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Atmospheric aerosol particles are essential for forming clouds and
precipitation, thereby influencing Earth’s energy budget, water cycle and
climate onregional and global scales. However, the origin of aerosol particles
over the Amazon rainforest during the wet season is poorly understood.
Earlier studies showed new particle formationin the outflow of deep
convective clouds and suggested adownward flux of aerosol particles

during precipitation events. Here we use comprehensive aerosol, trace gas
and meteorological data from the Amazon Tall Tower Observatory to show
thatrainfall regularly induces bursts of nanoparticles in the nucleation size
range. This canbe attributed to rain-related scavenging of larger particles
and a corresponding reduction of the condensation sink, along withan
ozoneinjectioninto the forest canopy, which could increase the oxidation

of biogenic volatile organic compounds, especially terpenes, and enhance
new particle formation. During and after rainfall, the nucleation particle
concentrations directly above the canopy are greater than those higher up.
This gradient persists throughout the wet season for the nucleation size
range, indicating continuous particle formation within the canopy, anet
upward flux of newly formed particles and a paradigm shift in understanding
aerosol-cloud-precipitationinteractions in the Amazon. Particle bursts
provide a plausible explanation for the formation of cloud condensation
nuclei, leading to the local formation of green-ocean clouds and precipitation.
Our findings suggest that aninterplay of arain-related reductionin the
condensation sink, primary emissions of gases, mainly terpenes, and particles
from the forest canopy, and convective cloud processing determines the
population of cloud condensation nucleiin pristine rainforest air.

Published online: 8 November 2024

W Check for updates

Cloud droplet formation and growth depend on the abundance and
properties of atmospheric aerosol particles serving as cloud condensa-
tion nuclei (CCN)'>. Primary particles are directly emitted from natural
or anthropogenic sources, and secondary particles can be generated
in the atmosphere through new particle formation (NPF)*. While the
radiative forcing of trace gases is well known, the influence of aerosol
particles on clouds and radiation is much more uncertain®. The trans-
formation of gases into particles® s critical for the radiative budget,

hydrological cycle, climate, air quality and public health. Condensable
vapours canform particles that scatter or absorb radiation and initiate
cloud formation when they become large enough to serve as CCN”%,
Atmospheric NPF involves the oxidation of volatile compounds to
generate condensable vapours that can form stable molecular clusters
through nucleation and undergo further growth by condensation or
coagulation*®. Chamber experiments have shown that the oxidation
ofbiogenic volatile organic compounds (BVOC), such as terpenes, can
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generate organic vapours of extremely low volatility, initiate NPF and
produce secondary organic aerosol in the absence of sulfuric acid, a
common precursor of NPF’"!, A recent field study in the transition
region betweentemperate and boreal forestsin Canada confirmed that
NPF can occur without sulfuricacid precursor sources and suggested
nucleation of extremely low-volatility organics asasource'. Under pris-
tine conditions in the Amazonian wet season, sulfate concentrations
arealso very low, and the origin of the background aerosol population
has remained enigmatic for decades (for example, refs. 13-15).

NPF events in which the size distribution evolves in a character-
istic ‘banana’ shape starting around 10 nm or even lower are rarely
observed inthe Amazonregion'®, but rain-induced particle bursts occur
frequently during the wet season". Ground-based measurements at
the Amazon Tall Tower Observatory (ATTO) revealed that 28% of the
days between January and June, which are the rainiest months, were
characterized by a sudden occurrence of particles with diameters
smaller than 50 nm (ref. 18). In the course of rainfall events, particles
inthe nucleation mode size range (<50 nm) canincrease in concentra-
tion, whereas levels of large Aitken particles and accumulation mode
particles tend to decrease” due to CCN activation and precipitation
scavenging”®”. Rainfall further decreases the condensation sink and,
accordingly, therate at which vapours condense onto existing particles,
thereby facilitating new particle formation.

Observational studies and large eddy simulations have dem-
onstrated that deep convective clouds can efficiently transport
BVOC and other reactive trace gases and promote NPF in the upper
troposphere* . The appearance of new particles in the Amazonian
boundary layer has been attributed to downdraft events that bring
down particles from the upper troposphere, which is rich in freshly
nucleated particles”* . However, downdrafts occur mainly in the low
to middle troposphere'?, and NPF in the upper troposphere occursin
the outflow of deep convective systems, that is, outside the bounda-
ries and internal downdrafts of clouds?. Studies based on large eddy
simulations®’ have revealed that the primary source of particles in
downdraftsisthe middle troposphere at approximately 5 km altitude
and that particles originating from the upper troposphere cannot
reach the surface within a 2 hour time frame. Global model simula-
tions incorporating a regional nested high spatial resolution model*°
demonstrated that vertical transport of freshly nucleated particlesin
the upper troposphere is not expected to contribute to boundary-layer
aerosol concentrations within the timescale of a few days.

Climate change and deforestation are rapidly changing the envi-
ronmental balance of the Amazon®"*. Unravelling fundamental pro-
cesses in Amazonian atmosphere-biosphere exchange, such as the
spatiotemporal patterns and importance of NPF as a potential source
of the natural background aerosol, is thus of particular importance
because the wet season in the central Amazon rainforest allows the
study of the interaction and evolution of aerosols, clouds and precipita-
tionunder near-pristine and preindustrial-like conditions. In addition,
atmospheric circulation patterns are altered on synoptic scales, for
example, through a changing El Nifo/La Nifa frequency, affecting
long-range transport, downdraft characteristics, rainfall patterns and,
consequently, Earth’s radiative budget. Our ability to forecast these
changes in Amazonia and beyond will depend largely on a correct
representation of fundamental processes, including aerosol-cloud
interactionsinregional and global climate and Earth system models.

Inthis Article, we combine multiple long-term measurement data-
sets from ATTO* at different altitudesinside and above the rainforest
canopy (0.05-325 m above ground). Moreover, we use data from the
recently established ATTO Campina site, which is equipped with a
broad spectrum of remote-sensing techniques. The combination of
measurements and modelling of the vertical atmospheric profile and
dynamics, as well as boundary-layer concentrations of aerosols and
reactive and nonreactive trace gases, provide unique insights into the
atmospheric processing of the Amazonian biogeochemical reactor.
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Fig.1| Aerosol particle number-size distribution, before and after
precipitation. a, Evolution of aerosol particle number-size distributions at
analtitude of 60 m from 5 hours before to 5 hours after the maximum rainfall
intensity. Shown is acomposite of 391 rain events between February and May
from 2018 to 2020. dN/dlogD, denotes the particle distribution. b, Median size
distribution for particles in the time ranges of -3 to -1 hour before and +1to

+3 hours after the maximum rain intensity. Details on the SMPS measurements
and data processing can be found in Methods (‘SMPS and data processing’ and
‘Composites and data processing’ sections). The data were averaged over 391 rain
eventswithrainrates >0.5mmh™.

We explore largely unresolved processes in the complex cascades of
atmospheric chemistry-meteorology and aerosol-cloud interactions
and feedback loops, which are characteristic of the Amazon ‘Green
Ocean’atmosphere. Our focal point is the interplay of rainfall, aerosols
and new particle formation during rain events.

Interplay of rainfall, aerosols and NPF

Duringrain events, there is a marked increase in the concentration of
particles in the sub-40 nm range, highlighting a direct link between
aerosol particle bursts and precipitation. Figure 1aillustrates the tem-
poral evolution of aerosol particle number-size distributions observed
above the rainforest canopy (60 m) during the wet season. The contour
plot, which extends from 5 hours before to 5 hours after the maximum
rainfall intensity, shows a marked decrease in the concentration of
particles in the upper size range (accumulation and Aitken modes),
concurrently with an increase in the concentration of particles in the
size range below 40 nm (small particles from the Aitken mode and
the nucleation mode). Figure 1b shows the average size distributions
before (-3 to -1hour) and after (+1to +3 hour) the maximum rain rate.
Decreased particle concentrations in the accumulation and Aitken
modes after rainfalland, by contrast, increased sub-40 nm mode con-
centrations after the rainfall event are evident.

To investigate the processes related to NPF and rainfall, we ana-
lysed the temporal evolution of ultrafine particle number concen-
trations in five size classes with diameters from 10 to 100 nm, near
the canopy at 60 m and at the top of the tall tower at 325 m. The low-
est two size classes of 10-20 nm and 20-40 nm are characteristic for
the nucleation mode of atmospheric aerosols, that is, newly formed
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Fig. 2| Aerosol particle number-size distribution during rain events close
to the canopy and above. Median particle concentrations in different size
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(grey tones). For 60 m, the increase in the concentration of particles smaller than
40 nm was observed 0.5 hour before the maximum rainfall event up to 1.0 hour
later. Larger particles decreased in concentration following rainfall. At 325 m,
theincreasein nucleation particles was not well defined. Colour-shaded bands
represent 95% confidence intervals. The composite was made over 391 rain
events with rain rates > 0.5 mm h™. UFP, ultrafine particles.

particles that have undergone rapid initial growth by coagulation
and condensation since they were freshly nucleated from molecular
clusters with critical sizes around 3 nm (ref. 33). The measurements
performedimmediately above the forest canopy (60 m above ground)
reveal (Fig. 2a) an increase in particle number concentration in the
nucleation size range, which is a clear indication for NPF*, from about
1hour before to 1 hour after maximum rainfall intensity. By contrast,
the concentration of large Aitken and accumulation mode particles
exhibits a strong decrease as expected due to CCN activation and
precipitation scavenging. The measurements performed higher above
the forest canopy (325 m above ground) exhibit similar patterns for
Aitken and accumulation mode particles but at substantially lower
concentration levels (Fig. 2b). The concentration decrease is even
stronger for particles in the nucleation size range, and the increase
after maximum rainfall intensity is much less pronounced. The data
have been corrected for particle losses in the sample inlet to exclude
systematic bias between the measurements at different altitudes. In
addition, an elevator was installed at the ATTO tower, continuously
profiling between 8 and 318 m, confirming the results (see Methods
for scanning mobility particle sizer (SMPS) data (‘'SMPS and data pro-
cessing’ section) and for the composite methodology (‘Composites
and data processing’ section) and Supplementary Fig.1). The different
concentration levels observed at 325 mand 60 maltitude suggest that
the source of the new particlesisin the forest near or within the canopy
during rain eventsin the wet season over the Amazon.

The decrease in particles larger than 40 nm due to precipitation
leads to a decrease in the condensation sink, thus promoting the for-
mation of nucleation particles. Figure 3 presents a comprehensive
analysis of the condensation sink (see Methods (Condensation sink)
for details on the calculation), covering the 5 hours before and after the
peak rainfall intensity. The condensation sink exhibits an increasing
trend up to1 hour before maximum rainfall, followed by asharp decline
from 1.3 to 0.9 x 1072 s within the +0.5 hour window and a gradual
but continuous increase later. The temporal reduction in maximum
precipitation aligns with an increase in the concentration of nuclea-
tion particles, suggesting a fundamental role in the process of NPF.
Notably, after 0.5 hour, the condensation sink gradually increases
while the nucleation particles continue to rise modestly, indicating
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Fig. 3| The evolution of condensation sink during rain events. Median
concentration of the condensation sink for ATTO between February and May
for2018-2020, computed from the SMPS data at 60 m from 5 hours before to

5 hours after the maximum rainfall event. The condensation sink increases before
the rain until 1 hour before the maximum rainfall, followed by a drastic reduction
from1.3t0 0.9 x 107 s™ until +0.5 hours and then a continuous slight increase.
Colour-shaded bands represent 95% confidence intervals. The composite was
made over 391 rain events with rainrates>0.5mmh™.

the involvement of distinct mechanisms in producing new particles.
Aboxmodel was used to evaluate the formation of new particles from
the surface up to 79 m, confirming the clustering process and subse-
quentatmospheric nucleation and the effect of reducing the condensa-
tion sink (see Methods (Box model) and Supplementary Fig. 2).

New particles are observed forming close to

the canopy

Animportant feature of rainfall events is the injection of O, from the
relatively ozone-rich free troposphere into the boundary layer?*>*%,
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Fig. 4| Ozone evolution before and after precipitation as afunction of the
height and rain rate. The O; concentration profiles between 0.05and 79 m,
averaged over the wet-season months (February to May) from 2018 to 2020.
Representation here is synchronized to rainfall events, covering 5 hours before
and 5 hours after maximum rainfall. a, The entire profile. b, The 0.5 maltitude,
classified by different rainfall intensities. Colour-shaded bands represent 95%
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confidence intervals. The composite was made over 336 rain events with rain
rates > 0.5 mm h™.. The O, concentration increases up to three times relative
tothe pre-rain conditions and peaks about 1 hour after the rainfall maximum.
The offset between the peaks in rainfall and O, concentration does not depend on
rainfall intensity, while the increase in O, concentration depends on

rainfall intensity.

Figure 4a shows the temporal evolution of the O; concentration at
different heights (from 0.05 to 79 m) 5 hours before to 5 hours after
maximum rainfall intensity. The O, concentration inside the forest
canopy canincrease by more thanafactor of three. The O,enhancement
ismodulated by rainfall intensity, but with aphase lag (time interval) of
approximately half an hour between the maximum rainfall and maxi-
mum O; concentration (Fig. 4b). A clear relationship exists between
the ozoneinjected by the rainfall event and the NPF. The Amazon forest
also releases large amounts of BVOC, including isoprene, monoter-
penes and sesquiterpenes emitted by vegetation and soil***”. Mosses
andlichen, which constitute asignificant portion of the forest ground
cover, release sesquiterpenes when they become moist.

Figure 5 shows the temporal evolution of O;, NO, NO,, isoprene,
monoterpenes (see Methods (O,, NO and NO, data processing periods
and Isoprene and monoterpene data processing periods) for data
description) and particlesin the nucleation size range sub-40 nmdur-
ingrainfall events. The O;increases whileisoprene and monoterpenes
decrease sharply. The concentrations of NO, and nucleation mode
particles increase less steeply and reach a maximum approximately
1hour after maximum rainfallintensity. During the following hours, the
concentrations of O;and NO, decrease again, while the concentration
of nucleation mode particles remains nearly constant. Monoterpene
concentrations reach the minimum when sub-40 nm particles reach
the highest concentration. The rapid decline in BVOC concentrations
at 80 m can be explained by dilution caused by the downdraft, lower
emissions due toreduced solar radiation and temperature, but also by
increasing chemicalloss through oxidation and the formation of highly
oxygenated organic molecules (HOMs) and low-volatility organic
compounds (LVOCs). Observations show that the concentration near
the ground normally increases with rain*** or in chamber experi-
ments*’; the same behaviour was observed with sesquiterpenes*. At
maximum precipitation, the wind speed increased by more than 50%,
and solar radiation intensity diminished (Supplementary Fig. 3). The
decreaseinairtemperature by approximately 10% and the correspond-
ingincreaseinrelative humidity occur ataslower pace, reaching their
maximum extent 0.5 to 1.0 hour after the maximum precipitation
event (see Methods (Weather data processing and periods) for data
description). The NO,, which is in the opposite phase to NO, shows
aslower increase compared with the rapid increase of O. The high
concentration of O, favours the fast chemical conversion of NO into
NO,. At the same time, rain continues to bring down ozone-rich air
duringthe process. Size-resolved chemical analysis of aerosol particles
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Fig.5|Gas and aerosol evolution before and after precipitation. Composite
plot of ATTO trace gas and aerosol data during rain events, using a normalized
representation, which shows data from 5 hours before to 5 hours after the rainfall
peak for the 2018-2020 wet seasons (February to May). The left axis shows the
variation of NO, at 12 m height, NO at 0.5 m, O, at 4 m, isoprene at 80 m and
monoterpenes at 80 min units of standard deviations. The right axis shows

the variation of nucleation particles (10-40 nm) at 60 min absolute number
concentration. The rain-related concentration changes show increases in O;and
NO,, decreasesin NO, isoprene and monoterpenes, and anincrease in nucleation
particles. All time series incorporate wet-season data (that is, February to May)
from 2018 t0 2020. Colour-shaded bands represent 95% confidence intervals. The
composite was made over 391 rain events with rain rates > 0.5 mm h™. For NO, NO,
and 0,114, 94 and 336 rain events, respectively, were used, and for isoprene and
monoterpene, 90 rain events were used for the composite.

conducted atthe ATTO researchsite offers acompelling demonstration
oftherapid formation of fresh particles resulting from swift chemical
reactions occurring directly above the forest canopy (see Methods
(Micro-orifice uniform deposition impactors data and experiment)
and Supplementary Fig.4).

The nucleation mode particles show a slow increase, indicating
that they are not brought down with the descending air current but
rather are newly formed due to the reduction of the condensation
sink and the chemical reactions that form secondary organic aerosol
precursors. Concentrations of particles below 40 nm persist at elevated
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levels for up to 5 hours following a rain event. This phenomenon is
probably linked to the release of sesquiterpenes after rain, as distinct
sesquiterpene species continue to be emitted for up to 6 hours after
heavy rainfall, in contrast to subsequent dry days*. Another contrib-
uting factor is the rainfall timing, which typically occurs in the late
afternoon and evening. Ultrafine particles become trapped within the
nocturnal boundary layer, with their concentrations remaining rela-
tively stable throughout the night. Subsequently, thereis asignificant
decreaseinthe morning, accompanied by anincreaseinthe Aitken and
accumulation modes”. All these processes highlight the importance
of considering local processes in understanding particle dynamics
during precipitation events.

A characteristic feature of NPF is the growth of newly formed
particles from the nucleation to the Aitken size range. To investigate
this process, we analysed the diurnal evolution of the aerosol particle
size distribution for days with different O, concentration levels at
night, asshownin Supplementary Fig. 5. Days with high nighttime O,
levels are days with rainfall occurring during the late afternoon and
nighttime. The physical mechanism responsible for higher nighttime
0O, concentrations was the late-afternoon and nighttime convection
that injects O; into the canopy. High O, nighttime concentrations
are associated with rainy nights; by contrast, low nighttime O, con-
centrations are associated with the absence of rain events during
the night. The convective boundary layer begins to decay at sunset,
givingrise to the nocturnal boundary layer*’. During the wet season,
the nocturnal boundary layer is lower than 400 m, and the air within
the canopy becomes isolated from the free atmosphere. If a particle
burst occurs in the evening or at night, the concentration of sub-
40 nm particles remains nearly unchanged due to their relatively
long lifetime of several hours*. The O, injected during nighttime
rainfall events remains trapped inside the canopy and can lead to
high nighttime O, concentrations despite the continuous production
of NO from the soil that consumes O; throughout the night. When
sunlight reaches the canopy, growth process events can be easily
identified on days with higher previous nighttime O, concentrations.
Measurements of the oxygenated and total organic aerosol concen-
trations at 60 and 325 m by two aerosol chemical speciation moni-
tors (ACSMs) shed more light on the early morning growth process

(seedata description and methodology in Methods (ACSM data peri-
ods) and Supplementary Fig. 6).

Intrinsic link between nucleation, gases and
precipitation

In this Article, we propose an intrinsic relationship between sub-
40 nm particles, reactive trace gases and weather events in the
Amazon. Rainfall events change the trace gas concentrations con-
siderably just above the canopy and produce bursts of sub-40 nm
particles, which grow into the Aitken mode size range during the early
morning of the next day. Our findings highlight several aspects of
therainfall-aerosol interaction in central Amazonia. (1) Sub-40 nm
particles frequently occur as bursts during rainfall events, probably
associated with a series of reactions and the reduction of the con-
densation sink. (2) These bursts appear to be local features, occur-
ring mostly below 325 m. They are not clearly observed at 325 m,
and the model simulations indicate the main process occurs within
and near the canopy. (3) The major sub-40 nm particle bursts occur
together with injections of O; into or just above the canopy. (4) The
maximum concentration of both particles and O, occurs around
0-30 minutes after the peak in rainfall. Furthermore, during this
period, NO, also reaches its highest concentration, whereas NO,
isoprene and monoterpene concentrations decrease to their mini-
mum levels. (5) The condensation sink decreases with the rainfall,
reaching its minimum value 30 minutes after the rain rate is at its
maximum and facilitating the formation of the nucleation particles.
(6) Model simulations indicate that the peak of HOMs and LVOCs
and the biogenic nucleation rate occur mainly below 24 m, 30 min-
utes after the maximum rain rate. Finally, a clear growth process
was observed inthe early mornings after nights with ozone-rich air,
typically following rain-rich days.

Figure 6 illustrates the atmospheric processes in the Amazon
that occur duringrainevents in the afternoon/evening. The evolution
of trace gas concentrations from the time before the onset of rain
until up to 2 hours after the maximum precipitation suggests that the
particle burst is produced by the reduction of the condensation sink
and reactions involving O,, terpenes and NO,. Sesquiterpenes are
likely to be a major player in particle formation. The growth process
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occurringafter sunrise on days following high nighttime O, concentra-
tions suggests that the growth of sub-40 nm organic particles to the
Aitken modeisinitiated by high nighttime O, concentrations, followed
by photo-oxidation processes in the morning. The high concentra-
tions of O; injected into the canopy during the evening and night stay
trapped in the nocturnal boundary layer, favouring the oxidation of
organic compounds**. As soon as the sun rises, the total and oxidized
organic aerosol concentrations close to the canopy sharply increase,
moving the particle size from the nucleation mode to the Aitken and
accumulation mode.

Thelocally formed nucleation particles grow mainly during the
morning for the Aitken modes and are quickly transported to the free
troposphere by the development of the convective boundary layer*.
In the Amazon rainforest, three atmospheric layers can be defined
withrespectto the population of ultrafine particles: the mixed layer,
between the surfaceand 1,200 m; atransitional layer between1.2and
4 km, called the convective cloud layer, where the lowest concentra-
tion of ultrafine particles is found; and the layer above, where the
maximum concentration is near the tropopause***. Above the mixed
layer, atabout1,500 m, are the low-level jets of the Amazon®. When
anew convective cloud forms, the air currents in these particle-rich
layers converge on the convective cell, and the particle-rich air is
transported in updraughts and contributes to the formation of rain-
drops. Deep convection does not occur everywhere simultaneously
butonlyinafewareas. Therefore, the flux convergence receives air
fromall directions in the neighbouring areas and can easily feed the
CCNinto these small regions where deep convective clouds occur.
A simple calculation can be made to highlight the importance of
the NPF on the Amazonian Green Ocean clouds. From the results of
ref. 46, we can derive the linear equation describing the cloud drop-
let concentration with height in Amazonas and integrate from the
cloud base to the cloud top at 4,000 m (freezing level and average
cloud top height of cumulus clouds). From this calculation, we can
estimate the number of warm cloud droplets at 450,000 per cm?.
Considering the NPF and the boundary-layer height of 1,000 m
(ref.47), there are about 250,000 particles per cm?in the boundary
layer. If we now consider that the cloud cover near Manaus var-
ies between 76% and 42% (ref. 48), and if we apply a factor to cor-
rect for the fact that we do not have clouds everywhere, we get a
very close figure. This shows that the NPF processes in the bound-
ary layer produce enough CCN for the Green Ocean clouds. Many
other mechanisms produce CCNinthe Amazonregion, mainly from
anthropogenic sources. However, only this mechanism can provide
the basic background of CCN for the cumulus clouds in the remote
forest region of the Amazon.

Finally, to test the hypothesis and prove whether ozonolysis is
the main process in the formation of new particles in the boundary
layer, we propose for future work the use of achamber experiment at
the canopy level, controlling the ozone concentration. The chamber
should have a particle size magnifier to measure particles from1to
2 nmand amass spectrometer to measure HOM composition, such as
nitrate chemical ionization-atmospheric pressure interface time of
flight. With this configuration, it will be possible to characterize the
influence of ozone on particle formation.

Understanding the feedback mechanism between rainfall, trace
gas and aerosol concentrations is of utmost importance on a planet
experiencing a rapidly changing climate. The nucleation of particles,
which subsequently become CCN and enable cloud formation, is
closely tied to previous rainfall events. While anthropogenic emis-
sions from biomass burning and fossil fuels can produce CCN, only this
specific mechanism can generate the CCN concentrations required
to create the Green Ocean Amazon pattern characteristic of the wet
season. This patternis distinguished by cloud droplet concentrations
as low as a few hundred droplets at cloud base*, of the same order as
the newly formed particles described in this study.
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Methods

SMPS and data processing

ATTO is situated 120 m above sea level and 150 km northeast of
Manaus. The ATTO and the co-located Campina site are nested in
the heartof the central Amazon rainforest within the Uatuma Sustain-
able Development Reserve. This pristine site has remained largely
untouched by deforestation and is characterized by an ecosystem
known as a lowland evergreen rainforest. The canopy rises between
30 and 40 m, and the trace gas and aerosol instrumentation used
here spans fromground level up to 325 m. The particle number-size
distribution measurements were collected from two SMPSs (TSI),
each comprising a differential mobility analyser and condensation
particle counter. Both SMPS systems were operated in parallel at
two different sampling heights at the ATTO site. One SMPS was sam-
pling from the 60 minlet of the triangular mast and the second from
the 325 minlet of the Tall Tower. The two SMPS instruments cover a
particle size range from 10 to 400 nm, and the sizing accuracy was
frequently checked using monodisperse polystyrene latex particles.
Datawere acquired and exported with Aerosol Instrument Manager
software (versions 9 and 10; TSI). The original temporal resolution was
5 minutes and this was converted to 30 minutes to maintain the same
timeresolution as the other data. The datawere adjusted to standard
temperature (273 K) and pressure (1,013.25 hPa). The theoretical
losses due to the long inlets at 60 and 325 m were corrected on the
basis of a methodology using size-dependent correction factors™.
For the SMPS measurements at 60 mand 325 m, the composites were
computed with 236 rain events, using the particle size distribution
from 2018 t02020. The robotic lift isan automatic elevator platform
installed at ATTO’s southern corner on the Tall Tower that allows
continuous measurements of vertical profiles between 8 and 318 m.
Its regular configuration carries an SMPS (NanoScan SMPS, Model
3910, TSI) along with various other counting and sizing instruments.
SMPS data were collected during May 2023 following a strategy of
consistently acquiring profiles at a rate of two per hour, where each
profile takes 15 minutes to cover the 310 m elevation range. The data
were compiled by selecting the 0-80 m and 240-320 m layers and
computing the sub-20, sub-40, and sub-60 nm concentrations. The
data were resampled to 30 minute time steps, which include one
upward and one downward measurement. The 30 minute concentra-
tions at 0-80 m and 240-320 m were analysed as a function of the
rainfall events following the same methodology used in the other
composites. During this month, the rain gauges at 81 mand 32 m had
some gaps. A new dataset was built by combining the measured data
at 81 m and 325 m with those of NASA’s (National Aeronautics and
Space Administration’s) IMERG (Integrated Multi-satellite Retrievals
for Global Precipitation Measurement) to produce one continuous
data point every 30 minutes.

Composites and data processing

Composites were based on the time of maximum rainfall events (inten-
sity greater than 0.5 mm h™) to analyse the evolution of different gases
and particles during rainfall events. Tests were performed using the
rainfall events at the maximum, the beginning and the end of the event,
and the results were conceptually similar, except for the lag time.
Composite analyses are useful tools with which to formulate physical
hypothesesontheassociations between environmental variables that
occurover time* and to determine the basic characteristics of a particu-
lar phenomenon. Each rainfall event was selected in a10 hour window
withrainrate > 0.5 mm h™, and the time was selected as the maximum
rainrate inthiswindow. Thisanalysisinvolves collecting large numbers
of standardized cases (the maximum rainfall cases in each event) and
compositing them with all other variables as a collection. The comput-
ing composite median and statistical significance (95%) of the selected
pattern, inthis case, the gas and particle concentrations during rainfall
events, are computed.

Condensation sink
The condensation sink was based on the particle number-size distribu-
tion, similarly toref.18. The condensation sink (CS) is described by****

Dp, max
CS = 2nD f D}, (D) (D) A D), = 20Dy By (D, ) D, Nis™] (1)
b,

Dp,min

where N, represents the particle concentration at the diameter D, of
thei-thsizebin, Dis the diffusion coefficient of the precursor conden-
sable vapour,and B, is the transition-regime correction®. The conden-
sation sink quantifies the ability of particles to remove condensable
vapours from the atmosphere, incorporating them into the particle
population and directly influencing the particle growth. This study
considers D=0.117 cm2s™, the value for sulfuricacid (H,S0,) to obtain
CS**, commonly used in the literature for comparisons with other stu-
dies. Inthis study, each PNSD returned a single condensation sink based
onequation (1), withastarting diameter of 10 nm and a final diameter
of 400 nm, as described in the ‘SMPS and data processing’ section.

Box model

A box model was used to calculate the HOM and LVOC concentra-
tions and the pure organic nucleation rate. We assume a steady state
between production and loss forboth HOMs and LVOCs, and then the
concentration of HOMs (([HOM]) and LVOCs ([LVOC]) can be estimated,
respectively, from

Yap.0, HOM Kyp o, [AP][O;]
CSHOM

[HOM] = 2

Yap.o,- LVOC kyp o, [AP1[O3] + Yis0.0,- LVOC kiso 0, [1ISO1[O;]

CSLVOC

[LVOC] =
®)

where Yy o, HOM=2.9% is the HOMYyield from the a-pinene oxidation
by ozone", and the LVOC yields from the ozonolysis of a-pinene
(Yar.0,_ LVOC) and isoprene (Y500, LVOC) are assumed to be 13% and
3%, respectively. kap o, and kiso o, are the reaction rate constants for
the oxidation of a-pinene and isoprene by ozone, respectively, the
values of which follow the International Union of Pure and Applied
Chemistry*®. The concentration of a-pinene, [AP], is approximated by
that of monoterpenes. CS,,oy and CS,yoc are the CSs of HOMs and
LVOCs, respectively, and are substituted by the condensation sink of
H,SO, as an approximation here. The pure biogenic nucleation rate
(Jore), contributed by neutral and ion-induced processes", is parameter-
ized as a function of HOM and ion concentration”. Here the model
assumes the ion concentrationas 500 cm™, typical for the near-ground
condition in boreal forests”. In addition, a temperature dependence
of /g is applied™.

0;,NO and NO, data processing periods

The vertical profiles of NO, (NO and NO,) and O, were obtained from
2014 t0 2020 with an Ecophysics CLD TR 780 and a49i ozone analyser
(Thermo Scientific 49i), respectively’**’. The CLD measurements are
based on a gas-phase chemiluminescence technique that directly
retrieves the mixing ratio of NO. The NO, is measured through the
conversion of NO, to NO by a photolytic converter, based on blue light
(Solid-state Photolytic NO, Converter (BLC); DMT). The detection limits
forNOand NO,are 0.05and 0.1 ppb, respectively. The zero-point noise
limits the signal noise to less than 0.5% of the signal. The O, measure-
ments are based on the ultraviolet-absorption technique, which pro-
vides detection limits of 0.5 ppb. To reduce the effects of varying water
vapour concentrations, the O, set-up uses Nafion dryers. To ensure
high-quality measurements, theinstruments were calibrated from time
to time with a dynamic gas calibrator (Thermo Environmental Model
146C). This device has four different modes that are useful for obtaining
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(1) the detection limits (zero air calibration), (2) NO calibration (gas
dilution mode), (3) NO, calibration (gas-phase titration mode) and
(4) O, calibration (transfer standard mode). The data were collected
at the Instant tower at eight different heights (0.05, 0.5, 4, 12, 24, 38,
53and 79 m), where 0.05 mis just above the surface and 79 mis about
40 m above the canopy. These different levels provide a good vertical
resolution of the gas concentration. The gases were sampled every
5 minutes, and the time step was rescaled to 30 minutes for each height,
the same period as the other aerosol and gas parameters used in this
study. The O;, NO and NO, measurements were collected from 2018 to
2020. Owingto the complexity of the NO and NO, measurements, there
were several periods for which data were missing, which affected the
compositing with the rainfall data. For O,, 336 rain events were com-
puted, but for NO and NO,, only 114 and 94 rain events, respectively,
were used for the composite.

Isoprene and monoterpene data processing periods
Observations of isoprene (CsHg) and monoterpenes (C,,H,¢) at ATTO
were conducted using a proton transfer reaction time-of-flight mass
spectrometer (PTR-TOF-MS; lonicon Analytik). It was operated with
H,," as primary ions, a drift tube pressure of 3.5 hPa and E/N (ratio
of the electric field to the number density) of 120 Td. Isoprene (m/z
69.069) and monoterpenes (m/z137.132) are detected with an uncer-
tainty of about 20%. Their detection limits are 40 and 21 ppt, respec-
tively. Mixing ratios were calibrated using a VOC (volatile organic
compound) gas standard (Apel-Riemer Environmental), which con-
tainsisoprene and a-pinene to represent the sum of monoterpenes.
To obtain avertical profile of VOC mixing ratios, sample inlets (9.5 mm
ODinsulated Teflon) from 80 m,150 m and 320 m were connected to
the PTR-TOF-MS, installed at the foot of the ATTO tower. The sampling
height varies with afrequency of 5 minutes. Thus, air from each height
isanalysed for 5 minutes every 15 minutes. Eachinlet line was flushed
before the sampling occurred. The data cover the period from 2018
to 2019. The data were resampled to 30 minutes. The composite
with rainfall events was computed using 90 rainfall events during
the wet season.

Weather data processing and periods

This study used local air temperature (7), relative humidity (RH), pre-
cipitation (P), and wind and solar radiation measured at the ATTO
site from May 2013 to December 2016. The variables T and RH were
measured usinga Thermohygrometer (CS215, Rotronic Measurement
Solutions), rainfall was obtained by a rain gauge (TB4, Hydrological Ser-
vices), the wind parameters were obtained through a two-dimensional
sonic anemometer (WindSonic, Gill Instruments) and the solar radia-
tion with a net radiometer (NR-LITE2, Kipp & Zonen). All the instru-
ments operate at a height of about 80 m on the Instant tower'®,
Rainfall datafor2018 and 2020 were collected at the ATTO tower. The
composites were computed using 236 rain events.

Micro-orifice uniform depositionimpactors data

and experiment

Aerosol sampling was done with a micro-orifice uniform deposit
impactor sampler (MSP, Model 125-R) connected to an aerosol inlet
at 60 m height to collect aerosol particles according to their aerody-
namic diameter. Thirteen stages, equipped with baked quartzfilters
(Whatman, QM-A), enabled sampling of particles covering diameters
between 10 nm and 10 pum at a constant flow of 10 | minute™. Blank
filters were collected by the same procedures, but with a HEPA filter
(PALL 12144, HEPA capsule filter) connected between the aerosol
inlet and the inlet of the micro-orifice uniform deposit impactor.
Sampling was performed in May 2022 for 5 days at both heights. The
aerosol sample analysis was performed using filter samples extracted
three times by adding 1.5 ml of a 9/1 mixture of methanol and water
(Fisher Scientific, Optima grade). The samples were subsequently

agitated for 30 minutes on alaboratory shaker. The combined liquid
phases were evaporated by a stream of N, (0.5 ™) using a Turbovap
LV (Biotage) to approximate 200 pl. The residue was then filled to
1ml with a1/1 (v/v) mixture of water and acetonitrile (Fisher Scien-
tific, Optimagrade). The extracts were sonicated for 10 minutes and
filtered through a 0.2 um PTFE syringe filter (Carl Roth, Rotilabo KC
94.1). We added 5 pl of 23,500 ppb solution of Camphor-10-sulfonic
acid (Sigma Aldrich, 98%) in a1/1 (v/v) mixture of water and acetoni-
trile (Fisher Scientific, Optima grade) as internal standard to correct
the volume uncertainty. Ten microlitres of each sample were analysed
three times by ultra-high-performance liquid chromatography (Ther-
moFisher Scientific, UltiMate 3000) coupled to a high-resolution
Orbitrap mass spectrometer (ThermoFisher Scientific, Q Exactive).
Aheated electrospray ionization (ESI) source was installed and oper-
atedin the negative ionization mode. The instrument was externally
calibrated with a calibration solution (Fisher Scientific, Pierce) and
a2 mM sodium acetate aqueous solution, providing mass accuracy
below 1 ppm. The analysis was performed in the m/z50-750 range at
amassresolving power of 140,000 at m/z200. The following ESI-MS
parameters were used for the measurements: ESI capillary tempera-
ture 300 °C; spray voltage 3.2 kV; sheath gas flow 30; auxiliary gas
glow 10; S-lens RF level 50%. The ultra-high-performance liquid
chromatography system was operated with an Acquity UPLC CSH
fluoro-phenyl column (100 x 2.1 mm, 1.7 pm) from Waters and the
mobile phase A (water with 2% acetonitrile and 0.04% formic acid)
and mobile phase B (acetonitrile with 2% water). The conditions for
gradient elution were as follows: 0-11 minutes, 10% B; 11-12 min-
utes, linear increase to 99% B; 12-12.5 minutes, linear decrease to
10% B; 12.5-13 minutes, 10% B at a constant flow rate of 500 pl min-
ute™. The column temperature was maintained at 30 °C. To ensure
the identification of B-nocaryophyllonic acid and B-caryophyllinic
acid, standard compounds were synthesized as described by ref. 60.
Fourteen-point calibration curves were generated with concentra-
tions of B-nocaryophyllonic acid and -caryophyllinic acid ranging
from 0.5 ng ml™to 500 ng ml™. All reported values were normalized
by the internal standard and field blank corrections.

ACSM data periods

The non-refractory aerosol species’ fine-mode aerosol chemical com-
position measurements were performed using two quadrupole ACSMs
(described previously®). The instrument vaporizes the non-refractory
fraction of aerosols at around 600 °C to the gas phase and ionizes
the resulting vapours by an electron beam. This process disinte-
grates the molecules, whose fragments are observed at their specific
mass-to-chargeratios (m/z). Thereafter, the signal of each fragment is
used to reconstruct the mass concentration of each chemical aerosol
species (organic, nitrate, sulfate, ammonium and chloride) using a
fragmentation table®?, which contains the known fragmentation pat-
tern of each aerosol species. In addition, some specific compounds
are used to gain insight into the aerosol composition. In particular, a
high signal from the fragment with m/z of 44 (Org44), related mainly
to CO,", which was decomposed from organic aerosols, is a proxy
for highly oxygenated organic aerosol®’. The samples were collected
from December 2021 to March 2022 simultaneously at 60 and 325 m
heights at the ATTO site. The time resolution was 30 minutes. The
datafor each instrument were corrected for their air beam, flow rate,
and collection and ionization efficiency through ammonium nitrate
and ammonium sulfate calibrations. Then the dataset was averaged
toacommon time basis and corrected for standard temperature and
pressure (273 Kand 1,013.25 hPa). The aerosol range of measurement
isfrom 75 nmto 650 nm.

Data availability
The datasets presented here are available on GitHub (https://gitlab.
gwdg.de/luiz.machado/newparticleformation.git).
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Code availability
The scripts are available on GitHub (https://gitlab.gwdg.de/luiz.
machado/newparticleformation.git).
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