOMs in-
creased while C6–8 and C≥9 OOMs decayed during
that time (from 19 : 00 to 21 : 00). The mass frac-
tion of isoprene-OOMs determined from the gas-
phase and particle-phase measurements increased
almost concurrently (as shown in Supplementary
Fig. S12e). Compared with particles within the
BL air, a more evident contribution of isoprene-
OOMs was determined in the observed particles
from the FT air. Nevertheless, the potential contri-
bution from larger particles to the increased mass
fraction of isoprene-OOMs cannot be completely
ruled out. These particles might account for a larger

mass fraction than Aitken-mode particles in the FT
air, even though their number concentrations were
much lower.

While a complete NPF event in the tropical FT
(i.e. bothnucleation and the growthof newly formed
nanoparticles) has not yet been directly observed
at CHC and in the aircraft-based aerosol studies
[1,3,37], the rapid increase in UFPs is clearly at-
tributed to recently occurred NPF in the FT [1,3].
The small sizes of these nanoparticles indicate that
they were newly formed in the tropical FT; other-
wise, they would have soon grown to larger sizes
during transport. Thus, higher concentrations of
isoprene-OOMs and their enhanced contributions
in the particle-phase measurements suggest that
these OOMs play a potentially important role in
tropical FTNPF, particularly in the growth of newly
formed nanoparticles.

Moreover, the saturation vapor pressure of
isoprene-OOMs may reduce to a sufficiently low
level in the upper part of tropical FT, where tem-
peratures are extremely low (e.g. approximately
–40◦C at 10 km a.s.l. [4]). As a result, it is plausible
that isoprene-OOMs have a chance to partici-
pate in aerosol nucleation in the FT [8], such as
through H2SO4–OOMs nucleation and/or pure
biogenic nucleation. However, their role in aerosol
nucleation remains speculative and requires further
observational evidence, such as direct observation of
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the aerosol nucleation process in the upper tropical
FT. Nevertheless, the observed isoprene-OOMs are
important constraints for NPF parameterizations in
chemical transport models, adding more value to
future studies simulating aerosol formation in the
tropical FT.

We present a comprehensive analysis of organic
trace gases and atmospheric aerosol in situ observa-
tions at CHC in Bolivia—one of the highest atmo-
spheric observatories in the world. Mountain-top
state-of-the-art mass spectrometry [9], combined
with detailed, highly resolved air mass analyses [10],
demonstrates the presence of OOMs in both gas
and particle phases in tropical FT air from Amazo-
nia. Our results indicate that the observed OOMs
are dominated by oxidation products of isoprene
emitted from the rainforest >800 km away. In the
tropical FT, these isoprene-OOMscan contribute to
NPF, at least the growth of newly formed nanopar-
ticles, on a continental scale. Such molecular-level
observations of OOMs are unprecedented for
the tropical FT, providing a crucial step toward
understanding aerosol formation over the tropics.

METHODS
CHC station
TheGAW station CHC (16.3505 S, 68.1314W, Ex-
tendedDataFig. 1) is located at 5240ma.s.l. near the
summit of Mount Chacaltaya in the Bolivian Andes.
It is∼17 kmnorth and∼1.6 km above the La Paz—
El Alto metropolitan area, which has a population
of∼1.7 million, and close to the Bolivian Amazonia
(including Beni, Santa Cruz, north of La Paz depart-
ments). A detailed description of the station and its
surrounding area can be found on the website of the
CHC station (http://www.chacaltaya.edu.bo/) and
in the studies conducted at CHC [9,11,12,38,39].

SALTENA campaign
The SALTENA campaign was conducted from
December 2017 toMay 2018, aiming to understand
the formation/growthmechanism and properties of
aerosols measured at CHC. The 6-month measure-
ment campaign was arranged in order to cover the
wet season (December to ∼February), transition
period (∼March to April) and dry season (May).
Our study mainly focuses on measurements during
the wet season in January 2018, when CHC was
significantly affected by Amazon FT air [10], and
OOM measurement data were continuously avail-
able (i.e. from 6 to 22 January 2018).

It is worth mentioning that more frequent and
intensive NPF events were observed in the daytime
BL during the dry season at CHC, likely driven by

H2SO4–NH3 cluster ions [38,39]. This is due to a
shift in thepredominant airmass origins between the
wet and dry seasons. During the wet season, air sam-
pled at CHC originates from the Amazon Basin, lo-
cated east of CHC. In contrast, during the dry sea-
son, the air mass arriving at CHC is mainly from the
Altiplano region, located west of CHC, where ac-
tive volcanic degassing of SO2 has been observed.
However, we cannot completely rule out the poten-
tial contribution of organic compounds to the NPF
in the daytime BL at CHC. Further details on dry-
season NPF can be found in a recent paper by Zha
et al., which is based on cluster ion and aerosol mea-
surements from the same measurement campaign
[39].

Instrumentation
APi-TOF
The APi-TOF (TOFWERK AG and Aerodyne Re-
search) was deployed to measure the chemical
composition of naturally charged negative ions in
January 2018 at CHC. The APi allows the instru-
ment to sample ions in ambient air directly by reduc-
ing the pressure of the sampled airflow (14 standard
liters per minute (SLPM) in total and 0.8 SLPM
go into the instrument) from atmospheric pressure
to ∼10−4 mbar. The ions are focused and guided
by two quadrupoles and an ion lens in the APi
before entering the time-of-flight mass spectrome-
ter (TOF-MS; ∼10−6 mbar). In this part, ions are
detected and identified. The resolving power was
∼5000 Th/Th. A description with more details of
this instrument is presented in Junninen et al. [40].
APi-TOF data used in this study were averaged to
1-h resolution.

CI-APi-TOF
The CI-APi-TOF (TOFWERK AG and Aerodyne
Research) is an APi-TOF coupled with a CI unit
using nitric acid (HNO3) as the ionization reagent.
The instrument is extensively used to measure
oxidized organic compounds and sulfuric acid
(H2SO4) [41]. In the CI module, the nitrate ion is
generated by exposing the sheath flow (20 SLPM)
that contains HNO3 to soft x-ray radiation and
then charging the neutral molecules in the sam-
pling airflow (10 SLPM) within a reaction time of
∼200 ms before they enter the APi and the TOF-
MS modules. The instrument was calibrated with
H2SO4 using the set-up described in Jokinen et al.
[41]. After including the diffusion loss of H2SO4
in the 1.5-m sampling line, a calibration factor of
1.5 × 1010 molecules cm−3 was obtained and used
for determining the concentration of OOMs.
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The OOMs concentrations were estimated in
two steps. We first corrected the measured signal
intensity with a mass-dependent transmission func-
tion that depends on the setting of the instrument
and was determined by using the method described
in a previous study [42]. After the transmission cor-
rection, the calibration factor of H2SO4 was used to
estimate the observed OOMs concentrations. It is
important to note that OOMsmight not be charged
as efficiently as H2SO4 by nitrate ions (NO3

−) in
the CI unit [43]. As a result, OOMs concentrations
presented in this study could be underestimated. A
lower detection limit of ∼5 × 104 molecule cm−3

was determined from H2SO4 and zero measure-
ments. The CI-APi-TOF data included in this study
were averaged to 10-min resolution.

FIGAERO HR-TOF-CIMS
The filter inlet for gases and aerosols (FIGAERO)
coupled to a high-resolution time-of-flight chemi-
cal ionization mass spectrometer (FIGAERO HR-
TOF-CIMS, Aerodyne Research) using iodide (I–)
as the reagent ion was deployed to measure the
molecular composition of organic compounds and
inorganic acids. The FIGAERO inlet can be oper-
ated in gas-phase and particle-phase modes. In the
gas-phasemode, ambient air is directly sampled into
the ion-molecule reactor while particles are simul-
taneously collected to a polytetrafluoroethylene fil-
ter through another sampling port. In the particle-
phase mode, a nitrogen gas stream is heated and
blown through the filter to evaporate the particles
via temperature-programmed desorption. More de-
tails about the instrument can be found inMohr et al.
[44]. It is important to note that the FIGAEROHR-
TOF-CIMS was only deployed from April (transi-
tion season) atCHCandnomeasurementwas avail-
able in January 2018 during our study period (wet
season).

MPSS
Themobility particle size spectrometer (MPSS)was
deployed to measure particle number size distribu-
tion in a size range of 10–500 nm at CHC [45].The
instrument consists of a bipolar diffusion charger, a
Hauke-type differential mobility analyser and a TSI
3772 condensation particle counter.

MAAP
The multi-angle absorption photometer (MAAP,
Thermo-Scientific model 5012) was used to de-
termine eBC mass concentrations at CHC [46].
The lower detection limit of this instrument is
∼0.05μg m−3 at a time resolution of 10 min.

Ancillary measurements
Air temperature, relative humidity (with respect to
water) and atmospheric pressure were measured
using an automatic weather station at CHC.

Model simulation
WRF simulation
Theweather research and forecasting (WRF)model
is an advanced non-hydrostatic numerical weather
prediction model [47] that can reproduce meteo-
rological situations at a wide range of spatial and
temporal scales. In this study, WRF version 4.0.3
was used. Four nested domains were used with grid
spacings ranging from 38 km (the outmost domain,
with the Amazon Basin, tropical Andes and west Pa-
cific ocean included) to 1 km (the innermost do-
main, including complex mountainous topography
surroundingCHCand the interfacebetween theAn-
des and the Amazon Basin included). A detailed de-
scription of the model set-up and parameterization
is given in Aliaga et al. [10].

FLEXPART simulation
The96-hour history and footprint of airmasses arriv-
ing at CHC were determined using the flexible par-
ticle dispersion model (FLEXPART). Different ver-
sionsof theFLEXPARTmodel havebeendeveloped
to adapt to a range of numerical weather prediction
models. In this study, we used the latest version of
the FLEXPART-WRF model (version 3.3.2) [48]
driven by the high-resolutionmeteorological output
from theWRF simulation. In this way, more validity
andaccuracywere added to theFLEXPARTairmass
history simulation and made this simulation state-
of-the-art compared with other similar studies in the
southern hemisphere tropics of South America.

In the FLEXPART simulations, we continuously
release 20 000 particles per hour from the 0- to 10-m
layer above ground level (a.g.l.) at CHC.The output
of theFLEXPART-WRF,when running inbackward
mode, is a SRR.The SRR is the aggregated residence
time of the passive air tracer particles at each 3D grid
cell. The values are normalized by the total number
of particles such that if all of the 20 000 particles
were to reside in only one cell, the SRR values of
this cell would equal 96 h (i.e. the total backward
simulation time). The derived SRRs describe the
relationship between each 3D grid cell in the simula-
tion (as potential source regions) and the air masses
arriving at the measurement station (receptor).
In general, a higher SRR of a grid cell indicates a
larger contribution to the observed air masses. The
detailed model set-up is also described in Aliaga
et al. [10].
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Estimation of the WVMR
TheWVMR is a measure of the mass concentration
ofwater vapor in the atmosphere,which is calculated
as follows:

WVMR = B × Pw
Ptot − Pw

, (1)

where B is a constant (621.9907 g kg−1, molec-
ular weight ratio of water to dry air); Pw and
Ptot are the water vapor pressure and the atmo-
spheric pressure, respectively. In this study, Pw
was determined based on the method presented
in Buck et al. using the ambient temperature, rel-
ative humidity (RH) and pressure measured at
CHC [49].

Identification of FT events
The periods when FT air dominated at CHC were
identified as FT events, as mentioned in the main
text. Air mass history analysis shows that, on av-
erage, FT air constituted ∼70% of air masses ar-
riving at CHC in January 2018. However, the ob-
served air masses were usually not purely from the
FT due to the concurrent local influence on CHC,
such as BL air from the nearby La Paz—El Alto
metropolitan area. The impact of BL air at CHC
increases with the effect of thermally driven local
air circulation during daytime (07 : 00–18 : 00; all
the times are in local time, UTC–4) [9–12]. This
is indicated by the advecting eBC concentration at
noontime at CHC [11]. Therefore, to minimize the
influence of the BL on CHC, we only used the
measurements during night-time (19 : 00–06 : 00)
[12].

The presence of water in the atmosphere (mea-
sured by e.g. WVMR and RH) and black carbon
were used to identify the influence of FT air in the
previous studies [3,50]. This is due to FT air in the
tropics typically containing much less water and be-
ing much cleaner (biomass burning is inhibited by
high-level rainfall and moisture during the wet sea-
son [51]) than BL air [12,13,52]. Thus, to char-
acterize the influence of FT air, WVMR and eBC
concentrations were introduced as further parame-
ters to identify FT events at CHC. Thresholds were
5.5 g kg−1 in theWVMR (denotes the lower 30% of
the night-timeWVMRduring the study period) and
0.08 μg m−3 in the eBC concentration (eBC night-
time mean concentration during the study period)
were used.

Estimation of atmospheric lifetimes
of BVOCs
The atmospheric lifetimes of isoprene (τ isoprene)
andmonoterpene (τmonoterpene) against different ox-
idants (i.e. OH, O3 and NO3 radical) are roughly
estimated using the temperature-dependent rate co-
efficient recommended by the International Union
of Pure and Applied Chemistry (IUPAC) under
the mid-to-upper tropical FT condition (6-km al-
titude). The air temperature (268 K), pressure
(0.44 atm) and concentrations of OH and O3
(0.5 and 70 pptv, respectively) in this region are
adapted from Liu et al. [8]. The concentration of
NO3 radical (1 pptv) is extracted from Brown et al.
[53].

The rate coefficients between iso-
prene and OH, O3 and NO3 are
(2.7 × 10−11)e(390/T), (1.03 × 10−14)e(–1995/T)

and (3.15 × 10−12)e(–450/T) cm3 molecule−1 s−1

[54]. The corresponding τ isoprene against OH, O3
and NO3 are 0.4, 55.4 and 39.8 h, respectively. In
contrast, the rate coefficients between α-pinene,
the most abundant monoterpene above the Ama-
zon rainforest [55], and OH, O3 and NO3 are
(1.2 × 10−11)e(440/T), (6.3 × 10−16)e(–580/T) and
(1.2 × 10−12)e(490/T) cm3 molecule−1 s−1 [54].
The corresponding τα-pinene against OH, O3 and
NO3 are 0.8, 4.6 and 3.1 h, respectively.

DATA AVAILABILITY
Data for all figures in the main text are
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(https://doi.org/10.5281/zenodo.7908052).

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.
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de Recherche pour le Développement personnel for the logistic
and financial support during all the campaign including shipping
and customs concerns; the CSC-IT Center for Science, Finland
for generous computational resources that enabled theWRF and
FLEXPART-WRF simulations to be conducted; the use of im-
agery provided by services from NASA’s Global Imagery Browse
Services, part of NASA’s EarthObserving SystemData and Infor-
mation System.

Page 9 of 11

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/11/1/nw

ad138/7163239 by Lib4R
I Em

pa user on 16 January 2024

https://doi.org/10.5281/zenodo.7908052
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad138#supplementary-data


Natl Sci Rev, 2024, Vol. 11, nwad138

FUNDING
This work was supported by the European Union (EU) H2020
program via European Research Council (CHAPAs 850614 and
ATM-GTP 742206), the Marie Sk�lodowska Curie (CLOUD-
MOTION 764991), the Finnish Centre of Excellence as well
as the Academy of Finland (311932, 315203 and 337549)
and the Knut and Alice Wallenberg Foundation (WAF project
CLOUDFORM no. 2017.0165). P.A. acknowledges funds from
FAPESP—Fundação de Amparo à Pesquisa do Estado de São
Paulo, grant 2017/17047-0.

AUTHOR CONTRIBUTIONS
Q.Z., and F.B. designed the research. Q. Z., D. A., C. W., W. S., L.
H., E. P., Y. G., W. H., M. L., J. E., O. P., X. C., A. M., F. V., I. M.,
C. M., and F. B. conducted the measurements. Q. Z., D. A., R. K.,
V. S., D. W., C. M., and F. B. analysed the data. Q. Z., wrote the
manuscript withmajor input fromD. A., R. K., V. S., C.M., D.W.,
and F. B., and further contributions from all other authors.

Conflict of interest statement.None declared.

REFERENCES
1. Williamson CJ, Kupc A and Axisa D et al. A large source of cloud
condensation nuclei from new particle formation in the tropics.
Nature 2019; 574: 399–403.

2. Weigel R, Borrmann S and Kazil J et al. In situ observations of
new particle formation in the tropical upper troposphere: the
role of clouds and the nucleation mechanism. Atmos Chem Phys
2011; 11: 9983–10010.

3. Wang J, Krejci R and Giangrande S et al. Amazon boundary
layer aerosol concentration sustained by vertical transport dur-
ing rainfall. Nature 2016; 539: 416–9.

4. Andreae MO, Afchine A and Albrecht R et al. Aerosol character-
istics and particle production in the upper troposphere over the
Amazon Basin. Atmos Chem Phys 2018; 18: 921–61.

5. Kulmala M, Reissell A and Sipilä M et al. Deep convective
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30. Tröstl J, ChuangWK and Gordon H et al. The role of low-volatility organic com-
pounds in initial particle growth in the atmosphere. Nature 2016; 533: 527–31.

31. Kiendler-Scharr A, Wildt J and Maso MD et al. New particle formation in
forests inhibited by isoprene emissions. Nature 2009; 461: 381–4.

32. McFiggans G, Mentel TF and Wildt J et al. Secondary organic aerosol reduced
by mixture of atmospheric vapours. Nature 2019; 565: 587–93.

33. Heinritzi M, Dada L and Simon M et al. Molecular understanding of the sup-
pression of new-particle formation by isoprene. Atmos Chem Phys 2020; 20:
11809–21.

34. Jokinen T, Berndt T and Makkonen R et al. Production of extremely low volatile
organic compounds from biogenic emissions: measured yields and atmospheric
implications. Proc Natl Acad Sci USA 2015; 112: 7123–8.

35. Zhao D, Pullinen I and Fuchs H et al.Highly oxygenated organic molecule (HOM)
formation in the isoprene oxidation by NO3 radical. Atmos Chem Phys 2021; 21:
9681–704.

36. Donahue NM, Kroll JH and Pandis SN et al. A two-dimensional volatility basis
set: part 2: diagnostics of organic-aerosol evolution. Atmos Chem Phys 2012;
12: 615–34.

37. Krejci R, Ström J and de Reus M et al. Evolution of aerosol properties over
the rain forest in Surinam, South America, observed from aircraft during the
LBA-CLAIRE 98 experiment. J Geophys Res 2003; 108: 4561.

38. Rose C, Sellegri K and Velarde F et al. Frequent nucleation events at the high
altitude station of Chacaltaya (5240 m a.s.l.), Bolivia. Atmos Environ 2015; 102:
18–29.

39. Zha Q, HuangWandAliaga D et al.Measurement report: molecular-level inves-
tigation of atmospheric cluster ions at the tropical high-altitude research sta-
tion Chacaltaya (5240 m a.s.l.) in the Bolivian Andes. Atmos Chem Phys 2023;
23: 4559–76.
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43. Hyttinen N, Kupiainen-Määttä O and RissanenMP et al.Modeling the charging
of highly oxidized cyclohexene ozonolysis products using nitrate-based chemi-
cal ionization. J Phys Chem A 2015; 119: 6339–45.

44. Mohr C, Thornton JA and Heitto A et al. Molecular identification of or-
ganic vapors driving atmospheric nanoparticle growth. Nat Commun 2019; 10:
4442.

45. Wiedensohler A, BirmiliW andNowak A et al.Mobility particle size spectrome-
ters: harmonization of technical standards and data structure to facilitate high
quality long-term observations of atmospheric particle number size distribu-
tions. Atmos Meas Tech 2012; 5: 657–85.

46. Petzold A, Schloesser H and Sheridan PJ et al. Evaluation of multiangle absorp-
tion photometry for measuring aerosol light absorption. Aerosol Sci Technol
2005; 39: 40–51.

47. Skamarock WC, Klemp JB and Dudhia J et al. A Description of the
Advanced Research WRF Version 3. NCAR technical note -475+STR.
http://dx.doi.org/10.5065/D68S4MVH (June 2 2023, date last accessed).

48. Brioude J, Arnold D and Stohl A et al. The lagrangian particle dispersion model
FLEXPART-WRF version 3.1. Geosci Model Dev 2013; 6: 1889–904.

49. Buck AL. New equations for computing vapour pressure and enhancement fac-
tor. J Appl Meteorol 1981; 20: 1527–32.

50. Schmeissner T, Krejci R and Ström J et al. Analysis of number size distributions
of tropical free tropospheric aerosol particles observed at Pico Espejo (4765 m
a.s.l.), Venezuela. Atmos Chem Phys 2011; 11: 3319–32.

51. Machado LAT, Calheiros AJP and Biscaro T et al. Overview: precipita-
tion characteristics and sensitivities to environmental conditions during
GoAmazon2014/5 and ACRIDICON-CHUVA. Atmos Chem Phys 2018; 18:
6461–82.

52. Ryoo JM, Igusa T andWaugh DW. PDFs of tropical tropospheric humidity: mea-
surements and theory. J Clim 2009; 22: 3357–73.

53. Brown SS and Stutz J. Nighttime radical observations and chemistry. Chem Soc
Rev 2012; 41: 6405–47.

54. Atkinson R, Baulch DL and Cox RA et al. Evaluated kinetic and photochemi-
cal data for atmospheric chemistry: Volume II: Gas phase reactions of organic
species. Atmos Chem Phys 2006; 6: 3625–4055.

55. Rinne HJI, Guenther AB and Greenberg JP et al. Isoprene and monoterpene
fluxes measured above Amazonian rainforest and their dependence on light
and temperature. Atmos Environ 2002; 36: 2421–6.

Page 11 of 11

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/11/1/nw

ad138/7163239 by Lib4R
I Em

pa user on 16 January 2024

http://dx.doi.org/10.1126/science.abg0492
http://dx.doi.org/10.1016/j.jaerosci.2007.06.008
http://dx.doi.org/10.1016/j.jaerosci.2007.06.008
http://dx.doi.org/10.1038/nature17953
http://dx.doi.org/10.1038/nature18271
http://dx.doi.org/10.1038/nature08292
http://dx.doi.org/10.1038/s41586-018-0871-y
http://dx.doi.org/10.5194/acp-20-11809-2020
http://dx.doi.org/10.1073/pnas.1423977112
http://dx.doi.org/10.5194/acp-21-9681-2021
http://dx.doi.org/10.5194/acp-12-615-2012
http://dx.doi.org/10.1029/2001JD001375
http://dx.doi.org/10.1016/j.atmosenv.2014.11.015
http://dx.doi.org/10.5194/amt-3-1039-2010
http://dx.doi.org/10.5194/acp-12-4117-2012
http://dx.doi.org/10.1126/science.aaf2649
http://dx.doi.org/10.1021/acs.jpca.5b01818
http://dx.doi.org/10.1038/s41467-019-12473-2
http://dx.doi.org/10.5194/amt-5-657-2012
http://dx.doi.org/10.1080/027868290901945
http://dx.doi.org/10.5065/D68S4MVH
http://dx.doi.org/10.5194/gmd-6-1889-2013
http://dx.doi.org/10.1175/1520-0450(1981)0203c1527:NEFCVP3e2.0.CO;2
http://dx.doi.org/10.5194/acp-11-3319-2011
http://dx.doi.org/10.5194/acp-18-6461-2018
http://dx.doi.org/10.1175/2008JCLI2747.1
http://dx.doi.org/10.1039/c2cs35181a
http://dx.doi.org/10.1039/c2cs35181a
http://dx.doi.org/10.5194/acp-6-3625-2006
http://dx.doi.org/10.1016/S1352-2310(01)00523-4

