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Abstract. This study evaluates the effect of weather events on the aerosol particle size distribution (PSD) at the Amazon
Tall Tower Observatory (ATTO). This research combines in-situ measurements of PSD and remote sensing data of lightning
density, brightness temperature, cloud top height, cloud liquid water, and rain rate and vertical velocity. Measurements were
obtained by a scanning mobility particle sizers (SMPS), the new generation of GOES satellites (GOES-16), the SIPAM S-band
radar, and the LAP 3000 radar wind profiler recently installed at the ATTO-Campina site. The combined data allow exploring
changes in PSD due to different meteorological processes. The average diurnal cycle shows a higher abundance of ultrafine
particles (Nygp) in the early morning, which is coupled with lower concentrations in Aitken (Nayr) and accumulation (Nacc)
mode particles. From the early morning to the middle of the afternoon, an inverse behavior is observed, where Nygp decreases
and Nart and Nacc increase, reflecting a typical particle growth process. Composite figures show an increase of Nypp before,
during, and after lightning was detected by the satellite above ATTO. These findings strongly indicate a close relationship
between vertical transport and deep convective clouds. Lightning density is connected with a large increase in Nygp, beginning
approximately 100 minutes before the maximum lightning density and reaching peak values around 200 minutes later. In
addition, the removal of Nacc by convective transport was found. Both the increase in Nypp and the decrease in Nacc appear
in parallel with the increasing intensity of lightning activity. The Nygp increases exponentially with the thunderstorm intensity.
In contrast, Najr and Nacc show a different behavior, decreasing from approximately 100 minutes before the maximum
lightning activity and reaching a minimum at the time of maximum lightning activity. The effect of cloud top height, cloud
liquid water, and rain rate shows the same behavior, but with different patterns among seasons. The convective processes do not
occur continually but are modulated by gravity waves in the range of 1 to 5 hours, creating a complex mechanism of interaction
with a succession of updrafts and downdrafts, clouds and clear sky situations.

The radar wind profiler measured the vertical distribution of the vertical velocity. These profiles show that downdrafts are

mainly located below 10 km, while aircraft observations during the ACRIDICON-CHUVA campaign had shown maximum
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concentrations of ultrafine particles mainly above 10 km. Our study opens new scientific questions to be evaluated in order to

understand the intricate physical and chemical mechanisms involved in the production of new particles in Amazonia.

1 Introduction

The Fifth Assessment Report of the Intergovernmental Panel on Climate Change (ARS of IPCC, 2013) shows that clouds
and aerosols contribute the largest uncertainty in our understanding of the Earth’s changing energy budget. Aerosols impact
climate, clouds, and precipitation by the direct and indirect effects. Studies based on observations and modeling have improved
knowledge and reduced uncertainties regarding the aerosol direct effect (e.g Ramanathan et al., 2001; Hansen et al., 1997);
see also Haywood and Boucher (2000) for a review of the estimated direct global annual mean radiative forcing. The effects
of natural and anthropogenic sources, such as forest fires and urban pollution, on aerosol-cloud-precipitation interactions,
including cloud invigoration as well as precipitation reduction by increased aerosol loading and the associated effects on cloud
microphysics have been intensely studied (e.g., Albrecht, 1989; Andreae et al., 2004; Rosenfeld, 2018; Twomey and Warner,
1967; Rosenfeld, 1999; Koren et al., 2005; Rosenfeld et al., 2008; Cecchini et al., 2017a; Heikenfeld et al., 2019). In addition,
the knowledge about aerosol characteristics, cloud condensation nuclei (CCN), secondary organic aerosol (SOA) and volatile
organic compounds (VOCs) has been greatly improved, specifically in the Amazon region (e.g., Poschl et al., 2010; Pohlker
et al., 2016, 2018; Palm et al., 2018; Yanez-Serrano et al., 2020; Holanda et al., 2020; Saturno et al., 2018; Leppla et al.,
2021; Schrod et al., 2020). Recently, Artaxo et al. (2021) presented a comprehensive review and discussion of the aerosol
effects on climate with a particular focus on tropical and boreal forests. Although these studies have advanced our knowledge
of aerosol-cloud interactions, only very few attempts have been made to describe how clouds modify the aerosol properties.
For the Amazon, this topic was recently addressed by two field experiments: Observations and Modeling of the Green
Ocean Amazon (GoAmazon2014/5) (Martin et al., 2016, 2017) and ACRIDICON-CHUVA! (Wendisch et al., 2016; Cecchini
et al., 2017b; Machado et al., 2018). Gerken et al. (2016) discussed the downward transport of ozone by convective clouds
and used the surface equivalent potential temperature () as a proxy of convective events that produced an increase in ozone
concentration at the surface during rainfall events. Wang et al. (2016) analyzed the origin of small aerosol particles in the
boundary layer (BL). They found high concentrations of these particles in the free troposphere up to 6 km and concluded that
they were transported down by the convective downdrafts during intense precipitation events. Andreae et al. (2018) showed
enhanced concentrations of ultrafine particles in the upper troposphere, which were much higher than in the planetary BL.
They suggested that these particles were produced in the outflow from deep convective events and were returned to the sur-

face by convective downdrafts. Williamson et al. (2019), using aircraft measurements over the Pacific and Atlantic Oceans

! Aerosol, Cloud, Precipitation, and Radiation Interactions and Dynamics of Convective Cloud Systems—Cloud Processes of the Main Precipitation Systems

in Brazil: A Contribution to Cloud Resolving Modeling and to the GPM
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also observed new particle formation in the upper troposphere and suggested that these particles descend towards the lower
troposphere, where they can act as CCN, modifying cloud properties.

This study evaluates the effect of weather events on particle number size distribution (PSD) changes, combining satellite and
radar data with two scanning mobility particle sizers (SMPS) at 60 and 325 m height at the Amazon Tall Tower Observatory
(ATTO) (Andreae et al., 2015). The main cycles and forcings of convective events in Amazonia are evaluated, highlighting the
relationship between lightning storms and changes in PSD. This study explores changes in PSD by seasonal and diurnal cycles
and the effect of gravity waves, and evaluates the relationships between PSD and lightning, rainfall, cloud top height, cloud

liquid water, and brightness temperature during the dry and wet seasons.

2 Data and Methods

This study combines different types of datasets, all colocated at the ATTO site, which is described in detail by Andreae et al.
(2015). The data were obtained from the new generation of GOES satellites (GOES-16), the SIPAM S-band radar, two SMPS
instruments sampling from 60 and 325 m height above ground and the LAP 3000 radar wind profiler installed at the ATTO-
Campina site. ATTO-Campina is a new site to complement ATTO measurements with cloud physics instruments, specifically
designed to the study of the aerosol-cloud-precipitation interactions. The Campina site is located about 4 km from the main
tower in a small isolated patch, characterized by relatively dry and sandy soils as well as the typical, low Campina vegetation
type (Junk et al., 2011). The small size of trees allowed the installation of remote sensing instruments to measure cloud physics.
All datasets used in this study were organized and compiled to produce two years of data with 10-minute time resolution, from

October 2017 to September 2020. Detailed description of the individual datasets are presented below.
2.1 Scanning Mobility Particle Sizers

This study focuses on particle number size distribution measurements obtained from two Scanning Mobility Particle Sizers
(SMPS), which were measuring in parallel at two different sampling heights at the ATTO site. One SMPS was sampling
from the 60 m inlet of the triangular mast (TSI Inc., Shoreview, USA; classifiers: first model 3080, later 3082; DMA: 3081;
condensation particle counter: CPC 3722) and the second from the 325 m inlet of the Tall Tower (TSI Inc., Shoreview, USA;
classifier: 3082; DMA: 3081; condensation particle counter: first 3722, later 3750) (for details, see Andreae et al., 2015;
Pohlker et al., 2016). Both instruments are located in air-conditioned laboratory containers at the foot of the towers. Sample
air was transported through stainless steel tubes (finetron tubes, Dockweiler AG, Neustadt-Glewe, Germany) and dried to
a relative humidity (RH) below 40 %. At the 60 m inlet, an automatic regenerating silica gel adsorption aerosol dryer, as
described in Tuch et al. (2009), was installed upstream of the instruments since 2014 and was replaced by a custom-built and
automated condensation aerosol dryer in March 2020. At the 325-m inlet, an automated condensation drier was used since the
beginning of measurements. Both SMPS instruments cover a particle size range from 10 to 400 nm, and the sizing accuracy
was frequently checked using monodisperse polystyrene latex particles. Data were acquired and exported with the Aerosol

Instrument Manager Software (AIM, Version 9 & 10, TSI Inc., Shoreview, USA). The original temporal resolution was 5
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minutes and was integrated to 10 minutes to maintain the same time resolution as the other data. The data were adjusted for
standard temperature (273.15 K) and pressure (1013.25 hPa). The theoretical losses due to the long inlet at 60 m and 325 m
were corrected based on a methodology using size-dependent correction factors, as described by von der Weiden et al. (2009).

For the purpose of our analysis, we divided the PSD, obtained by the SMPS over the range from 10 to 400 nm, into the
following three individual size classes: (a) ultrafine aerosol particles (UFP) from 10 to 50 nm, (b) Aitken mode particles
(AITP) from 50 to 100 nm and (c) accumulation mode particles (ACCP) from 100 to 400 nm (see also multimodal fitting
in Pohlker et al., 2016). In order to evaluate the particle characteristics along the classes, we computed the cross-correlation
between the different particles sizes for the Central Amazonian dry (Jun to Oct) and wet (Dec to Apr) seasons. Figure 1 shows
how well the multimodal PSDs are described by the aforementioned modes by means of a cross-correlation plot for the dry
season. The ACCP and AITP have a clearly defined separation at 100 nm, mainly during the wet season, as this is the location
of the Hoppel minimum (Pohlker et al., 2016). However, the separation among AITP and UFP is not clearly evident. The
AITP has a smaller cross-correlation among the particles, which can likely be explained by the fact that this range of particles
is in the transition between the other two modes. Specifically, the AITP appears to have sometimes nucleation mode particle
properties and sometimes ACCP properties. Clearly, the UFP and ACCP are well cross-correlated among the different particle
sizes; however, for the wet season this separation is not well defined. In the wet season there is an increase in cross-correlation
from AITP to UFP, but the cross correlation inside the population of the UFP is smaller than during the dry season. The UFP is
in a size range where Aitken and nucleation particles modes overlap, therefore we adopted the ultrafine particle denomination
for this size range, which showed to be very sensitive and with a different behavior from the other particle classes, as will be
shown in this study. Fan et al. (2018) used the same size range to show the effect of UFP in the strengthening of convective
updrafts. Given the overlap between the nucleation and Aitken modes and the growth of particles from one mode into the other,
the cut at 50 nm is somewhat arbitrary, but as will be shown below, provides a practical basis for discussing the behavior of
these particle classes in response to meteorological events and across diurnal and seasonal time scales. Table 1 summarizes the

definitions, abbreviations and size ranges of aerosol particle classes used in this study.

Table 1. Definitions, name abbreviations, and symbols of the three aerosol particle size ranges used in this study.

Name of aerosol particle class Abbreviation Concentration Diameter (D) range [nm]
Ultrafine particles UFP Nurp D <50
Aitken mode particles AITP Narr 50 < D <100
Accumulation mode particles ACCP Nacc 100 < D <400

2.2 GOES-16

Data from the GOES-16 Advanced Baseline Imager (ABI) channel 13 (10.35 ym) and the Geostationary Lightning Mapper
(GLM) were used in this study. The ABI channel 13 has 2km and the GLM has 8 km spatial resolution, both of them in

their original satellite projection. Channel 13 is normally used to estimate the convective cloud depth, where lower brightness
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Figure 1. Particle number size distribution cross-correlation sampled at 60 m height at ATTO. a) Dry season (Jun to Oct) and b) wet season

(Dec to Apr). The cross-correlation underlines the distinction into ultrafine, Aitken, and accumulation modes.

temperature (Tir) relates to higher cloud tops simply because the temperature decreases with height in the troposphere (Adler
and Mack, 1986). From ABI channel 13, three variables were selected, namely, the ATTO colocated Tir as well as the frequency
of occurrence of Tir < 284 K and Tir < 245K, in a grid of 5 by 5 pixels centered on ATTO. Clear sky radiance in Amazonia
is associated with the mixed layer brightness temperature due to the high amount of water vapor near the surface. Machado
et al. (2002) used the 284 K threshold to estimate the total cloud cover. The threshold of 245 K is usually employed to describe
clouds associated with convective events in tropical regions.

The lightning data were obtained from the GLM, which detects lightning from a 0.74 um CCD array with a very high
temporal resolution, so it can compare the energy peak at different times to define whether it is a lightning or not (detailed
description in Goodman et al., 2013). To obtain a better representation of lightning around ATTO, the GLM information was
computed as the lightning density: the number of events every ten minutes in an area of 5 by 5 GLM pixels, which corresponds

to a description of lightning activity in a 25 km radius.
2.3 S-Band Radar

The SIPAM S-band radar is a weather radar, located in Manaus and operated by SIPAM — (Sistema de Prote¢do da Amazdnia).
This S-band radar (10cm wavelength — 3.0 GHz) has a beam width of 1.8° and a 240 km radius coverage. The radar run
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occurs every 12 minutes, a volume scan strategy covering 17 elevations. The volume scan produces a 3-D description of the
atmosphere. The following parameters were obtained from the 3-D field: The constant altitude plan position indicator (CAPPI)
is the reflectivity (dBZ) field at a specific height, in this case we have used the CAPPI at 3 km. There is a direct relationship
between reflectivity and rainfall; the Marshall-Palmer relationship considers an exponential drop-size distribution and defines
rain rate (R) as: Z = 200R"®, where Z is the reflectivity in (mm®m~—3) and R is in mmh~'. The CAPPI 3 km is usually
associated with the rain rate if rainfall evaporation below 3 km is neglected. The 3 km height is employed to be free of clutter
and the Earth curvature effects in the 240 km radius. The echo top corresponds to the maximum height of cloud threshold
of 20dBZ and can be considered as the height of the top of the rain rate associated with the reflectivities describe above.
The 20 dBZ echo top is approximately the cloud top of the rain drops (at approximately 1 mmh ™). The VIL is the vertically
integrated liquid (kgm~2). VIL is obtained by the vertical integration of the reflectivity as described by Greene and Clark
(1972).

2.4 LAP3000

The LAP3000 radar wind profiler (RWP) is a vertically pointing radar capable of measuring Doppler velocity spectra profiles
under both clear sky and precipitation conditions. It operates in the 1290 MHz frequency range, with a 7.1° beam width, and
obtains the Doppler spectra based on oscillations of the refractive index of air in the case of clear sky or based on droplet
relative motion in the case of precipitation. The instrument is set up to operate in three different modes, one optimized for
clear sky and the other two for precipitation. The precipitation modes are obtained in a similar fashion as in Tridon et al.
(2013), which aims to convert the RWP to an S-band-like profiler. A similar approach has already been used in the Amazon
during the two-year deployment of the Atmospheric Radiation Measurement (ARM) Mobile Facility (AMF) during the GoA-
mazon2014/5 experiment (Martin et al., 2017, 2016; Giangrande et al., 2017). The present study only used data from one of
the precipitation modes, which is able to sample between 1 and 15 km altitude with spatial and temporal resolutions of 210 m

I and

and 9.5 s, respectively. The pulse repetition frequency (PRF) is set to 8300 Hz, and the velocity range is between -20 ms™
+20ms~! with 0.1 ms~! resolution. The spectra moments are integrated into 5-min intervals for the analysis of the up- and

downdrafts.

3 Results and discussion
3.1 Seasonal Cycle

The total particle number concentration varies by about one order of magnitude between wet and dry seasons (Fig. A2 shows
the accumulation mode that accounts for most of the particles) (Andreae et al., 2015; Andreae, 2009). Pohlker et al. (2016)
discuss the seasonal variation of cloud condensation nuclei (CCN) in Central Amazonia and conclude that the variability in the
CCN concentrations is mostly driven by the aerosol particle number concentration and size distribution. Moran-Zuloaga et al.

(2018) present multi-year accumulation and coarse mode measurements at ATTO and discuss the large diversity of the aerosol
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Figure 2. Seasonality of particle size distributions at ATTO (60 m sampling height), brightness temperature (Tir), and GLM lightning density
(number of lightnings per 5 minute time bins in area of 50 x 50 km? around ATTO). All values are shown as monthly means. Average time

frame for all parameters ranges from Oct 2018 to Sep 2020.

sources. (Varanda Rizzo et al., 2018) presents a multi-year analysis of submicrometer particle size spectra at ATTO for wet and
dry season. Figure 2 clearly shows this high variability for all sizes, with a maximum number concentration at the end of the
dry season, mainly in the range between 100-200 nm.

In addition, Fig.2 shows the seasonal evolution of the brightness temperature (Tir) and the GLM lightning density. The
brightness temperature starts to increase from May to July, characterizing the decrease in cloud cover and in the frequency
of occurrence of convective clouds, followed by the increase in particle number concentration. Warm Tir (Tir > 284 K) is
associated with low cloud cover or shallow convection and cold Tir (Tir < 235 K) is associated with deep convection. April is
the month with the coldest Tir and the rainiest month, but the maximum lightning activity is in September when deep convective
rainfall events begin to be more frequent. The brightness temperature and PSD relationship is straight forward, where warmer
Tir is associated with reduced rain and high particle concentration and vice versa. However, the lightning activity is highest
at the same time that the aerosols have the maximum concentration, indicating that the connection between them is more
complex, as will be subsequently discussed in the paper.

The seasonal cycle of the particle number concentration at different altitudes shows interesting features. From the wet to
the dry season, the Nypp is nearly constant at 60 m, but increases at 325 m (Figure A1).The absolute value of the difference

between the concentration at 60 m and 325 m is small and could depend on the correction employed for losses in the long
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inlet tubing at 325 m. The Nacc (Figure A2) has the same phase and nearly the same average concentration at 60 m and 325

m (511 and 556 cm ™3, respectively).

3.2 Diurnal Cycle
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Figure 3. Diurnal cycle of the particle size distribution at ATTO (60 m sampling height) during the dry season (Jun-Oct) in color and wet
season (Dec-Apr) as black isolines. The monthly mean brightness temperature and GLM density (number of lighting events in 5 minutes in

50x50 km?) are plotted as white and gray lines with solid lines for the dry season and dashed lines for the wet season.

Clouds in Amazonia have a typical diurnal cycle during both the wet and dry seasons (Machado et al., 2004). The cloud
diurnal cycle as well as BL processes modify the PSD (Betts et al., 2002; Saturno et al., 2018). Figure 3 shows the diurnal
cycle of the PSD for the dry (color image) and wet seasons (isolines). Although the dry season has a much larger aerosol
concentration than the wet season — on average about factor 5 higher (Moran-Zuloaga et al., 2018) — the diurnal cycle for the
wet and dry seasons commonly shows a minimum in Nacc and Napr at the end of the night and during early morning (i.e.,
04:00 to 08:00 local time, which is UTC -4 h). It affects mainly the smaller sizes in the accumulation mode. This minimum
during late night and early morning is followed by an increase in Nacc up to the time when Tir starts do decrease and GLM
density increases in the afternoon. This is the time when the maximum in Nacc is observed. Moran-Zuloaga et al. (2018) show,
for the wet season, that episodic intrusions of African long-range transport of aerosols strongly increase the coarse mode in the
early afternoon, when air is mixed down into the PBL from the dust-laden layer aloft.

The increase in the number concentration between morning and noon is coincident with the time when surface sensible heat

flux becomes positive, the nocturnal BL is eroded and the convective BL is rapidly built (Stull, 1988; Angevine et al., 2020;
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Figure 4. a) Diurnal cycle of the ultrafine (black), Aitken (red), and accumulation mode particles (blue) at 60 m sampling height. The shaded
area corresponds to a confidence interval of 95 %. b) Mean deviation of the diurnal cycle of ultrafine, Aitken, and accumulation mode particles

during dry (dashed line) and wet (solid line) seasons.

Fisch et al., 2004). At this time, the BL evolves from the stable stage (nocturnal BL) to the convective BL (mixed layer). Stull
(1988) classifies this evolution in four stages: the nocturnal and stable BL stage, the morning transition stage, the rapid growth
of the convective BL stage, and the cloudy mixed layer stage. Henkes et al. (2021) show in detail the BL evolution and surface
fluxes for these four stages of the development of the convective BL in Central Amazonia during the dry season. The growing
stage begins at sunrise and is determined by the time when the surface heat flux passes above zero as well as the turbulent
kinetic energy promotes a rapid growth of the convective BL. At this time, the BL exports particles to the free troposphere
(the Earth’s atmosphere above the planetary BL) and later in the afternoon, they are removed by precipitation scavenging. The
differences between wet and dry season convective processes are very clear; from the meteorological point of view, the dry
season has higher lightning activity and warmer Tir, and vice versa in the wet season.

To observe the diurnal modulation of PSD in more detail, the daily evolution and relative variation were computed for
Nygp, Nair, and Nacce (Figure 4). Nacc and Nyt decrease during the night; the nocturnal BL height is normally above 60 m
(Carneiro and Fisch, 2020), so this decrease is likely related to the interaction between the surface and the BL. This can be
attributed to dry deposition to the vegetation and ground surfaces, as there are no other sinks because the exchange across
the top of the BL is very small due to the large stability in this layer. Fog could also contribute to this behavior, though the
night-time decrease is a systematic behavior during dry and wet season. Whereas Nacc and Najp decrease during the night,
the UFP number concentration remains nearly constant (dry season) or even increases in the wet season. This topic will be
specifically discussed in the next section.

This behavior changes completely at sunrise, when accumulation and Aitken particles start to increase and Nypp decreases,
with the typical behavior of a particle size growth process, from ultrafine to Aitken and eventually to accumulation sizes (note
that Nt starts to decrease at approximately 13:00 UTC (9:00 LST). This process is observed up to the middle or end of the
afternoon, when the concentration of accumulation particles begins to decrease and ultrafine particles increase in phase with

the increase in the afternoon convective processes. Figure 4b shows the proportional diurnal variation, relative to the overall
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mean value, for dry and wet seasons. It is interesting to note that despite their lower concentration relative to the ACCP, the
UFP have the largest relative diurnal variation in both seasons. Nygp diurnally changes up to 40 % of the average number
concentration. Nacc, as already shown, varies in absolute number much more, but as the number concentration is very high,
mainly in the dry season, the relative variation is very small. An exception occurs during the wet season, when Nacc is reduced
by up to 30 % during the night. Thus, despite the much larger concentration in the dry season, the relative daily variability is
larger during the wet season. This result indicates that the diurnal cycle not only mainly controls Nygp, but also provides a
modest decrease in the concentration of the larger modes during the night and shows a growth process from morning to the
time that rainfall starts.

The diurnal cycle of Nygp (see Figure A3) has an oscillation in phase among the two heights, with minimal values in the
early afternoon. However, the diurnal cycle of Nacc (see Figure A4) shows the number concentration at 60 m having the
minimal value earlier than 325 m and a similar concentration in the early morning when the convective BL is developing. This

feature shows the importance of the BL evolution in shaping the particle size distribution.
3.3 Weather Events and Particle Size Distributions

This section explores the relationship between lightning/rainfall events and PSD. To understand how the PSD changes as
function of the weather events, we evaluate the relationship between thunderstorms (i.e., storms producing lightning) and the
evolution of Nygp, Nair and Nacc from 400 minutes before to 400 minutes after the maximum lightning activity.

To describe the evolution of ultrafine, Aitken and accumulation mode particles, composite analyses were produced based
on the maximum GLM density activity. Composite analyses are useful tools to form physical hypotheses on the associations
between environmental variables that occur over time (Boschat et al., 2016). Composite analysis is a useful technique to deter-
mine basic characteristics of a particular phenomenon. This type of analysis involves collecting large numbers of standardized
cases of a given phenomenon and compositing them together as a collection. It involves computing the composite mean and
statistical significance of the selected pattern, in this case the lightning occurrence and other cloud characteristics.

The composite depends on the specified threshold to create a collection of cases. For lightning, the threshold was computed
as percentiles of the GLM density distribution. This procedure allows comparing different thunderstorm intensities and their
effect on PSD, as well as the effect of the other parameters describing cloud activity, such as cloud top height, rainfall, and
cloud liquid water. In order to have a comparable selection of lightning intensity and cloud properties, the lightning density
selected was defined as a function of the percentile values of 25%, 45%, 65%, 85% and 95%; these percentiles correspond to
GLM density events of 2, 30, 137, 494 and 1192 (number of lightning events in 10 minutes in an area of 5 by 5 pixels centered
at ATTO), respectively. The composites were produced by selecting the particle number concentration 400 minutes before and
after the maximum GLM density for the different values of the selected percentiles. Figure ?? shows the typical evolution
of Nugp, NarT, and Nacc as a function of the maximum GLM density for different percentiles. Figure ??b also shows the
composite of the GLM density for the different percentiles. The number of cases in each composite depends on the percentile
and ranges from 2520 for 25% to 159 cases for 95%.

10
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240 At approximately 100 minutes before the maximum lightning density, for any lightning intensity, Nygp particles increase in
concentration, reaching maximum values of nearly double the initial concentration 200 minutes later. The difference in Nygp
increases exponentially with the GLM percentiles, i.e., the thunderstorm intensity controls the rate of change of the ultrafine
number concentration. Deierling and Petersen (2008) found a high correlation between volume updraft and total lightning.
Jadhav et al. (1996) showed an increase in ozone (O3) and nitrogen dioxide (NO2) column densities during thunderstorm

245 events. The increase in volume updraft also increases air mass flux and consequently more intense updrafts/downdrafts to the
surface, potentially increasing downward advection of ultrafine particles as suggested by Wang et al. (2016) and Andreae et
al. (2018). In contrast, Nar and Nacc decrease, reaching their minimum at nearly the same time as the maximum lightning
activity. The main reason for this change could be an exchange of PBL air with air from the free troposphere, which is higher
in Nypp and depleted in Nacc, or it cloud be due to the scavenging by the intense rainfall (more efficient for larger particles).

250 These processes will be discussed in the subsection 3.5.
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The reason for this increase in concentration of the UFP cannot be answered with the experimental design of this research,
but we can hypothesize that the reason is related to them being advected by the convective cloud downdrafts. The results from
Wang et al. (2016) and Andreae et al. (2018) suggest that the source of these particles is the upper troposphere, but we will
show that the downdraft core is below the source of ultrafine particles in the upper troposphere.

As already mentioned, the changes in Najr and Nacc happen in an opposite way; these particles are removed, and specif-
ically, Nacc also starts to decrease 100 minutes before the maximum of GLM (the same time Nypp starts to increase). This
observation indicates that the rainfall begins at approximately this time and intensifies up to the time of maximum GLM, 100
minutes later. Interestingly, ?? shows that even before the onset of scavenging (i.e., more than 100 minutes prior to the GLM
peak), a higher density of lightning is associated with a higher accumulation number concentration. Higher lightning activity
appears to be associated with a higher aerosol background condition. The aerosol concentration earlier than 100 minutes before
the maximum lightning event is 30 % higher at the 95th percentile value than that at the 25th percentile. Nonetheless, when
approaching the time of maximum lightning activity and even later, the differences in Nacc at the different lightning intensities
become equal.

To understand this feedback of higher lightning activity and higher aerosol background, a box-whisker diagram was com-
puted relating GLM density and Nacc, 150 minutes before the maximum lightning event (Fig. 6). This figure highlights the
positive correlation between the concentration of ACCP particles several hours before the maximum lightning activity and
the increase frequency of the lightning events. This behavior is not clear for all months of the year, although a trend of higher
intensity GLM events related to high Nacc is easily observed; however, it is not statistically significant. This lag of 150 min-
utes before the intense weather event is an average time to detect the aerosol concentration before it is modified by the rain
event. During the period from April to August, this relationship is not clearly observed. However, when we look at less polluted
months than during the dry season, from December to February (Fig. 6b), this trend is clearer and significant. The reason cannot
be answered with the present dataset, but in this period, the effect is better represented than in a highly polluted situation. The
sensitivity for invigoration should be higher at low aerosol loadings and become saturated at higher loadings (Rosenfeld et al.,
2008). During May and April, the cleanest months (Pohlker et al., 2018), this relationship is also observed but less pronounced
than for the period from December to February. One possible explanation is the very low aerosol particle concentration that

reduces the total number of CCN.
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Figure 6. a) Whisker diagram between GLM density classes and accumulation particle mode number concentration (60 m sampling height),

150 minutes before the maximum lightning density for the two analyzed years. b) The same as (a) but for December to February.

Lightning acting to help increase the concentration of UFP, which hours later grow to accumulation particles and in turn
favor more lightning activity is likely related to the convective invigoration processes (Rosenfeld et al. (2008)). This is an
interesting behavior, but as we will show, convection is mainly controlled by the convective activity, which is strongly related

280 to gravity waves, and not by the aerosol loading.

For the purpose of analyzing the effect of the rain rate (reflectivity at 3 km), cloud top height, cloud liquid water content, and
brightness temperature on the PSD, the same kind of composite figures were prepared. In an effort to combine the different
composites in the same figure, the deviations of the means were computed because the absolute magnitudes are different be-
tween these weather parameters. The composites are presented only for the maximum event defined by the threshold percentile

285 value of 65 %. For the brightness temperature, since it is a continuous value from clear sky up to deep convective clouds, a
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selection of the percentile value of 65% would be associated with many thousands of values, in contrast to rainfall/lightning
events, where the data are only reported for rainfall or thunderstorm (lightning case) events. Therefore the percentiles for Tir
were defined only for values smaller than 245 K, normally classified as the clouds associated with convective events (Machado
and Rossow, 1993).

Figure 7 presents the evolution of Nygp, Nair, and Nacc from 400 minutes before to 400 minutes after the maximum of Tir,
vertically integrated liquid water (VIL), the 20 dBZ cloud top height (echo top), reflectivity at 3 km (rainfall), and GLM density,
respectively, for wet and dry seasons. The results were split into dry and wet seasons due to the different behaviors. The effect
on the evolution of particles is similar to the scenario shown for lightning, with a similar phase but with different amplitudes.
The larger the amplitude, the more important is the effect of this specific meteorological variable in the modification of aerosol
concentration. During the wet season, one can note changes around the mean value on the order of 25 ¢m ™3 for the number
concentrations from all variables, with the exception of lightning density, which produces larger variations of approximately
40 cm =3 in Nygp, Narr and Nacc. Thunderstorms that produce lightning are more intense than ordinary storms, and this
behavior could be explained by the stronger convective updrafts and downdrafts.

The same feature is not observed for the dry season; lightning events are tied to similar or even smaller particle number
concentration changes than the other variables. There are some possible reasons for this behavior, such as the large area of 5
by 5 pixels where GLM is observed and the more localized convective cells during the dry season (Machado et al., 2018); this
effect could likely minimize the variation of the number concentration at ATTO for smaller systems in the searched region that
are farther from ATTO. One interesting point is the similar effect exhibited by the cloud liquid water, cloud top, and rainfall
on the evolution of the particle number concentration. These variables are well correlated, but the general effect on particles
appears to be mainly related to the rainfall processes and associated updrafts and downdrafts. Recall that GLM captures only
lightning that is more intense and closer to the cloud top; therefore, the population of rainfall clouds could also be associated
with less intense and shallower lightning events. A second aspect that can be observed in this figure are the different amplitudes
of the rainfall effect in the particle number concentration between the wet and dry seasons. For Nacc, for instance, echo top
changes imply values of approximately 47cm~2 in the wet season versus 156cm ™2 in the dry season.

For the purpose of evaluating the rate of change of a specific mode in the particle number concentration (/V,) in response to

weather events, we select the composite of the GLM and compute the rates of change of the number concentrations for heights

dNa
dt

particles in the wet and dry seasons for the GLM composite (maximum threshold percentile value of 65 %). Some noteworthy

of 60 m as well as 325 m. This rate is computed as in units of cm ™3 hour~!. Figure 8 presents the rate of change of

features can be observed in this Figure. First, UFP concentration changes have nearly the same phase in the wet and dry seasons;
they are mainly negative between -400 and -200 minutes and between +200 and +400 minutes and positive between -200 and
+200 minutes. The rate of change in the wet season is larger and more than twice that of the dry season value at the time of
maximum GLM (minute zero). The rate of change at 60 m is higher than that at 325 m. The ultrafine number concentration
increases/decreases in one hour nearly 4 times more at 60 m than at 325 m. This observation indicates that the surface could
be the source of the divergence flux of new UFP. Even if the correction for the long inlet at 325 m is not sufficiently accurate

to correct the losses of the small particles concentration, this derivative does not depend on the absolute value and therefore
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Figure 8. Rate of change in number concentrations from 400 minutes before to 400 minutes after the maximum GLM (0.65 quartile) for a)
Nurp at 60 and 325 m during the wet season, b) Narr at 60 and 325 m during the wet season, ¢) Nacc at 60 and 325 m during the wet season,
d) Nurp at 60 and 325 m during the dry season, e) Narr at 60 and 325 m during the dry season, and f) Nacc at 60 and 325 m during the dry

season

The rate of change also decreases with height. It is possible that at the time when the convective BL is being built, the UFP
are advected to higher levels. When the sun rises, Nypp decreases, likely by the growth into the AIT P range, reducing Nygp in
the BL where the concentration of the AITP and ACCP is higher than that in the free troposphere (Schulz et al., 2018).

Another interesting feature is the high variability of the rate of change of particle concentrations. It is clear that the variability
is in the frequency of hours, indicating pulses of increase/decrease in the rate of change in the number concentration. In the
next section, we will explore the gravity wave variability that strongly controls the convective cloud modulation as well as the

downdrafts and updrafts.
3.4 Gravity waves

Deep convection produces gravity waves that control the variability of convective clouds (Lane and Zhang, 2011). Vertical
gravity waves produced by convective towers have an important effect on cloud variability (Alexander et al., 1995). Strong
updrafts induce tropopause fluctuations that are spread throughout the troposphere, and latent heat release due to convection
and interactions with the mean flow produce gravity waves (Grimsdell et al., 2010). Wang (2007) observed plume formation

above thunderstorm anvils, and in simulating this case, they observed high instability and breaking of the gravity waves excited
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by the strong convection inside the storm. Using the day/night band from the Suomi National Polar-orbiting Partnership (NPP)
satellite, Miller et al. (2015) shows several examples of thunderstorms triggering a broad spectrum of gravity waves.

To evaluate the gravity waves, wavelet transforms were employed to compute the time series of the amplitude of the fre-
quencies in intervals with a range of 1-5 hours. The Morlet wavelet was applied to a frequency of Tir < 284 K, to account for
the variability of the total cloud cover. The variability in the interval of 1-5 hours was integrated and produced a 10-minute
time series; the higher values of this time series were used as a proxy of high gravity wave activity in the interval of 1-5 hours.
Similar to the composite studies employed in this study, we compute the maximum of gravity wave activity and perform a com-
posite study. Figure 9a shows the gravity wave composite for the echo top and GLM density. We can see the high variability of
the convection with a succession of moments of more intense convection, with a peak of lightning followed by a higher cloud
top. Figure 9b shows the composite for the parameters describing the cloud variability, Tir, and the frequencies of Tir < 245K,
a proxy for convective cloud cover, and Tir < 284 K, a proxy for total cloud cover. This figure describes a typical variability
in this frequency range. Intracloud or intercloud variability controls convection in Amazonia and consequently the formation
or reduction of particles. During thunderstorms, the updrafts advect particles upward, followed by downdrafts advecting cloud
content to the surface. This implies particle modulation by in-cloud scavenging of BL particles and by the downdraft bringing
air rich in oxidants and/or UFP to the BL. This intermittent series of updrafts/downdrafts modify the particles in the BL in a
rich spectrum of processes, dominated by UFP enhancement and reduction of Narr and Nacc that occur hundreds of minutes

before and after the maximum convective events, not continuously but in a high variability environment.
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Figure 9. Composite at 400 minutes before and after the maximum of variability in the frequency interval from 1 to 5 hours of the total cloud

cover (Tir<284K). a) Echo top and lightning density. b) Tir, frequency of occurrence of Tir< 245 K and Tir<284K in the area of 12 by 12

km?. The shaded area corresponds to confidence interval of 95%.

3.5 Conceptual Model

The results obtained in this study complement conceptual models of the effects of weather events on particle size distribu-

tions in the Amazon. Zhao et al. (2020) discussed the high concentration of ultrafine particles in the upper troposphere (UT)
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and mentioned that the formation processes are still unknown. They demonstrated that new particle formation in the UT is
associated with low volatility organics formed from biogenic emissions from the Amazon forest. Kupc et al. (2020) improved
the knowledge about the source of ultrafine particles in the UT, concluding that they are formed in the outflow of mesoscale
convective systems. Andreae et al. (2018) described the high concentrations of UFP in the UT based on the ACRIDICON-
CHUVA experiment. They suggested that these particles could be transported by downdrafts to form new CCN in the planetary
BL by VOC oxidation and growth processes. However, downdrafts from deep convection occur preferentially from below the
10-14 km layer of the source of high concentration of ultrafine particles.

Figure 10 shows the contoured frequency by altitude diagram (CFAD) of the resultant vertical velocity (W) obtained by
the RWP at the ATTO-Campina site. The data consist of 54 days of measurements between 16 October and 8 December
2020, the season of the deepest thunderstorms; therefore, it describes the period of maximum extension of the updraft vertical
distribution. The vertical resolution of the CFAD is set to 840 m, while the W resolution is 0.1 ms~'. Contours are also shown
for the number of data points, namely, 250, 750 and 1250 (magenta curves). This figure was built using the RWP and describes
the resultant movement between the updraft/downdraft and rain drop terminal velocity. The instrument measures the vertical
movement of the rain drops, which is a combination of the droplet terminal velocity and air vertical motion. To provide a
reference, Martins et al. (2010) discuss rain droplets in Amazonian region and mention peaks of 0.5, 1.0 and 2.0 mm size
distributions for rainfall events, which approximately corresponds to a terminal velocity between 4 and 7ms~!.

However, the main feature to be explored in this figure is not the absolute value of the air vertical velocity, but the layer on
which the vertical velocity acts. These data show that downdrafts are mainly located below 10 km, but the layer of maximum
concentration of ultrafine particles is mainly above 10km. Therefore, the ultrafine particles are more prone to be advected
through the Hadley and Walker cells to middle latitudes than to return to the surface tropics as discussed in Kida (1983) using a
Lagrangian general circulation model of air parcels. However, the concentration of ultrafine particles in the upper troposphere
is very high, order of magnitudes higher than the surface ultrafine particles, and therefore, even if the maximum downdraft
is below the layer of maximum concentration, the small amount advected downward could be the source of surface ultrafine
aerosol particles. Wang et al. (2016) described the phenomenon of sharply increasing Nygp and the simultaneous decrease in
the Narr and Nacc during rainfall events, in agreement with the composite studies presented in this study. They showed high
concentrations of UFP in the FT, increasing with height, and proposed that convective downdrafts bring down UFP from the
free troposphere into the BL. They suggest that these particles arise from new particle formation in the outflow regions of deep

convective systems, followed by condensational and coagulational growth.
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Figure 10. Contoured frequency by altitude diagram of the vertical velocity W obtained by the RWP collected during 54 days of measure-
ments between October 16 and December 8, 2020. The vertical resolution is 840 m, while the W resolution is 0.1 ms~*. The contours show

the number of data points, namely, 250, 750 and 1250 (magenta curves).

In any situation, Nygp exhibits a maximum concentration during the night; however, as soon as the sun rises and the con-
vective BL is built, conversion processes to Aitken and accumulation begin, and particle growth occurs up to the time that
convection is initiated. Franco et al. (2021) studied ultrafine particle growth and found the most frequent starting cases at
approximately twilight time, before the convective BL is developed. Consequently, it is likely that there is a combination of
effects, such as the photochemical effect that begins the processes of UFP growing into the Aitken particle size range and
the development of the convective BL that contributes to the dynamics of the aerosol (upward advection). In the late after-
noon, larger particles start to decrease by rain out, scavenging, and removal by updrafts. This process of increasing UFP and
decreasing Aitken and accumulation particles occurs over a large range of variability with successive rain cells, updrafts and
downdrafts, controlled by the gravity waves. The rainfall scavenges the larger particles and the associated downdraft contributes
to the increase in Nygp.

Related to the seasonal variation, one can note that in the wet season the weather-PSD interaction is stronger than in the dry
season. For instance, for the diurnal cycle, the percentage of relative variability of Nygp is similar, but the consequent effect
on Nucc is only observed during the wet season. It could be associated with the reduction of concentration during the night
followed by a growth process from UFP to ACCP, in the early morning, that is around 30 % in the wet season and nearly

imperceptible in the dry season due to the very high absolute concentration of ACCP in the dry season. Also, related to the
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effect of lightning on PSD, the effect during the dry season is small and shows a small difference among the different types
of rainfall events (storm, thunderstorm, the cloud top height,the total liquid water). The dry season is the maximum lighting
activity season, but it is in the wet season that a feedback between lighting and Nacc (150 m before the maximum lightning
event) is observed. Herndndez Pardo et al. (2021) using observation and modeling for Amazonian clouds, concluded that the
width of the cloud droplet size distribution for clean clouds (aerosol concentration < 900 cm™%), varies as function of the
adiabaticity of the cloud. However, for polluted clouds (aerosol concentration > 2000 cm™?), the distribution width is not a
function of the adiabaticity, and varies very little. There are clear difference among the seasons as showed in the present study,
the high concentration of particles, during the dry season, is relatively less sensitivity to weather conditions than during the wet

season, with lower aerosol concentration,where the different types of weather events dominate the weather-PSD interactions.

4 Conclusions

Particle size distribution data from two SMPS instruments at ATTO at 60 and 325 m was combined with satellite and radar data
to provide the basis for exploring the relationship between weather events and changes in particle size distributions in the BL
of the Central Amazon forest. A colocated time series for ATTO with 10 minutes of resolution was produced, combining the
different types of measurements. Several features describing the evolution of the particle size distribution could be observed
for different weather cycles, forcings and characteristics.

The seasonality is pronounced, with particle concentrations in the dry season being an order of magnitude larger than that
during the wet season, and the brightness temperature followed this behavior, with colder brightness temperatures during the
wet season (cold cloud tops) than during the dry season. However, lightning has a completely different behavior, and the
transition season is the period where the maximum lightning activity is observed.

The diurnal cycle shows a typical behavior with nearly the same phase in both seasons. The maximum concentration of UFP
is observed at sunrise, and at this time, Nt and Nacc present a minimum. As the sun rises and the convective BL develops,
the UFP begin to show a decrease in the number concentration followed by an increase in Ny and Nacc, with a typical
behavior of growth in the particle size. At the end of the afternoon, an inverse situation occurs, and Nt and Nacc decrease
while Nypp increases due to the more intense rainfall. Despite the higher concentration of accumulation particles, it is Nygp
that has the larger relative amplitude, except during the wet season in which the concentration of accumulation particles mode
also have a significant relative variation.

The composite with the lightning activity describes the typical characteristics of the evolution of particle size changes due to
convective rainfall. At approximately 100 minutes before and 200 minutes after the maximum lightning activity, Nygp increases
and Aitken and accumulation particles decrease. Another interesting property is the larger number of lightning events when the
aerosol background is higher, which appears to be an indication of convective cloud invigoration.

The same behavior for lightning is observed by the composites of the echo top, rain rate (reflectivity at 3 km), integrated cloud
liquid water (VIL), and brightness temperature (Tir). Notably, a different behavior is observed between wet and dry seasons.

During the wet season, lightning correlates with a greater change in the particle size distribution in comparison with the dry
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season for the other weather parameters. This feature should be investigated in future campaigns to explain the reasons for this
large sensitivity during the wet season. It seems that for small aerosol concentrations weather-PSD interaction is dominated by
the weather events, however, during the dry season this interaction is dominated by the total aerosol concentration.

Gravity waves are very important in the convective activity modulation and produce a high variability, making the particle
size distribution evolution much more complex and controlling the succession of rain cells, updrafts, and downdrafts.

Finally, using the radar wind profiler at the Campina site, the vertical distribution of the vertical velocity was computed. The
data were collected in the season of the most intense convective activity (October — December) and show that downdrafts are
mainly located below 10km, while the layer of maximum concentration of UFP is mainly above 10 km. However, if even a
small amount of UFP from the UT is advected downward it could support the concentration of UFP in surface, because Nygp
in the upper troposphere is several orders of magnitude higher than at the surface. This study opens new questions that need to
be pursued in detail in new field campaigns, such as CAFE-Brazil scheduled for 2022 and the new ATTO-Campina site that

provides measurements of atmospheric and cloud physical properties.

Data availability. ATTO data can be found in the ATTO data portal under https://www.attodata.org/ (ATTO, 2020). For data requests beyond

the available data, please refer to the corresponding authors.
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