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Abstract

The interactions and effects of aerosols and clouds are among the largest uncertainties in the
assessment and modeling of climate change. Due to the increasing human influence on planet Earth,
remote locations that allow to probe pristine air approximating pre-industrial conditions are becoming
progressively rare. Such conditions are, however, of particular scientific interest for understanding
climate and global environmental change. This dissertation investigates the properties and interactions
of aerosols serving as cloud condensation nuclei (CCN) under pristine and polluted conditions by
aircraft and ground-based measurements.

At the Amazon Tall Tower Observatory (ATTO), a robust experimental setup was developed and
used to obtain the first size-resolved CCN measurements spanning a full seasonal cycle in the
Amazonian rainforest. The unique data set comprises annual and seasonal averages of aerosol and
CCN parameters as well as characteristic case studies including present-day pristine conditions,
biomass burning aerosols, and long range transport effects. A novel parameterization of CCN
efficiency spectra and concentrations as a function of water vapor supersaturation was developed for
efficient representation of aerosol and CCN properties in model studies. This approach enhances the
efficiency, accuracy, and reliability with which CCN concentrations can be taken into account in
process models and large-scale models of clouds and precipitation, the atmosphere and climate. The
parametrization shall serve as a basis for detailed microphysical studies on the formation and properties
of clouds and precipitation in the Amazon region. The CCN observations at the ATTO site were also
used to evaluate a new method to retrieve CCN concentrations from satellite data.

Within the ACRIDICON project (Aerosol, Cloud, Precipitation, and Radiation Interactions and
Dynamics of Convective Cloud Systems), aerosol-cloud interactions were investigated during two
collaborative measurement campaigns. During the ACRIDICON-Zugspitze campaign, cloud
supersaturations were derived from both aerosol size distribution and size-resolved CCN
measurements. An instrument package for airborne measurements of CCN and aerosol properties was
developed and implemented on the research aircraft HALO to probe the vertical structure and evolution
of convective clouds in the Amazon Basin during the ACRIDICON-CHUVA campaign. The results
indicate that new particle formation occurs in the outflow of deep convective clouds, which seems to
be an important source of aerosol particles and CCN in the boundary layer and may be the dominant
process of secondary particle formation in the pre-industrial atmosphere.
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Zusammenfassung

Die Wechselwirkungen von Aerosolen und Wolken stellen eine der grofiten Unsicherheiten im
Verstandnis des Klimawandels und in entsprechenden Modellstudien dar. Durch den zunehmenden
Einfluss menschlicher Aktivitaten auf das Erdsystem werden entlegene Orte mit Reinluftbedingungen,
die einer vorindustriellen Atmosphére &hneln, immer seltener. Diese sind jedoch von besonderer
wissenschaftlicher Relevanz, um das Ausmal? anthropogener Klima- und Umweltverdnderungen zu
quantifizieren. Die vorliegende Dissertation untersucht die Eigenschaften und Wechselwirkungen von
Aerosolpartikeln, die als Wolkenkondensationskeime (CCN) dienen koénnen, durch flugzeug- und
bodengestiitzte Messungen in reiner und verschmutzter Luft.

Fur groRenaufgeldste CCN-Untersuchungen am Amazon Tall Tower Observatory (ATTO) wurde
ein robustes Messsystem entwickelt, mit welchem erstmalig ein kompletter saisonaler Zyklus im
Amazonas-Regenwald aufgenommen wurde. Dieser einzigartige Datensatz  beinhaltet
Jahresmittelwerte und saisonale Kenngroflen der Aerosol- und CCN-Eigenschaften sowie
charakteristische Fallstudien zu Reinluftbedingungen, Aerosolen aus Biomasse- bzw. Waldbranden
und den Effekten atmospharischer Langstreckentransporte. Zur effizienten Beschreibung von Aerosol-
und CCN-Eigenschaften in Modellstudien wurde eine neuartige Parametrisierung der CCN-
Effizienzspektren und -Konzentrationen als Funktion der Wasserdampflbersattigung entwickelt.
Dieser Ansatz erhoht die Effizienz, Genauigkeit und Reproduzierbarkeit, mit welcher CCN-
Konzentrationen in Prozessmodellen sowie in groRskaligen Modellen von Wolken,
Niederschlagsbildung, der Atmosphéare und des Klimas berticksichtigt werden konnen. Die
Parametrisierung soll als Grundlage fur detaillierte mikrophysikalische Studien zur Entstehung und
den Eigenschaften von Wolken und Niederschlag in der Amazonasregion dienen. Die CCN-
Messergebnisse von ATTO wurden auch zur Evaluierung einer neuen Methode fiir die Bestimmung
von CCN-Konzentrationen aus Satelliten-Daten eingesetzt.

Im Rahmen des ACRIDICON-Projektes (Aerosol, Cloud, Precipitation, and Radiation Interactions
and Dynamics of Convective Cloud Systems) wurden die Wechselwirkungen zwischen Aerosolen und
Wolken in zwei kooperativen Messkampagnen untersucht. Wahrend der ACRIDICON-Zugspitze-
Kampagne wurden Wolkenubersattigungen sowohl aus AerosolgroRenverteilungen als auch aus
grolenaufgelosten CCN-Messungen abgeleitet. Ein Instrumentenpacket fur flugzeuggestiitzte
Messungen von CCN- und Aerosoleigenschaften wurde entwickelt und im Forschungsflugzeug HALO
installiert, um die vertikale Struktur und die Entwicklung von konvektiven Wolken im
Amazonasbecken wéhrend der ACRIDICON-CHUVA-Kampagne zu untersuchen. Die Ergebnisse
lassen darauf schlieRen, dass Partikelneubildung im Ausfluss hochreichender konvektiver Wolken
stattfindet, was eine wichtige Quelle fir Aerosolpartikel und CCN in der atmospharischen
Grenzschicht darstellt. Weiterhin konnte dieser Prozess eine dominante Rolle in der sekundéaren
Partikelneubildung der vorindustriellen Atmosphare gespielt haben.






Table of Contents

Abstract

Zusammenfassung . . . ...

1 Introduction and motivation . . . . . . . . ...

11
1.2
1.3

Atmospheric aerosol properties and interactions . . . . ... ... ... ...
Aerosols and clouds over the Amazon rainforest . . . . .. ... ... ...
Research objectives . . . . . . . . . . . . ... .
1.3.1  ATTOpproject . . . . . . . . e
1.3.2 ACRIDICON D project . . . .. . .. . . i

2 Results and conclusions . . . . . . . . ..

2.1

2.2

Individual studies . . . . . ..
2.1.1  Long-term characterization of cloud condensation nuclei at the ATTO
site and new model parametrization for CCN prediction . . . . . .
2.1.2  Comparison of pristine, biomass burning, and long-range transport
conditions atthe ATTOssite . . . . . . . ... ... ... .....
2.1.3  Aerosol nucleation in the upper troposphere over the Amazon during
the ACRIDICON-CHUVA campaign . . . . ... ... .....
2.1.4  Assessment of cloud supersaturation during the ACRIDICON-
Zugspitze campaign . . . ..
2.1.5  Satellite retrieval of CCN concentrations . . . ... ... ... ..
Summary and outlook . . .. ..

3 References . . . . . . . e

Appendix A List of related publications and presentations . . . .. ... ... ...

Appendix B Selected publications . . . ... ... ... o o

Bl
B2
B3
B4
B5

Pohlker et al., Atmos. Chem. Phys., 2016 . . . . . ... ... ... .....
Pohlker et al., Atmos. Chem. Phys. Discuss., 2017 . . . .. ... ... ...
Andreae et al., Atmos. Chem. Phys. Discuss., 2017 . . . . . ... ... ...
Krlger et al., Atmos. Meas. Tech., 2014 . . . . ... .. ... ... .....
Rosenfeld et al., Proc. Natl. Acad. Sci. USA, 2016 . .. ... ... .....

o1 o1 o1 P

o O

© 00 N

12






Chapter 1

Introduction and motivation
1.1  Atmospheric aerosol properties and interactions

Human activities have become a driving force that changes many characteristics of our planet and
environment on local, regional, and global scales. To emphasize that this “anthropogenic force” is of
a geohistorical dimension, Paul Crutzen has coined the term Anthropocene, as a geological epoch
humankind has recently entered (Crutzen, 2002; Steffen et al., 2011; Pdschl and Shiraiwa, 2015;
Reinmuth-Selzle et al., 2017). The present study belongs to the wide field of Earth system science,
aiming to provide a better understanding of the anthropogenic effects on the Earth system by
investigating the past and current state of the atmosphere as well as assessing future scenarios of
atmospheric changes and related consequences.

Atmospheric aerosols originate from natural and anthropogenic sources and comprise a diverse
mixture of different particle classes, such as mineral and soil dust, sea spray, soot and other combustion
residues, biogenic particles, and many others (Péschl, 2005). In the atmosphere, aerosols undergo a
complex and dynamic life cycle, which changes their properties and atmospheric influence as
illustrated in Figure 1. They play an important role in atmospheric physics and chemistry as well as
public health (P6schl and Shiraiwa, 2015). Besides their influence on the Earth’s radiative budget via
absorption and scattering of solar radiation (so-called direct effect), aerosols act as cloud condensation
nuclei (CCN) in the formation of cloud droplets and as ice nuclei (IN) in the formation of ice
crystals (so-called indirect effect) (Satheesh and Moorthy, 2005; Andreae and Rosenfeld, 2008;

Hoose and Mdohler, 2012).
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Figure 1. lllustration of the life cycle of atmospheric aerosols (i.e., sources, processing, deposition), emphasizing
their atmospheric and biospheric relevance. Adopted from Péschl and Shiraiwa (2015).
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Aerosol-cloud-precipitation interactions are a key factor in the Earth atmosphere and climate
system (e.g., Andreae and Rosenfeld, 2008; Tao et al., 2012; Rosenfeld et al., 2014; Bony et al., 2015;
Seinfeld et al., 2016). Thus, sound scientific knowledge on the life cycle and the highly dynamic
properties of clouds is of significant importance for our understanding of atmospheric cycling and
climate change. Aerosol particles, in their role as CCN, represent one of the key factors in the
formation and development of clouds and precipitation (Solomon et al., 2007).

Which particles act as CCN depends on the water vapor supersaturation, S, in the atmosphere, as
well as the aerosol particle size and chemical composition (e.g., Dusek et al., 2006; Rose et al., 2010).
The relationship between these parameters is described by the Kohler theory: The equilibrium water
vapor pressure over strongly curved small droplets is much higher than the water vapor pressure over
a flat surface (so-called Kelvin effect). Accordingly, comparatively high water vapor pressures —
means supersaturated conditions — are necessary to form stable small droplets. Particularly,
homogeneous droplet nucleation requires S levels of several hundred percent (Andreae and Rosenfeld,
2008). Heterogeneous droplet nucleation onto aerosol particles in the atmospherically most relevant
size range takes place at much lower S levels around 1 %. The vapor pressure over an aqueous solution
is lower in comparison to pure water (so-called Raoult effect), which enhances the importance of
partly or even fully soluble particles in CCN activation (Pdschl et al., 2009). The water uptake of
aerosol particles can be described very efficiently by the hygroscopicity parameter x (Petters and
Kreidenweis, 2007). For atmospheric particles, the x values are typically in the range of 0.01 to 1,
with large values representing a high ability to take up water (Andreae and Rosenfeld, 2008; Su et al.,
2010).

With respect to microphysical processes in cloud formation and development, the number
concentration of CCN, Ncen(S), as a function of S plays a key role, while S is predominantly
determined by the updraft velocity, w, of the adiabatically rising air parcel at the cloud base.
Depending on Ncen(S) and S, a certain number of cloud droplets, Ng, is formed at the cloud base.
Upon further cloud development and rising air masses, the initial droplets grow by condensation of
water vapor, which can be observed as changes in the cloud drop size distribution (DSD). Thus, the
DSD is a function of thermodynamic parameters (i.e., w), aerosol conditions (i.e., Ncen(S)), and the
cloud evolution (i.e., the cloud depth H). Important bulk DSD properties are, in particular, Ng and the
effective droplet radius re (Rosenfeld et al., 2014). For re > 11 um, the probability of droplet collision
and coalescence processes become significant and warm rain formation is initiated (Cecchini et al.,
2017a, Cecchini et al., 2017b). For larger H, cold rain formation plays an increasingly important role,
following ice formation in the presence of IN (Rosenfeld et al., 2008).

It is well documented that changing aerosol regimes, ranging from pristine to highly polluted
states, influence the microphysical basis of the development of clouds and precipitation (e.g., Roberts
etal., 2003; Andreae et al., 2004; Reutter et al., 2009). Specifically, pollution-induced changes, such
as increased Ng with a corresponding decrease of average droplet size, intense competition for water
vapor and, thus, a deceleration of drop growth rates, suppression of supersaturated conditions,
reduced coalescence of smaller droplets, increased H as well as an invigoration of cloud dynamics
and rain, are well documented (e.g., Koren et al., 2004; Freud et al., 2008; Koren et al., 2012). The
aerosol influence on the cloud’s microphysical basis alters the macrophysical cloud properties as
well. Figure 2 illustrates how a man-made increase in Ncen(S) causes an enhanced Ng and shifts the
DSD to smaller droplets, which in turn strongly increase the cloud albedo (Carslaw et al., 2013).
Note that the cloud albedo plays a critical role in the Earth radiative budget and, thus, man-made
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changes of the cloud albedo constitutes one of the largest uncertainties in our current understanding
of the changing climate system (Bony et al., 2015). Importantly, Figure 2 emphasizes the
relationships between anthropogenic emissions, Ncen(S), Ng, cloud albedo, and radiative forcing.
With increasing anthropogenic emissions, the cloud albedo and the radiative forcing converge
towards saturated conditions, which correspond to present-day (PD) pollution levels. This means, in
turn, that the highest sensitivity of the relationships can be found towards clean, pristine conditions
as an approximation a pre-industrial (PI) state. This further implies that a reduction of the large
uncertainty in our understanding and modelling attempts of the impact of aerosol changes on cloud
albedo and climate requires a better understanding of a Pl aerosol state. The occurrence of pristine
episodes, which approximate a Pl state, is becoming increasingly rare in the PD atmosphere. Only
certain marine regions and very few continental places nowadays still allow an observation of Pl
episodes (Hamilton et al., 2014).
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Figure 2. Schematics to explain the relationship between, Ncen(S), N, and cloud albedo and the impact of natural
emissions for the forcing uncertainty. Figure adopted from Carslaw et al. (2013).



4 | Chapter 1

1.2 Aerosols and clouds over the Amazon rainforest

The Amazon rainforest represents an ecosystem of global importance, which is subject to substantial
man-made perturbations (Lenton et al., 2008; Davidson et al., 2012). The atmosphere over the
rainforest ecosystem in the Amazon Basin represents an ‘outdoor laboratory’ of particular interest for
atmospheric and climate research since it oscillates between a very clean wet season and a highly
polluted dry season state (Martin et al., 2010; Andreae et al., 2015). The wet season provides one of
the globally rare chances to observe pristine and, thus, approximately Pl episodes in a vegetated
continental environment (Andreae, 2007; Andreae et al., 2015). During this time of the year, the
aerosol particle population, the cloud field, and the hydrological cycle of the Amazonian rain forest
are mainly influenced by biogenic emissions of gases and aerosol particles as well as their
atmospheric processing in combination with high absolute humidity and strong solar radiation (Martin
et al. 2010). The main processes in this biogeochemical reactor, in which biogenic aerosols act as
CCN and IN and, thus, influence the formation of clouds and precipitation, are illustrated in Figure 3
(Poschl et al., 2010). This is in stark contrast to the dry season conditions, which are influenced by
intense man-made pollution (e.g., Artaxo et al., 2013). Several studies have reported clear indications
for pollution-related changes in cloud properties and precipitation patterns in the Amazon region
(Davidson et al., 2012). However, numerous open questions regarding the cloud microphysical
processes under pristine vs. strongly polluted condition remain. Thus, detailed aerosol and CCN
observations under pristine conditions, as an approximation of a Pl state, will enhance our
understanding of the anthropogenic impact of the Earth atmosphere, in general, as well as the
vulnerable Amazon region, in particular (Carslaw et al. 2013).
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Figure 3. Cloud and biogenic aerosol cycle in the pristine Amazonian atmosphere. Figure adopted from Pdschl et
al. (2010).
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1.3 Research objectives

This thesis focusses on the aerosol-cloud-precipitation interactions in the globally important Amazon
region by means of aerosol and CCN analyses in the context of two international and large-scale field
experiments: First, the continuous and in-depth atmospheric observations at the Amazon Tall Tower
Observatory (ATTO) site and, second, the aircraft measurements in the Amazon Basin as well as
complementary mountain top measurements in Europe in the context of the ACRIDICON project.

1.3.1 ATTO project

The ATTO site has been established as a long-term research station in an untouched rainforest region
in the central Amazon Basin (for details see Andreae et al., 2015). Besides a broad set of
meteorological, ecological, and trace gas observations, a comprehensive and detailed aerosol analysis
is being conducted at the ATTO site. Improving our understanding of the aerosol-cloud-precipitation
interaction as a function of pristine vs. highly polluted conditions represents one of the scientific core
projects at the ATTO site. In 2014 and 2015, the ATTO site was part of the international
GoAmazon2014/5 campaign, which took place at several sites in and around the city of Manaus
(Martin et al., 2016; 2017). In the context of this thesis, systematic aerosol and CCN observations
have been conducted as part of the ATTO and GoAmazon2014/5 research. This thesis summarizes
the key results and conclusions.

1.3.2 ACRIDICON project

The ACRIDICON project has combined research on aerosol-cloud-precipitation-radiation
interactions as well as dynamics of convective and orographic cloud systems in the context of
two field experiments: (i) The ACRIDICON-CHUVA campaign focused on tropical deep
convective clouds in the Amazon Basin, in unique combination with the continuous ATTO research
(Machado et al., 2014; Wendisch et al., 2016). For these observations, the high altitude long-range
(HALO) aircraft has been used to study aerosol and cloud microphysics in detailed cloud profiling
maneuvers during September 2014. For the aircraft observation, an aerosol and CCN instrument
package has been designed and developed, which was operated successfully on board of HALO
during ACRIDICON-CHUVA. (ii) Previous to the ACRIDICON-CHUVA experiments, the
ACRIDICON-Zugspitze campaign was conducted at the mountain top station Schneefernerhaus
in September 2012, focusing on orographic clouds. Here, size-resolved aerosol and CCN
measurements were conducted.
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Results and conclusions
2.1 Individual studies

2.1.1 Long-term characterization of cloud condensation nuclei at the ATTO site and
new model parametrization for CCN prediction

This study presents the first systematic analysis of aerosol and CCN key parameters in the Amazon
region (i.e., at the ATTO site), spanning a full seasonal cycle and, thus, providing a detailed
climatology of CCN properties. The key findings of the study are (i) the pronounced dependence of
Ncen(S) on the total aerosol number concentration, Nen, ranging from clean wet season to polluted dry
season conditions, (ii) the remarkable temporal stability of the « levels without pronounced seasonal
and diurnal trends, indicating the predominance of organic aerosols, and (iii) the clearly distinct
properties of the Aitken vs. accumulation mode aerosol populations, presumably as a function of
atmospheric aerosols processing. Based on this systematic aerosol and CCN characterization, different
CCN parametrization schemes were tested and compared to represent the CCN key features in
modelling studies. Moreover, a novel parametrization strategy using CCN efficiency spectra and
concentrations as a functions of S was developed, allowing accurate CCN predictions based on a small
set of input parameters. For details see Appendix B.1, Pohlker et al., Atmos. Chem. Phys., 2016.

2.1.2 Comparison of pristine, biomass burning, and long-range transport conditions at
the ATTO site

This study is based on Pohlker et al. 2016 and presents the variability of aerosol and CCN key
parameters, resolving aerosol advection and transformation processes. Particularly, the analysis
focusses on the following four case studies, which present the most characteristic states of the
Amazonian atmosphere: (i) present-day pristine periods, being characterized by the absence of
detectable anthropogenic pollution aerosols, (ii) long-range transport of African aerosols, bringing a
mixture of biomass burning smoke, Saharan dust and Atlantic sea spray, (iii) the influence of a
pronounced, aged biomass burning plume from deforestation fires in Southern Brazil, and (iv) a
superposition of nearby fires and the plume of an African volcanic eruption. For the case studies, the
characteristic Ncn, Neen(S), and « size distributions were extracted, which reveal distinctly different
aerosol populations. Moreover, the CCN efficiency spectra—as CCN signatures of the contrasting case
studies — were obtained as predestinated input data for dedicated modelling studies. Moreover, the
CCN efficiency spectra help to understand the specific response of the contrasting aerosol populations
to varying supersaturation regime. For details see Appendix B.2, P6hlker et al., Atmos. Chem. Phys.
Discuss., 2017.

6 |
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2.1.3 Aerosol nucleation in the upper troposphere over the Amazon during the
ACRIDICON-CHUVA campaign

During the ACRIDICON-CHUVA campaign, remarkably high Ncn levels were observed in the upper
troposphere (UT), exceeding Ncn levels in the planetary boundary layer (BL) by one or two orders of
magnitude. Convective transport of BL aerosols into the UT could be ruled out due to characteristic
difference in the particle’s size range and chemical composition. A strong enhancement of small
particles (<90 nm diameter) in convective outflows suggest that new particle formation takes place in
the UT, followed by frequent downward transport of these particles in the BL. These newly formed
particles, however, grow into a CCN-relevant size and, thus, enhance Nccn in the UT as well. This
process may also explain the origin and nature of newly formed particles in the pristine and, thus, PI,
atmosphere. My contributions to this study were the development, certification, and operation of the
CCN and aerosol instrument package on board of the HALO aircraft as well as the analysis and
interpretation of CCN profiles and related data. For details see Appendix B.3., Andreae, et al., Atmos.
Chem. Phys. Discuss. 2017.

2.1.4 Assessment of cloud supersaturation during the ACRIDICON-Zugspitze
campaign

During the ACRIDICON-Zugspitze campaign, a new method has been developed to use, measured
aerosol and CCN size distributions to estimate effective water vapor supersaturation levels inside
clouds. The CCN based method has the advantage that it does not require specific knowledge or
assumptions about aerosol properties. During the evolution of a cloud, the air masses are exposed to
different S levels. This study presents a method to distinguish between the lower and upper bounds
(Stow, Shigh) and the average value (Savg) Of peak supersaturation, encountered by the particles in the
cloud. For the investigated cloud event, the following supersaturation levels were derived Siow =~ 0.07-
0.25 %, Shigh ~ 0.86-1.31 %, and Savg ~ 0.42-0.68 %. For details see Appendix B.4., Kruger, et al.,
Atmos. Meas. Tech. 2012.

2.1.5 Satellite retrieval of CCN concentrations

To assess the impact of aerosols on cloud radiative properties on global scales, a simultaneous satellite
retrieval of the updraft velocities, w, and Ncen(S) at cloud based is required. In a new approach, w and
Ncen(S) were obtained from an operational polar orbiting weather satellite. This study presents the
evaluation of the Ncen(S) calculated based on satellite data by comparing the results with ground based
CCN measurements from three locations, including the ATTO site. The satellite-derived CCN results
are consistent with the ground based CCN measurements with an accuracy of £30%. My contributions
to this study were the measurement and analysis of the CCN data from the ATTO site as well as the
evaluation and uncertainty analysis of satellite-derived vs. in-situ measured CCN concentrations. For
details see Appendix B.5., Rosenfeld, et al., Proc. Natl. Acad. Sci. USA, 2016.
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2.2 Summary and outlook
The main results and focal points of this dissertation can be summarized as follows:

(i) At the Amazon Tall Tower Observatory (ATTO), a robust experimental setup was developed
and operated to obtain a unique data set of annual and seasonal averages of the aerosol and CCN
properties. Characteristic case studies were performed to characterize different atmospheric
conditions including biomass burning influence, long range transported effects, and a present-
day pristine state approximating pre-industrial conditions. The CCN observations at the ATTO
site were used to evaluate a new method to retrieve CCN concentrations from satellite data.

(i) A novel parameterization of CCN efficiency spectra and concentrations as a function of water
vapor supersaturation was developed. It enhances the efficiency, accuracy, and reliability with
which CCN concentrations can be taken into account in process models and large-scale models
of clouds and precipitation, the atmosphere and climate.

(iii) During the ACRIDICON-Zugspitze campaign, cloud supersaturations were derived from both
aerosol size distribution and size-resolved CCN measurements.

(iv) For the ACRIDICON-CHUVA campaign with the HALO aircraft, an instrument package for
airborne CCN and aerosol measurements was designed, developed, and operated during research
flights in the Amazon Basin. The analysis of the vertical structure and evolution of convective
clouds provided unprecedented insights into new particle formation in the upper troposphere.
This process appears to be an important source of aerosols and CCN in the rainforest boundary
layer, which links the aircraft results to the ground-based ATTO observations.

Furthermore, long-term size-resolved aerosol and CCN measurements at a remote marine location at
the Atlantic coast of Barbados were started within this PhD study. The analysis and interpretation of
the aerosol and CCN properties in connection to the cloud properties measured at the Barbados Cloud
Observatory will further advance the understanding of aerosol-cloud interactions in a marine
environment (green vs. blue ocean). The instrument setup, which has been developed for the
ACRIDICON-CHUVA project, was also successfully operated during the EMeRGe-EU campaign
(Effect of Megacities on the Transport and Transformation of Pollutants on the Regional to Global
Scales) targeting European megacity plumes in July 2017. The companion campaign EMeRGe-Asia
will target Asian megacities and is scheduled for 2018.

The research performed in the context of this PhD study has resulted in three first author papers and
contributed to 18 further studies, which have been published or are currently undergoing peer review
in international scientific journals.
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Abstract. Size-resolved long-term measurements of atmo-
spheric aerosol and cloud condensation nuclei (CCN) con-
centrations and hygroscopicity were conducted at the re-
mote Amazon Tall Tower Observatory (ATTO) in the cen-
tral Amazon Basin over a 1-year period and full seasonal
cycle (March 2014-February 2015). The measurements pro-
vide a climatology of CCN properties characteristic of a re-
mote central Amazonian rain forest site.

The CCN measurements were continuously cycled
through 10 levels of supersaturation (S =0.11 to 1.10 %)
and span the aerosol particle size range from 20 to 245 nm.
The mean critical diameters of CCN activation range from

43nm at S=1.10% to 172nm at S =0.11 %. The particle
hygroscopicity exhibits a pronounced size dependence with
lower values for the Aitken mode (kaj; = 0.14 &= 0.03), higher
values for the accumulation mode (kacc = 0.22 £0.05), and
an overall mean value of kyean = 0.17 &= 0.06, consistent with
high fractions of organic aerosol.

The hygroscopicity parameter, «, exhibits remarkably lit-
tle temporal variability: no pronounced diurnal cycles, only
weak seasonal trends, and few short-term variations during
long-range transport events. In contrast, the CCN number
concentrations exhibit a pronounced seasonal cycle, tracking
the pollution-related seasonality in total aerosol concentra-
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tion. We find that the variability in the CCN concentrations
in the central Amazon is mostly driven by aerosol particle
number concentration and size distribution, while variations
in aerosol hygroscopicity and chemical composition matter
only during a few episodes.

For modeling purposes, we compare different approaches
of predicting CCN number concentration and present a novel
parametrization, which allows accurate CCN predictions
based on a small set of input data.

1 Introduction
1.1 Atmospheric aerosols and clouds

In our current understanding of the Earth’s climate system
and its man-made perturbation, the multiscale and feedback-
rich life cycles of clouds represent one of the largest uncer-
tainties (Boucher et al., 2013; Stevens et al., 2016). Accord-
ingly, the adequate and robust representation of cloud prop-
erties is an Achilles’ heel in climate modeling efforts (Bony
et al., 2015). Atmospheric aerosols are a key ingredient in
the life cycle of clouds (known as aerosol indirect effect) as
they affect their formation, development, and properties by
acting as cloud condensation nuclei (CCN) and ice nuclei
(IN) (Lohmann and Feichter, 2005; Rosenfeld et al., 2008).
Aerosol particles can originate from various natural and an-
thropogenic sources and span wide ranges of concentration,
particle size, composition, as well as chemical and phys-
ical properties (Poschl, 2005). Their activation into cloud
droplets depends on their size, composition, and mixing state
as well as the water vapor supersaturation (e.g., Kohler, 1936;
Dusek et al., 2006; McFiggans et al., 2006; Andreae and
Rosenfeld, 2008; Su et al., 2010). The microphysical link
between clouds and aerosol has been the subject of mani-
fold and long-term research efforts. On one hand, the cycling
of CCN as well as their relationship to the aerosol population
has been studied in a variety of field experiments worldwide
(e.g., Gunthe et al., 2009; Rose et al., 2010; Juranyi et al.,
2011; Paramonov et al., 2015). On the other hand, the knowl-
edge obtained from the growing body of field data has been
translated into different parametrization strategies that repre-
sent the cloud—aerosol microphysical processes in modeling
studies (e.g., Nenes and Seinfeld, 2003; Petters and Kreiden-
weis, 2007; Su et al., 2010; Deng et al., 2013; Mikhailov et
al., 2013).

1.2 Amazon rain forest and its hydrological cycle

The Amazon rain forest is a unique and important ecosys-
tem for various reasons such as its high density and diversity
of life, its role as major carbon storage, and its large recy-
cling rate of energy and water in the Earth’s hydrological cy-
cle (Brienen et al., 2015; Gloor et al., 2015; Olivares et al.,
2015; Yafiez-Serrano et al., 2015). In times of global change,
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the man-made disturbance and pressure on this ecosystem
have strongly increased and have started a transition of the
Amazon into an uncharted future (Davidson et al., 2012;
Lawrence and Vandecar, 2015). In the context of atmospheric
composition, the Amazon is unique since it represents one
of the last terrestrial locations worldwide that allows — at
least for part of the year — to investigate an relatively undis-
turbed state of the atmosphere in the absence of major an-
thropogenic pollution (Roberts et al., 2001; Andreae, 2007;
Andreae et al., 2012; Hamilton et al., 2014).

Overall, the troposphere over the Amazon is defined by
the alternation of a relatively clean wet season and a polluted
dry season, as outlined in more detail in previous studies
(e.g., Martin et al., 2010b; Andreae et al., 2012, 2015; Mishra
et al., 2015). In this paper, we use the following classifica-
tion of the Amazonian seasons': (i) the wet season typically
spans February to May and shows the cleanest atmospheric
state, (ii) the transition period from wet to dry season typi-
cally spans June and July, (iii) the dry season months August
to November show the highest pollution levels, and (iv) the
transition period from dry to wet season spans December and
January (Andreae et al., 2015; Moran-Zuloaga et al., 2017).

A lively discussed aspect of the Amazonian hydrological
cycle is the potential impact of changing aerosol regimes,
which oscillate between polluted and pristine extremes, on
the development of clouds and precipitation (e.g., Roberts et
al., 2003; Andreae et al., 2004; Rosenfeld et al., 2008). A va-
riety of pollution-induced changes in cloud properties, such
as increased cloud drop concentrations with a corresponding
decrease of their average size, intense competition for wa-
ter vapor, and thus a deceleration of drop growth rates, sup-
pression of supersaturation, reduced coalescence of smaller
droplets, increased cloud depths as well as an invigoration of
cloud dynamics and rain, are well documented (e.g., Koren
et al., 2004, 2012; Freud et al., 2008).

Overall, the aforementioned observations indicate that in-
creasing aerosol concentrations can have substantial impacts
on spatial and temporal rainfall patterns in the Amazon (e.g.,
Martins et al., 2009a; Reutter et al., 2009). In view of the
globally increasing pollution levels and the ongoing defor-
estation in the Amazon, pollution-triggered perturbations
of the hydrological cycle are discussed as potential major
threats to the Amazonian ecosystem, its forest structure, sta-
bility, and integrity (e.g., Coe et al., 2013; Junk, 2013).

IThe Amazonian seasons are mostly defined meteorologically
with respect to precipitation data (Fu et al., 2001; Fernandes et al.,
2015). Note that in this study we use a slightly different definition
of the seasons in the central Amazon based on meteorological and
aerosol data to emphasize the seasonality in aerosol sources and
prevalence. For example, the “meteorological wet season” typically
has its core period in February (maximum in precipitation), whereas
the “pollution-defined wet season” has its core period in April/May
(e.g., minimum in carbon monoxide (CO) and black carbon (BC)
concentrations) (Andreae et al., 2015).
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1.3 Previous CCN measurements in the Amazon

Ground-based and airborne CCN measurements have been
conducted in a number of field campaigns in the Amazon
Basin as outlined below in chronological order, constituting
the baseline and context for the present study.

1998: Roberts and coworkers (Roberts et al., 2001; Roberts
et al., 2002) conducted the first CCN measurements
in the Amazon in the context of the LBA/CLAIRE-98
campaign (ground-based, Balbina site, March and April
1998) and pointed out that under clean conditions the
CCN concentration Ncen(S) (at a certain supersatura-
tion S) in the “green ocean” Amazon is surprisingly
similar to conditions in the maritime “blue ocean” at-
mosphere. Regarding the low natural Nccn(S), which
is dominated by mostly organic particles, they further
suggested that cloud and precipitation properties may
react sensitively to pollution-induced increases of the
total aerosol load.

1999: In the context of the LBA-EUSTACH campaign in
1999, ground-based CCN measurements at three dif-
ferent sites in the Amazon Basin were conducted (An-
dreae et al., 2002; Roberts et al., 2003). This was the
first study on CCN properties and cloud dynamics un-
der the influence of strong biomass burning emissions
in the Amazon.

2001: In the follow-up study LBA/CLAIRE-2001 in July
2001, ground-based (Balbina site) and airborne mea-
surements (around Manaus) were conducted. For the
ground-based study, Rissler et al. (2004) combined a hy-
groscopicity tandem differential mobility analyzer (HT-
DMA) with CCN measurements, focusing on the CCN-
relevant water-soluble fraction in the particles, and pro-
vided a CCN closure and parametrization for model ap-
proaches. In addition, an airborne analysis of the aerosol
and CCN properties was conducted, focusing on the
contrast between the Amazonian background air and the
Manaus plume (Kuhn et al., 2010).

2002: Subsequently, in the course of the LBA-SMOCC-
2002 campaign in southern Brazil during major biomass
burning episodes (Rondonia state, September and Octo-
ber 2002), ground-based and airborne CCN measure-
ments were performed (Vestin et al., 2007; Martins et
al., 2009b). A major finding of this study was that the
CCN efficiency of natural biogenic and man-made py-
rogenic (cloud-processed) aerosols is surprisingly sim-
ilar (Andreae et al., 2004). Furthermore, Nccn(0.5 %)
was found as a valuable predictor for the required cloud
depth of warm rain formation, which is an important
property for cloud dynamics (Freud et al., 2008).

2008: During the AMAZE-08 campaign (ground-based,
ZF2 site, February and March 2008), the first size-
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resolved CCN measurements in the Amazon were con-
ducted (Gunthe et al., 2009; Martin et al., 2010a). These
studies report that aerosol particles in the Aitken and ac-
cumulation modes, which represent the CCN-relevant
size range, predominantly contain organic constituents
and thus have comparably low hygroscopicity levels.
The observed hygroscopicity parameter x ranges be-
tween 0.1 and 0.2, which corresponds to the typical hy-
groscopicity of secondary organic aerosol (SOA) (An-
dreae and Rosenfeld, 2008).

2010/11: During several short observational periods,

Almeida et al. (2014) measured total CCN concentra-
tions around the city of Fortaleza in northeast Brazil.
The selected measurement locations receive wind from
changing directions. Accordingly, the response of the
CCN population to marine, urban, and rural air masses
was investigated.

2013: Recently, Whitehead et al. (2016) reported results

from further short-term, size-resolved CCN and HT-
DMA measurements that were conducted north of Man-
aus (ground-based, ZF2 site, July 2013) as part of the
Brazil-UK network for investigation of Amazonian at-
mospheric composition and impacts on climate (BUNI-
AACIC) project. The results of this study agree well
with Gunthe et al. (2009).

2014/15: As part of the international field campaign ob-

servation and modeling of the green ocean Amazon
(GoAmazon2014/5), size-resolved CCN measurements
were conducted at three sites in and around Manaus:
the Amazon Tall Tower Observatory (ATTO) site (TOa,
pristine rain forest), which is discussed in the present
study, the T2 site (in Manaus, urban environment), and
the T3 site (rural site in the Manaus plume) (Martin et
al., 2016; Thalman et al., 2017). All three size-resolved
CCN measurements in the context of GoAmazon2014/5
took place in close collaboration. Moreover, CCN mea-
surements were conducted onboard the G-1 aircraft dur-
ing the GoAmazon2014/5 intensive observation periods
IOP1 and IOP2 (Martin et al., 2016).

2014: Furthermore, as part of the German—Brazilian

ACRIDICON (Wendisch et al., 2016) and CHUVA
(Machado et al., 2014) projects, airborne CCN mea-
surements were made over the entire Amazon Basin
(September 2014). The results of this study are currently
being analyzed for an upcoming publication and repre-
sent an ideal complement to the long-term data of the
present study.

In addition to the aforementioned CCN measurements,
some further studies relied on HTDMA measurements to
probe the aerosol hygroscopicity and particle growth fac-
tors below 100 % relative humidity (RH), which can be used
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to extrapolate the CCN activity in supersaturation regimes
(Zhou et al., 2002; Rissler et al., 2006).

1.4 Aims and scope of this study

All of the previously published CCN measurements in the
Amazon have been conducted over relatively short time pe-
riods of up to several weeks. In addition, size-resolved CCN
measurements are still sparse in the Amazon region. In this
study, we present the first continuous, long-term, and size-
resolved CCN data set from the Amazon Basin, which spans
a full seasonal cycle and therefore represents the CCN prop-
erties during contrasting seasonal conditions.

The focus of this study is on presenting major trends
and characteristics of the CCN population in the Amazon
Basin. Thus, our study contributes to a global inventory of
CCN properties, representing this unique and climatically
important ecosystem. We extract key CCN properties and
parameters that help to include CCN predictions in the Ama-
zon region into future modeling studies. Based on our data
set, different parametrization strategies for CCN prediction
are compared and discussed. Moreover, we present a novel
and generalized CCN parametrization, which allows efficient
modeling of CCN concentrations based on a minimal set of
basic aerosol properties.

This paper represents part 1 of a comprehensive analy-
sis of the CCN cycling in the central Amazon. It covers the
overall trends and presents annually averaged CCN param-
eters as well as characteristic differences in the CCN pop-
ulation between the Amazonian seasons. A companion pa-
per (Part 2) provides in-depth analyses of particularly inter-
esting events through short-term case studies and aims for
a more emission- and process-related understanding of the
CCN variability (M. L. Pohlker et al., 2017a).

2  Methods
2.1 Measurement site and period

The measurements reported in this study were conducted
at the ATTO site (02°08.602" S, 59°00.033’ W; 130 ma.s.1.),
which is located in an untouched rain forest area in the cen-
tral Amazon, about 150 km northeast of the city of Manaus,
Brazil. An overview of the atmospheric, geographic, and eco-
logical conditions at the ATTO site has been published re-
cently by Andreae et al. (2015), where a detailed description
of the aerosol setup for the long-term measurements can be
found. The instrumentation for CCN measurements is part
of a broad aerosol measurement setup, which also covers
aerosol size and concentration, absorptivity, scattering, flu-
orescence, as well as chemical composition (Andreae et al.,
2015). The aerosol inlet is located at a height of 60 m, which
is about 30 m above the forest canopy. The sample air is dried
by silica gel diffusion dryers at the main inlet, which keeps
the RH below 40 %. For the CCN setup, a second diffusion
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dryer decreases the RH even further to <20 %, which en-
sures reliable hygroscopicity measurements.

The CCN measurements are ongoing since the end of
March 2014. This study covers the measurement period from
the end of March 2014 to February 2015, representing almost
a full seasonal cycle. Also, the measurement period overlaps
with the international large-scale field campaign GoAma-
zon2014/5 that was conducted in and around the city of Man-
aus from 1 January 2014 through 31 December 2015. Dur-
ing GoAmazon2014/5, comprehensive CCN measurements
were conducted at different sites (see Sect. 1.3) (Martin et
al., 2016). The ATTO site served as a clean background
(TOa) site during GoAmazon2014/5. Furthermore, the mea-
surement period of this study encompasses the German—
Brazilian ACRIDICON-CHUVA field measurement cam-
paign in September 2014 (Machado et al., 2014; Wendisch et
al., 2016), where (non-size-resolved) CCN measurements at
multiple supersaturation levels were performed onboard the
high-altitude and long-range research aircraft (HALO) flying
over the Amazon Basin.

2.2 Size-resolved CCN measurements

The number concentration of CCN was measured with a
continuous-flow streamwise thermal gradient CCN counter
(CCNC, model CCN-100, DMT, Boulder, CO, USA)
(Roberts and Nenes, 2005; Rose et al., 2008b). The inlet flow
rate of the CCNC was 0.5Lmin~! with a sheath-to-aerosol
flow ratio of 11. The water pump was operated at a rate of
4mLh~! corresponding to the CCNC setting of “low” lig-
uid flow. The supersaturation (S) of the CCNC was cycled
through 10 different S values between 0.11 and 1.10 % (see
Table 1), which are defined by controlled temperature gra-
dients inside the CCNC column. Particles with a critical su-
persaturation (S;) < § in the column are activated and form
water droplets. Droplets with diameters > 1 um are detected
by an optical particle counter (OPC) at the exit of the column.

Size-resolved CCN activation curves (for nomenclature,
see Sect. 2.3) were measured based on the concept of Frank
et al. (2006), following the procedures in Rose et al. (2008a)
and Kriiger et al. (2014) by combining the CCNC with a dif-
ferential mobility analyzer (DMA, model M, Grimm Aerosol
Technik, Ainring, Germany). The DMA was operated with a
sheath-to-aerosol flow ratio of 5. The DMA selects particles
with a certain diameter (D) in the size range of 20 to 245 nm
(sequence of D value has been optimized for every ), which
are then passed into the two instruments: (i) the CCNC sys-
tem and (ii) a condensation particle counter (CPC, model
5412, Grimm Aerosol Technik), which measures the number
concentration of aerosol particles with selected D(NcN(D)),
while the CCNC measures the number concentration of CCN
with selected D for the given S(Ncen(S,D)). The cycle
through a full CCN activation curve (Ncen(S,D)/Nen(D))
for one § level took ~ 28 min, including ~40s equilibra-
tion time for every new D, and ~ 2 min equilibration time
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Table 1. Characteristic CCN parameters as a function of the supersaturation S, averaged over the entire measurement period: midpoint
activation diameter D, (S), hygroscopicity parameter «(S,D,), width of CCN activation curve o (), heterogeneity parameter o (S)/Dg(S),
maximum activated fraction MAF(S), CCN number concentration Ncen(S), total particle concentration (> 10 nm) NcN, 10, CCN efficiencies
Ncen(S)/Nen,10- and number of data points 7. S is shown as set value + the experimentally derived deviation in S. All other values are
given as arithmetic mean + 1 standard deviation. All values are provided for ambient conditions (temperature ~ 28 °C; pressure ~ 100 kPa).

S Du(S)  k(S.Da)  a(S)  0(S)/Da(S)  MAF(®S)  Neen(S) Nengio Neen(S)/Nensio n
(%) (nm) (nm) (cm™3) (em™3)
0.114+0.01 1724+12 0224+0.05 45=+11 0.26 +0.06 0.934+0.10 275+219 1100 £776 0.24+0.10 1071
0.154+£0.02 1364+10 0.224+0.05 42=+10 0.314+0.06 0.97 £0.05 457 + 384 1093 £770 0.39+0.13 1086
0.204+0.02 117+9 0.214+£0.05 35410 0.304+0.07 0.98 +0.04 571 4+482 1096 £ 775 0.48£+0.15 1087
0.24 +0.03 10548 0.194+0.05 29+ 8 0.28 +0.07 0.99 +0.04 652 4+ 550 1098 +778 0.55+0.16 1078
0.29 +0.03 98 +7 0.17+0.04 27+8 0.27 £0.08 1.01 £0.05 719 £ 601 1103 £ 784 0.60+0.17 1069
0.47 +0.04 T77+£5 0.134+0.03 17+6 0.224+0.07 1.03+0.04 883 + 744 1101 £799 0.744+0.18 1008
0.61 £0.06 63+4 0.144+0.03 15+5 0.234+0.07 0.974+0.03 900 £ 719 1089 £ 791 0.78+0.14 922
0.74 +0.08 57+4 0.134+0.03 14+6 0.24 +0.09 0.96 +0.03 941 £+730 1108 £+ 809 0.82+0.12 984
0.924+0.11 49+ 4 0.134+0.03 12+6 0.244+0.11 0.96 +0.04 987 742 1117 £ 814 0.864+0.10 995
1.10£0.08 43+3 0.134+0.03 11£5 0.254+0.10 0.954+0.03 10134747 1120£792 0.88+0.08 952

for every new S level. The completion of a full measurement
cycle comprising CCN activation curves for 12-13 D val-
ues (number of D depends on S) and 10 different S levels
took ~4.5h. The entire CCN system (including the CCNC,
DMA, and CPC) was controlled by a dedicated LabVIEW
(National Instruments, Munich, Germany) routine.

The S levels of the CCNC system were calibrated period-
ically (March, May, and September 2014) using ammonium
sulfate ((NH4)2SO4, Sigma Aldrich, St. Louis, MO, USA)
particles generated in an aerosol nebulizer (TSI Inc., Shore-
view, MN, USA). The calibration procedure was conducted
according to Rose et al. (2008b). All three calibrations gave
consistent results and thus confirmed that the S cycling in
the CCNC was very stable and reliable throughout the entire
measurement period.

All concentration data presented here are given for am-
bient conditions. During the entire measurement period, no
significant fluctuations in temperature (~ 28 °C) and pressure
(~ 100 kPa) were observed in the air-conditioned laboratory
container.

2.3 Data analysis, error analysis, and nomenclature of
CCN key parameters

The theoretical background and related CCN analysis pro-
cedures are comprehensively described elsewhere (Petters
and Kreidenweis, 2007; Rose et al., 2008a). For the present
study, the following corrections were applied to the data
set. (i) The CCN activation curves were corrected for sys-
tematic deviations in the counting efficiency of the CCNC
and CPC according to Rose et al. (2010). (ii) Usually, the
double-charge correction of the CCN activation curve is con-
ducted according to Frank et al. (2006). For this study, we
developed the following alternative approach, which recon-
structs the CCN efficiency curves based on data from an inde-
pendent scanning mobility particle sizer (SMPS, TSI model
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3080 with CPC 3772 operating with standard TSI software)
at the ATTO site. The activation curve for every D can be
described by the following equation:

2_Ncen (8,D;)
13

2_Nen(Di)

2.f (D)5 (Di)-a(S,Dj)

= . 1
Zf(Di)'S(Di) W

The index i represents the charge of the particles (typically
1 <i <4). The left side of the equation is the measured (non-
corrected) ratio of CCN to condensation nuclei (CN) for one
selected D and S. The parameter s(D;) is the multi-charge-
corrected particle number size distribution inverted from the
SMPS measurements at D; with its different charge states.
The parameter f(D;) is the corresponding fraction of parti-
cles with the charge i. The function a(S,D;) accounts for the
activated fraction of s(D;) at a given supersaturation S. We
describe a(S,D;) as a cumulative Gaussian function. Using
a nonlinear least-squares fit method (Levenberg—Marquardt)
together with the knowledge of s(D;) and f(D;), the param-
eters of the function a(S,D;) can be optimized to get an op-
timal fit of the measured CCN activation curve for a given S.
The function a(S,D) is the cumulative Gaussian function af-
ter the fit, which describes the multi-charge-corrected CCN
activation curve and has been used as a basis for the further
analysis. Because the information on multiple charged par-
ticles also contributes to the fit results, this approach is su-
perior to previously used methods, where this information
is neglected. Based on a(S,D), the critical diameter (D,(S),
where 50 % of the particles are activated) is used to retrieve
the effective hygroscopicity parameter («x(S,D,)) according
to the x-Kohler model (Petters and Kreidenweis, 2007). A
detailed description of the calculation can be found in Petters
and Kreidenweis (2007), Rose et al. (2010), and Mikhailov
et al. (2009).
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The CCN size distribution (Ncen (S, D)) was calculated by
Ncen (S.D) =s(D)-a(S,D). 2

In this equation, s(D) represents the particle number size dis-
tribution of the SMPS at D (10 < D < 450 nm).

The CCN efficiencies (Ncen(S)/Nen,1o; for nomencla-
ture, see end of Sect. 2.3) have been calculated based on
the integral concentration of CN with lower size cutoff
Dey = 10nm (Ncw,10)? and CCN (Neen(S) as

Neen(S)  [pNeen (S,D) -dD
~ [ps(D)-dD

3)

Nensio

In addition to D,(S), the maximum activated fraction
(MAF(S)) can be obtained from a(S, D). MAF(S) typically
equals unity, except for completely hydrophobic particles
(i.e., fresh soot). The third parameter that can be derived
from a(S,D) is the width of the CCN activation curve o (S),
which strongly depends on D,(S). The ratio between o (S)
and D,(S) (6(S)/D,(9)) is called heterogeneity parameter
and can be used as an indicator for the chemical and geomet-
ric diversity of the aerosol particles.

The error in S was calculated based on the uncertainty ac-
cording to the commonly used calibration procedure (Rose et
al., 2008b). Overall, the error A S of S equals approximately
10 %; however, in the following analysis, we have used the
specific AS values for every S (see Table 1). The uncertainty
of the selected D of the DMA (AD) was obtained as the
mean width of the Gaussian fit of polystyrene latex (PSL)
beads and equals 5.3 nm. For Ncen(S,D) and Nen(D), the
standard error of the counting statistic was used. By Gaussian
error propagation we determined A(Nccen(S,D)/Ncen(D))
and then repeated the data analysis for the upper and
lower bounds (1 £ A) x (Ncen(D,S)/Nen(D)). The result-
ing relative errors of the values Ncen(S), Nen.io, and
Ncen(S)/Nen, 10 do not depend on S and equal 6 %. The er-
rors of D,(S) and k(S,D,) depend on S and can be described
as

ADy(S) = Dy(S) - (S-0.07+0.03) )
Ak (S,Dg) =k (S,Dq) - (S-0.17+0.10). (5)

Throughout this study, we observed a slight systematic de-
viation of the results for the supersaturation S = 0.47 %. This
effect can be seen, for example, in MAF(0.47 %) values ex-
ceeding unity in Fig. 1 and Nccen(0.47 %,D) / Nen(D) values
exceeding unity in Fig. 5. The effect persists even after ap-
plying all aforementioned corrections to the data and is most
pronounced during the dry season. Yet, since we did not find
any evidence of these data being erroneous, we decided to
keep them in the study.

ZNote that N¢nN,10 usually corresponds to the total CPC-
detectable aerosol particle number concentration for the characteris-
tic size distribution at the ATTO site because the particle population
in the nucleation-mode range (i.e., < 10 nm) is negligibly small.
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The use of certain terms in the context of CCN mea-
surements is not uniform in the literature. For clarity, we
summarize the key parameters and terms applied in this
study as follows: (i) the value Ncen(S, D)/ Nen(D) is called
CCN activated fraction, while (ii) Nccen(S,D)/Nen(D)
plotted against D is called CCN activation curve;
(iii)) Ncen(S) plotted against S is called CCN spectrum;
(iv) Ncen(S)/NenN, b, at a certain S level is called CCN ef-
ficiency; (v) Ncen(S)/NeN, b, plotted against S is called
CCN efficiency spectrum.

2.4 Aerosol mass spectrometry

In addition to the CCN measurements, aerosol chemical spe-
ciation monitor (ACSM, Aerodyne Research Inc., Billerica,
MA, USA) measurements are being performed at the ATTO
site (Andreae et al., 2015). The ACSM routinely charac-
terizes nonrefractory submicron aerosol species such as or-
ganics, nitrate, sulfate, ammonium, and chloride (Ng et al.,
2011). Particles are focused by an aerodynamic lens system
into a narrow particle beam, which is transmitted through
three successive vacuum chambers. In the third chamber, the
particle beam is directed into a hot tungsten oven (600 °C)
where the particles are flash vaporized, ionized with a 70 eV
electron impact ionizer, and detected with a quadrupole mass
spectrometer. In this study, a time resolution of 30 min was
used. The measurements provide a total mass concentration
of the chemical composition of the aerosol particles. Further
details about the ACSM can be found in Ng et al. (2011).

2.5 Carbon monoxide measurements

Carbon monoxide (CO) measurements are conducted con-
tinuously at the ATTO site using a G1302 analyzer (Picarro
Inc. Santa Clara, CA, USA). The experimental setup from the
point of view of functioning and performance is a duplication
of the system described in Winderlich et al. (2010).

3 Results and discussion

3.1 Time series of CCN parameters for the entire
measurement period

Over the entire measurement period from 25 March 2014
to 5 February 2015 we recorded size-resolved CCN activa-
tion curves at 10 different levels of water vapor supersat-
uration S with an overall time resolution of approximately
4.5h. A total of 10253 CCN activation curves were fitted
and analyzed to obtain parameters of CCN activity as de-
tailed above (Sect. 2.3). Table 1 serves as a central refer-
ence in the course of this study and summarizes the annual
mean values and standard deviations of the following key pa-
rameters, resolved by S: D,(S), k(S,Dg), 0(S), o(S)/D,(S),
MAF(S), Ncen(S), New, 10, and Neen(S)/New,io- In Fig. 1,
some of these CCN key parameters are presented as time se-
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Figure 1. Seasonal trends in time series of precipitation rate P, total aerosol concentration Ncn;,10, carbon monoxide mole fraction (cco),
and CCN key parameters for three selected supersaturations S for the entire measurement period (shown in original time resolution). (a) Pre-
cipitation rates from tropical rainfall measuring mission (TRMM) Prrmm and in situ measurements at the ATTO site Parto- The PrRvMM
seasonal cycles are derived from an area upwind of the ATTO site (59.5° W, 2.4° N, 54.0° W, 3.5° S), covering a long-term period from 1 Jan-
uary 1998 to 30 June 2016 (aqua shading), and the period of the CCN measurements from 1 March 2014 to 28 February 2015 (blue line).
(b) Time series of pollution tracers NN, 10 and cco. (¢) CCN concentrations Ncen(S), (d) hygroscopicity parameter «(S,Dg), (€¢) CCN
efficiencies Ncon(S)/Nen,10- and (f) maximum activated fraction MAF(S). Three different types of shading represent (i) the seasonality in
the Amazon atmosphere according to Andreae et al. (2015) (wet vs. dry seasons with transition periods, illustrated at the top of the graph),
(ii) periods of IOP1 and IOP2 during GoAmazon2014/5, (iii) seasonal periods of interest in context of the present study as defined in Sect. 3.3
(shading in background of time series).

ries over the entire measurement period to provide a general Figure la presents precipitation data from satellite and in
overview of their temporal evolution and variability. Concen- situ measurements at the ATTO site to illustrate the meteo-
tration time series of the pollution tracers Ncn,10 and CO are rological seasonality for the measurement period. The pre-
added to illustrate the pollution seasonality at the ATTO site. cipitation rates in the Amazon Basin can show pronounced
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anomalies due to teleconnections with the Atlantic and/or
Pacific sea surface temperatures (SSTs) (Fu et al., 2001;
Fernandes et al., 2015). The most prominent example here
is the El Nifio—Southern Oscillation (ENSO) and its vari-
ous impacts on the Amazonian ecosystem (e.g., Asner et
al., 2000; Ronchail et al., 2002). For the measurement pe-
riod, the Oceanic Nifio Index (ONI) ranged between —0.4
and 0.6 °C, confirming that only towards the end of the mea-
surement period a slightly positive anomaly was observed.
In Fig. 1a, satellite data from the tropical rainfall measure-
ment mission (TRMM) are presented for the area around the
ATTO site. The TRMM data are provided for an extended
time period (January 1998 until June 2016) and, for com-
parison, for the CCN measurement period (March 2014 un-
til February 2015). This comparison shows that the 2014/15
precipitation rates do not deviate substantially from the 18-
year average data, and thus further confirms that the measure-
ment period can be regarded as a typical year with typical
seasons and no pronounced hydrological anomalies.

Figure 1b displays the characteristic seasonal cycle in
Ncn,jo and the CO mole fraction (cco). Both pollu-
tion tracers reach their maxima during the dry season
(Nen,10=1400£710 em™3; cop =144 +£45 ppb), whereas
the lowest values are observed during the wet season
(Nen,10=285£131 em ™3 cco=117+12 ppb) (given as
mean £+ 1 standard deviation). An obvious feature of the
dry season months is the occurrence of rather short
and strong peaks (reaching up to New.j0 =~ 5000cm™3;
cco =~400ppb) on top of elevated background pollution
levels. The pronounced peaks originate from biomass burn-
ing plumes, which impact the ATTO site for comparatively
short periods (a few hours up to several days). Selected
events are discussed in detail in M. L. Pohlker et al. (2017a).
Figure lc shows that Ncen(S) follows the same overall
trends. A rather close correlation between Nccen(S) and
Ncn,1o as well as Neen(S) and cco can be observed, as
pointed out in previous studies (Andreae, 2009; Kuhn et al.,
2010). Figure 1d displays the «(S,D,) time series for three
exemplary S levels. It shows that the «(S,D,) values, which
provide indirect information of the particles’ chemical com-
position, are remarkably stable throughout the year (see also
standard deviations of «(S,D,) in Table 1). This illustrates
that the dry season maximum in Nccn(S) is mainly related
to the overall increase in Ncn;, 10, and not to substantial varia-
tions in aerosol composition and therefore «(S,D,). The lev-
els of the three «(S,D,) time series, with their corresponding
D,(S), provide a first indication that «(S,D,) shows a clear
size dependence, as further discussed in Sect. 3.2. The pro-

3For the ONI data and specific information on the ref-
erence area and time frame, refer to National Oceanic and
Atmospheric Administration (NOAA)/National Weather Service,
2016. Historical El Nifio/La Nifia episodes (1950—present)
are available at http://www.cpc.ncep.noaa.gov/products/analysis_
monitoring/ensostuff/ensoyears.shtml (last access: 1 October 2016).
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nounced (but rather rare) “spikes” in «(S,D,) (i.e., in April
and August) as well as various other specific events in this
time series are analyzed in detail in the companion Part 2 pa-
per (M. L. Pohlker et al., 2017a). Figure le gives an overview
of the CCN efficiencies Ncen(S)/Nen,io (for three S lev-
els) and its seasonal trends. This representation shows con-
tinuously high fractions of cloud-active particles for higher
S (e.g., Ncen(1.10 %) /Nen,1o > 0.9) throughout the entire
measurement period with almost no seasonality. For interme-
diate S, such as 0.47 %, the values of Ncen(0.47 %) /Nen.1o
range from 0.6 to 0.9 and reveal a noticeable seasonal cy-
cle, with the highest levels during the dry season. Further-
more, Ncen(0.11 %) / Nen, 1o is mostly below 0.4, with clear
seasonal trends. These observations can be explained by the
characteristic aerosol size distribution at the ATTO site (An-
dreae et al., 2015), which (i) is dominated by particles in the
Aitken (annually averaged peak Daj; at ~70nm) and accu-
mulation modes (annually averaged peak D at ~ 150 nm),
(ii) shows a sparse occurrence of nucleation-mode parti-
cles (<30nm), and (iii) reveals a clear seasonality in the
relative abundance of Aitken and accumulation modes (see
Sect. 3.3 and Fig. 6). Thus, the higher dry season abundance
of accumulation-mode particles, which are more prone to act
as CCN, results in higher Ncen(S)/Nen,io levels, particu-
larly at lower S.

Analogous  Ncen(S)/Nen  results  from  other
continental ~ background sites have been  pub-
lished previously: for example, Levin et
al.  (2012) reported  Nccen(0.97 %) /Nen =0.4-0.7,

Ncen(0.56 %) /Nen =0.25-0.5, and Ncen(0.14 %) / Nen
<0.15 for a semi-arid Rocky Mountain site. Jurdnyi
et al. (2011) reported Nccn(1.18%)/Nen,16=0.6—
0.9, Ncen(0.47 %)/ Nen,16 = 0.2-0.6, and
Ncen(0.12 %) /Nen,ie < 0.25 for the high alpine Jungfrau-
joch site. At both locations, the CCN efficiencies tend to
be lower than the corresponding results at the ATTO site,
which can be explained by the frequent occurrence of new
particle formation (NPF) and the related abundance of
ultrafine particles (with sizes well below D,(S)) at these
sites (Boulon et al., 2010; Ortega et al., 2014). The activated
fractions at the Rocky Mountain and Jungfraujoch sites
have a stronger seasonality than those at ATTO, probably
inversely related to the seasonal cycle in NPF. Overall, we
state that the activated fractions in the central Amazon,
due the absence of significant ultrafine particle (< 30nm)
populations, tend to be constantly higher than in other con-
tinental background locations (Paramonov et al., 2015). The
absence of “classical” NPF (Kulmala et al., 2004) and the
corresponding lack of ultrafine particles is a unique property
of the Amazon atmosphere resulting in the uniquely high
CCN efficiencies. A systematic study on the abundance,
properties, and seasonality of the sparse nucleation-mode
bursts in the central Amazon is the subject of an upcoming
study.
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Figure 2. CCN activation curves for all measured S lev-
els (§=0.11-1.10%), averaged over the entire measurement
period. Data points represent arithmetic mean values. For
Ncen(S,D)/Nen(D), the standard error is plotted, which is very
small (due to the large number of scans with comparatively small
variability) and therefore not perceptible in this representation. For
the diameter, D, the error bars represent the experimental error as
specified in Sect. 2.3. The grey vertical band represents the posi-
tion of the Hoppel minimum (including error range) for the annual
mean number size distribution (compare to Fig. 3). Dashed lines
provide visual orientation and indicate 0, 50, and 100 % activation.
The value at 50 % activation is used for calculation of the hygro-
scopicity parameter «(S,D,). The lines connecting the data points
merely serve as visual orientation.

The MAF(S) time series in Fig. 1f represents a valuable
additional parameter to determine the abundance of “poor”
CCN (i.e., aerosol particles that are not activated into CCN
within the tested S range). For higher S (i.e., S > 0.11 %),
MAF(S) is close to unity over the whole year. In contrast,
MAF(0.11 %) fluctuates around unity during the wet season
months; however, it drops below unity during the biomass-
burning-impacted dry season and subsequent transition pe-
riod. For some episodes, MAF(S) shows very pronounced
dips, as further discussed in the Part 2 study (M. L. Pohlker
et al., 2017a).

3.2 Annual means of CCN activation curves and
hygroscopicity parameter

Figure 2 displays the annual mean CCN activation curves for
all S levels. Thus, it represents an overall characterization
of the particle activation behavior, which means that for de-
creasing S levels the activation diameter, D,(S), increases. In
other words, every S corresponds to a certain (and to some
extent typical) D,(S) range, where particles start to become
activated (see Table 1). As an example, relatively high S con-
ditions (0.47—-1.10 %) yield substantial activation already in
the Aitken-mode range, while low S levels (0.11-0.29 %)
correspond to activation of larger particles, mostly in the ac-
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cumulation mode. Note that S levels in convective clouds
rarely exceed 1.0 %, but that in the presence of precipitation
higher S values are possible (Cotton and Anthes, 1989). The
step from the activation curves at S =0.47 % to S=0.29 %
relates to the position of the characteristic Hoppel minimum
(at 97 nm for the annual mean size distribution; see Table 2)
between Aitken and accumulation mode in the bimodal size
distribution. Thus, the step to S = 0.47 % represents the onset
of significant activation in the Aitken-mode size range.

A different representation of these observations is dis-
played in Fig. 3, which shows the bimodally fitted (bi-
modal logarithmic normal distribution, R%Z= 0.99) an-
nual mean Ncn(D) size distribution. In this annual aver-
age representation, the Aitken-mode maximum is located
at Daj =69 + 1 nm, the accumulation-mode maximum at
Dacc = 149 £2nm, and both are separated by the Hoppel
minimum (compare to Table 2) (Hoppel et al., 1996). Fur-
thermore, Fig. 3 clearly shows that different «(S,D,) val-
ues are retrieved for the Aitken (kaj =0.14 £0.03) vs. the
accumulation-mode size range (kacc = 0.22 £0.03). This in-
dicates that Aitken- and accumulation-mode particles have
different hygroscopicities and thus different chemical com-
positions. In this case, Aitken-mode particles tend to be
more predominantly organic (close to « =0.1) than the
accumulation-mode particles, which tend to contain more
inorganic species (i.e., ammonium, sulfates, potassium)
(Prenni et al., 2007; Gunthe et al., 2009; Wex et al., 2009; C.
Pohlker et al., 2012). The enhanced hygroscopicity in the ac-
cumulation mode is a well-documented observation for vari-
ous locations worldwide, which is thought to result from the
cloud processing history of this aerosol size fraction (e.g.,
Paramonov et al., 2013, 2015). For the Amazon Basin, our
observed size dependence of k(S,D,) agrees well with the
values reported by Gunthe et al. (2009) and Whitehead et
al. (2016).

The arithmetic mean hygroscopicity parameter at the
ATTO site for all sizes (43nm < D, < 172nm) and for the
entire measurement period is Kmean = 0.17 £ 0.06. For com-
parison, Gunthe et al. (2009) reported xmean =0.16 £0.06
(for the early wet season 2008). The observed standard de-
viation is rather small, which reflects the low variability of
Kmean throughout the year (see Fig. 1b).

No perceptible diurnal trend in kpean iS present in the
annually averaged data. This is because the ATTO site is
not (strongly) influenced by aerosol compositional changes
that follow pronounced diurnal cycles (i.e., input of an-
thropogenic emissions). A consequence of this finding is
that the overall hygroscopicity of the aerosol at the ATTO
site (as a representative measurement station of the cen-
tral Amazon) is well represented in model studies by us-
ing Kmean = 0.17 2 0.06 (see also Sect. 3.5.4). Previous long-
term CCN observations from alpine, semi-arid, and boreal
background sites have similarly shown that diurnal cycles in
k(S,D,) (or the related D,(S)) tend to be rather small or even
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Table 2. Properties (position xq, integral number concentration Ncy, width o) of Aitken and accumulation modes from the double log-
normal fit (compare to R2) of the total particle size distributions. Values are given as annual means and subdivided into seasonal periods
of interest as specified in Sect. 3.3 (compare also to Fig. 6). In addition, values for the position of the Hoppel minimum Dy as well as
estimated average peak supersaturation in cloud S¢joud(DH.k) are listed. The errors represent the uncertainty of the fit parameters. The error
in Scioud(DH.k) is the experimentally derived error in S.

Season Mode Ncn K X0 o R? Dy Scloud(DH,k)
(em=3) (nm) (nm) (%)
Aitken 397 + 31 0.13+£0.03 69+1 0.44 £0.02
Year accumulation  9064+29 0224005 14942 0574001 O 97E2  029£003
Aitken 231 +£8 0.14 £0.04 67+1 0.63£+0.01
LRT accumulation 232410 0.28+0.08 17241 0.51£0.01 0.99 10942 0.23:£0.02
Aitken 246 +9 0.13£0.02 70+1 0.53£+0.01
Wet accumulation 14548 0.214+0.05 1704+2 0.42+0.01 099 11242 0.2240.02
.. Aitken 4054+24  0.14+£0.02 65+1 0.42+0.01
Transition - umulation 668424 0244004 13541 0534001 °000 92%2  034+£003
Aitken 483 +49 0.13+£0.03 71+2  0.4240.03
Dry accumulation 1349+47 0.21+0.04 1504+2 0.58+0.01 0.99 97+2 0.2940.03
O -40 ! ! ! ! [ | ! ! ! 2000
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Figure 3. Size dependence of the hygroscopicity parameter «(S,D,) averaged over the entire measurement period. Values of «(S,D,) for
every S level are plotted against their corresponding midpoint activation diameter D, (S) (left axis). For «(S,D,), the error bars represent
1 standard deviation. For D,(S), the experimentally derived error is shown. In addition, the average number size distribution for the entire
measurement period is shown (right axis). Dashed green lines represent the average Aitken and accumulation modes. The standard error
of the number size distribution is indicated as grey shading, which is very small and therefore hardly perceptible in this representation due
to the large number of scans with comparatively small variability. Distinctly different «(S,D,) levels can be observed for the Aitken and
accumulation modes with lower variability in the Aitken than in the accumulation mode.

absent (Jurdnyi et al., 2011; Levin et al., 2012; Paramonov et
al., 2013).

Figure 4 combines the annually averaged size distributions
of Nen(D) as well as Neen(S,D) for all S levels. These
curves result from multiplying the Ncn(D) size distribution
with the CCN activation curves in Fig. 2 and clearly visu-
alize the inverse relationship of D,(S) and S. Following the
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previous discussion of Fig. 2, S ranging between 0.11 and
0.29 % mostly activates accumulation-mode particles, while
S ranging between 0.47 and 1.10 % activates the accumula-
tion mode plus a substantial fraction of Aitken-mode parti-
cles. For the highest supersaturation (S =1.10 %) that was
used in this study, almost the entire Ncn(D) size distribu-
tion is being activated into CCN, which (regarding the very

www.atmos-chem-phys.net/16/15709/2016/

| 29



M. L. Pohlker et al.: Long-term observations of cloud condensation nuclei in the Amazon rain forest — Part 1

2000
= Ncn(D)
=== Ngen(0.11 %,D)
— —— Ngen(0.15 %,D)
@ 1500 |- Neen(0.20%D)
E —— Nccn(0.24 %,D)
o === Nccn(0-29 %,D)
g Neen(0.47 %,D)
(m)] - == Ngen(0.61 %,D)
o 10004 | — nvo7s%0)
i) - == Ngen(0.92 %,D)
o —— Ngen(1-11 %.D)
pd
5 500 ’
0 : e et . _
2 34 789" 2 3 4
100

Diameter [nm]

Figure 4. Number size distributions of total aerosol particles,
NcnN(D), and of cloud condensation nuclei, Noon(S, D), at all 10
supersaturation levels (§=0.11-1.10 %) averaged over the entire
measurement period. The Ncen(S, D) size distributions were cal-
culated by multiplying the average Ncn(D) size distributions (in
Fig. 3) with the average CCN activation curves in (Fig. 2).

sparse occurrence of particles <30nm) explains the high
Ncen(1.10 %) / Nen,io levels in Fig. 1d.

3.3 Seasonal differences in CCN properties at the
ATTO site

Within the seasonal periods in the central Amazon as defined
in Sect. 1.2, we have subdivided the annual data set into the
following four periods of interest, which represent the con-
trasting aerosol conditions and/or sources. (a) The first half of
the wet seasons 2014 and 2015 received substantial amounts
of long-range transport (LRT) aerosol: mostly African dust,
biomass smoke, and fossil fuel emissions (Ansmann et al.,
2009; Salvador et al., 2016). Here, the corresponding period
of interest will be called LRT season and covers 24 March
to 13 April 2014 and 9 January to 10 February 2015. (b) In
the late wet season 2014, all pollution indicators approached
background conditions. Thus, the period from 13 April to
31 May 2014 will be treated as the clean wet season in this
study. (c) The months June to July represent the transition
period from wet to dry season and will be called “transition
wet to dry”. (d) The period of interest that covers the dry sea-
son with frequent intrusion of biomass burning smoke ranges
from August to December 2014.

Figure 5 shows the CCN activation curves for all S lev-
els, subdivided into the four seasonal periods of interest. Al-
though the plots for the individual seasons appear to differ
only subtly, e.g., in D,(S) position and curve width, there
is one major difference: the variable shape of the activa-
tion curve for the smallest S =0.11 %. Particularly, the be-
havior of MAF(0.11 %) shows clear seasonal differences. It
reaches unity during the wet season, whereas it levels off
below unity for the LRT, transition, and particularly for the
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dry season periods. The fraction of non-activated particles
with D <245nm at § =0.11 % is ~ 10 % during the tran-
sition period and ~20% during the dry season. Interest-
ingly, this effect is only observed for S =0.11 %, whereas
MAF(> 0.11 %) reaches unity throughout the entire year. An
explanation for this observation could be the intrusion of
relatively fresh biomass burning aerosol plumes during the
transition period and dry season, which contain a fraction
of comparatively inefficient CCN. Soot is probably a main
candidate here; however, fresh soot should also significantly
reduce the MAF(S) for higher S levels (Rose et al., 2010).
Thus, we speculate that probably “semi-aged” soot particles
may be an explanation for the observed activation behavior.

Figure 6 corresponds to Fig. 3 and subdivides the annual
mean «(S,D,) size distribution (x(S,D,) plotted against all
measured D,(S)) as well as the annual mean Ncn(D) size
distribution into their seasonal counterparts. The particle size
distributions were fitted with a bimodal logarithmic normal
distribution and the corresponding results are listed in de-
tail in Table 2. The differences in the characteristic size dis-
tributions for the individual seasons clearly emerge: in ad-
dition to the strong variations in total particle number con-
centration (see Fig. 1), the accumulation mode overwhelms
the Aitken mode during the dry season, while accumulation
and Aitken modes occur at comparable strength under wet
season conditions. In other words, during the dry season,
Aitken-mode particles account on average for about 26 %
of the total aerosol population (Ncn, ait =483 +£49 cm™3
vs. NcN,Ace = 1349 £47 cm™3), whereas during the wet
season, the Aitken mode accounts for about 62%
(Nenaie =246 £9cm™> vs. Nenace = 145+ 8cem™3) (see
Table 2). The size distribution of the transition period from
wet to dry season represents an intermediate state between
the wet and dry season “extremes”. Furthermore, the com-
parison between wet season conditions with and without LRT
influence reveals comparable distributions. However, a slight
increase in the accumulation mode during LRT conditions in-
dicates the presence of dust, smoke, pollution, and aged sea
spray on top of the biogenic aerosol population during pris-
tine periods (M. L. Pohlker et al., 2017a).

The Hoppel minimum Dy (Hoppel et al., 1996) between
the Aitken and accumulation modes* also shows seasonal
variations with its largest values around 110 nm in the wet
season and its smallest values around 95 nm in the dry sea-
son (compare to Fig. 5 and Table 2). Following Kriiger et
al. (2014), the observed Dy can be used to determine an
effective average cloud peak supersaturation Scioud(DH,K).

4The position of Dy was determined as the intersection of the
fitted and normalized modes (monomodal fits for Aitken and ac-
cumulation mode were normalized to equal area). The normaliza-
tion is necessary for a precise localization of Dy because large dif-
ferences in Aitken- and accumulation-mode strength (e.g., for the
dry season conditions) cause biased Dy as the intersection of both
modes is shifted towards the smaller mode.
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Figure 5. CCN activation curves for all measured S levels (S =0.11-1.10 %), subdivided into seasonal periods of interest as specified in
Sect. 3.3. Data points represent arithmetic mean values. For Nceon(S, D)/ Nen(D), the standard error is plotted, which is very small (due
to the large number of scans with comparatively small variability) and therefore not perceptible in this representation. For the diameter,
D, the error bars represent the experimental error as specified in Sect. 2.3. The grey vertical bands represent the (seasonal) position of the
Hoppel minima (including error range; compare to Table 2). Dashed horizontal lines provide visual orientation and indicate 0, 50, and 100 %
activation. The 50 % activation diameter is used for calculation of the hygroscopicity parameter « (S,D,). The lines connecting the data points

merely serve as visual orientation.

Cloud development and dynamics are highly complex pro-
cesses in which aerosol particles are activated at different
supersaturations. In the context of this study, Scioud(DH.k)
is used as a mean cloud supersaturation and serves as an
overall reference value; however, it does not reflect the com-
plex development of S inside a cloud. Based on our data,
Scloud(Dp,k) is estimated as a value around 0.29 % during
dry season conditions and around 0.22 % during wet season
conditions (Table 2). This indicates that S¢ioud(DH,k) levels
tend to be noticeable lower during wet season cloud devel-
opment compared to the dry season scenario. A plausible
cause for the comparatively small Dy and high Scioud(Du,k)
in the dry season could be invigorated updraft regimes in the
convective clouds. This invigoration could be caused by the
stronger solar heating during the dry season and/or the in-
creased aerosol load under biomass-burning-impacted condi-
tions, as suggested previously (Andreae et al., 2004; Rosen-
feld et al., 2008). As outlined in Sect. 1.1, aerosol particle
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size, concentration, and hygroscopicity as well as cloud su-
persaturation represent key parameters for a detailed under-
standing of cloud properties. Figure 6 provides reference val-
ues for all these parameters, resolved by seasons and thus
provides comprehensive insight into the Amazonian cloud
properties.

Comparing the seasonal «(S,D,) size distributions in
Fig. 6, it is obvious that the (seasonally averaged) xaj; val-
ues in the Aitken-mode size range are surprisingly stable be-
tween 0.13 and 0.14 throughout the whole year. This indi-
cates that the Aitken-mode aerosol population was persis-
tently dominated by almost pure organic particles through-
out the seasons. In contrast, noticeable seasonal differences
were observed for (seasonally averaged) xacc values in the
accumulation-mode size range, with mean values ranging
from around 0.21 to 0.28. This indicates that the accumu-
lation mode also comprises high contents of organic mate-
rials, however, with elevated amounts of inorganic ingredi-
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Figure 6. Size dependence of the hygroscopicity parameter «(S,D,) subdivided into seasonal periods of interest (color coding) as specified
in Sect. 3.3. Values of «(S,D,) for every S level are plotted against their corresponding midpoint activation diameter D, (S) (left axis). For
k(S,Dg), the error bars represent 1 standard deviation. For D, (S), the experimentally derived error is shown. In addition, the average number
size distributions for the seasonal periods of interest are shown (right axis). The standard error of the number size distributions is indicated
as shading, which is very small and therefore hardly perceptible in this representation due to the large number of scans with comparatively
small variability. A clear size dependence and seasonal trends in «(S,D,) levels can be observed. The averaged number size distributions

show very pronounced seasonal differences.

ents (i.e., sulfate, ammonium, and potassium). In the size
range around Dy, which separates the (apparently) chemi-
cally distinct aerosol populations of Aitken and accumula-
tion modes, a step-like increase in x(S,D,) is observed. The
highest seasonally averaged «(S,D,) values (up to 0.28) are
observed during intrusion of dust, marine sulfate, and sea-
salt-rich LRT plumes. Note that short-term peaks in «(S,D,)
can be even higher; see case studies in Part 2 (M. L. Poh-
Iker et al., 2017a). In the absence of LRT, the kacc values
are also rather stable for most of the year and range between
0.21 and 0.24. Overall, a remarkable observation is the high
similarity between the wet and dry season «(S,D,) size dis-
tributions, while many other aerosol parameters undergo sub-
stantial seasonal variations (Andreae et al., 2015).

The «(S,D,) levels reported here agree well with the cor-
responding results in the previous Amazonian CCN studies
by Gunthe et al. (2009) and Whitehead et al. (2016), which
range between 0.1 and 0.4, with a mean around 0.16 = 0.06.
In a wider context, our results also agree well with previ-
ous long-term measurements at other continental background
locations (i.e., alpine, semi-arid, and boreal sites) (Jurdnyi
et al.,, 2011; Levin et al., 2012; Paramonov et al., 2013;
Mikhailov et al., 2015). Comparing these four sites with
each other, the following observations can be made. (i) kit
tends to be smaller than kacc at all four background loca-
tions. (ii) At the alpine, semi-arid, and boreal sites, «(S,D,)
undergoes a rather gradual increase from the Aitken- to
the accumulation-mode size range (Paramonov et al., 2013,
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and references therein), whereas this increase appears to be
steeper (step-like) in the Amazon. This can clearly be seen
in the present study (e.g., Fig. 3) as well as in Gunthe et
al. (2009) and Whitehead et al. (2016). (iii) Particularly in
the vegetated environments (i.e., tropical, boreal, and semi-
arid forests), kaj; mostly ranges between 0.1 and 0.2, sug-
gesting that the Aitken-mode particles predominantly com-
prise organic constituents. Furthermore, « 5j; shows a remark-
ably small seasonality for these locations. (iv) The kac levels
show a much wider variability throughout the seasons for all
locations.

Figure 7 presents the diurnal cycles in kpean for the four
seasonal periods of interest. No perceptible diurnal trends in
Kmean can be observed for any of the seasons. The only ob-
servable difference is an increased variability of kmean dur-
ing the LRT season (see error bars in Fig. 7a). This can be
explained by the episodic character of LRT intrusions, which
causes an “alternating pattern” of clean periods with back-
ground conditions and periods of elevated concentrations of
LRT aerosol (M. L. Pohlker et al., 2017a). For comparison,
the diurnal cycles in Ncn concentration have been added to
Fig. 7, which confirm the absence of strong diurnal variations
in the aerosol population.
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Figure 7. Diurnal cycles in hygroscopicity parameter, kmean, and total aerosol number concentration, Ncy, subdivided into seasonal periods
of interest as specified in Sect. 3.3. No diurnal trend is detectable throughout the year. Note that the range of 1 standard deviation of
Kmean around the mean is surprisingly small given that long seasonal time periods and data from all S levels have been averaged. The only
perceptible difference is a larger scattering during a period with LRT influence (a). Grey and yellow shading indicate night and day.

3.4 Aerosol chemical composition and effective
hygroscopicity

Continuous ACSM measurements are being conducted at the
ATTO site since March 2014, providing online and non-
size-resolved information on the chemical composition of
the non-refractory aerosol (Andreae et al., 2015). Here, we
compare the ACSM data on the aerosol’s chemical compo-
sition with the CCNC-derived «(S,D,) values. This analysis
focuses on the dry season months, when ACSM and CCNC
were operated in parallel.’ Note that the ACSM covers a size
range from 75 to 650 nm (Ng et al., 2010), while the size-
resolved CCN measurements provide information only up to
particle sizes of about 170 nm. Since the ACSM records the
size-integrated masses of defined chemical species (organics,

5Although the ACSM measurements were started in
March 2014, instrumental issues during the initial months
caused some uncertainty for the corresponding data. Thus, for this
study, we focus only on the data period August to December 2014,
when the instrumental issues were resolved.
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nitrate, sulfate, ammonium, and chloride), the results tend to
be dominated by the fraction of larger particles with com-
paratively high masses (i.e., in the accumulation-mode size
range) and are influenced less by the fraction of small parti-
cles with comparatively low masses (i.e., in the Aitken-mode
size range). Thus, in order to increase the comparability be-
tween ACSM and CCNC, we have chosen the lowest S level
(S=0.11=£0.01 %), which represents the largest measured
Dy(S) (Dy(S)=172 £ 12nm).

In Fig. 8, the x(0.11 %,D,) values are plotted against
the ACSM-derived organic mass fraction (forg). The data
were fitted with (i) a linear fit and (ii) a bivariate regres-
sion according to Cantrell (2008). A linear fit approach
was used by Gunthe et al. (2009) to determine the effec-
tive hygroscopicity parameters korg = 0.1 of biogenic Ama-
zonian SOA ( forg = 1) and Kjporg = 0.6 for the inorganic frac-
tion (forg =0). For the present data set, the same proce-
dure results in an acceptable coefficient of determination
(R?>=0.66). We estimated the effective hygroscopicity pa-
rameters Korg =0.124+0.01 and kinorg =0.61 +0.01 based
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Figure 8. Correlation between «(0.11 %, ~ 170 nm) and the organic
mass fraction, forg, determined by the ACSM during the dry season
months. The data were fitted by a linear and a bivariate regression
fit. Shading of the fit lines shows the standard error of the fit. The er-
ror bars of the data markers represent the experimental error, which
is estimated as 5 % for forg and 10 % for «(0.11 %, ~ 170 nm).

on the linear fit and extrapolation to fog =1 and fore =0,
respectively. This is in good agreement with previous studies
(King et al., 2007; Engelhart et al., 2008; Gunthe et al., 2009;
Rose et al., 2011). However, a drawback of the linear fitting
approach is the fact that swapping for and «(0.11 %,D,) on
the axes will change the results.

Therefore, we also applied the bivariate regression fit,
which takes into account that both parameters, forz and
k(0.11 %,D,), have an experimental error. For the bivariate
regression, an error of 5% in foz and an error of 10 % in
k(0.11 %,D,) were used. A coefficient of determination of
R2 =0.71 was obtained for the bivariate regression, which
is slightly better than for the linear fit. Based on the bivari-
ate regression, we estimated effective hygroscopicity param-
eters Korg = 0.10 £ 0.01 and Kjporg =0.71 £0.01 for the or-
ganic and inorganic fractions, respectively.

3.5 CCN parametrizations and prediction of CCN
number concentrations

Cloud-resolving models at all scales — spanning from large
eddy simulations (LESs) to global climate models (GCMs) —
require simple and efficient parametrizations of the complex
microphysical basis to adequately reflect the spatiotemporal
CCN cycling (Cohard et al., 1998; Andreae, 2009). Previ-
ously, several different approaches to predict CCN concen-
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trations have been suggested (Andreae, 2009; Gunthe et al.,
2009; Rose et al., 2010; Deng et al., 2013). Any parametriza-
tion strategy seeks, on one hand, an efficient combination of
a minimal set of input data and, on the other hand, a good
representation of the atmospheric CCN population.

The detailed analysis in this study has shown that the CCN
population in the central Amazon is mainly defined by com-
paratively stable «(S,D,) levels, due to the predominance
of organic aerosol particles, and rather pronounced seasonal
trends in aerosol number size distribution. Particularly, the
remarkably stable «(S,D,) values suggest that the Amazo-
nian CCN cycling can be parametrized rather precisely for
efficient prediction of CCN concentrations. In the follow-
ing paragraphs, we apply the following CCN parametrization
strategies to the present data set and explore their strengths
and limitations:

i. CCN prediction based on the correlation be-
tween Ncen(0.4%) and  Ncen, called  the
ANcen(0.4 %)/ ANen parametrization here;

correla-
called the

ii. CCN  prediction based on  the
tion between Ncen(S) and  cco,
ANcen(S)/Acco parametrization here;

iii. CCN prediction based on analytical fit functions of ex-
perimentally obtained CCN spectra, called CCN spectra
parametrization;

iv. CCN prediction based on the x-Kohler model, called « -
Kohler parametrization; and

v. CCN prediction based on a novel and effective
parametrization built on CCN efficiency spectra, called
CCN efficiency spectra parametrization.

The prediction accuracy for the individual strategies is
summarized in Table 3.

3,51 ANcen(0.4 %)/ ANceN parametrization

Andreae (2009) analyzed CCN data sets from several con-
trasting field sites worldwide and found significant re-
lationships between the satellite-retrieved aerosol optical
thickness (AOT) and the corresponding Nccen(0.4 %) lev-
els as well as between the total aerosol number con-
centration Ncn and Ncen(0.4 %). The obtained ratio
Ncen(0.4 %)/ Nen = 0.36 £ 0.14 — in other words, the glob-
ally averaged CCN efficiency at S =0.4 % — can be used to
predict CCN concentrations. The corresponding results for
the present data set are displayed in Fig. 9a and show a
surprisingly tight correlation, given that a globally obtained
Ncen(0.4 %)/ Nen ratio has been used. However, Fig. 9a
also shows a systematic underestimation of the predicted
CCN concentration Nccn,p(0.4 %), which can be explained
by the comparatively high activated fractions in the Ama-
zon (e.g., Ncen(0.47 %)/ Ncn,10 ranging from 0.6 to 0.9;
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Figure 9. Predicted vs. measured CCN number concentrations calculated from (a) observed ratio Nccn(0.4%)/Ncen =0.36 in An-
dreae (2009) and (b) observed (biomass-burning-related) excess CCN to excess CO ratios in M. L. Pohlker et al. (2017a). The color code
shows the number of data points falling into the pixel area, following Jurdnyi et al. (2011). The black line represents a bivariate regression fit

of the data.

Table 4. Excess Ncon(S) to excess cco ratios ANcenN(S)/Acco for the individual S levels during peak period of the strong biomass
burning event in August 2014. This event is analyzed in detail through a case study in the companion Part 2 paper (M. L. Pohlker et al.,
2017a). The values ANcenN(S)/Acco were obtained from bivariate regression fit of scatterplots between Nccon(S) and cco for individual
S levels (Andreae et al., 2012). The parameter Nocon (S) in this table represents the y axis intercept of the linear regression of Nccn Vs. cco
at cco = 0 ppb and is, therefore, negative (see M. L. Pohlker et al., 2017a).

S (%) ANcen(8)/Accolem ™3 ppb~1)  Neen(S) (em™3)  R?
0.11 +£0.01 6.74+0.5 —603 £+ 125 0.86
0.154+0.02 13.6+14 —1447 £+ 354 0.68
0.20+0.02 143+0.8 —1128 +208 0.90
0.244+0.03 16.8+1.0 —1460 4261 0.86
0.294+0.03 174+1.3 —1378 +296 0.83
0.47+£0.04 20.1+1.7 —1675+425 0.84
0.61 +=0.06 1794+1.3 —1206 4+ 332 0.88
0.74 £0.08 165+1.3 —9334+1329 0.88
0.924+0.11 18.14+14 —1265 4355 0.85
1.104+0.08 17.5+1.3 —1096 £ 328 0.87

3.5.3 C(lassical and improved CCN spectra
parametrization

The total number of particles that are activated at a given
S is regarded as one of the central parameters in cloud for-
mation and evolution (Andreae and Rosenfeld, 2008). Thus,
CCN spectra (Ncen(S) plotted against S) are a widely and
frequently used representation in various studies to summa-
rize the observed Nccen(S) values over the cloud-relevant S
range for a given time period and location (Twomey and Wo-
jeiechowski, 1969; Roberts et al., 2002; Rissler et al., 2004;
Freud et al., 2008; Gunthe et al., 2009; Martins et al., 2009b).
Different analytical fit functions of the experimental CCN
spectra have been proposed and are used as parametrization
schemes for Nccen(S) in modeling studies (e.g., Cohard et
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al., 1998; Khain et al., 2000; Pinsky et al., 2012; Deng et al.,
2013).

In the context of the present study, the annual mean Ama-
zonian CCN spectrum is shown in Fig. 10. As an analyti-
cal representation of the experimental data, we have used
Twomey’s empirically found (classical) power-law fit func-
tion (Twomey, 1959):

g \K
Ncen (S) = Neen (1 %) - (ﬁ) , (6)

which yields a reasonable coefficient of determination of
R? = 0.88 (Fig. 10a). Besides the annual mean spectrum, we
also conducted a Twomey fit for the seasonally resolved CCN
spectra (not shown) and summarized the resulting fit param-
eters in Table 5. The obtained fit parameters (e.g., for the an-
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Figure 10. CCN spectrum (circular markers) averaged over the
entire measurement period and fitted with the classical Twomey
power-law fit (a) and an alternative error function fit (b). Error bars
at the markers represent the measurement error in S and standard er-
ror in NceN(S). The dashed line is a fit function with grey shading
as uncertainty of the fit.

Table 5. Twomey fit parameters describing CCN spectra Nccn(S)
vs. S as parametrization input data (compare to Figs. 10 and 11a, c).
Fit parameters are provided for annually averaged CCN spectra and
resolved by seasons.

Time period  Noen(1 %) (em™3) k R?
Annual 998 £ 60 0.36£0.04 0.88
Wet season 28017 0.57£0.03 098
LRT period 378+9 0.38+£0.03 0.94
Transition 970 £40 0.49+£0.05 0.94
Dry season 1469 £78 0.36+0.06 0.86

nual mean CCN spectrum) Ncen(1 %) =998 cm™> (some-
times also called ¢) and £ =0.36 agree with results from
previous measurements that are summarized by Martins et
al. (2009b). The power-law function has become a widely
used parametrization due to its simplicity (Cohard et al.,
1998). However, because it is based on strong assumptions
and not related to the physical basis of the fitted data, it
has certain drawbacks, such as the poor representation of
Ncen(S) at small S (i.e., <0.2 %), as well as the fact that
for larger S (i.e., > 1.2 %) it does not converge against Ncn,
which is, for physical reasons, the upper limit.

Atmos. Chem. Phys., 16, 15709-15740, 2016
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Table 6. Erf fit parameters describing CCN spectra Nccn(S) vs.
S as parametrization input data (compare to Figs. 10 and 11b, d).
Fit parameters are provided for annually averaged CCN spectra and
resolved by seasons.

Time period A (cm73) So (%) wo R?
Annual 1067 +22 0.07+0.01 2.14+0.1 0.99
Wet season 340+£30 0.08+£0.01 29402 0.97
LRT period 532+£72  0.04+0.01 45+£1.0 098
Transition 1180+£37 0.07+0.01 3.0+£02 0.99
Dry season 1430+24 0.07+£0.01 1.8+£0.1 0.99

As an alternative, an error function fit — which is used in
this context for the first time — represents the data much better
(Fig. 10b). The proposed error function (erf)

wo

Ncen (S) = A -erf (7

is related to the physical basis of the fitted data and yields
a high coefficient of determination (R? =0.997). Mathe-
matically, this erf represents an integration of a log-normal
Ncn(D) size distribution. Analogously, the Ncen(D) spec-
trum represents the cumulative distribution of the relative
Ncn(D) distribution (compare to Fig. 4). A double-erf fit
would be even more appropriate for the bimodal Ama-
zon Ncn(D) distribution (compare to Fig. 6 and discussion
in Sect. 3.5.5). However, the single-erf fit proposed above
proved to be (already) a very good analytical representa-
tion as underlined by the high coefficient of determination
(R? > 0.99). The erf fit reflects the physically expected sat-
uration behavior of aerosol activation for high S and thus
converges against a limit of A = 1067 £22cm™3, which
matches well with the mean total number concentration of
Ncn1o = 1097 £ 66 cm™3, The erf fit (if not forced through
the origin) transects the abscissa at So = 0.066 %. Therefore,
the erf fit cannot describe the CCN activation behavior for
low S(<0.07 %), which is also an experimentally unaccessi-
ble S range. For this approach, we also summarized the cor-
responding fit parameters for the annual mean CCN spectrum
and the seasonally resolved cases in Table 6.

Figure 11a and b show the corresponding Ncenp(S) vs.
Ncen(S) scatterplots based on the annual mean CCN spec-
trum using the Twomey and erf fits.% In general, parametriza-
tions based on CCN spectra yield a mean state based on av-
erage concentrations (see fit parameters in Fig. 10 as well
as Tables 5 and 6) and ignore the temporal variability of the
aerosol abundance (Martins et al., 2009a; Rose et al., 2010;
Juranyi et al., 2011). Upon closer inspection, Table 3 shows
that the erf fit allows somewhat better predictions (e.g., de-
viation of power-law fit about 227 % vs. 215 % for erf fit

The horizontal lines in the scatterplots result from the fact that
constant NccN,p(S) values are obtained for the different S levels.
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Figure 11. Predicted vs. measured CCN number concentrations based on the classical Twomey power-law fit (a, ¢) and an alternative error
function fit (b, d). The top row (a, b) represents the annually averaged cases, whereas the bottom row (¢, d) represents parametrizations based
on seasonally resolved CCN spectra. Both predictions are based exclusively on the corresponding average fit functions (i.e., the annually
averaged CCN spectra in Fig. 10 and seasonally averaged CCN spectra, as specified in Tables 5 and 6) without considering time-resolved
aerosol parameters. The color code shows the number of data points falling into the pixel area, following Jurdnyi et al. (2011). Predicted and
measured CCN concentrations deviate significantly, showing the inherent limitations of the CCN spectra approach. For the annually averaged

data (a, b), no meaningful bivariate regression fit could be obtained.

in the case of annual mean and 80 % vs. 75 % for the sea-
sonally resolved case), which can be explained by the fact
that the erf fit represents the experimental data more appro-
priately (compare to Fig. 10). Overall, however, the power-
law fit and the erf fit approaches give rather poor correla-
tions due to the missing representation of the aerosol’s tem-
poral variability. This is particularly obvious for the annual
mean case, since the total aerosol abundance varies signifi-
cantly between wet and dry season conditions. Accordingly,
the CCN spectra parametrization, which operates with con-
stants, predictably underestimates the dry season conditions
and overestimates the wet season conditions. In addition to
the analytical fit approaches for the annual mean spectrum
(Fig. 11a and b), we conducted an analogous CCN predic-
tion based on seasonally resolved CCN spectra (Fig. 11c and
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d). The prediction accuracy clearly improves (e.g., deviation
of erf fit for annual mean case equals 215 % vs. 75 % for sea-
sonally resolved case; see Table 3). Figure 11 illustrates that
the prediction accuracy of parametrizations that rely on an-
alytical fit functions of CCN spectra (i.e., Twomey, erf, and
related functions) improves with decreasing variability of the
aerosol population (e.g., for shorter periods with less variable
aerosol properties). However, the missing representation of
the aerosol’s temporal variability remains an inherent limita-
tion of the CCN spectra parametrization. It can be concluded
that this parametrization requires a minimum of aerosol in-
put data (i.e., only the parameters of the corresponding fit
function), which explains its wide use in various modeling
studies. However, Fig. 11 and Table 3 show that this simplic-
ity is clearly at the expense of the prediction accuracy.
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Figure 12. Predicted vs. measured CCN number concentrations us-
ing the x-Kohler model approach. This approach requires the fol-
lowing time-resolved aerosol input data: (i) time-resolved aerosol
size spectra spanning the CCN-relevant range (e.g., SMPS) and
(i1) annual average « values for the Aitken and accumulation size
range (kajy = 0.14 and k o = 0.22). The color code shows the num-
ber of data points falling into the pixel area, following Jurdnyi et
al. (2011). The black line represents a bivariate regression fit of the
data.

3.5.4 k-Kohler parametrization

The x-Kohler model approach has been used in previous
studies and gave good CCN predictions (e.g., Gunthe et
al., 2009; Rose et al., 2010). For the present data set, the
Ncen,p(S) concentrations were calculated according to Rose
et al. (2010).7 Here, the annually averaged values xaj = 0.14
and kacc =0.22 were used for the CCN prediction, since
they accurately represent the stable « levels in the central
Amazon. Figure 12 shows the corresponding Ncen,p(S) vs.
Ncen(S) scatterplot, in which the areas with the highest den-
sity of data points precisely follow the one-to-one line. Ta-
ble 3 underlines this good agreement, as the observed de-
viation of around 10 % between Ncen,p(S) and Ncen(S) is
the smallest among all tested parametrizations. Accordingly,
the x-Kohler model approach turns out to be a very accurate
parametrization. However, it requires a time series of Ncn
size distributions as input data and is therefore the most “data
demanding” strategy in this regard.

3.5.5 CCN efficiency spectra parametrization

It has to be kept in mind that CCN spectra strongly depend on
the total aerosol concentration and thus predominantly reflect

7Brieﬂy, for every SMPS scan, the Ncn size distribution has
been integrated above the critical diameter D, in which D, has
been obtained based on a given « and S.
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Figure 13. CCN efficiency spectra averaged over the entire mea-
surement period for the reference concentrations, Ncn,jo and
NcnN,50- The fit functions are error function fits (the dashed line
with shading represents the uncertainty of the fit). The error bars at
the markers represent the measurement error in S and 1 standard de-
viation (not the standard error as in Fig. 10) in NccN(S)/NCN, Doy, -

the specific (temporary) aerosol population during the period
of the study. The shape of CCN spectra provides some in-
formation on the aerosol activation behavior as a function of
S. However, the strong variability in the total aerosol abun-
dance makes it difficult to compare the CCN efficiency be-
havior between different locations and/or periods of interest
with specific (e.g., seasonal) conditions. For the present data
set, Fig. 13 shows annually averaged CCN efficiency spectra
(Ncen(S)/NeN, b, Plotted against ) for two different ref-
erence aerosol concentrations Ncn, 10 and NCN,50.8 The cor-
responding fit parameters are summarized in Table 7. The
CCN efficiency spectra are independent of the total aerosol
load and instead reflect the fraction of activated particles for
the relevant S range. Here, we also use an erf fit,

Nen(®) 1.1 (10(3)
——— =+ ef| —* |, ®)
NCN, Dyt 2 2 wi

to describe the data for the same reasons as outlined in
Sect. 3.5.3. The fits yield high coefficients of determination
(R%2=0.99). Per definition, Nccn(S) /NcN, Do, Spans from
zero to unity. Therefore, the offset yy of the function as well
as the pre-factor A have been set to 0.5. For the atmospher-
ically relevant S range — typically S < 0.6 % (see Andreae,
2009) — aerosol sizes around 50—-60 nm are considered the
onset of the CCN size range (see also Fig. 4). Accordingly,
if Dy 1S chosen close to this activation threshold, the corre-
sponding Ncen(S)/NeN, ., approaches unity, which can be
seen in Fig. 13. The free variable S; (e.g., S =0.22£0.01 %
for Ncn,10 and S1 =0.19 £ 0.01 % for Ncn 50) represents the

8The use of aerosol number concentrations with Dcyt =50 nm
has been suggested by Paramonov et al. (2015) as a reference value
to ensure comparability of CCN efficiencies from different studies.
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Table 7. Erf fit parameters describing CCN efficiency spectra
NceN(S)/NeN, Dy VS-S as model input data (compare to Figs. 13
and 14). Fit parameters are provided for (i) annually averaged ef-
ficiency spectra with five different aerosol number reference con-
centrations Ncn, p,,, and (ii) resolved by seasons for Ncn 10 and
NcN50-

NCN.D.,,  Time period S| (%) wy R?
NCN.10 0224001 1.78+£0.08 0.99
NeN2o 022+0.01 1.78+£0.08 0.99
Nenso mowal 0224001 1724007 099
NCN 5o 0.19+£0.01 1.41£005 0.99
Wetseason  0.354£0.01 1.80+0.06 0.99

N LRT period  022+0.01 2.39+0.10 098
CNIO Teansition  0.28+0.01 1.704£0.05 0.99
Dry season 0.18+£0.01 1.57+0.11 0.98

Wet season 0.26 £0.01 1.37+£0.12 0.99

N LRT period  0.174+0.01  1.58+0.10 0.99
CN.SO Transiion  0.23+0.01 1.38+£004 0.99
Dryseason  0.17+0.01 1.31£0.06 0.92

S value where half of the aerosol particles are activated into
cloud droplets. A monodisperse aerosol with a defined com-
position would yield a steep step-like CCN efficiency spec-
trum, while the complex Amazonian aerosol results in a wide
and rather smooth “step”. In other words, the width of the erf
fit (here w; =1.78 £0.08 for Ncn,10 and wy =1.41£0.05
for Ncnjso) is an (indirect) measure for the diversity (i.e.,
size and composition) of the aerosol population.

Figure 14 shows a direct comparison of the CCN effi-
ciency spectra resolved by seasonal periods of interest (com-
pare also to Sect. 3.3), which reveals characteristic differ-
ences in the curve’s shape (i.e., its “steepness”). The cor-
responding fit parameters are summarized in Table 7. A
good numeric indicator for the differences in ‘“‘steepness”
is the fit parameter S, which specifies the 50 % activa-
tion supersaturation of the total aerosol population. The
largest contrast in shape and S; can be seen between the
dry and wet season scenario: during the dry season, the
CCN efficiency increases steeply with S, and S is reached
at 0.18 % for Ncn,10, whereas during the wet season, the
increase of the CCN efficiency is rather gradual and $;
is reached only at 0.35% for Ncn,10. The transition pe-
riod represents (once more) an intermediate state between
the dry and wet season extremes (51 =0.28 % for Ncn.10)-
For transition period conditions, Kuhn et al. (2010) reported
Ncen(0.6 %)/ Nen = 0.66 £ 0.15, which is in good agree-
ment with Fig. 14c (Ncen(0.61 %)/ Nen1o =0.72 £ 0.10).

The observed differences among the CCN efficiency spec-
tra in Fig. 14 reflect some of the major trends in the aerosol
seasonality in Amazonia. A closer look at Fig. 6 helps to
understand those. Overall, the key parameters in the CCN
activation behavior are (primarily) the aerosol number size
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distribution and, in a secondary role, the particles’ chemical
composition, represented by «(S,D,) (Dusek et al., 2006).
Thus, the seasonally averaged number size distributions and
the seasonally averaged «(S,D,) size distribution in Fig. 6
have to be considered to explain the different shapes in
Fig. 14. Focusing on the contrasting wet and dry season
plots, it can be stated that (i) while the «(S,D,) size distri-
butions for wet and dry seasons appear to be very similar
(same size trend and same values), the number size distribu-
tions (i.e., the ratio of Aitken and accumulation modes) differ
substantially. (ii) With increasing S, the diameter D, (S) de-
creases and is shifted from the accumulation-mode towards
the Aitken-mode size range. (iii) Thus, under dry season
conditions, comparatively small S levels (S =0.11-0.2 %)
can already activate most particles of the pronounced ac-
cumulation mode. (iv) In contrast, under wet season condi-
tions, while the same S levels still activate the accumulation-
mode particles, the comparatively strong Aitken mode re-
mains unactivated. This means that the ratio of Aitken- and
accumulation-mode particles (Ncn ait/ NoN,Acc(Wet) = 1.7;
Ncn it/ NoN Ace(dry) = 0.4; compare to Table 2) determines
the activated fraction as a function of § and thus also the
steepness of the CCN efficiency spectra in Fig. 14.

While size appears as the dominant parameter in the CCN
activation behavior, in certain cases variability in chemical
composition also matters (Dusek et al., 2006). In Fig. 14,
this can be seen for the wet season cases with and without
LRT influence: in the presence of LRT aerosol, the 50 % ac-
tivation occurs already at S1 =0.22 % for Ncn,10, which is
much closer to the dry (S; =0.18 % for Ncn;,10) than to the
wet season (S; =0.35 % for Ncn,10) behavior. While Fig. 6
shows that the number size distributions for both cases are
similar, the observed difference in Fig. 14 can be explained
by the deviations in the corresponding «(S,D,) size distri-
butions. In other words, the elevated «(S,D,) levels during
the intrusion of LRT aerosols allows the activation of parti-
cle sizes that remain inactivated at the lower «(S,D,) levels
in the absence of LRT aerosol. Therefore, the differences in
chemical composition can explain the decreased S; in these
cases.

In Fig. 14, single-erf fits have been used as analytical de-
scriptions of the CCN efficiency spectra. Overall, this ap-
proach provides a good representation of the experimental
data (see high coefficients of determination in Table 5). How-
ever, the single-erf fit is merely an approximation, assum-
ing that the aerosol size distribution is monomodal. This is
a valid assumption for the dry season (see Fig. 6) and cor-
responds to a good agreement between fit and data points
in Fig. 14d. In contrast, the wet season shows pronounced
and prevailing bimodal size distributions (see Fig. 6), which
corresponds to a clear discrepancy between the fit and data
points in Fig. 14b (i.e., for S > 0.3 %). For a bimodal size
distribution, a double-erf fit is the physically more appropri-
ate description (see also discussion in Sect. 3.5.3). Figure 15
illustrates the contrast between a single- and a double-erf fit
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Figure 14. CCN efficiency spectra averaged over the entire measurement period for reference concentrations, Ncn,10 and Ncn 50, and
subdivided into seasonal periods of interest as specified in Sect. 3.3. The fit functions are error function fits (the dashed line with shading
represents the uncertainty of the fit). The error bars at the markers represent the measurement error in S and 1 standard deviation (not the

standard error, as in Fig. 10) in NccN(S)/NCN, Doy, -
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Figure 15. CCN efficiency spectrum for the wet season scenario
(Fig. 14b) with Ncn 50 as reference concentration. The experimen-
tal data have been fitted with single- and double-erf fits (dashed
lines with shading as uncertainty of the fits). The error bars at the
markers represent the measurement error in S and 1 standard devi-
ation in Ncen(S)/Nen,50-
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of the wet season CCN efficiency spectrum for Ncnso. As
expected, the double-erf fit is clearly a better representation
of the data across the entire S range. However, in the con-
text of this study, the double-erf fit of CCN spectra merely
serves as proof of concept. It will be discussed in more detail
in a follow-up study (M. L. Pohlker et al., 2017b). Thus, in
the context of the following CCN parametrization, we will
work exclusively with the single-erf fit approach for the fol-
lowing reasons: (i) the single-erf fit represents the simpler
parametrization scheme (two fit parameters instead of six)
and (ii) the difference in the CCN prediction accuracy of
single- vs. double-erf fit turns out to be insignificant.

Figure 16 explores the applicability of the CCN effi-
ciency spectra parametrization (single-erf fits) to calculate
CCN concentrations. The following four modifications of
the parametrization scheme are compared: annually aver-
aged CCN efficiency spectra with (i) D¢y =10nm and
(i1) Deyt =50 nm (compare to Fig. 13) as well as seasonally
resolved CCN efficiency spectra with (iii) D¢y = 10 nm, and
(iv) D¢y =50 nm (compare to Fig. 14). All cases in Fig. 16
show rather tight correlations, which prove the high predic-
tion accuracy of the CCN efficiency spectra parametriza-
tion. The corresponding deviations between Nccen(S) and
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Figure 16. Predicted vs. measured CCN number concentrations, based on our novel parametrization using time-resolved aerosol number
concentrations and average error function fits of CCN efficiency spectra. The panels show the following four variations of the parametrization:
(a) erf fit of the annually averaged NcceN(S)/Nen, 10 vs. S efficiency plot, (b) erf fit of the annually averaged Ncen(S)/Nens0 vs. S
efficiency plot, (¢) erf fits of the Ncen(S)/Nen, 10 vs. S efficiency plot, resolved by seasons, and (d) erf fits of the Ncen(S)/Nen,s50 vs.
S efficiency plot, resolved by seasons. This approach requires the following as input data: (i) a time series of total aerosol concentration
(e.g., NcN, 10 from a CPC measurement or Ncn, 50 as model output) and (ii) the parameters of the erf fit (e.g., as provided in Table 7). The
color code shows the number of data points falling into the pixel area, following Jurdnyi et al. (2011). The black line represents a bivariate

regression fit of the data.

Ncen,p(S) are summarized in Table 3. The comparison con-
firms that the cases with D¢y =50nm perform better than
D¢yt = 10 nm. Moreover, the seasonally resolved cases show
higher prediction accuracies than the annually averaged sce-
narios. Thus, the highest deviation of 33 % is observed for
the case of Fig. 16a and the lowest deviation (and therefore
best performance) with 17 % for the case of Fig. 16d (see
Table 3).

In a way, the CCN efficiency spectra parametrization rep-
resents a “compromise” between the previously introduced
parametrization strategies: it operates with a comparatively
small set of input data and still provides good prediction ac-
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curacies. The input data require the fit parameters S; and
w; of the single-erf fit, which reflects the “shape” of the fit
functions. This part conveys the specific CCN activation be-
havior of the given aerosol population (e.g., the wet season
scenario). In addition, a time series of Ncn, p,, 1S required,
which accounts for the temporal variability of the aerosol
population. The new parametrization approach is currently
extended and applied to further data sets worldwide (M. L.
Pohlker et al., 2017b).
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4 Conclusions

Size-resolved CCN measurements have been conducted at
the remote ATTO site in the central Amazon, spanning a full
seasonal cycle from March 2014 to February 2015. These
measurements represent the first long-term study on CCN
concentrations and hygroscopicity in this unique and glob-
ally important ecosystem. The reported measurements span
the aerosol size range of 20-245 nm and therefore cover the
Aitken and accumulation modes, which dominate the aerosol
burden in the Amazon throughout the year (Andreae et al.,
2015). The supersaturation in the CCN counter was cycled
through 10 levels from S =0.11% to S =1.10%. Overall,
this study presents an in-depth analysis of the key CCN
parameters, based on a continuous sequence of more than
10000 CCN activation curves with a temporal resolution of
4.5 h and therefore allows a detailed analysis of the CCN cy-
cling in the central Amazon Basin.

The Amazonian atmosphere reveals a characteristic bi-
modal aerosol size distribution, which is dominated by
pronounced Aitken and accumulation modes (Daj ~ 70 nm
vs. Dace ~150nm) as well as the sparse occurrence of
nucleation-mode particles (< 30nm). This size distribution
closely relates to the observed CCN properties, as its en-
tire size range — and thus the majority of particles — fall
into the CCN-active range. Accumulation-mode particles are
CCN active at supersaturations between 0.11 and 0.29 %,
while supersaturations between 0.47 and 1.10 % activate
both the Aitken and accumulation modes. The absence of
nucleation-mode particles further explains the high activated
fractions Ncen(S)/Nen,1o that were observed throughout
all seasons, with Ncen(0.11 %)/ Nen, 10 reaching up to 0.4
and Ncen(1.10%)/Nen,1o constantly exceeding 0.9. These
values are substantially higher than corresponding activated
fractions at other continental background sites worldwide
(Jurényi et al., 2011; Levin et al., 2012; Paramonov et al.,
2013). Overall, the CCN concentrations Ncen(S) for all S
levels closely follow the pronounced pollution-related sea-
sonal cycle in Nc that is typical for the Amazon region.

The hygroscopicity parameter « (S, D,), which reflects the
chemical composition of the particles, appears to be remark-
ably stable throughout the entire measurement period with
only a weak seasonal cycle and no perceptible diurnal trends.
Numerically, the «(S,D,) values lie within a rather narrow
range from 0.1 to 0.3 for most of the time. The mean hygro-
scopicity averaged over the entire period and size range and
its corresponding standard deviation is kpean = 0.17 £ 0.06.
In terms of particle size, x(S,D,) reveals a clear size de-
pendence with lower values for the Aitken mode (kaji =
0.1440.03) and elevated levels in the accumulation-mode
range (kacc =0.22+0.05). Previous studies showed that
the Amazonian aerosol population is dominated by organic
aerosols throughout the seasons (Talbot et al., 1988, 1990;
Graham et al., 2003; Gunthe et al., 2009; Martin et al., 2010b;
Chen et al., 2015). The comparatively low « (S, D,) values in
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this study underline this observation. However, the observed
difference between kaj; and kacc shows that the Aitken mode
is almost purely organic (close to x = 0.1), while the accumu-
lation mode is somewhat enriched in inorganic constituents.

Focusing on seasonal differences, substantial changes in
the aerosol concentrations and the shape of the size distri-
bution have been observed. During the (clean) wet season,
equally strong Aitken and accumulation modes were ob-
served, while during the (polluted) dry season the accumu-
lation mode overwhelms the Aitken mode. The transition pe-
riods represent intermediate states between these extremes.
Interestingly, the strong seasonal variability in aerosol abun-
dance and sources does not correspond to noticeable changes
in k(S,D,). In other words, kaj; and ke are almost iden-
tical for dry and wet season conditions. The only seasonal
period where k(S,D,) deviates from its typical range is the
LRT season when out-of-basin dust, marine sulfate, and sea
salt are transported into the Amazon Basin. During this pe-
riod, a significant increase in ka¢c up to 0.28 is observed. In
summary, the seasonally averaged CCN populations (repre-
sented by the CCN efficiency spectra) are mostly defined by
particle size (i.e., shape of aerosol size distribution). The only
episodes when (besides size) chemical variability also mat-
ters are the LRT periods with their enhanced «(S,D,) values.

Based on the CCN key parameters that have been obtained
in the present study, we show that the CCN population over
Amazonia can be modeled very effectively. Different ap-
proaches to infer a CCN concentration from basic aerosol
parameters have been compared and it turns out that a re-
markably good correlation between modeled and measured
data can be obtained based on continuous SMPS time series
as well as the annually averaged kaj and ke values from
this study. Alternatively, CCN concentration can effectively
be calculated based on our novel parametrization, which is
based on fitted CCN efficiency spectra and continuous time
series of total aerosol number concentrations. These efficient
approaches to infer the Amazonian CCN population are ex-
pected to help improve future modeling studies.

5 Data availability

The CCN data of this study has been deposited as a
Supplement. The data is provided in NASA Ames for-
mat (see British Atmospheric Data Centre (BADC), 2008).
For specific data requests or detailed information on the
deposited data, please refer to the corresponding author
m.pohlker@mpic.de.
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Appendix A

Table A1l. List of symbols.
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Symbol Quantity and unit

A CN number concentration derived from erf fit of CCN spectra, em ™3
a(S,D;) cumulative Gaussian fit of multi-charge CCN activation fraction at a given D and §
a(S,D) cumulative Gaussian fit of CCN activation fraction at a given S

cco CO mole fraction, ppb

D mobility equivalent particle diameter, nm

D,(S) midpoint activation diameter determined from CCN activation curve, nm
D¢ position of Aitken-mode maximum, nm

Dace position of accumulation-mode maximum, nm

Deut lower cutoff diameter in aerosol number reference concentration Nc n, peyr, nm
Dy position of Hoppel minimum, nm

f(Dj) multiple-charged fraction at a given D

Sorg organic mass fraction

Sinorg inorganic mass fraction

I number of charges

K hygroscopicity parameter

k(S,Dg) hygroscopicity parameter determined from CCN activation curve

K Acc mean hygroscopicity parameter for accumulation-mode particles

KAit mean hygroscopicity parameter for Aitken-mode particles

Kmean mean hygroscopicity parameter for all measured S

MAE(S) maximum activated fraction determined by CCN activation curve

N number of data points

Ncen(S) CCN number concentration at a given S, cm ™3

Neenp(S) predicted CCN number concentration at a given S, cm™3

Ncen(S,Dyg) CCN number concentration determined from CCN activation curve, cm™>

Ncen(S,D)/Nen(D)
Neen(S)/NCN, Doy
NCN, Dew
Nens10
Ncn,s50

NN, Ace
Nen,ait
PaTTO
PTRMM

S

Se
Scloud(DH,K)
s(D)

s(Dj)

So

S

wo

wi

X0

o

a(S)

0 (8)/Dqa(S)

CCN activation fraction

CCN efficiency for aerosol reference concentration NcN, p,,,
aerosol number reference concentration (> Dcyt), cm™3
aerosol number reference concentration (> 10 nm), cm™
aerosol number reference concentration (> 50nm), cm™—
CN number concentration for accumulation-mode particles, cm™
CN number concentration for Aitken-mode particles, cm™3
precipitation rate at ATTO site, mm day_1
precipitation rate from TRMM mission, mm day —
water vapor supersaturation, %

critical supersaturation for CCN activation, %
average cloud peak supersaturation, %
SMPS size distribution, cm ™3
multi-charge size distribution of D, cm™
abscissa transect of erf fit of CCN spectra, %

midpoint activation supersaturation determined from CCN efficiency spectra, %
width of erf fit of CCN spectra

width of erf fit of CCN efficiency spectra

position of mobility equivalent particle diameter, nm

width of log-normal fit of Aitken and accumulation modes

width of CCN activation curve, nm

heterogeneity parameter

3
3
3

1

3
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Table A2. List of abbreviations.

Abbreviation Description

ACSM aerosol chemical speciation monitor

AOT aerosol optical thickness

ATTO Amazon Tall Tower Observatory

ACRIDICON aerosol, cloud, precipitation, and radiation interactions and dynamics of convective cloud systems

BUNIAACIC Brazil-UK network for investigation of Amazonian atmospheric composition and impacts on climate

BC black carbon

CCN cloud condensation nuclei

CCNC cloud condensation nuclei counter

CN condensation nuclei

CHUVA cloud processes of the main precipitation systems in Brazil: a contribution to cloud resolving modeling
and to the GPMs (global precipitation measurements)

CPC condensation particle counter

CcO carbon monoxide

DMA differential mobility analyzer

ENSO El Nifilo—Southern Oscillation

Erf log-normal error function

GCMs global climate models

GoAmazonl4/5  green ocean Amazon 2014/5

HALO high-altitude and long-range research aircraft

HTDMA hygroscopicity tandem differential mobility analyzer

IN ice nuclei

IOP intensive observation period

LES large eddy simulation

LRT long-range transport

NPF new particle formation

ONI Oceanic Nifio Index

OPC optical particle counter

PSL polystyrene latex

RH relative humidity

SE standard error

SMPS scanning mobility particle sizer

SOA secondary organic aerosol

SST sea surface temperature

TRMM tropical rainfall measuring mission

UTC coordinated universal time
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The Supplement related to this article is available online
at doi:10.5194/acp-16-15709-2016-supplement.
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Abstract

Size-resolved measurements of atmospheric aerosol and cloud condensation nuclei (CCN) concentrations and

hygroscopicity were conducted at the remote Amazon Tall Tower Observatory (ATTO) in the central Amazon

Basin over a full seasonal cycle (Mar 2014 - Feb 2015). In a companion part 1 paper, we presented an in-depth

CCN characterization based on annually as well as seasonally averaged time intervals and discuss different para-

metrization strategies to represent the Amazonian CCN cycling in modelling studies (M. Pohlker et. al. 2016b).

The present part 2 study analyzes the aerosol and CCN variability in original time resolution and, thus, resolves

aerosol advection and transformation for the following case studies, which represent the most characteristic

states of the Amazonian atmosphere:

(1) Near-pristine (NP) conditions, defined as the absence of detectable black carbon (< 0.01 pg m), showed
their highest occurrence (up to 30 %) in the wet season (i.e., Mar - May). On average, the NP episodes are
characterized by a bimodal aerosol size distribution (strong Aitken mode: Dai = 70 nm, Nai = ~200 cm™ vs.
weaker accumulation mode: Dyec = 170 nm, Nyee = ~60 cm>), a mostly organic particle composition, and rel-
atively low hygroscopicity levels (rait = 0.12 vs. kacc = 0.18). The NP CCN efficiency spectrum shows that
the CCN population is sensitive to changes in supersaturation (S) over a wide S range.

(2) Long-range transport (LRT) conditions frequently mix Saharan dust, African combustion smoke, and sea
spray aerosols into the Amazonian wet season atmosphere. The LRT episodes (i.e., Feb - Apr) are character-
ized by an accumulation mode dominated size distribution (Dai = 80 nm, Naj = 120 cm vs. Dyee = 180 nm,
Nace = 300 cm™), a clearly increased abundance of dust and salt compounds, and relatively high hygroscopic-
ity levels (xait = 0.18, #ace = 0.34). The LRT CCN efficiency spectrum shows that the CCN population is
highly sensitive to changes in S in the low S regime.

(3) Biomass burning (BB) conditions dominate the Amazonian dry season. A selected characteristic BB episode
shows a very strong accumulation mode (Dait = 70 nm, Nait = ~140 cm™ vs. Dyee = 170 nm, Nyee = ~3400 cm
%), particles with very high organic fractions (>90 %), and correspondingly low hygroscopicity levels (rai =
0.14, xace = 0.17). The BB CCN efficiency spectrum shows that the CCN population is highly sensitive to
changes in S in the low S regime.

(4) Mixed pollution conditions show the superposition of African (i.e., volcanic) and Amazonian (i.e., biomass
burning) aerosol emissions during the dry season. The African aerosols showed a broad monomodal distri-
bution (D = 130 nm, N = ~1300 cm™), with very high sulfate fractions (20 %), and correspondingly high hy-
groscopicity (xait = 0.14, xacc = 0.22). This was superimposed by fresh smoke from nearby fires with one
strong mode (D = 113 nm, Nyee = ~2800 cm), an organic-dominated aerosol, and sharply decreased hygro-
scopicity (xait = 0.10, xace = 0.20). These conditions underline the rapidly changing pollution regimes with
clear impacts on the aerosol and CCN properties.

Overall, this study provides detailed insights into the CCN cycling in relation to aerosol-cloud interaction in the

vulnerable and climate-relevant Amazon region. The detailed analysis of aerosol and CCN key properties and

particularly the extracted CCN efficiency spectra with the associated fit parameters provide a basis for an in-depth

analysis of aerosol-cloud interaction in the Amazon and beyond.
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1 Introduction

Clouds are a key factor in the Earth’s atmosphere and climate system (Bony et al., 2015). Thus, sound scientific
knowledge on the life cycle and highly dynamic properties of clouds is of significant importance for our under-
standing of atmospheric cycling and climate change (Seinfeld et al., 2016). A number of recent overview studies
summarize the various facets of aerosol-cloud-precipitation-climate interactions in a detailed and comprehensive
way (e.g., Andreae and Rosenfeld, 2008; Tao et al., 2012; Rosenfeld et al., 2014).

The Amazon Basin and its unique rain forest ecosystem are fundamentally shaped by the intense and large-
scale (re)circulation of water between biosphere and atmosphere. Accordingly, the life cycle of shallow and deep
convective clouds in the Amazon has been subject of numerous previous studies (e.g., Andreae et al., 2004;
Freud et al., 2008; Rosenfeld et al., 2016b; Wendisch et al., 2016; Braga et al., 2017). In particular, the extent of
anthropogenic influence on cloud lifecycle through continuous land use change and combustion-related aerosol
emissions has been actively debated (Roberts et al., 2003; Davidson et al., 2012; Goncalves et al., 2015). It is
well established that the properties and dynamics of clouds can be fundamentally altered by changing cloud con-
densation nuclei (CCN) regimes, which are a fraction of the total (tropospheric) aerosol population (Rosenfeld et
al., 2008; Reutter et al., 2009).

In terms of microphysical processes in cloud formation and development, the number concentration of
CCN, Ncen(S), and the peak water vapor supersaturation, S, at the cloud base play a key role. Here, S is predomi-
nantly determined by the updraft velocity, wy, of the adiabatically rising air parcel at the cloud base. Depending
on Ncen(S) and S, a certain number of cloud droplets at the cloud base, Na, is formed (Rosenfeld et al., 2016b).
In the Amazon Basin, Ng, ranges around few hundred particles per cubic centimeter for clean and between 1000
and 2000 cm? for polluted conditions (Rosenfeld et al., 2016a; Braga et al., 2017). Upon cloud development and
rising air masses, the initial droplets grow by condensation of water vapor, which can be observed as changes in
the cloud drop size distribution (DSD). Thus, the DSD is a function of thermodynamic parameters (i.e., the up-
draft velocity w), aerosol conditions (i.e., Ncen(S)), and the cloud evolution (i.e., the cloud depth H). Important
bulk DSD properties are, in particular the droplet number concentration, Ny, and the effective droplet radius re.
For r. > 11 pm, the probability of droplet collision and coalescence processes increases to significant levels and
warm rain formation is initiated (Cecchini et al., 2017b).

A detailed analysis of the properties and variability of the Amazonian CCN population is a prerequisite for
the understanding of cloud cycling in this region. However, the CCN data from the Basin is still sparse. There-
fore, we conducted a systematic characterization of the trends and properties of the central Amazonian CCN pop-
ulation at the Amazon tall tower observatory (ATTO) site. The first half of this study has been published recently
as part 1 (M. Pohlker et al., 2016). The present manuscript represents part 2 of this endeavor and focuses on the

variability and properties of periods that are characteristic for the Amazonian atmosphere.

1.1 Brief summary of companion part 1 paper
The part 1 paper (M. Pohlker et al., 2016) focuses on the multi-month trends in the Amazonian CCN population
by presenting data from a full seasonal cycle. In particular, it presents annually averages of the key CCN parame-
ters, a detailed analysis of the specific seasonal as well as diurnal trends and a systematic analysis of different
CCN parametrization schemes to represent the Amazonian CCN cycling in modeling studies.

The major findings of part 1 can be summarized as follows: (i) The CCN population in the central Amazon

is predominantly defined by the overall aerosol concentration as well as the shape of the characteristic bimodal
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aerosol size distribution in the CCN-relevant size range. Accordingly, a key property that has to be taken into
account for the interpretation of the CCN results is the relative proportion of the Aitken and accumulation modes
(mode maxima at Daj ~ 70 nm and Dacc ~ 150 nm). (ii) The hygroscopicity parameters, x(S,D.), of the two
modes were found to be remarkably stable for most of the observation period (kait = 0.14 = 0.03 vs.

5 Kace = 0.22 £ 0.05) with only weak seasonal and no diel variability. Accordingly, we concluded in part 1 that the
shape of the aerosol size distribution is the predominant factor, whereas x(S,D,) is only of secondary importance
for the variability in the Amazonian CCN population, in agreement with previous studies. (iii) Furthermore, part
1 summarizes the CCN key parameters that allow an efficient modeling of the Amazonian CCN population. The
prediction of CCN concentrations is particularly reliable when time series of total aerosol concentration and/or

10 the aerosol size distribution are available. The data and parametrization schemes in part 1 will improve the repre-
sentation of the Amazonian CCN cycling in future modeling studies.

As a particularly helpful concept, we emphasized CCN efficiency spectra, which can be regarded as ‘CCN

signatures’ for a particular aerosol population, by describing their behavior for the atmospherically most relevant
S range. Here, a rather simple analytical expression (i.e., a single- or double-error function fits) suffice to repre-

15 sent the essence of the CCN-relevant properties of an aerosol population, which includes the characteristic shape
of the aerosol size distribution and the x(S,D,) size dependence. Furthermore, the CCN efficiency spectra are in-
dependent of the total acrosol number concentration (in contrast to CCN spectra) and, thus, can flexibly be scaled
to the concentration range of interest to obtain CCN concentrations at a certain S level. Finally and beyond their
potential use in models as CCN parametrization, the shape of the CCN efficiency spectra is very instructive to

20 visualize the specific behavior of contrasting aerosol population in cloud formation. This aspect will be one focal

point of the present study.

1.2 Aims and scope of this study
To complete the analysis started in part 1, this manuscript analyzes the CCN variability in original time resolu-
25 tion (~4.5 h), which is sufficient to resolve its short-term variability in relation to air mass changes as well as aer-
osol emission and transformation processes. In the present work, we will zoom into the long-term CCN data set
in two steps: First, we discuss the aerosol and CCN variability for two contrasting 2-months periods that charac-
terize the pollution minimum and maximum in relation to complementary, trace gas, and aerosol parameters. Sec-
ond, we will analyze four case studies with a length of a few days that represent the following particularly inter-
30 esting and characteristic events/conditions in the central Amazon region: (i) the cleanest observed episodes,
which can be regarded as a near-pristine atmospheric state, (ii) long-range transport (LRT) aerosol advection
during the wet season, which typically brings Saharan dust, African combustion aerosols, as well as marine aero-
sol particles, (iii) advection of biomass burning smoke from large deforestation fires in southeast Basin after few
days of atmospheric processing, and (iv) prevalence of mixed pollution from African LRT and local fires, repre-
35 senting a frequent pollution scenario at the ATTO site. In summary, the overall purpose of this study is to link
the measured CCN abundance and properties with the characteristic emissions and transformation processes that
govern the Amazonian aerosol population. With the CCN parametrization strategies, developed in part 1, we pro-

vide a basis for efficient CCN prediction under characteristic aerosol and CCN conditions in the Amazon Basin.
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2 Experimental section

2.1 Aerosol and trace gas measurements at the ATTO site

The present study is mostly based on in situ measurements at the remote ATTO site, which has been described in
detail by Andreae et al. (2015). Further relevant information regarding the site, the measurement period, and the
aerosol and trace gas instrumentation can be found in the part 1 paper by M. Pohlker et al. (2016). Note that the
time frame of the present analysis including the four in-depth case studies overlapped with the two intensive ob-
servation periods (IOPs) of international Green Ocean Amazon 2014/5 (GoAmazon2014/5) campaign (Martin et
al., 2016a; 2016b). Specific details on the measurements of equivalent black carbon (BC.) mass concentrations,
Mpgce, with the multi-angle absorption photometer (MAAP) can be found in Saturno et al. (2016; 2017b). Specific
details on the measurements of the mole fraction of carbon monoxide (CO), cco, with a G1302 analyzer (Picarro
Inc. Santa Clara, CA, USA) can be found in Winderlich et al. (2010).

Details on the aerosol chemical speciation monitor (ACSM, Aerodyne Research Inc., Billerica, MA, USA)
measurements, which provide online information on the mass concentrations, Mspecics, 0f organics (OA), sulfate
(SO4*), nitrate (NO5"), ammonium (NH4"), and chloride (CI7), can be found in Ng et al. (2011). A detailed de-
scription of the long-term operation of the ACSM at the ATTO site can be found in Carbone et al. (2017). For
selected case study and seasonal time frames, we calculated the mean values of Mpecics as well as corresponding
mass fractions, fipecics, according to

f - Mspecies
SPECES T Moy + Msgs + Myya + Myogs + Mg

Furthermore, predicted hygroscopicity parameters, x,, were calculated based on the ACSM results according to
Gunthe et al. (2009) by

Kp = foa 0.1 + (1— foa)- 0.6
However, it has to be noted that Myus ranged below its detection limit (0.248 pg m™) during the clean Amazon
wet season months, making the obtained results unreliable (the questionable periods are marked in Table 3,
which is discussed later in this study). For these periods with questionable results, Mnns was omitted in the cal-
culation of the mass fractions

f o Mspecies
SPEEES T Mo + Msoa + Myos + Mg

which has to be kept in mind in the interpretation of the results. Similarly, also x, was calculated with Mxn4 be-
ing omitted. The nominal size range of the ACSM spans from 75 to 650 nm and the measurements are conducted
size-integrated. Accordingly, the ACSM results tend to be dominated by larger particles with relatively high
masses, which makes the Mipecics results more representative for the accumulation mode composition. Accord-
ingly, the calculated x, was compared to the hygroscopicity parameter for the lowest measured S level,

x(0.11 %), corresponding with the largest measured critical diameter D, (~170 nm).

2.2 CCN measurements and data analysis

A detailed description of the operation of the CCN counter (CCNC) and the subsequent data analysis can be
found in the companion paper (M. Pohlker et al., 2016), which is the basis for the present study. For further
CCN-relevant information, we refer the reader to Rose et al. (2008) and Kriiger et al. (2014). The CCN effi-
ciency spectra parameterization as introduced in part 1 plays a key role in the present manuscript. The single-

error function (erf) fit (mode = 1) is represented by the following function
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In s
Neen (S) S1
———=v,+a,er
Newto ! ! f Wy

with v, as offset, a; as prefactor, S; as the supersaturation, at which half of the maximum activated fraction
(MAF) of the aerosol particles acts as CCN (e.g., 50 % for vi = 0.5), and w as the width of the erf fit. To sim-
plify the fitting procedure, a; = 0.5 was assumed. Further, v; = 0.5 can be used as an input parameter in most

5 cases. The combination, a; = 0.5 and v; = 0.5, yields convergence of the erf against unity, corresponding with an
activation of all particles as CCN at high S, which is adequate in most cases. Analogously, the double-erf fit

(mode = 2) is represented by the function

In s In s
Neen (S) S1 S,
=y ta- +ay-
New 1o vy +a,c-erf - a,-erf w,

with the index 1 and 2 specifying the variables for both modes. To simplify the fitting procedure, a; = 0.5 and
10 v =0.5 was assumed.

Another important aspect is worth mentioning: In part 1 we tested different reference aerosol number con-
centrations, Nen,peut (€-8., Nen,i0 and Newso), for the CCN efficiency spectra parametrization. In this study, we
use only one reference concentration for clarity — namely Ncx,10. The choice of New 10 can be explained by the
fact that it is experimentally rather easily accessible (e.g., via condensation particle counter, CPC, measure-

15 ments), whereas reference concentrations such as Nen so require more elaborated experimental setups (e.g., scan-

ning mobility particle sizer, SMPS, data).

2.3 Definition of near-pristine periods
Biomass and fossil fuel combustion have been the primary sources of pollution aerosols in the Amazon region.
20 Since combustion processes are always associated with the emission of black carbon (BC), the MAAP-derived
BC. serves as a primary marker for the presence of pollution aerosols in this study. Accordingly, we identified
the cleanest aerosol conditions observed, which are called near-pristine periods throughout this study, as the ab-
sence of detectable BC.. Petzold and Schonlinner (2004) determined the detection limit of the MAAP “as the
minimum resolvable absorbance” by considering “the variability of blank filter optical properties”. The detection
25 limit corresponds with the resulting mean absorbance of the blank filter + 3 times the standard deviation (std)
resulting in an absorption coefficient of 0.132 Mm'! for 30-min averages. The Mpc. was calculated by using mass
absorption cross sections (MAC) retrieved by fitting MAAP absorption coefficients at 637 nm and single particle
soot photometer (SP2) rBC mass measurements during the different seasons as explained in Saturno et al.
(2017). Using the MAC values measured at the ATTO site (MAC for the wet season: 11.4 + 1.2 m? g''; MAC for
30 the dry season: 12.3 + 1.3 m? g'!"), the conversion to Mpce corresponds to 0.011 —0.012 ug m=. Note that this
threshold would be higher if a “traditional” MAC value of 6.6 m” g”! were used to calculate Mpce (~0.019 pg m-
%). Here, we selected a threshold concentration of Mpc.” = 0.01 pug m>, when the ATTO-specific MAC values are
taken into account. Accordingly, near-pristine periods fulfill the criterion Mpce < Mpc." for >6 h (after applying a

5-point running average to the 1 h Mpc. data).

35
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2.4 Backward trajectories

The systematic back trajectory (BT) analysis and classification in this study has been adopted from C. Pohlker et
al. (2017), where an in-depth description of the procedure can be found. Briefly: The BT analysis is based on the
hybrid single particle Lagrangian integrated trajectory model (HYSPLIT, NOAA-ARL) with meteorological in-
put data from the global data assimilation system (GDAS!1) (Draxler and Hess, 1998). Three-day BTs have been
calculated every 1 h with a start height of 1000 m at the ATTO site for the time period of 1 Jan 2008 until 30
June 2016. A sensitivity test confirmed that start heights of the HYSPLIT back trajectories at 200 and 1000 m
gave very similar results. Accordingly, the chosen start height at 1000 m appears to be a good representation of
the origin of the boundary layer air masses. Subsequently, the resulting ensemble of 74,496 individual BTs has
been classified into 15 clusters with k-means cluster analysis (CA). The supplement Fig. S1 shows a map of the
north-eastern Amazon Basin with the ATTO site and the mean track of the 15 BT clusters. It illustrates that the
air masses arrive almost exclusively in a rather narrow easterly wind sector (between 45° and 120°). Within this
sector, four BT subgroups can be identified: (i) a northeasterly (NE) track including the clusters NE1, NE2, and
NE3, shown in bluish colors; (ii) an east-northeasterly (ENE) track including the clusters ENE1, ENE2, ENE3,
and ENE4, shown in greenish colors; (iii) an easterly (E) track including the clusters E1, E2, E3, and E4, shown
in reddish colors; and (iv) a group of ‘inland’ trajectories in east-southeasterly (ESE) directions including clus-
ters ESE1, ESE2, and ESE3 as well as one cluster towards the south-west (i.e., SW1). For a detailed characteri-
zation of the region, which is covered by the BTs and represents the ATTO site footprint with the trace gas, aero-
sol, and CCN sources that are presumably most relevant for the long-term observation at the ATTO site, we refer

the reader to C. Pohlker et al. (2017).

2.5 Satellite data and analysis

The satellite data products used in this study were obtained from the NASA Giovanni web interface (http://gio-

vanni.gsfc.nasa.gov/, last access 26 May 2017), developed and maintained by the NASA Goddard Earth Sciences

Data and Information Services Center (GES DISC) (Acker and Leptoukh, 2007). The following satellite products

have been used:

- Cloud top temperature data (AIRX3STD_v006 product) from the atmospheric infrared sounder (AIRS) in-
struments on board of the satellites Terra (data included from 24 Feb 2002 to 30 Jun 2016) and Aqua (data
included from 04 Jul 2002 to 30 Jun 2016) satellites. For the corresponding time series in this study, the
Aqua and Terra data were averaged per day for a representative region.

- Cloud cover data is obtained by the moderate resolution imaging spectroradiometers (MODIS) on board of
the Terra (included data from 24 Feb 2002 to 30 Jun 2016) and Aqua (included data from 04 Jul 2002 to 30
Jun 2016) satellites. The obtained Aqua and Terra time series were averaged. Note that cloud cover strongly
depends on the spatial resolution of the instrument as outlined in King et al. (2013).

- Cloud droplet effective radius, re, is calculated from the products measured from the MODIS instrument on
board of Terra (included data from 24 Feb 2002 to 30 Jun 2016) and Aqua (included data from 04 Jul 2002
to 30 Jun 2016) satellites. Since r. varies with vertical cloud development and total CCN abundance, we fil-
tered the r. data by cloud top temperature (King et al., 2013).

- Precipitation rate data, Prrmm, from the tropical rainfall measuring mission (TRMM). The

TRMM 3B42 Daily v7 product has been used for the time period 01 Jan 1998 until 30 Jun 2016.
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The satellite data were used as time series of area averaged data products within a region of interest around the

ATTO site (ROIarro: 59.5° W to 54° W and 3.5° S to 2.4° N) as specified in Fig. S1.

2.6 Seasonal cycles of remote sensing and in situ data
5 To provide an overall picture of the seasonal cycle of selected aerosol and meteorological parameters representa-
tive for the ATTO region, various data sets were combined in Fig. 1. Remote sensing data products were used in
the time frames outlined above. For Mgce, cco, and Nex, 10, 4-6 years of ATTO site measurements were available.
Additionally, Mpc. data measured at the ZF2 site, located 40 km NW of Manaus, were used to reflect the condi-
tions back to 2008 (e.g., Martin et al., 2010a). In terms of sources and conditions, the ATTO and ZF2 sites are
10 comparable (C. Pohlker et al., 2017). The cco data include ATTO site measurements from 2012 to 2017.

2.7 Aerosol sampling and scanning electron microscopy with x-ray spectroscopy
Aerosol samples for electron micro-spectroscopy were collected by impaction. A home-made single stage im-
pactor (flow rate = 1-1.5 lpm; and nominal cut-off D, = ~500 nm) was used for collection. The collection effi-

15 ciency below D.,, decreases steeply, however, a certain fraction of particles in this size range is still collected.
Moreover, a fraction of very small particles is additionally collected via diffusive deposition and therefore avail-
able for the microscopic analysis. Aerosol particles were deposited onto silicon nitride substrates (SizNs, mem-
brane width 500 um, membrane thicknesses 100 or 150 nm, Silson Ltd., Northhampton, UK). Afterwards sam-
ples were stored in airtight containers at -20 °C immediately after sampling.

20 Without further treatment like sputter-coating, particles were analyzed in a high-resolution scanning electron
microscope (SEM; FEI Quanta 200F, FEI, Eindhoven, The Netherlands). An acceleration voltage of 12.5 kV
with a spot size of approximately 3 nm was used. X-ray emission was analyzed with an energy-dispersive X-ray
analysis (EDX; Edax Genesis, Edax Inc.). The system is able to record characteristic X-ray emissions for all ele-
ments with Z > 5. Obviously, in the present work Si could not be quantified due to the silicon substrate (Kandler

25  etal,2011).

3 Results and discussion
3.1 Aerosol and cloud microphysical seasonality in the Amazon
Prior to the in-depth analysis of the aerosol and CCN cycling for characteristic case studies, this section provides
30 an overview of the aerosol and cloud microphysical seasonality, representing the precipitation cycle in the ATTO
region. The pollution markers cco and Mgc. in Fig. 1a show a pronounced seasonal cycle with a prevalence of
clean conditions in the wet season vs. the biomass burning-related pollution maximum in the dry season
(Andreae et al., 2015). The annual minimum in Mzc. levels occurred at the end of April (with a weekly Mace
means of ~0.03 ug m™), whereas its highest concentrations were observed in August and September (with a
35 weekly Mpce means of ~0.40 ug m). The seasonal cycle of cco shows a temporal shift of about 1 month with its
minimum in the beginning of June (with a weekly cco means ~100 ppb) and largest values from October to De-
cember (with a weekly cco means ~200 ppb). The phase shift between the cco and Mpc. seasonality can be ex-
plained by the complex spatiotemporal interplay of combustion-related BC and CO sources, aerosol wet scav-
enging, as well as alternating advection of Northern vs. Southern hemispheric (NH vs. SH) air masses (Martin et
40 al., 2010b; Andreae et al., 2012; 2015). Similar to the Mgc. trends, the total acrosol particle concentration New; 1o

tracks the seasonality in biomass burning activities (in South America and Africa) with lowest concentrations in

8
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March and April (Nen,10 weekly means ~200-300 cm™) and highest values between August and November
(New 10 weekly means from 1000 to 2000 cm™) as shown in Fig 1b. The CCN concentration at a supersaturation
of 0.5 %, Ncen(0.5 %), which was calculated based on long-term SMPS data and the x-Koéhler parametrization as
outlined in our part 1 paper, mostly tracked the seasonal trends in New, 0. Its minimum around Mar and April

5 showed weekly mean Ncen(0.5 %) values around 200 cm™, whereas the maximum showed values between 1000
and 2000 cm™.

Figure 1c shows the seasonal cycles of two different precipitation related data products: First, the Prrvm
data, representing the area-averaged precipitation rate in the ROlIatro (see Fig. S1). The Prrmwm data reveals a ra-
ther broad wet season precipitation maximum from March to May (defining the wet season from a meteorologi-

10 cal perspective). The smallest precipitation rates are observed from September to November. Second, the Pgr
data represents the cumulative precipitation along the BTs arriving at the ATTO site (for details see C. Pohlker et
al., 2017). Thus, Pgr represents a measure for the extent of rain-related aerosol scavenging — particularly of long-
range transport aerosols — upon air mass transport to the ATTO site. A pronounced maximum in Pgr and the re-
lated scavenging is observed for the months April and May, which coincides with the minimum in aerosol pa-

15 rameters (i.e., Mpce and Ncn) (see also Moran-Zuloaga et al., 2017).

Figure 1d shows the seasonal cycles in cloud fraction and cloud top temperature for the ROIxtro. Both are
predominantly influenced by the position of the intertropical convergence zone (ITCZ) with its belt of extended
deep convective cloud systems and strong precipitation. According to Fig. 1d, the densest cloud cover and deep-
est convection (represented by lowest cloud top temperature) occurs upon northwards passage of the ITCZ in the

20 middle of the wet season (i.e., March and April) as well as upon southwards passage of the ITCZ at the end of
the dry season (around November). The maximum in deep convection in March and April — expectedly — corre-
sponds with the peak in Prrmm. A global picture of the spatiotemporal trends in cloud microphysical properties
can be found in King et al. (2013).

Figure le presents the satellite-derived effective radius 7. of liquid cloud droplets that links the seasonality in

25 aerosol and cloud properties. The 7. data have been filtered by cloud top temperature to discriminate the different
r. growth states in different heights of the convective clouds. It is well established that increased CCN loads en-
tail an influence on cloud properties, which typically results in corresponding decrease in droplet diameter (e.g.,
Freud et al., 2008; Stevens and Feingold, 2009). Figure le underlines this trend by means of a pronounced sea-
sonality in 7. with its maximum during clean wet season conditions (i.e., April and May) and its minimum during

30 the polluted months in the dry season (i.e., August to November). The detailed understanding of the impact of
the CCN loading on the cloud microphysical properties, however, is the subject of ongoing studies.

The trends in Fig. 1 provide a coherent picture of the aerosol, cloud, and precipitation seasonality as well as
their corresponding linkages. The following sections will zoom into this overall picture by presenting detailed
aerosol and CCN data from characteristic wet and dry season conditions of the year 2014. The corresponding

35 months that are discussed in greater detail (April and May in Fig. 2 and August and September in Fig. 4) are

highlight in Fig. 1 by a background shading to embed the corresponding observations into this overall picture.

3.2 Aerosol and CCN time series for representative wet season conditions
During Amazonian wet season (February to May), the influence of local and regional anthropogenic pollution
40 (i.e., from biomass and fossil fuel burning) decreases to a minimum and simultaneous strong precipitation causes

efficient aerosol scavenging (see Fig. 1). The combination of both effects constitutes a comparatively clean state

9
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of the Amazonian atmosphere (Martin et al., 2010b; Andreae et al., 2015). During this time of the year, biogenic
aerosols from the surrounding rain forest ecosystem, such as secondary organic aerosol (SOA) from the oxida-
tion of biogenic volatile organic compounds (BVOC) as well as primary biological aerosol particles (PBAP),
prevail (Poschl et al., 2010; Huffman et al., 2012; Yanez-Serrano et al., 2015). However, the regionally and bio-
genically dominated background state of the atmosphere is frequently perturbed by the episodic advection of
long-range transport (LRT) aerosols from Africa in air masses that bypass the major rain fields and, therefore,
‘survive’ the intense scavenging (Moran-Zuloaga et al., 2017). The frequent intrusion of LRT aerosols is a char-
acteristic feature during the Amazonian wet season and represents a strong and important impact on the Amazo-
nian ecosystem (e.g., Chen et al., 2009; Bristow et al., 2010; Baars et al., 2011; Abouchami et al., 2013; Yu et
al., 2015; Rizzolo et al., 2016). These LRT plumes mostly comprise a complex mixture of Saharan dust, African
biomass burning smoke, and marine aerosols from the transatlantic air passage (e.g., Talbot et al., 1990; Swap et
al., 1992; Glaser et al., 2015).

The 2-months period in Fig. 2 can be regarded as representative for typical wet season conditions in the
ATTO region as it includes both scenarios: periods with the prevalence of the local (biogenic) background aero-
sol and episodes under the influence of LRT plumes, as well as intermediate states. In general, the wet season
2014 showed ‘average hydrological conditions’ without significant precipitation anomalies within the ROIarro,
which is in stark contrast to 2015/16 with its pronounced El Nifio influence and an associated negative precipita-
tion anomaly (see C. Pohlker et al., 2017; Saturno et al., 2017b). Furthermore, the pollution tracers, Ncn, Mpce,
and cco, showed comparatively low values with concentrations around Nex = 330 + 130 cm™, Mpce = 0.03 +
0.05 pg m3, and cco = 110 + 10 ppb (given as mean + 1 std for entire time period in Fig. 2) in agreement with
previous studies (Andreae et al., 2012; Artaxo et al., 2013; Andreae et al., 2015). In terms of atmospheric circula-
tion, the first half of the 2-month time frame was dominated by back trajectory arrivals from the north-east (blue
and green BT clusters, see Fig. 2a and Fig. S1), whereas during the second half the dominant wind direction
shifted towards easterly directions (orange and red BT clusters, see Fig. 2a and Fig. S1) (compare Andreae et al.,
2015; Moran-Zuloaga et al., 2017). This gradual swing of the dominant wind direction from NH to SH relates to
the northwards movement of the ITCZ.

Three episodes with detectable LRT influence occurred during the selected time period in Fig. 2 and have
been called LRT'1, LRT2, and LRT3 in the context of this study (see Table 1). These episodes have been defined
according to Moran-Zuloaga et al. (2017).' The question to what extent the Amazonian wet season approximates
a pristine and pre-industrial state, which is unaffected by human activities, has been actively debated over the last
years (Andreae, 2007; Martin et al., 2010b; Hamilton et al., 2014). Although the wet season is free from major
pollution influence, there is evidently a persistent background pollution in varying states of dilution. Andreae et
al. (2012) argued in this context that the “atmospheric state and processes in the Amazon Basin cannot be under-
stood without the consideration of pollutant inputs by long-range transport”. This is particularly true for gaseous
compounds (e.g., CO), however, also a certain fraction of advected pollution aerosols may endure the intense wet

deposition and reach the ATTO site. This statement is supported by Fig. 2, which shows comparably clean con-

! Moran-Zuloaga et al. (2017) showed that seven moderate to major LRT events occurred in the wet season
2014. Three of these seven LRT episodes overlap with the present CCN data and are called LRT/, LRT2, and
LRT3 in the context of this study. According to the nomenclature in Moran-Zuloaga et al. (2017), these events
correspond to 2014_5,2014_6, and 2014_7.

10

| 63



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-847 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 10 October 2017 and Physics
(© Author(s) 2017. CC BY 4.0 License.

Discussions

ditions (mean Mpce + 1 std: 0.013 £ 0.013 pg m®) for the extended period from 14 April until end of May. How-
ever, a closer inspection of the data shows several Mpc. peaks (some even exceeding 0.1 pg m™) that indicate the
influence of diluted pollution plumes. Although (highly) diluted, these plumes impact the CCN population, as
discussed in Sect. 3.4.

5 In order to shed light on this important aspect, we quantified the relative abundance of very clean periods in
the ATTO region, which are called near-pristine (NP) in this study (see details in Sect. 2.3). A statistical over-
view of the relative fraction of near-pristine episodes for the years 2012 to 2017 is shown in Fig. 3. It shows that
near-pristine conditions typically occur from March to May with their highest abundance around late April and
early May when weekly frequencies of occurrence reach up to 30 % or more. Note that the near-pristine episodes

10 in 2014 mostly occurred in April and May, which is in good agreement with the multi-year trends. The individ-
ual near-pristine episodes in 2014 are represented as grey vertical shading in Fig. 2. Their frequency of occur-
rence clearly increased towards the end of the wet season, inversely related to the frequency of occurrence of the
LRT events, which mostly occurred towards the beginning of the wet season (Moran-Zuloaga et al., 2017). For a
detailed analysis in Sect. 3.4, we selected three of the longer (i.e., multi-day) near-pristine periods, which are

15 highlighted as NP1, NP2, and NP3 in Fig. 2.

The following general picture emerges for the CCN parameters: The time series of the «(S,D,) size distribu-
tions in Fig. 2d clearly illustrates the different x(S,D,) of Aitken and accumulation modes as discussed in our part
1 study (M. Pohlker et al., 2016). Overall, x(S,D,) shows a clear variability for low S, representing the accumula-
tion mode, and rather stable values for higher S, representing the Aitken mode (see Fig. 2h). The occurrence of

20 the LRT plumes stands out clearly by causing a significant enhancement of x(S,D,) with xa.. reaching 0.4 and
it reaching 0.25 (see Fig. 2d and h). Moreover, the LRT events are also associated with increased Ncen(S) and
Ncen(S)/New values (Fig. 2g and 1). Note that the occurrence of the LRT events precisely coincides with the min-
ima in Pgr, and, thus, ‘windows’ in aerosol scavenging (compare Moran-Zuloaga et al., 2017).

For the extended and comparatively clean period from 14 April until end of May, the SMPS contour plot

25 (Fig. 2¢) reveals equally strong Aiken and accumulation modes as well as a ‘patchy’ appearance, due to frequent
rainfall causing (local) aerosol scavenging. As outlined in our part 1 study, the aerosol abundance in the particle
size range >40 nm predominantly defined the measured CCN population (M. Pohlker et al., 2016). Accordingly,
the Ncen(S) and Neen(S)/New time series directly track the SMPS-derived patchy pattern. The low S levels —i.e.,
Ncen(0.11 %) — which do not activate Aitken mode particles, closely followed the accumulation mode concentra-

30 tion, Nace, time series, whereas the higher S levels (i.e., Ncon(1.10 %)), which also activated particles in the Ait-
ken mode, closely tracked Nen,i0 (= Naic + Nace). Two of the subsequent case studies will focus in more detail of

the specific CCN properties of the NP (Sect. 3.4) and LRT (Sect. 3.5) cases (see also Table 1).

3.3 Aerosol and CCN time series for representative dry season conditions
35 During the dry season (August to November), the central Amazon is under continuous influence of pronounced
anthropogenic pollution. The predominant type is biomass burning smoke from deforestation fires, which coined
the term “biomass burning season” (Freud et al., 2008). In addition, various urban and industrial emission
sources in eastern and southern Brazil as well as southern Africa may also contribute by hard-to-define quantities
(e.g., Andreae et al., 1994; Saturno et al., 2017b). The minimum in precipitation rates and, thus, in aerosol scav-
40 enging fosters the distribution of pollution aerosols over large areas by extending their atmospheric lifetime (see

Fig. 1).
11
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Figure 4 represents the dry season pendant of Fig. 2 and shows the corresponding time series for a character-
istic dry season period from 01 August until 30 September 2014. The BT clusters in Fig. 4a show that easterly
and southeasterly BTs prevailed, since the ITCZ was located north of the ATTO site. The BT clusters, which are
most characteristic for the dry season, approached the Amazon River delta from the southern Atlantic and then

5 follow the river in western direction towards the ATTO site (red and orange clusters, see Fig. S1). These ‘dry
season river BTs’ are subject of more detailed discussion in the case study in Sect. 3.7. For certain episodes, the
wind swings further to southeasterly directions and brings air masses from inland directions (black, brown, and
grey BT clusters, see Fig. S1). These ‘dry season inland BTs’ are further discussed in the case study in Sect. 3.6.

In contrast to the wet season, the accumulation mode clearly dominates the size distribution, which explains

10 the increased CCN efficiencies, particularly at low S (Fig. 4c and i). The frequent ‘pulses’ in the accumulation
mode concentration can be attributed to (aged) biomass burning plumes, which impact the ATTO site episodi-
cally (typically for few days) (see Freitas et al., 2005). The Mgc., Nen, and cco levels were typical for dry season
conditions in the NE Amazon Basin with Mpce = 0.55 + 0.35 pg m™, Nox = 1520 + 780 cm™ and cco = 140 +
50 ppb (given as mean + 1 std for the time period in Fig. 4) (e.g., Rissler et al., 2004; Andreae et al., 2012;

15 Artaxo et al., 2013; Andreae et al., 2015; Saturno et al., 2017b).

The most obvious event in Fig. 4 is the advection of a strong biomass burning (BB) plume from 17 to 23
August 2014 (the highest pollution levels that were observed during the entire CCN measurement period). This
event can be recognized by means of strong pulses in Nacc, Mpce, and cco as well as a dip in «(S,D,). The ACSM-
derived organic-to-sulfate ratio confirms that the biomass burning pulse comprised a predominantly organic aer-

20 osol. In general, the measured x(S,D,) levels respond inversely to the organic-to-sulfate ratio, confirming previ-
ous studies, which stated that organic matter and sulfate constituents are mostly defining the aerosol’s hygrosco-
picity in the Amazon (Roberts et al., 2002; Gunthe et al., 2009). The major biomass burning plume in Aug 2014
is subject of the detailed case study BB in Sect. 3.6.

Beside this major biomass burning plume, several shorter pulses, which were supposedly also caused be up-

25 wind fires, were observed throughout the dry season period and their frequency of occurrence increased towards
the end (i.e., after 12 Sep). Phenomenologically, the major and minor biomass burning plumes were similar as
they exhibit peaks in N, Mace, and cco and simultaneous dips in «(S,D,) and the organic-to-sulfate ratio. The
second half of September comprised interesting conditions with comparatively high sulfate concentrations and a
sequence of short biomass burning plumes. Thus, this period is influenced by a mixture of different (pollution)

30 aerosol populations from African long-range transport and regional South American sources. A detailed descrip-
tion of the case study MixPol can be found on the in Sect. 3.7.

Similar to the wet season, different x(S,D,) levels for the Aitken and accumulation modes as well as compa-
rably low x(S,D,) variability over time (xait = 0.1440.03 vs. xacc = 0.23£0.04, covering the entire time period in
Fig. 4d and h) were observed. The MAF(S) values tend to reach unity, except for MAF(0.11 %) under the influ-

35 ence of biomass burning smoke (i.e., for the smaller and major smoke plumes).

3.4 Case study NP on near-pristine conditions
Aerosol-cloud interactions remain to be the largest uncertainty in global climate models and a better understand-
ing of a preindustrial atmospheric state would help considerably to reduce this uncertainty (Carslaw et al., 2013;

40 Seinfeld et al., 2016). Since the Amazonian wet season provides the rare chance to analyze episodes of very
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clean continental conditions?, this case study extracts the characteristic aerosol and CCN properties and trends
during the near-pristine periods as defined in Sect. 2.3 (compare also Table 1). Along these lines, Fig. 5 zooms
into three selected episodes — called NP1, NP2, and NP3 as highlighted in Fig. 2 — and combines meteorological,
aerosol, and CCN time series for a detailed analysis.

5 The meteorological parameters in Fig. Sa, b, and c illustrate typical wet season conditions: (i) a rather high
degree of cloudiness, which can be seen by means of the strong cloud-related dimming of the incoming short-
wave radiation, SWiy, (ii) frequent local (Parro) and regional (Prrmwm) rain events, (iil) a comparatively stable
northeasterly wind direction, which is consistent with the BT analysis in Fig. 2, (iv) a rather constant wind speed,
U, for most of the time, which was getting more vigorous during rain events, (v) high relative humidity (RH)

10 conditions, being inversely related to SWj, and reaching saturation during the nights, and (vi) a characteristic
time series of the equivalent potential temperature, 6., which tracked the daily onset of solar heating (see simulta-
neous increase of SWi, and 6.) and further provides valuable information on vertical atmospheric mixing, partic-
ularly in connection with rain events. Specifically, sudden drops in 8. indicate a downward transport of air
masses from upper tropospheric layers, which occurred frequently with the onset of strong rain (for more details

15 see Wang et al., 2016).

The corresponding aerosol cycling is shown as aerosol number size distribution (dN/dlogD) contour plot in
Fig. 5d. Under near-pristine conditions (i.e., grey shading) we found a dominant Aitken mode and a compara-
tively weak accumulation mode as reported previously (e.g., Andreae et al., 2015; M. Pohlker et al., 2016).
Moreover, the Aitken and accumulation modes reveal a patchy and discontinuous abundance with rather sudden

20 concentration increases and drops. These observations can be explained by a combination of different effects and
processes: First, the strong and persistent (mostly combustion-related) sources of accumulation mode aerosol
particles, which are responsible for the continuous and dominant accumulation mode in the dry season, were ab-
sent.

Second, the frequent rain events acted as an efficient aerosol removal mechanism via aerosol rain-out (i.e.,

25 particle activation into cloud/rain droplets) and wash-out (i.e., particle collection by falling droplets below
clouds). The wash-out efficiency is slightly higher (~ factor 1.5) for Aitken than accumulation mode particles
(Wang et al., 2010; Zikova and Zdimal, 2016). In contrast, the rain-out efficiency, corresponding to CCN activa-
tion, is typically much higher for accumulation than Aitken mode particles (M. Pohlker et al., 2016). Accord-
ingly, the rain pulses strongly modulated the aerosol’s abundance via sudden and efficient deposition, which is

30 visible in Fig. 5d as characteristic ‘notches’ in the aerosol contour plot. The notches represent the (removed) part
of the aerosol size fraction that was activated as CCN into cloud droplets. Illustrative examples can be found dur-
ing days with strong rain showers, such as 27 April, 05 May, and 06 May. Note that the ‘depth of the notches’,
corresponding to the smallest activated particles, could in principle be used to estimate the S levels during the
corresponding events (compare procedure in Kriiger et al., 2014). Further note in this context that besides deple-

35 tion of the accumulation relative to the Aitken mode, aerosol activation and cloud processing are known to also
foster the opposite effect: The growth of Aitken mode particles into the accumulation mode via formation of

aqueous phase reaction products (i.e., sulfate and aqueous phase SOA) in the cloud droplets, followed by droplet

2 Note that this refers only to very clean continental conditions within the wet season hydrological regime. Very
clean conditions within the dry season hydrological regime, which may differ substantially from the wet season

scenario due to a contrasting (micro)meteorology, are not experimentally accessible due to the persistent charac-
ter of the combustion-related aerosols and trace gases.
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re-evaporation and deposition of the newly formed compounds onto the particles (e.g., Ervens, 2015; Farmer et
al., 2015). Possibly, during 07 May, cloud processing was responsible for the formation of a rather strong accu-
mulation mode from an existing Aitken mode population (Fig. 5).
As a third process, the Aitken mode population in the rain forest boundary layer (BL) was frequently replen-
5 ished by pulse-like appearance of particles with diameters <50 nm. These events are supposed to be rain-related
downward transport of air masses from an upper troposphere (UT) particle pool and the subsequent growth of the
injected fine particles (Wang et al., 2016; Andreae et al., 2017). Remarkably, the combination of all these effects
results in a comparatively constant total particle abundance Ncn across the rain showers, due to compensating
effects of accumulation mode particle losses and simultaneous increases in Aitken mode abundance (see details
10 in Wang et al., 2016). The rain-related downward transport of fine UT particles and their subsequent growth —
presumably by the condensation of low-volatility vapors — is a characteristic feature of the Amazonian wet sea-
son. At least three pronounced examples for this process are included in the time frame of Fig. 5 (i.e., 27/28
April, 04/05 May, and 16/17 May). After their injection into the forests BL, the fine particles (initial diameters
between 20 and 50 nm for the events in Fig. 5) reveal a “banana-like” growth into the Aitken mode size range
15 (~70 nm) in the course of about 12-24 h. For the events in Fig. 5, we calculated an initial, and thus maximum,
growth rate of 0.6 to 6 nm h™!, which agrees well with the 1 to 6 nm h™!, as reported by Kulmala et al. (2004) for
tropical regions as well as the reported 5 nm h™! in Zhou et al. (2002) for an Amazonian site. Note that these
‘Amazonian bananas’ differ from the classical new particle formation (NPF) that has been reported for various
continental sites (i.e., in Northern temperate regions) (Kulmala et al., 2004), since number concentrations are
20 lower by orders of magnitude and their nucleation and initial growth does not occur in the BL, but in the UT
(Ekman et al., 2008; Engstrom et al., 2008; Poschl et al., 2010; Andreae et al., 2017). Accordingly, the UT parti-
cle population that is frequently injected into the BL is already aged to a certain extent and, thus, presumably re-
flects chemical processes different from the atmospheric chemistry in the BL. The physicochemical details of the
UT nucleation and growth are still largely unknown and subject of ongoing research (e.g., Andreae et al., 2017).
25 The CCN properties during near-pristine conditions are represented by time series of x(S,D,) size distribu-
tions (Fig. 5d) and Ncen(S) for two selected S (Fig. Se). The temporal pattern of the x(S,D.) size distributions,
which provides indications of the aerosol particles’ chemical composition, reflects the ‘pattern’ of the underlying
dN/dlogD contour plot. Consistent with our observations in part 1 (M. Pohlker et al., 2016), the accumulation
mode reveals higher «(S,D,) levels than the Aitken mode, likely due to chemical aging through cloud processing
30 and a related increase in hygroscopicity (Farmer et al., 2015). The lowest x(S,D.) levels were observed for the
‘Amazonian bananas’ (see Fig. 5d). Both, the accumulation and Aitken mode x(S,D.) levels show a variability
that tracks the Aitken and accumulation mode abundance. Note that Ncen(0.5 %) and particularly Neen(0.2 %)
show pronounced increases during periods with increased Mgc. levels (e.g., 25 April, 05 May, and 17 May). This
underlines the remarkable impact of diluted pollution on the CCN population in an aerosol limited regime ac-
35  cording to Reutter et al. (2009).

Figure 6a and b summarize the average aerosol and CCN key properties under near-pristine conditions. Fig-
ure 6a shows the characteristic average Nen(D) size distribution with a pronounced bimodal appearance, com-
prising a dominant Aitken mode (Dait = 67 = 1 nm, Nai = ~200 cm™) and a comparatively weak accumulation
mode (Daee = 171 £ 2 nm, Nyee = ~60 cm™) (see Table 2). This bimodal shape mode is typical for clean Amazo-

40 nian conditions as reported previously (e.g., Gunthe et al., 2009) and notably resembles aerosol size distributions

during marine background conditions (e.g., Atwood et al., 2017). The corresponding Ncen(S,D) size distributions
14
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for all S levels show that for S < 0.3 % mostly accumulation mode particles were activated, whereas for
S > 0.3 % the Aitken mode particles also acted as CCN. Furthermore, Fig. 6a shows the average x(S,D.) size de-
pendence with a characteristic step-wise increase of «(S,D,) towards larger D. The Aitken mode x(S,D,) levels
are rather low and sharply defined (mean =+ std: 0.12 £ 0.01), whereas the accumulation mode «(S,D,) levels are
5 slightly higher (0.18 + 0.02). The results suggest that the Aitken mode particles, which are frequently injected
into the BL via downward transport from the UT, mostly comprised organic matter. This observation agrees well
with recent results showing that “the UT particles consist predominantly of organic material, with minor amounts
of nitrate and very small fractions of sulfate” (Andreae et al., 2017). The hygroscopicity of organic material, xorg,
is typically assumed as ~0.10, however can vary substantially (close to 0 up to 0.3) as a function of the organic

10 material and its oxygen-to-carbon (O:C) ratio (Jimenez et al., 2009; Thalman et al., 2017). The x(S,D,) levels of
the accumulation mode similarly indicate the presence of predominantly organic particles, however with some-
what more inorganic constituents than in the Aitken mode. This is consistent with the corresponding ACSM re-
sults in Table 3, underlining that organic matter accounts for most of the mass (89 %), whereas nitrate (4 %) and
sulfate (6 %) add only small contributions. Note that Mnu4 ranged below detection limit for NP conditions and its

15 contributions was omitted in the calculation of the mass fractions accordingly (see Sect. 2.1). A predicted aver-
age hygroscopicity parameter, x;,, of 0.16 = 0.05 was calculated based on the ACSM results — excluding the ques-
tionable Myn4 — and agrees with the measured value of (0.11 %) = 0.19 + 0.05 (Table 3).

Figure 6b displays the CCN efficiency spectrum for near-pristine conditions, which can be regarded as CCN
signature of the corresponding aerosol population (for details refer to the companion part 1 paper). The pro-

20 nounced bimodal particle size distribution with its characteristic Hoppel minimum and the step-wise increase of
x(S,D,) (see Fig. 6a) result in a weak plateau at about S = 0.4 %, which required to apply a double-erf fit. For
comparison, we also applied a single-erf fit. Expectedly, the double-erf fit is the better representation of the ex-
perimental data, although the single-erf fit also covers the data reasonably well, since the plateau is not particu-
larly pronounced. However, a closer look reveals differences between the single- vs. double-erf fits for small and

25 large S. In the small S range (<0.1 %), the double-erf fit indicates that the NP aerosol particles start acting as
CCN only above a minimum threshold at about = 0.06 %. One possible physical explanation of this behavior
could be the absence of suitable CCN in the size range of several hundred nanometers, which are indeed compar-
atively sparse under NP conditions according to Fig. 5. However, this size range was not covered directly by our
CCN measurements, making it hard to draw solid conclusions. In the large S range (>1 %), the spectrum has not

30 reached full activation yet and keeps increasing. Since the double-erf fit describes the data more accurately than
the single-erf fit, its extrapolation for S > 1.2 % is likely more accurate and suggests that ‘full’ activation
(~90 %) is reached at S ~ 1.7 %. A CCN efficiency spectrum, representing very clean “green ocean” conditions
at another Amazonian site from previous measurements?, has been added to Fig. 6b for comparison and show
very good agreement with our results (Roberts et al., 2001; Andreae et al., 2004).

35 The CCN efficiency spectra represent an instructive tool to visualize characteristic differences in the behav-
ior of certain (contrasting) aerosol populations in cloud formation. Of particular relevance is the slope of the

CCN efficiency spectra, d(Ncen(S)/Nen,i0)/dS as the sensitivity of the activated CCN fraction of a given aerosol

3 Data is taken from the CLAIRE 1998 campaign (28 March to 15 April 1998), conducted close to the village of
Balbina, northeast of Manaus, Brazil.
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population within a given S range to changes in supersaturation, AS. Accordingly, high d(Ncen(S)/New,10)/dS lev-
els indicate a regime, in which already subtle a AS has relatively strong effects on the Ncen(S) and, thus, Mg con-
centrations (assuming constant Ncw,10), whereas low d(Ncen(S)/Ne,10)/dS levels indicate a regime that is charac-
terized by rather stable Ncen(S) and Ny concentrations, even upon large AS. This perception of CCN efficiency
5 spectra stands in certain analogy to a concept introduced by Reutter et al. (2009), which classifies the sensitivity

of Ny concentrations in response to changes in Nex and wy. This results in three distinct regimes: (i) an aerosol-
limited regime, which is characterized by high Snax (>0.5 %), a high wy/Ne ratio, high activated fractions
Nu/Ncn, and a linear relationship between Nen and Ng; (i) an updrafi-limited regime, which is characterized by
rather low Smax (<0.2 %), a low wy/Nen ratio, low activated fractions N¢/Nen, and a linear relationship between wy

10 and Ng; and (iii) a transitional regime with intermediate states and non-linear dependencies of Ng on Nen and wy.
Note that the concept by Reutter et al. has been developed for the conditions of pyro-convective clouds and, thus,
represents an extreme case, which has to be kept in mind in the subsequent comparison with the CCN efficiency
spectra.* Based on Reutter et al., NP conditions with the associated low aerosol concentrations
(Nenio = 270 = 100 cm?, Table 4) can be characterized as aerosol-limited, due to the overall low abundance of

15 potential CCN. However, the CCN efficiency spectrum in Fig. 6b suggests that the NP aerosol population also
has a certain sensitivity to wy, since changes in updraft velocity Awy, — and the associated AS (even for S > 1 %) —
largely modulate the activated fraction Ncen(S)/Nen,io. In this sense, the NP CCN efficiency spectrum has a very
characteristic shape and differs clearly from the other case studies, as it keeps increasing over a wide S range
with a somewhat larger slope for S < 0.3 % and a slightly decreasing slope for S > 0.3 %. Accordingly, the NP

20 case appears to be aerosol- and updraft-sensitive, which makes the corresponding aerosol-cloud interaction
highly dynamic. For more quantitative insights, modelling runs according to Reutter et al. based on the character-
istic NP bimodal Nen(D) size distribution in Fig. 6a (in contrast to the monomodal accumulation mode, taken

into account for the pyro-convective conditions) as well as adjusted Ncn and wy, ranges are required.

25 3.5 Case study LRT on Saharan dust influence
The African continent is of significant importance for the Amazonian atmospheric composition as it represents a
major source of desert dust and pollution aerosols (e.g., Swap et al., 1992; Andreae et al., 1994; Yu et al., 2015;
Rizzolo et al., 2016). A systematic overview of the properties and relevance of LRT plume arrival in the ATTO
region during the Amazonian wet season can be found in Moran-Zuloaga et al. (2017). Furthermore, a general
30 characterization of the CCN population’s response to LRT conditions can be found in our part 1 paper (M.
Pohlker et al., 2016). Based on these previous studies, the present paper analyzes the characteristic impact of
LRT plumes on the CCN population in detail.
The characteristic impact of LRT plumes on the aerosol and CCN data can already be seen in Fig. 2 by
means of the episodes LRT1, LRT2, and LRT3. For a detailed analysis, the LRT3 episode — as a particularly in-

35 structive example — has been chosen and is represented in Fig. 7 by selected meteorological, aerosol, and CCN

4 The cloud parcel modelling by Reutter et al. (2009) was conducted for the specific case of pyro-convective con-
ditions, developing over strong fires. Accordingly, a typical (monomodal) biomass burning aerosol size distribu-
tion with an accumulation mode maximum at 120 nm was used. In this sense, the study is bound to rather spe-
cific and extreme conditions. However, Reutter et al. state that the “key features of the three regimes of CCN ac-
tivation (...) are not specific for young biomass burning aerosols and pyro-convective conditions but likely to
apply also for other types of aerosols and meteorological conditions”.
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time series.’ The layout of Fig. 7 is identical to the corresponding figures of the other case studies for clarity and
comparability. Note that the advected dust plumes typically cause substantial increases in both, the coarse mode,
which plays a secondary role here, and the accumulation mode, which explains their relevance for the CCN cy-
cling (Moran-Zuloaga et al., 2017). The LRT influence is clearly visible in Fig. 7 by means of increases in Mpce

5 (due to the LRT plume’s smoke component), the accumulation mode abundance in the dN/dlogD contour plot,
the concentrations Nex and Neen(S) as well as in «(S,D,).

The plume’s influence on the ATTO site lasted for about four days with its onset on 09 April ~12:00 and its
end on 13 April ~12:00, which is in good agreement with the corresponding remote sensing data in Moran-Zu-
loaga et al. (2017). During these four days, meteorology determined the variability of the LRT aerosol in the rain

10 forest BL via air mass advection (i.e., wind speed and direction), rain-related scavenging (i.e., Parro and Prrvm),
and convective mixing (i.e., represented by SWi, as a proxy). Throughout the LRT3 period, the dominant wind
direction was mostly NE to E, which is characteristic for wet season conditions (compare Fig. 2). Note that the
BTs arriving from the NE are particularly prone to bring dust-laden air into the ATTO region (Moran-Zuloaga et
al., 2017). Furthermore, only few (major) rain events and related aerosol scavenging occurred during this time,

15 which is a further prerequisite for efficient LRT transport. The arrival of the LRT3 plume during afternoon hours
of 09 April occurred via convective downward mixing of the aerosol into the forest BL (see simultaneous in-
creases in SWiy, &, and the accumulation mode in dV/dlogD) and its influence lasted until 13 April, when the
concentration time series decreased gradually. Note that the advected LRT plumes are transported into the ATTO
region as compact and stratified aerosol layers up to altitudes of 2-3 km (Moran-Zuloaga et al., 2017). Aerosol

20 concentrations were highest during the afternoon hours on 09, 10 and 11 April, when convection (see SWi,) is
most efficient in mixing the aerosols downward into the BL. Furthermore, a sudden rain-related air mass change
lasting for about 12 h (see wind direction and 6. changes) in the end of 09 April/beginning of 10 April was asso-
ciated with a simultaneous drop in LRT aerosol concentrations. The CCN population responded noticeably to the
injection of the LRT pulses, which can be seen in Ncen(S), Neen(S)/New, 10, and «(S,D,) in Fig. 2. Figure 7 dis-

25 plays the Ncen(0.2 %) and Neen(0.5 %) time series, which show a two- to threefold increase upon LRT aerosol
intrusion. Moreover, the «(S,D,) data can be used as an indirect measure for the aerosol chemical composition,
which primarily reflects the average ratio of organic vs. inorganic constituents in the particles. In Fig. 7d, the oc-
currence of elevated x(S,D.) levels coincides exactly with the variability in dNV/dlogD. For this particular event,
Kace increased from ~0.3 to ~0.4, whereas kaj increased from ~0.15 to ~0.25.

30 Figure 6¢c summarizes the characteristic Non(D) and Neen(S,D) size distributions as well as the size depend-
ence of x(S,D,) during LRT influence. In general, the comparison of Fig. 6a and ¢ contrasts the characteristic
LRT vs. NP conditions and emphasizes that the intrusion of African LRT plumes into the wet season BL has sig-
nificant influence on the aerosol and CCN population. Specifically, the accumulation mode under LRT condi-
tions (Dace = 178 £ 2 nm, Naee = ~300 cm) is about 5 times enhanced in comparison to the NP episodes. The Ait-

35 ken mode (Daic = 77 + 2 nm, Nai = ~120 cm), which appears in the LRT Nen(D) distribution only as a shoulder,
shows comparable absolute strength as under NP conditions (see Table 2). The Ncen(S,D) size distributions show
that supersaturations S < 0.3 % activate particles mostly in the accumulation mode range, whereas S > 0.3 %

starts activating the Aitken mode population. The x(S,D,) size distribution shows xac. reaching rather high levels

3 Note that the LRT3 event has also been chosen for in-depth case study analysis in Moran-Zuloaga et al. (2017),
where it is called 2014 _7. Accordingly, a number of additional aspects and observations concerning the LRT3
event, which are not explicitly discussed in this work, can be found there.
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up to 0.40 (kace = 0.34 £ 0.04) and xa; with values up to 0.2 (kai = 0.18 + 0.02). In comparison to the NP condi-
tions, xacc Was clearly enhanced due to the presence of aged, internally mixed and salt-rich particles (see discus-
sion in subsequent section). In contrast, the xaj levels were only slightly higher than during the NP periods, prob-
ably due to a broader accumulation mode base, which reached into the Aitken mode range. Note that the relative
5 increase in x(S,D,) for the contrasting LRT and NP conditions is large enough to exert an influence on the CCN
population, which is an exceptional case throughout the Amazonian seasons, since the x(S,D,) levels for most of
the year vary within a rather narrow range (0.1 to 0.2) (see part 1 paper).
The African LRT plumes that frequently impact the Amazon Basin during the wet season comprise a com-
plex mixture of different aerosols components, including (i) a fraction of Saharan dust (mostly >1 pm), (ii) bio-
10 mass burning aerosols from fires in the Sahel region (mostly in the accumulation mode), and (iii) marine aerosols
from the plume’s transatlantic passage (in coarse and accumulation modes) (Andreae et al., 1986; Talbot et al.,
1990; Swap et al., 1992). Fresh soot and uncoated dust particles typically have low hygroscopicities, whereas sea
salt particles (i.e., NaCl and sulfates) represent comparatively efficient CCN. The LRT plumes encounter a rather
long atmospheric journey — about 10 days according to Glaser et al. (2015) — which is associated with strong at-
15 mospheric processing and typically results in complex internally mixed particles (see Andreae et al., 1986). The
resulting mixtures of dust and salt as well as coated soot particles, as commonly found in the dust plumes, readily
act as CCN at realistic S levels (<1 %) (Andreae and Rosenfeld, 2008).
Table 3 summarizes the ACSM results on aerosol chemical composition during LRT influence.® Note that
the ACSM only measures the non-refractory fraction of the particle mass and, thus, does not detect a large frac-
20 tions of the dust and salt constituents. During LRT conditions and with respect to the non-refractory part, organic
mass dominated the particle composition (73 %), with minor nitrate contributions (3 %) and larger fractions of
ammonium (12 %)’ and sulfate (10 %). Furthermore, a sea salt-related increase in detected chloride mass (4 %)
relative to the NP state was observed. Based on the ACSM results, a predicted ,, of 0.24 + 0.16 was obtained,
which agrees reasonably well with the measured hygroscopicity level x(0.11 %) = 0.35 + 0.04. Accordingly, the
25 observed elevated fractions of sulfate and ammonium were responsible for part of the increase in «(S,D,). The
remaining difference between «;, and x(0.11 %) can likely be explained by further refractory inorganics that were
not covered by the ACSM. As an illustration of the complex mixing state of the African LRT aerosol population,
Fig. S2 and S3 provide selected SEM-EDX data from a characteristic LRT aerosol sample. Note that these re-
sults merely serve as a qualitative example here, whereas a quantitative microspectroscopic analysis of LRT
30 samples is subject of ongoing work. The observed particles’ morphology underlines the influence of atmospheric
processing and shows a high degree of internal mixing. Chemically, the EDX maps show dust particles, sulfate
salts, as well as a rather large abundance of NaCl particles.
Figure 6d displays the characteristic CCN efficiency spectrum for the LRT conditions, which — expectedly —
shows a rather steep increase at low S due to two effects pointing in the same direction: an enhanced accumula-

35 tion mode and the presence of rather ‘good” CCN with comparatively high x(S,D,) levels. This large initial slope

¢ ACSM data was available from Aug 2014 to Sep 2016. Accordingly, the ACSM time frame does not cover the
LRTI, LRT2, and LRT3 events, which are discussed in detail in this work. Instead, we analyzed the ACSM data
for 12 comparable LRT episodes in 2015 and 2016 according to Moran-Zuloaga et al. (2017) (see also Table 1).
7 Ammonium mass concentrations are only slightly above detection limit and, thus, the results have to be consid-
ered carefully.
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corresponds with a very small value for the characteristic variable S; = 0.09 %, which shows that at compara-
tively low S (lowest S; among all analyzed cases) already 50 % of the aerosol population were activated as CCN
(Table 4). At S levels around 0.3 % already ~80 % of the aerosols acted as CCN, ‘full’ activation (90%) is al-
ready reached for §'=~0.5 %. At higher S (i.e., > 0.9 %) the efficiency spectrum approaches unity. This is in
5 stark contrast to the near-pristine CCN efficiency spectrum in Fig. 6b, where 50 % of the particles were activated

at significantly higher S around 0.5 %, whereas ‘full’ activation (90%) was hardly reached at high S around
1.7 %. Thus, the LRT episodes show a pronounced sensitivity to AS only in the low S regime, in contrast to the
near pristine case with a sensitivity to AS spanning across a wide S range. With the characteristic shape of the
CCN efficiency spectrum (i.e., rather strong accumulation mode) and the low aerosol concentrations

10 (New,1o = 440 £ 100 cm, Table 4) taken into account, the LRT episodes appear to be aerosol-limited according
to Reutter et al. (2009).

3.6 Case study BB on biomass burning smoke
During the dry season, the ATTO site is frequently influenced by smoke from biomass burning (BB) activities in
15 different regions of the Amazon forest (Freitas et al., 2005; Andreae et al., 2012; 2015; C. Pohlker et al., 2017).
As a characteristic example, the case study BB focuses on the strong biomass burning plume that was observed at
the ATTO site in the middle of August 2014. During this event, pollution aerosol and trace gas concentrations
reached their annual maxima with New,i0 peaking at 5000 cm™, cco at 350 ppb, and Mpc. reaching up to 2.5 ug
m>, as shown in Fig. 4. Selected meteorological, acrosol, and CCN time series of the event are shown in Fig. 8.
20 This case study provides the fortunate opportunity to analyze the CCN properties of aged smoke from a rather
defined large-scale BB plume in the Amazon region.
Figure 8 shows that the influence of biomass burning smoke on the ATTO site lasted for about 6 days (17 to
23 August) with a rather gradual onset and decay. In terms of meteorology, this period was characterized by
mostly cloud-free conditions (see SWi,) without precipitation, comparatively low RH levels, and some variability
25 in wind direction. Note that during the presence of this major smoke plume, an atmospheric dimming in the
ATTO region could be recognized (i.e., compare SWj, maxima for the seven consecutive days). The signature of
the smoke aerosol particles can very clearly be seen in the dV/dlogD contour plot, Nen, as well as Mpce. In terms
of particle size, the pronounced increase mostly occurred in the accumulation mode, which appears to be com-
paratively broad for this specific event. The CCN concentrations — e.g., Ncon(0.2 %) and Neen(0.5 %) — track the
30 relative increase in total aerosol abundance and show a 4 to 5-fold increase as well. At the same time, the pres-
ence of the pyrogenic aerosols correspond to a clear drop in aerosol hygroscopicity in both, the Aitken (Axait = -
0.05) and accumulation modes (Axacc = -0.1) (see overlay of x(S,D.) size distributions and the dN/dlogD contour
plot in Fig. 8d). This drop in x(S,D.) is associated with a high organic-to-sulfate, OA/SO4*, ratio (Fig. 8f), re-
flecting the dominant role of organic constituents in biomass burning particles as documented in previous studies
35 (Fuzzi et al., 2007; Artaxo et al., 2013; Lathem et al., 2013).
Geographically, the location of the fires and, thus, the origin of the strong biomass burning plume could be
found by means of a combination of BTs and satellite data products as shown in Fig. S4 (Draxler and Hess,
1998; Acker and Leptoukh, 2007; Justice et al., 2011). The strong pollution at the ATTO site resulted from the
presence of intense fires in the southern Amazon and a temporary ‘swing’ of the BT track over the fire locations.
40 During the dry season, the BTs mostly belong to the E and ESE clusters (see Fig. S1 and 4). For the period be-

fore and after the biomass burning plume, the BT track follows a ‘coastal path’ and enters the continent in the
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region of the Amazon River delta (about 0° N 50° W). Subsequently, the air masses ‘follow’ the Amazon River
in western directions to the ATTO site. During the peak period of the BB event the BTs deviate from the ‘coastal
path’ and follow an ‘inland path’ across the southeast of Brazil (see Fig. S4a and Fig. 4). At about 7° S and 55°
W, the BTs intersect a region with strong fire activities, which are clearly visible in satellite products such as
5 NO; total column measurements. These fires are localized along the Cuiaba-Santarém highway (BR-163). This
highway corridor is known as a region of intense logging and burning of primary forest and its conversion to cat-
tle pasture (Nepstad et al., 2002; Fearnside, 2007; C. Pohlker et al., 2017). The transport time of the smoke from
the fires to the ATTO site is about 2-3 days (given by the BTs), which provides a reference for the residence time
and aging of the aerosol particles in the atmosphere. The satellite image in Fig. S4b shows the smoke plume that
10 originated in the BR-163 region and traveled northwestwards. It clearly impacts the area around Manaus and the
ATTO site precisely during the ‘event days’ in August.
For further characterization of the BB case study, we calculated a ratio of excess Nen,i0 to excess cco
(ANcN,10/Acco) for the event of 17.9 = 0.7 cm™ ppb™! (see Fig. S5a), which agrees well with the typical range for
a variety of vegetation fires (30 + 15 cm™ ppb'), in contrast to much higher ANcn 10/Acco levels for urban
15 (100 -300 cm™ ppb™) and power plant emissions (up to 900 cm™ ppb!) (Janhaell et al., 2010; Kuhn et al., 2010;
Andreae et al., 2012). Furthermore, the ratios of excess Ncen(S) to excess cco, ANcen(S)/Acco, for the individual
S levels range between 6.7 & 0.5 cm™ ppb! for the lowest S = 0.11 % and values around 18.0 % 1.3 cm™ ppb-! for
higher S (see Table S1 and Fig. S5b). The ANcen(S)/Acco ratios converge against ANen/Acco already for compa-
rably small S (i.e., > 0.24 %), which can be explained by the fact that small S already activate a substantial frac-
20 tion of the pronounced (mostly pyrogenic) accumulation mode (see discussion below). Kuhn et al. (2010) re-
ported ANcen(0.6%)/Acco ratios around 26 cm™ ppb! for biomass burning plumes and around 49 cm™ ppb-! for
urban plumes, which is consistent with our observations. The obtained ANcen(S)/Acco ratios were utilized in a
dedicated CCN parameterization scheme in our part 1 study (M. Pohlker et al., 2016).
Figure 6e summarizes the corresponding Nen and Neen(S) size distributions as well as the size dependence
25 of x(S,D,) for the BB case study. It shows a very strong accumulation mode Dyec = 167 = 1 nm, Naee = ~3400 crr”
%), ‘swamping’ the Aitken mode Daj; = 70 + 1 nm, Naj = ~140 cm™) almost completely, giving the entire distri-
bution a monomodal appearance. It can be seen that already comparatively low S levels activate substantial frac-
tions of the BB particle population. For S < 0.5 % almost the entire aerosol population is activated as CCN. The
averaged x(S,D,) levels are rather low for both, the Aitken and accumulation modes (xai = 0.14 = 0.01 and
30 Kace = 0.17 £ 0.02), in which xac belongs to the lowest values found in the accumulation mode size range
throughout the entire study. The low x(S,D.) levels can be explained by the fact that pyrogenic aerosols predomi-
nantly contain organic constituents and rather low levels of inorganic species. The ACSM results during the BB
period emphasize the predominant mass fraction of organics (91 %) as well as the minor contribution by nitrate
(2 %), ammonium (3 %), and sulfate (4 %) (Table 3). The predicted «, of 0.14 = 0.02 agrees reasonably well
35 with the measurement result x(0.10 %) = 0.18 = 0.01.
Figure 6f displays the characteristic CCN efficiency spectrum for the BB period, which levels out clearly
below unity. The grey line shows the erf fit treated to go from zero to one, which obviously does not match the

data points for large S. The red line is an erf fit of the data where the plateau is an open fit parameter.® This erf fit

8 The single erf fit with the pre-defined variable v; = 0.5 and a; = 0.5, which is an inappropriate representation of
the experimental data, has been included here for consistency, since the assumption that the activated fraction
reaches 100 % worked well for all other case studies.
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matches the data points very well and the fit parameters as presented in Table 4 reveal the plateau at 93 %. Phys-
ically, this indicates the presence of an externally mixed aerosol population with 7 % of the particles being hy-
drophobic (e.g., fresh soot) and not acting as CCN in the measured S range. The slope of the efficiency spectrum
shows a steep increase for § < 0.4 %, however, below S ~ 0.05 % no significant fraction of the particles can be
5 activated. Since this region is not covered by direct CCN measurements, this might be related to a large amount
of accumulation mode particles with a low hygroscopicity. According to these findings, the AS sensitive range is
rather small, spanning from ~ 0.05 % to ~ 0.4 %. According to Reutter et al. (2009), the BB case study conditions
with the large number of available CCN (e.g., Ncen(0.47 %) > 4000 cm) fall into the updraft-limited regime.
Generally, the large aerosol load, its optical properties, and its ability to serve as CCN might already influ-
10 ence cloud properties and stratification of the thermodynamic profile of the atmosphere at both, local and re-
gional scales (Cecchini et al., 2017a). As mentioned above, the incoming solar radiation was dimmed compared
to the days before and after this BB event. Furthermore, the cloud fraction decreased, which might result from
stabilizing the atmosphere due to increased absorption of solar radiation in and above the boundary layer (Koren
et al., 2004; Rosenfeld et al., 2008; Rosario et al., 2013). A detailed investigation of the direct radiative forcing
15 and the modification of cloud properties by aerosol particles in the Amazon rain forest are clearly beyond the
scope of this study. Nevertheless, the results shown here may serve as input for dedicated regional climate simu-

lations.

3.7 Case study MixPol on the complexity of the dry season aerosol population

20 This MixPol case study, which represents a scenario of mixed pollution, focusses on a 7-day period in September
2014 with an exceptionally low OA/SO.* mass ratio of about 3 (Table 3). Previous studies pointed out that the
dry season atmosphere in the Amazon is typically dominated by smoke emissions from deforestation fires in the
Basin (Freud et al., 2008; Artaxo et al., 2013). This is widely correct, however, upon deeper inspection the pic-
ture becomes more complex, since the contributions of further anthropogenic pollution types (i.e., fossil fuel

25 combustion, industry etc.) as well as natural sources (i.e., marine aerosol, biogenic emissions) to the dry season
aerosol population have to be taken into account (C. Pohlker et al., 2017; Saturno et al., 2017b). The significance
of these additional non-biomass burning-related sources has not yet been quantified conclusively. Accordingly,
the purpose of this case study is to shed exemplary light on the complexity of the dry season aerosol population
by means of the present MixPol case study period. This analysis will underline and discuss the mixture of super-

30 imposed aerosol types, the comparatively high variability of aerosol key parameters, and the characteristic differ-
ences between long-range transport perturbed dry season conditions and superimposed regional emission pulses.
Ultimately, these observations are discussed in the light of the related CCN cycling.

Meteorologically, the time frame of MixPol was mostly cloud-free (see daily profile in SWi,) and without

precipitation (see Prrmm and Patro) as well as characterized by rather stable wind conditions (Fig. 9). With re-

35 spect to the aerosol and CCN parameters, the relevant time series, such as Nen, Mpce, Ncon(S), show a compara-
tively high variability. Specifically, the dV/dlogD contour plot shows an alternating pattern: On one hand and
marked by a grey shading, rather extended periods with comparably low aerosol concentrations (around
1000 cm™) and high #(S,D,) values (up to 0.35) can be observed. The «(S,D,) levels reaching ~0.35 are among
the highest in the entire dry season 2014 (compare Fig. 4). On the other hand and marked by a purple shading,

40 these conditions are interrupted by several pulses with strongly enhanced aerosol concentrations (up to 5000 cm"

%) as well as substantially lower (S,D,) values (around 0.1). The changes in x(S,D,) occur with simultaneous
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changes in the aerosol chemical composition: Slight increases of the OA/SO4* ratio indicates that the pulses
comprise organic-rich aerosol (purple shading, called low x conditions), whereas the lower OA/SO4% aerosol is
comparatively rich in sulfate (grey shading, called sigh x conditions).

A combination of BTs and satellite data during the MixPol period shows that all BTs follow an easterly di-
rection along the Amazon River (Fig. S6), which is the most frequent scenario during the dry season as outlined
in a recent study (C. Pohlker et al., 2017). The same study also shows that during this period, the shores of the
Amazon River can be regarded as the core region of the ATTO site footprint, where BT densities are highest.
Accordingly, all aerosol and trace gas sources in these areas are of primary importance for the ATTO region. For
instance, this is true for a deforestation hotspot in the area around the cities Oriximina and Obidos as well as a
variety of anthropogenic sources (i.e., industry, power plants, cities, shipping) (compare Fig. S6 and C. Pohlker
et al., 2017). During the MixPol time frame, several (smaller) deforestation fires were observed within the fetch
of the corresponding BTs (Fig. S6). These fires, which mostly burnt for less than a day according to satellite ob-
servation, are likely responsible for the ‘low x(S,D,) and increased OA/SO4> pulses’ within the MixPol period.
Thus, the pulses can be considered as the advection of near-by biomass burning plumes into the ATTO region.
According to the BT data, the smoke experienced a transport and aging time of 12-18 h. Thus, the smoke plumes
during MixPol are fresher than during the BB case study, which experienced atmospheric aging for 2-3 days. In-
terestingly, this difference in aging could
potentially be related to differences in the corresponding «(S,D,) values with fresh smoke during MixPol show-
ing a lower hygroscopicity (kaiimixpol = ~0.10, Kacemixpol = ~0.14) and the aged smoke showing higher values
(raitsB = ~0.14, Kace s = ~0.17).

Besides the rather short biomass burning smoke pulses, the sulfate-rich background aerosols must have orig-
inated from other sources, since the relative sulfate contents in biomass burning smoke are typically below 6-

7 %, which can be seen for instance by means of the BB case in Table 3 (see also Fuzzi et al., 2007; Gunthe et
al., 2009). Several anthropogenic sources within the ATTO site footprint, such as industrial emissions, power
plants, and/or ship traffic on the Amazon River could potentially be responsible for the sulfate emissions. Fur-
thermore, the sulfate-rich aerosol could be imported from African sources, such as oilrigs and related activities in
the Gulf of Guinea. For the particularly high sulfate contents during MixPol, Saturno et al. (2017a) provided evi-
dence that volcanic activities (i.e., Nyiragongo and Nyamuragira volcanoes in Eastern Congo) had an important
influence here. Furthermore, Fioletov et al. (2016) indicated that these African volcanoes are major sulfur diox-
ide, SO, sources, even on a global scale, and, thus candidates for SO, and sulfate export towards the Amazon
Basin. Generally, the background aerosol population during MixPol can be considered as a mixture of aged aero-
sols from Africa and South America, which are mixed and processed in the transport air masses en route. While
a quantification of the individual contributions is far beyond the scope of this paper, it illustrates the complexity
of the dry season aerosol population with potential biomass burning, urban, industrial, and volcanic contribu-
tions.

Figure 6g and h summarize the Nen(D), Neen(S,D), and «(S,D,) size distributions during MixPol, separately
for the biomass burning pulses (low x with increased OA/SO4* = 4) and LRT pollution (kigh x with lower
OA/SO4* = 3). In both cases, the size distributions show a broad monomodal distribution, which did not allow a
stable double log-normal mode fitting of Aitken and accumulation modes (see Table 2). This mode is centered at
~135 nm for the (aged) LRT sulfate-rich aerosol, whereas the relatively fresh biomass burning smoke shows a

modal diameter of ~113 nm, in agreement with ~100 nm for fresh biomass burning smoke reported by Andreae
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et al. (2004). The corresponding Ncen(S,D) size distributions show similar shapes, however, substantial absolute
differences in CCN concentration occurred. Furthermore, clear differences are also observed for the average
x(S,D,) size distributions: During the high x conditions, x(S,D.) shows a pronounced size dependence. The aver-
age hygroscopicity parameter <100 nm is rather size independent (x<joonm = 0.14 £ 0.01). Instead, the average
5 K-100nm increases with D up to 0.26 (on average: k-1oonm = 0.22 + 0.03). According to the shape of the x(S,Ds) size
distribution in Fig. 6g, it can be assumed that the aerosol hygroscopicity was even higher for D larger than the
covered size range here (i.e., >170 nm). During the dry season, the highest x(S,D,) levels for accumulation mode
particles were observed during the peak abundance of sulfate at the ATTO site. The hygroscopicity during the
low Kk pulses shows generally lower values and weaker size dependence for particles smaller than 150 nm. The
10 average x<150nm = 0.10 £ 0.01 was even smaller than during BB and NP cases and represents one of the lowest
values measured during the entire observation period. For larger particles (e.g., >150 nm) x(S,D,) strongly in-
creased towards values comparable to those during the high x events indicating that both ‘events’ are rather su-
perimposed than alternating (on average: #>1sonm = 0.20 + 0.04).
Figure 6i shows the CCN efficiency spectra for the two MixPol states. The slope for the high « state is sig-
15 nificantly steeper compared to the slope of the low x pulses. The S; level of 50 % activation (0.16 %) for the sul-
fate-rich aerosol population is clearly lower than during the short biomass burning pulses (0.28 %). This rather
large difference can be explained by the smaller modal diameter of the Jow « relative to the Aigh x case. Further-
more, x is significantly decreased for the biomass burning pulses, which are dominated by organic constituents.
However, note that the absolute CCN concentration given by Ncen is — while being less hygroscopic — signifi-
20 cantly higher for the organic-rich periods (for S > 0.07 %).

In general, the MixPol case study emphasizes the following aspects: (i) The dry season aerosols that arrive at
the ATTO site can be rather complex mixtures of superimposed emissions from different sources with con-
trasting chemical properties. (ii) The properties of the aerosol and CCN population can change rather suddenly
and substantially (see Nen and Neen(S) changes by factor of 3-4 within few hours). Similarly, the aerosol hygro-

25 scopicity can vary rather strongly from the lowest value observed in the entire study (~0.1) to values around 0.35
and higher, which belong to the largest values observed here during the dry season. These quickly and substan-
tially changing aerosol regimes will presumably also impact the cloud conditions during dry season. (iii) Finally,
the Amazonian aerosol and CCN population can be substantially perturbed by emissions from sources (i.e., vol-
canoes in the Eastern Congo) that are remarkably far away from the ATTO site (~10,000 km) (Saturno et al.,

30 2017a). This emphasizes very clearly that intercontinental influences have to be considered carefully in the anal-

ysis of the Amazonian atmospheric composition.

3.8 Overview of CCN efficiency spectra
CCN efficiency spectra represent an effective strategy to summarize the CCN properties of a certain aerosol pop-
35 ulation and, thus, can be regarded as CCN signatures. This last section provides a synoptic overview of the CCN
efficiency spectra of all analyzed conditions by combining the case study-specific spectra from the present work
with the seasonally averaged spectra from the companion part 1 study as well as spectra from a previous study
(Andreae et al., 2004). The direct comparison allows to extract characteristic similarities, differences and trends,
which could be linked to a concluding discussion on aerosol-cloud-interactions. Figure 10a combines all relevant
40 spectra for a wide S range. For clarity throughout the discussion, we subdivided the S range according to Reutter
et al. (2009) into a low S (S < 0.2 %), a high S (S > 0.5 %), and an intermediate S (0.2 % < S < 0.5 %) regime.
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Furthermore, we marked the range, in which average peak supersaturations at cloud base, Scioud(Dn,k), in the
ATTO region are expected. The Scioua(Dn,k) results were obtained according to Kriiger et al. (2014) and can be
found in our part 1 study as well as in Table 2 of the present work. The relevant Scioud(Dn,k) range spans from
~0.18 % to ~0.34 % and, thus, overlaps with the interphase between low and intermediate S regimes. Note that
the case study-specific CCN efficiency spectra in Fig. 10a allow an easy conversion into average CCN spectra by
multiplication with the case study average Ncw results (Table 4). The resulting case study-specific CCN spectra
are shown in Fig. S7.

Generally, the array of spectra in Fig. 10a spans a certain range of different shapes (see also Farmer et al.,
2015). Within this range, the NP case study represents the lower limiting case with the ‘slowest’ increase in acti-
vated fractions (e.g., 50 % activation reached at S ~ 0.5 %). In contrast, the BB and LRT case studies represent
the upper limiting cases, reaching high activated fractions ‘quickly’ (50 % activation at S ~ 0.15 % for BB case
and at 0.09 % for LRT case, respectively). As a general observation, the trends among the case study spectra cor-
responds well with the trends among the seasonally averaged spectra (e.g., relationship between wet vs. dust sea-
sons and NP vs. LRT case studies). However, certain features appear more emphasized in the case studies than in
the seasonal averages (e.g., steeper slope at S <0.05 % for LRT season than LRT case study) due to the fact that
the case studies incorporate more defined aerosol plumes and/or populations. As an example, the LRT season
spectrum includes several LRT pulses, however, also clean periods in between (see part 1 study), whereas the
LRT case study spectrum includes one ‘pure’ LRT pulse (see Table 1).

Within the low S regime, which corresponds with the activation of accumulation mode particles, the follow-
ing features stand out: The aerosol populations that act as CCN most efficiently — means at very low S <0.05 %
— are those with high « levels, such as the sea salt-rich LRT and sulfate-rich MixPol/high x populations. The aero-
sol population that acts as CCN least efficient is the NP case, which is characterized by a small fraction of accu-
mulation mode particles with rather low x. In between these extremes, the BB aerosol population is activated rap-
idly, once a threshold value of ~0.05 % is exceeded. Further note that all spectra have their largest slopes
d(Ncen(S)/New,10)/dS within the low S regime, which means that the activated fractions of all aerosol populations
are most sensitive to AS in this range. In the intermediate S regime, corresponding to the activation of particles at
the interphase of Aitken and accumulation modes (i.e., Hoppel minimum size range), the individual spectra show
their highest divergence — means largest differences in CCN efficiency at a given S. In this range also the ATTO-
relevant Scioud(Dn,k) levels are located. Thus, the important Scioud(Dr,k) range covers those S conditions that re-
veal the largest variability in activated fraction for the contrasting aerosol populations (e.g., BB vs. NP cases). In
the high S range, all spectra show their smallest slopes and, thus, lowest sensitivity towards AS.

Figure 10a may serve as a basis for dedicated cloud-microphysical studies on the characteristic differences
between the aerosol/CCN populations and their impacts on cloud properties. As a particularly relevant aspect, the
results obtained here (i.e., Ncn concentrations and CCN efficiency spectra) can be used to investigate the sensi-
tivity of clouds under NP conditions, as an approximation of a pre-industrial state of the atmosphere. There are
evidently large differences between NP background conditions and perturbed atmospheric states related to an-
thropogenic (aged) BB smoke in terms of total aerosol concentration as well as the shape of the CCN efficiency
spectra. Similarly, the differences between the NP and LRT case studies suggest that the frequent LRT pulses in
the wet season are related to simultaneous changes in the cloud microphysical state, although changes in total

aerosol concentration are small.

24

| 77



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-847 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 10 October 2017 and Physics
(© Author(s) 2017. CC BY 4.0 License.

Discussions

Since the size and composition of aerosol particles change dynamically due to atmospheric aging and pro-
cessing, evidently, also the CCN spectra change accordingly. Figure 10b emphasizes the dynamic character of
the CCN efficiency spectra’s shape by means of different aging states of biomass burning plumes. Here we com-
bined four biomass burning-related CCN efficiency spectra: (i) the BB case study spectrum, which represents

5 smoke after ~2-3 days of atmospheric aging (see Fig. S4), (ii) the MixPol/low k case study spectrum, which rep-
resents smoke after ~1 day of aging (see Fig. S6), (iii) “cloud-processed smoke” from biomass burning regions in
southeast Brazil after hours to days of atmospheric aging according to Andreae et al. (2004), and (iv) “fresh
smoke in the mixed layer”, also from southeastern Brazil, which was sampled in the fire plumes and, thus, was
aged for minutes to hours (Andreae et al., 2004). Clearly, the shape of the spectra in Fig. 10b is very different.

10 The lowest activated fractions were observed for the fresh smoke (50 % activation at .S ~ 0.96 %; 90 % at S ~
3.6 %), followed by the “cloud-processed smoke” (50 % activation at S ~ 0.45 %; converges against 86 %), then
the MixPol/low k case study spectrum (50 % activation at S ~ 0.28 %; 90 % at S ~ 1.2 %), and finally the BB case
study spectrum (50 % activation at S ~ 0.15 %; 90 % at S~ 0.46 %) with highest activated fractions as upper
limiting case.

15 Atmospheric aging tends to increase the particle size through coagulation and condensational growth as well
as enhances the particle’s hygroscopicity through oxidation, aqueous phase chemistry, and reaction product dep-
osition. In other words, aging tends to increase the strength of the accumulation at the expense of the Aitken
mode and increases k. Accordingly, it evolves the smoke’s CCN efficiency spectra from the “fresh smoke” con-
ditions — as the initial state — towards the BB case study conditions and presumably even further. This underlines

20 the well-known trend that atmospheric aging increases the suitability of a given particle population to act as CCN
(Andreae and Rosenfeld, 2008). Important to note in the context of this study is the following: The CCN effi-
ciency spectra represent signatures of a given aerosol population in a given state of atmospheric aging. Accord-
ingly, the atmospheric aerosol aging and the dynamic evolution of the CCN efficiency spectra’s shape has to be

kept in mind upon discussion and utilization of the spectra in follow-up studies.

25

4 Summary and conclusions
In a recent synthesis paper on aerosol-cloud interaction and its highly uncertain representation in global climate
models, Seinfeld et al. (2016) proposed that long-term and focused observations in “geographic areas that are
critical in climate response” are necessary to obtain a detailed process understanding. Further, studies in “those

30 regions of the present-day atmosphere that approximate preindustrial conditions” will help to “replicate preindus-
trial aerosol-cloud relationships”. In these regions — such as the Amazon Basin — clouds are particularly sensitive
to small changes in CCN concentrations (Carslaw et al., 2013). Accordingly, observations are needed here to ob-
tain crucial knowledge on the man-made perturbation of preindustrial aerosol cycling and cloud properties. This
work aims to help tackling this major scientific challenge by presenting detailed long-term aerosol and CCN data

35 for characteristic atmospheric states at the Amazonian ATTO site, which is a unique, climate-relevant location
with atmospheric conditions oscillation between near-pristine and anthropogenically strongly perturbed states.

The basis for this work are size-resolved measurements of atmospheric aerosol and cloud condensation nu-

clei (CCN) concentrations and hygroscopicity at the remote Amazon Tall Tower Observatory (ATTO) in the
central Amazon Basin over a full seasonal cycle (Mar 2014 - Feb 2015). The results of these observations are

40  presented in two papers: The recently published part 1 paper provides an in-depth analyses of the multi-month

trends in the Amazonian CCN population as well as seasonal averages of the CCN key parameters (M. Pohlker et

25
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al., 2016). Further, part 1 compares and discusses different CCN parametrization schemes and their suitability to
represent the Amazonian CCN cycling in modelling studies. The present part 2 study completes this picture by
analyzing the CCN variability in original time resolution (4.5 h), which is sufficient to resolve its short-term vari-
ability in relation to air mass changes as well as aerosol emission and transformation processes.

5 A focal point of both studies is the concept of CCN efficiency spectra, which represent an instruct-tive tool
to visualize the different behaviors of contrasting aerosol populations in cloud formation and, thus can be re-
garded as ‘CCN signatures’. Analytically, the CCN efficiency spectra can be described precisely and in a physi-
cally correct way by single- or double-error functions (erf). In contrast to other common analytical functions, the
erf approach describes the measurement results very accurately and allows to extrapolate CCN properties to ex-

10 perimentally hardly accessible supersaturations in the low and high S regimes.

Here, we zoom into the long-term CCN data in two steps: First, we discuss the aerosol and CCN variability
for two 2-months periods that represent contrasting states in the aerosol, cloud microphysical, and precipitation
seasonality in the central Amazon. The selected periods provide insights into the characteristic atmospheric cy-
cling during the very clean wet season and the highly polluted dry season. Second, we focus on the following

15 four selected case study periods, which represent particularly relevant atmospheric states:

Near-pristine (NP) and, thus, approximately preindustrial conditions are one of the scientifically most rele-
vant atmospheric states at the ATTO site. Here, we defined NP conditions as the absence of detectable black car-
bon concentrations (<0.01 ug m™) and found their predominant occurrence from March to May (peak at end of
April/beginning of May with up to 30 % weekly abundance). Under NP conditions, aerosol concentrations were

20 very low (270 + 100 cm™) and the aerosol population had a characteristic bimodal shape with a dominant Aitken
and comparatively weak accumulation mode (Daji = 67 nm; Naj = ~200 cm vS. Dyee = 171 nm; Nyee = ~60 cm’3).
The aerosol particles comprise mostly organic matter with minor amounts of inorganic constituents (OA:
0.64 ug m3, NO;~: 0.03 pg m=, SO4>: 0.04 pg m3, CI™: 0.01 ug m>). The observed low x(S,D,) levels agree
with the particles’ composition and show a certain size dependence (xai = 0.12 + 0.01 vs. xaec = 0.18 + 0.02). The

25 CCN efficiency spectrum shows a characteristic shape since it converges against full activation rather slowly
(50 % activation at ~0.5 %, 90 % activation at ~1.7 %). Thus, the CCN population is sensitive towards AS in
both, the low and high S regime. Accordingly, the CCN population can be regarded as both, aerosol sensitive due
to the low total aerosol concentrations and updraft sensitive according to the CCN efficiency spectrum with its
sensitivity to AS across a wide S range.

30 During long-range transport (LRT) episodes within the wet season, major amounts of aged Saharan dust,
African biomass burning smoke, and Atlantic marine aerosols are advected pulse-wise into the Basin (mostly
Feb - Apr). Total aerosol concentrations (440 £ 100 cm™) are slightly enhanced relative to the NP state and the
aerosol population has a bimodal shape with a minor Aitken and a stronger accumulation mode (Daj = 77 nm,
Naie =~120 cm™ vs. Dyec = 178 nm, Nyee = ~300 cm™). Beside the non-refractory fraction of organics and inor-

35  ganics (OA: 1.81 ug m™, NO;: 0.08 ug m™, NHy™: 0.30 pg m>, SO4>: 0.25 pg m3, CI': 0.04 ug m™), a larger
refractory fraction of mineral dust and sea salts can be found in internally mixed particles. The observed x(S,D,)
levels are increased compared to the NP state in agreement with the chemical composition (ki = 0.18 + 0.02 vs.
Kace = 0.34 £ 0.04). The CCN efficiency spectrum shows a steep increase — and thus high sensitivity to AS — at
low S and quickly converges against full activation towards high S (50 % activation at ~0.09 %, 90 % activation

40 at ~0.53 %). Thus, the CCN regime under LRT influence can be regarded as aerosol limited.
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Biomass burning (BB) is the predominant anthropogenic influence during the Amazonian dry season, which
alters the atmospheric composition substantially. During the BB event analyzed here, we found strongly en-
hanced aerosol concentrations (3200 + 1040 cm™) and an accumulation mode dominated size distribution
(Dait = 70 nm, Naj = ~140 cm™ vs. Dyec = 167 nm, Nyee = ~3440 cm®). The aged smoke particles comprise

5 mostly organic matter (OA: 19.1 pg m3, NOs~: 0.50 g m, NH4": 0.54 pg m3, SO4>~: 0.79 pg m3, CI:
0.03 pg m3). The observed x(S,D,) levels were comparatively low and weakly size dependent (rcaix = 0.14 £ 0.01
Vs. Kace = 0.17 £ 0.02). The corresponding CCN efficiency spectrum shows a rather steep increase at low S and
converges against a threshold (~93 %) below full activation at high S (50 % activation at S ~0.15 %). With re-
spect to the large particle concentrations and the large sensitivity of the CCN efficiency spectrum to AS in the
10 low S regime, the BB case falls into the updraft limited regime.

During the dry season, the central Amazon often experiences superimposed aerosol populations from re-
gional, continental, and even trans-continental sources. Here, we analyzed a characteristic example of such mixed
pollution (MixPol) scenarios, in which a mixture of African volcanic emissions and nearby Amazonian fires im-
pacted the ATTO site: Under conditions with a predominant influence of the African volcanic emissions, we

15 found a broad monomodal size distribution (Dmode = 135 nm, Niode = ~1300 cm>), strongly enhanced sulfate lev-
els (OA: 5.48 pg m>, SO4%: 1.76 ug m), and correspondingly high hygroscopicities (r<ioonm = 0.14 £ 0.01 vs.
#100nm = 0.22 + 0.03). Under conditions with predominant influence by the nearby fires, we found high concen-
trations in a monomodal distribution (Dpmode = 113 nm, Nmoge = ~2800 cm‘3), an enhancement of organic matter on
top of the sulfate background (OA: 8.08 ug m>, SO4>: 2.05 ug m), and low hygroscopicities

20 (x<1500m = 0.10 = 0.01 vs. &>1500m = 0.20 £ 0.04). Accordingly, the interplay of the aged volcanic plume and the
fresh smoke resulted in large variations of the total aerosol concentration, aerosol composition, and CCN proper-
ties. We suppose that the highly variable CCN population yields associated (microphysical) variations in cloud
properties.

Finally, the CCN efficiency spectra for all analyzed cases are discussed in an overview, which emphasizes

25  the following differences, similarities and trends: (i) The array of all spectra span a range of variability, which
represents the scope and diversity of CCN conditions in the central Amazon as a function of relevant S levels. (ii)
Within this range, the estimated peak supersaturations at cloud base, Scioud(DH,%), are collocated with the interme-
diate S range (i.e., 0.2 — 0.5 %), in which the CCN efficiency spectra shows their highest variability and, thus
underlines the impact of changing aerosol populations on cloud properties. (iii) The sensitivity of the CCN popu-

30 lations to changes in S was highest within a low S regime (S < 0.2 %), whereas the lowest susceptibilities oc-
curred in the high S regime (S > 0.5 %). (iv) The combination of CCN efficiency spectra for different, particu-
larly contrasting, aerosol populations provides a basis for follow-up studies on the aerosol-related differences in
cloud properties in the Amazon region and beyond. (v) Finally, the atmospheric aging of aerosol particles in the
atmosphere is reflected into a corresponding evolution of the CCN efficiency spectra’s shape and has to be kept

35  in mind upon their utilization.
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5 Data availability
The data of the key results presented here (i.e., aerosol size distributions, x levels, CCN efficiency spectra) has
been deposited in supplementary tables for use in follow-up studies. For specific data requests or detailed infor-

mation on the deposited data, please refer to the corresponding authors.
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Table Al. List of frequently used symbols.

Symbol Quantity and Unit

amode (mode =1, 2) prefactor of single- and double erf fits

D mobility equivalent particle diameter, nm

Dq(S) midpoint activation diameter determined from CCN activation curve, nm

Dait position of Aitken mode maximum, nm

Dace position of accumulation mode maximum, nm

Dy position of Hoppel minimum, nm

Deut cut-off diameter of aerosol impactor, nm

K hygroscopicity parameter

x(S,D,) hygroscopicity parameter determined from CCN activation curve

KAce mean hygroscopicity parameter for accumulation mode particles

Kait mean hygroscopicity parameter for Aitken mode particles

Kp predicted hygroscopicity parameter based on ACSM results

MAF(S) maximum activated fraction determined by CCN activation curve

Mpee mass concentration of BCe, pg m™

Mie" threshold Mgce level for definition of near-pristine periods, pg m

Morg ACSM-derived organic mass concentration, pg m™

Mnos ACSM-derived nitrate mass concentration, pg m-

Mnua ACSM-derived ammonium mass concentration, pug m

Mso4 ACSM-derived sulfate mass concentration, pg m™

M ACSM-derived chloride mass concentration, ug m-

N number of data points

Ncen(S) CCN number concentration at a certain S, cm™

Ncen(S,D) CCN number concentration at a certain S and D, cm™

NCCN(S) /NCN,I() CCN efﬁciency

NeN Deut CN number concentration (>Dey), cm™

Neniio CN number concentration (>10 nm), cm™

NeN Ace CN number concentration for accumulation mode particles, cm™

Nenait CN number concentration for Aitken mode paticles, cm™

Ny Cloud droplet number concentration, cm™

Ny Cloud droplet number concentration at cloud base, cm™

Parro precipitation rate at ATTO, mm h'!

Ppr cumulative precipitation from HYSPLIT BTs, mm h'!

Prryvm precipitation from TRMM satellite mission, mm h!

e cloud droplet effective radius, pm

S water vapor supersaturation, %

Seioud(Dr,k) average peak supersaturation in cloud, %

Smode (mode =1, 2) midpoint activation supersaturation determined from CCN efficiency

spectra, %

std standard deviation

SWin incoming short-wave radiation, W m

78 equivalent potential temperature, K

U wind speed, m s™!

Vi offset of single- and double erf fits

w updraft velocity, m s™!

Wp updraft velocity at cloud base, m s™!

Wmode (mode =1, 2) width of CCN efficiency spectra

o width of log-normal fit in Aitken and accumulation mode fitting

Oap aerosol absorption coefficient, Mm'!

Xo position of log-normal fit in Aitken and accumulation mode fitting, nm
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Acronym Description

ACSM aerosol chemical speciation monitor

ATTO Amazon tall tower observatory

BB biomass burning

BC black carbon

BC. equivalent black carbon

BL boundary layer

BT backward trajectory

BVOC biogenic volatile organic compound

CCN cloud condensation nuclei

CCNC cloud condensation nuclei counter

CPC condensation particle counter

CS case study

DSD droplet size ditribution

erf Gaussian error function

FIRMS fire information for resource management system

GDAS global data assimilation system

GoAmazon2014/5 green ocean Amazon 2014/5

HYSPLIT hybrid single particle Lagrangian integrated trajec-
tory model

10P intensive observation period

lpm liters per minute

LRT long-range transport

ITCZ intertropical convergence zone

MAAP multi-angle absorption photometer

MAC mass absorption coefficient

MODIS moderate resolution imaging spectroradiometer

NOAA national oceanic and atmospheric administration

NP near-pristine

NASA National Aeronautics and Space Administration

NPF new particle formation

OA organic aerosol

PBAP primary biological aerosol particles

rBC refractory black carbon

RH relative humidity

ROIat10 region of interest, covering ATTO region

SE standard error

SMPS scanning mobility particle counter

SOA secondary organic aerosol

SP2 single particle soot photometer

UT upper troposphere

UTC coordinated universal time
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Figure 1. Seasonal cycle of selected trace gas, aerosol, and cloud microphysical parameters. (a) Pollution tracers Mgce

and cco. (b) Total aerosol number concentration /Nc,10. (¢) Precipitation products Psr, representing cumulative precip-

5 itation along BT tracks, and Prrwmwm, representing TRMM-derived precipitation within the ROIarro as defined in Fig.
S1. (d) Satellite-derived cloud fraction and cloud top temperature within the ROIarro. (e). Satellite-derived cloud drop-

let effective radius r. within the ROIarto. For a detailed characterization of the land use and recent land use change in

the ATTO site footprint, including the ROIaTro, we refer the reader to a recent study on this topic (C. Pohlker et al.,

2017). Data in (a) to (d) is shown as weekly averages. Data in (e) is shown as monthly averages. Error bars represent

10 one standard deviation. Vertical orange shading represents 2-month time frames of representative clean and polluted

conditions as shown in detail in Fig. 2 and 4.
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Figure 2. Overview plot illustrating selected meteorological, trace gas, aerosol, and CCN time series for representative
wet season conditions in the central Amazon. Shown time period from 23 Mar until 31 May covers comparatively clean
extended time frame throughout entire CCN measurement period. Individual panels represent: (a) Daily frequency of
occurrence of 15 different BT clusters, fsr.cluster, With color code corresponding to Fig. 1. (b) Precipitation rate Parro
measured locally at the ATTO site and cumulative precipitation from HYSPLIT trajectory analysis Ppr as measure for
aerosol wet deposition. (¢c) SMPS-derived time series of number size distributions spanning nucleation, Aitken, and
accumulation modes. (d) CCNC-derived time series of x(S,D.) size distributions. (e¢) Concentrations of biomass burning
tracers CO mole fraction, cco, and BC. mass concentration, Mpce. (f) Total number concentrations of entire aerosol
population Ncn,10, Aitken mode particles Nait, and accumulation mode particles Nace. (g) CCN concentrations Ncen(S)
for selected supersaturations S. (h) Hygroscopicity parameter #(S,D.) for selected S, (i) CCN efficiencies Ncen(S)/New,10
for selected S. (j) Maximum activated fraction MAF(S) for selected S. All CCN data is provided in original time resolu-
tion of about 4.5 h. Grey vertical shadings represent near-pristine periods according to definition in Sect. 2.3. Vertical
markers NP1, NP2, and NP3 represent case studies on selected near-pristine (NP) episodes for detailed analysis in Sect.
3.4. Vertical markers LRT1, LRT2, and LRT3 represent case studies on African LRT influence for detailed analysis in
Sect. 3.5.
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Figure 3. Seasonality of relative fraction of near-pristine days, facar pristine, in the ATTO region. Near-pristine episodes
were defined in Sect. 2.3. Data is shown as weekly averages for time period from Mar 2012 until May 2017 (black line)
and for 2014 only (green shading). Data shows that year 2014, which comprises most of the present CCN data, had
highest fraction of near-pristine days in second half of the wet season (i.e., Apr and May) in agreement with multi-year
trend. For comparison, the relative fraction of periods with dominant in-Basin processes accordingly to Chen et al.

(2009) — interpreted here as similar to near-pristine conditions — is shown as grey shading and agrees with our data.
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Figure 4. Overview plot illustrating selected meteorological, trace gas, aerosol, and CCN time series for representative
dry season conditions in the central Amazon. Shown time period from 01 Aug until 31 Sep covers most polluted time
frame throughout entire CCN measurement period. Individual panels represent: (a) Daily frequency of occurrence of
15 different BT clusters, fBT,cluster, With color code corresponding to Fig. 1. (b) Precipitation rate Patto measured locally
at the ATTO site and cumulative precipitation from HYSPLIT trajectory analysis Pgr as measure for aerosol wet dep-
osition. (¢) SMPS-derived time series of number size distributions spanning nucleation, Aitken, and accumulation
modes. (d) CCNC-derived time series of x(S,D.) size distributions. (e) Concentrations of biomass burning tracers CO
mole fraction, cco, and BC. mass concentration, Mgc.. (f) Total number concentrations of entire aerosol population
Ncn,0, Aitken mode particles Vait, and accumulation mode particles Nace. (g) CCN concentrations Ncen(S) for selected
supersaturations S. (h) Hygroscopicity parameter x(S,D,) for selected S, (i) CCN efficiencies Nccen(S)/Ne, 10 for selected
S. (j) Maximum activated fraction MAF(S) for selected S. (k) ACSM-derived sulfate mass concentration, msulfate, and
organic-to-sulfate ratio, OA/SO4*. All CCN data is provided in original time resolution of about 4.5 h. Vertical marker
BB represent case studies on biomass burning episodes for detailed analysis in Sect. 3.6. Vertical marker MixPol repre-

sent case studies on mixed pollution conditions for detailed analysis in Sect. 3.7.
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Figure 6. Overview of case studies conditions near-pristine (/NP), long-range transport of African dust (LRT), biomass
burning (BB), and mixed pollution of African and Amazonian sources (MixPol) showing: Size dependence of hygrosco-

picity parameter x(S,D.), number size distributions of total aerosol particles Ncn(D), and number size distributions of

cloud condensation nuclei Ncen(S,D) at all 10 S levels (S = 0.11-1.10 %) (left column) and CCN efficiency spectra with

5 erf fits (right column). For the size distributions (left): Values of x(S,D.) for every § level are plotted against their
corresponding midpoint activation diameter Da(S). For x(S,D.), the error bars represent 1 std. For D.(S), the experi-
mentally derived error is shown. The standard errors of the number size distributions — Ncn(D) and Ncen(S,D) — are
indicated as shading of the individual lines. For the CCN efficiency spectra (right): Ncn,10 was chosen as reference
concentration. The experimental data was fitted with single- or double-erf fits (dashed lines with shading as uncertainty

10 of the fits). The error bars at the markers represent the measurement error in S and 1 std in Nccn(S)/Nen,10 dimension.
The shading represents the uncertainty of the fits. An overview of the erf fits from all case studies can be found in Fig.

10. The parameters of all erf fits are summarized in Table 2. Data for VP conditions, shown in (a) and (b), represent
averages of all near-pristine episodes during the entire CCN measurements as defined in Sect. 2.3. For the NP CCN
efficiency spectra, the double-erf fit is the better representation, although the single-erf fit also works as a good approx-

15 imation. The CCN efficiency spectrum representing “green ocean” condition according to Roberts et al., (2001) agrees
well with the NP data. Data for LRT conditions, shown in (c) and (d), represent the LRT3 period as shown in Fig. 2. A
single-erf fit describes the experimental data accurately. Data for BB conditions, shown in (c) and (d), represent time

period in Aug 2014 as shown in Fig. 4. For the BB case, the experimental data has been fitted with a single-erf fit in two
modifications: (i) The ‘default’ fit with predefined variables vi = 0.5 and a1 = 0.5 as utilized for all other case studies

20 tends to overestimate Nccen(S)/New 1o at high S. (ii) A corresponding fit with free variables v1 and a1 describes the exper-
imental data more accurately. For comparison, CCN efficiency spectra representing rather fresh BB smoke according

to Andreae et al., (2004) were added, which agree well with our data on aged BB smoke. Data for MixPol conditions,

were separated into a high x case (g), presenting sulfate-rich African aerosols and a low x case (h), representing local

fire plumes. MixPol CCN efficiency spectra are combined in (i) including single-erf fits.
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Figure 7. Selected meteorological, aerosol, and CCN time series from ground-based ATTO site measurements for long-
range transport study period LRT3 (see Fig. 3). (a) Precipitation rates from TRMM satellite mission, Prrmwm, and in situ
5 measurements at the ATTO site, Parro. (b) Wind direction and wind speed, U, at the ATTO site. (c) Equivalent potential
temperature, 0., and relative humidity, RH, at the ATTO site, (d) Overlay of two data layers showing aerosol number
size distribution contour plot (dV/dlogD) as well as color coded markers, representing time series of x(S,D,) size distri-
butions, and (e) CCN concentrations Nccn(S) for two selected S levels, total aerosol number concentration Ncw,10, and

BC. mass concentration Msce.
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Figure 8. Selected meteorological, aerosol, and CCN time series from ground-based ATTO site measurements for bio-
mass burning case study period BB (see Fig. 5). (a) Precipitation rates from TRMM satellite mission, Prrmm, and in situ
5 measurements at the ATTO site, Parro. (b) Wind direction and wind speed, U, at the ATTO site. (c) Equivalent potential
temperature, 6., and relative humidity, RH, at the ATTO site, (d) Overlay of two data layers showing aerosol number
size distribution contour plot (dV/dlogD) as well as color coded markers, representing time series of #(S,D.) size distri-
butions, and (e¢) CCN concentrations Nccn(S) for two selected S levels, total aerosol number concentration Ncn,10, and

BCe mass concentration Mgce. (f) ACSM-derived sulfate mass concentrations and organic-to-sulfate mass ratio.
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Figure 9. Selected meteorological, aerosol, and CCN time series from ground-based ATTO site measurements for mixed
pollution case study period MixPol (see Fig. 5). (a) Precipitation rates from TRMM satellite mission, Prrmwm, and in situ

5 measurements at the ATTO site, Patro. (b) Wind direction and wind speed, U, at the ATTO site. (c) Equivalent potential
temperature, 6., and relative humidity, RH, at the ATTO site, (d) Overlay of two data layers showing aerosol number

size distribution contour plot (dV/dlogD) as well as color coded markers, representing time series of x(S,Da) size distri-
butions, and (e¢) CCN concentrations Ncen(S) for two selected S levels, total aerosol number concentration Ncw,10, and

BCe mass concentration Mpce. (f) ACSM-derived sulfate mass concentrations and organic-to-sulfate mass ratio. The

10 vertical shading highlights episodes under the influence of local/regional fires (red) vs. periods that are dominated by

background pollution (grey).
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Figure 10. Concluding comparison of CCN efficiency spectra. (a) Combination of all case study spectra from present
part 2 paper and seasonally averaged spectra from companion part 1 study (M. Pohlker et al., 2016). (b) Combination
of CCN efficiency spectra for biomass burning plumes in different states of atmospheric aging. Spectra originate from
BB and MixPol/low k case studies in present work as well as from previous study by Andreae et al. (2004). Vertical
markers represent low S and high S regimes according to Reutter et al. (2009) (dashed lines) as well as estimated peak

supersaturations at cloud base, Scoud(Dn,k) in the ATTO region according to Kriiger et al., (2014) (orange shading).
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Figure S1. Map of northeast Amazon Basin with 15 final clusters from systematic BT cluster analysis
based on multi-year BT data (for details see C. Pohlker et al., 2017). The BT clusters show that air
masses arrive at the ATTO site almost exclusively from northeastern to southeastern directions. Five
major wind directions can be discriminated: (i) Northeastern clusters NE1, NE2, and NE3; (ii) east-
northeastern clusters ENE1, ENE2, ENE3, and ENE4; (iii) eastern clusters E1, E2, E3, and E4; (iv)
east-southeastern clusters ESE1, ESE2, and ESE3 and (iv) one southwestern cluster SW1. Topographic
map is represented by grey scale, which is capped at 600 m. Highlighted area represents region of
interest ROlatro. Figure adapted from C. Pohlker et al. (2017).
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Figure S2. SEM images and EDX maps for selected aerosol sample showing typical appearance of
LRT aerosol population at the ATTO site. Sample shows processed and internally mixed sea spray and
5  dust particles. The results are based on an aerosol sample, collected on 15" Feb 2014 during LRT event
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2014 _2 according to Moran-Zuloaga et al. (2017), which is comparable (i.e., transport patterns, physi-
cochemical properties recorded by online measurements) to the event discussed as LRT case study in
the present work. The particles A, B, and D resemble sea spray particles with a (large) cubic crystal of
NaCl as well as weaker signals in Mg, O, and S (likely as MgSO4). Morphologically, the particles show
similarities to examples of aged sea-salt particles in previous studies (e.g., Laskin et al., 2012). The
needle-like structure in particle B could be a CaSO4 crystal that appears to be too ‘thin’ to give a clear
signal in the EDX maps. The particles C and F also show a strong NaCl signal. In addition, they reveal
strong signals in S, O, and Ca. These particles resemble CaCO; particles from the Saharan dust plume,
in which the COs? anion was (partly) replaced by SO, in the course of atmospheric processing. Similar
particles have been described in Laskin et al. (2005). Upon processing, a certain amount of NaCl ap-
pears to be mixed in most particles. Particle G comprises a NaCl crystal that is attached to PBAP-like
particle (based on morphology and strong C signal). Particle E shows signals in Al and O, which fit to
an alumosilicate particle.
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Figure S3. SEM images and EDX maps for selected aerosol sample showing a further example of the

typical appearance of LRT aerosol population at the ATTO site. Sample shows processed and internally
5  mixed sea spray and dust particles. For further relevant details, refer to caption on Fig. S2.
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Figure S4. Composite maps illustrating origin of strong biomass burning (BB) plume that affected the
ATTO site during BB case study period (17 to 23 Aug 2014). (a) Map combines BT ensembles for
selected periods (HYSPLIT, NOAA-ARL, GDASL, start height 200 m, BTs started every 4 h, Draxler
and Hess, 1998) with satellite products for active fire counts (MODIS active fire detection extracted
from MCD14ML distributed by NASA FIRMS, Justice et al. 2011) and NO; atmospheric column
(OMI/Aura NO Cloud-Screened Total and Tropospheric Column Daily L3 Global 0.25deg) during
same period. BTs are color-coded for characteristic periods before, during, and after biomass burning
event. BTs for pollution ‘peak’ at ATTO are color-coded as “BB event maximum?”. Map indicates that
the BTs” main track temporarily swings from ‘coastal path’ to ‘inland path’ and back. Inland BTs in-
tersect areas with strong fire activity, as visible in fire counts as well as in NO, map (i.e., 7° S, 55° W).
The most intense fires are located along the highway BR-163, which is known to be a hotspot of recent
deforestation activities (for details, see C. Péhlker et al., 2017). (b) MODIS corrected reflectance image
(taken during Aqua overflight on 19 August 2014 1700UT) confirms that major fires at about 7° S and
55° W have emitted clearly visible smoke plume that travels north-westwards and impacts the ATTO
site.
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Figure S5. Scatter plots of total aerosol concentration Ncn,10 and CO mixing ratio cco (hourly average
values) with bivariate regression fit in (a) and scatter plot of CCN concentrations Ncen(S) and CO
mixing ratio cco for four selected S with bivariate regression fit in (b). Data in both cases covers peak
period of the biomass burning case study BB (see Fig. 4). Error bars show standard errors.
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Figure S6. Composite maps illustrating conditions during MixPol case study (23 to 30 September 2014).
Upper map combines back trajectories ensemble for selected periods (HYSPLIT, NOAA-ARL, GDASI,
start height 200 m, trajectories started every 4 h) (Draxler and Hess, 1998) with satellite products for
active fire counts (MODIS active fire detection extracted from MCD14ML distributed by NASA
FIRMS) (Justice et al., 2011) during same period. Blue trajectories represent ensemble during entire
MixPol period. Black trajectories highlight episodes with can be attributed to biomass burning plumes
(24 Sep 2014 2200UT — 26 Sep 0800UT, 27 Sep 0000UT — 27 Sep 0600UT, 29 Sep 0000UT — 29 Sep
1000UT). Main trajectory track follows westerly direction and passes several (smaller fires) along Am-
azon River. Lower map shows globcover 2009 data (Arino et al., 2008) and larger cities (population
given in parenthesis) as well as larger industrial infrastructure along the Amazon River.
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Figure S7. Comparison of CCN spectra. (a) Lines represent CCN spectra for case studies as defined in
present part 2 paper. CCN spectra were obtained from multiplication of CCN efficiency spectra with
average aerosol number concentrations for corresponding case studies. Markers represent measured av-
5  erage CCN concentrations for case study periods. Error bars at markers represent one std. Good agree-
ment of CCN spectra and markers underlines reliability of CCN efficiency spectra in representation of
CCN population. (b) Lines represent average CCN spectra for case study periods. Black markers shows
CCN spectra from Amazon region as observed and reported by Roberts et al. (2003) based on several
weeks of measurement data during the LBA-EUSTACH campaign in 1999 and Gunthe et al. (2009)
10  based on several weeks of measurement data during the AMAZE-08 campaign in 2008. (c) Lines rep-
resent average CCN spectra for different seasons as reported in part 1 of this study (P6hlker et al. 2016).
Black markers shows CCN spectra as observed and reported by Roberts et al. (2003) and Gunthe et al.
(2009).
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Abstract

Airborne observations over the Amazon Basin showed high aerosol particle concentra-
tions in the upper troposphere (UT) between 8 and 15 km altitude, with number densities (nor-
malized to standard temperature and pressure) often exceeding those in the planetary boundary
layer (PBL) by one or two orders of magnitude. The measurements were made during the Ger-
man-Brazilian cooperative aircraft campaign ACRIDICON-CHUVA on the German High Alti-
tude and Long Range Research Aircraft (HALO). The campaign took place in September/Octo-
ber 2014, with the objective of studying tropical deep convective clouds over the Amazon rain-
forest and their interactions with atmospheric trace gases, aerosol particles, and atmospheric radi-

ation.
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Aerosol enhancements were observed consistently on all flights during which the UT was
probed, using several aerosol metrics, including condensation nuclei (CN) and cloud condensa-
tion nuclei (CCN) number concentrations and chemical species mass concentrations. The UT
particles differed in their chemical composition and size distribution from those in the PBL, rul-
ing out convective transport of combustion-derived particles from the BL as a source. The air in
the immediate outflow of deep convective clouds was depleted in aerosol particles, whereas
strongly enhanced number concentrations of small particles (<90 nm diameter) were found in UT
regions that had experienced outflow from deep convection in the preceding 5-72 hours. We also
found elevated concentrations of larger (>90 nm) particles in the UT, which consisted mostly of

organic matter and nitrate and were very effective CCN.

Our findings suggest a conceptual model, where production of new aerosol particles takes
place in the UT from volatile material brought up by deep convection, which is converted to con-
densable species in the UT. Subsequently, downward mixing and transport of upper tropospheric
aerosol can be a source of particles to the PBL, where they increase in size by the condensation
of biogenic volatile organic carbon (BVOC) oxidation products. This may be an important
source of aerosol particles in the Amazonian PBL, where aerosol nucleation and new particle
formation has not been observed. We propose that this may have been the dominant process sup-
plying secondary aerosol particles in the pristine atmosphere, making clouds the dominant con-

trol of both removal and production of atmospheric particles.

1. Introduction

Aircraft measurements in the upper troposphere (UT) have consistently shown large re-
gions with very high aerosol particle number concentrations, typically in the tens of thousands of
particles per cm?, with the strongest enhancements reported in tropical and subtropical regions
(Clarke et al., 1999; Andreae et al., 2001; de Reus et al., 2001; Twohy et al., 2002; Krejci et al.,
2003; Lee et al., 2003; Young et al., 2007; Ekman et al., 2008; Yu et al., 2008; Froyd et al.,
2009; Weigelt et al., 2009; Borrmann et al., 2010; Clarke and Kapustin, 2010; Mirme et al.,
2010; Weigel et al., 2011; Waddicor et al., 2012; Reddington et al., 2016; Rose et al., 2017). In
most cases, these elevated aerosol concentrations were in the nucleation and Aitken mode size
ranges, i.e., at particle diameters smaller than about 90 nm, with maxima typically between 20

and 60 nm (e.g., de Reus et al., 2001; Lee et al., 2003; Weigel et al., 2011; Waddicor et al.,
2
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73 2012). They generally occur as layers of a few hundred to thousand meters in thickness, often ex-
74  tending over large horizontal distances, and are found over continents as well as over the most
75  remote oceanic regions. The high concentrations of these aerosols in the UT are of great signifi-
76  cance for the climate system, because they make this region an important reservoir of particles
77  for the transport either downward into the planetary boundary layer (PBL) (Clarke et al., 1999;
78  Clarke et al., 2013; Wang et al., 2016a) or upward into the Tropical Transition Layer (TTL) and
79  the lower stratosphere (Weigel et al., 2011; Randel and Jensen, 2013), where they can grow into
80  the optically and cloud-microphysically active size range.
81 Where enhanced particle concentrations in the accumulation mode (larger than about 90
82  nm) have been observed, the enrichment was frequently attributed to sources of sulfur dioxide
83  (S02) and other combustion emissions, especially biomass burning, based on correlations with
84  combustion tracers, such as carbon monoxide (CO), and airmass trajectories (e.g., Andreae et al.,
85  2001; Clarke and Kapustin, 2010; Weigel et al., 2011; Clarke et al., 2013). After having been
86  lofted to the UT by deep convection, particles in this size range can be transported over hemi-
87  spheric distances, because removal processes are very inefficient at these altitudes (Andreae et
88 al., 2001; Clarke and Kapustin, 2010).
89 The enhanced particle concentrations in the ultrafine (UF) size range (here defined as par-
90 ticles smaller than 90 nm), on the other hand, cannot be explained by transport from the lower
91  troposphere, since they far exceed typical concentrations in the PBL and generally are too short-
92  lived to survive deep convection and long-range transport. Therefore, nucleation and new parti-
93  cle formation (NPF) from gas phase precursors brought into the UT by the outflow from deep
94  convection have been proposed as the source of these enhanced particle concentrations (Clarke et
95  al, 1999; Twohy et al., 2002; Krejci et al., 2003; Lee et al., 2003; Young et al., 2007; Froyd et
96 al., 2009; Merikanto et al., 2009; Weigel et al., 2011; Waddicor et al., 2012; Carslaw et al.,
97  2017). High actinic flux, low preexisting aerosol surface area, and low temperatures make the
98  UT an environment that is highly conducive to nucleation and NPF.
99 The nature of the gaseous species involved in particle nucleation and growth has been the
100  subject of some debate (Kulmala et al., 2006). Most of the earlier papers attributed the nucleation
101 to H2SO4 in combination with H>O and NHs, especially in marine and anthropogenically influ-
102 enced regions, where a sufficient supply of sulfur gases from either DMS oxidation or pollution
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sources is available (e.g., Clarke et al., 1999; Twohy et al., 2002; Lee et al., 2003; Merikanto et
al., 2009). However, there is growing evidence that, in most cases, there is not enough H>SO4
available to explain the observed rates of growth. Therefore, the condensation of organics has
been proposed to dominate particle growth after nucleation, especially over unpolluted vegetated
areas such as the Amazon Basin (Ekman et al., 2008; Weigel et al., 2011; Waddicor et al., 2012;
Murphy et al., 2015).

In fact, H>SO4 may not always be required even to be the initially nucleating species. Re-
cent studies conducted as part of the Cosmics Leaving OUtdoor Droplets (CLOUD) project have
shown that organic vapors alone can produce particle nucleation (Kirkby et al., 2016) and that
nearly all nucleation throughout the present-day atmosphere involves ammonia or biogenic or-
ganic compounds (Dunne et al., 2016). Highly oxygenated multifunctional organic compounds
(HOMs) formed by ozonolysis of a-pinene were found to nucleate aerosol particles, especially
when aided by ions. Extremely low volatility organic compounds (ELVOCs, which may be at
least in part identical to HOMs) are also produced from the Os- or OH-initiated oxidation of bio-
genic volatile organic compounds (BVOCs) (Jokinen et al., 2015). Following nucleation by the
lowest-volatility species, with increasing particle size the condensation of progressively more
volatile compounds is facilitated by the decrease in the Kelvin effect (Trostl et al., 2016). These
laboratory studies were confirmed by field observations at a mountain site in the free tropo-
sphere, where NPF was found to take place through condensation of HOMs, albeit from anthro-

pogenic precursor VOCs, within 1-2 days after being lofted from the PBL (Bianchi et al., 2016).

The production of particles in the UT may be a key component of the atmospheric budget
of optically and cloud-microphysically active aerosols, especially in pristine or relatively unpol-
luted regions, as was suggested in a modeling study by Merikanto et al. (2009). Studies in the
Amazon have shown that NPF almost never takes place under clean conditions in the PBL over
the Amazon Forest (Zhou et al., 2001; Martin et al., 2010; Andreae et al., 2015) and rarely oc-
curs over the taiga forest in remote Siberia (Heintzenberg et al., 2011). Over the Amazon, down-
ward transport of aerosols from the free troposphere (FT) has been identified as an important, if
not dominant, source of particles to the lower troposphere (LT) (Zhou et al., 2001; Roberts and
Andreae, 2003; Wang et al., 2016a). In turn, the concentrations of aerosols in the PBL have a

pronounced influence on the characteristics of convection and thereby influence cloud radiative
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forcing and atmospheric dynamics (Sherwood, 2002; Rosenfeld et al., 2008; Fan et al., 2012;
Rosenfeld et al., 2014; Stolz et al., 2015; Cecchini et al., 2017).

Understanding the processes that control the aerosol burden in the pristine atmosphere is
an essential prerequisite for assessing the magnitude of the climate forcing by anthropogenic aer-
osols, since it forms the baseline from which anthropogenic forcing is derived. Because of the
strong non-linearity of the relationship between particle number concentration and cloud-medi-
ated aerosol effects, the uncertainty regarding the aerosol burden of the pristine atmosphere is the
largest contributor to the uncertainty in estimates of anthropogenic aerosol climate forcing
(Carslaw et al., 2013; Carslaw et al., 2017). For example, model calculations suggest that the in-
clusion of ion-induced particle formation from biogenic HOMs in the natural atmosphere reduces
the cloud-albedo radiative forcing by about one-third because of the higher albedo calculated for

the clouds in the pre-industrial atmosphere (Gordon et al., 2016).

In this paper, we present the results of aerosol measurements made in the upper tropo-
sphere across the Amazon Basin during the ACRIDICON-CHUV A campaign on the German
HALO aircraft during September and October 2014 (Wendisch et al., 2016). ACRIDICON
stands for “Aerosol, Cloud, Precipitation, and Radiation Interactions and Dynamics of Convec-
tive Cloud Systems”; CHUVA is the acronym for “Cloud Processes of the Main Precipitation
Systems in Brazil: A Contribution to Cloud Resolving Modeling and to the GPM (Global Precip-
itation Measurement)”. We characterize these UT aerosol particles in terms of their microphysi-
cal and chemical properties, and contrast them with the LT aerosols. From their spatial distribu-
tion and their relationship to deep convection and convective outflow, we derive hypotheses
about their mode of formation. Finally, we discuss the role of upper tropospheric aerosol for-

mation in the life cycle of the atmospheric aerosol.

2. Methods

The observations discussed in this paper were collected aboard the HALO aircraft

(http://www.halo.dlIr.de/), a modified Ultra Long Range Business Jet G 550 (manufactured by
Gulfstream, Savannah, USA). Because of its high ceiling altitude (up to 15 km) and long endur-
ance (up to eight hours with a scientific payload), HALO is capable of collecting airborne meas-

urements of cloud microphysical and radiative properties, acrosol characteristics, and chemical

5
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tracer compounds in the upper troposphere, in and around tropical deep convective clouds. The
aircraft and its instrumentation are described in the ACRIDICON-CHUVA overview paper by
Wendisch et al. (2016).

In-situ meteorological and avionics data were obtained at 1 Hz from the BAsic HALO
Measurement And Sensor System (BAHAMAS). This data set includes pressure, temperature,
wind direction and speed, humidity, water vapor mixing ratio, aircraft position, and altitude. All
concentration data have been normalized to standard temperature and pressure (T =273.15 K

and p =1000 hPa).

2.1. The HALO aerosol submicrometer inlet (HASI)

All aerosol sampling was conducted using the HALO aerosol submicrometer inlet
(HASI), designed for HALO by the German Aerospace Center (DLR) in collaboration with en-
viscope GmbH (Frankfurt, Germany) with the aim of providing up to 30 1 min™' sample air flow
(divided over four sample lines) to aerosol instruments mounted inside the aircraft cabin. HASI
samples the air on top of the fuselage outside of the aircraft boundary layer. The air stream is
aligned in the inlet using a front shroud and decelerated by a factor of approximately 15. Four
sample tubes with 6.2 mm outer diameter and frontal diffusors protrude into the decelerated air
stream. The design goal is to allow regulating the sample airflow in each of the four sample lines
to achieve isokinetic sampling conditions according to the actual speed of the aircraft. Since the
automatic adjustment had not been implemented at the time of the field experiment, the flow was
fixed to values providing near-isokinetic sampling for typical flight conditions based on geomet-
ric considerations and preliminary flow simulations for the initial design of the inlet. The geo-
metric design should prevent large cloud droplets and ice crystals from entering the sample lines
directly. The inlet position is located in the shadow zone for larger ice crystals, which precludes
artifacts by shattering and break-up of larger ice particles at the inlet tip (Witte, 2008). Judging
from the first measurements with HASI, it appears that measurements of interstitial aerosol in
liquid clouds are affected by artifacts, while in ice clouds there is no indication for such artifacts.

The data selection procedures to exclude artifacts are discussed in section 2.2.
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2.2. Condensation nuclei

Condensation nuclei (CN) number concentrations (Ncn) were measured using the Aerosol
Measurement System (AMETYST). This system was designed to provide an instrument package
for HALO to measure basic microphysical properties of the ambient atmospheric aerosol (inte-
gral number concentration, sub-micrometer size distribution, fraction of non-volatile particles,
and particle absorption coefficient). AMETYST includes four butanol-based condensation parti-
cle counters (CPCs, modified Grimm CPC 5.410 by Grimm Aerosol Technik, Ainring, Ger-
many) with flow rates of 0.6 and 0.3 I min™!, configured with different nominal lower cutoff di-
ameters at 4 nm and 10 nm (set via the temperature difference between saturator and condenser).
In addition, two differential mobility analyzers (Grimm M-DMA) with a nominal size range be-
tween 5.5 and 350 nm using >*! Am radioactive sources as aerosol neutralizers are part of the sys-

tem.

Two of the four CPCs are generally set to measure the integral particle concentrations,
while for the two other CPCs the configuration is selectable depending on measurement priori-
ties. They can be used either as detectors for the DMAs or for additional integral concentration
measurements. The DM As can either be set to select specific diameters or operated as a DMPS
(differential mobility particle sizer) system scanning the size distribution at predefined diameter
steps. The integration times at each step have to be chosen such that meaningful statistics can be
achieved depending on the measurement strategy. AMETYST also includes an optional ther-
modenuder, which heats a section of the sample line to 250°C for the measurement of the non-

volatile particle fraction.

The raw CPC data are corrected using an empirical, pressure-dependent flow correction
to account for changes in the volume flow at different flight altitudes (D. Fiitterer, PhD thesis, in
preparation). Particle losses in the sampling lines have been estimated with the particle loss cal-
culator by von der Weiden et al. (2009). Accounting for these effects leads to an increase of the
effective cutoff diameter for all CPCs. The effective cutoffs are calculated as a convolution of
the pressure-dependent CPC counting efficiency and the size-dependent transmission efficiency
of the sample lines. The data reported here were taken by the CPC operated at 0.6 1 min™!, with a
nominal cutoff of 4 nm. Due to inlet losses, the effective cutoff diameter increases to 9.2 nm at

1000 hPa, 11.2 nm at 500 hPa, and 18.5 nm at 150 hPa. This implies that the present setup of
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AMETYST essentially does not detect nucleation mode particles below 10 nm at low altitudes
and below 20 nm in the UT. Typical uncertainties of CPC number concentration measurements

are estimated to be of the order of 5 to 10% (Petzold et al., 2011).

To eliminate artifacts from cloud hydrometeors and bias from local pollution, we ex-
cluded measurements using the following criteria: (1) All cloud passages below 6 km were re-
moved. During passages through water clouds, the CPCs showed erratic, unreasonably high
number concentrations that are probably caused by droplet shattering at the probe tip. Cloud pas-
sages were identified from the observation of elevated concentrations of particles >3 um using
the hydrometeor probes (see below). (2) In the mixed phase and ice phase regimes, all cloud pas-
sages were inspected for possible shattering artifacts, and suspect data were rejected. Cloud pas-
sages through pure ice clouds did not show evidence of hydrometeor shattering. (3) The flight
segments during departure and approach to Manaus airport were removed to avoid pollution
from the airport and its surroundings. (4) Flights segments through the Manaus urban plume,
which was sampled during joint flight experiments with the DOE G1 aircraft and in the course of
tracer studies in the PBL, were excluded in order to provide a sampling representative of the dry
season atmosphere over the Amazon Basin away from local pollution. (5) Fire plumes that were
sampled deliberately to study fresh emissions were not analyzed for this paper. (6) Segments

where the aircraft passed through its own exhaust were also excluded from the data analysis.

2.3. Aitken mode aerosol size spectra

To obtain aerosol size spectra for particle sizes up to 300 nm, the DMAs within
AMETYST were connected to two of the CPCs and operated in scanning mode for selected
flight sequences (especially during longer flight legs, where relatively homogeneous conditions
can be assumed). The size range covered by the scans was typically between 20 and 300 nm di-
ameter in nine steps. To improve the time resolution, the two DMPS were usually set to scan the
same sequence in opposite direction. The DMPS data are then analyzed taking into account a
correction for multiple charges following Wiedensohler (1988) after correcting the measured
concentrations to standard atmospheric conditions. To derive modal parameters for the particle

size distribution, a bi-modal log-normal fit to the data points was computed.
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2.4. Accumulation mode aerosol particles

For the purposes of this paper, we define the accumulation mode as the particle size range
from 90 nm to 600 nm and the total number concentration in this size class as the accumulation
mode number concentration, Nacc. The particle concentrations in this range were measured with
an optical particle counter (OPC), the Ultra High Sensitivity Aerosol Spectrometer (UHSAS;
Droplet Measurement Technologies, Inc., Longmont, CO) (Cai et al., 2008; Brock et al., 2011).
The UHSAS combines a high-power infrared laser (A=1054 nm) and a large solid angle range in
sideways direction for the detection of light scattered by individual particles. Due to the resulting
almost monotonic increase of instrument response with particle size, the UHSAS enables high-
resolution measurements (100 selectable channels). The high laser intensity enables the detection
of particle diameters down to about 60 nm, with the upper limit being approximately 1 pm. Parti-
cle concentrations of up to 3000 cm™ are recorded without significant counting coincidence
losses (Cai et al., 2008). The airborne instrument version is mounted in an under-wing canister
and equipped with a forward facing diffusor inlet. The slowed airflow is subsampled by a second
inlet at approximately isokinetic conditions. The sample is not actively dried before the measure-
ment, but due to combined heating effects the measured diameters can be assumed to be close to
their dry diameters (Chubb et al., 2016). The UHSAS was calibrated with monodisperse polysty-
rene latex (PSL) spheres of known refractive index and size. The evaluation of the OPC calibra-
tion results and the derivation of realistic uncertainty estimates for the OPC size distributions is
outlined in a recent study by Walser et al. (2017). Due to changes in the laser and instrument pa-
rameter settings during the campaign, only the size range from ~90 nm to ~600 nm is considered

here.

2.5. Cloud condensation nuclei

The number concentration of CCN (Nccn) was measured with a continuous-flow stream-
wise thermal gradient CCN counter (CCNC, model CCN-200, DMT, Longmont, CO, USA)
(Roberts and Nenes, 2005; Rose et al., 2008). The CCN-200 consists of two columns, in which
particles with critical supersaturations (S) above a preselected value are activated and form water
droplets. Droplets with diameters > 1 pm are detected by an optical particle counter (OPC) at the
exit of the column. The inlet flow rate of the column used was 0.5 L min! with a sheath-to-aero-

sol flow ratio of 10. The water pump was operated at the CCNC setting of “high” liquid flow.
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Variations in ambient pressure have a strong influence on the S inside the CCNC. For this pur-
pose, a novel constant pressure inlet without significant particle losses was deployed on HALO.
The instrument was calibrated before, during, and after the campaign at different pressures and
flow rates according to Rose et al. (2008). For the data used in this study, we sampled from the

HASI inlet and measured at S = 0.52+0.05% and a time resolution of 1 Hz.

Since the flow in the instrument was kept constant for the data used here, the error in S
resulted from the calibration uncertainty, as described by M. Pohlker et al. (2016); it is estimated
to be in the range of 10%. According to Kriiger et al. (2014), the error in Nccn is based on the
counting error of the measured particle number and is 10% of Nccn for large concentrations; given

that mostly low concentrations prevailed, the mean error was about 20% of Nccn.

2.6. Cloud droplet and ice particle measurements

While measurements of liquid water and ice hydrometeor concentrations are not a subject
of this paper, they were used to determine whether the aircraft was sampling inside clouds and if
so, whether the cloud particles were liquid or frozen. For this purpose, we used data from the
Cloud Droplet Probe (CDP) and the Cloud and Aerosol Spectrometer (CAS-DPOL), both of
which are based on the principle of forward scattering detection. The CDP detects particles with
sizes from 3 pm to 50 um, and classifies them into size histograms of bin widths between 1 and
2 um. The CAS-DPOL covers the size range of 0.6-50 pm in 17 bins of varying width. The
probes are described in Voigt et al. (2017) and probes and data correction techniques in Weigel

et al. (2016).

Information regarding the ice particle properties was obtained from the Particle Habit Im-
aging and Polar Scattering Probe (PHIPS-HALO), a single-particle cloud probe that measures
microphysical and angular light scattering properties of individual particles (Abdelmonem et al.,
2016). The instrument is composed of a stereoscopic imager that takes two brightfield images
from the particles under a viewing angle difference of 120°. Simultaneously to collecting the im-
ages, the scattering part of the instrument measures the angular scattering function of the parti-
cles from 18° to 170° with an angular resolution of 8°. The optical resolution of the imager is

about 2.5 um.

10
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2.7. Aerosol mass spectrometer

For in-situ chemical analysis of submicrometer aerosol particles a compact time-of-flight
aerosol mass spectrometer (C-ToF-AMS) (Drewnick et al., 2005; Schmale et al., 2010) was op-
erated onboard HALO. The C-ToF-AMS was sampling through the HASI inlet for ambient aero-
sol measurements. The aerosol particles enter the instrument via a pressure-controlled inlet and
are focused into a narrow beam by an aerodynamic lens. In the vacuum chamber, the particles
are flash-vaporized and the resulting gas-phase molecules are ionized by electron impact. The
ions are guided into the Time-of-Flight mass spectrometer, separated by their mass-to-charge ra-
tio, and detected by a microchannel plate detector. The C-ToF-AMS was operated with a time
resolution of 30 seconds, providing mass concentrations of particulate organics, nitrate, sulfate,

chloride, and ammonium.

2.8. Refractory black carbon

An eight-channel Single Particle Soot Photometer (SP2) was used to detect and quantify
refractory black carbon (rBC) particles using laser-induced incandescence (Stephens et al., 2003;
Schwarz et al., 2006). The instrument measures the time-dependent scattering and incandescence
signals produced by individual aerosol particles when crossing a Gaussian-shaped laser beam
(Nd:YAG; A = 1064 nm). The particles containing rBC cores absorb the laser light and evaporate
within the optical chamber emitting thermal radiation (incandescence). The peak intensity of the
incandescence signal, recorded by two photomultiplier tubes over two different wavelength inter-
vals, is linearly proportional to the mass of the rBC in the particle (Laborde et al., 2013). The in-
strument is sensitive to rBC cores in the nominal size range of 70 - 500 nm mass-equivalent di-
ameter, assuming a density of 1.8 g cm™. The SP2 also detects the intensity of the light scattered
by the particles using an avalanche photo-detector in order to determine the optical size of purely

scattering particles in the diameter range of 200 - 400 nm.

The SP2 incandescence signal was calibrated several times (at the beginning, during, and
at the end of the campaign) using size-selected fullerene soot particles. The scattering signal was
calibrated using either spherical polystyrene latex size standards (208, 244, and 288 nm) or am-
monium sulfate particles of different diameters selected by a differential mobility analyzer

(DMA).

11
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2.9. Trace gases

Ozone (O3) was measured by a dual-cell ultraviolet (UV) absorption detector (TE49C,
Thermo Scientific) operating at a wavelength of 254 nm. Signal differences from a cell with the
sample air and a parallel cell with ozone-scrubbed air are used to infer the concentration of Os.
Sample air was drawn into the instruments through the standard HALO gas inlet via a Teflon
PFA line using an external pump at a nominal flow rate of 1 I min™'. The calibration of the instru-
ment is traceable to the O3 standard of the Global Atmosphere Watch station at Hohenpeiflen-
berg, Germany. The data output of the instrument is corrected for the temperature and pressure in
the absorption cells. The precision of the O3 measurements is 2% or 1 ppb, whichever is larger,

the accuracy is 5%. Details on the use of this instrument can be found in Huntrieser et al. (2016).

Carbon monoxide (CO) was detected with a fast-response fluorescence instrument
(AL5002, Aerolaser, Garmisch, Germany) (Gerbig et al., 1999). The detection of CO is based on
the excitation of CO at 150 nm using a CO; resonance UV lamp. The fluorescence light is de-
tected by a UV-sensitive photomultiplier. The CO detector was calibrated in-flight using onboard
calibration and zero gas sources. Data are recorded at 1 Hz. The precision and accuracy are 3 ppb

and 5%, respectively.

Nitrogen monoxide (NO) and total reactive nitrogen (NOy) were measured by a dual-
channel chemiluminescence detector (CLD-SR, Eco Physics). For the NOy channel, the chemilu-
minescence detector is combined with a custom-built Au converter which reduces all oxidized
reactive nitrogen species to NO (Ziereis et al., 2000). Detection of ambient NO is performed via
reaction with O3 in a chamber and the luminescence signal of the excited NO2 produced by this
reaction. Both detector channels are equipped with a pre-reaction chamber for determination of
cross-reactions of O3 with interfering species. Sampling of ambient air is conducted via a stand-
ard HALO gas inlet using a Teflon line. The precision and accuracy of the measurements depend
on the ambient concentrations, typical values are 5% and 7% (NO) and 10% and 15% (NOy), re-

spectively.

2.10. Trajectories and air mass history analysis

Backtrajectories were calculated for each minute, starting at the location of the HALO

aircraft and using the FLEXPART (“FLEXible PARTicle”) Lagrangian Particle Dispersion

12
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Model version 9.02 (Stohl et al., 1998; Stohl and Thomson, 1999; Seibert and Frank, 2004; Stohl
et al., 2005). Trajectories were driven by six-hourly analyses, interlaced with the three-hour fore-
casts, from the Global Forecast System (GFS) of the National Centers for Environmental Predic-
tion (NCEP), provided on a 0.5 x 0.5 degree horizontal grid

(http://www.nco.ncep.noaa.gov/pmb/products/gfs/, last accessed 8 Sep 2016). For each trajec-

tory, 10,000 ‘particles’ (infinitesimally small air parcels) are released and followed back in time
for 10 days. Sub-grid-scale processes like convection and turbulence act stochastically on each
‘particle’, resulting in a trajectory location probability distribution at each point in time. For con-
venience, the location probability distribution is simplified using a clustering algorithm, calculat-
ing five cluster centers of most probable trajectory locations (Stohl et al., 2002). Additional tra-
jectory calculations were performed using the HY SPLIT model (Stein et al., 2015) with NCEP
GDASI data and model vertical velocities.

We examined the history of the sampled airmasses for interactions with deep convection
using the FLEXPART trajectories and GOES (Geostationary Operational Environmental Satel-
lite) imagery. Every one-minute flight position was traced back in time in one-hour steps up to
120 hours. Each position was then matched in time to the closest GOES-13 (Geostationary Oper-
ational Environmental Satellite) infrared brightness temperature (Ty). As a proxy for deep con-
vection, we searched for cloud top T, below —30 °C and looked up the minimum Ty in a 1°x1°
box around the center of the back-traced parcel. An example of this procedure is available in the
Supplement (Figs. S1-S3). From these data, we recorded the time difference between the mo-
ment that HALO was sampling the airmass and its encounter with deep convection, possibly in-
cluding multiple contacts with deep convection. We also noted the “deepest convection” (mini-
mum Ty) encountered by the parcels and their height at the time of the encounter, as well as the

number of hours that the parcel was within boxes with deep convection (Ty, <-30 °C).

3. Results and Discussion
3.1. The ACRIDICON-CHUVA campaign

The ACRIDICON-CHUVA flights covered most of the Amazon Basin, reaching from the

Atlantic coastal waters in the east to near the Colombian border in the west, and from the Guy-
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anas border in the north to the arc of deforestation in the south. The flight tracks of the flights an-
alyzed in this paper are shown in Fig. 1, where the flight segments at altitudes >8 km are shown

as heavier lines.

3.2. Synoptic situation and chemical context

3.2.1. Meteorological overview

During boreal summer, the Intertropical Convergence Zone (ITCZ) undergoes a seasonal
northward shift towards the northernmost part of South America, so that almost all of the Ama-
zon Basin is in the meteorological Southern Hemisphere. Examination of cloud top height and
precipitation images showed that the ITCZ was located between about 4 and 12 °N during the
campaign (6 Sep to 1 Oct 2014), but was often not very well defined over South America

(worldview.earthdata.nasa.gov, accessed 13 Jan 2017). This seasonal shift establishes the large-

scale thermodynamic conditions that define the dry season over the Amazon Basin, characterized
by synoptic-scale subsidence, a relatively dry planetary boundary layer (PBL) and mid-tropo-
sphere, and warm temperatures at the top of the PBL, resulting in elevated convective inhibition
energy (CINE) (Fu et al., 1999; Wang and Fu, 2007; Collow et al., 2016). During the dry season,
there is less shallow convection, cloud cover, and rainfall than in the wet season, but the convec-
tion that does occur is more organized with pronounced vertical development because of the sim-
ultaneous presence of high convective available potential energy (CAPE) and high CINE
(Machado et al., 2004; Collow et al., 2016; Giangrande et al., 2017; Zhuang et al., 2017). The
deep convective cloud fraction peaks in the late afternoon and evening (1600LT to 2400LT) with
a cloud fraction maximum between 9 and 13 km altitude and a minimum near and above the

freezing level between 4 and 7 km (Collow et al., 2016; Zhuang et al., 2017).

During the ACRIDICON-CHUVA campaign, the intense warm sea-surface temperature
(SST) anomaly that had earlier prevailed in the southern South Atlantic and a less intense cold
SST anomaly in the northern South Atlantic and near the Equator were strongly reduced, and a
warm SST anomaly in the equatorial Pacific was building to form the 2015 EI Nino (see also
Martin et al., 2016). Consequently, the pattern of wind and omega (vertical motion) field anoma-
lies decreased to nearly normal conditions. However, during the campaign there was a clear
northeast-southwest contrast with drier conditions in the northeast and wetter ones in the south-

west, as seen in the columnar precipitable water anomaly data from the NCEP Climate Forecast

14
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422  System Version 2 Reanalysis (Fig. 2) (Saha et al., accessed 20 March 2017). The majority of
423  HALO flights were over the drier anomaly or the neutral region. As a consequence of this drier
424  anomaly, these regions presented warmer temperatures and lower relative humidity than the nor-
425  mal climatology. The synoptic pattern during the campaign resulted in a spatial rainfall distribu-
426  tion with a meridional pattern, with more intense rainfall in the west, around 300 mm in Septem-
427  ber, and less than 100 mm in the eastern Amazon (Fig. 3). Nine cold fronts penetrated into Brazil
428  during September, however, only two moved northward and they had little interaction with Ama-
429  zon convection. Only the cold front on 20 to 23 September was able to organize convection in
430  the south of the Amazon Basin.
431 Figures 4a and 4b show the low (850 hPa) and high (200 hPa) level wind fields during
432 September 2014. The mean low-level flow at 850 hPa shows the typical easterly winds through-
433 out the Amazon Basin (Fig. 4a), decelerating near the Andes and curving to the subtropics. At
434  high levels (Fig. 4b), there is a weak anticyclonic circulation over the southern basin, featuring
435  the initial increased deep convection in the transition from the dry to the wet season (September)
436  and the development of the Bolivian High during the onset of the wet season (December to
437  March) (Virji, 1981; Zhou and Lau, 1998).
438 During the research flights, HALO reached maximum altitudes of 12.6 to 14.4 km a.s.1.,
439  corresponding to potential temperatures between 352 and 360 K (Fig. 5), i.e., the bottom of the
440  tropical tropopause layer (TTL). The vertical profiles of temperature and potential temperature
441  were remarkably consistent between the flights, showing a fairly stable stratification up to about
442 8 km and a slightly weaker gradient in potential temperature above this altitude. Relative humid-
443 ity shows a broad minimum in the region between 6 and 10 km. For comparison, the data from
444  radiosonde soundings at Manacapuru (a site southwest of Manaus) are provided in the supple-
445  ment (Fig. S4).
446 Based on the soundings, the mean height of the thermal tropopause during the campaign
447  was 16.940.6 km, corresponding to a potential temperature of about 380 K. During September
448 2014, the mean CAPE was 1536 J kg'! and the mean CINE value was 37 J kg™!, the precipitable
449  water was 42 mm, the lifting condensation level 919 hPa, and the bulk shear 4.8 m s (difference
450  between the mean wind speed in the first 6 km and 500 meters). These values give a clear idea
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about the typical cloud base expected, the high instability, the need of a forcing due to the CINE,

the high shear, and the amount of integrated water vapor.

In this paper, we use the following terminology to describe the different layers of the
tropical atmosphere: The region from the surface to the convective cloud base (typically about
1.2 to 1.7 km during mid-day) is the planetary boundary layer (PBL), above which is the convec-
tive cloud layer (CCL), which typically reached to altitudes of about 4-5 km during our cam-
paign. The region between the CCL and the TTL is the free troposphere (FT), which we subdi-
vide into the middle troposphere (MT) between about 5 km and 9 km and the and the upper trop-
osphere (UT) above ca. 9 km.

3.2.2. Airmass origins and history

For an overview of airmass movement in the UT over the central Amazon during the
campaign, we obtained trajectory frequency statistics for airmasses arriving at altitudes between
10 and 14 km over the central Amazon Basin. The frequency analysis indicated that airmass
movement in the upper troposphere was generally relatively slow and tended to follow anticy-
clonic patterns (Fig. 6), consistent with the 200 hPa streamlines shown in Fig. 4b. The frequency
diagram for the 72-h trajectories initialized at 12 km altitude (Fig. 6a) shows that most airmasses
had remained over the basin for the preceding three days (only about 1% of the endpoints fall
outside of the basin). The 10 and 14 km statistics show essentially the same patterns (Supplement
Figs. S5-S6), as do the individual trajectories calculated from the aircraft positions along the

flight tracks (not shown).

The 120-h trajectory statistics (Fig. 6b) and the examination of the individual trajectories
along the flight tracks indicate that the air sampled in the UT had followed a number of different
general flow patterns before being sampled by HALO: 1) flow from the Pacific with an anticy-
clonic loop of variable extent over the basin, ranging from almost zonal west-to-east flow to a
huge loop going as far south as Argentina and as far east as the Atlantic, and then returning to the
basin (types A and B in Table 1), 2) flow from the Atlantic, often almost zonal (type C), 3) inter-
nal circulation within the basin, usually along anticyclonic loops, but sometimes erratic (type D),
and 4) flow from the Caribbean, often following an anticyclonic pattern (type E). The flow pat-

terns of the UT airmasses that were enriched in aerosol particles are given in Table 1.
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3.2.3. Atmospheric chemical environment

The atmospheric chemical environment over the Amazon Basin shows a pronounced sea-
sonal variation (Talbot et al., 1988; Andreae et al., 1990b; Talbot et al., 1990; Andreae et al.,
2002; Artaxo et al., 2002; Martin et al., 2010; Andreae et al., 2012; Artaxo et al., 2013; Andreae
et al., 2015). During the rainy season, regional biomass burning is at a minimum and biological
sources dominate trace gas and aerosol emissions in the basin, resulting in often near-pristine
conditions. The most significant pollution input during this season is long-range transport from
North and West Africa, which brings in a mixture of mineral dust and emissions from biomass
and fossil fuel burning (Talbot et al., 1990; Wang et al., 2016b). In contrast, ACRIDICON-
CHUVA took place during the dry season, when the Amazon Basin is impacted by a mixture of
pollution from regional and remote sources (Andreae et al., 1988; Talbot et al., 1988; Artaxo et
al., 2013). Deforestation and pasture-maintenance burning occurs throughout the basin, with the
highest intensity along the southern periphery, the so called “arc of deforestation”. This creates a
steep gradient of pollutant concentrations from the relatively moist and less densely developed
northern and western basin to the drier and highly deforested and developed southern basin

(Andreae et al., 2012).

Long-range transport from Africa affects pollution levels over the Amazon, in addition to
regional sources. In the northern part of the basin, part of the 10-day backtrajectories arriving at
the aircraft positions in the lower troposphere reach West Africa, where biomass burning and
fossil-fuel emissions are prevalent, while other trajectories follow the northeastern coast of Bra-
zil, which is densely populated. As one moves south, the influence of long-range transport from
Southern Africa becomes more prevalent. This was clearly observed during flight AC19, which
extended over the Atlantic east of the Brazilian coast. On this flight, an extended, 300-m thick
layer of pollution at 4 km altitude was identified over the Atlantic with elevated rBC concentra-
tions up to 2 ug m™ (see section 3.4.4). The backtrajectories from the Amazon south of the Equa-
tor very frequently end in the central and eastern tropical Atlantic (see Fig. 3 in Andreae et al.,
2015), where high levels of ozone, aerosols, and other pollutants from biomass burning have
been documented by in-situ and satellite observations starting in the 1980s (Watson et al., 1990;
Fishman et al., 1991; Andreae et al., 1994; Browell et al., 1996; Fishman et al., 1996).
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3.3. Vertical distribution of aerosol particle number concentrations over the Amazon Basin

Figure 7a shows a statistical summary of all CN number concentrations (Ncn) observed
during the campaign. Data affected by local pollution and cloud artifacts have been removed as
discussed in section 2.2. (Additional information about the flight segments on which elevated
Ncn were encountered is provided in Table 1.) In the PBL, which typically reached heights of 1.4
to 1.8 km during the afternoon, mean New ranged from ~750 cm™ on the least polluted flights to
~4500 cm™ in the most polluted regions over the southern part of the basin. Above the PBL, CN
concentrations typically remained relatively high within the lower troposphere up to about 3-4
km, and then declined with altitude. N reached a minimum of ~700 cm™ at about 4-5 km alti-
tude everywhere over the basin. This aerosol minimum coincides with the minimum in cloud
cover that has been observed at and above the freezing level, which has been suggested to be as-
sociated with rain development by the Wegener-Findeisen-Bergeron process at this level

(Collow et al., 2016).

Above this level, we found a general increase in particle concentrations, such that above 8
km, Nen were typically in the range of 2000 to 10,000 cm™. This altitude corresponds approxi-
mately to the 340 K potential temperature level, above which elevated CN concentrations had

also been found in previous studies (Borrmann et al., 2010; Weigel et al., 2011).

While the statistical plot in Fig. 7a shows a general particle enrichment in the UT, indi-
vidual vertical profiles show more complex structures (Fig. 7b). The highest Ncn, sometimes
reaching up to 65,000 cm™, were encountered in thin layers often only a few hundreds of meters
thick. A distinct example for such a layer is seen in the descent profile (segment A2) from flight
ACO09 (Fig. 4b), with peak CN concentrations of ca. 35,000 cm™. Other profiles, e.g., the descent
profile from flight ACO7 (segment G), show enhancements over a layer about 3 km thick, with
New of 10,000 — 20,000 cm™.

The CN enrichments in the UT consist predominantly of ultrafine particles in the size
range below 90 nm. In contrast to Ncn, the enhancement of accumulation mode particles (Nace,
defined here as the particles in the size range 90 to 600 nm) in the UT is much less pronounced.
The concentration of accumulation mode particles in the LT typically ranged from ~500 to
~3000 cm™, depending on the level of pollution (Fig. 8a). Like the vertical profile of Ncw, the

profile of Nacc also shows a decrease above the LT to a minimum around 4-5 km, followed by an
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increase towards the upper troposphere. Over the more polluted regions in the southern basin,

Nacc in the UT was often considerably lower than in the LT.

Figure 8b illustrates the different behavior of CN and accumulation mode particle number
concentrations at the example of a sounding in the central Amazon Basin from flight AC19. In
the LT, Nen and Nace have similar values and decline to a minimum at about 4.7 km. Above this
altitude, Ncn shows several sharp concentration peaks, with one at about 7.4 km reaching con-
centrations around 65,000 cm™. These peaks are only weakly, if at all, reflected in Nacc, which
shows a broad enhancement in the UT to values around 1000 cm™. Consequently, we find two
types of aerosol enrichments in the UT: at one extreme, thin layers with extremely high Ncw val-
ues but no significant increase in particles larger than 90 nm, at the other, broad overall particle

enrichments with modest values of both Nen and Nage.

3.4. Differences between UT and LT aerosols

The high concentrations of particles in the UT over the Amazon Basin beg the question of
their origin. Three different mechanisms can be considered: vertical transport of particles from
the PBL by deep convection, horizontal long-range transport from remote source regions, and in-
situ new particle formation. To assess these possibilities, we discuss in the following sections the

chemical and physical properties of the UT aerosols and contrast them with the LT aerosol.

A first argument against vertical transport as the dominant source mechanism for the
large particle concentrations in the UT comes simply from the observed CN concentrations.
Since we are using concentrations normalized to standard temperature and pressure, Ncn should
not change with vertical transport alone, and the values measured in the UT should not exceed
those measured in the PBL. The fact that CN concentrations in the UT across the entire Amazon
Basin are higher than the PBL values we measured anywhere in the basin, often by very large
factors, rules out vertical transport of particles from the Amazon PBL as the dominant source of

UT particles.

3.4.1. Particle size

The particles in the UT have a very different size distribution from those in the LT, which
also shows that they could not have originated from upward transport of PBL aerosols by deep

convection. Unfortunately, a detailed analysis of the size distribution of the particles in the UT is
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hampered by the significant losses of small particles in our inlet system. As discussed in section
2.2, the particle losses increase with altitude such that in the UT most of the particles below ca.
20 nm are lost in the inlet system before reaching the CPC. Because of a longer inlet tubing con-
nection and lower sample flow, the losses were even more significant for the DMPS, and as a re-
sult of this and other operational limitations, valid particle size distributions are only available

from the LT.

The DMPS measurements in the LT showed that the aerosol size distribution was domi-
nated by an accumulation mode centered at about 190 nm, flanked by an Aitken mode with a
maximum at about 80 nm (Fig. 9), in good agreement with the size distributions measured previ-
ously at ground level in the Amazon (Zhou et al., 2002; Rissler et al., 2006; Andreae et al., 2015;
Pohlker et al., 2016) and those obtained over the Amazon on the G1 aircraft during the GoAma-
zon 2014 campaign (Martin et al., 2016; Wang et al., 2016a). For comparison, we show size
spectra from GoAmazon 2014 from Wang et al. (2016a), the only published size spectra from the
FT over central Amazonia. Unfortunately, even these data reach only up to 5.8 km, the ceiling
altitude of the G1 aircraft. In the PBL, these spectra were similar to our measurements from the
LT. With increasing altitude, total particle concentrations increased and the size spectrum be-
came dominated by an Aitken mode at ca. 50 nm (Wang et al., 2016a). A previous study over the
northern Amazon in Suriname had also found a decrease in the modal diameter of the Aitken
mode from ~70 nm in the LT to ~ 30 nm in the UT above 10 km (Krejci et al., 2003). Assuming
that similar size distributions prevailed in the UT during ACRIDICON-CHUVA and given the
fact that inlet losses limited our measurements to particle diameters >20-30 nm, it seems justified
to conclude that our Ncn concentrations in the UT are actually lower limits and that the true con-

centrations might have been significantly higher.

In the absence of full size spectra, we use the ultrafine fraction [UFF, defined as the frac-
tion of particles with diameters between 90 nm (the lower cutoff of the UHSAS) and ~20 nm
(the lower cutoff of the CPC), i.e., UFF = (Ncn-Nace)/Nen] as a metric for the contribution of the
Aitken and nucleation modes to the total observed particle concentration. The summary profile
plot (Fig. 10a) shows the dramatic difference between the UFF in the LT and UT: In the LT, the
mean UFF is about 0.05 to 0.2, showing the dominance of the accumulation mode. The share of
ultrafine particles increases throughout the middle troposphere, and in the UT they account for

the vast majority of particles, with UFF values around 0.7 in regions where both Nacc and Nen are
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moderately enriched, and values approaching 1.0 in the layers with very high Ncn. This shows
up more clearly in individual profiles, e.g., the soundings in Fig 10b from flight AC18. The
highly enriched layers are represented by UFF peaks in the range of 0.7 to 1.0, whereas the back-
ground UT enrichment exhibits UFF values of 0.5 to 0.8. The highest UFF values were measured
in the very young aerosol layer in segment E2 at 13.5 km (Fig. 10b), with an estimated particle

age of about 1-5 hours (more on this layer in section 3.5.2).

3.4.2. Cloud nucleating properties

The cloud nucleating ability of aerosol particles depends both on their size and their
chemical composition. Here we focus on CCN concentrations at 0.52% supersaturation (Nccno.s),
which are dominated by the particles in the accumulation mode size range, but also include a
fraction of the Aitken mode. A full discussion of the CCN measurements during ACRIDICON-
CHUVA will be presented elsewhere (M. Pohlker et al., 2017, in preparation).

Figure 11a shows the vertical distribution of CCN for the entire campaign, indicating
strong variability in the LT, a minimum at ca. 5 km, and elevated concentrations in the UT. The
Nceno.s variability in the LT was related to the variable level of pollution, mostly from biomass
burning, which was much higher in the southern part of the basin than in the north. In contrast,
there was no systematic difference between the CCN concentrations in the UT above polluted
and relatively clean regions. Therefore, depending on the level of pollution in the lower tropo-
sphere, the Nccwnos in the UT during our campaign were higher or lower than those in the LT.
This is illustrated at the example of Nceno s profiles from Flights AC09 and AC12+13, from a
clean region (AC09) and one polluted by biomass burning emissions (AC12+13), respectively
(Fig. 11b). While there was a large difference in the CCN concentrations in the LT, the values in
the UT were very similar between these flights, indicating that the CCN enrichments in the UT

are independent of the pollution levels in the LT.

The CCN concentrations at a supersaturation S=0.52% in the UT were consistently
greater than the corresponding values of accumulation particle number concentrations, Nacc, re-
sulting in a median Nccno.s/Nace ratio of 1.66 (quartile range 1.32 — 2.32, N=53,382) above 8 km.
This implies that some of the particles smaller than 90 nm are also able to nucleate cloud drops at
S=0.52%. Because size-selective CCN measurements were not performed during ACRIDICON-

CHUVA, it was not possible to derive the actual critical diameters and hygroscopicity factors (x,
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Petters and Kreidenweis, 2007) for the CCN on this campaign. However, a consistency check
can be made using the measured chemical composition. As will be discussed in detail in section
3.4.4, the UT particles consist predominantly of organic material, with minor amounts of nitrate
and very small fractions of sulfate. The hygroscopicity of particles consisting completely of or-
ganic matter can vary greatly, with k between near 0 and about 0.3 (Jimenez et al., 2009). Our
AMS measurements (see section 3.4.4) showed that the UT secondary organic aerosol (SOA)
contains a substantial fraction of organics derived from the oxidation of isoprene (IEPOX-SOA)
(Schulz et al., 2017), which has relatively high hygroscopicity (k>0.1) (Engelhart et al., 2011;
Thalman et al., 2017). Assuming a conservative value of Korg = 0.1, which had been found previ-
ously for the Amazon PBL (Gunthe et al., 2009; Pohlker et al., 2016), pure SOA particles would
have to have diameters of >80 nm to act as CCN at 0.52% supersaturation, whereas for pure am-
monium sulfate particles (k = 0.6), the critical diameter would be ca. 45 nm (Petters and
Kreidenweis, 2007). At a typical organic mass fraction of 0.8 for the UT aerosol (see section
3.4.4), an effective k of ca. 0.2, corresponding to a critical diameter of ~65 nm, is likely. Given
the expected steep increase in particle concentration between the Nacc cutoff of 90 nm and the es-
timated critical diameter of 65 nm, a Nccno.s/Nace ratio of the observed magnitude appears thus

quite reasonable.

The vertical distribution of the CCN fraction, i.e., the ratio Ncceno.s/Nen, shows a pro-
nounced decrease with altitude (Fig. 12a), reflecting the smaller particle size in the UT. It also
exhibits a strong inverse relation to the total particle concentration, Ncn. This is illustrated at the
example of flight AC18 (Fig. 12b), where the data from different flight segments are plotted.
Segments A and F (yellow and orange) are from soundings in the somewhat more polluted cen-
tral part of the Amazon Basin, while B and C (green) are from the cleaner westernmost part and
show the lowest CCN concentrations and the highest CCN fractions. Both soundings have high-
CN layers at altitudes between 7 and 13 km, with New up to almost 23,000 cm™, and correspond-
ingly low Nceno.s/Nen. Segment E2 (red) is from a layer that was intercepted downwind of a
massive convective complex, with a transport time of 1-5 hours between the anvil and the air-
craft (see section 3.5.2). This layer had Ncw values up to 45,000 cm™, CCN fractions down to
0.01, and UFF = 0.98, suggesting that these recently formed particles were too small to act as
CCN. This layer was embedded in a region of moderately elevated CN (segment E1 at 13-14 km;
lilac), which had much higher Nccno.s/New (0.2-0.5) and lower UFF (0.6-0.8), indicating larger
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660  particle sizes and likely a more aged aerosol. Segment D (blue), at 11-12 km altitude, had similar
661  properties to E1. These observations point to the presence of two distinct aerosol populations in
662  the UT. At one extreme are aerosols with very high Ncn and ultrafine fractions and low CCN
663  fractions (e.g., E2), presumably representing newly formed particles with sizes too small to act as
664  CCN. At the other extreme are populations with modest Ncn, but high UFF and CCN fractions,
665  indicating a more aged aerosol with larger particles (e.g., E1 and D).
666 The existence of these two populations is confirmed in plots of Nccno.s and Neeno.s/Nen
667  against supersaturation. Examples are shown in Fig. 13a and 13b, with AC18-DD representing a
668  segment dominated by larger and aged particles, ACO7-F a region with high concentrations of
669  small and younger particles, and AC09-AA a mixed case with short periods of very high Ncn
670  over a background of moderately elevated particle concentrations. Even though the mean CN
671  concentration exceeds 8900 cm™ in ACO7-F, the mean Ncewoss in the same region is only 13 cm™
672 and therefore the Nceno.s/Newn vs. S plot falls essentially on the baseline. In contrast, AC18-DD
673  presents a fairly “classical” supersaturation spectrum, and AC09-AA is a mixed case with the
674  measurements made during the Nen peaks showing very low Neeno.s/New.
675 In Fig. 13c and 13d, we compare the mean supersaturation spectra from the lower, middle
676  and upper troposphere obtained on flights AC12 and AC13, which were taken on successive
677  days over the same region and where the LT was influenced by biomass burning pollution. In the
678 LT, the CCN fraction is in the range observed at ground level at the Amazon Tall Tower Obser-
679  vatory (ATTO) site (Pohlker et al., 2016) and in close agreement with measurements in the
680  southern Amazon during the biomass burning season (Vestin et al., 2007). In the UT, we ob-
681  served low CCN fractions representing the regions with high Ncn and UFF, mostly at altitudes of
682  10-11 km, and higher CCN fractions at 12 km and above corresponding to a region with elevated
683  CCN (cf. Fig. 11b, which shows the CCN concentrations from these flights). In the middle tropo-
684  sphere (5-8 km) we found intermediate CCN fractions, consistent with a mixture of LT and UT
685  aerosols.
686  3.4.3. Volatility
687 On several flights (AC16, 18, 19, and 20), a second CPC was operated behind a ther-
688  modenuder at a temperature of 250 °C, in parallel to the regular CPC. The results of these meas-
689  urements are shown in Fig. 14a in the form of the volatile fraction (VF), i.e., (NcN - Nionvol)/Nen,
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plotted against altitude. In the LT, most particles are nonvolatile and the VF is typically between
10 and 20%. This is consistent with the behavior described by Clarke and Kapustin (2010) and
Thornberry et al. (2010), who found that aged combustion aerosols (from biomass of fossil-fuel
burning) are non-volatile and mostly in the accumulation mode size fraction. With increasing al-
titude, the VF increases, closely resembling the profile of the UFF. In the UT, the mean VF
reaches about 80%, and approaches 100% in the most highly enriched layers (e.g., segment E2).
In previous campaigns, high volatile fractions had also been observed in the tropical UT and
TTL, with the highest VF in the region between 340 and 360 K potential temperature, corre-
sponding to about 9-15 km (Borrmann et al., 2010; Weigel et al., 2011).

More detail can be seen when looking at data from an individual flight. In Fig. 14b we
show the profiles from AC18, which we had already discussed in the context of CCN concentra-
tions in the previous section. The profiles (segments A, B, C, and F) show the overall increase in
VF with height, with peak values at embedded high-CN layers. The freshest layer (E2), which
had the highest UFF, also has the highest VF. In contrast, segments D and E1, representing larger
UT regions with moderate CN enrichments, larger particles, and higher CCN fraction also have
lower VFs, between 0.4 and 0.7. A contribution from aged combustion aerosols can be ruled out
as source for the non-volatile particles in these layers, because the rBC concentrations are close
to zero (see below). As we will show in the next section, it appears that these low-volatility parti-

cles represent a more aged organic aerosol.

3.4.4. Chemical composition

As discussed above, the LT aerosol over the Amazon during the dry season is dominated
by the products of biomass burning, with increasing concentrations from north to south. This is
clearly reflected in its chemical composition, which is dominated by carbonaceous matter (or-
ganic and elemental carbon) and only contains minor fractions of inorganic species, such as po-
tassium, sulfate, and nitrate. Elemental or black carbon is a unique tracer of combustion emis-

sions and was measured on HALO in the form of refractory black carbon (rBC).

The vertical profile of rBC shows a sharp separation between LT and FT (Fig. 15). The
average rBC concentration in the region below 5 km was 0.31+0.29 ug m~, whereas in the FT
above 6 km it was 0.0026+0.0069 pg m™ in terms of mass concentrations, and 99+92 cm™ vs.

1.5+2.5 cm™ in number concentrations of rBC particles. Interestingly, these concentrations over
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the Amazon Basin are only slightly higher than the values measured over the tropical Western
Atlantic during the Saharan Aerosol Long-range Transport and Aerosol-Cloud-Interaction Ex-
periment (SALTRACE), June/July 2013: ca. 0.2 pg m™ in the LT and ca. 0.001 pg m™ in the FT
(Schwarz et al., 2017), which suggests that a significant fraction of the rBC is entering the basin

by long-range transport from Africa.

In 14 instances, elevated rBC concentrations were seen for short durations (usually less
than 30 sec) in the UT. Most of the time, they occurred during cloud penetrations in the course of
vertical cloud microphysics profiling. In the case of the flights over the northern half of the Ama-
zon Basin, they could likely be attributed to sampling of HALO’s own exhaust, based on the
flight track and the presence of associated NO enhancements in the absence of strong enhance-
ments of CO and other aerosol species (CCN, Nace, Nen). On flights over the southern Amazon
(ACO07, AC12, AC13, and AC20), where the PBL was more polluted and active fires were pre-
sent, there were a few instances when elevated rBC coincided with peaks in CO and accumula-
tion mode particles, which suggests upward transport of biomass smoke aerosols. In view of the
scarcity of such events during our campaign and their modest rBC concentrations, it is clear that
they do not represent a major source of combustion aerosol for the UT during our campaign. No
elevated rBC concentrations were observed during the extensive outflow sampling legs on any of
the flights. A detailed discussion of the rBC measurements during the campaign will be pre-

sented in a companion paper (Holanda et al., 2017).

The drop in rBC concentration by two orders of magnitude between LT and FT implies
that rBC, and by extension other aerosols (which are likely even more prone to being removed
by nucleation scavenging), are efficiently removed during deep convection and consequently that
there is little transport of LT aerosols into the FT. Consequently, enrichments in Ncn and N in

the FT cannot be explained by vertical transport of particles from the FT.

The AMS measurements also show pronounced differences in the composition of the LT
and UT aerosols (Fig. 16). In Table 2 we present a detailed analysis of the results from three
flights, AC07 from a polluted region in the southern Amazon, and AC09 and AC18 from rela-
tively clean regions in the northern and northwestern parts of the Basin, respectively. Organic

aerosol (OA) is the dominant aerosol species in all three regions at all altitudes, as expected in an
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area where biomass burning and secondary organic aerosol (SOA) production are the dominant

sources.

In the LT, (ammonium) sulfates (SO4) are together with rBC the next most important
species. Here, we see a clear difference between the BB-dominated region in the south (with
high OA, ammonium [NH4], and rBC, and relatively low SO4) versus the northern basin, where
S04, likely from long-range transport, plays a more important role. The ratio OA/rBC in the LT
is in the range 3-11, consistent with values from BB aerosols. The biomass burning marker, fso
(Schneider et al., 2006; Alfarra et al., 2007), is present in all the measurements from the LT, but
always mixed with oxidized secondary organics. It should also be noted that the fso marker is not
an inert tracer but decays with time, and an observed background level of the feo tracer is 0.3% of

OA (Cubison et al., 2011).

In the UT, SO4 shows lower concentrations than in the LT, with the most pronounced
difference on flights AC07 and AC18. The latter flights also show a large difference in the
OA/SO4 ratio, which is around 10 in the UT and around 2 in the LT. Because of the high BB
component in flight ACO7, this ratio is also high in the LT on this flight. The most pronounced
differences between UT and LT are seen in the nitrogen species. Ammonium is usually present
in the BL, sometimes at considerable levels (e.g., on ACO07), but always below the detection limit
in the UT. In contrast, nitrate (NO3) is a minor species in the LT, whereas in the UT it is compa-
rable or greater than SO4, so that the ratio NO3/SO4 is about an order of magnitude higher in the
UT than in the LT. High concentrations of organics, especially oxidized organics, and nitrate had

been seen previously in the UT by Froyd et al. (2009).

The nature of the nitrate signal in the UT cannot be definitely identified from our data.
The absence of NH4 and the ratio of the peaks associated with ammonium nitrate make it un-
likely that the NO3 signal represents ammonium nitrate (Fry et al., 2009; Bruns et al., 2010). It
may be, at least to a large part, indicative of organonitrates, which have been shown to account
for 15-40% of SOA mass in laboratory experiments (Berkemeier et al., 2016) and whose for-

mation is enhanced at low temperatures (Lee et al., 2014).

A closer look at the aerosol-enriched layers in the UT from these flights reinforces these
conclusions (Table 2). In these layers, the ratios OA/SO4 and NO3/SO4 can reach very high val-
ues, especially in the SO4-poor UT of flight ACO7. On flights AC09 and AC18, we encountered
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extended periods when Nacc and Nceno.s were elevated, while Nen did not show extremely high
values (AC09-AA, AC18-AA, and AC18-DD). The AMS data from these segments were gener-
ally similar to the UT averages, suggesting that they are representative of the ambient UT aero-
sols. The layers with very high Ncn on these flights (AC09-BB, AC09-EE, AC09-A1+A2, and
ACI18-Al, AC18-A2, AC18-E2, AC18-F) also did not show significant differences from the UT
means on these flights, likely because the numerous, but very small CN in these layers did not

contain enough mass to influence the measurements in a detectable way.

We attempted to examine this hypothesis further by investigating the size dependence of
the AMS signals, but because of the small aerosol mass concentrations in the UT, size infor-
mation from the AMS data required extended integration periods, which precluded obtaining size
data from the relatively short segments with very high Ncn. The most robust size data were from
the segments where relative high Nacc concentrations prevailed over extended periods of time,
e.g., segment DD (Table 2) on flight AC18. Here, the organic aerosol (OA) showed a broad
mode between 80 and 250 nm, with a modal diameter at 150 nm. This confirms that the AMS
compositional data are dominated by the accumulation mode, while the particles that make up
most of the UF fraction in the UT do not have enough mass to provide a clear AMS signal. An
exception may be some segments on AC09 (BB and EE), where OA and NO3 data suggest a
mass mode between 60 and 120 nm. Here, the UFF is quite high (0.85 and 0.92, compared to
segment DD on flight AC18, where it was 0.61) suggesting a smaller and therefore younger aer-

osol population.

More detailed information on the origin of the organics in the UT aerosol can be obtained
from specific markers. In the UT, the BB marker feo is typically not detectable, which in combi-
nation with the fact that the ratio OA/rBC is of the order of 1000, precludes a significant contri-
bution of aerosols from biomass burning or other primary combustion aerosols to the OA in the
UT. In contrast, the marker fs>, which is indicative of IEPOX-SOA formed by the photooxidation
of isoprene (Robinson et al., 2011; Hu et al., 2015), is found in the aerosol-enriched layers in the
UT, suggesting oxidation of isoprene and other biogenic volatile organic compounds (BVOC) as
source of the OA (Schulz et al., 2017). The plot {43 vs. fa4 is frequently used to represent the ag-
ing of organic aerosols (Ng et al., 2011). In Fig. 17, we show the median locations of the LT and
UT aerosol in this plot, which indicates that both are fairly well aged and oxidized, with the UT

data plotting slightly towards less oxidized and younger values. This may reflect an overall

27



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-694 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 1 August 2017 and Physics

(© Author(s) 2017. CC BY 4.0 License.

Glom

By

810
811
812
813
814
815
816
817
818

819
820
821
822
823
824
825
826
827
828
829
830
831

832

833
834
835
836
837
838

Discussions

younger aerosol, or the admixture of recent material either by condensation on the accumulation
mode particles or in the form of an external mixture of larger aged particles with small younger
ones. The individual segments from flight AC18, which had the lowest OA/SO4 and NO3/SO4
ratios, also plot in this region, showing that they are dominated by a relatively well-aged aerosol.
In contrast, segments AC09-AA, and AC07-AA1, AC07-AA2, and ACO7-GG, which have the
highest OA/SO4 and NO3/S04 ratios and much higher Ncn, plot much further to the lower right
indicating a less oxidized, fresher aerosol. On this flight, the concentrations of accumulation
mode aerosols in the UT were relatively low, so that freshly formed aerosol could be more evi-

dent because of a lower background of aged aerosol.

In summary, the chemical composition data show that, while both LT and UT aerosols
are dominated by aged organics, their sources must be different because the UT aerosol is essen-
tially devoid of the combustion tracers, rBC and fs0, whereas the OA/rBC ratios in the LT are
consistent with combustion aerosols. Nitrate is strongly elevated in the UT, and may consist to a
large extent of organonitrates. NH4 is a significant component in the LT, whereas it is below the
detection limit in the UT. Size-selective chemical analysis is difficult because of the low aerosol
mass concentrations, but the available data suggest that the AMS measurements are dominated
by the accumulation mode, and the strong Ncn enhancements are not distinctly seen in the AMS
data. Chemical marker analysis shows the general absence of BB tracers in the UT, while the
marker fg> indicates production of IEPOX-SOA from isoprene. Most of the UT organics are aged
and oxidized, but in some of the CN-enriched layers, younger and less oxidized OA was evi-
denced by much lower f44/f43 ratios. A detailed discussion of the AMS measurements during

ACRIDICON-CHUVA will be presented in Schulz et al. (2017).

3.5. Relationship to Deep Convection

In the preceding section, we have documented the differences between the aerosols in the
LT and the UT, which rule out the possibility that convective transport of PBL aerosols can be an
important source for the UT aerosols. This opens the question about the source of these particles:
are they the result of long-range transport from remote sources or do they originate over the Am-
azon Basin? In the latter case, are they directly released in the outflow from the convective

clouds or are they produced by subsequent nucleation and growth in the UT?
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For the larger particles in the accumulation mode, represented by elevated Nacc and
Ncenos in the UT, long-range transport cannot be excluded, because such particles can have long
lifetimes in the upper troposphere (Williams et al., 2002). While the absence of detectable rBC
still rules out an origin from pollution aerosols lofted from the LT, they may have formed days or
weeks ago by gas-to-particle formation mechanisms anywhere in the free troposphere. In con-
trast, the high concentrations of small UF particles that we observed with high frequency in the
UT cannot come from distant sources, as they persist only for hours to a few days before grow-
ing to larger sizes and decreasing in concentration due to coagulation and dilution processes

(Williams et al., 2002; Krejci et al., 2003; Ekman et al., 2006).

3.5.1. Aerosols in cloud tops, anvils and outflows

First, we consider the possibility of these particles having been produced already inside
the clouds and released by outflow into the UT. In earlier studies, NPF had been shown to occur
in ice clouds in the tropical/subtropical UT, especially in conditions where the available surface
area of ice particles was relatively low (e.g., Lee et al., 2004; Frey et al., 2011). To look for this
phenomenon, we examined the particle concentrations during passages through the upper levels
of deep convective clouds and in the anvils directly attached to active cumulonimbus clouds
(Cb). Our measurements during these passages consistently show lower CN and CCN concentra-
tions than in the surrounding UT air, as exemplified in Fig. 18a by data from flight AC18. Dur-
ing this flight segment we performed multiple penetrations of the tops of growing Cb at altitudes
between 10.7 and 12.0 km and temperatures in the range of 225 to 236 K. During each cloud
passage (indicated in Fig. 18a by the ice particle concentrations) the aerosol concentrations de-
creased sharply, to values of New around 800 cm™ and Neeno.s around 250 em™ during the longer
cloud passages. (Here, we use Nccno.s as proxy for the accumulation mode particles, since the
Nacc measurements in clouds were perturbed by shattering at the probe tip, whereas the Ncn and
Nceno.s measurements showed no artifacts in ice clouds.) In the case of Ncn, the values in the
cloud tops are about the same as the PBL concentrations measured in the same region, while for

Ncenos they are significantly lower than the PBL values of around 400 cm™.

The same behavior was found for all cloud penetrations in the UT during the campaign.

In particular, extensive cloud top and outflow sampling on AC09, AC15, and AC16 also showed

29



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-694 Atmospheric

Manuscript under review for journal Atmos. Chem. Phys. Chemistry

Discussion started: 1 August 2017 and Physics

(© Author(s) 2017. CC BY 4.0 License. Discussions
868  Nccwos values down to 160-250 cm™ and New values down to 600-1000 cm™. The lowest parti-
869  cle concentrations were seen in a large outflow sampled on AC13 (20:08-20:30 UTC), when
870  both Ncn and Neenos reached values below 50 em™ (Fig. 18b). In this airmass, NO and NOy
871  were strongly elevated indicating recent NO production by lightning in the large Cb from which
872  this outflow originated.
873 Given that the air sampled during the cloud passages had already mixed in by lateral en-
874  trainment some of the surrounding air with much higher particle concentrations (Bertram et al.,
875  2007; Yang et al., 2015), these low particle concentrations in the cloud tops and outflows are
876  clear evidence that in-cloud processes were a sink and not a source of particles in the size class
877  measureable with our instrumentation. A rough estimate of the scavenging efficiency of the con-
878  vective process can be gained by using CO as a conservative tracer. For example, on flight AC18
879  the PBL concentrations of CO and Ncw averaged ~120 ppb and 780 cm™, and the UT during the
880  cloud penetrations around 1900 UTC had CO ~95 ppb and Nex ~1500 em™. In the cloud, CO
881  rose to 108 ppb and Ncn dropped to 750 cm™. Following the approach of Bertram et al. (2007),
882  we can estimate that the fraction of PBL air in the center of the cloud was ca. 0.52, and that with-
883  out scavenging, Ncenos would be ca. 1130 cm™. From these values, a scavenging loss of 90% or
884  more of CCN can be estimated, in good agreement with previous studies (e.g., Andreae et al.,
885  2001; Yang et al., 2015), and with the absence of detectable rBC.
886 Flight AC20 was the only exception to this behavior. Here, CN were strongly enhanced
887  during cloud passages and even CCN were slightly elevated in some passages. The cloud that
888  was sampled on this flight appears to have been a pyrocumulus that had been ingesting fresh bio-
889  mass smoke, as suggested by the strongly elevated CO during the cloud passages. This flight will
890  be discussed as a separate case study below (section 3.6.).
891 While these results show that the high particle concentrations we observed in the UT
892  were not directly released from the cloud tops, they do not rule out the possibility that new parti-
893  cle formation had already started in the clouds or anvils. This is because the newly formed parti-
894  cles observed in the earlier studies were almost exclusively in the size range below 20 nm (Lee et
895 al., 2004; Frey et al., 2011). Since our measurements are limited to particle sizes >20 nm, we
896  would not have been able to detect such freshly nucleated particles, and therefore the earliest
897  phases of particle nucleation and NPF over Amazonia will have to be addressed in future studies.
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Our data do show, however, that release of particles by hydrometeor evaporation following deep
convection is not a net source of particles to the UT over Amazonia, in contrast to what was ob-
served over the Indian Ocean region by Engstrom et al. (2008). Because the Nen and Neeno.s
concentrations in the ambient air in the UT are actually higher than in the air detrained by the Cb
clouds, the detrainment leads at least initially to a reduction in UT particle concentrations in the
size class >20 nm. Only through subsequent NPF can this be reversed and deep convection then

become a net source of UT aerosols.

3.5.2. Relationship between aerosol enhancements and airmass history

Connections between the presence of aerosol enhancements and the outflow from con-
vective systems had been observed in some previous studies (de Reus et al., 2001; Twohy et al.,
2002; Benson et al., 2008; Weigelt et al., 2009). We examined the connection between deep con-
vection (DC) and the presence of high CN concentrations by a combination of backtrajectory cal-
culations and the analysis of cloud-top temperatures from GOES-13 weather satellite images,
similar to the approach used in some previous studies (de Reus et al., 2001; Froyd et al., 2009;
Weigelt et al., 2009). We analyzed backtrajectories initialized at the aircraft locations where we
had observed elevated aerosol concentrations, as listed in Table 1. Then we checked for each
hour along the backtrajectories whether the airmass had crossed a region with DC (cloud top
temperatures below -30 °C). The results show that in almost all cases, the aerosol enriched air-

masses had encountered deep convection within the last 120 hours.

In Fig. 19 we present the results from two flights (AC09 and AC18) as examples. We
find that for all flight segments that showed high aerosol concentrations in the UT (dark shad-
ing), the airmasses had made contact with DC with cloud tops typically reaching about -80 °C.
Of course, given the abundance of convection over Amazonia, it is to be expected that most air-
masses would have interacted with convection within 120 hours (such as the example shown in
the Supplement Fig. S2). For comparison, over the northeastern United States during summer-
time, Bertram et al. (2007) had found that more than 50% of UT air had encountered DC within

the previous 2 days.

The cumulative plot of the time since the most recent DC contact (Fig. 20a) shows that on
all flights (except AC19, the flight over the Atlantic) almost all aerosol-enhanced air masses had
seen DC within the last 30-40 hours. The cloud tops during these encounters typically reached -
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70 to -80 °C (Fig. 20b). In many cases, the airmass history analysis shows multiple contacts with
deep convection within the preceding 72 hours. It must be noted, however, that the physical in-
teraction between an UT airmass and a specific deep convective event is not represented in the
trajectory model and that the trajectory history preceding the most recent such encounter be-

comes much more uncertain.

In some cases, the airmasses could be tracked back to regions where the cold cloud en-
countered by the tracked airmass looked more like cirrus than identifiable deep convective out-
flow. The same favorable conditions for nucleation (low temperature, low pre-existing aerosol
surface) as in the outflow regions prevail also in native cirrus, and Lee et al. (2004) had reported
NPF in cirrus without immediate connection to DC. This might also have occurred in our cam-

paign, but it is usually difficult to distinguish cirrus and very aged outflow.

More specific information about the time required for particle production and the evolu-
tion of the aerosol populations in the UT can be derived from a close examination of the trajecto-
ries for individual flight segments. Flight AC18 provides some illustrative examples. The trajec-
tories of the first particle plumes encountered (A1 and A2, Table 1) had passed close to areas of
intense deep convection (-30 to -60 °C) about 17-21 hours before sampling. Because it is likely
that the aerosol precursor substances are formed by photochemical reactions, we also looked at
the amount of time that the airmass was exposed to sunlight (Lee et al., 2003). Since the convec-
tive encounters occurred between 16LT and O0LT and the measurements were taken at about
11LT, the airmass had only about 5-7 h of sun exposure. Assuming that the formation of the par-
ticles required photochemical processes, this implies that about 5-7 h were sufficient to produce
particle concentrations above 20,000 cm™ with sizes >20 nm. The enrichment in this case oc-
cured only in the particles sizes <90 nm, with a UFF of about 0.98, while Nacc remained at the
same levels as in the surrounding background FT. Segment F, near the end of the flight, was
sampling a similar region as A1, with a similar airmass trajectory. Since this segment was taken
near the end of the day, the airmass had experienced about 11 hours of sunlight. There is some-

what of a shift towards larger particles, but this might also be coincidental.

The air in segments B and C had traveled along similar trajectories as Al and A2, but un-

fortunately there are no GOES images available for the time when they crossed the convective
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region encountered by Al and A2, and so no conclusions can be drawn for these segments. Seg-
ments D and E1 represent airmasses that had made multiple and extended convection encounters
over the central and western Amazon during the past 3 days. Here, we find only weak enhance-
ments in Ncn, but significantly elevated Nceno.s and Nace, with a UFF of 0.73 and 0.82, respec-

tively, suggesting that coagulation and growth had taken place over this time period.

Some of the highest Nen (up to ca. 45,000 cm™) and UFF (0.98) were found in Segment
ACI18-E2, which was sampling the air just a few hours downwind of a massive convective sys-
tem that reached well above our flight altitude of almost 14 km. The air sampled here had trav-
eled for about one hour after leaving the convective complex before being encountered by
HALO and had been interacting with this complex for up to 5 h, all of them in daylight. As in
Al, A2, and F, there was no detectable enhancement in aerosol mass, as represented by Nacc and
Nceno.s. The strongest enhancement in aerosol mass, on the other hand, was seen in the early part
of segment E1, which didn’t show a strong increase in number concentration. The air during this

segment had made its last contact with a convective system about 65-72 hours before sampling.

Another illustrative case is flight AC09 over a clean region in the northern Amazon. Seg-
ments A1-A3 sampled clear air that had DC contact about 16 and 60 hours ago and the UFF
around 0.94 indicated a moderately aged aerosol. Segments B1 and B2 were taken in air immedi-
ately surrounding a Cb anvil, with previous DC contacts at about 14, 80, and 120 hours before.
Here, the relatively low UFF of ~0.92 signaled no influence from the freshly outflowing air. Seg-
ments C, D, and E were in air close to a Cb, within its anvil, and in a large anvil/outflow, respec-
tively. Otherwise, they had a DC contact history similar to B. Here also, the UFF remains fairly

low, and there is no evidence of particle production directly in the anvil/outflow.

To summarize, our observations indicate that, while there is no evidence of immediate
production of detectable particles (i.e., >20 nm) in the actual anvil or outflow, a small number of
daylight hours are sufficient to produce very large concentrations of particles with sizes larger
than about 20 nm in the FT. This is consistent with the observations made in the outflow of a
convective complex off Darwin, Australia, where maximum Aitken concentrations were reported
after ca. 3 hours since the outflow (Waddicor et al., 2012). During NPF events in the FT on the
Jungfraujoch, high concentrations of particles >20 nm were observed about 4-6 hours after sun-

rise (Bianchi et al., 2016). In the FT over other regions, growth may be considerably slower; for
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example the measurements over oceanic regions by Weigelt et al. (2009) showed that it took

about 12 hours for particles >12 nm to reach their maximum concentrations.

Considerably longer times (a few days) are required, however, before increases are de-
tectable in the size class >90 nm. The development of significant amounts of particles in the ac-
cumulation mode appears to take two days or more, in agreement with the observations of Froyd
et al. (2009), who had found enhanced aerosol organic mass concentrations over the Caribbean in
UT air originating from Amazonia after 2-4 days in the atmosphere. Since many, if not most of
our trajectories remain over Amazonia for this amount of time, there is enough time available in
the UT over the Amazon Basin to produce CCN-sized aerosols within the region, which can sub-

sequently be transported downward or be exported to other regions.

3.5.3. Aerosol enhancements and chemical tracers

The relationship between new particle production and the input of boundary layer air is
also reflected in a correlation between Ncn and CO. When taking all data above 8 km, this corre-
lation is highly significant given the large number of data points (N=68,360) but not very close
(r*=0.52) because of the large variability of CO concentrations in the PBL and UT background
between flights (Fig. 21). Closer relationships are obtained when looking at individual flights
and especially at individual profiles within flights.

Weigel et al. (2011) had seen a strong correlation between CO and nucleation mode parti-
cles over West Africa and interpreted it as indication of anthropogenic inputs. In contrast, over
Amazonia we have not seen any evidence that UT aerosol production shows any relationship to
boundary layer pollution, and we interpret the correlation between Ncn and CO simply as reflect-
ing the input of air from the PBL, which generally has higher CO concentrations that the UT, by
the cloud outflow. An opposite relationship is generally seen between Ncn and O3, which tends
to be lower in the particle-enriched layer. We also see this as an indication of injection of air

from the PBL, which generally has lower O3 concentrations than the UT.

The nitrogen oxides show a complex relationship with the particle enhancements in the
UT, as illustrated at the example of a flight segment from AC07 (Fig. 22). The highest NO con-
centrations are found in the Cb anvils or freshest outflows, as identified by significant concentra-
tions of ice particles (e.g., at 2056, 2119, and 2154 UTC). In these regions, we typically observed

particle minima, as discussed above. In these airmasses, NO has been formed very recently by
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1017  lightning, and the NO to NOy ratios are usually still very high. Here, the particles are still de-
1018  pleted by convection scavenging and there has not been enough time for new particles to form, at
1019  least not in the size range detectable by our instrumentation. On the other hand, there is a strong
1020  positive relationship between NOy and Ncn, as seen in Fig. 22 during the entire period from 2051
1021  to 2210 UTC. Regions with high concentrations of new particles generally show elevated NOy,
1022 typically in the range of 1 to 3 ppb, indicating that photochemical reactions have taken place that
1023 both produced new particles and converted NO to NOsy.
1024  3.6. Flight AC20: A special case with NPF from biomass smoke
1025 On flight AC20, HALO performed detailed sampling of the anvil and outflow of a large
1026  Cb over northern Rondonia, a state with a high incidence of deforestation burning. Numerous
1027  outflow penetrations around this Cb were made, and the ice particles sampled here could be
1028  clearly identified as freshly produced in the Cb top. The CN concentrations in the UT away from
1029  the outflow were unimpressive, typically in the range 2000 to 10,000 cm™. However, in sharp
1030  contrast to the other flights, where the air in the outflow always had been depleted in aerosol par-
1031  ticles, on this flight the outflow often showed much higher CN concentrations, between 10,000
1032 and 20,000 cm™ (Fig. 23a). The concentrations of CCN and nonvolatile CN in the outflow were
1033 either the same as in the surrounding air or slightly higher, also contrasting with the observations
1034  on the other flights, where they had been depleted. Since the Ncw in the outflow were also much
1035 higher than in the PBL (~2000 cm™), entrainment of PBL air cannot explain the CN enrichment.
1036 The mixing ratios of CO, NO, and NOy were also elevated in the outflow (Fig. 23b),
1037  which in the case of CO and NOy might be explained by inputs from the PBL, where CO and
1038  NOy levels were around 120-200 ppb and 2-3 ppb, respectively. The NO values in the PBL, on
1039  the other hand, were only about 0.13 ppb, similar to the UT values, requiring an additional NO
1040  source for the outflow.
1041 The explanation for this unusual behavior may be found in the layer between 11.5 and
1042 12.5 km that was penetrated during both ascent and descent (Fig. 23c). In this layer, Ncn reached
1043 30,000 cm™, CO was elevated to ~140 ppb, Nacc to 850 cm™, and NOy to ~1.6 ppb. The data also
1044  suggest a slight enrichment in rBC, but this is close to the limit of detection. These values sug-
1045  gest that this is a detrainment layer polluted with biomass smoke, as we have often seen on previ-
1046  ous campaigns over the burning regions in southern Amazonia (Andreae et al., 2004). An urban
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1047  origin of this pollution is unlikely, since the only town in the region, Porto Velho, lies about 50-
1048 100 km downwind of the sampling area. The enhancement ratios in this layer, however, differ
1049  from fresh biomass smoke. The ratio ANa/ACO is ~6-12 cm™ ppb™! and the ratio ACCN/ACO
1050  about 2.5 cm™ ppb!, much lower than the typical ratios in fresh smoke, which are about 20-40
1051  cm™ ppb! (Janhill et al., 2010), indicating removal of CCN-sized particles during the upward
1052 transport. In contrast, the ratio ACN/ACO was about 350 cm™ ppb!, almost an order of magni-
1053  tude above the values typical of fresh smoke. These results suggest that biomass smoke was
1054  brought to the UT either from the strongly smoke-polluted PBL in this region or actually by a
1055  pyro-Cb over an active fire, and that the concentration of the larger particles was strongly re-
1056  duced by scavenging, which allowed new particle formation in this smoke layer. The enrich-
1057  ments seen in the outflow penetrations at altitudes above the 12-km layer may be the result of en-
1058  trainment of air from this layer or of rapid particle formation in situ. While we have this kind of
1059  observations from only one flight, which took place over the most polluted region sampled dur-
1060  ing this campaign, they are suggestive of the potential of rapid particle formation and growth in
1061  smoke detrainment layers, an issue that merits further study in future campaigns.
1062 3.7. Conceptual model and role in aerosol life cycle
1063 The discussion in the preceding sections can be summarized in a conceptual model of the
1064  aerosol life cycle over the Amazon Basin (Fig. 20). In the Amazon PBL, the classical nucleation
1065  events characterized by the rapid appearance of large numbers of particles <10 nm and subse-
1066  quent growth into an Aitken mode (e.g., Kulmala and Kerminen, 2008) has never been reported,
1067  in spite of several years of observations by several teams (Martin et al., 2010; Rizzo et al., 2013;
1068  Andreae et al., 2015). This has been attributed to the low emissions of gaseous sulfur species in
1069  the basin (Andreae and Andreae, 1988; Andreae et al., 1990a), which result in H2SO4 vapor con-
1070  centrations that are too low to induce nucleation (Martin et al., 2010). Nucleation of particles
1071  from organic vapors alone is not favored in the Amazonian PBL because of high temperatures
1072 and humidity as well as the competition by the condensation sink on pre-existing particles, which
1073  results in organic coatings on almost all primary and secondary particles in the Amazonian PBL
1074  (Poschl et al., 2010; Pohlker et al., 2012).
1075 Cloud updrafts in deep convection bring air from the PBL into the middle and upper trop-
1076  osphere, where it is released in the convective outflow (Krejci et al., 2003). During this process,
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1077  most pre-existing aerosols are removed by precipitation scavenging, especially the larger parti-
1078  cles that account for most of the condensation sink (Ekman et al., 2006). Most likely, VOCs with
1079  low and very low volatilities are also removed by deposition on hydrometeors, which provide a
1080  considerable amount of surface area inside the clouds (Murphy et al., 2015).
1081 The outflow regions in the UT present an ideal environment for particle nucleation, as
1082  had already been suggested in some earlier studies (Twohy et al., 2002; Lee et al., 2004; Kulmala
1083  etal., 2006; Weigelt et al., 2009). The temperatures are some 60-80 K lower than in the PBL,
1084  which decreases the equilibrium vapor pressure of gaseous species (Murphy et al., 2015) and in-
1085  creases the nucleation rate. Based on classical nucleation theory and molecular dynamics calcu-
1086  lations, Yu et al. (2017) have estimated an increase in nucleation rate by one order of magnitude
1087  per 10 K. Nucleation rate measurements in the CERN CLOUD chamber indicate a similar tem-
1088  perature dependence (Dunne et al., 2016). Because the preexisting acrosol has been depleted dur-
1089  ing the passage through convective clouds before being released into the UT from the cloud out-
1090  flow, the low particle surface area in the UT presents very little competition to nucleation from a
1091  condensation sink (Twohy et al., 2002; Lee et al., 2003; Lee et al., 2004; Young et al., 2007;
1092  Benson et al., 2008).
1093 The rapid transport of PBL air to the UT inside deep convective clouds facilitates lofting
1094  of reactive BVOCs from the Amazon boundary layer (Colomb et al., 2006; Apel et al., 2012).
1095  Here, the initially O3- and NOx-poor boundary layer air is supplied with O3 by mixing with UT
1096  air and addition of NO from lightning, creating a highly reactive chemical environment. This
1097  mixture is exposed to an extremely high actinic flux due to the high altitude and multiple scatter-
1098  ing by ice particles. Because of the low airmass at UT altitudes, the actinic flux is already very
1099  high shortly after sunrise. In this environment, rapid photooxidation of BVOCs and formation of
1100 ELVOCs/HOMs is to be expected. In laboratory studies, HOMs have been shown to be rapidly
1101  produced at fairly high yields both by ozonolysis of terpenes and by reactions with OH radicals
1102  (Ehn et al., 2014; Jokinen et al., 2015; Berndt et al., 2016; Dunne et al., 2016).
1103 In the absence of measurements of the relevant gaseous sulfur species and the composi-
1104  tion of the nucleating clusters, we cannot make firm conclusions about the actual nucleation
1105  mechanism. Over marine regions and polluted continental regions, the particles observed in out-
1106  flows and in the UT were mostly identified as sulfates (Clarke et al., 1999; Twohy et al., 2002;
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Kojima et al., 2004; Waddicor et al., 2012), and consequently H2SO4 has been proposed as the
nucleating species. However, since in some cases this identification was based only on the vola-
tility of the particles, they could have also consisted of organics or mixtures of organics and
H>S04. Over the Amazon, nucleation by HoSO4 cannot be excluded based on our observations,
especially if there was already some SO; or H2SO4 present in the UT before the injection of the
organic-rich PBL air. However, since the Amazonian BL contains very little SO, the sulfur spe-
cies would have had to come from outside the region and thus they would have had the oppor-
tunity to be oxidized to H>SO4 and nucleate into particles during its travel in the UT well before
entering Amazonia. It is therefore much more likely that the particles in the Amazon UT formed
by homogeneous nucleation of organics, as has been suggested by several authors (Kulmala et
al., 2006; Ekman et al., 2008; Murphy et al., 2015). Nucleation by formation of clusters contain-
ing both H2SO4 and oxidized organic molecules is of course also a possibility that we cannot ex-
clude (Metzger et al., 2010; Riccobono et al., 2014). However, recent studies have shown that
HOM compounds can nucleate to form particles even in the absence of H2SOs, especially in the
UT (Bianchi et al., 2016; Kirkby et al., 2016), and nucleation of HOMs without involvement of
H2SO4 has been suggested to be the dominant mode of new particle formation in the pre-indus-
trial atmosphere by the modeling study of Gordon et al. (2016). The importance of ions produced
from cosmic radiation in this nucleation process is still controversial (Lee et al., 2003; Yu et al.,

2008; Bianchi et al., 2016; Kirkby et al., 2016).

Regardless of the actual nucleating species, H2SO4 or HOMs/ELVOCs, the growth of the
particles observed in our campaign must have been dominated by organics, as shown by the
composition of the aerosol measured by the AMS. The dominance of organics in the growth of
aerosols in pristine environments has also been suggested on the basis of modeling studies, both
for the lower troposphere (Laaksonen et al., 2008; Riipinen et al., 2012; Ostrém et al., 2017) and
the UT (Ekman et al., 2008; Murphy et al., 2015). In particular, isoprene-derived SOA has been
suggested to be important in the growth of sub-CCN-size particles to CCN (Ekman et al., 2008;
Jokinen et al., 2015), which would be consistent with the prevalence of isoprene in the Amazo-
nian PBL and our observations of [EPOX-SOA in the UT aerosol. As the particles grow, the de-
crease of the Kelvin (curvature) effect with increasing size of the growing particles implies that
subsequently relatively more volatile organics can condense (Trostl et al., 2016), in agreement

with the observed high volatile fraction we observed in the upper tropospheric CN.
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While in general the volatile fraction of the particles in the UT was very high, there were
also regions with a significant fraction of particles that did not evaporate at 250 °C (see section
3.4.3). These were dominated by relatively aged organics, which, based on the absence on de-
tectable rBC, must also be of secondary origin. Such thermally refractory organics may explain
the presence of non-volatile particles in the tropical UTLS, which had been observed in previous

campaigns especially in the region above 360 K (Borrmann et al., 2010).

Once particles have nucleated in the UT and grown into the Aitken mode and in some
cases even into the accumulation mode size ranges, they can be transported downward towards
the lower troposphere both by general subsidence under the prevailing high pressure system over
Amazonia and by downdrafts associated with deep convective activity. Large-scale entrainment
of UT and MT air into the boundary layer has been suggested as the major source of new parti-
cles in marine regions (Raes, 1995; Katoshevski et al., 1999; Clarke et al., 2013). Over Amazo-
nia with its high degree of convective activity, downdrafts are likely to play a more important
role. Downward transport of UT air by downdrafts associated with deep convective activity has
been shown to inject air with lower moisture content, lower equivalent potential temperature, and
elevated Ojs into the PBL (Zipser, 1977; Betts et al., 2002; Sahu and Lal, 2006; Grant et al., 2008;
Hu et al., 2010; Gerken et al., 2016). It would follow that the same mechanism also brings down
aerosol-rich air from the UT into the PBL. Indeed, in a recent aircraft study over the central Am-
azon, this mechanism was shown to be an important source of atmospheric aerosols, predomi-
nantly in the Aitken mode, to the Amazonian PBL (Wang et al., 2016a). Here, they can continue
to grow by condensation of BVOC-derived organics into the accumulation mode and become

available as CCN, closing the aerosol cycle over Amazonia.

4. Summary and Conclusions

As part of the ACRIDICON-CHUVA 2014 aircraft campaign, we investigated the char-
acteristics and sources of aerosols in the upper troposphere over the Amazon Basin. We observed
regions with high number concentrations of aerosol particles (tens of thousands per cm® STP) in
the UT on all flights that reached above 8 km. The aerosol enhancements were commonly in the
form of distinct layers with thicknesses of a few hundreds to a few thousands of meters. Such
layer structures are a common feature of the free troposphere and have been related to detrain-

ment from deep convection and large-scale subsidence (Newell et al., 1999).
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1168 In other regions, upward transport of aerosols from the PBL had been suggested to be an
1169  important source of UT aerosols, based on the abundance of low-volatility particles (Clarke and
1170  Kapustin, 2010), TEM analysis of individual particles (Kojima et al., 2004), or modeling of
1171  cloud processes (Yin et al., 2005). Over Amazonia, however, the UT aerosol was fundamentally
1172 different from the aerosol in the LT, indicating that upward transport of PBL aerosols, especially
1173 combustion aerosols from BB, is not an important source of aerosols to the Amazonian UT.
1174 The number concentrations of particles in the UT were often by several orders of magni-
1175  tude higher than in the LT, and their size distribution was dominated by the Aitken rather than
1176  the accumulation mode. In contrast to the LT, the particles in the UT were predominantly vola-
1177  tile at 250 °C and had much higher organics and nitrate contents. The extremely low concentra-
1178  tions of rBC in the MT and UT show that the aerosols above the LT are not combustion-derived
1179  and indicate that the low-volatility fraction must be representing secondary organics of extremely
1180  low volatility (ELVOCs/HOMs). Regarding the size class large enough to act as CCN (larger
1181  than 60-80 nm), we can conclude based on the absence of rBC and the lack of BB indicators in
1182 the AMS measurements that the enhanced CCN in the UT are not related to upward transport of
1183  combustion products, in contrast to most previous studies (e.g., Krejci et al., 2003; Engstrom et
1184  al., 2008; Clarke et al., 2013).
1185 By analyzing the history of the particle-enriched airmasses and comparing the transport
1186  paths to GOES infrared imagery, we could show in almost all cases that these airmasses had
1187  Dbeen in contact with deep convective outflow. Measurements inside the cloud tops and the out-
1188  flow anvils close to the clouds showed that the pre-existing aerosols in the ascending air had
1189  been almost completely scavenged by in-cloud processes, making the clouds initially a net aero-
1190  sol sink. The near-complete scavenging is consistent with the hypothesized large water vapor su-
1191  persaturation in pristine tropical deep convective clouds, which can nucleate particles that are
1192 much smaller than the commonly defined CCN (Khain et al., 2012).
1193 Based on our measurements, we propose that BVOC:s in the cloud outflow are rapidly ox-
1194  idized to HOMs/ELVOCs, which because of the low temperatures and low condensation sink
1195  can readily nucleate new particles and grow to sizes >20 nm within a few hours, making deep
1196  convective clouds an indirect aerosol source. This had also been concluded based on a large sta-
1197  tistical sampling of UT air in the Northern Hemisphere by the CARIBIC aircraft measurement
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program (Weigelt et al., 2009). The importance of NPF in the UT for the budget of CN and CCN
had been proposed previously on the basis of modeling studies (Yu et al., 2008; Merikanto et al.,
2009; Carslaw et al., 2017), and is evident in the global enhancement of CN in the UT, especially
in tropical regions, seen in compilations of data from numerous aircraft campaigns (Yu et al.,
2008; Reddington et al., 2016). In this way, aerosol production by BVOC oxidation in the UT
can provide the “missing source” of FT organic aerosol, which had been deduced from a mis-

match between models and observations (Heald et al., 2005).

The high aerosol concentrations in the UT provide a reservoir of particles that are availa-
ble for downward transport into the PBL both by large-scale downward motion and by convec-
tive downdrafts. In a recent study, we have shown that transport of aerosols by downdrafts from
the free troposphere is an important, if not the dominant, source of particles to the lower tropo-
sphere (LT) over the Amazon (Wang et al., 2016a). The particles that are produced by this mech-
anism in the UT over the Amazon (and probably other tropical continents as well) can be trans-
ported globally due to their long lifetime in the UT (Williams et al., 2002; Clarke et al., 2013)
and affect the microstructure of low-level clouds after they eventually descend into the PBL,

possibly at very large distances from the source areas of their precursors.

Our study and the results of some previous studies (Lee et al., 2003; Froyd et al., 2009)
suggest that UT aerosol production is especially important in the tropics because of the high rate
of BVOC production and the abundance of deep convection, but its relevance may also extend to
temperate and boreal regions. Our measurements both in the Amazon and at a remote site in cen-
tral Siberia, distant from SO emission sources and thus experiencing very low H2SO4 concentra-
tions, show that classical nucleation events are very rare to absent at such sites and may not pro-
vide a strong source of new particles (Heintzenberg et al., 2011; Andreae et al., 2015;
Wiedensohler et al., 2017). Consequently, the UT may be an important, possibly even the domi-
nant source of tropospheric aerosol particles in regions that are not strongly affected by anthro-
pogenic aerosols. This would assign clouds a central role in the aerosol life cycle, controlling
both source and sink of aerosol particles, at least in regions of low anthropogenic pollution. Fur-
thermore, the relevance of UT aerosol production may not be limited to the troposphere, because
the UT and the TTL are also important reservoirs for the transport of particles into the lower

stratosphere (Fueglistaler et al., 2009; Borrmann et al., 2010; Randel and Jensen, 2013). Organic
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aerosols in the lower stratosphere have been shown to have significant radiative effects (Yu et

al., 2016).

The conceptual model proposed here implies a profound difference between the present-
day polluted atmosphere and the pristine pre-industrial situation, especially over the continents.
In the pristine atmosphere, the gradient of particle number concentrations may have been from
high values in the UT to low values in the PBL, as we have found in Amazonia. In polluted con-
tinental regions, on the other hand, nucleation and NPF occur predominantly in the lower tropo-
sphere, which thus has become the dominant source of atmospheric aerosols in today’s atmos-
phere over much of the world. Consequently, in the anthropocene the aerosol concentration pro-
file has been turned upside down in polluted regions, since now the highest concentrations are

found in the PBL.

This has important consequences for the Earth’s climate system. The aerosol concentra-
tions in the PBL influence cloud microphysical properties and radiative energy fluxes, which af-
fect the characteristics of convection and thereby influence cloud radiative forcing, atmospheric
stability, precipitation, and atmospheric dynamics at all scales (Jiang et al., 2008; Koren et al.,
2008; Rosenfeld et al., 2008; Koren et al., 2010; Fan et al., 2012; Rosenfeld et al., 2014;
Gongalves et al., 2015; Stolz et al., 2015; Dagan et al., 2016; Braga et al., 2017). By their radia-
tive and microphysical effects on convection dynamics, aerosols are also able to increase upper
tropospheric humidity, which plays an important role in the Earth’s radiation budget (Sherwood,
2002; Kottayil and Satheesan, 2015; Riuttanen et al., 2016) and may also affect the potential for

aerosol nucleation in the UT, thus providing an additional feedback.
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1271 6. Figure Captions
1272
1273 Figure 1: Tracks of the flights on which measurements at high altitude were made during
1274  ACRIDICON-CHUVA. The flight segments at altitudes >8 km are shown as heavier lines.
1275  Figure 2: Columnar precipitable water anomaly for September 2014 (based on the 1981-2010 av-
1276  erage NCEP/NCAR Reanalysis).
1277  Figure 3: Total rainfall (mm per month, 1° resolution) for September 2014. Data from the Global
1278  Precipitation Climatology Centre (GPCC).
1279  Figure 4: Mean wind speeds during September 2014 at a) 850 hPa and b) 200 hPa (Data from
1280 NCEP/NCAR).
1281  Figure 5: Vertical profiles of potential temperature, static air temperature, and relative humidity
1282  measured on HALO during the ACRIDICON-CHUVA flights over the Amazon Basin.
1283  Figure 6: Trajectory statistics based on (a) 72-hour and (b) 120-hour backtrajectory calculations
1284  for September 2014, initialized at Manaus at an elevation of 12 km.
1285  Figure 7: Vertical profiles of CN concentrations, Ncw; a) overall statistics from all flights, b) ex-
1286  amples from individual profiles on flight AC07 (segment G) and AC09 (segments Al and A2).
1287  Figure 8: Vertical profiles of accumulation mode particle concentrations, Nacc; a) 1-min averaged
1288  data from all flights, b) Nacc profile from flight AC19 together with the profile of Ncn from the
1289  same flight (1-sec data).
1290  Figure 9: Size spectra: The black line shows the mean boundary layer DMPS size spectrum from
1291  asegment in the PBL on flight AC13 (16:55 to 17:18 UTC). The square black symbols represent
1292 the mean, the grey shaded area the standard deviation of the measurements. The line is a loga-
1293 rithmic fit with modal diameters of 74 and 175 nm. The colored lines represent size distributions
1294 from 0.65 to 5.8 km from a G1 flight during GoAmazon (Wang et al., 2016a).
1295  Figure 10: Vertical profiles of the ultrafine fraction (UFF); a) overall statistics from all flights, b)
1296  examples from individual profiles on flight AC18.
1297  Figure 11: Vertical profiles of CCN concentrations at 0.52% supersaturation; a) overall statistics
1298  from all flights (1-min averages), b) examples from individual profiles on flights AC09 (green)
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1299  and AC12+13 (red). Flights AC12 and AC13 were conducted over the same region on successive
1300  days.
1301  Figure 12: a) CCN fraction (Nceno.s/New) vs altitude, all data. b) CCN fraction vs. CN concentra-
1302  tion for specific segments from flight AC18 (see text for discussion).
1303  Figure 13: a) CCN fractions (Nceno.s/Nen) and b) CCN concentrations (Nceno.s) Vs. supersatura-
1304  tion from selected legs from flights AC09, AC10, and AC18; c,d) data from flights AC12 and
1305  ACI13 for the LT, MT, and UT.
1306  Figure 14: Volatile fraction. a) statistics from all flights; b) individual segments from flight
1307  ACI18 (see text for discussion).
1308  Figure 15: Refractory black carbon vs altitude, all flights, 30-second averages.
1309  Figure 16: Aerosol chemical composition as determined by AMS and SP2 measurements in the
1310  lower, middle and upper troposphere.
1311  Figure 17: Plot of the AMS factors fu4 vs. fa3, indicating the median values for the LT and UT
1312 and values for some UT flight segments with elevated aerosol concentrations. With increasing
1313 degree of oxidation, the measurements move to the upper left of the triangle
1314 Figure 18: Measurements during passages through cumulonimbus cloud tops and outflow anvils:
1315  a) Several cloud top penetrations at 10.7 to 12 km altitude on flight AC18 showing reduced Nen
1316  and Ncenoss inside the cloud top; b) Outflow from a large active cumulonimbus, showing strong
1317  aerosol depletion and NO production by lightning.
1318  Fig. 19: Airmass contacts with deep convection. The colors indicate the cloud top temperature of
1319  the convective system with which the trajectory had the most recent contact. The aircraft altitude
1320  at which the airmass was sampled is indicated by the red line. The colored dots are plotted at the
1321  altitude at which the airmass crossed the grid cell with the convective system. The dots are only
1322 plotted if this altitude is greater than 6 km and if it encountered a DC region (i.e., Ty <—-30 °C).
1323 The shaded areas correspond to the flight segments with elevated CN concentrations. a) flight
1324  ACO09, b) flight AC18.
1325  Figure 20: a) Number of hours since last contact with deep convection for flight segments with
1326  elevated aerosol concentrations (cumulative frequency, all flights); b) frequency distribution of
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1327  minimum GOES brightness temperature (Ty) for selected flights legs (within 5-day backward tra-
1328  jectories).
1329 Figure 21: CN vs CO concentrations in the upper troposphere above 8 km (15-second averages).
1330 Figure 22: CN, NO, and NOy concentrations in a flight segment in the upper troposphere on
1331  flight ACO7.
1332 Figure 23: a) Measurements of Ncceno.s, NN, Nuonvol, and ice particles during cloud top penetra-
1333 tions on flight AC20. b) Concentrations of CO, NO, and NOy on the same flight segments. c)
1334 Measurements of Nace, Non, tBC, CO, and O3 during the climb from 11.0 to 13.5 km.
1335  Figure 24: Conceptual model of the aerosol life cycle over the Amazon Basin.
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Figure 1: Tracks of the flights on which measurements at high altitude were made during
ACRIDICON-CHUVA. The flight segments at altitudes >8 km are shown as heavier lines.
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Figure 2: Columnar precipitable water anomaly for September 2014 (based on the 1981-2010
average NCEP/NCAR Reanalysis).
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Figure 3: Total rainfall (mm per month, 1° resolution) for September 2014. Data from Global
Precipitation Climatology Centre (GPCC).
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Figure 4: Mean wind speeds during September 2014 at a) 850 hPa and b) 200 hPa (Data from

NCEP/NCAR).
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Figure 5: Vertical profiles of potential temperature, static air temperature and relative
humidity measured on HALO during the ACRIDICON-CHUVA flights over the Amazon
Basin.
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Figure 6: Trajectory statistics based on (a) 72-hour and (b) 120-hour backtrajectory
calculations for September 2014, initialized at Manaus at an elevation of 12 km.
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Figure 7: Vertical profiles of CN concentrations, Ncn; a) overall statistics from all flights, b)
examples from individual profiles on flight ACO7 (segment G) and AC09 (segments Al and

A2).
a) 15 ' r r r ' T
____________________ ™
10 O Mean 1
== =10, 90 percentile
E =25, 75 percentile
g = 50 percentile
=2
z
5 -
O 1 L
0 0.5 1 15 2 25 3 35
CN,cm™ STP x 10°
b) 14000
12000 -
10000 o
£ 8000 -
g — AC07-G
% 6000 - — AC09-A1 (ascent)
= AC09-A2 (descent)
4000 -
2000 4
=
1] T T T T T T T
0 5000 10000 15000 20000 25000 30000 35000 40000
CN, cm2 STP
76

| 191



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-694
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 1 August 2017

© Author(s) 2017. CC BY 4.0 License.

192 |

Atmospheric
Chemistry
and Physics

Discussions

Figure 8: Vertical profiles of accumulation mode particle concentrations, Nacc; a) 1-min
averaged data from all flights, b) Nacc profile from flight AC19 together with the profile of

Nen from the same flight (1-sec data).
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Figure 9: Size spectra: The black line shows the mean boundary layer DMPS size spectrum
from a segment in the PBL on flight AC13 (16:55 to 17:18UT). The square black symbols
represent the mean, the grey shaded area the standard deviation of the measurements. The
line is a logarithmic fit with modal diameters of 74 and 175 nm. The colored lines represent
size distributions from 0.65 to 5.8 km from a G1 flight during GoAmazon (Wang et al.,

2016a).
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Figure 10: Vertical profiles of the ultrafine fraction (UFF); a) overall statistics from all
flights, b) examples from individual profiles on flight AC18.
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Figure 11: Vertical profiles of CCN concentrations at 0.52% supersaturation; a) overall

statistics from all flights (1-min averages), b) examples from individual profiles on flights
ACO09 (green) and AC12+13 (red). Flights AC12 and AC13 were conducted over the same
region on successive days.
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Figure 12: a) CCN fraction vs altitude, all data. b) CCN fraction vs. CN concentration for
specific segments from flight AC18 (see text).
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Figure 13: a) CCN fractions (Nceno.s/Nen) and b) CCN concentrations (Nceno.s) vs.
supersaturation from selected legs from flights AC09, AC10, and AC18; c,d) data from
flights AC12 and AC13 for the LT, MT, and UT.
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Figure 14: Volatile fraction. a) statistics from all flights; b) individual segments from flight
ACI18 (see text)
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Figure 15: Refractory black carbon vs altitude, all flights, 30-second averages.
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Figure 16: Aerosol chemical composition as determined by AMS and SP2 measurements in
the lower, middle and upper troposphere.
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Figure 17: Plot of the AMS factors fas4 vs. fa3, indicating the median values for the LT and UT
and values for some UT flight segments with elevated aerosol concentrations. With
increasing degree of oxidation, the measurements move to the upper left of the triangle
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Figure 18: Measurements during passages through cumulonimbus cloud tops and outflow
anvils: a) Several cloud top penetrations at 10.7 to 12 km altitude on flight AC18 showing
reduced Ncn and Nceeno s inside the cloud top; b) Outflow from a large active cumulonimbus,
showing strong aerosol depletion and NO production by lightning.
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Fig. 19: Airmass contacts with deep convection. The colors indicate the cloud top
temperature of the convective system with which the trajectory had the most recent contact.
The aircraft altitude at which the airmass was sampled is indicated by the red line. The
colored dots are plotted at the altitude at which the airmass crossed the grid cell with the
convective system. The dots are only plotted if this altitude is greater than 6 km and if it
encountered a DC (i.e., Ty <—30 °C). The shaded areas correspond to the flight segments with
elevated CN concentrations. a) flight AC09, b) flight AC18.
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Figure 20: a) Number of hours since last contact with deep convection for flight segments
with elevated aerosol concentrations (cumulative frequency, all flights); b) frequency
distribution of minimum GOES brightness temperature (Ty) for selected flights legs (within

—5 days backward trajectories).
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Figure 21: CN vs CO in the upper troposphere above 8 km (15-second averages).
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Figure 22: CN, NO and NOy in a flight segment in the upper troposphere on flight AC07.

Altitude, m; CN, em3 STP

92

30000 5
ACO7 —CN
—Altitude
25000 - . . NO Ly
: - NOy
i
20000 )
L 3 o
- o
" (=
i >
15000 . e
J5 <
‘. o
e -2 2
10000 I I
il 1
: 1
: - 1
5000
0 - \" L W VO 0
20:00 20:30 21:00 21:30 22:00 22:30
Time, UT

| 207



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-694
Manuscript under review for journal Atmos. Chem. Phys.

Discussion started: 1 August 2017
(© Author(s) 2017. CC BY 4.0 License.

Atmospheric
Chemistry
and Physics

Discussions

EGU

$S900y UadQ

Figure 23: a) Measurements of Nceno.s, Nen, Nnonvol, and ice particles during cloud top
penetrations on flight AC20. b) Concentrations of CO, NO, and NOy on the same flight
segments. ¢) Measurements of Nace, Nen, 1BC, CO, and O3 during the climb from 11.0 to 13.5
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Figure 24: Conceptual model of the aerosol life cycle over the Amazon Basin
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Figure S1: Example of a back-tracked parcel starting at the location of the HALO aircraft during
flight AC18. This parcel started at 2014-09-28 20:34:53 UTC and was traced back in time in one-
hour steps up to 120 hours, as shown in the time color scale on the right. The solid gray line is
the full flight AC18 track.
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Figure S2: Examples of snapshots of the back-tracked parcel shown in Figure S1 matched in
time to the closest GOES-13 infrared brightness temperature (Tp). Color dots are the same ones
as in Figure S1, representing the position and backward time (in hours). Here the snapshots are
zoomed in a 3°x3° box centered at the parcel location at the time shown on the top the snap-
shots. Dashed boxes show the 1°x1° box centered in the back-tracked parcel within which we
looked up the minimum Tp. This value is shown at the left corner of each snapshot as well as
the parcel altitude and GOES-13 infrared (IR) time.
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Figure S3: Summary of the back-tracked parcel positions (as in Fig. S1) with the minimum Ty,
tracked as shown in the snapshot examples of Figure S2. Here the back-track parcel position is
colored with the value of minimum Ty, found in the 1°x1° box.
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Figure S4. Mean vertical profiles of temperature, relative humidity and potential temperature
(6) from radiosoundings at Manacapuru.
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Figure S5: Trajectory statistics based on 120-hour backtrajectory calculations for September

2014, initialized at Manaus at an elevation of 10 km.
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Figure S6: Trajectory statistics based on 120-hour backtrajectory calculations for September
2014, initialized at Manaus at an elevation of 14 km.
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Abstract. In this study we show how size-resolved mea-
surements of aerosol particles and cloud condensation nuclei
(CCN) can be used to characterize the supersaturation of wa-
ter vapor in a cloud. The method was developed and applied
during the ACRIDICON-Zugspitze campaign (17 Septem-
ber to 4 October 2012) at the high-Alpine research station
Schneefernerhaus (German Alps, 2650 m a.s.l.). Number size
distributions of total and interstitial aerosol particles were
measured with a scanning mobility particle sizer (SMPS),
and size-resolved CCN efficiency spectra were recorded with
a CCN counter system operated at different supersaturation
levels.

During the evolution of a cloud, aerosol particles are ex-
posed to different supersaturation levels. We outline and
compare different estimates for the lower and upper bounds
(Stow- Shigh) and the average value (Sayvg) of peak supersatu-
ration encountered by the particles in the cloud. A major ad-
vantage of the derivation of Sjow and Sayg from size-resolved
CCN efficiency spectra is that it does not require the spe-
cific knowledge or assumptions about aerosol hygroscopic-
ity that are needed to derive estimates of Siow, Shigh, and Save
from aerosol size distribution data. For the investigated cloud
event, we derived Siow A 0.07-0.25 %, Shigh ~0.86-1.31 %
and S,yg A 0.42-0.68 %.

1 Introduction

Atmospheric aerosols consist of particles spanning a wide
range of size and chemical composition from various natural
and anthropogenic sources (Poschl, 2005). They can act as
cloud condensation nuclei (CCN) and affect climate by influ-
encing the properties of clouds and precipitation (Lohmann
and Feichter, 2005; Solomon et al., 2007; Rosenfeld et al.,
2008). Depending on particle size, composition, and mixing
state, aerosol particles are activated as CCN at different wa-
ter vapor supersaturations (e.g., Kohler, 1936; Dusek et al.,
2006; McFiggans et al., 2006; Andreae and Rosenfeld, 2008;
Su et al., 2010).

As a result of long-term efforts and recent advances in at-
mospheric research, the CCN activity of atmospheric aerosol
particles can be fairly well constrained by measurements and
models (e.g., Petters and Kreidenweis, 2007, 2008; Gunthe
et al., 2009; Kinne, 2009; Moore and Nenes, 2009; Poschl et
al., 2009; Juranyi et al., 2010; Pringle et al., 2010; Rose et al.,
2010; Wex et al., 2010; Gunthe et al., 2011; Kim et al., 2011;
Kulmalaetal.,2011; Rose etal., 2011; Spracklen etal., 2011;
Anttila et al., 2012; Christensen and Petters, 2012; Engelhart
et al., 2012; Padr6 et al., 2012; Juranyi et al., 2013; Lance
etal., 2013; Mikhailov et al., 2013; Petters and Kreidenwesis,
2013). To fully describe the process of CCN activation and
cloud droplet growth in the atmosphere, however, the su-
persaturation of water vapor in the cloud also needs to be
known (e.g., Reutter et al., 2009; Pruppacher and Klett, 2010;
Rosenfeld et al., 2012; Renno et al., 2013).

Published by Copernicus Publications on behalf of the European Geosciences Union.

218 |



2616

Upon cloud formation, the decrease of temperature in
an ascending air parcel resulting from the expansion of air
with decreasing pressure (adiabatic cooling) or the decrease
of temperature in an air parcel moving horizontally over a
colder surface or air mass (isobaric cooling) induces wa-
ter vapor supersaturation (Pruppacher and Klett, 2010). At
the point where the increase of supersaturation by cooling
is compensated by the condensational sink of water vapor,
the supersaturation reaches a maximum or peak value. Fol-
lowing Hammer et al. (2014) we use the expression “peak”
rather than “maximum” supersaturation. Particles with a crit-
ical supersaturation equal to or lower than the peak supersat-
uration are activated and grow into cloud droplets. The peak
supersaturation is a major determinant for the cloud droplet
number and the regime of CCN activation (aerosol- vs. up-
draft limited; Reutter et al., 2009; Rosenfeld et al., 2012).
Due to inhomogeneities of the atmospheric aerosol load and
air flow pattern (turbulence, entrainment), the peak supersat-
urations of different air parcels in a cloud can be temporally
and spatially heterogeneous.

Techniques for the direct measurement of cloud supersat-
uration are not available. Thus, indirect methods have been
developed to estimate the value of water vapor supersatura-
tion in a cloud, which determines the fraction of particles that
are activated and form cloud droplets.

An early approach to deduce the cloud supersaturation was
presented by Hoppel et al. (1996). They commonly observed
a double-peaked structure of the aerosol size distribution in
the marine boundary layer, which is a result of processing
aerosol through nonprecipitating cloud cycles. The authors
suggest that the mode that peaks at 20 to 80 nm consists of
particles that are too small to be activated during the cloud
processing, and the mode that peaks at 160 to 400 nm rep-
resents the residue of evaporated cloud droplets that have
been enlarged mainly as a result of liquid-phase conversion
of soluble trace gases to nonvolatile compounds. Therefore,
they could relate the diameter at which the minimum occurs
(the so-called Hoppel minimum) to the supersaturation of the
cloud, assuming the particles to consist of a mixture of am-
monium sulfate and sulfuric acid.

Another method to derive the supersaturation of a cloud
was used by, for example, Hammer et al. (2014), Ditas et
al. (2012), Asmi et al. (2012), and Anttila et al. (2009). In
these studies the fraction of activated particles in a cloud was
deduced from the comparison of the number size distribution
of interstitial particles (i.e., particles not taken up into cloud
droplets) and total aecrosol particles (i.e., cloud residuals plus
interstitial particles). Through Kohler theory and with the as-
sumption of an average particle hygroscopicity, the diameter
at which 50 % of all particles activated was related to the
particles’ critical supersaturation, which was then regarded
as the supersaturation at which ambient clouds had formed.

In a recent study, Russell et al. (2013) measured the CCN
activation of cloud residuals, which were sampled behind a
counterflow virtual impactor (CVI) and compared it to the
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measured cloud droplet number concentration (CDNC). The
supersaturation at which the CDNC was equal to the CCN
concentration of the cloud residuals was assumed to be the
cloud supersaturation.

Most likely the particles of a cloud are processed through
a number of nonprecipitating cloud cycles (typically on the
order of 10 or more; Hoppel et al., 1996). Thus, different
particles may have been exposed to different peak supersat-
urations, at which they were activated into cloud droplets.
For that reason the activation of aerosol particles in the cloud
cannot be described or reproduced with the activation at one
single supersaturation level.

In this study we derive and compare different estimates
for an effective average value (Savg) and the lower and upper
bounds (Siow, Shigh) of the peak supersaturation encountered
by the particles in a cloud. Estimates of Saye (Sects. 3.2.1
and 3.2.2), Siow (Sect. 3.2.3), and Spign (Sect. 3.2.4) based
on aerosol size distribution data require specific assump-
tions or measurements of aerosol hygroscopicity; these are
not required for the derivation of Sjow (Sect. 3.1.1) and Save
(Sect. 3.1.2) from size-resolved CCN efficiency spectra.

2 Experimental methods and data analysis
2.1 Measurement site

Measurements were performed during the ACRIDICON-
Zugspitze campaign (17 September to 4 October 2012) at
the research station Schneefernerhaus, a mountain site in
the German Alps (47.42°N, 10.97° E; 2650 ma.s.l.; www.
schneefernerhaus.de). The aim of this campaign was the in-
vestigation of liquid water clouds. For the analysis in this
paper we chose one exemplary cloud event, which occurred
on 19 September 2012.

2.2 Inlet system

We used an inlet that segregated hydrometeors by means of
a cyclone with a 2.5 um cut-off (PM3 5). During out-of-cloud
conditions the inlet samples all aerosol particles with diame-
ter < 2.5 um (total aerosol). During in-cloud conditions par-
ticles that have been activated to cloud droplets are removed
because they are larger than the inlet cut-off diameter (Mertes
et al., 2005). Therefore the sampled aerosol can be regarded
as interstitial.

2.3 Liquid water content (LWC)

To distinguish between in-cloud and out-of-cloud conditions,
we utilized measurements of the liquid water content (LWC),
which were performed by a particle volume monitor (Gerber,
1991). As suggested also by Henning et al. (2002) we de-
fined a period of CCN measurements as in cloud when the
LWC was > 0.02gm™> for 85% of the time and as out of
cloud when the LWC was < 0.02 gm ™3 for 85 % of the time.
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Figure 1. Time series of the liquid water content (LWC) measured
by a particle volume monitor permitting distinction between in-
cloud and out-of-cloud conditions. The time period for in-cloud
conditions, during which the cloud supersaturation was investi-
gated, is marked in red (19 September 2012, 15:26-17:17 UTC).
The red vertical line indicates the time when the CCN scan at
S =0.25% was finished. Out-of-cloud conditions are marked in
blue, in which the first small time period was used to apply the
SMPS method (19 September 2012, 17:30-18:00 UTC). The sec-
ond larger period (20 September 2012, 02:54-04:47 UTC) was used
for the CCN method, because a longer time interval without cloud
was needed to get a full CCN spectrum.

For the analysis in this paper we chose one exemplary cloud
event, which occurred on 19 September 2012. During this
event the LWC was on average 0.073 gm—>. Figure 1 shows
the time series of the LWC for a certain time before, during,
and after the analyzed cloud event with in-cloud and out-of-
cloud conditions highlighted.

2.4 Size-resolved CCN measurements

The number concentration of CCN was measured using a
continuous-flow streamwise thermal gradient CCN counter
(CCNC), commercially available from Droplet Measurement
Technologies Inc. (DMT, CCN-100). The operation principle
of the CCNC is based on the fact that diffusion of heat in air is
slower than diffusion of water vapor. This allows for the gen-
eration of a supersaturated area inside a flow tube by com-
bining a temperature gradient with water vapor from a con-
tinuously wetted porous inner surface (Roberts and Nenes,
2005). The inlet flow rate of the CCNC was 0.5 L min~!,
with a sheath-to-aerosol flow ratio of 10. The water pump
was operated at a rate of 4mLh™!, corresponding to the
CCNC setting of “low” liquid flow. By changing the tem-
perature gradient, the supersaturation of the CCNC was set
to different values between 0.06 and 0.60 %. Particles with
a critical supersaturation equal to or smaller than the pre-
scribed supersaturation (Spresc) Were activated and formed
water droplets. An optical particle counter (OPC) at the exit
of the flow tube determined the concentration of droplets
larger than 1 pum, which were considered to be activated
CCN.

www.atmos-meas-tech.net/7/2615/2014/
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Combining the CCNC described above with a differen-
tial mobility analyzer (DMA) and a condensation particle
counter (CPC), size-resolved CCN efficiency spectra at a
given Spresc were measured as follows (Frank et al., 2006):
first, aerosol particles were brought to charge equilibrium
with an X-ray source (TSI 3087). Then the DMA selected
monodisperse particles of 10 different diameters in the size
range of 23 to 321 nm, which were passed on to the CCNC
and the CPC (TSI 3762) measuring in parallel. At each diam-
eter (D), the CPC measured the number concentration of all
aerosol particles (Ncn), and the CCNC measured the number
concentration of CCN (Nccen) for the given supersaturation.
The CCN efficiency spectrum is the size-resolved fraction of
all activated particles as a function of Spresc. The recording of
a CCN efficiency spectrum at a given Spresc took ~ 23 min,
including ~ 90 s integration time for each measurement data
point, ~ 30 s adjustment time for each new particle size, and
~ 4 min for adjustment to the next supersaturation level. The
completion of a full measurement cycle comprising CCN ef-
ficiency spectra at five different supersaturation levels took
~ 2 h (including additional 5 min of adjustment time between
the highest and the lowest Spresc level).

The measurement data of the CCN efficiency spectra were
corrected for differences in the CCNC and CPC counting ef-
ficiencies as described in Rose et al. (2010), using a constant
correction factor of 1.03. Moreover, a correction for multi-
ply charged particles was performed according to Frank et
al. (2000).

The supersaturation in the CCNC was calibrated using am-
monium sulfate particles before, during, and after the cam-
paign. We used the calibration method described in Rose
et al. (2008), applying the activity parameterization Kdhler
model AP3 to derive the corresponding critical supersatura-
tion from the critical dry diameter of CCN activation of the
ammonium sulfate particles.

To relate the activation of aerosol particles in the CCNC
to the activation at ambient conditions, the supersaturation
levels prescribed in the CCNC at a sample temperature of
approximately 298 K (Spresc) Were scaled to an equivalent
supersaturation at an average ambient air temperature dur-
ing the cloud event of ~273 K (Sccene) as described in Ap-
pendix C.

2.5 Error analysis

During a cloud event the number concentration measured for
large monodisperse interstitial aerosol particles is generally
very low. Therefore the possible sources of errors are par-
ticularly important. One potential source of systematic er-
rors is false counts of the instruments. However, during fre-
quently performed zero filter tests, our instruments showed
no false counts, so the systematic error initiated from false
counts could be neglected. The random error of the particle
concentration measured by the CCNC (A Nccn) and by the
CPC (ANcN), as well as the random error of the activated
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fraction (A(NcceN/Nen)) were derived through Gaussian er-
ror propagation.
Hence, the error of the activated fraction is given by

2
A<NCCN>: (ANCCN>2+<NCCN~2ANCN> ’ )
Nen Nen Nin
in which Ncen and Nen are the concentrations per size bin
measured during the integration interval by the CCNC and
the CPC, respectively. The number concentration of particles
is the number of measured particles (c¢) divided by the sam-
ple volume: N =c¢ / (Q - 1), where Q is the volumetric flow

rate and ¢ is the integration time. From this, the errors of the
particle concentrations (A Nccn and A Ncen) are given by

2 2 2
AN:/( Ac) +<c~AQ> +<C~At). o
Q-1 0%t 012

Note that for the volumetric flow rate in the CCNC we
had to insert the value for the measured actual aerosol flow
(~0.045 L min~!) through the flow tube. This is only 1/11
of the CCNC inlet flow since the inlet flow is split into a fil-
tered sheath and an aerosol flow with a ratio of 10. For the
measurement time ¢ we used the integration time for Nccen
and Ncn at a given D and Scene (~905s). The error of
the flow rate (A Q) was the standard deviation of the mean
aerosol flow rate (of the CCNC or CPC) during time #, and
the error of the time (At¢) we assumed to be 1 s.

The error of the measured particle number (c) we assumed
to be the standard counting error of ¢ plus 1 because one
particle is the smallest countable value of the CCNC and the
CPC:

Ac=+c+1. 3)

The analysis showed that the error of the interstitial CCN
to CN ratio (Ncen/Nen) measured during a cloud event
was rather large. The reason was the very small aerosol flow
through the CCNC (~ 0.045 L min~!), which required rela-
tively long integration times.

During out-of-cloud conditions we have not encountered
problems with counting statistics since the particle concen-
trations per size bin were at least 1 order of magnitude higher
than during in-cloud conditions. We conclude that, in future
studies measuring the size-resolved CCN fraction of inter-
stitial particles in a cloud, it is necessary to increase the ac-
tual measured number of particles either by measuring over a
longer time interval or by increasing the aerosol flow through
the CCNC.

2.6 Calculation of CCN size distribution and integral
CCN efficiency

Parallel to the CCN measurements, a scanning mobility par-
ticle sizer (SMPS, TSI 3080, using a DMA 3081, a CPC

Atmos. Meas. Tech., 7, 2615-2629, 2014

M. L. Kriiger et al.: Assessment of cloud supersaturation

3025A, and a neutralizer 3087 — operating with standard TSI
software) was operated to measure the aerosol particle num-
ber (CN) size distribution over the size range of 16 to 600 nm
(26 logarithmically equidistant size bins). Integral CN con-
centrations, Ncn,int, Were calculated by integrating the CN
size distributions.

CCN size distributions were calculated by multiplying the
best-fit cumulative Gaussian distribution function (cf. Rose et
al., 2008) of CCN efficiency spectra with the respective total
aerosol size distributions, which were interpolated on a grid
of 250 size steps (Rose et al., 2010). Integral CCN concentra-
tions, Ncen,int, Were calculated by integrating the CCN size
distributions. Integral CCN efficiencies (NceN,int/ NN, int)
were calculated as the ratio of integral CCN concentration
at a certain Sconc to integral CN concentration.

A list of frequently used symbols is given in Table Al at
the end of the manuscript.

3 Results and discussion

3.1 Derivation of cloud supersaturation from CCN
measurements (CCNC method)

3.1.1 Lower bound of peak supersaturation based on
CCN efficiency spectra, Sjow (CCNC)

Figure 2 shows the size-resolved CCN efficiency spectra
measured at five different supersaturation levels (Scene) for
interstitial aerosol particles in cloud (red data points) and for
total aerosol particles out of cloud (grey lines).

Out of cloud, the measured CCN efficiencies (Ncen/NeN)
exhibited the expected S-shaped increase from 0 for small
particles to about 1 for large particles. The midpoint acti-
vation diameter (D,, at Nccn/Ncen = 0.5) can be regarded
as the average critical diameter of CCN activation at the
given supersaturation. As expected, D, exhibited a gradual
decrease with increasing Sccnce, i.€., the threshold diameter
for the CCN activation of aerosol particles is lower for higher
supersaturation.

In cloud, the CCN efficiency spectra of the interstitial
aerosol observed at medium to high supersaturations were
similar to those observed out of cloud (Sccene > 0.25 %,
Fig. 2c—e). At low supersaturations, however, they looked
very different, and the CCN efficiency of the interstitial
aerosol particles remained close to zero throughout the in-
vestigated diameter range (Scene = 0.07 and 0.13 %, Fig. 2a
and b).

From this difference we derive a lower bound for the
peak supersaturation at which particles have been acti-
vated to cloud droplets (Sjow). We take Sjow(CCNC) to
be the mean value between the highest Sconc level at
which no significant activation of interstitial particles is
observed ((Ncen/Nen — statistical error) <0) and the
lowest Scene level at which significant activation of
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Figure 2. Size-resolved CCN efficiency spectra measured for different Sconc. The red squares represent one example measurement dur-
ing the cloud event (19 September 2012, 15:26—17:17 UTC) and the error bars correspond to the individual statistical errors calculated
as described in Sect. 2.5. The grey shaded area represents the range of the measured data points =+ statistical error for one example CCN
measurement performed during out-of-cloud conditions (20 September 2012, 02:54-04:47 UTC).

interstitial particles is observed ((Nccen/Ncen — statistical
error) > 0). For the investigated cloud, we thus obtained
Siow(CCNC)=0.19£0.06 % (arithmetic mean + standard
deviation). Particles exhibiting critical supersaturations
smaller than or equal to Sjow (CCNC) had formed cloud
droplets and were therefore not sampled by the interstitial
inlet. Hence, we did not measure activated particles in the
CCNC as long as Scene < Siow (CCNC). Interstitial parti-
cles could be activated in the CCNC only if Scene exceeded
Siow (CCNC).

Figure 3 displays integral CCN efficiencies
(Ncen,int/ Nen,ine)  plotted  against  water vapor super-
saturation. It shows that Sjow(CCNC) can be derived not
only from size-resolved measurement data but also from
integral measurements of CCN and CN concentrations using
a combination of CCNC and CPC without DMA. In fact,
even a stand-alone CCNC instrument and plot of NccN,int VS.
Scene would suffice for the determination of Soy, provided
that counting statistics are properly taken into account. The
definition of Sjoyw is the same as for the size-resolved CCN
measurements: Sjow (CCNC) is the mean value between
the highest Scene level at which no significant activation
of interstitial particles is observed and the lowest Scene
level at which significant activation of interstitial particles is
observed.
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Figure 3. Integral CCN efficiency measured for total aerosol during
out-of-cloud conditions (grey shaded area, range of measured data
points = statistical error) and for interstitial aerosol in one example
measurement during in-cloud conditions (red data points; error bars
correspond to the individual statistical errors) plotted as a function
of Scone- The measurement times are the same as in Fig. 2. The
vertical green line and shaded area represent the arithmetic mean
and standard deviation range of Sjow (CCNC). Since the activated
fraction is much lower for in-cloud conditions, Noen it is illus-
trated on the right axis with a smaller scale.
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3.1.2 Average peak supersaturation based on CCN size
distributions, S,yz (CCNC)

The effective average peak supersaturation (Sayg), at which
the activation curve at the CCNC represents the activation
that happened in the cloud event, can best be derived by
comparison of the CCN size distributions measured for total
aerosol at different supersaturation levels with the size dis-
tribution of aerosol particles actually activated in the cloud.
The number size distribution of activated particles in a cloud
is given by the difference between the size distributions of
total and interstitial aerosol. In principle, the particle frac-
tion activated at a given supersaturation in the cloud should
also be activated at an equivalent supersaturation level in the
CCNC instrument, taking into account the influence of dif-
ferent ambient conditions (in particular the influence of tem-
perature on the Kelvin effect as described in Appendix C).
Consequently, the number size distribution of activated par-
ticles in a cloud should be approximately equal to the CCN
size distribution measured with the CCNC for total aerosol
at a supersaturation level equivalent to the effective average
peak supersaturation in the cloud.

In this study we had no opportunity to measure total
aerosol properties under in-cloud conditions. For the inves-
tigated cloud event, however, the in-cloud and out-of-cloud
measurement periods immediately followed each other with-
out apparent changes in the regional atmospheric condi-
tions. Thus, we assumed the total aerosol properties mea-
sured out of cloud to be approximately representative of the
total aerosol properties in cloud.

Figure 4 shows aerosol particle size distributions measured
by SMPS during the investigated cloud event on 19 Septem-
ber 2012. For the total aerosol out of cloud, we observed a bi-
modal distribution with a minimum at ~ 60 nm. The Aitken
and accumulation mode peaked at ~ 34 nm with a maximum
of ~2000cm~3 (dN/dlog D) and at ~ 124 nm with a maxi-
mum of ~ 1000 cm ™3 (dN /dlog D), respectively. For the in-
terstitial aerosol in cloud, the Aitken mode was only slightly
shifted with a maximum of ~2200cm™> (dN/dlog D) at
~29nm, whereas the accumulation mode almost disap-
peared because most of the larger particles had been acti-
vated into cloud droplets and could therefore not be sampled
by the interstitial inlet. Figure 5 shows the size distribution of
aerosol particles activated in the cloud in comparison to CCN
size distributions at Sccne = 0.25, 0.51 and 0.68 %. The size
distribution of aerosol particles activated in the cloud was
calculated by subtraction of the interstitial aerosol size dis-
tribution measured in cloud from the total aerosol size distri-
bution measured out of cloud. The number size distribution
of activated particles exhibited a large peak at ~ 124 nm with
a maximum of ~ 1000 cm—> (dN /dlog D) and a shoulder at
~ 40 nm with ~ 350 cm™—3 (dN /dlog D), whereby the shoul-
der is mainly in the range of the error bars. On the one hand,
the shoulder may result from a slight shift of the CN size
distribution between in-cloud and out-of-cloud conditions,
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Figure 4. Average number size distribution of total aerosol particles
(grey crosses, out of cloud) and of interstitial aerosol particles (red
crosses, in cloud). The error bars correspond to the individual statis-
tical errors calculated as described in Sect. 2.5. The activated frac-
tion (blue crosses represent grey minus red, divided by grey; shaded
area is the range of the statistical error of the data points) is plotted
on the right axis. To assure comparability of the size distributions,
their averaging times were chosen to be unambiguous with respect
to LWC for in-cloud (mean LWC = 0.089 gm ™) and out-of-cloud
conditions (mean LWC =0.016 gm73) within a short time inter-
val (in cloud: 19 September 2012, 15:26—16:25 UTC; out of cloud:
19 September 2012, 17:30-18:00 UTC). The vertical lines indicate
the diameters of zero activation (Dy), 50 % activation (D5), Hop-
pel minimum (Dp), and full activation (Ds).

which is likely due to aging processes such as condensational
growth or coagulation, which are usually more pronounced
for the Aitken mode than for the accumulation mode. On the
other hand, it may result from a locally higher supersatura-
tion during the cloud event (Shign).

As shown in Fig. 5, the right-hand side of the size distri-
bution of activated particles (D > 100 nm) is in good agree-
ment with each of the displayed CCN size distributions. In
the diameter range of 34—120 nm, however, the CCN size dis-
tribution at Scene = 0.25 % is much lower, with an average
relative deviation of the error bars of about 9.0 %. The CCN
size distribution at Scene = 0.51 % provides a fairly good
match (average relative deviation 6.3 %), and the deviation at
Scene = 0.68 % is only slightly higher (average relative de-
viation 6.8 %). Thus, we take Szyz (CCNC) ~0.5140.06 %
as an estimate for the effective average peak supersaturation
around which most particles had been activated and most
cloud droplets had been formed.

3.2 Derivation of cloud supersaturation from SMPS
measurements (SMPS method)

3.2.1 Average peak supersaturation based on 50 %
activation, Sayg (D5, k)

A common approach to derive an effective average peak su-
persaturation at which ambient clouds are formed is to com-

pare the particle number or CN size distributions of total
and interstitial aerosol (e.g., Anttila et al., 2009; Asmi et

www.atmos-meas-tech.net/7/2615/2014/

| 223



M. L. Kriiger et al.: Assessment of cloud supersaturation

|
1000 —— activated particles -
— $=0.68 %
— $=0.51%
o 800 [——s=025% L
£
S
o 600 -
D
Ke)
3 - -
> 400
°
200+ o
0 — S
2 3 4 5 6789 2 3 4 5 6789
10 100 1000

Diameter [nm]

Figure 5. Average number size distribution of activated particles
in the cloud (green) and CCN size distributions at Scone = 0.25,
0.51, and 0.68 % (magenta, blue, and cyan). The shaded areas rep-
resent the range of the statistical error of the individual data points.

al., 2012; Ditas et al., 2012; Hammer et al., 2014). We also
used this method, which will be referred to as the “SMPS
method”, to calculate S,y from our aerosol size distribution
measurement results.

In our study it was not possible to measure the particle
size distribution of both interstitial and total aerosol inside
the investigated cloud. As outlined above, however, we have
good reasons to assume that the total aerosol size distribu-
tion measured out of cloud was approximately representative
of the total aerosol in cloud. A crucial point of the SMPS
method is that it builds on Kohler theory calculations and re-
quires an assumption on the hygroscopicity of the activated
particles, which depends on their chemical composition. Ap-
pendix B describes how the hygroscopicity parameter, «, re-
lates the dry activation diameter of an aerosol particle to its
critical supersaturation, which is the minimum supersatura-
tion required to form a stable cloud droplet.

Figure 4 shows the CN size distribution of interstitial
aerosol (red, in cloud) and total aerosol (grey, out of cloud).
The activated fraction (blue) was calculated by dividing the
number size distribution of activated particles (out of cloud
minus in cloud) by the CN size distribution of the total
aerosol. The diameter at which the activated fraction reached
a value of 50 %, Dso =59 nm, can be regarded as an effec-
tive critical dry diameter of particle activation in the cloud.
By Koéhler theory this diameter can be converted into a crit-
ical supersaturation, which in turn can be regarded as an ef-
fective average peak supersaturation of the cloud (Hammer
etal., 2014).

As mentioned above, the Kohler theory calculations re-
quire specific knowledge or assumptions about the hygro-
scopicity of the aerosol particles. Thus, we tested a range
of relevant hygroscopicity parameters («) as specified in Ap-
pendices A and B and Table 1: (1) «, as determined from
the measured CCN efficiency spectra during out-of-cloud
conditions (k, =0.19), (2) kcyt as determined from the ob-
served total CCN concentration and the CN size distribution
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Table 1. Different combinations of hygroscopicity parameters
(ka, Kcuts Kmean, KAMs) and activation threshold diameters (Dy,
D5, Dy, Dg) used to determine the cloud peak supersaturations
reported in Table 2 by Kohler theory calculations as detailed in Ap-
pendices A and B.

Df=191nm Ds59=59nm Dy=60nm Dgy=38nm
Ka 0.51 0.19 0.19 0.19
Keut 0.48 0.20 0.20 0.20
Kmean 0.3 0.3 0.3 0.3
KAMS 0.45 0.45 0.45 0.45

during out-of-cloud conditions (k¢y = 0.20), (3) a global av-
erage k value for continental aerosol of xkean = 0.3 (Pringle
etal., 2010), and (4) kams as derived from the acrosol chem-
ical composition (kams = 0.45). The large difference be-
tween kams and k, or keyt can be attributed to a size de-
pendence of particle hygroscopicity with an enhanced or-
ganic mass fraction for sub-100 nm particles, as observed in
earlier studies (e.g., Gunthe et al., 2009, 2011; Rose et al.,
2011). The parameter kanms reflects the mass-weighted aver-
age hygroscopicity of the total aerosol, which is dominated
by large accumulation-mode particles with an enhanced inor-
ganic fraction (typically around 300 nm). Depending on the
prescribed « value, the effective average peak supersaturation
derived from the SMPS-based activation curve, Savg (Ds50,k),
was calculated to be in the range of 0.44 to 0.68 % (arithmetic
mean = standard deviation 0.58 £ 0.10, Table 2). This range
is in agreement with the estimate derived above from the
CCN measurement data without any assumption on particle
hygroscopicity: Sayg (CCNC)~0.51 £0.06 % (Sect. 3.1.2).

3.2.2 Average peak supersaturation based on the
Hoppel minimum, S,yg (Dux)

An earlier approach by Hoppel et al. (1996) derived the aver-
age cloud peak supersaturation from the shape of the aerosol
size distributions typically observed in remote marine bound-
ary layer air. The authors proposed that the double-peaked
structure of the aerosol size distribution is the result of parti-
cle processing through nonprecipitating cloud cycles. Thus,
the diameter at which the minimum in a double-peaked parti-
cle number size distribution of total aerosol occurs (“Hoppel
minimum”) can be regarded as an average critical diameter
of particle activation related to the average cloud peak super-
saturation.

As shown in Fig. 4, the total aerosol size distribution ob-
served out of cloud exhibited a very pronounced double-
peak structure with a minimum at Dy = 60 nm. As described
above (Sect. 3.2.1) and in Appendix B, we performed Kdhler
theory calculations to also convert Dy into a critical super-
saturation that can be regarded as an effective average cloud
peak supersaturation, assuming appropriate hygroscopicity
parameter values (Table 1).
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Table 2. Lower bounds, average values, and upper bounds of cloud peak supersaturation (Sjow, Savg, Shigh) obtained by Kohler theory
calculations assuming different types of hygroscopicity parameter (ka, Kcut, Kmean, KAMS) as reported in Table 1 (SMPS method, Sect. 3.2).
The values displayed in the second-last line represent the arithmetic mean =+ standard deviation of the preceding four lines (SMPS method
average). The supersaturation values displayed in the last line were obtained without assumptions about particle hygroscopicity (arithmetic

mean =+ standard deviation; CCNC method, Sect. 3.1).

Siow (D = Dy, «)

Savg(D = D50, k)

Savg(D = Dy, k) Shigh(D = Dy, «)

[%] [%] [%] [%]
S(D, k = Kka) 0.07 0.68 0.65 1.31
S(D, k = keut) 0.07 0.66 0.63 1.28
S(D, k = Kmean) 0.09 0.54 0.52 1.05
S(D, k = kamS) 0.08 0.4 0.42 0.86
S (SMPS) 0.08 & 0.008 0.58+0.10 0.56 +0.09 1.134+0.18
S (CCNC) 0.19£0.06 0.51 £0.06 0.51+0.06 -

Depending on the prescribed « value, the effective av-
erage peak supersaturation derived from the Hoppel min-
imum diameter, Sae(Dp,«), was calculated to be in the
range of 0.42 to 0.65 % (arithmetic mean =+ standard devia-
tion: 0.56 £ 0.09 %; Table 2). This range is again in agree-
ment with the estimate derived from the CCN measurement
data (Savg(CCNC)~ 0.51 £0.06 %, Sect. 3.1.2).

3.2.3 Lower bound of peak supersaturation based on
full activation, Syow( Ds, k)

To derive a lower bound of cloud peak supersaturation, Siow,
from the activated particle fraction based on aerosol size dis-
tribution data, we determine an effective threshold diameter
of full activation (Ds). For Ds we take the mean value be-
tween the largest diameter at which the activated fraction
is significantly below unity ((activated fraction + statisti-
cal error) < 1) and the smallest diameter at which practi-
cally full activation is observed ((activated fraction + sta-
tistical error) > 1). From Fig. 4 (blue data points) we ob-
tained D¢ = 191 nm. As described above and in Appendix B,
we performed Kohler theory calculations to also convert D¢
into a critical supersaturation, which can be regarded as a
lower bound of cloud peak supersaturation, assuming rel-
evant hygroscopicity parameter values (Table 1). Depend-
ing on the prescribed « values, Sjow(Ds, k) was calculated
to be between 0.07 and 0.09 % (arithmetic mean =+ standard
deviation: 0.08 4= 0.008 %; Table 2). This range disagrees
with the estimate derived from the CCN approach (Siow
(CCNC)=0.194+0.06%). A reason could be that the defi-
nition of Sjoy from the SMPS method strongly depends on
uncertainties of the SMPS measurement. On the other hand,
the SMPS approach tells more about the cloud history and
not about the actual supersaturation at the inlet, which is ac-
cessible by the CCNC method. Therefore, the discrepancy
can be traced back to the fact that SMPS and CCNC meth-
ods measure the supersaturation reached in the air parcel at
different times in its history.

Atmos. Meas. Tech., 7, 2615-2629, 2014

3.2.4 Upper bound of peak supersaturation based on
zero activated fraction, Spigh (Do, k)

To derive an upper bound of cloud peak supersaturation,
Shigh, from the activated particle fraction based on aerosol
size distribution data, we determine an effective threshold
diameter of zero activation (Dg). For Do we take the mean
value between the largest diameter at which no significant
activation is observed ((activated fraction — statistical er-
ror) <0) and the smallest diameter at which the activated
fraction is significantly above zero ((activated fraction — sta-
tistical error) > 0). From Fig. 4 (blue data points) we ob-
tained Do = 38 nm. As described above and in Appendix B,
we performed Kohler theory calculations to also convert Dg
into a critical supersaturation that can be regarded as an upper
bound of cloud peak supersaturation, assuming relevant hy-
groscopicity parameter values (Table 1). Depending on the
prescribed « values, Shignh(Do,«) was calculated to be be-
tween 0.86 and 1.31% (arithmetic mean =+ standard devia-
tion: 1.13 £ 0.18 %, Table 2).

4 Conclusions and outlook

In this study we showed how size-resolved measurements of
aerosol particles and CCN in cloud and out of cloud can be
used to derive effective average values as well as lower and
upper bounds of cloud peak supersaturation. For the investi-
gated cloud event, the different estimates of the average peak
supersaturation (S,vg) obtained from CCNC and SMPS mea-
surement data of total and interstitial aerosol particles are
largely consistent with each other (Table 2). The main goal of
this study, however, is to present an alternative method to es-
timate the cloud supersaturation. Thus, the numbers that we
obtained for S¢joud are not necessarily generally representa-
tive values.

The lower bound of cloud peak supersaturation (Sjow) cal-
culated by the CCNC method is significantly higher than
the Siow calculated by the SMPS method. The following two
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effects may explain this discrepancy: (i) SMPS data analysis
requires integration over a certain time period to reduce un-
certainties. This has an influence on the error, which is partic-
ularly important for the Sjoy estimation. (ii) All supersatura-
tion estimates based on the SMPS method reflect the full his-
tory of supersaturation experienced by the aerosol particles
during cloud evolution. Thus, particles that have been acti-
vated once into cloud droplets will be counted, independent
of the time when the activation actually occurred. In contrast,
the CCNC method, in which particle activation takes place
during the measurements, provides in situ measurements of
the actual supersaturation in the probed cloud air parcel.

The uncertainties of the estimates of cloud peak supersat-
uration presented here are mostly due to limitations in the
time resolution and counting statistics of the measurement
devices used (CCNC, CPC, SMPS). Estimates derived from
SMPS data only are also influenced by uncertainties in the
determination or assumption of aerosol hygroscopicity pa-
rameters.

In future studies, some uncertainties can and should be re-
duced by optimizing the applied instrumentation and mea-
surement procedures. Specific avenues for improvement are
as follows:
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1. Parallel operation of total and interstitial aerosol inlets
and SMPS measurements will make the determination
of the fraction of aerosol particles activated in cloud
more reliable.

2. Parallel operation of multiple CCNCs at different super-
saturation levels and/or faster scanning of supersatura-
tion in the CCNC by varying the flow rate rather than
the temperature gradient (Moore and Nenes, 2009) will
increase the number of supersaturation levels that can
be monitored and hence will increase the precision of
the derived cloud peak supersaturations.

3. Increasing the aerosol-to-sheath flow ratio and/or the in-
tegration times of the CCNC and SMPS will help to im-
prove the counting statistics.

We suggest that comprehensive measurements of the tempo-
ral and spatial variability of cloud peak supersaturation (av-
erage values as well as upper and lower bounds) may pro-
vide deeper insights into the evolution of clouds, including
the interaction of aerosol and cloud particles, water vapor,
and dynamical features like turbulence and entrainment.
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Appendix A: calculation of x from AMS measurements

During the ACRIDICON-Zugspitze campaign the chemi-
cal composition of submicron aerosol particles was mea-
sured with a C-ToF-AMS (compact time-of-flight aerosol
mass spectrometer; Drewnick et al., 2005; Canagaratna et
al., 2007). The C-ToF-AMS quantitatively determines the
mass concentration of nonrefractory species like organics,
sulfate, nitrate, ammonium, and chloride. For the analysis
of the cloud event investigated in this study, the AMS mass
concentrations were averaged over the time period of out-
of-cloud conditions (19 September 2013, 19:56-20:43 UTC).
The organic ( forg) and inorganic mass fractions ( finorg) Were
calculated by dividing the organic and inorganic (sum of sul-
fate, nitrate, ammonium, and chloride) mass concentrations
by the sum of the masses of all AMS measured components,
respectively.

Table Al. Notation (frequently used symbols).

M. L. Kriiger et al.: Assessment of cloud supersaturation

To describe the influence of chemical composition
on the CCN activity of aerosol particles, Petters and
Kreidenweis (2007) proposed to use the hygroscopicity pa-
rameter k. The hygroscopicity parameter (kams) was ap-
proximated from the AMS obtained mass fraction by a sim-
ple mixing rule as follows:

KAMS = forg “ Korg + finorg * Kinorg (A1)

in which «org and «inorg are the hygroscopicity parame-
ters for pure organic and inorganic substances (korg = 0.1
and kinorg = 0.6) (Gunthe et al., 2009; Dusek et al., 2010;
Rose et al., 2011). For the average AMS-derived hygro-
scopicity parameter we obtained xams = 0.45. This value
reflects the mass-weighted average hygroscopicity of the
total aerosol, which is dominated by large accumulation-
mode particles with an enhanced inorganic fraction (typically
around 300 nm).

Symbol Quantity, unit

Ncen monodisperse number concentration of cloud condensation nuclei (CCN), cm ™3
NcN monodisperse number concentration of condensation nuclei (CN), em ™3
Ncen/Nen CCN efficiency (size resolved)

NceN,int integral CCN concentration, cm ™3

NCN,int integral CN concentration, cm™3

NceN,int/ Neon,int  integral CCN efficiency

Spresc water vapor supersaturation prescribed in the CCNC operated at room temperature (~ 298 K), %
Scene water vapor supersaturation in the CCNC scaled to cloud temperature (~ 273 K), %
Slow lower bound of cloud peak supersaturation, %

Savg average value of cloud peak supersaturation, %

Shigh upper bound of cloud peak supersaturation, %

Dy diameter of zero activation observed in the cloud, nm

D5 diameter of 50 % activation observed in the cloud, nm

Dy diameter of the Hoppel minimum, nm

Dy diameter of full activation observed in the cloud, nm

Dy midpoint activation diameter of CCN efficiency spectra (at Nocn/NeN = 0.5), nm
Dcut cut-off diameter of CCN activation, nm

K effective hygroscopicity parameter

Ka hygroscopicity parameter derived from D, via K&hler theory

Keut hygroscopicity parameter derived from Dcyt via Kohler theory

Kmean mean hygroscopicity parameter for continental aerosol (kmean = 0.3)

KAMS hygroscopicity parameter derived from AMS data (kang = 0.45)

Atmos. Meas. Tech., 7, 2615-2629, 2014
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Appendix B: calculation of ¥ from CCN measurements
and Kohler theory

The Kohler theory relates the dry diameter of an aerosol par-
ticle to its critical water vapor supersaturation, i.e., to the
minimum supersaturation that is required to form a stable
cloud droplet (K&hler, 1936). The following k—Kohler equa-
tion (equivalent to Eq. (6) of Petters and Kreidenweis, 2007)
enables calculation of the critical supersaturation (Sci¢) for a
given pair of dry particle diameters, D, and hygroscopicity
parameters, «, or the k parameter for a given pair of critical
supersaturations and activation diameters:

D} — D?
S:( 2 Wet3 exp(
D —D3(1—x)

wet

40 My,
RT pw Dyet

)— 1) -100%, (B1)

where Dy is the diameter of the droplet, o is the sur-
face tension of the droplet (approximated by that of water,
o= 0.072Jm_2), M, is the molar mass of water (My, =
0.018015kgmol~!), R is the universal gas constant (R =
8.315JK "mol™!), and py is the density of water (py =
997.1kgm™).

In this study, two approaches were tested to derive « from
the CCN measurement results. Firstly, the hygroscopicity pa-
rameter k was determined from Eq. (Bl) by inserting the
activation diameter D, (Sect. 3.1.1) derived from the CCN
efficiency spectra measured out of cloud (Fig. 1) for D and
varying both « and the droplet diameter Dyt until S was at
the same time equal to the prescribed supersaturation Spresc
and to the maximum of Eq. (B1) (cf. Rose et al., 2010). The
temperature, 7, used in Eq. (B1) was set to the value at which
the particles were activated in the CCN (~ 298 K).

A range of k, values between 0.14 and 0.59 were obtained
for the different combinations of Spresc and D, (highest val-
ues for low Spresc, i.€., large D,). The parameter «, charac-
terizes the average hygroscopicity of CCN-active particles
in the size range around D,. Thus, for the calculations per-
formed in this study we assumed «, =0.51 for D ~ 190 nm
and k3 =0.19 for D < 60nm (Table 1).

Alternatively, the activation diameter and corresponding
hygroscopicity parameter were derived from the integral
CCN concentration and the CN size distribution out of cloud
(cf. Sect. 2.6). The apparent cut-off diameter of CCN acti-
vation (Dgy) is the diameter above which the integral CN
number concentration equals the observed integral CCN con-
centration (Ncen,int)- This is equivalent to the activation di-
ameter obtained typically from integral CCN measurements
(without size resolution), which was also used, for example,
by Hammer et al. (2014).

The hygroscopicity parameter «q,; was determined from
Eq. (B1) by inserting the activation diameter Dy for D and
varying both « and the droplet diameter Dyt until S was at
the same time equal to the prescribed supersaturation Spresc
and to the maximum of Eq. (B1). The temperature 7 used in
Eq. (B1) was set to 298 K. For the measurement period of
our study, a range of «y values between 0.19 and 0.54 were
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Figure C1. Critical supersaturation as a function of dry particle di-
ameter calculated from Kohler theory (Appendix B) using different
hygroscopicity parameters and temperatures as input parameters.

obtained for the different combinations of Spresc and Deyt
(highest values for low Spresc, i.€., large Deyt). The parameter
keut characterizes the average hygroscopicity of CCN-active
particles in the size range around Dg;. Differences between
Ky and k¢ye mainly result from the shape of the particle num-
ber size distribution and from the heterogeneity of the parti-
cle composition, and have been discussed in detail by Rose
et al. (2010). For the calculations performed in this study,
we assumed Ky = 0.48 for D ~ 190 nm and «¢y; = 0.20 for
D < 60nm (Table 1).

In Sect. 3.2 of this paper, the critical supersaturation (Scyit)
as calculated from different pairs of observed dry activa-
tion diameters and prescribed « values was related to the
cloud supersaturation. It was determined from Eq. (B1) by
inserting the above-mentioned « values (k,, Kcut, KAMS, and
Kmean = 0.3) and varying both S and the droplet diameter
Dyt until D was at the same time equal to the observed ac-
tivation diameter and to the maximum of Eq. (B1). The tem-
perature T used in Eq. (B1) had to be set to the value at which
the cloud was formed in the ambient air. It was assumed to
be ~ 273 K, which was the average ambient air temperature
during the cloud event.

Appendix C: temperature scaling of supersaturation

Due to the temperature dependence of the Kelvin effect, the
critical supersaturation (Sci¢) for the CCN activation of an
aerosol particle depends not only on its size and composition
but also on the temperature at which the activation occurs.
Thus, the supersaturation level at which a particle is activated
at ambient temperature in a cloud is not necessarily the same
as the supersaturation level at which the particle is activated
at the instrument temperature in a CCNC.

To compensate for this effect, the supersaturation lev-
els prescribed in the CCNC at a sample temperature of
approximately 298 K (Spresc) were scaled to an equivalent
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supersaturation at an average ambient air temperature during
the cloud event of ~ 273 K (Scene).

For this purpose we performed Koéhler theory calculations
of Scrit as a function of dry particle diameter for different
hygroscopicity parameter values and temperatures (Fig. C1).
For a given particle diameter, the relative difference of S at
273 vs. 298 K was +14 %, independent of the other variables
(§ =0.06-0.7%; D =50-200nm, « =0.1-0.6). Thus, we
multiplied the supersaturation levels prescribed in the CCNC
at ~298 K (Spresc = 0.06, 0.11, 0.22, 0.45, and 0.60 %) by
a factor of 1.14 to obtain the equivalent supersaturation lev-
els for CCN activation in a cloud at ~ 273 K (Scene = 0.07,
0.13, 0.25, 0.51, and 0.68 %), which were used for the
derivation of the cloud peak supersaturation as specified in
Sect. 3.1.
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Quantifying the aerosol/cloud-mediated radiative effect at a global
scale requires simultaneous satellite retrievals of cloud condensa-
tion nuclei (CCN) concentrations and cloud base updraft velocities
(Wp). Hitherto, the inability to do so has been a major cause of high
uncertainty regarding anthropogenic aerosol/cloud-mediated radi-
ative forcing. This can be addressed by the emerging capability of
estimating CCN and W, of boundary layer convective clouds from
an operational polar orbiting weather satellite. Our methodol-
ogy uses such clouds as an effective analog for CCN chambers.
The cloud base supersaturation (S) is determined by W, and the
satellite-retrieved cloud base drop concentrations (Ngp), which is
the same as CCN(S). Validation against ground-based CCN instru-
ments at Oklahoma, at Manaus, and onboard a ship in the north-
east Pacific showed a retrieval accuracy of +25% to +30% for
individual satellite overpasses. The methodology is presently limited
to boundary layer not raining convective clouds of at least 1 km
depth that are not obscured by upper layer clouds, including semi-
transparent cirrus. The limitation for small solar backscattering an-
gles of <25° restricts the satellite coverage to ~25% of the world
area in a single day.

CCN concentrations | satellite remote sensing | convective clouds |
cloud—aerosol interactions

he Intergovernmental Panel on Climate Change (IPCC) re-

port (1) states that the uncertainty in aerosol/cloud interac-
tions dominates the uncertainty about the degree of influence
that human activities have on climate. Because clouds form in
ascending air currents, whereas cloud droplets nucleate on aero-
sols that serve as cloud condensation nuclei (CCN), we need
accurate measurements of both updrafts and CCN supersaturation
(8) spectra before we can disentangle aerosol effects on cloud
radiative forcing (CRF) from dynamical effects.

Need for Global Measurements of Cloud Base Updrafts

and CCN(S)

Tackling the global change problems as identified by the IPCC
requires that these quantities be measured on a global scale.
However, satellites have not been able to measure updraft speed
of the air that forms the clouds or the concentrations of aerosols
that are capable of forming cloud drops, which are ingested into
the clouds as they grow. Lack of such fundamental quantities has
greatly hindered our capability of disentangling the effects of me-
teorology and anthropogenic aerosol emissions on cloud properties
(2). This situation is starting to change with our recently developed
methodology to retrieve updrafts at cloud base (3, 4) using the
Visible/Infrared Imager Radiometer Suite (VIIRS) instrument
onboard the Suomi National Polar-orbiting Partnership (NPP)
satellite. This satellite is sun-synchronous, with an overpass time
near 13:30 solar time.
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Missing such fundamental quantities as CCN(S) and cloud
base updraft W, has been preventing us from disentangling the
effects of aerosols from atmospheric dynamics (i.e., meteorol-
ogy). Their absence also has limited our ability to validate the
hypothesized impacts of added aerosols on a large range of
phenomena, including (i) maintaining full cloud cover in marine
stratocumulus, thus incurring a strong cooling effect on the cli-
mate system (5); (i) suppressing precipitation from shallow
clouds (6-8); (iii) invigorating the convection in deep tropical
clouds (9); (iv) enhancing cloud electrification (10, 11); (v) in-
tensifying severe convective storms to produce more large hail
and tornadoes (12); and (vi) decreasing the intensity of tropical
cyclones (13). In addition to their intrinsic importance, these
aerosol effects could induce radiative effects that change Earth’s
energy budget in a significant way (1).

Previous satellite-based studies related cloud properties mostly
to the acrosol optical depth (AOD) and the Angstrom coefficient
(14-18). However, AOD as a proxy for CCN is a rather crude
tool that is fraught with problems (19) due to a large number of
reasons, including (i) acrosol swelling with high relative humidity
(20, 21); (if) uncertainty in solubility and size distribution (18);
(iii) lack of a discernible optical signal from small CCN; (iv)
cloud contamination (22); (v) AOD not representing aerosol
concentrations near cloud base; (vi) cloud obscuration of the
aerosols in the boundary layer; (vii) cloud detrainment of aerosols
aloft (23, 24) yielding an increase in AOD for deeper and more
extensive clouds without corresponding increase in cloud base
aerosol concentrations; and (viii) lack of accurate AOD signal for
the pristine boundary layer, where accuracy is most critical because
clouds respond to the relative change in CCN concentrations,
which can be a very small absolute change at very low absolute
concentrations (25). These factors often explain a substantial part
of the indicated associations of AOD with cloud top properties
(18, 26), which has been erroneously ascribed to aerosol effects.
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Aerosol optical properties are useful for measuring aerosol type
and particle size, which can be identified by active sensor back-
scatter intensity, color ratio, and polarimetry, or by passive multi-
angle intensity measurements even without polarimetry. Adding
polarimetry to passive, multiangle imaging should improve the
precision and range of conditions under which particle size, shape,
and refractive indices can be retrieved. However, this still leaves
most of the issues unresolved, especially issues iii and v—viii, as
listed above. To overcome this conundrum, a complete shift in
approach is needed. Instead of addressing the limited information
content in the optical signal of the aerosols, we extract CCN(S) by
using clouds as an analog for CCN counter (CCNC) chambers.

The structure of this paper is as follows: This section provides
the importance and motivation for retrieving CCN(S). Method-
ology provides a summary of the recent advancements which
constitute a critical mass enabling satellite-only retrieval of CCN(S)
and applies it while describing the essence of the methodology.
An extensive validation effort is described in Validation of the
Satellite-Retrieved CCN(S), and its results are given in Results,
along with error calculations. The possibilities that open up with
the emerging capabilities for coincident satellite retrieval of
convective cloud base updrafts and CCN(S) are discussed in
Applications of Satellite-Retrieved Updrafts. Finally, the conclu-
sions are given in Conclusions.

Methodology

Using Clouds as CCN Chambers. The commonly used CCNCs measure the
number concentration of aerosol particles in a sample air stream (N,), which
at a given S can be activated into the same number of cloud droplets at its
base (Ngp) (27). Alternatively, retrieving Ngp and S in clouds can provide CCN(S).
The peak vapor supersaturation at an adiabatic cloud base, S, is determined by
CCN(S) and Wp. Therefore, a good approximation of S can be calculated from
the retrieved Ny, and W, according to

S=C(Tp, Po)W2*N)2, [l

where Cis a coefficient that depends weakly on cloud base temperature (T})
and pressure (Pp) (28). This is an analytical expression that was derived based
on theoretical considerations. Recently, it has become possible to estimate
Ngp and W, from satellite measurements, thus calculating also S. This con-
stitutes the ability to calculate CCN(S) from satellite measurements only. The
following subsections describe the methodology of satellite estimation of
Ngp and Whp.

Estimation of Cloud Base Drop Concentrations. Retrieving T, Pp, W}, and Ngp
became possible with the advent of the Suomi NPP satellite, which was
launched in October 2011. The VIIRS onboard this satellite has a moderate spatial
resolution of 750 m. The VIIRS has an Imager with a subset of five channels
with double resolution of 375 m at 0.64 pm, 0.865 pm, 1.61 pm, 3.74 pm, and
11.45 um. Although VIIRS Imager 375-m data were not designed for re-
trieving cloud properties, a methodology was developed for using it to
retrieve cloud drop effective radius (re) and cloud-top temperatures (7).
The retrieval of r. was based on the methodology developed by Rosenfeld
and Lensky (29) for the Advanced Very High Resolution Radiometer. It has
been applied to VIIRS by Rosenfeld et al. (30). The ability to retrieve cloud
properties at a resolution of 375 m is a breakthrough compared with the
previous best available resolution of 1 km. This allows microphysical
monitoring of cloud properties with unprecedented accuracy and makes it
possible to obtain the microstructure of small clouds at the top of the
boundary layer (30).

A VIIRS-retrieved T-r, relationship, which is obtained from a convective
cloud ensemble within an area of ~30 x 30 km (28), serves as the basis for
retrieving Tp, Py, and Ngp. This satellite method is based on extensive aircraft
measurements of T—r, relationships. It was demonstrated that r, varies with
altitude nearly as in an adiabatic cloud, and therefore adiabatic cloud drop
number concentrations (Ny,) can be calculated at different altitudes in the
cloud using the calculated adiabatic water content LWC, and re, which is
assumed to vary adiabatically with altitude, thus marked as re, (31). Then,
Ny, approximates Ny, because the cloud can be assumed to be adiabatic at
its base. The retrieved r, is assumed to be re, based on the assumption that
the measured r, is adiabatic, which is the case for clouds with extreme
inhomogeneous mixing and with all cloud drops nucleated at their base.

Rosenfeld et al.

Deviations from the extreme inhomogeneous assumption lead to a re-
duction of the aircraft-based calculation of Ny, by an average factor of 1.3
with respect to the value calculated under this assumption (31). The cloud
base drop concentration is approximated by the adiabatic cloud drop
concentration as calculated by Eq. 2 (32),

Nga =3LWG, /r2,, [2]
a=62.03r./ry, [3]

where r, is the cloud drop mean volume radius, as calculated by equally dis-
tributing cloud water content between the cloud droplets. We used the value
of r. = 1.08 r, (31). The adiabatic water is obtained from the VIIRS-measured
Tp, Which is simply the warmest cloudy pixel, based on a specially developed
cloud mask (33). The LWG, is calculated based on an adiabatic parcel that rises
from cloud base at T, and P, to the isotherm T, where multiple pairs of T and
rea are retrieved for different cloudy pixels of the same cloud cluster at dif-
ferent heights above cloud base. Here, P, is obtained from the pressure at the
isotherm of satellite-retrieved cloud base height (H.), which was computed
from the European Center for Medium-range Weather Forecasting reanalysis
data. Hp, was calculated as the difference between reanalysis surface air tem-
perature and T, divided by the dry adiabatic lapse rate. T;, was validated at a
root-mean-square (RMS) error of 1.1 K, as shown in Fig. 1 (33). H, and T, were
calculated for conditions of convective clouds that developed from well-mixed
boundary layer at the early afternoon satellite overpass time (33), before the
peak of the convective rain and the resultant cooling and moistening of the
boundary layer by evaporating precipitation.

Estimation of Cloud Base Updrafts. Until now, only lidar and radar mea-
surements of W,, were used. This is expanded here to satellite-retrieved W,
According to Eq. 1, knowing W}, and Ny, at cloud base yields S. Then, Ngp, is
numerically identical to CCN(S). Rosenfeld et al. (32) used this method to
retrieve CCN(S) over the Atmospheric Radiation Measurement (ARM) site of
the Southern Great Plains (SGP), using Ny, retrieved from a satellite and W,
measured by ARM's vertically pointing K,-band radar. The W), was calculated
from all full Doppler statistics during a 2-h window centered at the satellite
overpass time, where the W,, of each point in time was weighted by W,
itself, thus representing its relative contribution to building the cloud vol-
ume. More specifically, equation 5 in Rosenfeld et al. (32) (replicated as Eq. 4
here) shows that the radar or lidar updraft W was constructed from all of the
N realizations W; of single data points within the time window as follows:

_XNwW?

W=
SNW;

(41

w;>0

According to Eq. 4, W is the cloud volume-weighted updraft. Good
agreement was achieved by Rosenfeld et al. (32) between CCN(S) as

—y=021+0.98x R?*=0.92
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Fig. 1. The relationship between satellite-measured cloud base temperature
and validation measurements by a combination of a ceilometer and soundings
at the Department of Energy (DOE)/Atmospheric System Research (ASR) sites
on the SGP in Oklahoma. Reproduced from ref. 33.
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constructed by satellite-retrieved N, and radar-retrieved W, with the SGP
ground base-measured CCN(S), but the number of cases with useful clouds and
data were rather small and served mainly to verify the methodology. The need
for ground-based measurements of W, limited severely the occasions where CCN
could be retrieved to sites where cloud Doppler lidars or radars measurements
are available. The present study is the first one, to our knowledge, to retrieve
CCN(S) from satellite estimates of both Ny, and W, thus becoming potentially
very widely applicable, despite some limitations in the retrievals of Ny, and W,

Retrieval of CCN solely from satellite data requires W, to be retrieved from
satellite. This was done by using satellite-retrieved components of the energy
that propels the convection (3). Subsequently, Zheng and Rosenfeld (4) showed
that W, can be simply calculated by

Wp =AH, [51

where W, is cloud base updraft in meters per second, A is a coefficient (0.0009
s~") obtained in a previous study (4), and H, is the cloud base height above the
ground in meters, which is determined by the difference between the surface
air and cloud base temperatures, as explained at the end of Estimation of
Cloud Base Drop Concentrations. This relationship was developed based on
synchronous satellite and lidar measurements from the ARM SGP site and at
the ARM Mobile Facility onboard a ship on a line between Los Angeles and
Honolulu [Marine ARM GPCl Investigations of Clouds (MAGIC)]. The satellite-
retrieved W), was validated against the Doppler measurements, resulting in an
RMS error of 0.41 m-s™" and a mean absolute percentage error (MAPE) of
24% and 21% by Zheng et al. (3) and Zheng and Rosenfeld (4), respectively.
When forcing the relationships through zero (Eq. 5 and Fig. 2), the error
becomes 27%. These results are consistent with the physical considerations
of Williams and Stanfill (10). This means that the methodology is very likely
to be universally applicable to boundary layer convective clouds.

Table 1 summarizes the methodology. It shows the satellite measure-
ments, their combination with reanalysis data, and their propagation into
the eventual W, and CCN(S), and the associated errors.

Validation of the Satellite-Retrieved CCN(S)

Cloud base S was obtained from Eq. 1, with N, calculated by Eq. 2
and W, calculated using Eq. 5. The calculated N, is by definition
equal to CCN(S) at cloud base. To compare with surface-based
measurements, the concentration is corrected for the difference
between air density at cloud base and at the ground, and then
validated against the CCN(S) as measured by the ground-based
instrument. This assumes that the thermals bring the surface air to
cloud base without much change in the mixing ratio and properties
of aerosol particles. This is a widely accepted assumption for
vapor mixing ratio at thermally driven cloud bases in a well-mixed
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Fig. 2. Relationship between satellite-estimated W,, =0.0009H,, and directly
measured W,, by Doppler lidars at the SGP (red dots), Green Ocean Amazon
(GOAmazon) (green), and MAGIC (blue). After Zheng and Rosenfeld (4). The
satellite-retrieved Tj, was converted to height using the European Centre for
Medium-Range Weather Forecasts reanalysis data. RMSE is the estimation
root mean square error.
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boundary layer, where the lifting condensation level is usually very
similar to the actual cloud base height.

An initial comparison of the satellite-retrieved CCN to the
SGP instrumental validation data (assuming no error in the in-
strument measured CCN) showed a slope of 0.74 for the re-
gression line. A retrieval bias could be caused by a large number
of factors, which are quantified in Error Analysis, but the largest
potential source of error is inaccuracy in r,. The observed 26%
underestimate in CCN could have been caused by a 10% sys-
tematic overestimate in the retrieved r,. This is quite probable,
because MODIS-retrieved r, was found to be larger by 10-15%
than aircraft in situ measurements (34-36). An underestimate of
satellite- versus surface-measured CCN can be also caused by a
systematic decrease of CCN number concentration (Nccy)
between the surface and cloud base heights. This bias has to be
corrected before calculating S by Eq. 1, because, otherwise, S
would be overestimated. To stay on the conservative side, we
applied only half of the bias correction and used here a reduction
factor of 1.15 instead of 1.3, as proposed by Freud et al. (31), and
applied it to all of the validation sites.

Validation cases were selected over the sites of the ARM sites
of the SGP in Oklahoma, at Manacapuru near Manaus in the
Amazon, and over the northeastern Pacific onboard the MAGIC
ship. In addition, CCN measurements were obtained from the
Amazon Tall Tower Observatory (ATTO) site 150 km to the
northeast of Manaus (37). Data were obtained from the start of
availability of VIIRS data in 2012 until early 2015. The case
selection criteria were as follows: (i) Satellite overpass has to
occur at a zenith angle between 0° and 45° to the east of the
ground track, which is the sunny side of the clouds. For a specific
location, these satellite views occur once or twice every 6 d.
(i) Convective clouds must occur and possess a vertical devel-
opment that spans at least 6 K of cloud temperature from base to
top, limiting to clouds with thickness >1 km. (iii) The clouds
must not precipitate significantly (i.e., without a radar or lidar
detectable rain shaft that reaches the ground). The precipitation
causes cold pools that disconnect the continuity of the air be-
tween the surface and the cloud base. (iv) Cloud elements with
indicated r, > 18 pm are rejected automatically from the analysis
that is likely to rain/drizzle heavily. (v) No obscuration from high
clouds is allowed. An automatic detection of semitransparent clouds
screens them from the selected area for analysis. (vi) Ground-based
CCN data must be available.

The availability of CCN data from the ARM program at all of its
three sites was severely limited due to data quality issues. Insufficient
available time for stabilization of temperatures at low S caused the
CCN readings at S < 0.25% to be grossly underestimated or zero,
and therefore they could not be used. The points with S > 0.25%
were fit with a second-order polynomial that was forced through
the origin, because CCN must be zero for S = 0. By extrapolation
with this polynomial, we could extend the use of the data down to
S = 0.2%. Cases with cloud base S < 0.2% were rejected. The
operation of the ARM CCNCs was changed after August 2014 to
allow sufficient time for stabilization at low S. This correction
was applied to Manacapuru only by April 2015, however. These
limitations did not apply to ATTO, and valid data from this site
were available from May 2014 until January 2015.

The results are shown in Fig. 3. Each point in the figure
represents one satellite overpass over one ground-based CCNC.
The CCN data from a time window of +1 h around the overpass
are taken to include several CCN(S) spectra at all measured
supersaturations. Because of the much slower scanning rate of S
at ATTO, a larger time window of +1.5 h was taken there to
include at least one full spectrum of CCN(S). The satellite an-
alyzes clouds over an area of about 30 x 30 km around the
ground measurement site, with some adjustments to incorporate
the convective clouds in the vicinity. The satellite-retrieved CCN
and S are compared with the instrument measurements as follows:

Rosenfeld et al.



EINIAAS

Table 1. Propagation of the calculations from the satellite retrievals to the resultant CCN(S)
Symbol Parameter and unit Source of calculation Error

re cloud drop effective radius, pm satellite retrieval 8%

T cloud surface temperature, °C satellite retrieval 0.2 °C

Tp cloud base temperature, °C satellite retrieval 1.1 °C

Py cloud base pressure, hPa Ty + reanalysis 15 hPa

r, drop mean volume radius, pm re (Eq. 3) 8%
LWC, cloud adiabatic water, g-kg™ T+ Tp + Py (parcel) 15%

Ny cloud base drop concentrations, cm ™ rdT) + LWCL(T) (Eq. 2) 30%

Hp cloud base height above surface, m Tp + reanalysis 150 m
W, cloud base updraft, m-s~' Hp, (EQ. 5) 27%

S cloud base max supersaturation, % Tor Po, Wh, Ny (Eg. 1) 25% of S in percent
Ncen(S) CCN at cloud base, cm™ Ny, S by definition 30%

(i) A scatter plot of the individual ground-based measurements
of CCN concentrations (N¢cw) is plotted as a function of S.
(ii) A second-order polynomial curve is fit to the points. The
function is forced through the origin, because zero S must cor-
respond to zero Nccy. (i) The N¢cy is taken from the poly-
nomial fit at the same S that is retrieved from satellite at cloud
base. The +95% confidence interval of Nccy at the value of
satellite-retrieved S is calculated. (iv) The satellite-retrieved
Nccen is the satellite-retrieved N, corrected for the air density
difference between cloud base and the surface.

Results

Fig. 3 shows the relationships between the satellite retrievals of
Ncen and S at cloud base, and the ground-based measurements

of Nccn at the same S. There are several points worth noting.
(1) The figure covers a large dynamic range of S for both low and
high values N¢cn. (ii) The value of R? = 0.76 shows that the fit
explains more than 3/4 of the variability between the satellite and
ground-based measurements of CCN(S). (iii) There is a system-
atic underestimate bias of 14% in the satellite-retrieved CCN. It
follows that the estimation errors decrease almost linearly with
smaller Nccn. (iv) The variation of the satellite with respect to the
ground-based measurements is within 20-25% of the ground-
based measurements. This includes the 14% bias error. (v) The
SD of the fit is similar to the expected magnitude from the error
sources of the satellite uncertainties in W, T}, and r,.

The methodology was converted into a procedure that can be
applied to any specified rectangle in the VIIRS imagery, which
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Fig. 3. The relationship between satellite-retrieved Nccy and S at cloud base, and the ground-based instrument measurements of Nccy at the same S. The
slope and intercept of the best fit line are given in the key by m and b, respectively. The validation data are collected from the DOE/ASR sites on the SGP in
Oklahoma and GOAmazon near Manaus, and over the northeast Pacific (MAGIC). In addition, data are obtained from the ATTO. The location is denoted by

the marker shape, and S is shown by the color.
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contains surface thermally driven convective clouds, and pro-
vides as output the following parameters: Ty, Pp, Hp, Wp, Nap,
and S. The value of N, is equal to the CCN concentrations at
the retrieved S at cloud base, and this value of CCN(S) is also an
output parameter. As an illustrative example, this procedure
was applied to a regular grid of 75 x 75 VIIRS Imager pixels
(28 x 28 km at nadir) over the region of Houston during condi-
tions of onshore flow of a tropical marine air mass. The results are
shown in Fig. 4. The salient features are as follows: (i) There are
very low CCN concentrations over the ocean. (if) There is only a
modest increase in CCN over the rural areas inland. (iii) The CCN
concentrations more than triple over and downwind of the urban
area compared with the cross-wind areas. (iv) S decreases over the
urban area to less than half of the values over the rural areas.
Therefore, CCN for the same S is enhanced by a factor much
larger than 3. (v) The indicated CCN concentrations are similar in
adjacent areas with similar conditions, indicating the robustness of
the methodology.

Applications of Satellite-Retrieved Updrafts and CCN(S) to
Reduced Climate Uncertainties

Here we showed the feasibility to retrieve CCN(S) from a single
satellite passive sensor using clouds as CCN chambers, under
certain conditions. There are still many challenges to overcome
before it will be possible to do so for most cloud types. This
requires the development of new satellite capabilities that will be

N28.47 W 96,31

2012707719 19:22
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able to provide more direct measurements of updraft speeds,
such as measuring vertical motions of cloud elements by tracking
their evolution with time. Here we attempt to open a window to
the potential applications of such capability, with a few examples.

The sensitivity of cloud properties to Nccy is logarithmic (38).
This means that a small absolute change in Nccy has a much
larger impact during pristine than polluted conditions. Carslaw
et al. (25) argued that the main sensitivity to anthropogenic
aerosols occurs in areas that had Nccy of 35-65 cm™ during the
preindustrial era. Satellite measurements show that an increase
of more than 100 W-m~2 in cloud radiative effect (CRE) can occur
when N, of marine shallow boundary layer clouds increases from
35 cm™ to 65 cm™, mainly due to increased cloud cover and
cloud liquid water path. This is manifested as closing areas of open
cellular convection (39). However, the satellite observed N, is
related to both W, and CCN(S), as shown by Eq. 1. Therefore,
there is a possibility that measurements of the large enhancement
of CRE that were associated with increased N; could also result
from changes in W, which could be caused by changes of mete-
orology (40). For separating the roles of W, and N¢cy in the
determination of N, both W, and Nccy should be measured. As
already discussed in Need for Global Measurements, using AOD as
a proxy for Nccy in the marine boundary layer clouds has several
shortcomings. Because, among other problems, the correlation
between AOD and Ny is not very close and because a column
property like AOD is not necessarily representative of the CCN

Fig. 4. Application of the methodology to the Houston area. The retrieval is done for a regular grid of 75 x 75 375-m VIIRS/Imager pixels (~28 x 28 km at
nadir). The numbers in each area are: top, CCN (per cubic centimeter); middle, S (percent); and bottom, cloud base temperature (degrees Celsius). Unstable
clean tropical air mass flows northward (upward in the image) from the Gulf of Mexico. The Houston urban effect is clearly visible by more than tripled CCN
concentrations over Houston and the reduction of S to less than half. This represents an even larger factor in enhancing CCN for the same S. A smaller effect is
seen over the urban and industrial areas to the east of Houston. The color composite is red, green, and blue for the visible reflectance, 3.7-um solar reflectance,
and thermal temperature, respectively, as in Rosenfeld et al. (30). The Houston bay and beltways are marked by white lines.
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concentrations that affect growing clouds, the AOD approach
allows only an order-of-magnitude estimate of Nccy. On the other
hand, combining W, with N, can provide CCN(S) with an un-
certainty that can be quantified and is far better than the AOD
approach. Having both W, and CCN(S) will allow disentangling of
the roles of these two factors in determining N; and in the attri-
bution of the related changes in CRE to aerosols.

Having satellite retrievals of both W), and Nccy will allow
disentangling of their respective roles on determining N, and the
related precipitation-forming processes, rainfall amounts, and
distribution of vertical latent heating. CCN(S) ingested by deep
convective clouds can be estimated by using adjacent shallower
nonprecipitating convective clouds in their upwind side. Adding
CCN to deep convective clouds can invigorate them and incur more
extensive anvils and respective positive radiative forcing (41-43).
This can be quantified observationally using long-term surface
aerosol, cloud, and meteorological measurements made at a single
location in the SGP (41, 42), and also using global A-Train satellite
products (44). These estimates of CRF (the change in CRE due to
anthropogenic causes) are associated with aerosol-induced changes
in cloud properties that do not differentiate the respective roles of
aerosol and dynamics or meteorology but their joint effects.

Having global coverage of CCN(S) where we need them
most—in conjunction with the clouds that ingest them—will
provide input for regional and global simulations. The coincident
retrieved cloud properties will constrain these models and
provide us with realistic assessments of the CRE. The retrieved
CCN(S) can be used for constraining aerosol production and
transport models. This will allow separating the aerosols into
natural and anthropogenic components more accurately. The
application of such classified CCN(S) will facilitate calculating the
anthropogenic aerosol-induced CRF, which will constitute a major
reduction of the uncertainty in anthropogenic climate forcing.
Developing methodologies for retrieving updrafts at clouds with
elevated bases will further enhance these possibilities.

Conclusions

The feasibility of estimating CCN(S) and W, of boundary layer
clouds from the Suomi NPP polar-orbiting operational weather
satellite was demonstrated with an accuracy of +25% to +30%,
which is limited mostly by the accuracy in the retrieval of r,. The
validation was done in Oklahoma, the Amazon Basin, and the
northeast Pacific Ocean. Our methodology is presently limited to
boundary layer convective clouds of at least 1 km depth, which
are not obscured by upper layer clouds, including semitransparent
cirrus. This might limit its application in some regions of the
world. Moreover, the limitation for small solar backscattering
angles of <25° restricts the satellite coverage to 1/4 of the satellite
swath width, or a view once every 4 d, on average. On the other
hand, even for a regional coverage, it would be much more
valuable to study the process of aerosol—cloud interactions
rather than using single-point data as provided by ground-
based observations.

A major advantage of using clouds as analog for CCN cham-
bers relative to relying on the optical signal of the aerosols
themselves is the fact that the optical signals (e.g., AOD and
Angstrom coefficient) vanish at very small aerosol concentra-
tions, which is exactly where the relative changes in CCN con-
centrations matter most, or, in other words, where very small
absolute changes in concentrations have very large impacts on
clouds (16, 25). This is where the traditional remote sensing
methods of aerosols break down, whereas the applicability of
using clouds as CCN chambers remains intact, as evident by the
lower left corner of Fig. 3. This has particular importance in the
context of the quest for the significance of changes from
the preindustrial era to the present background aerosols (25).

The retrieval of both CCN(S) and W,, allows, for the first time
to our knowledge, disentangling of the roles of updrafts and

Rosenfeld et al.

CCN on cloud microphysical, precipitation, and radiative prop-
erties over climatically meaningful areas. Previously, the inability
to separate these factors has been a major impediment to our
ability to quantify the aerosol/cloud-mediated effects on Earth’s
energy budget, thus keeping high the uncertainty of this effect
(1). Application of the new capabilities offered by our meth-
odology is expected to allow a breakthrough in quantifying
these effects and to substantially reduce the uncertainty in an-
thropogenic aerosol climate forcing, at least for boundary layer
convective clouds.

Error Analysis

A direct comparison of the satellite- to ground-based CCN, as-
suming no errors in the CCNC measurements, shows a correla-
tion coefficient of 0.88 and a slope of 0.9 (i.e., underestimate of
10%). The MAPE is +30%. However, both satellite retrievals
and CCNC measurements are subject to errors. Therefore, a
bivariate regression has to be used for fitting two parameters
with associated errors for both (45). The associated error for the
satellite-retrieved CCN for a given S was taken as +30%. The
CCN instrument errors were taken as the +95% confidence in-
terval (i.e., +£2 SDs) of Ny for the individual cases, as described
at the end of Estimation of Cloud Base Drop Concentrations. Both
sets of errors are shown as error bars in Fig. 3.

The largest sensitivity is to errors in r,, because, according to
Eq. 2, the error in N, is the cube of the error in r,. The accuracy
of MODIS-retrieved r, is best when the 3.7-um waveband is used
(MODIS , is also available for 2.1-pm and 1.6-pm wavebands) in
nondrizzling clouds; under these conditions, it showed the best
agreement with aircraft measurements, with an uncertainty of 1 pm
(46). The 3.7-pm-based r, is also minimally affected by cloud
inhomogeneities (47) because this band absorbs solar radiation
much more strongly (48, 49). The VIIRS footprint area, which is
sevenfold smaller than that of MODIS, further reduces the
possibility of errors caused by cloud inhomogeneities. Our
implementation to VIIRS is even more accurate than MODIS in
the best of circumstances, because we use only pixels with visible
reflectance >0.4 at backscattering angles (satellite zenith angle
of 0-50 degrees). To avoid significant distortion of r, by coales-
cence, we avoided heavily precipitating clouds at their tops
(r. 0> 18 pm). MODIS r, is larger than aircraft in situ measure-
ments by 10-15% (34-36). This is probably not a problem for
retrieved r, based on the VIIRS Imager (30), because it is lower
by a similar amount with respect to MODIS r,. The retrieval
uncertainty of r, itself is roughly +10% (36). This translates to
uncertainty of a factor of +33% in N,. This error alone is larger
than the measured validation error of +30% when assuming no
errors in the ground-measured CCN, which includes many other
error sources, as described next. This might serve as an indication
that the error in the retrieved r, from VIIRS is smaller than for
MODIS, probably due to the much finer resolution.

The MAPE in cloud base temperature of +1.1 °C propagates
to a 5% error in N, due to changing C(7,P,) in Eq. 1. The error
in W, (Fig. 2) can be propagated to an error in N, according to
Twomey’s approximation of

N, =CCN(S =1%)**+? Wsk/(2k+4), (61

where k is the slope of the CCN(S) spectrum on a log—log scale
(50). Accordingly, a W, MAPE of +27% propagates to an error
in N, of only 7-13% for k = 0.5 and 1, respectively. The overall
combined error is +36%, as obtained by the calculation (0.33% +
0.05% + 0.13%)°° = 0.36. This overall calculated error of +35%,
even before adding the CCN instrument uncertainty, is larger than
the measured validation error of +30% when assuming no errors in
the ground-measured CCN. This discrepancy could be explained,
for example, by reducing the 7, error from 10% to 8%.
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