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ABSTRACT 

Convective clouds over the Amazon are a key component of the South America 
and global climate systems. Nonetheless, they are poorly understood and models 
struggle to represent them appropriately. One of the primary reasons for that is 
the lack of data available for this type of cloud. Satellite retrievals have high 
underlying uncertainties for continental regions, especially considering the 
variability of surface reflectance between forested and deforested regions. The 
inherent lack of infrastructure also hampers the deployment of continuous field 
experiments. Additionally, the underlying physical processes in tropical clouds 
and their relation to aerosols is an open scientific question. This study aims at 
contributing to filling this gap by reporting on recent aircraft measurements over 
the Amazon, encompassing forested, deforested, urbanized, and maritime 
regions. One of the focus was on studying the interactions between the pollution 
plume generated by Manaus, a 2-million-inhabitant city surrounded by hundreds 
of km of rainforest, and the surrounding clouds. This was achieved by a low-
altitude research aircraft that continuously penetrated the plume region and its 
surrounding cleaner air downwind from Manaus. Another research aircraft 
performed long range flights from remote regions on northern and northwestern 
Amazon, to the biomass-burning-polluted Arc of Deforestation in the south, and 
off the coast of Amapá State for the maritime reference. Both small and large 
scale approaches showed a primary role of aerosols on the warm-phase 
microphysical characteristics of Amazonian clouds regardless of thermodynamic 
conditions. Sensitivity calculations demonstrated that when aerosol number 
concentrations increase by 100%, there is an +84% and -25% response on cloud 
droplet number concentration and effective diameter, respectively. On the other 
hand, when updraft speeds strengthen by the same amount, droplet number 
concentrations increase by 43% and almost no effect is seen on the effective 
diameter. It shows that aerosols have significant impacts on the clouds 
microphysical structure, while updrafts modulate the amount of condensed water. 
In this study, it is proposed that the aerosol-cloud interactions can be studied by 
using the Gamma droplet size distribution (DSD) parameterization and its phase 
state. The phase state is defined by the three parameters that define the Gamma 
curve and can be visualized in an 3D plot. Polluted and clean clouds were found 
to populate different regions in this space, where each point represents one DSD 
measurement. By sequentially connecting points associated to increasing 
altitudes, it was possible to infer the DSD evolution during the clouds 
development and define trajectories in the phase space. The trajectories of 
polluted and clean clouds where substantially different given the different balance 
between condensational and collection growth mechanisms. It is suggested that 
those growth processes can be represented by pseudo-forces in the 3D phase 
space because they are able to generate displacements. The pseudo-force 
balance in clean clouds were found to favor their development into the phase 
space region favorable for fast glaciation, while polluted clouds remained outside 
of it. As a consequence, clean clouds readily glaciate above the 0 °C isotherm 
while supercooled droplets persist in polluted system. This was confirmed by 
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hydrometeor sphericity measurements. Overall, this work contributes to the 
understanding of Amazonian clouds by both providing statistics of their 
microphysical properties and by suggesting a new way to study the underlying 
physical processes in the Gamma phase space. The two approaches can be 
useful to infer specific modeling weaknesses regarding tropical clouds as well as 
steer the development of new parameterizations. 

Keywords: Amazon. Cloud microphysics. Aerosol-cloud interactions. Gamma 
DSD. 
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EFEITOS DA TERMODINÂMICA E DOS AEROSSÓIS NA FORMAÇÃO E 

EVOLUÇÃO DE NUVENS SOBRE A AMAZÔNIA OBSERVADOS POR 

AERONAVES 

 

RESUMO 

As nuvens convectivas sobre a Amazônia são uma importante componente do 
sistema climático global e da América do Sul. No entanto, o seu conhecimento 
científico é limitado e, consequentemente, são mal representadas pelos 
modelos. Uma das principais razões para isto é a falta de dados a respeito deste 
tipo de nuvem. Estimativas por satélite apresentam grandes incertezas sobre 
regiões continentais, especialmente se considerarmos que a região amazônica 
apresenta significativa variabilidade na refletância de superfície entre regiões 
florestadas e desmatadas. A inerente falta de infraestrutura na floresta também 
dificulta a execução de experimentos de campo. Adicionalmente, os processos 
físicos nas nuvens tropicais e sua relação com os aerossóis é ainda uma questão 
científica em aberto. Este estudo tem como objetivo contribuir para esta lacuna 
de conhecimento através da análise de dados recentes coletados sobre a 
Amazônia em regiões florestadas, desmatas, urbanizadas e marítimas. Um dos 
focos foi o estudo dos efeitos da pluma de poluição emitida por Manaus, uma 
cidade de 2 milhões de habitantes cercada por centenas de quilômetros de 
floresta, nas nuvens próximas. Para isto, foram analisados dados coletados por 
aeronave de baixa altitude que penetrou repetidamente a pluma de poluição e o 
ar mais limpo ao seu redor. Outra aeronave realizou voos de longo alcance, 
desde regiões remotas no Norte e Noroeste da Amazônia, ao Arco de 
Desmatamento altamente poluído pela queima de biomassa mais ao Sul e até 
região oceânica próxima à costa do estado do Amapá. Ambas abordagens 
mostraram o papel primário dos aerossóis na formação das características 
microfísicas da fase quente das nuvens amazônicas independente das 
condições termodinâmicas. Cálculos de sensibilidade mostraram que aumentos 
de 100% na concentração de aerossóis geram uma resposta de +84% e -25% 
na concentração de gotas e no diâmetro efetivo, respectivamente. Por outro lado, 
quando as correntes ascendentes são intensificadas na mesma proporção, o 
aumento nas concentrações de gotas é de apenas 43% enquanto que o diâmetro 
efetivo se mantém praticamente inalterado. Isto mostra que os aerossóis são 
capazes de alterar a estrutura microfísica das nuvens, enquanto que as correntes 
ascendentes modulam o conteúdo de água condensada. Neste estudo é 
proposto que as interações entre os aerossóis e as nuvens podem ser estudadas 
através do uso da parametrização Gamma das distribuições de tamanho de 
gotas (DSDs) e o seu espaço de fase. Tal espaço de fase é caracterizado pelos 
três parâmetros que definem a curva Gamma e pode ser visualizado em gráficos 
tridimensionais. Detectou-se que as nuvens poluídas e limpas ocupam diferentes 
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regiões desse espaço, onde cada ponto representa uma medida de DSD. Ao 
conectar sequencialmente os pontos associados a crescentes altitudes, foi 
possível obter a evolução das DSDs ao longo do desenvolvimento das nuvens e 
definir trajetórias no espaço de fase. Neste sentido, foi observado que as nuvens 
poluídas e limpas apresentam trajetórias significativamente diferentes devido ao 
diferente balanço entre os processos de crescimento por condensação ou 
colisão-coalescência. Uma vez que os processos de crescimento das gotas 
geram movimentos no espaço, foi proposto que tais mecanismos podem ser 
representados por pseudo-forças. O balanço das pseudo-forças nas nuvens 
limpas contribui para a sua evolução para a região favorável aos processos de 
glaciação, enquanto que nuvens poluídas se mantiveram fora desta. 
Consequentemente, as nuvens limpas glaciam rapidamente ao ultrapassar a 
isoterma de 0 °C, enquanto que gotas super-resfriadas persistem em nuvens 
poluídas. Isto foi confirmado por medidas da esfericidade dos hidrometeoros. De 
modo geral, este trabalho contribui para o entendimento das nuvens da 
Amazônia tanto do ponto de vista estatístico de suas características microfísicas 
quanto do ponto de vista físico ao propor o estudo dos processos no espaço de 
fase Gamma. As duas abordagens podem ser úteis para identificar falhas 
específicas em modelos numéricos, assim como auxiliar no desenvolvimento de 
novas parametrizações. 

Palavras-chave: Amazônia. Microfísica de nuvens. Interações aerossóis-
nuvens. DSD Gamma. 
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1 INTRODUCTION 

The Amazon is a key component of the global climate system. According to Keller 

et al. (2009), the Amazon can be understood as a giant biogeochemical reactor, 

where it serves as both source and sink of quantities that determine the climate. 

The forest emits high amounts of water vapor through evapotranspiration as well 

as the particles necessary for cloud formation (CCN, cloud condensation nuclei), 

thus maintaining an intense hydrological cycle (SILVA DIAS et al., 2002; BETTS 

et al., 2004). Gandu and Silva Dias (1998) identified the Amazon as one of the 

primary heat sources of the global climate due to the latent heat release by the 

condensing water vapor in the clouds. Regarding South America, the strong 

latent heat release by Amazonian convection is one of the primary mechanisms 

supporting the Bolivian High, which is a key component of the South America 

Monsoon System (SAMS, ZHOU; LAU, 1998; VERA et al., 2006). 

Human activities involved in the management of agriculture, logging, and 

urbanization significantly affect the land use and surface characteristics of the 

Amazonian region (SOARES-FILHO et al., 2006). As of 2005, Ometto et al. 

(2005) estimates that deforestation reached 18% of the original forest area, 

primarily in the southern and western regions. This activity has not only regional 

effects on the ecosystem, but may also contribute to the global climate change. 

Malhi et al. (2008) estimate that the forest stores around 200 Pg of carbon, which 

can be released into the atmosphere during deforestation. Additionally, the 

deforestation that converts forest into pasture has a drying effect and alters the 

energy partitioning in favor of sensible heat (FISCH et al., 2004). Feedback 

between the perturbed climate and the biome response further favor regional and 

global climate change (DAVIDSON et al., 2012; HUNTINFORD et al., 2013). 

Boisier et al. (2015) identified an overall drying trend for the Amazon, especially 

in the eastern region, which is a major concern as deforestation tends to intensify 

during relatively dry periods because the trees are easier to burn. The changing 

characteristics of the forest and the overall climate also result in more frequent 
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extreme events such as the droughts during 2005 and 2010 (MARENGO et al., 

2008; MARENGO et al., 2011).  

Beyond the biome, the Amazon also contains an extensive river system that is 

responsible for around 20% of the world’s freshwater discharge, which was found 

to be sensible to climate change (NOBRE et al., 2009). Both the biome and the 

river system interact with the clouds and maintain the hydrological cycle in 

balance. In that regard, aerosol particles play an important role, as they are 

responsible for activating cloud formation, allowing for the water evaporated from 

the rivers and emitted by the forest via evapotranspiration to return to the surface 

through precipitation. The aerosol particles over the Amazon can have both 

natural, emitted by the forest or transported from other regions, and 

anthropogenic sources. According to Andreae (2007), the natural aerosols in the 

Amazon most likely maintain similar characteristics as in the preindustrial era 

because of the vast unpopulated areas in the forest. The fraction of the natural 

aerosols that serve as CCN were found to be primarily secondarily generated 

through the oxidation of the volatile organic compounds (VOCs) emitted by the 

forest (PÖSCHL et al., 2010). Primary biogenic particles from the forest were 

identified as the primary source of ice nuclei (IN), complemented by the 

occasional Saharan dust transport (PRENNI et al., 2009). 

One of the primary ways human impact cloud formation over the Amazon is 

through the increase of CCN number concentrations (NCCN) caused by pollution. 

In that sense, biomass burning is the activity that most contributes to pollution in 

the Amazon (CRUTZEN; ANDREAE, 1990; BOWMAN et al., 2011), being more 

active during the dry season (ARTAXO et al., 2002). Although there are some 

natural-occurring biomass burning events, the vast majority is caused by human 

activities. The southern and southeastern Amazon is a region where the 

deforestation and biomass burning events are frequent. The smoke produced by 

the burning vegetation is carried upwards by convection (ANDREAE et al., 2001) 

while also spreading horizontally. Additionally, the aerosol particles are also 

subject to long range transport and can potentially affect clouds as far as in the 
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La Plata Basin (CAMPONOGARA et al., 2014). The frequency of biomass 

burning events in southern and southeastern Amazon contrasts sharply with the 

other regions (as it is closer to more densely urbanized regions), which is the 

reason why it is commonly referred to as “arc of deforestation” (FUZZI et al., 

2007). 

Clouds that form under Amazonian background conditions can present 

significantly different properties compared to clouds that develop over polluted 

regions such as the arc of deforestation. Andreae et al. (2007) and Martin et al. 

(2010) report that aerosol particles number concentrations (NCN) reach up to 

several hundred per cm-3 under background conditions. By contrast, NCN is an 

order of magnitude higher when biomass burning events are widespread 

(MARTIN et al., 2010; ARTAXO et al., 2013), especially during the dry season 

when precipitation is less frequent. A tenfold increase in NCN, which is usually 

followed by a similar increase in NCCN, can have deep impacts in cloud formation 

and development (MCFIGGANS et al., 2006; REUTTER et al., 2009; KOREN et 

al., 2014). Andreae et al. (2004) presented a pioneer study comparing 

microphysical properties of clouds that develop over biomass burning events to 

those under Amazonian background or even maritime conditions. They show that 

polluted clouds present much higher droplet number concentrations, with 

suppression of the growth processes in the warm layer (T > 0 °C). As pointed out 

by Rosenfeld et al. (2008), the warm-phase suppression does not necessarily 

lead to suppression of the cloud as a whole. Given the smaller droplets in polluted 

clouds, they take longer to precipitate by warm mechanisms and end up 

participating in and intensifying the mixed and glaciated layers. In fact, Lin et al. 

(2006) report increased rainfall amounts, cloud cover and cloud top hydrometeor 

effective radius for polluted regions in the Amazon. Gonçalves et al. (2015) report 

that biomass-burning aerosols may suppress or enhance convective systems 

depending on the atmospheric instability. They found aerosol-enhanced rainfall 

in systems developing under high CAPE (Convective Available Potential Energy) 

conditions. Given that pollution affects the layer distribution in the clouds, it is also 
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possible to observe a relation between biomass burning pollution and electrical 

activity in clouds (ALTARATZ et al., 2010). 

Even though the interaction between aerosols, clouds, and precipitation has 

received significant attention in recent years (see the reviews by TAO et al., 2012; 

ROSENFELD et al., 2014; FAN et al., 2016), there are still unknown features 

regarding the feedback mechanisms involved. One difficulty in this type of study 

is the isolation of the aerosol effect, as opposed to the thermodynamic and 

meteorology differences. In the Amazon, the analysis of the aerosol effect is 

usually studied by comparing clouds that develop over remote Amazonian or 

polluted regions. However, the polluted regions usually present different local 

meteorology given the land use change and the consequent different energy 

partitioning (FISCH et al., 2004). One possibility in that regard is to analyze clouds 

that develop in the same region, and the underlying thermodynamic conditions, 

but are subject to different aerosol conditions. One example is by studying the 

surroundings of cities in the Amazon such as Manaus. This city is located in the 

center of the Amazon (3° 6’ S, 60° 1’ W), with a population of approximately 2 

million people (IBGE, 2017), being surrounded by hundreds or even thousands 

of km of forest in all directions. The pollution plume emitted from the city usually 

disperse to the southwest direction (Kuhn et al., 2010) and interact with the clouds 

in its way. By comparing the clouds in and around the plume, it is possible to infer 

the aerosol effect where the thermodynamic conditions are relatively similar. This 

will be addressed in this thesis, with more details in Chapter 4. 

The uncertainties related to the aerosol-cloud-precipitation interactions in the 

Amazon are only one aspect of the unknowns surrounding tropical continental 

clouds as a whole. This type of cloud, despite their importance to the regional 

and global climate, is still poorly represented by models (BETTS, 2002; DAI, 

2006; KIDD et al., 2013). According to Kidd et al. (2013), although the bias 

between model and observations of rainfall amounts in the tropics can be as low 

as 4%, there are still major misrepresentations such as the spatial distribution 

and daily cycle of the precipitation. In specific to the daily cycle, the modelled 
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clouds usually precipitate earlier than in the observations. This is a result of 

misrepresentation of the evolving cloud microphysics, which includes the aerosol 

effect and the representation of the droplet size distribution (DSD) of the 

hydrometeors. Therefore, in order to better understand and model Amazonian 

clouds, with the broader goal of improving our global climate knowledge, more 

studies are needed highlighting the details of the clouds microphysical properties 

and their sensitivity to changes in aerosol number concentrations and 

thermodynamic conditions. 

The main goal of this work is to take advantage of new measurements of 

microphysical properties of Amazonian clouds in order to further our knowledge 

on their evolving characteristics and relation to different aerosol and 

thermodynamic conditions. The analyzes are developed based on the 

measurements of several field campaigns as part of the GoAmazon2014/5, IARA, 

and ACRIDICON-CHUVA experiments (see descriptions in Chapter 3). Specific 

subjects to be addressed are 1) the relation between Manaus pollution plume and 

the microphysical properties of surrounding clouds, 2) quantification of the 

sensitivities of Amazonian clouds to changes in aerosol and thermodynamic 

conditions, and 3) the use of the Gamma DSD and its phase space to represent 

the evolution of the clouds microphysical properties. 

Chapter 2 provides a general review of the associated literature, while Chapter 3 

presents the overall methods used. The results are segregated into three 

chapters (Chapters 4, 5, and 6), each one related to either submitted or accepted 

papers. At the time of writing (May 2017), the first paper (described in Chapter 4) 

is already published in final form in the Atmospheric Chemistry and Physics 

(ACP) journal. The second and third papers (Chapters 5 and 6) are submitted to 

the same journal and are currently under review. Finally, Chapter 7 presents the 

main conclusions from this thesis. 
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1.1. Objectives 

The specific objectives of this study can be listed as (unless specified, the results 

are focused on the warm layer of the clouds): 

1) Acquire statistics of Amazonian clouds microphysical properties as 

function of region within the forest, aerosol, and thermodynamic 

conditions. 

2) Develop a methodology to infer the Manaus pollution plume effect on 

Amazonian clouds microphysics. 

3) Quantify the clouds sensitivity to aerosol and thermodynamic conditions 

by expanding the methodologies found in the literature. 

4) Understand how microphysical properties evolve throughout the clouds life 

cycle. 

5) Demonstrate new ways to analyze cloud microphysics using the Gamma 

DSD and its phase space. 

6) Study the transition from the warm to the mixed phase. 
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2 LITERATURE REVIEW 

In this Chapter, a general overview of the fundamental processes of importance 

to this work is presented. Chapters 4, 5, and 6 contain additional specific 

background information and references. 

2.1. Aerosol effects on warm clouds 

Aerosol particles in the atmosphere are a determinant factor for cloud formation, 

as they can serve as cloud condensation nuclei (CCN). The process in which the 

dry particle grows by condensation and becomes a cloud droplet was initially 

studied by Köhler (1936). The author notes that the dry particles must grow to a 

critical radius, with a corresponding critical supersaturation, to become cloud 

droplets. This critical radius is reached by increased water vapor pressure around 

the particle, which can be achieved, for instance, in arising parcels. For water 

vapor pressure below the critical threshold, the dry particle grows and shrinks 

according to the fluctuations in relative humidity. When the critical value is 

reached, the droplet will grow spontaneously regardless of further fluctuations in 

the humidity around it. At this point, the aerosol particle is activated and becomes 

a CCN. The Köhler theory has been recently revised (PETTERS; 

KREIDENWEIS, 2007, 2008, 2013), but the main concepts remain the same. 

The presence of aerosol particles able to act as CCN allows for cloud formation 

in the atmosphere. In the absence of such particles, the necessary 

supersaturation for homogeneous nucleation would be unrealistic. Therefore, 

aerosol population aspects such as number concentration and chemical 

composition are determinant for the initial cloud formation. The early 

characteristics of the cloud microphysics as function of aerosol conditions has 

been extensively studied and is considered as the first indirect aerosol effect on 

climate, or the Twomey effect (TWOMEY, 1977). The author states that, given 

two clouds with the same liquid water path (LWP), the one subject to higher NCCN 

will have more droplets with reduced size. This can be understood by the water 
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vapor competition concept, where the same amount of water is being distributed 

into more droplets, therefore reducing their size. 

In actual observations, even though clouds present diverse LWP values, it is 

possible to observe a correlation between aerosol particles and cloud droplets 

concentrations. Ramanathan et al. (2001) combine results from different studies 

and show a clear correlation between NCN and Nd for several regions with diverse 

aerosol conditions. With aircraft measurements, Martin et al. (1994) showed that 

marine stratocumulus clouds presented higher droplet concentrations and lower 

effective radius (re) with increasing pollution. Because the rate of growth by 

collision-coalescence is proportional to re
4.8 (FREUD; ROSENFELD, 2012), 

collection growth is rather ineffective for small droplets but intensifies quite quickly 

when re ≳ 14 μm. In this way, increased pollution tends to suppress warm rain 

formation. Indeed, Rosenfeld et al. (1999) used the TRMM satellite to analyze 

precipitation in the tropics and found significant suppression of warm rain related 

to increased pollution. They estimate that the polluted clouds would need to grow 

to the altitude where T = -10 °C to efficiently produce rain by the warm 

mechanisms. Of course, this is just a theoretical estimation given that other 

processes take place with negative temperatures. Shrivastava et al. (2013) also 

confirm the first aerosol indirect effect by using coupled atmospheric-chemistry 

model for short-lived shallow cumuli. 

When a higher number of small droplets is formed, the condensation rate should 

be intensified as it is inversely proportional to droplet size. Additionally, small 

droplets have enhanced area-to-volume ratio that also contributes to the 

condensation. One result is quicker consumption of the supersaturation and, 

given favorable conditions, may induce higher amounts of water in the clouds. 

Beyond that, the warm rain suppression allows for the water to remain longer in 

the cloud. Xue and Feingolnd (2006) use large-eddy simulations of trade wind 

clouds and note that increased aerosol pollution leads to higher LWP. This 

quantity is proportional not only to vertical LWC profile, but also to cloud depth. 

Therefore, both effects should be analyzed in order to comprehend the aerosol 
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effect on LWP. This effect, however, is complex because of the feedback 

mechanisms involved and frequently vary depending on the meteorological 

conditions. Some contrasting results are found in the literature. Liu et al. (2003) 

found that LWC remained relatively constant between polluted and clean clouds 

in the Indian Ocean, while Cecchini et al. (2016) reported on increased LWC for 

polluted clouds in the Amazon. The feedback mechanisms will be discussed in 

more detail in the next sections, but it seems that pollution significantly affects 

cloud vertical development in the Amazon, therefore favoring higher LWP values 

(ANDREAE et al., 2004). Andreae et al. (2004) analyzed Amazonian clouds 

forming directly over biomass burning events and compared to cleaner systems. 

Given that biomass burning also emit heat, it is difficult to appoint the specific role 

of the aerosols in that case. 

Another consequence of the first indirect effect are narrower DSDs in the warm 

phase, given that the condensational growth is favored. However, one usual 

assumption is that the dry aerosol size distribution does not change much from 

clean to polluted conditions. In fact, when the ambient aerosol population includes 

particles with radii r > 5 μm, the effects might be different. This type of particle in 

known as giant CCN (GCCN) and is common in maritime regions as the sea salt 

(O’DOWD et al., 1997) and can also be present in the Amazon because biological 

particles are known to be GCCN too (MÖHLER et al., 2007). Nevertheless, 

Johnson (1982) showed that GCCN presence may enhance warm rain formation. 

The primary reason is that the bigger particle size prompts an early formation of 

rain embryos, favoring the collection growth. Cheng et al. (2007) modeled the 

role of GCCN, noting that they increase droplet size and therefor precipitation 

amounts. However, the presence of GCCN is not a sufficient condition for rain 

formation. It is necessary that smaller CCN are also available to maximize the 

GCCN efficacy. Feingold et al. (1999) use a varied modeling framework and note 

that the GCCN efficiency grows as the CCN concentrations increase. The 

explanation is that the bigger droplets formed via GCCN need to have smaller 

ones to grow by collection. When CCN are too low (e.g. 50 cm-3 or lower), 
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precipitation will likely form regardless of the GCCN presence. However, when 

CCN concentrations are in the range 50-250 cm-3, Feingold et al. (1999) notes 

that the GCCN might be responsible by the transition from non-precipitating to 

precipitating condition. On the other hand, if CCN concentrations are too high 

(e.g. 1000 cm-3), warm rain formation will be suppressed and GCCN may not be 

enough to produce precipitation. Amazonian background CCN concentrations 

are in the range 200-300 cm-3 (ROBERTS et al., 2001, 2002; ANDREAE et al., 

2004; GUNTHE et al., 2009), which is in the range sensitive to GCCN. 

Some studies also suggest that, under certain circumstances, warm clouds may 

by invigorated by added CCN. This happens relatively rarely and in very pristine 

clouds subject to moderate increases in CCN. Yuan et al. (2011b), Christensen 

and Stephens (2011) and Chen et al. (2015) note that maritime clouds have 

higher cloud tops and therefore allow for more time for the warm precipitation to 

occur. However, if too much pollution is added to the systems, the precipitation 

will be suppressed. Koren et al. (2014) reports on positive correlations between 

rainfall rates and aerosol concentration/cloud top height. Nonetheless, this effect 

is probably not determinant in the studies proposed here as biomass burning 

and/or the Manaus pollution plume often increase CCN concentrations by an 

order of magnitude (ANDREAE et al., 2004; KUHN et al., 2010; MARTIN et al., 

2010; ARTAXO et al., 2013). 

2.2. Aerosol effects on mixed-phase clouds 

Aerosols can impact the mixed phase by directly serving as IN, or by changing 

the warm layer as CCN and then impacting the further development of the cloud. 

The study of the role of mixed and ice processes in clouds is crucial, given that 

they are responsible for most of the precipitation in the tropics (LAU; WU, 2003). 

Additionally, DeMott et al. (2010) showed that global climate simulations, 

including the aerosol indirect effect, are sensitive to the model’s representation 

of the glaciation process. If aerosols can significantly impact the mixed and ice 
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processes, then it is imperative that the interactions are understood and well 

represented in models. 

For the Amazon, most of the IN population comes from biological particles 

emitted by the forest itself, with occasional contributions from Saharan dust 

transport (PRENNI et al., 2009). This long-range dust transport is favored during 

the wet season (January-May). Contrary to CCNs, IN particles participate later in 

the cloud lifecycle, when the temperature reach values low enough for the 

activation process. Under IN-free conditions, the ice can be activated 

homogeneously when the temperatures fall below -38 °C, but some biological 

particles emitted by the Amazon, such as bacteria, may increase this limit to 

temperatures as high as -4 °C (MORRIS et al., 2004). Fan et al. (2010a) notes 

that increases in IN concentrations does not significantly affect convective 

strength, but can significantly increase ice concentrations in the cloud’s anvil 

given enough humidity. Ice particles not only participate in rain formation but also 

scatter solar radiation differently than liquid droplets. Therefore, if anthropogenic 

emissions can enhance IN concentrations, the liquid-ice proportion in clouds will 

be different and will affect rain amounts at the surface and the clouds radiative 

forcing. 

Lohmann and Feichter (2005) summarize the aerosol indirect effects in clouds, 

noting that there are three primary mechanisms in mixed-phase clouds. The first 

one is known as the thermodynamic indirect effect, where the smaller droplets 

formed in polluted clouds have lower probability of collecting IN and therefore 

take longer to freeze. If IN concentrations are enhanced, the clouds may glaciate 

quickly and form precipitation more efficiently. This is the second mechanism, 

known as the glaciation effect. Finally, the third effect is related to ice growth by 

collection of supercooled water, a process known as rimming. The smaller 

droplets in polluted systems may slow down the growth by rimming. However, the 

interactions involved in the effects summarized by Lohmann and Feichter (2005) 

are still poorly understood and newer studies are trying to piece together all the 

moving parts. 
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Perhaps the easiest process to comprehend is the heterogeneous ice activation, 

given that it does not rely on interactions between liquid droplets and ice particles. 

van den Heever et al. (2006) simulated deep convective clouds (DCCs) and 

showed that increased IN concentrations produced ice in warmer temperatures, 

resulting in deeper anvils. However, IN increases were not the most efficient 

process to increase overall ice concentrations. CCN enhancements proved to be 

more effective in that regard, where the smaller droplets in the warm phase did 

not precipitate and were carried upwards to participate in the ice processes. 

Increased CCN concentrations also lead to increased supercooled water mixing 

ratios, given the thermodynamic effect, which were responsible for higher hail 

mixing ratios as well.  

The aerosol effect in mixed-phase clouds by first acting as CCN and then 

affecting the mixed layer was also studied by Cheng et al. (2010). The authors 

found that increased CCN concentrations lead to more cloud droplets and ice, 

but the effects on precipitation were non-linear. The amount of precipitation 

formed is the result of several competing mechanisms that depend on cloud 

microphysics and dynamics. The increased droplet concentration, which favors 

the persistence of supercooled droplets above the 0 °C isotherm, can enhance 

ice growth in cloud layers sub-saturated with regards to liquid water but 

supersaturated with regards to ice. In such layers the water of the supercooled 

droplets evaporates and sublimates into the ice particles, in the process known 

as the Wegener-Bergeron-Findeisen mechanism (WBF, WEGENER, 1911; 

BERGERON, 1935; FINDEISEN, 1938). However, updraft cores in mixed-phase 

clouds frequently produce water vapor pressure above the liquid water limit (FAN 

et al., 2011), making both liquid droplets and ice particles grow concomitantly. In 

that case, the growth of the ice particles is slowed down given the competition 

with the supercooled droplets. Therefore, ice growth in polluted systems may be 

enhanced especially in the downdraft regions of the clouds, where the 

supercooled droplets are continually evaporated until depleted. On the other 

hand, supercooled droplets persist in the updraft cores, sometimes even reaching 
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the homogeneous freezing limit (ROSENFELD; WOODLEY, 2000). Graupel 

particles growth by rimming may be either enhanced or suppressed depending 

on the total amount of supercooled water and the size of the droplets. Rimming 

is favored by higher amounts of supercooled water, but may also be suppressed 

because of the smaller droplet size (CHENG et al., 2010). The ultimate result will 

depend on the number of CCN available and the dynamics within the cloud. 

One additional source of complexity to the ice processes stems from the 

observations that there are secondary ice generation mechanisms. Hobbs and 

Rangno (1985) found that the ice concentration in clouds can be significantly 

higher than IN concentrations. Therefore, there are mechanisms that multiply ice 

concentrations. One of such mechanisms was described by Hallett and Mossop 

(1974). The basic concept is that freezing droplets may emit ice splinters which 

then act as nuclei for further ice formation. Note that this process has a cascading 

effect, where each new ice particle formation may release multiple splinters. More 

recently, Lawson et al. (2015) describe a similar secondary ice generation 

mechanism that is active in updraft cores of maritime clouds. In this process, the 

big supercooled droplets in the maritime system collect the ice splinters and 

quickly freeze. The authors note that the splinter release is favored in big droplets, 

making the glaciation process rather effective in maritime clouds. Given the 

similarities between Amazonian background and maritime clouds, this process 

may also occur over the rainforest. This is further supported by the observations 

of Heymsfield and Willis (2014), which note that secondary ice generation is 

favored by low LWC, low updraft speed, and low concentrations of supercooled 

droplets. All three factors are expected in Amazonian background clouds given 

the relatively low CCN concentrations. Smaller droplets can also contribute to the 

multiplication of ice particles, therefore contributing to the glaciation of the cloud, 

by the rime splintering process. This occurs when supercooled droplets are 

collected by bigger ice particles (being graupel, hail, frozen drops, or snowflakes), 

releasing splinters in the process. However, rime splintering is expected to be of 

secondary importance to this study, given the focus on growing convective clouds 
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at early stages of their life cycle. A review of secondary ice production processes 

is given in Field et al. (2017). 

2.3. Convection invigoration or suppression by aerosols 

Clouds that develop above the 0 °C isotherm can have its convective intensity 

altered by increased pollution. This effect occurs due to the microphysics-

dynamics feedback, i.e. the ability of microphysical processes to affect cloud 

dynamics and vice-versa. One of the primary mechanisms by which aerosols can 

affect cloud dynamics is by impacting the updrafts. As modeled by van den 

Heever (2006), increases in pollution lead to stronger updrafts as the 

condensation rates are increased. Additionally, by increasing the level of the 

precipitation onset, the peak of the latent release is higher in the cloud, favoring 

further vertical development (KHAIN et al., 2005). When the cloud droplets start 

to freeze, they release even further latent heat, favoring further cloud 

development. This cycle was consolidated into the conceptual model proposed 

by Rosenfeld et al. (2008). However, several processes may occur and the 

convection invigoration is not always straightforward. 

Altaratz et al. (2014) notes that convection invigoration occurs when the 

processes in the cloud core (condensate gain) dominate over the processes in 

the cloud margins (condensate loss). Following this distinction, the authors 

propose an ideal scenario for cloud invigoration that follow the chain of events 

expressed in Figure 2.1. The scenario can be described as follows: 1) increase 

in aerosol loading lead to increased CCN concentrations; 2) more and smaller 

liquid droplets are formed in a narrower DSD; 3) collection growth is suppressed, 

while condensation is enhanced; 4) more latent heat is released and the droplets 

have lower terminal velocity; 5) the rain initiation is delayed and occurs higher in 

the cloud; 6) more water go through the 0 °C isotherm and the droplets freeze at 

higher altitudes; 7) more latent heat is released by freezing; and 8) cloud depth 

and area are increased. More details about each step and the corresponding 

references can be found in Altaratz et al. (2014). With the ideal scenario 
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stablished, it is important to understand which meteorological and dynamical 

aspects favor deviations from it. 

Figure 2.1: chain of events in an ideal scenario for cloud invigoration. Source: Altaratz et 
al. (2014). 

 

Xue and Feingold (2006) studied the effects of aerosols on warm trade wind 

cumuli. They note that the smaller droplet size favor not only higher condensation 

rates but also their faster evaporation. Therefore, the relatively high area-to-

volume ratio of warm clouds favor evaporation, resulting in shallower and smaller 

clouds with enhanced aerosol loading. In that case, the margin-based processes 

(entrainment mixing) dominate over the core-based ones. In case the 
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surrounding air is dry, the suppression can be even stronger (KHAIN et al., 2008). 

Storer et al. (2010) simulated clouds under different CAPE and aerosol 

conditions. The convection suppression may occur under low CAPE conditions 

given that the clouds tend to be shallower. Alternatively, high CAPE conditions 

favor convective invigoration by aerosols. The authors also quantitatively 

compared the effects of altered CAPE and aerosol conditions on the cloud 

development. They found that the aerosol effect can be equal or even stronger 

than changes in thermodynamic conditions. 

The vertical wind shear was also found to modulate the aerosol effect on 

convective strength. Fan et al. (2009) analyzed this issue and found that strong 

wind shear favor convective suppression by aerosols because of the increased 

area-to-volume ratio. On the other hand, weak vertical wind shear favors the core-

based processes and thus the convective strength. Clouds that have cold bases 

(e.g. < 15 °C) are also less susceptive to the aerosol invigoration mechanism 

given that there is less time for the latent heat release during the warm phase (LI 

et al., 2011; FAN et al., 2012b). 

Fan et al. (2013) argues that the concept of convection invigoration by the 

increased latent heat release is dominant only at the growing stage of the cloud 

lifecycle. Later in the cloud development, the polluted clouds reach higher 

altitudes with larger area because the anvil ice particles are smaller and therefore 

sediment slower. Enhancements in the updraft strength are also subject to two 

competing mechanisms. On one hand, the increased latent heat release during 

the growth stage favor stronger updrafts, but increased ice mass higher in the 

cloud hampers ascending movements (LEBO; SEINFELD, 2011). Storer and van 

den Heever (2013) modeled clouds with the same thermodynamic conditions and 

varied CCN concentrations. They found that polluted systems present stronger 

updrafts initially, but the average vertical speeds are lower further in the life cycle 

and above 6 km.  
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The aerosol effect on deep convective clouds also has complex consequences 

for secondary convection and cloud field organization. If the convection is 

invigorated, the stronger updrafts and evaporative cooling also produce stronger 

downdrafts. The relatively small rain droplets will evaporate quickly during their 

descent and will generate stronger cold pool below the clouds (TAO et al., 2007). 

The stronger cold pool favors low level convergence, favoring secondary 

convection formation. Additionally, this process may even organize the 

secondary convection into squall lines (KHAIN et al., 2005). However, if the 

clouds are suppressed (due to low CAPE or high vertical wind share, for 

instance), then the reduced precipitation result in weaker cold pools and less 

organized convection (HEIBLUM et al., 2016b). Additional aerosol effects on 

cloud cover and atmospheric stability occur when the particles are efficient at 

absorbing ration. Ackerman et al. (2000) found that soot particles suppressed 

cloud cover over the tropics given the warming of the aerosol layer. Over the 

Amazon, Koren et al. (2008) note that for very high concentrations of biomass 

burning aerosols the convection is suppressed. The main reasons are two-fold. 

On one hand, the absorbing aerosols evaporate cloud droplets by warming the 

air around them, favoring condensate loss. On the other hand, the warming of 

the injection layer induces atmospheric stability and hampers the vertical 

development of the clouds. 

With the aim of synthesizing the studies related to convection 

invigoration/suppression by aerosols, Khain (2009) produced the sketch shown 

in Figure 2.2. The authors consider the invigoration/suppression as the balance 

between condensate gain or loss that generate precipitation enhancement or 

suppression, respectively. Note that a wide variety of scenarios are possible, but 

there is enough consistency to substantiate conclusions for the Amazon region. 

Note that deep tropical clouds and squall lines are in the precipitation 

enhancement region, which suggests that this is the primary aerosol effect for the 

Amazonian region. Indeed, the atmosphere over the forest is humid, with usually 

high CAPE values and relatively low vertical wind shear. All those characteristics 
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favor the core-based mechanisms pointed out by Altaratz et al. (2014) and favor 

convection invigoration by aerosols. Nonetheless, it is important to note that 

relatively shallow warm-based precipitating cumuli are frequent in the Amazon, 

especially during the wet season. For those systems that do not have a significant 

portion above the 0 °C isotherm, the suppression of the warm processes most 

likely dominates. 

Figure 2.2: schematic representation of the conditions favoring convection invigoration 
or suppression. The specific citation shown can be found in the source 
material. Source: Khain (2009). 

 

Given that the aerosols can impact different types of clouds in different ways, it 

is expected that they impact the precipitation histogram of a given region. For 

instance, Qian et al. (2009) found that aerosols specifically suppressed light rain 

over eastern China. Conversely, for the same region, Fan et al. (2012a) that 

aerosols also enhance stronger precipitating systems. For the tropic, subtropics, 

and mid-latitudes, Koren et al. (2012), using TRMM data, found that aerosols 

enhanced heavy precipitation. Other studies also found that aerosols 
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concomitantly suppress light precipitation while enhancing heavy rainfall (LI et 

al., 2011; GUO et al., 2014). However, it is interesting to contrast aerosol regional 

effects with their effects on larger scale. Van den Heever et al. (2011) studied this 

issue and concluded that, for larger domains, there are compensating 

mechanisms that smooth the local aerosol effects. One example is the lower 

frequency of occurrence of light rain with higher frequency of heavy precipitation. 

Those two factors, when averaged over a large region, will result in relatively 

weak aerosol effect on the domain-averaged rainfall. This type of observation, 

where one pathway of the aerosol effect has minimizing effects on other 

pathways, prompted Stevens and Feingold (2009) to call the aerosol-cloud 

interactions a buffered system. The authors chose the “buffered” name because 

inputs in the aerosol-cloud interactions system are minimized by secondary 

processes resulting in smoother outputs. Additionally, they argue that the buffer 

processes are not limited to large scales. One microphysical example is the 

relation between the number of droplets and the supersaturation during the CCN 

activation. When only a few droplets are formed (as in a clean atmosphere), the 

supersaturation remain high and partially compensates the lower condensation 

rates of the big droplets. This could partly explain the sublinear relation between 

CCN and cloud droplet number concentration found in the literature (STEVENS; 

FEINGOLD, 2009). 

For further details on the aerosol effects on clouds, precipitation, and climate, see 

the reviews by Tao et al. (2012), Altaratz et al. (2014), Rosenfeld et al. (2014), 

and Fan et al. (2016). 

2.4. Previous aircraft campaigns in the amazon 

The Amazon has been recognized as a key entity in the global climate. Therefore, 

a large-scale, multinational, and multidisciplinary experiment was set to study the 

internal processes in the Amazon and their relationship with the climate. This 

experiment is called Large-scale Biosphere-Atmosphere Experiment in 

Amazônia (LBA), is led by Brazil and operated by Instituto Nacional de Pesquisas 
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da Amazônia (INPA). As part of this large-scale experiment, several smaller field 

campaigns took place in the Amazon. Here we will describe the main findings of 

two campaigns that used aircraft to probe clouds. This will provide the 

background understanding of Amazonian clouds, putting the results of this work 

into historical perspective. 

2.4.1. TRMM-LBA/WETAMC 

During January and February 1999, two collaborating campaigns took place at 

the same time in the Amazon as part of the LBA program. Those were the wet 

season atmospheric mesoscale campaign (WETAMC) and the Tropical Rainfall 

Measuring Mission validation campaign (TRMM-LBA). At the time of the 

campaigns, little was known about the rain formation mechanisms in the Amazon 

such as natural CCN sources and cloud microphysics evolution. The overall aim 

of the campaigns was to understand the feedback between the forest and its 

hydrological cycle. More specifically, the heat, moisture, CO2, trace gases and 

VOCs exchanges and the dynamics of clouds over forested and deforested 

regions. By using ground-based instrumentation that included radar and aircraft 

measurements, it was possible to compare with TRMM overpasses for validation 

and cross-calibration purposes (SILVA DIAS et al., 2002). 

The campaigns were based on the southwestern Amazon, in the state of 

Rondônia (Figure 2.3). A multitude of surface-based instruments were deployed, 

including radars, rain gauges, wind profilers, micrometeorological and chemistry 

towers, among others. For a complete list of the instrumentation see Silva Dias 

et al. (2002). For the purposes of this work, the focus will be on the measurements 

performed by the University of North Dakota (UND) Citation II and UECE’s 

(Universidade Estadual do Ceará) Bandeirante EMB 110 aircrafts. Silva Dias et 

al. (2002) report on the first overall results of the campaigns, highlighting several 

processes of the biosphere-atmosphere interaction. The authors note that there 

are two main regimes for cloud formation in the region, associated to westerlies 

and easterlies winds. The latter is usually associated to isolated and deep 
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systems, while the former has larger scale forcing from the South America 

Convergence Zone (SACZ) that induces the westerly flow. When the SACZ are 

active in the region, the clouds tend to be shallower with increased stratus 

occurrence. 

Figure 2.3: location of the campaigns sites within (a) South America (black square) and 
(b) the State of Rondônia. Source: adapted from Silva Dias et al. (2002). 

  

Silva Dias et al. (2002) found that shallow clouds over forest form 30 minutes 

earlier than over pasture, while mesoscale systems tend to be initiated over 

higher terrain. There was also indication that deforestation increased rainfall. 

Finally, the authors identified a relation between the downdrafts and the ozone 

budget. Although the forest acts as a sink for ozone, its concentration is 

resupplied by downdrafts generated by clouds. This feedback is different over 

pasture, given its lower efficiency to remove ozone from the atmosphere. The 

recent study of Gerken et al. (2016) provides more details about the feedback 

between clouds and low-level ozone concentrations. Wang et al. (2016) report on 

similar feedback mechanism for downdrafts and aerosol concentration and CCN 

formation. They note that the downdrafts not only carry ozone downwards but 

also reestablish the nanoparticles concentrations close to the surface (that were 

previously washed-out by precipitation), which may later grow into active CCN. 
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For cloud measurements, the UND’s Citation aircraft carried a forward-scattering 

spectrometer probe (FSSP-100, measuring cloud DSDs), a two-dimensional 

cloud probe (2D-C, measuring drizzle DSDs and ice PSDs), a one-dimensional 

precipitation probe (1D-P, measuring precipitation DSDs and ice PSDs), a high-

volume particle sampler (HVPS, measuring precipitation DSDs and ice PSDs), a 

cloud particle imager (CPI), and a Commonwealth Scientific and Industrial 

Research Organization (CSIRO) King-type hot wire probe. This instrumentation 

is capable of measuring cloud and precipitation DSDs and ice PSDs, together 

with the bulk water content (CSIRO). Additionally, CPI takes very precise pictures 

of ice particles. Stith et al. (2002) report on the results from several cloud 

penetrations in different altitude and temperatures. They show several aspects of 

the clouds over the Amazon, providing comparisons to clouds measured over the 

ocean at another campaign. The authors note that the clean Amazonian clouds 

have similar microphysical properties to systems over the ocean. In shallow 

clouds with weak updrafts, the warm processes dominate the rain formation and 

precipitation-sized droplets are formed by the 0 °C isotherm level. In deeper 

clouds, the precipitation is primarily formed by the ice processes. 

Stith et al. (2002) also shows that the updrafts contained high concentrations of 

relatively small droplets (e.g. < 50 μm), while the biggest droplets are found in the 

downdraft regions. Therefore, the intersection between up- and downdraft 

regions permits high growth rates by collection mechanisms. In terms of updraft 

characteristics, Anderson et al. (2005) shows that updraft cores are usually 1 km 

wide, with average upwards speed of approximately 2.5 m s-1. Over the ocean, 

the authors note that the updraft cores are around 200 m wider. Regarding the 

average mass flux of the updraft cores, Anderson et al. (2005) estimates around 

103 kg m-1 s-1. Stith et al. (2006) further notes that the updraft speeds are higher 

than the downdrafts’, which is consistent with clouds at the growing stage. 

According to Stith et al. (2004), the vertical structure of the up- and downdraft is 

similar between clean Amazonian and oceanic clouds. However, Giagrande et al. 

(2016) recently pointed out that the overall characteristics of the updrafts change 
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from the wet to dry seasons. They note that the averaged vertical mass flux is 

higher during the wet season when convection is more frequent but weaker. 

There seems to be a relation between updraft characteristics and graupel (or 

other ice particles) formation. Stith et al. (2002) only found significant presence 

of supercooled droplets up to the level of -7 °C in convective systems. For 

stratiform clouds, where the updrafts are weaker, they found no supercooled 

droplets. Conversely, some graupel particles were observed in the weak updraft 

regions of the convective clouds. When the updrafts are strong (e.g. > 5 m s-1), 

supercooled drizzle droplets may be carried up to the level of -17 °C (STITH et 

al., 2004). Possible reasons for those observations are threefold. The first one is 

that stronger updrafts can physically sustain and carry the droplets upwards. The 

fast ascension rates also leave less time for the droplets to evaporate. Finally, 

high updraft speed can lead to enhanced supersaturations, which may overcome 

both the liquid water and ice thresholds. Therefore, the droplets are not 

evaporated in favor of ice particles as in the WBF mechanism. Nonetheless, Stith 

et al. (2004) found supercooled droplets near unrimmed ice particles, suggesting 

that the evaporation followed by sublimation probably occurred in the intersection 

between them. This most likely happens when the updrafts are not so strong and 

the supersaturation is between the liquid water and ice thresholds. 

Stith et al. (2004) summarized their findings in Figure 2.4. The supercooled region 

is limited for the layer below the -10 °C level, where they also found graupel, 

frozen and unfrozen rain, and ice crystals. The maximum updraft speeds 

measured in this region was 13 m s-1. For temperatures below -17 °C, the peak 

updraft speed was 17 m s-1. This layer is likely subsaturated with respect to liquid 

water and most of the hydrometeors are frozen. The stratiform region of the 

systems was characterized exclusively by ice particles that grow by aggregation. 

Heymsfield et al. (2002) reported on the measurements of the Citation spiral 

descents (1 m s-1 average speed, roughly corresponding to snow fall speeds) in 

those stratiform regions, also confirming aggregation as the primary mechanism. 

From cloud top to the 0 °C isotherm, the ice particles lower than 0.1 cm are 
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depleted and the biggest ice particles were measured close to the melting layer. 

Following this growth, the ice PSDs also get broader from cloud top to the melting 

layer. 

Figure 2.4: main characteristics of the updrafts and hydrometeors in clean Amazonian 
clouds. Those properties are most likely representative of moderate-
intensity systems, given that the aircraft usually avoided stronger 
convection for safety reasons. Source: Stith et al. (2004). 

 

2.4.2. LBA-SMOCC 

The aircraft measurements during the Large-Scale Biosphere-Atmosphere 

Experiment in Amazonia – Smoke, Aerosols, Clouds, Rainfall, and Climate (LBA-

SMOCC) experiment took place in the south-western Amazon between 

September and November 2002. The experiment was based in Ji-Paraná, 

Rondônia State. Two aircrafts were deployed, one focusing on aerosols and the 

other on clouds measurements. Here we will focus on the measurements made 

UECE’s Bandeirante aircraft that performed cloud penetrations. The 

instrumentation carried by the aircraft was similar to the TRMM-LBA experiment. 
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The first results of the LBA-SMOCC experiment were published by Andreae et 

al. (2004), where they developed a conceptual model of Amazonian clouds as 

function of the aerosol loading. They note that clouds developing over the ocean 

are subject to very low CCN concentrations and usually present few and big 

droplets. The warm rain formation in those clouds is effective given the weak 

water vapor competition and slow updrafts. They classified those clouds as Blue 

Ocean. Over undisturbed portions of the Amazon, the CCN concentrations are 

not much higher than those over the ocean and the authors found similarities 

between clean clouds over the forest and the maritime case. Those clouds were 

grouped as the Green Ocean case. Widespread biomass burning in southern 

Amazon generates a smoky layer that contains enhanced CCN concentrations. 

The clouds that develop in this disturbed atmosphere, named Smoky cloud, 

present more and smaller droplets that take longer to form precipitation. 

Therefore, there is less rainout of aerosol particles below the clouds and less 

drag force hampering the updrafts. In this way, more water is carried upwards in 

stronger updrafts and the ice processes are enhanced. The latent release profile 

is extended vertically and the clouds have the potential to produce hail and 

lightning. Pyro clouds were classified as the ones that develop directly above 

biomass burning events. They are not only subject to extreme aerosol loading, 

but also enhanced heating from the fires. Therefore, updrafts are further 

accelerated and the droplets have even less time to grow by the warm 

mechanisms. However, ash particles may serve as GCCN and it can partly 

compensate the precipitation suppression. The following results will further detail 

the characteristics of each type of cloud. 

Given the difficulty to disentangle the aerosol from the thermodynamic effects, 

Andreae et al. (2004) chose to analyze data for flights that presented similar 

meteorological conditions. The low-level wind field indicated that most of the 

flights were subject to the easterly regime identified by Silva Dias et al. (2002), 

which typically coincides with isolated convective cells formation and/or squall 

lines. The authors note that the flights analyzed were subject to similar 
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thermodynamic conditions but varying aerosol concentrations. Table 2.1 shows 

the different aerosol properties for the four flight classifications. Green Ocean 

CCN concentrations were only slightly higher than over the ocean, but increased 

by an order of magnitude for Smoky Cb. The Pyro-Cb clouds were subject to 

extreme aerosol loading where NCCN may have reached values as high as 23 × 

104 cm-3. 

Table 2.1: CO, CN, and CCN concentrations of the different types of clouds identified by 
Andreae et al. (2004). 

 CO (ppb) CN (cm-3) 
CCN at 1% SS 

(cm-3) 

Blue ocean 120 100-350 320 
Green ocean 140 500 340 

Smoky Cb 200-650 2000-8000 1000-4000 
Pyro-Cb 1×104 – 2.2×104 20×104 – 44×104 10×104 – 23×104 

Source: adapted from Andreae et al. (2004). 

Figure 2.5 shows the LWC size distributions for the different types of clouds, 

discerning by altitude. The small amount of CCN over the ocean favored the quick 

formation of few and big droplets, which was also facilitated by sea salt acting as 

GCCN. When CCN concentrations get progressively higher, the size distributions 

get narrower and the droplets grow less efficiently with altitude. Note that there 

are similarities between the Green Ocean and Blue Ocean size distributions. 

However, the slightly higher CCN concentrations over the forest slightly slows 

down droplet growth. The Pyro clouds showed the slowest growth with altitude. 

However, when comparing to the Smoky clouds, it is possible to see a second 

mode of droplets bigger than 30 μm. This was attributed to the ability of ash 

particles emitted by biomass burning to act as GCCN (note the ash size 

distribution in Figure 2.5d). Differently from previous studies, Andreae et al. 

(2004) did not find a CCN saturation level where increased aerosol loadings have 

almost no effect on the clouds. They suggested that the enhanced updraft speeds 

by the fire forcing was responsible for such observation. 
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Figure 2.5: LWC size distributions for the different types of clouds and at different 
altitudes. The measurements for Pyro clouds is a composite between two 
flights. Source: Andreae et al. (2004). 

 

Andreae et al (2004) point out that the less efficient droplet growth in polluted 

clouds leads to the delay of the onset of precipitation, which occurs higher in the 

clouds. They suggest that a measure of the level of onset of precipitation can be 

obtained from the modal diameter of the LWC distributions, DL. When this 

parameter reaches 24 μm, the collection growth is efficient and precipitation 



28 
 

droplets are efficiently produced. Therefore, the height in which DL = 24 μm can 

be used as an estimate to the altitude of the precipitation onset. Figure 2.6 shows 

vertical DL profiles for several flights under different CCN conditions. It is possible 

to see that aerosols play a major role on the characteristics of those profiles, 

where the DL = 24 μm level gets progressively higher with increasing CCN 

loading. Although the aircraft did not fly above 4300 m, satellite estimates showed 

that the Smoky and Pyro clouds would have to reach respectively 6700 m and 

7800 m in order to efficiently produce rain by warm processes. However, this is 

above the freezing level (usually around 5 km) and other processes take place at 

this altitude. Both the less efficient rain production and the fire forcing resulted in 

more intense ice processes in the polluted clouds that even produced hail 

precipitation. The less efficient rain production was also not able to completely 

washout the smoke, which was detrained at the lower stratosphere. 

The relationship between CCN and the height of the precipitation onset was also 

observed by Freud et al. (2008). The authors additionally showed that the 

effective radius re does not change much with adiabatic fraction, i.e. between 

cloud edges and core at the same altitude (Figure 2.7). Therefore, they validated 

satellite retrievals of the vertical re profiles such as the one proposed by Rosenfeld 

and Lensky (1998). This type of retrieval assumes that the cloud-top re of different 

cloud cells can be combined into a single profile representative of one deep cloud. 

Given that the adiabatic fraction does not effectively affect re, the characteristics 

of the cloud tops of growing convective elements can be used to represent the 

core of deep convection. As shown in Figure 2.7, re is tightly linked to altitude and 

aerosol loading, while being almost insensitive to adiabatic fraction. Freud et al. 

(2011) notes that the patterns observed in Figure 2.7 are consistent to the 

extreme inhomogeneous mixing process. 
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Figure 2.6: vertical DL profiles for clouds subject to varying aerosol conditions. Source: 
Andreae et al. (2004). 

 

When the surrounding air penetrates the cloud during mixing, there are typically 

two possible outcomes. If the entrainment is quick, the cloud-edge DSDs will be 

partially evaporated throughout its size range and the effective radius will 

diminish. The drier the air, the bigger will be the effect on re. However, if the 

process is slow, the smallest droplets at the cloud edge can completely evaporate 

while the biggest ones diminish only slightly in size. Therefore, there is almost no 

effect in re. The results shown in Figure 2.7 suggest that extreme inhomogeneous 

mixing processes dominate in the Amazon. Given the relative insensitivity of re to 
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the adiabatic fraction, Freud and Rosenfeld (2012) showed that the vertical re can 

be reproduced by adiabatic assumptions. 

Figure 2.7: relation between effective radius re and adiabatic fraction (ratio between the 
observed LWC and the calculated adiabatic LWC) for (a) Blue Ocean, (b) 
Green Ocean, (c) Transitional Regime, and (d) Polluted Regime clouds. 
Source: Freud et al. (2008). 

 

Martins and Silva Dias (2009) show that the Amazonian biomass burning 

aerosols also affect the cloud DSD shape. They analyzed the effects of aerosols 

on the parameter ε, which is defined as the ratio between the DSD mean size 
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and standard deviation. This parameter is known as the relative dispersion and 

provides an estimate of the DSD width where high values indicate broad 

distributions. For every clean and polluted flight, they calculated the overall 

average value of ε and compared it to the specific water content (LWC/Nd) as in 

Figure 2.8. They show that the relative dispersion is proportional to the specific 

water content, which is proportional to the droplets effective size. Therefore, the 

reduced droplet size in the polluted clouds caused reductions on the average ε. 

Previous studies suggested an opposite aerosol effect on ε. Liu and Daum (2002) 

suggested that aerosol pollution increased the DSDs relative dispersion and this 

process would partially compensate the Twomey effect in terms of climate 

forcing. This contradiction can be understood by considering the aerosol effect 

on cloud evolution and droplet growth. The clean atmosphere over the Amazon 

presents a limited aerosol population in terms of size variety. Therefore, the cloud 

base DSD in clean systems tend to be narrower than in polluted cases where the 

added aerosols produce wider dry-particles size distributions. In that case, 

increased CCN concentrations induces higher ε. However, the situation is 

different higher in the cloud where the droplets have already gone through growth 

mechanisms. In a clean cloud, the collision-coalescence is effective and induces 

DSD broadening. The suppressed collision growth in polluted systems slows 

down this process. Therefore, the effect of enhanced CCN concentrations on ε 

will change in signal higher in the clouds. The averaged results obtained by 

Martins and Silva Dias (2009) suggest that the latter prevailed in the LBA-

SMOCC measurements. This point will be further discussed in Chapter 5. 
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Figure 2.8: relative dispersion ε as function of the specific water content. Source: Martins 
and Silva Dias (2009). 
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3 METHODS 

3.1. Experimental campaigns 

The study presented here was made possible by collaborating efforts of several 

national and international institutions and researchers. During the execution of 

this study, several experiments took place in the Amazon, with the overall goal of 

increasing our knowledge on the interactions between atmospheric chemistry, 

aerosol properties, clouds, and radiation, with a specific goal of understanding 

the anthropogenic role. Here the experiments are briefly described, with the 

appropriate references for further details. 

3.1.1. GoAmazon2014/5 

The data presented here were collected in a total of four experiments. The 

GoAmazon2014/5 (Observations and Modeling of the Green Ocean Amazon, 

MARTIN et al., 2016) operated in Manaus, Brazil, located in the center of the 

Amazon. The experiment lasted a total of two years, from 1 January 2014 to 31 

December 2015. The overall intent of the experiment is to contribute to our 

understanding of the complex relations between the forest, atmospheric 

chemistry, aerosols, clouds, precipitation, and the anthropogenic role. The region 

chosen for the experiment represents a natural laboratory where both the 

background (undisturbed) and the pollution-affected atmosphere can be 

assessed. The city produces a pollution plume that is transported by the 

prevailing easterly winds and interacts with the natural atmosphere downwind. 

Therefore, it is possible to obtain the background reference by measuring 

atmospheric properties in the plume-free regions, while the anthropogenic effects 

can be evaluated by studying the interactions between the natural atmosphere 

and the pollution. 

The location for the ground-based instrumentation was chosen to capture both 

the background conditions upwind from Manaus and the characteristics of the 

pollution downwind. Figure 3.1 shows the location of the sites, where T0 stands 
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for the sites upwind, T1 for sites in Manaus, T2 right at the pollution outflow, and 

T3 further away in the usual plume dispersion direction. From the inserts in Figure 

3.1, it is clear that, aside from biomass burning, Manaus is the only major pollution 

source for the region. A list of the complete ground-based instrumentation can be 

found in Martin et al. (2016). 

Figure 3.1: ground-based site locations during GoAmazon2014/5. The left insert shows 
the location of the sites within South America, while on its right the 
nighttime lights are shown (as of 2010). Source: Martin et al. (2016). 

 

As part of the GoAmazon2014/5, two Intensive Operations Periods (IOP1 and 

IOP2) took place in February-March 2014 and September-October 2014, 

respectively. During the IOP1, a low-altitude G-159 Gulfstream I (G-1) aircraft, 

described in detail by Schmid et al. (2014) and owned by the Department of 

Energy (DOE) Atmospheric Radiation Measurement (ARM) program, was 

deployed to measure Manaus’ plume and its interactions with the natural 

atmosphere and clouds. During the second IOP, both the G-1 and a high-altitude 
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G550 (HALO, or High Altitude and Long Range Research Aircraft, WENDISCH 

et al., 2016) operated at the same time, including coordinated flights where the 

G-1 probed the lower parts of the clouds and HALO measured the system’s upper 

characteristics. HALO is owned by the German Aerospace Center (DLR) – see 

more information at http://www.halo.dlr.de/. The G-1 flights were part of the 

Intensive Airborne Research in the Amazon (IARA) campaign, while HALO flights 

were made possible by the ACRIDICON-CHUVA campaign. ACRIDICON stands 

for “Aerosol, Cloud, Precipitation, and Radiation Interactions and Dynamics of 

Convective Cloud Systems” and CHUVA means “Cloud Processes of the Main 

Precipitation Systems in Brazil: A Contribution to Cloud Resolving Modeling and 

to the GPM (Global Precipitation Measurement)”. The ACRIDICON and CHUVA 

represent the German and Brazilian sides of collaborating campaigns, 

respectively. The IARA and ACRIDICON-CHUVA campaigns are described in the 

next sections. 

3.1.2. IARA 

The overall aim of the IARA campaign was to obtain extensive data regarding the 

interactions between Manaus pollution plume and the surrounding natural 

atmosphere and clouds. For that purpose, G-1 performed 16 flights during IOP1 

and 19 flights during IOP2. This study will focus on the measurements made 

during IOP1 to analyze the pollution plume effects in the clean wet season clouds. 

Figure 3.2 shows the G-1 flight trajectories for the IOP1, segregated by altitude. 

Note that most of the flight legs were in the low levels and performed 

perpendicular transects in the plume. During the transects, clouds were also 

probed both in and out of the plume region, allowing the study of local aerosol 

effects on clouds. Most flights took place at late morning or early afternoon (local 

time). 

 

 

http://www.halo.dlr.de/
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Figure 3.2: G-1 flight trajectories during IOP1 (February-March 2014). The trajectories 
are segregated by the altitude intervals: (a) 250 m to 750 m, (b) 750 m to 
1250 m, (c) 1250 m to 1750 m, and (d) above 1750 m. Source: Martin et 
al. (2016). 

 

The G-1 aircraft carried several instruments to measure atmospheric chemistry, 

aerosols, clouds, and radiation. A list of the instruments can be seen in Table 3.1. 

This study will focus on the cloud DSD measurements by the Fast Cloud Droplet 

Probe (FCDP) and on the aerosol number concentrations measured by the 

Ultrafine Condensation Particle Counter. More details about those instruments 

are given in Section 3.2.1 and the specific methodologies in Sections 4.2 and 4.3. 
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Table 3.1: list of instruments carried by G-1. 

 

Source: Martin et al. (2016). 

3.1.3. ACRIDICON-CHUVA 

Given the HALO capabilities, the ACRIDICON-CHUVA campaign could perform 

longer range and higher flights. HALO can reach up to 15 km and endure 8 h-

long flights. As described in Wendisch et al. (2016), there was five different 

mission types, with one or more being focused on each flight. The types were: 

(a) cloud profiling, in which HALO made several cloud penetrations from cloud 

base to cloud top; (b) aerosol and trace gases processing by clouds, in which 

HALO determined the atmospheric characteristics at the cloud inflow (cloud 

base) and outflow (cloud anvils); (c) satellite and radar validation, in which HALO 



38 
 

performed trajectories in the range of the X-band radar installed at T3 or above 

clouds synchronized with A-Train overpasses; (d) tracer experiment, in which 

perfluorocarbons (PFCs) were released below clouds to study its dispersion and 

processing by clouds - HALO flew in the estimated direction of PFCs dispersion; 

and (e) forest/deforested contrast, in which HALO probed clouds above the forest 

and over pasture for comparison. 

In order to cover all five mission types and the associated research interests, 

HALO performed 14 flights over different regions in the Amazon. Table 3.2 shows 

the overall characteristics of each flight, highlighting the mission types covered, 

while the trajectories are shown in Figure 3.3. This study will focus primarily on 

the flights that performed the cloud profiling mission type (a), that focused on 

different regions in the Amazon with contrasting pollution levels. The cloud 

profiling during flight AC19 took place over the Atlantic Ocean, flights AC9 and 

AC18 focused on the remote and clean Amazon, while flights AC7, AC12, and 

AC13 probed clouds over the polluted southern Amazon (Figure 3.3). Some cloud 

penetrations are also available in the other flights, which will also be considered 

in this study. 

Table 3.2: overall characteristics and mission types of the 14 HALO research flights. The 
research flights were numbered from AC07 to AC20. 

 

Source: Wendisch et al. (2016). 
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HALO carried several instruments focusing on different aspects of the mission 

types. A complete list of the instruments can be seen in Tables 3.3-4. In this 

study, we will focus on the cloud measurements of the CCP and NIXE-CAPS 

probes, and aerosol measurements by the AMETYST-CPC and CCN-200 

(referred here as CCNC). 

Figure 3.3: trajectories of the 14 HALO flights during ACRIDION-CHUVA 
(GoAmazon2014/5 IOP2). Source: Wendisch et al. (2016). 
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Table 3.3: instrumentation carried by the HALO aircraft during ACRIDICON-CHUVA – 
part 1. The references highlighted in the Table can be found in Wendisch 
et al. (2016). 

 

Source: Wendisch et al. (2016). 
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Table 3.4: instrumentation carried by the HALO aircraft during ACRIDICON-CHUVA – 
part 2. 

 

Source: Wendisch et al. (2016). 
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3.2. Instruments description 

3.2.1. G-1 

3.2.1.1. FCDP 

The Fast Clouds Droplet Probe (FCDP) is an instrument focused on the 

measurements of hydrometeor (especially cloud droplets) DSDs on the range 

between 1 μm and 50 μm, developed by SPEC Inc. Figure 3.4 presents the 

physical aspect and a schematic representation of its principles of operation. The 

instrument contains two arms, with one of them continuously emitting a focused 

laser signal. When droplets enter the sampling volume, they scatter the laser 

light, which is redirected to two sensors by a lens system. One of the sensors 

detects the quality of the scattered signal, comparing it to the background, droplet 

free, reference. In case the signal-to-noise ratio is in the proportion of 70:30, the 

droplets are sized by the other sensor. Bin sizes were calibrated using glass 

beads at several sizes in the total range. The FCDP was mounted on the right 

wing of the G-1 aircraft. Shattering effects were filtered from the FCDP-measured 

DSDs, which is a built-in feature of the provider software. Additionally, 

measurements with low number concentration (< 0.3 cm-3) and low water 

contents (< 0.02 g m-1) were excluded. 
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Figure 3.4 – Physical aspect and principles of operation of the FCDP instrument. Source: 
instrument manual, available at: 
http://www.specinc.com/sites/default/files/software_and_manuals/FCDP
_Technical%20Manual_rev1.0_20130120.pdf. 

 

3.2.1.2. CPC 

The CPC (Condensation Particle Counter) instrument, model 3025 and 

manufactured by TSI, measures number concentration of aerosols between 3 nm 

and 3 μm using an optical detector after a supersaturated vapor condenses onto 

the particles, growing them into larger droplets. Particle concentrations can be 

detected between 0 and 105 cm-3 with an accuracy of 10 %. Coincidence is less 

than 2% at 104 cm-3 concentration and corrections are automatically applied for 

concentrations between 104 and 105 cm-3. The CPC was mounted in a rack inside 

the cabin and connected to an isokinetic inlet and an aerosol flow diluter and was 

operated using an external pump. The isokinetic inlet has an upper limit of 5 μm 

for particle diameter, with penetration efficiency higher than 96 %. A 1.5 L min-1 

flow rate was maintained using a critical orifice. The dilution factor varied between 

one and five. 

http://www.specinc.com/sites/default/files/software_and_manuals/FCDP_Technical%20Manual_rev1.0_20130120.pdf
http://www.specinc.com/sites/default/files/software_and_manuals/FCDP_Technical%20Manual_rev1.0_20130120.pdf
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The internal quality flag of the CPC instrument was used to correct the 

concentration measurements. Whenever an observation was flagged as “bad”, it 

was substituted by an interpolation between the closest measurements before 

and after it that were either “questionable” or “good”. For “good” measurements, 

which represent 59% of all the measurements, the uncertainty is less than 10 %. 

The interpolation weights decayed exponentially with the time difference between 

the current observation and the reference ones. If the reference observations 

were more than 10 s apart, these data were excluded. Sixteen percent of the data 

were interpolated in that manner, while only 0.02 % had to be excluded. This 

process was required not only to smooth out the bad measurements but was also 

important for maintaining significant sample sizes (instead of simply excluding 

“bad” measurements). No averaging was applied to the 1 Hz CPC data. However, 

tests were made in order to check the impact that the sample frequency had on 

the results. The results were not sensible to moving averages of up to 10 s, which 

corresponds to roughly 1 km displacement given that the G-1 flew around 100 m 

s-1 in speed. Given this observation, the analyses are based on the 1 Hz CPC 

measurements. 

3.2.1.3. AIMMS-20 

Complementary measurements of meteorological conditions were obtained from 

the Aventech Research Inc. AIMMS-20 instrument (Aircraft-Integrated 

Meteorological Measurement System, BESWICK et al., 2008). This instrument 

combines temperature, humidity, pressure, and aircraft-relative flow sensors in 

order to provide the atmospheric conditions during the measurements. From the 

aircraft measurements of relative flow, the vertical wind speed was obtained and 

was used herein to compare cloud properties in the up- and downdraft regions. 

The precision of vertical wind speeds is 0.75 m s-1 at 75 m s-1 true airspeed. 
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3.2.2. HALO 

For the studies regarding the GoAmazon2014/4 IOP2, the focus is on the HALO 

aircraft measurements. Five instruments, described below, are used for the 

analyses, focusing on aerosol and CCN number concentrations and hydrometeor 

size distributions and sphericity. For further details on the HALO instrumentation 

and the relevant references, see Wendisch et al. (2016). For a comprehensive 

description of the airborne instrumentation introduced below, see Wendisch et al. 

(2013). 

3.2.2.1. CCP 

For the cloud droplet size distribution measurements, a modified Cloud 

Combination Probe (CCP, manufactured by Droplet Measurement Technologies, 

Inc., Boulder, CO, USA) was adopted on HALO covering an overall size diameter 

range from 3 µm to 950 µm. The probe consists of two separate instruments, the 

CDP (Cloud Droplet Probe; LANCE et al., 2010; MOLLEKER et al., 2014) and a 

grayscale optical array imaging probe (CIPgs, Cloud Imaging Probe, KOROLEV, 

2007). By means of a two-dimensional shadowcast technique the CIPgs detects 

cloud particles with size diameters ranging from 15 µm to 2000 µm. The in-house 

developed analysis algorithm from MPI and IPA in Mainz sizes and sorts the 

recorded images into bins of roughly 15 µm bin width in dependency on particle 

shapes and dimensions. The CDP is an optical particle counter detecting 

scattered laser light (in forward direction) arising from individual particles passing 

through the illuminated optical sample area (LANCE et al., 2010; MOLLEKER et 

al., 2014). The optical sample area has a cross section of 0.2 mm2 (± 15 %) 

perpendicular to the flight direction. The CDP detects particles with sizes from 3 

µm to 50 µm, and classifies these into size histograms of bin widths between 1 

and 2 µm. In addition to size histograms recorded at 1Hz frequency, the CDP 

stores single particle data (signal amplitude and µs-resolved detection time) of 

continuous intervals with up to 256 particles every second. This feature can be 

used to assess the spatial distribution of the droplets in case of multi modal size 
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distributions (KLINGEBIEL et al., 2015). The main uncertainties for the CCP size 

distributions are due to the uncertainty of the sample area (and thus the scanned 

air volume), as well as counting statistics. We applied a filter to eliminate DSDs 

with concentrations lower than 1 cm-3 for D < 50 μm or lower than 0.1 cm-3 for D 

> 50 μm. 

3.2.2.2. AMETYST-CPC 

The aerosol concentrations used in the GoAmazon2014/5 IOP2 studies refer to 

the total concentration of particles measured with a butanol-based condensation 

particle counter (CPC). Four CPCs were deployed on HALO as part of the new 

basic aerosol instrument package for HALO named AMETYST (Aerosol 

MeasuremenT sYSTem), described in detail by D. Fütterer (DLR, PhD thesis in 

preparation) and which also includes two Grimm 1.129 OPC (Optical Particle 

Counters), a two-channel thermal denuder operated at 250 °C, a Radiance 

Research 3-wavelength PSAP (Particle Soot Absorption Photometer), and 

optionally two DMAs (Differential Mobility Analyzers). AMETYST is operated 

behind the HALO sub-micrometer aerosol inlet (HASI).  The CPCs are Grimm 

5.410 models, operating at two different flow rates. The CPC internal butanol 

saturation setting is user-selectable to vary minimum detectable particle sizes. 

Data used in the studies were obtained from 0.6 L min-1 flow rate, set to a nominal 

lower cut-off size of 10 nm. Concentrations reported are normalized to standard 

temperature and pressure conditions. Original data are recorded at 1 Hz temporal 

resolution. In-cloud data at altitudes below 9 km were removed from the dataset 

based on cloud probe data (here CAS-DPOL instrument of DLR) to exclude 

apparent sampling artefacts of the inlet in the presence of liquid droplets in 

clouds. 

3.2.2.3. CCNC 

A Cloud Condensation Nuclei Counter (CCNC) was used to obtain CCN number 

concentrations. The instrument has two columns with continuous flow longitudinal 

thermal-gradient where the aerosol particles are subject to controlled 



47 
 

supersaturation (S) conditions. When particles travel longitudinally in the center 

of each column, they grow by water condensation (depending on their physical 

and chemical compositions) and are counted as CCN if they reach 1 μm in size 

(1 Hz sampling rate). It is manufactured by Droplet Measurement Technologies 

(DMT) – Roberts and Nenes (2005). At one column, S was set to be relatively 

constant at S≈0.55%, while the other was subject to 100-s stepping variations 

between 0.2% and 0.55%. 

3.2.2.4. NIXE-CAPS 

Cloud hydrometeor sphericity was analyzed by the NIXE-CAPS probe (New Ice 

eXpEriment – Cloud and Aerosol Particle Spectrometer, LUEBKE et al., 2016, 

COSTA et al., 2017). NIXE-CAPS also contains two instruments, a CIPgs as the 

CCP and the CAS-Depol for particle measurements in the size range 0.6 μm to 

50 µm. The sizing principle of CAS-Depol is similar to the CDP, the difference is 

the particle probing: while CAS-Depol has an inlet tube (optimized with respect 

to shattering), CDP is equipped with an open path inlet. In addition to the sizing, 

CAS-Depol is equipped with a detector to discriminate between spherical and 

aspherical particles by measuring the change of the polarized components of the 

incident light. Spherical particles do not strongly alter the polarization state, in 

contrast to non-spherical ice crystals. The cloud particle phase of the whole cloud 

particle size spectrum was analyzed from the combination of phase determination 

in the size ranges < 50 μm (from the CAS-Depol polarization signal) and > 50 μm 

(from visual inspection of the CIPgs images - for details, see COSTA et al., 2017). 

Here, the phase states are defined as follows: “Sph (liquid)” stands for many only 

spherical (D < 50 μm) and predominantly spherical (D > 50 μm) hydrometeors, 

“Asph small (mixed phase)” for many predominantly spherical (D < 50 μm) and 

only aspherical (D > 50 μm), “Asph large (ice)” for only very few aspherical (D < 

50 μm) and only aspherical (D > 50 μm). 
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3.2.2.5. BAHAMAS 

Meteorological conditions, including three-dimensional (3D) winds, were obtained 

by the Basic HALO Measurement and Sensor System (BAHAMAS) located at the 

nose of the aircraft. The wind components were calibrated according to Mallaun 

et al. (2015), with an uncertainty of 0.2 m s-1 and 0.3 m s-1 for the horizontal and 

vertical directions, respectively. All probes were synchronized with BAHAMAS 

and operated at a frequency of 1 Hz. 

3.3. Gamma parameterization 

In a portion of the studies shown here, the cloud DSDs were fitted to Gamma 

distributions. This method aims at representing the DSDs as the function given 

by (ULBRICH, 1983): 

𝑁(𝐷) = 𝑁0𝐷
𝜇exp⁡(−Λ𝐷)                                                                              (3.3.1) 

where N(D) is the number concentration of droplets in the diameter range 𝐷 +

𝛿𝐷. N0 (cm-3 μm-1-μ), μ (dimensionless), and Λ (μm-1) are the intercept, shape, 

and curvature parameters, respectively. The Gamma parameters were obtained 

by matching the zeroth, second and third moments between the observed and 

fitted DSDs. Those moments were chosen in order to favor the study of the DSD 

properties of interest to this study (e.g. droplet number concentration, liquid water 

content and effective diameter), but they also coincided with the properties 

usually predicted by bulk microphysics models (zeroth and third moments in two-

moment schemes). The Gamma parameters are calculated by: 

𝜇 =
6𝐺−3+√1+8𝐺

2(1−𝐺)
                                                                                             (3.3.2) 

Λ =
(𝜇+3)𝑀2

𝑀3
                                                                                                   (3.3.3) 

𝑁0 =
Λ𝜇+1𝑀0

Γ(𝜇+1)
                                                                                                  (3.3.4) 
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where Mp is the p-th moment of the DSD. The symbol G is a non-dimensional 

ratio, given as follows:  

𝐺 =
𝑀2

3

𝑀3
2𝑀0

                                                                                                      (3.3.5) 

The three parameters N0, μ, and Λ define the Gamma distribution in Equation 

3.3.1; they are used to construct the phase-space described in Chapter 6. The 

DSD bulk properties, such as droplet number concentration (Nd), liquid water 

content (LWC), effective droplet diameter (Deff), and relative dispersion (ε), can 

be derived from the Gamma parameters N0, μ, and Λ by taking into account the 

complete Gamma function integral properties: 

𝑁𝑑 = ∫ 𝑁(𝐷)𝑑𝐷
∞

0
= 𝑁0

Γ(𝜇+1)

Λ𝜇+1                                                                         (3.3.6) 

𝐿𝑊𝐶 = 10−9 𝜋

6
𝜌𝑤 ∫ 𝑁(𝐷)𝐷3𝑑𝐷

∞

0
= 10−9 𝜋

6
ρ𝑤𝑁0

Γ(𝜇+4)

Λ𝜇+4                                   (3.3.7) 

𝐷𝑒𝑓𝑓 =
∫ 𝑁(𝐷)𝐷3𝑑𝐷
∞
0

∫ 𝑁(𝐷)𝐷2𝑑𝐷
∞
0

=
𝜇+3

Λ
                                                                              (3.3.8) 

𝜀 =
𝜎

𝐷𝑔
=

1

√𝜇+1
                                                                                               (3.3.9) 

where ρw = 1000 g m-3 represents the density of liquid water and σ and Dg are 

the DSD standard deviation and mean geometric diameter, respectively. Nd, LWC 

and Deff are given in cm-3, g m-3 and µm, respectively. Given the choice of the 

conserved moments, they exactly match the respective characteristics of the 

observed DSDs. ε is described in detail in Tas et al. (2015). The relative 

dispersion of the Gamma DSD may differ from the observations. Our 

measurements show that the Gamma and observed ε are closely related by 

𝜀𝐺𝑎𝑚𝑚𝑎 = 0.95𝜀𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 (R2 = 0.93), showing that the Gamma DSDs are narrower 

on average. We focus on ε as obtained by the Gamma parameters and do not 

use subscripts. 
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4 IMPACTS OF THE MANAUS POLLUTION PLUME ON THE 

MICROPHYSICAL PROPERTIES OF AMAZONIAN WARM-PHASE CLOUDS 

IN THE WET SEASON 

This Chapter consists of the first paper written as part of the thesis studies. It is 

already published in final form in ACP (available at http://www.atmos-chem-

phys.net/16/7029/2016/). 

4.1. Background 

The natural atmosphere of the Amazon is a system where the forest itself 

provides the nuclei for clouds, which in turn activate the hydrological cycle and 

help distribute the water that maintains the local flora. Under undisturbed 

conditions the aerosol particles that serve as CCN are mainly secondarily 

generated from the oxidation of biogenic gases (PÖSCHL et al., 2010). Primary 

aerosols emitted directly from the forest may also contribute to the overall CCN 

population and are especially active as IN (PRENNI et al., 2009). A review of the 

cloud-active aerosol properties and sources in general is provided by Andreae 

and Rosenfeld (2008) and specifically for the Amazon by Martin et al. (2010). The 

results presented herein relate to the local wet season, which presents a relatively 

clean atmosphere compared to the local dry season when biomass burning is 

more frequent (ARTAXO et al., 2002). 

Given such an environment it is interesting to study the impacts that a city like 

Manaus has on the atmospheric conditions. Manaus is in the Brazilian Amazonas 

state, in the middle of the forest, and has a population of about 2 million people. 

The human activities associated with the city produce air pollution, which interacts 

with the natural background gases and particles. Several studies found that city 

pollution enhanced atmospheric oxidation (LOGAN et al., 1981; THOMPSON, 

1992; KANAKIDOU et al., 2000; LELIEVELD et al., 2008), which not only impacts 

human health but also may interact with biogenic gases to increase secondary 

aerosol formation. Another example is the interaction between volatile organic 

compounds (VOCs) with the urban NOx, which leads to enhanced ozone 

http://www.atmos-chem-phys.net/16/7029/2016/
http://www.atmos-chem-phys.net/16/7029/2016/
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concentrations through a photochemical process (TRAINER et al 1987, 

CHAMEIDES et al., 1992; BIESENTHAL et al. 1997; STARN et al. 1998; 

ROBERTS et al. 1998; WIEDINMYER et al., 2001). 

The effects that the Manaus city has on the chemical properties of the local 

atmosphere potentially alter the way in which clouds are formed. Not only the 

human activities can change particles chemical properties, they also can increase 

the number concentration available for droplet formation. Most of this additional 

particulate matter is tied to emissions from traffic and power plants in the case of 

Manaus. Previous studies regarding the effects of anthropogenic aerosols on 

Amazonian cloud generally focused on biomass-burning related occasions (e.g. 

ROBERTS et al., 2003; ANDREAE et al., 2004; FREUD et al., 2008, MARTINS; 

SILVA DIAS, 2009) in the dry or transition seasons. However, very few studies 

evaluated the urban aerosol interaction with clouds over the rain forest during the 

wet season, when biomass-burning is strongly reduced given the frequent rain 

showers that leave the forest wet and more difficult to burn. In this case, the 

effects of the Manaus plume can be studied separately and in detail. Polluted 

clouds over the Amazon usually present more numerous but smaller droplets that 

grow inefficiently by collision-coalescence and therefore delay the onset of 

precipitation to higher altitudes within clouds (ROSENFELD et al., 2008). 

The results presented herein are based on data sets collected between February 

and March 2014 during the first Intensive Operations Period (IOP1) of The 

Observations and Modeling of the Green Ocean Amazon (GoAmazon2014/5) 

experiment (MARTIN et al., 2016). The period is in the wet season, which 

presents a clean atmosphere due to the reduction in biomass burning. The 

pristine characteristic of the background air provides the opportunity for 

contrasting the microphysics of natural and urban pollution-affected clouds. The 

large-scale wind field is rather stable over the region for the campaign period, 

with prevailing northeasterly winds that advect the pollution plume 

southwestward. This scenario allows for the direct comparison between clouds 
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formed under background conditions and those affected by pollution in the wet 

season. 

Clouds in the wet season differ from those in the dry and transition periods both 

because of aerosol conditions and large-scale meteorology (MACHADO et al, 

2004). Although there is not a complete reversal of the mean wind directions intra-

annually, the wet season clouds can be related to a monsoon system, usually 

referred as South American Monsoon System (SAMS). Zhou and Lau (1998) 

suggest that the monsoon-like flow can be understood when analyzing monthly 

anomalies on the wind fields. During the austral summer months, the winds tend 

to have a stronger northeastern component over Manaus area, while at austral 

winter time the stronger wind component is from the southeast. More details on 

the SAMS, including comparisons with other monsoon systems, can be found in 

Vera et al. (2006). 

The main objective of this work is to understand the effects that anthropogenic 

urban pollution has on cloud droplets properties and development in the Amazon 

during the wet season. Specifically, the focus is on the comparison between 

warm-phase properties of clouds affected and not affected by the pollution 

emitted from Manaus city. The urban aerosol effect will be analyzed as function 

of height above the cloud base and vertical velocity. 

4.2. Flight characteristics 

Sixteen research flights took place near Manaus in the Amazon forest between 

February and March 2014. Manaus coordinates are 3°06’S, 60°01’W and the 

dates and time periods of the flights are listed in Table 4.1, with times in UTC 

(local time is UTC-4). The U.S. Department of Energy Atmospheric Radiation 

Measurement program Gulfstream-1 (G-1) airplane (SCHMID et al., 2014) 

performed 16 flights while measuring aerosol concentrations and composition, 

radiation quantities, gas-phase chemistry and cloud microphysical properties. 
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Table 4.1 - Dates and times for all G-1 flights during GoAmazon2014/5 IOP1. Local time 
for Manaus is UTC-4. All flights were carried out in the year 2014. 

Flight Number Date Start Time (UTC) End Time (UTC) 

1 February 22 14:38:27 17:25:26 

2 February 25 16:32:06 18:40:07 

3 March 1 13:35:37 15:27:35 

4 March 1 17:18:48 18:47:07 

5 March 3 17:46:34 19:11:57 

6 March 7 13:09:51 15:35:25 

7 March 10 14:26:37 17:09:35 

8 March 11 14:42:23 17:51:08 

9 March 12 17:21:25 19:29:42 

10 March 13 14:16:09 17:21:27 

11 March 14 14:18:54 16:48:23 

12 March 16 14:40:17 17:26:32 

13 March 17 16:24:40 19:26:36 

14 March 19 14:26:38 17:17:48 

15 March 21 16:33:47 18:56:07 

16 March 23 14:59:05 17:43:34 

The G-1 aircraft performed mostly short-ranged flights from Manaus, with most 

of the observations being within 100 km from Manaus. The flight patterns were 

mainly focused on measuring properties in and around the city pollution plume. 

A schematic for the concepts of the flight planning is shown in Figure 4.1. The 

actual patterns varied daily depending on the weather forecast and plume 

dispersion prediction (Figure 4.2). Additionally, other patterns were performed 

such as a run upwind from Manaus in order to probe a background air reference, 

or cloud profiling missions (vertical slices of the cloud field). However, the kind of 

pattern shown in Figure 4.1 was the most used and is the determinant to assess 

the interaction between the urban plume with the background atmosphere. 
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Figure 4.1 – Conceptual schematic for the flight patterns planning. It shows Manaus city 
and its pollution plume dispersing over the surrounding Amazon forest. 
The Cu field shown is very common during the wet season and is 
representative for most of the cloud conditions during the flights. The 
yellow circles indicate a 100-km radius from Manaus airport, although the 
figure is not meant to be quantitatively accurate. The lines with arrow 
heads show the most common flight plan used, where blue regions are 
possible locations for the background air measurements and the red ones 
indicate measurements inside the plume section (dashed white lines). T3 
is a GoAmazon site to the north of Manacapuru. 

 

During the wet season, it is very common to observe cumulus clouds as 

exemplified in Figure 4.1 and the G-1 cloud measurements consisted mostly of 

quick penetrations in those types of systems. From Manaus airport, the aircraft 

performed several legs perpendicular (or as close to as possible) to the plume 

direction while moving away from the city. At the end of the pattern, the aircraft 

started over in a different altitude and performed the same flight legs. In this way, 

it was possible to collect not only data regarding the plume but also on the 

surrounding background air. During the local wet season, the background 
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atmosphere is rather clean and the effects of the plume can be readily observed. 

The pollution-aerosols in this situation are almost only urban and biomass-

burning contribution is very exceptional. The main idea to compare the 

background and polluted clouds is to accumulate statistics inside and outside the 

plume sections as shown in Figure 4.1. By concatenating the observations for the 

different flights, it was possible to obtain a dataset of background and polluted 

droplet size distributions (DSDs), which can then be used to look at aerosol 

impacts in different ways. All G-1 flights were used in order to obtain the highest 

sample size possible. Figure 4.2 shows the trajectories for all flights, where the 

dashed grey lines represent the plume angular section considered from the 

airplane data. Note that the plume usually disperses from Manaus to the T3 site, 

with relatively small variations on the direction based on the wind field. Two flights 

(4 and 6) had low sampling on the plume given the trajectories and the grey lines 

may not represent the overall region of the plume. However, the directions 

identified presented higher NCN than the other ones. 
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Figure 4.2 - Trajectories for all G-1 flights during GoAmazon2014/5 IOP1. Manaus is 
located close to the {-60, -3} point, marked with an “X”, while the T3 site 
is marked with the black circle. 

 

4.3. Plume classification 

In order to compare two different populations of clouds, namely those formed 

under background conditions compared to those affected by pollution, a 
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classification scheme was developed. The most discernible and readily 

observable difference between a polluted and background atmosphere is the 

number concentration of aerosol particles per unit volume. Urban activities such 

as car traffic emit large quantities of particles to the atmosphere, which are then 

transported by atmospheric motions and can participate in cloud formation, 

especially when they grow, age and become more effective droplet activators. 

Their number concentration and sizes primarily determine their role on the initial 

condensational growth of cloud droplets through the aerosol activation 

mechanism. Even though the urban aerosols have a lower efficiency to become 

CCN, their number concentrations are high enough to potentially produce a 

higher number of cloud droplets (see, for example, KUHN et al., 2010). By 

affecting the initial formation of the droplets, increased aerosol concentrations 

due to urban activities can alter the cloud microphysical properties throughout its 

whole life cycle. It will be considered here that a simple, yet effective, 

classification scheme should consider primarily aerosol number concentrations 

to discriminate polluted and background conditions with respect to cloud 

formation environments. The intent of the classification scheme is not to quantify 

specifically the aerosols concentrations available for cloud formation under 

background and polluted conditions. Rather, it is a way to identify atmospheric 

sections that presented urban or natural aerosol characteristics. 

Aerosol particles number concentrations (NCN) measured by the CPC instrument 

were used to identify the plume location. The first procedure required is the 

elimination of possible artifacts related to measurements while the aircraft was 

inside a cloud. For that purpose, a cloud mask must be considered. The data are 

considered to be in-cloud by examining particle concentrations detected by 

several aircraft probes. The aircraft probes used to determine the presence of 

cloud are the Passive Cavity Aerosol Spectrometer (PCASP, SPEC Inc.), the 2D-

Stereo Probe (2D-S), and the Cloud Droplet Probe (CDP, Droplet Measurement 

Technologies). The thresholds for detection of cloud are when either the PCASP 

bins larger than 2.8 μm have a total concentration larger than 80 cm-3, the 2D-S 
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total concentration is larger than 0.05 cm-3, or the CDP total concentration is 

larger than 0.3 cm-3. Thresholds were determined by examining the sensitivity of 

each instrument. Assuming that the presence of clouds can affect the NCN 

measurements, the concentrations inside clouds were related to those in clear 

air. Whenever an in-cloud observation is detected, the NCN value is substituted 

by the closest cloud-free measurement (given that they are not more than 15 s 

apart, in which case the data are excluded from the analysis). In this way, 

possible cloud and rain effects on aerosols concentrations, such as rainout or 

washout, can be mitigated on the analysis.  

A simple and fixed threshold to separate the background and polluted 

observations is not enough because the altitude of the measurements should 

also be considered. For that purpose, all CPC data were used to compute vertical 

profiles of particle number concentrations in 800-m altitude bins. This resolution 

was chosen in order to result in significant amounts of data in each vertical bin. 

A background volume is identified whenever the measured particle concentration 

is below the 25% quartile profile. The polluted ones are considered to be the ones 

above the 90% profile. Additionally, it is required that the measurement is located 

in the general direction of the urban pollution dispersion in order to be considered 

a plume volume. Similarly, the background measurements are limited to the 

section outside the plume location only. It is important to note that, while the CPC 

data are available for the whole duration of the flights, in-cloud observations are 

limited to the times of actual penetrations. The choice of asymmetric 25% and 

90% profiles result in similar sample sizes for the classified polluted and 

background in-clouds measurements (305 s and 424 s, respectively), while 

maximizing the differences between the populations. 

Given the daily variations of meteorological characteristics, the plume direction, 

width, and overall particle concentrations may vary. For that reason, the plume 

angular section must be obtained for each day individually. Figure 4.3 shows an 

example of plume classification for the flight on 10 March 2014. The NCN is shown 

as a function of the azimuth angle with respect to Manaus airport (0° is east, 
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grows counterclockwise), irrespective of altitude. The color represents the 

horizontal distance (km) from the airport. Note that there is an angular section 

where the concentrations are high not only close to the city but also as far as 70 

km. This section is defined to be affected by Manaus pollution plume (delimited 

by grey dashed lines in Figure 4.3). Note that the coordinate system is centered 

on Manaus’ airport, where the G-1 took off, and not on the center of the city or 

other point of interest. For this reason, it is also possible to observe relatively high 

NCN close to the origin and to the northeast and southeast directions. This 

corresponds to high NCN over the city. By keeping those directions outside the 

plume angular section, this data is not considered as plume. This is intentional 

because other aspects occur over the city that may contribute to the cloud 

formation.  For instance, the heat island effect may contribute to the convection, 

changing the thermodynamic conditions compared to those over the forest. By 

keeping the origin point as the airport, which is located on the west section of the 

city, this problem is avoided. 

The final result of the classification scheme for March 10 is shown in Figure 4.4. 

A visual inspection of radiosonde (released from the Ponta Pelada airport located 

on southern Manaus) trajectory plots confirmed the overall direction of the plume 

for each flight. Given the nature of the meteorology in the Amazonian wet season, 

i.e. its similarities with oceanic conditions concerning horizontal homogeneity, 

there should be no significant difference between the thermodynamic conditions 

inside and outside the plume region for the G-1 flights. In this way, differences 

observed in pollution-affected clouds are primarily due to the urban aerosol 

effects. It should be noted that even though the plume classification is defined 

from the NCN measurements, there are also observable differences regarding 

NCCN. The in-plume NCCN (for altitudes lower than 1000 m) averages 257 cm-3 for 

a 0.23% supersaturation, while the respective background concentration is 107 

cm-3 (Figure 4.5). Note the overall low concentrations representative of the wet 

season. In that case, the plume increases NCCN by more than a factor of 2. For 

higher supersaturation conditions (which can be achieved in strong updrafts), the 
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differences are even more pronounced. At 0.5% supersaturation, average NCCN 

inside the plume is 564 cm-3, while outside it is 148 cm-3. This shows that the 

plume increases the concentration of aerosol particles that are able to form cloud 

droplets under reasonable supersaturation conditions, even though they are less 

efficient than the particles in the background air. 

Figure 4.3 – NCN around Manaus for March 10, 2014. θ is the azimuth angle and is zero 
for East direction and grows counterclockwise. Colors are proportional to 
the horizontal distance (km) between Manaus airport and the aircraft. The 
black dots represent the angular mean NCN for each one of the 60 bins 
(azimuth). The vertical dashed lines represent the limits of the plume 
location. 

 

In addition to the plume, the river breeze also plays a role on the convection 

characteristics over the region and the respective microphysics. The clouds 

directly above the rivers are usually suppressed given the subsidence from the 



62 
 

breeze circulation. This was addressed by comparing the DSDs under plume and 

background conditions only for measurements over land and it showed a similar 

picture to what will be shown in the next section. In this way, it is possible to 

confirm that the results presented here reflects the effect of Manaus pollution 

plume and not the river breeze, even though the clouds over land were indeed 

more vigorous. The results shown on the next section consists of the data probed 

both above rivers and above land. 

Figure 4.4 - The same as Figure 4.3, with the coloring representing the plume 
classification. The green-colored dots represent unclassified points, red is 
for plume, and cyan is for background conditions. The inset shows the 
median (cyan) and the 25% (blue) and 90% (red) percentiles profiles of 
NCN. 
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Figure 4.5 – NCCN as function of supersaturation. Measurements inside the plume are 
shown in red, while background conditions are represented in blue. 

 

4.4. Bulk DSD properties for polluted and background clouds 

Given that the aerosol population directly affects cloud formation during the CCN 

activation process, bulk DSD properties under polluted and background 

conditions may differ. Figure 4.6 shows the frequency distribution of the droplet 

number concentrations (Nd), liquid water content (LWC), and effective diameter 

(Deff) for all measurements inside the plume and under background conditions, 

irrespective of altitude. Those bulk properties were obtained from the FCDP-

measured DSDs. The background clouds presented droplet number 

concentrations below 200 cm-3 for most cases, while being more dispersed for 

the polluted DSDs. It shows that it is much more likely to find higher Nd under 

polluted conditions than on background air. This observation may be tentatively 

justified as an increase in the water vapor competition, which leads to the 

formation of a higher number of droplets with smaller diameters. However, the 



64 
 

water vapor competition is usually discussed for a fixed LWC, which is not the 

case for the statistics shown here. The background clouds measured presented 

lower water contents overall, which could also partly justify the lower 

concentrations observed. 

The effective diameter histograms show distinct droplet sizes distributions for 

both populations. While around 50% of droplets in the polluted clouds have Deff 

between 8 and 12 μm, the frequency distribution for the background clouds shows 

more frequent occurrence of Deff > 12 μm, even though they peak at similar 

diameters. This factor shows that, despite condensing lesser amounts of total 

liquid water, the background clouds are able to produce bigger droplets than their 

polluted counterparts. Overall, Figure 4.6 shows a picture consistent with the 

water vapor competition concept. However, the DSD formation under a water 

vapor competition scenario depends on two factors. One is commonly cited on 

the literature (e.g. ALBRECHT, 1989) and is related to the impacts on effective 

droplet sizes as function of aerosol number concentrations. The other factor is 

how much bulk water the systems are able to condense while the vapor 

competition is ongoing. Figure 4.6 suggests that the Manaus pollution plume 

affects both mechanisms, which are more complex than the water vapor 

competition process. 

An interesting question to address is why LWC is lower for background clouds, 

i.e., why this type of cloud is relatively inefficient to convert water vapor to liquid 

droplets. One possible answer is related to total particle surface area in a given 

volume. Considering a constant aerosol size distribution, when their total number 

concentration is increased, the total particle surface area per unit volume also 

increases. In this way, there is a wider area for the condensation to occur, leading 

to higher liquid water contents. Additionally, if there is higher competition for the 

water vapor, the more numerous and smaller droplets formed under polluted 

conditions will grow faster by condensation than their background counterparts 

(because the condensation rate is inversely proportional to droplet size) and will 

readily reach the threshold for detection by the FCDP (around 1 μm). One point 
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to remember is the high amount of water vapor available during the wet season. 

Those differences in the bulk condensational growth under polluted or 

background conditions may explain in part the differences observed in Figures 

4.6c-d, even if the aerosol size distribution changes from the background to the 

polluted sections. If the bulk condensation is more effective in a polluted 

environment, it should also lead to increased latent heat release and stronger 

updrafts. In a stronger updraft, the supersaturations tend to be higher, which 

feeds back into an even higher condensation rate. 

Figure 4.6 - Normalized histograms of cloud droplet properties affected and unaffected 
by the Manaus pollution plume. (a-b) Total droplet number concentrations 
Nd (cm-3), (c-d) liquid water content LWC (gm-3), and (e-f) effective 
diameter Deff (µm). 

 

Other possible physical explanations for the higher LWC in polluted clouds 

include processes associated with precipitation-sized droplets (i.e., outside the 
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FCDP size range) and aerosol characteristics. If the aerosol-rich plume is able to 

reduce the effective sizes of the liquid droplets, it will also be able to delay the 

drizzle formation. In this way, the liquid water would remain inside the cloud 

instead of precipitating. On the other hand, the fast-growing droplets in the 

background clouds may grow past the FCDP upper threshold, effectively 

removing water from the instrument size range. However, the clouds penetrated 

were predominantly non-precipitating cumulus at early stages of their life cycle. 

Therefore, the warm-phase was not completely developed and the 

condensational growth plays a major role in determining the overall DSD 

properties. The second process identified (i.e. suppressed precipitation staying 

longer inside the clouds) probably has a lesser impact. The averaged ratio 

between second moment of the polluted and background DSDs is around 2, 

which shows that the former has around twice of the total area for condensation 

than their background counterparts. In this way, the increase in the bulk 

condensation efficiency is probably significant. Further studies are encouraged in 

order to detail and quantify the processes that lead to the observed LWC amount. 

However, based on Koren et al. (2014), the most determinant factor contributing 

for the high amount of cloud water under polluted conditions seems to be related 

to the condensation process. In the referred paper, it is shown that the amount of 

total condensed water tends to grow with aerosol concentration in a pristine 

atmosphere. 

In order to detail the pollution effects on the total condensation rate and on the 

DSD properties, averaged properties for different water content and updraft 

speeds are analyzed. Firstly, given that the LWC is a measure of the total amount 

of water condensed onto the aerosol population, its correlation with the updrafts 

should be assessed. The updraft speed at cloud base can be understood as a 

proxy for the thermodynamic conditions, as it is a result of the meteorological 

properties profiles in lower levels. In this way, it is possible to disentangle the 

aerosol and thermodynamic effects by averaging the LWC data at different 

updraft speed levels. Figure 4.7a shows the result of this calculation for only the 
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lower 1000 m of the clouds, while also differentiating between polluted and 

background clouds. The 1000m limit is chosen for both maximizing statistics and 

also capturing the layer in which the aerosol activation takes place. That layer is 

possibly thicker under polluted conditions, given the higher availability of nuclei. 

For similar updraft conditions, i.e., similar thermodynamics, the averaged total 

liquid water is always higher for polluted clouds. By eliminating the dependence 

on the thermodynamic conditions, it is possible to conclude that the LWC values 

are significantly influenced by the aerosol population. This figure shows that, on 

average, not only are the polluted clouds more efficient at the bulk water 

condensation but also the resulting LWC scales with updraft speed (linear 

coefficients, considering the error bars, are 0.13 g s m-2 for plume measurements 

and 0.033 g s m-2 for background clouds). In a background atmosphere, most of 

the aerosols have been activated, and increasing updraft strength does not result 

in further condensation. On the other hand, the higher availability of aerosols 

inside the plume allows for more condensational growth as long as enough 

supersaturation is generated, especially considering that the critical dry diameter 

for activation is inversely proportional to supersaturation and, consequently, to 

the updraft speed. However, a deeper analysis in a bigger dataset would be 

required to assess the statistical significance. The enhanced condensation 

efficiency and the possible LWC scaling with updraft strength at least partly 

explain the higher liquid water contents in the plume-affected clouds. The 

standard deviation bars in Figure 4.7a indicate that while there is high variability 

for the LWC in polluted clouds, the clean ones are rather consistent regarding the 

condensation efficiency. 

The water vapor competition effect can be observed by examining droplet 

effective diameter and number concentrations at a certain LWC interval, as 

shown in Figures 4.7b and 4.7c. In this way, the polluted and background DSD 

properties can be evaluated irrespective of the bulk efficiency of the cloud to 

convert water vapor into liquid water. It is clear that, even with the dispersion 

observed, the two DSD populations present consistently different average 
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behaviors for all LWC intervals. For similar LWC, the averaged effective diameter 

is always larger on background clouds, with lower droplet number concentrations 

on average. Those results show a picture clearly consistent with enhanced water 

vapor competition in polluted clouds. It shows that, given a bulk water content 

value, droplet growth is more efficient in background clouds. This process should 

make background clouds more efficient to produce rain from the warm-phase 

mechanisms because of the early initiation of the collision-coalescence growth. 

Another noteworthy point shown in Figure 4.7 is the difference between the 

relationships of Deff and LWC, and of Nd and LWC. While the average effective 

diameter varies linearly with LWC (R2=0.95 for plume and R2=0.92 for 

background DSDs), there seems to be a capping on Nd. This means that for low 

LWC (< 0.4 g m-3), increases in the total water content are reflected in increased 

droplet concentrations. For higher LWC values, the averaged Nd remains 

relatively constant while the effective diameter grows with the water content. This 

suggests that at low water content levels, i.e., at the early stages of cloud 

formation, the formation of new droplets has a relatively higher impact on the 

overall LWC. As the cloud develops, the LWC is tied to the effective diameter of 

the droplets, as the impact of new droplet formation is weaker at this point. This 

effect is clearer in background clouds given the limited aerosol availability. 
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Figure 4.7 - Mean (a) LWC values for different log-spaced w intervals and mean Deff (b) 
and Nd (c) for log-spaced LWC intervals. Error bars are the standard 
deviation for each interval. Blue points indicate background 
measurements, while red ones are relative to the polluted ones. The 
points are located at the middle of the respective bin intervals. Those 
results are limited to the first 1000 m of the clouds. 

 

4.5. Vertical DSD development and the role of the vertical wind speed 

The analysis of bulk DSD properties indicates a clear difference between the 

polluted and background cloud microphysics. However, it is desirable to further 

detail those differences. As most of the aerosol activation takes place close to 

cloud base (HOFFMANN et al., 2015), the direct effects of enhancements in 
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particle concentrations should be limited to this region. However, the aerosol 

effect can carry over to later stages of the cloud life cycle given that it will develop 

under perturbed initial conditions. One proxy for the cloud DSD evolution in time 

is to analyze its vertical distribution. For a statistical comparison, a relative altitude 

for all flights is defined. This relative altitude is calculated as follows: firstly, the 

closest radiosonde is used in order to obtain the cloud base altitude (as the lifting 

condensation level) and the freezing level. In case the airplane reached high 

enough altitudes, its data is instead used to obtain the altitude of the 0 ºC 

isotherm. From those two levels, the relative altitude is calculated as percentages 

where 0 % represents the cloud base and 100 % is the freezing level. The 

altitudes of the cloud base and freezing levels range, respectively, from 100 m to 

1200 m and from 4670 m to 5300 m approximately. Three layers are then defined: 

1) bottom layer in which relative altitudes vary between 0 % and 20 %; 2) mid 

layer for 20 % to 50 %; and 3) top layer, where the altitude is above 50 %. Those 

specific relative altitude intervals were chosen in order to capture the physics of 

the cloud vertical structure and to minimize the differences in sample sizes for 

each layer, as there are more measurements for lower levels. Despite probing 

individual clouds, the DSD measurements can be combined into the three layers 

defined and interpreted as representative of a single system. It is conceptually 

similar to satellite retrievals of vertical profiles of droplets effective radii (e.g. 

ROSENFELD; LENSKY, 1998), where the cloud top radius is measured for 

different clouds with distinct depths and combined into one profile. This approach 

was validated with in-situ measurements for the Amazon region by Freud et al 

(2008). 

Figure 4.8 shows statistical results for the DSDs in the three warm layers defined, 

while Table 4.2 shows the respective mean bulk properties. The altitude-

averaged values show that the polluted clouds present higher number 

concentrations and water contents and lower diameters for all layers. 

Additionally, Nd decays much slower with altitude and droplet growth is 
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significantly suppressed. Those observations point to enhanced collisional 

growth in the background clouds. 

Table 4.2 - Averaged bulk DSD properties for the three warm-phase layers and the 
respective standard deviations. The bottom (Bot) layer is defined by 
relative altitudes between 0 % and 20 %, the mid layer (Mid) between 20 
% and 50 % and the top (Top) between 50 % and 100 %. The abbreviation 
“Bckgrnd” stands for “Background”. 

Layer Nd (cm-3)  Deff (μm)  LWC (g m-3) 

 Plume Bckgrnd  Plume Bckgrnd  Plume Bckgrnd 

Bot 
317 ± 

190 

127 ± 

131 

 11.3 ± 

2.00 

14.2 ± 

4.19 

 0.206 ± 

0.216 

0.114 ± 

0.122 

Mid 
360 ± 

276 

81.6 ± 

77.4 

 17.7 ± 

4.12 

18.4 ± 

6.18 

 0.848 ± 

0.788 

0.183 ± 

0.218 

Top 
191 ± 

203 

7.64 ± 

14.9 

 15.5 ± 

5.28 

31.7 ± 

4.12 

 0.522 ± 

0.703 

0.0766 

± 0.151 

 

The overall picture of cloud DSD vertical evolution can be seen in Figure 4.8a. 

The most discerning feature between the DSDs at different altitudes is related to 

the concentrations of droplets greater than 25 μm. The concentrations in this size 

range grow with altitude on average. On the other hand, the concentrations of 

droplets smaller than 15 μm tend to diminish from the bottom to the top layer. 

Considering that the vertical dispersion of the DSDs represents at least in part its 

temporal evolution, this feature is associated with droplet growth where the bigger 

droplets grow in detriment of the smaller ones. This growth mechanism is the 

collision-coalescence process, where the bigger droplets collect the smaller ones 

and acquire their mass. The shaded areas on the figure show that this is not only 

an average feature, but is also visible in the quantiles. 

The statistical results of the vertical evolution of the DSDs are discriminated for 

the measurements inside the plume and in background regions in Figures 4.8b-

c. At first glance, it is quite clear that the two DSD populations present different 
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behaviors with altitude, meaning that the droplets grow differently depending on 

the aerosol loading. The plume DSDs present a high concentration on the bottom 

layer and shows weak growth with altitude. The concentration of small droplets 

(< 15 μm) does not change much with altitude and the top layer DSD is relatively 

similar to the middle one. On the other hand, the DSDs in the background clouds 

show a stronger growth with altitude (Figure 4.8c). The bottom layer DSD 

presents lower concentrations of small droplets but higher concentrations of 

bigger droplets than its polluted counterpart does. This coexistence of relatively 

big and small droplets readily activates the collision-coalescence process, 

accelerating droplet growth. Comparing both polluted and background DSDs with 

the overall averages (Figure 4.8a), it is clear that enhanced aerosol loading leads 

to less-than-average growth rates and the opposite is true for background clouds. 

The average growth rate for Deff is 2.90 μm km-1 and 5.59 μm km-1 for polluted 

and background clouds, respectively. 

The vertical speed inside the cloud is a critical factor as it helps determine the 

supersaturation and, consequently, the condensation rates in the updrafts. The 

interaction between the updraft speeds and aerosol loadings ultimately 

determines the initial DSD formations at cloud base. As mentioned before, the 

characteristics of the initial DSD may have impacts on the whole cloud life cycle, 

making the study of the vertical velocities critical for understanding the system 

development. Figure 4.9 shows averaged DSDs for different cloud layers and 

vertical velocities conditions, discriminating between the plume and background 

cases. The first row shows results for the bottom layer under (a) plume and (b) 

background conditions. The mid and top layer results are shown together in the 

second row, for (c) plume and (d) background conditions. “Strong” and “Mod” are 

references to the up- or downdraft speed (strong or moderate). The mid and top 

layers are considered in conjunction in order to increase the sample size. 
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Figure 4.8 - Averaged DSDs for three different cloud layers of bottom, mid and top of the 
warm layer. Graph (a) shows the results for all DSDs irrespective of 
classification, while (b) is for polluted DSDs only and (c) for background. 
Lines represent averages, while the shaded areas represent the 
dispersion between the 25 % and 75 % quantiles. 

 

For the bottom layer, the vertical velocity has an impact mainly on the 

concentration of small droplets on polluted DSDs in the range D < 5 μm. The 

regions that presented updrafts are associated with higher concentrations of such 
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droplets because of new droplets nucleated under supersaturation. The 

downdraft regions mainly contain droplets that already suffered some processing 

in the cloud system and have relatively lower concentrations of small droplets 

that were probably collected by bigger ones. Additionally, small droplets ascend 

readily with the updrafts given their low mass, which is also a factor that can 

contribute to the differences between up- and downdraft DSDs. However, the 

dispersion shown in the shaded areas shows that the populations of DSDs in up- 

and downdrafts are relatively similar, suggesting a homogeneous layer with 

respect to DSD types. The DSDs shown on Figure 4.9a indicate single-mode 

distributions, which hampers collection processes and explains the similarities 

between the different vertical velocity regions. On the other hand, the background 

clouds have a second mode, especially in the downdrafts given the additional 

cloud processing, which favor the collision-coalescence process. The particles 

associated with background air in the Amazon are not only less numerous but 

also bigger overall compared to the urban pollution, and both of those features 

favor faster growth by condensation because of less vapor competition and larger 

initial sizes. It is interesting to note that the background DSDs in the strong updraft 

regions are narrower when compared to their polluted counterpart. In a polluted 

environment, there is not only the natural background aerosol population but also 

the urban particles emitted from Manaus. The mixture of the two, with the 

consequent physicochemical interactions, permits the formation of droplets over 

a wider size range, with a prolonged tail towards the lower diameters. The shaded 

areas show that the differences between the DSDs in the up- and downdraft 

regions are statistically relevant for the background clouds and are not a mere 

averaging feature. 

Cloud droplets keep growing as they move to higher altitudes, but the way in 

which it occurs is rather different in a background or plume-affected environment. 

For polluted DSDs, there are two modes at the higher altitudes: one reminiscent 

of the lower levels and the other is probably mainly a result of additional 

condensational growth. In those systems, the additional processing does not 



75 
 

seem to be effective to produce bigger droplets, as shown by the blue line and 

shaded area in Figure 4.9c. For the background clouds, DSDs in the updraft 

regions show similar modes to their polluted counterparts, one close to 10 μm 

and the other at around 18 μm. However, there are appearances of droplets 

bigger than 30 μm that contribute to the formation of a third mode in the mid and 

top layers. This mode appears on the strong downdraft regions, which suggests 

it appears after in-cloud processing. 

Figure 4.9 - Averaged DSDs as function of altitude, presence of up/downdrafts and 
aerosol conditions. The first row shows results for the bottom layer under 
(a) polluted and (b) background conditions. The mid and top layers’ results 
are shown together in the second row for (c) plume and (d) background 
conditions. “Strong Down” means the presence of strong downdrafts, with 
vertical velocities lower than -2 m s-1. “Mod Down” is moderate 
downdrafts, with -2 m s-1 < w ≤ 0. “Mod Up” and “Strong Up” are the 
equivalents for updrafts. Their velocities ranges are, respectively, 0 < w ≤ 
2 m s-1 and w > 2 m s-1. The shaded areas represent the dispersion 
between the 25% and 75% percentiles for the strong downdrafts (in blue) 
and updrafts (in red). 
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4.6. Closing remarks 

This study focused on the analysis of microphysics of warm-phase clouds in 

Amazonia during the wet season, with a specific emphasis on interactions with 

the pollution emitted by Manaus city. A statistical approach was used to compare 

several clouds probed in different flights on different days. Polluted clouds were 

found to have smaller (10%-40%) and more numerous (up to 1000%) cloud 

droplets. Additionally, they usually presented higher values of LWC, which can 

be attributed to favorable aerosol area-to-volume ratio and faster condensation 

rates over the smaller droplets. Despite the lower amount of water condensed in 

background DSDs, bigger droplets readily form given the early start of the 

collision-coalescence process (which does not increase LWC). 

The smaller droplets in the plume-affected clouds hampered their growth rate 

with altitude, being approximately half of the clean case. Background clouds 

present relatively high concentrations of droplets greater than 20 μm near cloud 

base that contributed to the growth rates, especially taking into account the non-

linear nature of the collection process. With respect to warm-phase cloud DSDs, 

the updraft strength does not seem to be the major driving force for effective 

droplet growth, especially beyond the 20 μm range. The most important features 

to produce such big droplets are weak water vapor competition (usually observed 

in background clouds) and the existence of bi-modality at the lower levels of the 

cloud. However, the thermodynamic role of the updraft speeds should not be 

underestimated. It is responsible for transporting hydrometeors beyond the 

freezing level, activating the cold processes. Those processes are known to be 

associated to thunderstorms and intense precipitation. Nevertheless, the main 

feature that determines warm-phase DSD shapes seems to be the aerosol 

conditions, with the vertical velocities playing a role in the modulation of the 

distributions. 
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5 SENSITIVITIES OF AMAZONIAN CLOUDS TO AEROSOLS AND 

UPDRAFT SPEED 

This Chapter consists of the second paper written as part of this thesis. It is 

currently under review for ACP and can be accessed in the ACPD (Atmospheric 

Chemistry and Physics Discussions) website at http://www.atmos-chem-phys-

discuss.net/acp-2017-89/. 

5.1. Background 

The Amazon basin can serve as a natural laboratory to study anthropogenic 

effects on cloud microphysical and radiative properties. In its remote parts, an 

absence of pollution similar to the pre-industrial era still prevail (ANDREAE et al., 

2007), while in other regions, cities and biomass burning emit high amounts of 

aerosol particles into the atmosphere. This is especially important during the dry 

season, when rainout is less frequent (ARTAXO et al., 2002; KUHN et al., 2010; 

MARTIN et al., 2010). The natural CCN formed by the oxidation of VOCs can 

interact with anthropogenic emissions, enhancing the oxidation process, leading 

to increased CCN concentrations (KANAKIDOU et al., 2000; HALLQUIST et al., 

2009). Even though aerosol particles can be scavenged by precipitation, nano-

particles produced in the upper troposphere can be transported downwards by 

deep convective systems, approximately reestablishing the surface aerosol 

concentration (WANG et al., 2016). 

These processes illustrate the complex feedback between the vegetation, the 

aerosols serving as CCN, and the clouds providing water to the vegetation. There 

are, however, still plenty of open questions. The main difficulty is the quantitative 

comparison of the aerosol effect to other processes, given that the anthropogenic 

influences alter more than just aerosol particle concentrations. Human activities 

associated with urbanization and agriculture change the local landscape and the 

Earth’s surface properties, also altering the energy budget (FISCH et al., 2004) 

and consequently the thermodynamic conditions for cloud formation. According 

to Fisch et al. (2004), the convective boundary layer is deeper over pasture during 

http://www.atmos-chem-phys-discuss.net/acp-2017-89/
http://www.atmos-chem-phys-discuss.net/acp-2017-89/
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the dry season because of the increased sensible heat fluxes. This effect results 

in greater cloud base heights with potentially stronger updrafts, which should also 

be considered when analyzing the aerosol effect. 

One possible way to compare different effects on cloud microphysical properties 

is through a sensitivity calculation. It can provide specific quantifications of 

aerosol and thermodynamic effects on cloud microphysical quantities. One such 

sensitivity study was proposed by Feingold (2003), where the author calculates 

cloud droplet number concentration (Nd) sensitivities to several aerosol and 

thermodynamic drivers, such as total aerosol particle concentration (NCN), updraft 

speed (w), and liquid water content (LWC). However, this analysis was limited to 

adiabatic stratocumulus clouds where collision-coalescence was not considered. 

Another modeling study was proposed by Reutter et al. (2009), where they 

identified three regimes that modulate the Nd sensitivity. The regimes are aerosol-

limited, updraft-limited, and the transition between them. The authors highlight 

that the Nd dependence on NCN and w may vary given their relative magnitudes. 

This study is limited to cloud base, therefore not addressing cloud evolution. The 

Reutter et al. (2009) study was extended by Chang et al. (2015), who took into 

account the evolution of the systems by considering the sensitivities on 

precipitation and ice phase, but was relatively limited in terms of 

representativeness because of the use of a 2D model. Satellite studies (e.g., 

BRÉON 2002; QUAAS et al. 2004; BULGIN et al. 2008) have an intrinsic 

limitation given the characteristics of the remote sensors. This kind of study 

usually deals with vertically-integrated quantities and frequently focuses on 

oceanic regions because of the favorable surface contrast.  

The main goal of this study is to expand the sensitivity calculations usually found 

in the literature to include: 1) aerosol and thermodynamic effects on cloud droplet 

number concentration, size, and shape of the size distribution; 2) comparison with 

the effect of cloud evolution, i.e., in-cloud processing; and 3) in-situ observations 

of the less frequently studied convective clouds over tropical continental regions. 

For this purpose, we report on recent measurements over the Amazon rainforest 
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during the ACRIDICON-CHUVA campaign (WENDISCH et al. 2016), where a 

wide variety (in terms of aerosol concentrations and thermodynamic conditions) 

of cloud types were measured. We quantify the aerosol-induced changes in cloud 

microphysical properties and compare them to the effects of updraft intensity, 

which are related to thermodynamic properties, over different regions in the 

Amazon. Both processes are analyzed with a focus on cloud evolution. Our 

methodology should prove useful for better understanding aerosol-cloud 

interactions over the Amazon, which is a region, as are the tropics as a whole, 

with poor forecasting skill (KIDD et al., 2013). 

5.2. Campaign and methodology 

During the years 2014 and 2015, the GoAmazon2014/5 campaign took place in 

the Amazon to improve our understanding regarding aerosol particles, 

atmospheric chemistry, clouds, radiation, and their interactions (MARTIN et al., 

2016). In conjunction with the second Intensive Operations Period (IOP2) of this 

experiment, the ACRIDICON-CHUVA campaign took place during September-

October 2014 (WENDISCH et al., 2016). It included 14 research flights with the 

German HALO (High Altitude and Long Range Research Aircraft). A previous 

campaign dedicated to study aerosol-cloud interactions took place in the Amazon 

in 2002 (LBA-SMOCC, ANDREAE et al., 2004), but it had been relatively limited 

in terms of range and ceiling of the aircraft measurements. The high endurance 

of the HALO aircraft, which carried sophisticated microphysical, aerosol and solar 

radiation instrumentation, allowed for long-range flights from remote areas in 

northern Amazon, to the deforestation arc in the south and to the Atlantic coast 

in the eastern part (Figure 5.1). The flights were planned to cover five different 

mission types focusing on different cloud, aerosol, chemistry and radiation 

processes (see WENDISCH et al., 2016 for details). The flights were numbered 

chronologically as ACXX, where XX varies from 07 to 20. For this study, the cloud 

profiling missions are of particular interest and their respective locations are 

shown in Figure 5.1. In this study, we take advantage of HALO’s capabilities to 

compare different types of clouds formed over different Amazonian regions, 
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focusing on their warm microphysics. In addition to the HALO measurements, 

ground-based equipment was also operated in and near Manaus city 

(MACHADO et al., 2014; MARTIN et al., 2016). 

The results shown here were obtained from the measurements of four different 

instruments (for a list of all HALO instruments, see WENDISCH et al., 2016), 

covering aerosol, cloud and meteorological properties. We will focus on aerosol 

and CCN number concentrations, cloud droplet size distributions (DSD), and 

updraft speed. The instruments are described in Section 3.2. 

Figure 5.1 - Locations where cloud profiles have been collected for different HALO flights. 
Clouds formed over southern Amazonia and in the Manaus region are 
subject to higher aerosol loadings due to the presence of the deforestation 
arc and urban emissions. Clouds formed over the northern and 
northwestern Amazon are driven by background conditions with low 
aerosol concentration. During the GoAmazon2014/5 IOP2, maritime 
clouds were also profiled on the Atlantic coast. 
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5.3. Sensitivity calculation 

Several earlier studies calculated cloud sensitivity to aerosols and/or updrafts 

(FEINGOLD, 2003; MCFIGGANS et al, 2006; KAY; WOOD, 2008; REUTTER et 

al, 2009; SOROOSHIAN et al, 2009; KARDYS et al, 2012; CHANG et al, 2015), 

but they were usually limited in scope by not considering the factors that 

contribute to the cloud microphysics individually. This study aims to expand the 

sensitivity methodology by concurrently considering cloud evolution, updraft 

speed, and aerosol effects on clouds and by taking advantage of the 

comprehensive ACRIDICON-CHUVA dataset to represent different kinds of 

clouds and thermodynamic conditions. As pointed out by Seinfeld et al. (2016), 

major field campaigns provide a key opportunity for improving our knowledge of 

the aerosol-cloud-climate interactions, further motivating the results to be 

presented here. 

Three factors will be considered as the main drivers of cloud microphysical 

properties, each representative at least partially of thermodynamic and aerosol 

conditions and cloud evolution. For the aerosol characterization, we will use 

averaged concentrations measured by the AMETYST-CPC (referred here as NCN 

- see Table 5.1) at the cloud base level. This level was obtained from the CCP-

CDP measurements as the lowest level where the LWC is higher than 0.01 g m-

1. As the profiles always started by cloud base penetrations, this ensures a 

precise estimation of cloud base altitude. Table 5.1 also shows that cloud 

condensation nuclei (CCN) concentrations were proportional to NCN for the 

chosen instrument supersaturation. A linear fit between the two concentrations 

results in R2=0.96, with angular and linear coefficients equal to 1.57 and 243 cm-

3, respectively. For the purposes of the sensitivity calculations, we will use NCN 

instead of NCCN because they are not dependent on instrument or cloud 

supersaturations. The sensitivity calculation (see below) uses derivatives of the 

concentrations, so the choice of NCN or NCCN should have no significant impact 

on the results to be presented here. The most pristine clouds are observed near 

the coast (AC19), followed by the ones measured over the forest. The flights AC7, 
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AC12, and AC13 each showed increasing aerosol concentrations as the flights 

moved towards the southern Amazon. For the flights closer to Manaus city, the 

aerosol loading of the clouds depends on localized aspects such as small-scale 

biomass burning and the pollution plume from urban/industrial activities 

(CECCHINI et al., 2016). 

Table 5.1 – NCN and NCCN at cloud base for each flight considered in this study. *NCCN for 
flight AC20 showed pronounced scaling with S. The value shown is for the 
measurements where S > 0.52 %. This value is closer to the maximum 
droplet concentration measured at the base of the clouds (=1422 cm-3). 

Flight NCN (cm-3) NCCN (cm-3) S (%) 

AC19 465 119 0.52 

AC18 744 408 0.50 

AC9 821 372 0.51 

AC20 2331 1155* 0.55 

AC7 2498 1579 0.50 

AC11 2691 1297 0.49 

AC12 3057 2017 0.44 

AC13 4093 2263 0.44 

The second factor that affects cloud microphysics is the updraft intensity (w). It, 

along with the aerosol population, defines the supersaturation inside the clouds 

and thus affects the droplets condensational growth. The intensity of the updrafts 

depends both on meteorological conditions (e.g., temperature and humidity 

profiles) and on the latent heat release of condensing water. Aerosols may 

indirectly affect the amount of latent heat released (smaller droplets in polluted 

clouds have favorable area-to-volume ratio), but the speed of the ascending air 
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can be understood as a response to the thermodynamic conditions in the clouds. 

Therefore, w can be used as a benchmark to compare different clouds subject to 

similar cloud-microphysics-relevant thermodynamic conditions. 

Lastly, it is important to have an estimate of how cloud microphysical properties 

evolve throughout the system evolution. More importantly, how to detect similar 

cloud stages over the different flights for comparison. The HALO cloud profiling 

missions were planned to capture growing convective clouds in the different 

Amazonian regions. The aircraft penetrated the systems first at cloud base and 

then at ascending altitudes in the cloud tops of the growing convective elements. 

This strategy allows the use of altitude above cloud base (herein referred as H, 

in meters, also known as cloud depth) as proxy for cloud evolution. 

Measurements at higher altitudes reflect later stages of the cloud lifecycle as the 

systems develop upward. We use the derivatives of the microphysical properties 

with respect to H, which can be understood as variations during the cloud 

evolution. This will put the sensitivities to NCN and w into perspective, highlighting 

the importance to detect cloud stage. 

The sensitivities are calculated as partial derivatives on a natural log scale. In this 

way, they are normalized for quantitative comparison. Based on the terminology 

in the literature (e.g., FEINGOLD 2003; CHANG et al., 2015), we consider the 

sensitivities as follows:  

𝑆𝑌(𝑋𝑖) =
𝜕𝑙𝑛𝑌

𝜕𝑙𝑛𝑋𝑖
|
𝑋𝑗,𝑋𝑘

                                                                                   (5.3.1) 

where X is the independent variable, i.e., w, NCN and H, and Y is the cloud 

microphysical property of interest. For the sensitivity calculation, we will focus 

firstly (Section 5.5) on cloud droplet number concentration (Nd) and effective 

droplet diameter (Deff) of cloud DSD with D < 50 μm. In Section 5.6 we also 

consider the sensitivities in (LWC), relative dispersion (ε) and curvature 

parameter (Λ, see respective text for details). The three factors chosen for X in 

this study are not necessarily independent; therefore, in order to follow the partial 
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derivative formalism, we include the criteria expressed by the vertical line 

(Equation 5.3.1). The subscript in X identifies the different independent variables 

considered. This notation means that two independent variables remain constant 

while the sensitivity to the third is being calculated. As an example, the sensitivity 

of Nd to NCN, w, and H can be expressed as: 

𝑆𝑁𝑑
(𝑁𝐶𝑁) =

𝜕𝑙𝑛𝑁𝑑

𝜕𝑙𝑛𝑁𝐶𝑁
|
𝑤,𝐻

 , 𝑆𝑁𝑑
(𝑤) =

𝜕𝑙𝑛𝑁𝑑

𝜕𝑙𝑛𝑤
|
𝑁𝐶𝑁,𝐻

 , 𝑆𝑁𝑑
(𝐻) =

𝜕𝑙𝑛𝑁𝑑

𝜕𝑙𝑛𝐻
|
𝑤,𝑁𝐶𝑁

         (5.3.2) 

Equation 5.3.2 recognizes that several parameters can affect Nd, and they should 

be analyzed individually. Other sensitivities, such as 𝑆𝐷𝑒𝑓𝑓
(𝑁𝐶𝑁) or 𝑆𝐷𝑒𝑓𝑓

(𝑤), are 

obtained analogously.  

As it is not feasible to analyze the sensitivities under exactly constant conditions 

as in Equation 5.3.2, we decided to use NCN, w and H intervals instead. These 

quantities were binned into {0 cm-3, 500 cm-3, 1000 cm-3, 3000 cm-3, 4500 cm-3}, 

{0 m s-1, 0.5 m s-1, 1 m s-1, 2 m s-1, 4 m s-1, 8 m s-1}, and {0 m, 200 m, 500 m, 950 

m, 1625 m, 2637 m, 4156 m}, respectively. In this way, there are 4, 5, and 6 NCN, 

w, and H intervals, respectively. The values of the bins were chosen in order to 

maximize the amount of data in each interval, which required growing spacing in 

w and H. We use constant NCN values for each profile and the respective bins 

effectively group different flights according to the pollution level. Note that flight 

AC19 falls in the first interval, flights AC9 and AC18 in the second, AC7, AC11, 

and AC20 in the third and AC12 and AC13 in the fourth (see Table 5.1). We then 

produce 4-by-5-by-6 matrices containing averaged Nd and Deff values for the 

combined intervals, covering all variations possible. By fixing two dimensions and 

varying the third, we obtain the average variation of the microphysical property to 

the independent variable of choice. The sensitivity is calculated as linear fits in 

the natural logarithm scale. 
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5.4. Cloud droplet size distributions related to different aerosol and 

thermodynamic conditions 

The first qualitative indication of the effect of NCN, w, and H on cloud microphysical 

properties can be seen in Figure 5.2. This figure shows DSDs grouped into four 

categories according to the aerosol concentration (NCN) at cloud base: 1) 

Maritime clouds, with NCN ≤ 500 cm-3 (only flight AC19); 2) Clouds under 

Amazonian background conditions, with 500 cm-3 < NCN ≤ 1000 cm-3 (flights AC9 

and AC18); 3) Moderately polluted clouds, with 1000 cm-3 < NCN ≤ 3000 cm-3 

(flights AC7, AC11, and AC20); and 4) Polluted clouds, with NCN > 3000 cm-3 

(flights AC12 and AC13). Solid lines in Figure 5.2 represent DSDs for neutral 

vertical speed (-1 m s-1 ≤ W ≤ 1 m s-1) while the DSDs with dashed and dot-

dashed lines indicate the up- and downdraft regions, respectively (|𝑊| > 1⁡m s-1; 

note that we use W to differentiate from w which refers only to the updraft portion). 

They represent averages for all profiles matching the aerosol intervals chosen (1 

maritime, 2 Amazonian background conditions, 3 moderated pollution and 2 

polluted). Individual profiles can be found in Figures 5.3-6. It is evident that 

aerosols and updrafts affect the droplet size distribution and its evolution in 

different ways and magnitudes. Clouds that develop under similar aerosol 

conditions tend to have similar DSDs not only at cloud base but also higher in the 

warm layer. The individual profiles shown in Figures 5.3-6 confirm the pattern that 

is evident in Figure 5.2. On the other hand, the updraft effect is limited to 

modulations of the DSDs, especially in the D < 10 μm range. Note that DSDs 

subject to similar w can be widely different depending on the respective pollution. 

The resulting vertical evolution of the clouds is dependent of the NCN value, being 

more pronounced the cleaner the clouds are. We only observed significant 

concentrations of precipitation-sized droplets (e.g., > 100 μm) for NCN < 3000 cm-

3. 
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Figure 5.2 - Droplet size distributions as function of altitude above cloud base, aerosol 
particle number concentration, and vertical wind speed, W. Four 1000-m-
thick layers are considered in the vertical, where the legends in the graphs 
show the respective upper limit of each one. Solid lines represent 
averaged DSDs for -1 m s-1 ≤ W ≤ 1 m s-1, i.e., for relatively neutral vertical 
movements. Dashed lines represent averaged DSDs for the updraft 
regions where W > 1 m s-1, and dot-dashed lines represent the downdrafts 
(W < -1 m s-1). There is only one Maritime flight (AC19), two in the 
Amazonian Background (AC9 and AC18), three with moderate pollution 
(AC7, AC11, and AC20), and two polluted (AC12 and AC13). 
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The main motivation for calculating sensitivities is to quantify and compare the 

role of NCN, w, and H in the formation and evolution of the DSDs as seen in Figure 

5.2. In this way, it will be possible to check the magnitudes of the effects of 

aerosols, thermodynamics (as seen from the updrafts), and cloud evolution in the 

determination of the warm-phase characteristics. Note, however, that we are 

focusing on only one portion of the updraft effects, i.e., the condensation and 

collision-coalescence effects. For instance, Heymsfield et al. (2009) showed that 

small droplets carried up by updrafts can significantly participate in the cold 

processes of the clouds, which are not addressed here. This study considers the 

first stage of the cumulus clouds just before the formation of ice particles. 

Regardless, Figure 5.2 evidences that all three chosen independent variables 

have specific roles in determining cloud DSDs characteristics. Together they 

explain most of the warm-phase properties. 

Figure 5.3 – Same as Figure 5.2 but for flight AC19 only. 
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Figure 5.4 - Same as Figure 5.2 but for flights (a) AC9 and (b) AC18 only. 
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Figure 5.5 – Same as Figure 5.2 but for flights (a) AC7, (b) AC11, and (c) AC20 only. 
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Figure 5.6 – Same as Figure 5.2 but for flights (a) AC12 and (b) AC13 only. 

 

 

5.5. Comparing the main drivers of bulk microphysical properties of 

Amazonian clouds 

For quantitative comparisons, it is interesting to consider bulk DSD properties 

such as Nd and Deff instead of the whole DSD as in Figure 5.2. We will quantify 

the influence of NCN, w, and H in these properties as a means to understand the 

effects on the overall DSD. This analysis will be complemented by the study of 
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the DSD shape in next section. By comparing the sensitivities of cloud droplet 

concentration and size to NCN and w, it is possible to make a comparison that 

represents, at least partially, the contrasts between the importance of aerosols 

and thermodynamics on cloud characteristics. A significant portion of the 

previous work in this field was dedicated to understand the processes that lead 

to the observed Nd. Twomey (1959) provides theoretical considerations of NCN 

and w effects on the supersaturation, which ultimately defines Nd for a given CCN 

spectra. More recent studies report on observations and modeling efforts to 

portray these processes in different regions of the world, calculating cloud 

sensitivities to both updraft speed and aerosol conditions. By analyzing aerosol 

and updraft conditions around the globe, Sullivan et al. (2016) note that w can be 

the primary driver of Nd in some regions. Reutter et al. (2009), using an adiabatic 

cloud model, argue that Nd sensitivities to aerosol concentrations and w can vary 

depending on their relative magnitudes. Adiabatic clouds are not highly sensitive 

to w (at cloud base) when NCCN is low and vice-versa. Some studies also consider 

sensitivities in droplet size, such as Feingold (2003). However, cloud evolution is 

rarely put into perspective representing a limitation of previous studies. In the 

following, we will show our extended calculations of the sensitivities, where we 

consider the effects of aerosols, updraft speed, and H on Nd and Deff. 

Based on Equation 5.3.2, it is evident that there exist several values for each 

sensitivity. As an example, 𝑆𝑁𝑑
(𝑁𝐶𝑁) has different values depending on the 

chosen pair of {w, H}. However, given the nature of in-situ measurements, 

individual 𝑆𝑁𝑑
(𝑁𝐶𝑁) values are associated with reduced sample sizes and, 

therefore, compromise the statistical confidence. In this case, we present 

averaged values and the respective standard deviation for all {w, H} pairs 

considered, applying the same calculation to the other sensitivities as well. The 

intervals chosen for NCN, w, and H imply that those averages are representative 

of the lower ~4 km of the clouds, with updrafts up to 8 m s-1 and aerosol 

concentrations ranging from 500 to 4500 cm-3. 
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The results of the Nd and Deff averaged sensitivities (Table 5.2) reflect the patterns 

observed in Figure 5.2. The effective diameter shows strong association to the 

aerosol concentration and H while being almost independent of w. Specifically 

regarding NCN, the sensitivities calculated represent the first step in the 

parameterization of the aerosol indirect effect for climate models, i.e., its relation 

to cloud microphysical properties. Multiple studies have focused on this issue 

from several observational setups such as satellite/surface remote sensing and 

in situ measurements. Pandithurai et al. (2012) provide a compilation of this type 

of calculation (see their Table 2), showing a high variability among the sources. 

According to Schmidt et al. (2015), the differences are due to not only the 

measurement setup but also to the region (ocean/land), the types of clouds, and 

differences in the methodologies. Remote sensing techniques often retrieve 

vertically integrated quantities at relatively rough horizontal resolution, which can 

smooth the results, meaning lower sensitivities. On the other hand, in-situ 

airborne measurements are closer to the process scale and may result in more 

accurate estimates of the aerosol effect (WERNER et al., 2014). However, the 

studies reviewed in Pandithurai et al. (2012) and Schmidt et al. (2015) are mostly 

for stratus or cumulus clouds over ocean. Additionally, measurements of w were 

either not available or were not differentiated in most of the previous analyzes, 

while the results are often integrated in altitude or limited to a specific cloud layer 

(e.g., cloud top in satellite retrievals). Our study focuses on tropical convection 

over the Amazon and takes into account both the updraft speed and altitude of 

the measurements. 

The values of the sensitivities with regard to NCN presented here are among the 

highest reported in literature. They are not far from the theoretical limit of 

𝑆𝑁𝑑
(𝑁𝐶𝑁) = 1 (𝑁𝑑 ≤ 𝑁𝐶𝑁) and 𝑆𝐷𝑒𝑓𝑓

(𝑁𝐶𝑁) = −0.33, which is quite common for in-

situ airborne studies (WERNER et al., 2014). The limit for Deff is an approximation 

and stems from the relation (if LWC is held constant) 𝐷𝑒𝑓𝑓 ∝ (
𝐿𝑊𝐶

𝑁𝑑
)
1/3

 (e.g. 

MARTIN et al., 1994). Given the precautions taken here to isolate the aerosol 

effects, these values show that Amazonian clouds are highly sensitive to 
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pollution. Human-emitted particles affect not only the DSDs close to cloud base 

but also over at least the lower 4 km of the warm-phase domain. 

Table 5.2 - Nd and Deff averaged sensitivities to NCN, w, and H. Standard deviations are 
also shown. R2 values are averages of the individual fits. The total 
variations for NCN, w, and H are 500 cm-3 to 4500 cm-3, 0 m s-1 to 8 m s-1 
and 0 m to 4156 m, respectively. Intervals grows logarithmically (or close 
to) for w and H. 

 𝑺𝑵𝒅
̅̅ ̅̅ ̅ 𝑺𝑫𝒆𝒇𝒇

̅̅ ̅̅ ̅̅ ̅ 

𝑵𝑪𝑵 0.84 ± 0.21 

R2 = 0.91 

-0.25 ± 0.074 

R2 = 0.89 

𝒘 0.43 ± 0.28 

R2 = 0.81 

0.028 ± 0.058 

R2 = 0.46 

𝑯 -0.13 ± 0.16 

R2 = 0.38 

0.28 ± 0.058 

R2 = 0.93 

The sensitivities to the updraft speed have a distinct behavior when compared to 

the aerosol effect. Not only does it show lower values overall but it shows different 

behaviors for Nd and Deff. It shows that even strong updrafts are not able to 

significantly increase the effective droplet size by enhancing condensation. In 

fact, this sensitivity oscillates around zero with slightly negative and positive 

values (see Table A.2) and with relatively low R2. This finding is similar to what 

Berg et al. (2011) observed in Oklahoma City. Close to cloud base, they found a 

significant relation between Nd and w, and a low correlation between Deff and w. 

Here we show that this feature is not limited to cloud base but persists with 

altitude on average. Feingold et al. (2003), using an adiabatic cloud parcel model, 

found a negative value for 𝑆𝐷𝑒𝑓𝑓
(w), with a higher absolute value for polluted 

clouds. The result could be explained by activation of smaller aerosol particles 

with increasing updraft speed, leading to higher concentrations of small droplets 



94 
 

that skewed the mean diameter to lower values. Although we observed slightly 

negative sensitivity for highly polluted clouds at their base (Table A.2), our 

measurements show that the overall averaged Deff is nearly independent of w for 

the Amazonian clouds. 

Freud et al. (2011) and Freud and Rosenfeld (2012) showed similar observations 

in the Amazon, India, California, and Israel. They provide theoretical formulations 

that support some of those observations. These authors showed that the vertical 

evolution of Deff behaves almost adiabatically because of the predominance of 

inhomogeneous mixing in convective clouds. In this way, droplet effective size 

can be obtained from cloud base Nd, pressure, and temperature. In fact, this is 

the framework for a new technique developed to obtain CCN retrievals from 

satellites (ROSENFELD et al., 2016). Our study provides a new look at those 

observations and theoretical considerations by specifically quantifying, without 

any adiabatic assumption, each process with our formulation of sensitivity. 

Comparisons of the sensitivities to w and NCN can be used to infer the roles of 

the aerosols and thermodynamic conditions on the DSD characteristics. Not only 

do the aerosols primarily determine the size of the droplets but they also have 

the biggest impact on the number concentration, high variability in 𝑆𝑁𝑑
(𝑤) 

notwithstanding. This result shows that in terms of the warm layer aerosols play 

a primary role in determining DSD characteristics. 

The sensitivities to H are calculated in order to put the aerosol and updraft effects 

into perspective regarding cloud evolution. This calculation shows that, on 

average, droplet growth with cloud evolution is comparable in absolute value and 

opposite to the aerosol effect. For this reason, studies should take into account 

the altitude of the measurements. Polluted Amazonian clouds show slower 

droplet growth with altitude (CECCHINI et al., 2016) and 𝑆𝐷𝑒𝑓𝑓
(𝐻) may vary with 

NCN. With lower 𝑆𝐷𝑒𝑓𝑓
(𝐻), 𝑆𝐷𝑒𝑓𝑓

(𝑁𝐶𝑁) possibly increase with altitude. The most 

important factor evident in Table 5.2 for Deff is that it shows strong relations with 
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NCN and H, while being independent of w. This result is of great value for 

parameterizations or other analyses of cloud droplet size. 

Whereas Deff shows a clear relation to NCN and H, being relatively constant at 

fixed altitude, Nd displays a highly variable behavior. The averaged 𝑆𝑁𝑑
(𝐻) has a 

slightly negative value with high standard deviation. There can be either droplet 

depletion or production with altitude, but the former prevails on average. New 

droplet activation should be expected in polluted clouds, where not all aerosols 

are activated at cloud base. In fact, Table A.6 shows that 𝑆𝑁𝑑
(𝐻) is positive for 

the most polluted clouds probed when updraft speeds are > 0.5 m s-1, although 

R2 values are quite low. Droplet depletion with altitude can be a result of 

evaporation and/or collection growth. Cecchini et al. (2016) showed that 

Amazonian background clouds present rather effective collision-coalescence 

growth, which would suggest a negative 𝑆𝑁𝑑
(𝐻) for those clouds. This 

mechanism is difficult to observe in the present study, with relatively low R2 in the 

individual 𝑆𝑁𝑑
(𝐻) (Table A.6). Overall, the highly variable relation between Nd and 

H suggest that droplet concentration is not closely tied to altitude above cloud 

base, as it is the case for Deff. On the other hand, droplet concentration has 

significant horizontal variation given different mixture and w conditions, while the 

effective diameter remains similar at constant altitude levels. 

5.6. Effects on DSD shape and relation between sensitivities 

The use of a parametric function to represent the DSDs can be of interest in order 

to understand the sensitivities in the overall shape of the DSDs. One function 

widely adopted in many applications and especially in models (KHAIN et al. 2015) 

is the Gamma function. One of the forms of the Gamma function represents the 

DSDs as in Equation 3.3.1. The advantage of using this function is that it can be 

analytically integrated, providing relatively simple equations for the DSD 

parameters. Nd, Deff, and LWC can be calculated from the moments of the 

Gamma DSD (units are cm-3, μm, and g m-3, respectively): 
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𝑁𝑑 = 𝑀0                                                                                                       (5.6.1) 

𝐷𝑒𝑓𝑓 =
𝑀3

𝑀2
                                                                                                    (5.6.2) 

𝐿𝑊𝐶 = 10−9𝜌𝑤
𝜋

6
𝑀3                                                                                   (5.6.3)                                                   

Where ρw is the density of liquid water (considered as 1000 kg m-3 here) and Mp 

is the pth moment of the DSD, given by: 

𝑀𝑝 = ∫ 𝐷𝑝𝑁(𝐷)𝑑𝐷
∞

0
= 𝑁0

Γ(𝜇+𝑝+1)

Λ𝜇+𝑝+1
                                                           (5.6.4) 

By substituting Equation 5.6.4 into Equation 5.6.2 it is possible to write Deff as a 

function of Nd and LWC: 

𝐷𝑒𝑓𝑓 = 109 6

𝜋𝜌𝑤
𝛾

𝐿𝑊𝐶

𝑁𝑑
                                                                                   (5.6.5) 

Where γ is a parameter that depends on the DSD shape and droplet size. It can 

be written as a function of ε, defined as the ratio between the DSD standard 

deviation and its average, which is much more common in the literature (e.g. LIU; 

DAUM 2002; TAS et al. 2015): 

𝛾 =
Λ

2

(𝜇+2)(𝜇+1)
=

Λ𝜀2

𝐷𝑎
                                                                                    (5.6.6) 

Da is the mean diameter resulting from the ratio between the 2nd and 1st order 

moments. By substituting Equation 5.6.6 into Equation 5.6.5, applying the natural 

logarithm and the partial derivative to lnXi (as in Equation 5.3.1), it is possible to 

write: 

𝜕𝑙𝑛𝑁𝑑

𝜕𝑙𝑛𝑋𝑖
=

𝜕𝑙𝑛Λ

𝜕𝑙𝑛𝑋𝑖
+ 2

𝜕𝑙𝑛𝜀

𝜕𝑙𝑛𝑋𝑖
+

𝜕𝑙𝑛𝐿𝑊𝐶

𝜕𝑙𝑛𝑋𝑖
− 2

𝜕𝑙𝑛𝐷𝑒𝑓𝑓

𝜕𝑙𝑛𝑋𝑖
                                                 (5.6.7) 

which is an explicit representation of the relation between the sensitivities. Note 

that 
𝜕𝑙𝑛𝐷𝑒𝑓𝑓

𝜕𝑙𝑛𝑋𝑖
=

𝜕𝑙𝑛𝐷𝑎

𝜕𝑙𝑛𝑋𝑖
 because of the similarities in the equations of both diameters. 
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The first two terms in the right-hand side of Equation 5.6.7 represent the DSD 

shape, where Λ is related to the curvature of the Gamma curve and ε is the 

relative dispersion around the DSD mean geometric diameter. Lower (higher) Λ 

and higher (lower) ε are associated to broader (narrower) DSDs. Equation 5.6.7 

shows that, in order to compare the sensitivities in Nd, Deff, and LWC, the DSD 

shape has to be taken into account. 

Several aspects of the aerosol-cloud-interaction physics can be illustrated by 

Equation 5.6.7. The Twomey effect states that clouds subject to high aerosol 

concentrations have enhanced albedo because of the more numerous droplets 

with increasing aerosol loading (Twomey,1974). This effect is defined when 

comparing clouds with the same LWC. Translating it into Equation 5.6.7 (with Xi 

= NCN), it means the LWC derivative is neglected, which defines a relation 

between droplet concentration, effective diameter, and DSD shape. By 

comparing to the expression 𝑆𝐷𝑒𝑓𝑓
(𝑁𝐶𝑁)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = −

1

3
𝑆𝑁𝑑

(𝑁𝐶𝑁)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  often found in the 

literature, we can conclude that the sensitivity in Nd is offset by DSD shape 

alteration. In other words, two thirds of the Nd sensitivity is allocated into DSD 

narrowing or broadening, while the remainder is effectively altering Deff. 

The effects of enhanced aerosol concentrations on the DSD shape is of great 

interest to the climate change community, given that it contributes to the aerosol 

indirect effect. Liu and Daum (2002) report that pollution, besides lowering droplet 

size, tends to broaden the DSDs, which would result in weaker cooling forcing 

compared to previous calculations. They show that the previous estimations of 

the aerosol indirect effect considered a fixed ε, possibly overestimating the 

cooling forcing. Recently, Xie et al. (2017) reports improved model comparisons 

with satellites when better estimating the relative dispersion. Therefore, it is 

important to understand the relation between ε (and Λ) not only to aerosols, but 

also to updraft speed and height above cloud base. The overall averages 

presented in Table 5.3 show that the DSD curvature (Λ) is sensitive to NCN and 

H, but the values are rather small for ε. This results from the not-so-simple relation 
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between DSD shape and NCN, w and H. Figure 5.7 shows the variations of the 

sensitivities of Λ and ε with NCN and H (no significant variations were found for 

w), where it is clear that the overall averages in Table 5.3 must be analyzed with 

caution for DSD shape. The ε sensitivities have significantly different behavior for 

clean and polluted clouds and also change sign along H. Both features result in 

a low overall average as presented in Table 5.3, but this does not mean that the 

ε sensitivity is negligible. Instead, a more detailed analysis should be considered. 

Table 5.3 - Same as Table 5.2, but for the sensitivities in Λ, ε, and LWC. 

 𝑺𝚲
̅̅ ̅ 𝑺𝜺

̅̅ ̅ 𝑺𝑳𝑾𝑪
̅̅ ̅̅ ̅̅ ̅ 

𝑵𝑪𝑵 0.23 ± 0.34 

R2 = 0.64 

-0.015 ± 0.16 

R2 = 0.54 

0.078 ± 0.34 

R2 = 0.34 

𝒘 0.046 ± 0.17 

R2 = 0.49 

0.039 ± 0.094 

R2 = 0.46 

0.49 ± 0.34 

R2 = 0.77 

𝑯 -0.43 ± 0.32 

R2 = 0.64 

0.094 ± 0.16 

R2 = 0.42 

0.67 ± 0.21 

R2 = 0.76 

The sensitivities in Λ and ε usually have opposite signs, given their relation to 

DSD shape – broader DSDs tend to have higher ε but lower Λ. Nevertheless, 

their relation with NCN and H are conceptually similar and illustrate interesting 

processes. Figure 5.7a shows that the DSD shape variation with altitude is much 

more pronounced in cleaner clouds, which is a result of a strong collision-

coalescence process. The higher the aerosol concentration, the lower is the 

sensitivity of ε to H. For the most polluted clouds measured by HALO, the relative 

dispersion parameter is almost insensible to H, meaning that it does not change 

much as the cloud grows. There is, however, still some effect on the DSD 

curvature, making the summation of the first two terms in the right-hand side of 
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Equation 5.6.7 non-negative in this case (see solid blue line in Figure 5.7a). For 

the sensitivities of Λ and ε to w, the same summation (dashed line in Figure 5.7a) 

is basically null, meaning that these two terms have no contribution in Equation 

5.6.7. Nevertheless, stronger updrafts tend to produce narrower DSDs in the 

maritime clouds where the aerosol population is limited in terms of number 

concentration and particle type/chemistry. 

The patterns along H of the DSD shape sensitivities (Figure 5.7b) pose an 

interesting question for the parameterization of the aerosol indirect effect in 

Amazonian clouds. There are significant changes in ε tendencies as the clouds 

evolve. Note that aerosols induce broader DSDs up to H ~ 500 m, but the 

opposite happens above that point. In fact, for our higher altitude bin (2637 m < 

H ≤ 4156 m), the average ε is lowest for the most polluted clouds (= 0.28, while 

clouds over the forest and Atlantic Ocean show values of 0.32 and 0.42, 

respectively). In other words, the effect of broader DSDs under polluted 

conditions may not directly apply for convective clouds over the Amazon, where 

growth processes in the cloud can significantly change this pattern. This 

highlights the need to take cloud evolution into account and there is no direct 

relation between aerosols and cloud relative dispersion in the warm phase of 

Amazonian clouds. For satellite retrievals, where integrated quantities are of 

likely interest, the relative dispersion will depend not only on the aerosol 

concentration but also on cloud depth and lifecycle stage. 
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Figure 5.7 -  Variations of the sensitivities of Λ and ε with (a) NCN and (b) H. Note that the 
sensitivities of ε are multiplied by 2 in order to be consistent with Equation 
5.6.7. The curves are averaged over all values of the third dependent 
variable. For instance, the curve 𝑆Λ(𝑤) in a) is averaged over all H values. 
Blue curves represent the sum of the sensitivities of Λ and ε, equivalent 
to the first two terms in the right-hand side of Equation 5.6.7. 

 

Regarding the sensitivities to w, Figure 5.7 and Tables 5.2 and 5.3 show that 

updraft speed has little impact on DSD shape or droplet size. The result in terms 

of Equation 5.6.7 is the equality between the sensitivities in Nd and LWC, which 

is generally the case when we compare the averages shown in Tables 5.2 and 
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5.3. In other words, the updraft effect is limited to increases in the droplet 

concentration and water content, modulating both Nd and LWC in the same 

proportion. Overall, the observations shown here should help understand which 

cloud properties are affected by aerosols, cloud evolution and thermodynamic 

conditions. The latter was found to be associated to bulk water contents in the 

clouds, while the overall shape of the DSDs are determined by the aerosol 

condition during cloud formation and the subsequent evolution. 

5.7. Closing remarks 

The ACRIDICON-CHUVA campaign and the capabilities of the HALO aircraft 

allowed, for the first time, analyzing the sensitivities of Amazon tropical 

convective clouds to aerosol number concentrations and updraft speed while also 

considering cloud evolution. The sensitivity formulation identified that aerosol 

number concentrations play a primary role in the formation of the warm phase of 

convective clouds, determining not only droplet concentration but also diameter 

and overall DSD shape. On the other hand, the thermodynamic conditions, as 

represented by the updraft intensity, affect primarily DSD bulk properties such as 

water content and droplet concentration. It was shown that the altitude above 

cloud base is critical when analyzing aerosol and updraft impacts on clouds, given 

that the DSD properties evolve with further processing in the system. 

It was observed that an increase of 100% in aerosol concentration results in an 

84% increase in droplet number concentration on average, while the same 

relative increase in updraft wind speed results in only 43% change. Regarding 

mean droplet size, we found it to be effectively independent of the updraft speed. 

Roughly, the effective droplet diameter decreases 25% when aerosol 

concentration doubles. The comparison between the aerosol and the 

thermodynamic effects shows that the aerosol concentration is the primary driver 

for DSD, whereas the updrafts mainly affect droplet number concentration and 

liquid water content. During cloud evolution, droplet number concentration is 

depleted while the diameter sensitivity to the growth processes is quantitatively 
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similar to the aerosol effect. Additionally, the aerosol effect on DSD shape inverts 

in sign with altitude, favoring broader droplet distributions close to cloud base but 

narrower higher in the clouds. This highlights the importance of differentiating the 

analysis by altitude above cloud base, which is an appropriate proxy for DSD 

lifetime for our measurements. 
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6 ILLUSTRATION OF MICROPHYSICAL PROCESSES OF AMAZONIAN 

DEEP CONVECTIVE CLOUDS IN THE GAMMA PHASE SPACE: 

INTRODUCTION AND POTENTIAL APPLICATIONS 

This Chapter consists of the third paper written as part of this thesis. It is currently 

under review for ACP and can be found in the ACPD website at 

http://www.atmos-chem-phys-discuss.net/acp-2017-185/. 

6.1. Background 

Tropical deep convective clouds (DCCs) constitute an important source of 

precipitation (LIU, 2011), they interact with atmospheric solar and terrestrial 

radiation, dynamical processes and the hydrological cycle (ARAKAWA, 2004). 

Deep tropical convection is responsible for transporting energy upwards, and 

thus sustaining the Hadley circulation that redistributes heat to higher latitudes 

(RIEHL; MALKUS, 1958; RIEHL; SIMPSON, 1979; FIERRO et al., 2009, 2012). 

Therefore, understanding the processes that impact the characteristics of tropical 

DCCs is crucial in order to comprehend and model the Earth’s climate. 

DCCs over the Amazon are of particular interest. Given the homogeneity of the 

surface and the pristine air over undisturbed portions of the rainforest, Amazonian 

DCCs can have similar properties to maritime systems (ANDREAE et al., 2004). 

At the same time, their daily persistence and the considerable latent heat release 

have a noticeable impact on the South America climate by, for instance, 

maintaining the Bolivian High, which is a key component of the South America 

monsoon system (ZHOU; LAU, 1998; VERA et al., 2006). 

Clouds and aerosol particles interact in a unique way in the Amazon. Low 

concentrations of natural aerosols derived from the forest are the major source 

of natural cloud condensation nuclei (CCN) and ice nuclei (IN) population under 

undisturbed conditions (PÖSCHL et al., 2010; PRENNI et al., 2009). Other 

sources of aerosol particles over the Amazon include long range Saharan dust 

and sea salt transport, biomass burning (either naturally-occurring or human-

http://www.atmos-chem-phys-discuss.net/acp-2017-185/
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induced) and urban pollution downwind from cities and settlements (CECCHINI 

et al., 2016; MARTIN et al., 2010). 

Human-emitted pollution can significantly alter cloud properties by enhancing 

CCN number concentrations (NCCN). Since the work of Twomey (1974), analyzing 

the effects of enhanced NCCN on cloud albedo, large attention has been given to 

aerosol-cloud-precipitation interactions. The effects of aerosol particles on warm-

phase precipitation formation is fairly well understood, where enhanced NCCN 

leads to the formation of more numerous but smaller droplets delaying the onset 

of rain (ALBRECHT, 1989; SEIFERT; BEHENG, 2006; VAN DEN HEEVER et al., 

2006; ROSENFELD et al., 2008). However, in mixed-phase clouds, the drizzle 

suppression by pollution can enhance ice formation leading to stronger updrafts 

and convective invigoration (ANDREAE et al., 2004; KHAIN et al., 2005; VAN 

DEN HEEVER et al., 2006; FAN et al., 2007; VAN DEN HEEVER; COTTON, 

2007; LEE et al., 2008; ROSENFELD et al., 2008; KOREN et al., 2010; LI et al., 

2012; GONÇALVES et al., 2015). Aerosol effects on clouds are reviewed by Tao 

et al. (2012), Rosenfeld et al. (2014) and Fan et al. (2016). By changing cloud 

properties, aerosol particless have an indirect impact in the thermodynamics of 

local cloud fields through, for instance, the suppression of cold pools and the 

enhancement of atmospheric instability (HEIBLUM et al., 2016b). 

Clouds that develop above the freezing level are harder to model given the 

complexity of the processes involving ice particles. One aspect of the aerosol 

effects on clouds is their ability to alter the way in which ice is formed in the mixed-

phase of convective clouds. Contact freezing is possibly the dominant process 

by which the first ice is formed (COOPER, 1974; YOUNG, 1974; LAMB et al., 

1981; HOBBS; RANGNO, 1985). As pointed out by Lohmann and Hoose (2009), 

anthropogenic aerosol particles can either enhance or hinder cloud glaciation due 

to black carbon emission (increasing IN concentrations) and aerosol particle 

coating (decreasing IN effectiveness), respectively. After the initial ice formation, 

secondary ice generation can be triggered by the release of ice splinters from 

freezing droplets (HALLET; MOSSOP, 1974; HUANG et al., 2008; SUN et al., 



105 
 

2012; LAWSON et al., 2015). Rather big (larger than 23 µm) cloud and drizzle 

droplets favor secondary ice generation (MOSSOP, 1978; SAUNDERS; 

HOSSEINI, 2001; HEYMSFIELD; WILLIS, 2014). Consequently, the smaller 

droplets found in polluted Amazonian clouds (ANDREAE et al., 2004; CECCHINI 

et al., 2016; WENDISCH et al., 2016) may slow down secondary ice generation. 

In order to model aerosol effects on clouds and the thermodynamic feedback 

processes involved, it is crucial to understand their effects on hydrometeor size 

distributions. The first step is the study of aerosol impacts on liquid droplet size 

distributions (DSDs) in the cloud’s warm-phase. Operational models that require 

fast computations usually adopt a Gamma curve (ULBRICH, 1983) to 

parameterize the DSDs (Equation 3.3.1). However, even though this function is 

widely adopted in models (KHAIN et al., 2015), there is almost no study regarding 

its phase space for checking DSD predictions between parameterization 

schemes. 

The phase space of cloud micro- and macro-physical properties has received 

recent attention because of the considerable gain of information accessible by 

relatively simple analysis tools. Heiblum et al. (2016a, b) studied cumulus fields 

in a two-dimensional (2D) phase-space consisting of cloud center of gravity 

versus water mass. The authors were able to evaluate several processes in this 

sub-space, including the aerosol effect. McFarquhar et al. (2015) studied the 

Gamma phase space for improving ice particle size distributions (PSD) fitting and 

parameterization. They showed that the inherent uncertainty of Gamma fittings 

result in multiple solutions for a single ice PSD, corresponding to ellipsoids rather 

than points in the phase-space. However, there is no study regarding the 

representation of warm-phase cloud DSDs in the Gamma phase-space and its 

evolution. 

For the representation of hydrometeor size distributions in two-moment bulk 

schemes, one of the three Gamma parameters is either fixed or diagnosed based 

on thermodynamic or DSD properties (THOMPSON et al., 2004; MILBRANDT; 
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YAU, 2005; FORMENTON et al., 2013a, 2013b). This process may produce 

artificial trajectories in the phase space when comparing Gamma fittings to 

observations. This study herein analyzes cloud DSD data collected during the 

ACRIDICON-CHUVA campaign (WENDISCH et al., 2016) in the Gamma phase 

space. The Gamma phase space and its potential use for understanding cloud 

processes is introduced and explored. A specific focus is on the aerosol effect on 

the trajectories in the warm-layer phase-space and potential consequences for 

the mixed-phase formation. 

6.2. Flight characterization 

During September-October 2014, the German HALO (High Altitude and Long 

Range Research Aircraft) performed a total of 96 h of research flights over the 

Amazon. The 14 flights were part of the ACRIDICON-CHUVA campaign 

(MACHADO et al., 2014; WENDISCH et al., 2016) that took place during the 

second intensive operation period (IOP2) of the GoAmazon2014/5 experiment 

(MARTIN et al., 2016). Here we focus on cloud profiling sections during six flights 

that occurred in different regions in the Amazon (Figure 6.1). The research flights 

of the ACRIDION-CHUVA were named chronologically from AC7 to AC20; the 

six flight missions focusing on the profiling of cloud microphysical properties 

(AC7, AC9, AC12, AC13, AC18 and AC19) accumulated 16.8 h of data (in or out 

of clouds), of which 50 min were inside the lower 6 km of the clouds. We 

concentrate on these flights for the DSD analysis in order to capture both warm-

phase characteristics and early mixed-layer formation. The time-frame of the 

campaign corresponds to the local dry-to-wet season transition, when biomass 

burning is active in the southern Amazon (ARTAXO et al., 2002; ANDREAE et 

al., 2015). 
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Figure 6.1 - Profile locations and trajectories of interest to this study. ACRIDICON-
CHUVA research flights were labeled chronologically from AC7 to AC20. 
The labels in the figure reflect the respective flights where the cloud 
profiling section took place. The colors represent the different regions: 
green for remote Amazon, blue for near the Atlantic coast and red for Arc 
of Deforestation (different shades for clarity). 

 

The flight paths followed a regular three-stage pattern: (i) Sampling of the air 

below clouds for aerosol characterization, (ii) Measurements of DSDs at cloud 

base, and (iii) Sampling of growing convective cloud tops (BRAGA et al., 2016; 

WENDISCH et al., 2016). Surface and thermodynamic conditions were different 

for the various flights (see Figure 6.1 and 6.4) with high contrasts in the north-

south direction. Logging, agriculture and livestock activities management involve 

burning extended vegetated areas in the region, which emit large quantities of 

particles that serve as CCN in the atmosphere (ARTAXO et al., 2002; ROBERTS 

et al., 2003). Because of this, this region is known as the “Arc of Deforestation,” 

and its thermodynamic properties tend toward pasture-like characteristics. The 

energy partitioning over pasture-like areas is different compared to regions over 
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the rainforest (FISCH et al., 2004), favoring sensible heat and higher cloud base 

heights (see Table 6.1). 

Figure 6.2 - GOES-13 visible images for flights (a) AC19, (b) AC9, (c) AC18, (d) AC7, 
(e) AC12, and (f) AC13. Images are approximately one hour after the 
profile start time. 

 

The cloud profiling missions were mostly characterized by cumulus fields, with 

some developed convection in two flights over the Arc of Deforestation (Figure 

6.2d, f). For flight AC7 some precipitation-sized droplets were observed (not 

shown); the clouds sampled during AC12 and AC13 presented almost no droplets 

having D > 100 µm. The precipitation during AC7 might be explained by the lower 

aerosol particle number concentrations compared to flights AC12 and AC13, later 

start of the profile and the presence of deep convection nearby (Table 6.1 and 

Figure 6.2). 

The results to be presented in this chapter are based on the five HALO sensors 

described in Section 3.2.2. For the DSD measurements, we applied Gamma fits 

as explained in Section 3.3. 
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Table 6.1 - General characteristics of the cloud profiling missions of interest to this study: 
condensation nuclei (NCN) and CCN concentrations (NCCN, with S = 0.48% 
± 0.03%), cloud base and 0 °C isotherm altitude (Hbase and H0°C, 
respectively), start and end time and total number of DSDs collected. The 
data are limited to the lower 6 km of the clouds. Profile start and end are 
given in local time. Cloud base altitude is calculated as the lower 
measurement where LWC is higher than 0.01 g m-3. 

Region Flight 

NCN 

(cm-3) 

NCCN 

(cm-3) 

Hbase 

(m) 

H0°C 

(m) 

Start End 
# 

DSDs 

Atlantic Coast AC19 465 119 550 4651 13:17 14:57 630 

Remote 

Amazon 

AC9 821 372 1125 4823 11:30 14:21 665 

AC18 744 408 1650 4757 12:32 14:14 397 

Arc of 

Deforestation 

 

AC7 2498 1579 1850 4848 13:49 17:16 674 

AC12 3057 2017 2140 4938 12:55 15:16 381 

AC13 4093 2263 2135 4865 12:46 15:36 204 

6.3. Introducing the Gamma phase space 

The fitted to Gamma parameters can be plotted in a 3D subspace where each 

parameter (N0, μ and Λ) represents one dimension. Each point in this 3D Gamma 

phase space is defined by one (N0, μ and Λ) triplet and thus represents one fitted 

DSD. This space includes all possible combinations of Gamma parameters of the 

theoretical variability of the DSDs. 

The 3D Gamma phase space is illustrated in Figure 6.3. There are two points in 

this figure defined by two location vectors 𝑃1
⃗⃗  ⃗ and 𝑃2

⃗⃗⃗⃗ , each one representing a fit 

to a specific DSD (see the insert in the left side of Figure 6.3) at different times 

(t1 and t2 for t2 > t1). If we consider that 𝑃1
⃗⃗  ⃗ and 𝑃2

⃗⃗⃗⃗  represent the same population 

of droplets evolving in the time (i.e. a Lagrangian case), we can link the two points 

by a displacement vector 𝑃⃗ = 𝑃2
⃗⃗⃗⃗ − 𝑃1

⃗⃗  ⃗, which can be associated to a pseudo-force 
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𝐹  (blue arrow in Figure 6.3). We use the term pseudo-force in order to illustrate 

that the growth processes produce displacements in the phase space. 

Alternatively, displacements in the phase space can also be understood as phase 

transitions, in which case each phase is related to a DSD. The pseudo-force 𝐹  

can be decomposed into two components, one related to condensational growth 

and the other to the collision-coalescence (collection) process. The respective 

pseudo-forces are illustrated as 𝐹𝑐𝑑
⃗⃗⃗⃗⃗⃗  and 𝐹𝑐𝑙

⃗⃗⃗⃗  ⃗ in Figure 6.3, respectively. This 

approach can be applied to multiple points, defining a trajectory through the 

phase space (gray dotted line). The change of the DSD results in modified 

Gamma parameters, which determine the trajectory through the Gamma phase 

space. The direction and speed of the displacements forming the trajectory are 

determined by the direction and intensity of the underlying physical processes 

that modify the DSD (condensation and collection). Those pseudo-forces are 

defined by properties such as the initial DSD, NCCN, updraft speed and 

supersaturation. Of course, this generalization considers only condensation and 

collision-coalescence. The pseudo-forces can be represented with more 

sophistication in models, including the several processes involved in the DSD 

changes such as evaporation, turbulence, melting from the layer above, breakup, 

sedimentation, etc. Therefore, these two processes can be replaced by a number 

of pseudo-forces as function of the level of sophistication of the model. We should 

remember that this approach does not consider contributions from other levels 

because advection is not directly addressed. To describe the whole process of 

DSD evolution during all cloud life cycle the contribution from other layers should 

be considered. 

The direction of the 𝐹𝑐𝑑
⃗⃗⃗⃗⃗⃗  pseudo-force in Figure 6.3 represents the transition of the 

DSD during the condensation process, which favors high values of μ while slightly 

increasing Λ. This induces both the narrowing and a slight increase in the 

effective droplet diameter (see equations in Section 3.3) of the DSD, which is 

expected from conventional condensation growth theory. Because of the DSD 

narrowing, the intercept parameter (N0) is also reduced. Condensational growth 
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may cause a broadening of the DSD in specific situations such as at the cloud 

base of polluted systems. However, this is an exception and most of the time 

condensational growth leads to DSD narrowing. The collision-coalescence 

pseudo-force acts in a significantly different way in the phase-space. From theory 

and precise numerical simulations that solve the stochastic collection equation, it 

is known that this process leads to DSD broadening (given the collection of small 

droplets and breakup of bigger ones) and faster droplet growth in size (compared 

to condensation). In the Gamma phase space, it should reflect in lower values of 

Λ and μ, the former decreasing at a faster pace. The intercept parameter N0 

should remain relatively constant, given that the effects of increased mean 

diameter and DSD broadening balance each other. With N0 almost constant, 

lower values of Λ and μ result in reduced droplet number concentration, which is 

consistent with theory (see Figure 6.9). 

In Section 6.5 we show Gamma parameters fitted to real DSD observations. It is 

not feasible to follow certain populations of droplets in a Lagrangian way with an 

aircraft. Therefore, the evolutions we analyze in the Gamma space are not strictly 

over time. As a compromise, we use the altitude above cloud base (H) of the 

measurements instead of time evolution, given the conditions of the 

measurements and our data handling. The cloud profiling missions were planned 

to capture growing convective elements before reaching their mature state, which 

is the reason why they usually started at around 12:00 local time. Additionally, we 

only consider DSD measurements where updraft speed w > 0 in order to focus 

on the ascending part of the growing clouds. 
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Figure 6.3 - Conceptual drawing of the properties of the Gamma phase-space in the 
warm-layer of the clouds. The dotted gray line represents one trajectory 

through the phase-space, representing the DSD evolution. 𝑃1
⃗⃗  ⃗ is one DSD 

that grows by condensation and collision-coalescence to reach 𝑃2⃗⃗⃗⃗ . The 

displacement represented by the pseudo-force F⃗  is decomposed into two 

components - Fcd
⃗⃗ ⃗⃗⃗⃗  (condensational pseudo-force) and Fcl

⃗⃗⃗⃗  ⃗ (collisional 

pseudo-force). Also shown are the two DSDs representative of points 𝑃1⃗⃗⃗⃗  

and 𝑃2⃗⃗⃗⃗ . 

 

6.4. Aerosol and thermodynamic conditions in different Amazonian 

regions 

The HALO flights are classified according to the region they covered and the 

respective aerosol and CCN number concentrations (Table 6.1). Note the close 

link between region of the measurements and the aerosol concentrations. From 

the most pristine clouds in the coast to the most polluted cases in the Arc of 

Deforestation, there is a ten-fold increase in NCN. Remote regions in the Amazon 

have aerosol particle concentrations slightly higher than over the coast, which is 

one of the reasons for the denomination “Green Ocean” (MARTIN et al., 2016). 
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Flights AC7, AC12 and AC13 present flight patterns progressively shifted to the 

south, which are accompanied by increasing values of NCN and NCCN. The farther 

away the flights take place from the forest, and consequently closer to urbanized 

regions, the higher are the pollution levels. 

Cloud profiles started late in the morning or at early afternoon. The flights were 

specifically planned for this time period because the convective systems are 

usually in their developing stages at this time. The freezing level varied between 

4500 and 5000 m, while cloud base altitudes were more variable (500 to 2000 

m), which resulted from the regional meteorological conditions (Figure 6.4), and 

which affects the characteristics of the cloud layers. Clouds in the Arc of 

Deforestation are subject to drier air, given the diminished evapotranspiration 

rate, and form higher in the atmosphere. As a result, there are thinner warm 

layers in the polluted clouds that limit the time available for droplets to grow by 

collision-coalescence. Flight AC18 was characterized by a just slightly higher 

depth of the warm layer compared to the polluted clouds, partly due to the lower 

altitude of the freezing level. Nevertheless, cleaner clouds can present warm 

layers 1000 m thicker than clouds affected by human pollution. 

The vertical profile of the relative humidity (RH) should also be taken into account 

when comparing clouds formed over different regions. Figure 6.4b shows that all 

clouds measured formed in an environment with RH between 60 % and 90 % for 

their lower 2500 m layer, being higher for forested areas compared to the Arc of 

Deforestation. For 2500 m and above, there was a significant drying of the 

atmosphere for the flights AC19, AC18 and AC12. It is unsure if the other flights 

presented similar behavior given the relatively low data coverage for this layer. 

Regardless, surrounding dry air can significantly enhance the entrainment mixing 

process (KOROLEV et al., 2016). As pointed out by Freud et al. (2008), the 

mixing in Amazonian convective clouds (and also in other regions – FREUD et 

al., 2011) tends toward the extreme inhomogeneous mixing case, where the 

effective droplet diameter Deff presents almost no sensitivity to the entrainment. 

Our result largely corroborates this finding (see Figure 6.11). It should be pointed 
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out, however, that the recent studies of Korolev et al. (2016), Pinsky et al. (2016a) 

and Pinsky et al. (2016b) show that homogeneous and inhomogeneous mixing 

can be indistinguishable depending on meteorological conditions and DSD 

characteristics when considering the time-dependent characteristics of the 

entrainment process. Mixing processes may have an impact in the shape of the 

DSDs measured, thus affecting displacements in the Gamma phase space. The 

specific type of mixing responsible for it, however, is beyond the scope of this 

work. 

Figure 6.4 - Average vertical profiles of (a) potential temperature and (b) relative humidity 
for flights over the Atlantic coast, remote Amazon and Arc of 
Deforestation. The markers in the left vertical axis in (a) represent the 
altitude of the 0 °C isotherm for the different flights. Altitudes are relative 
to cloud base (H, negative values are below clouds). θ and RH are 
calculated as averages of level flight legs outside clouds. 
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6.5. Observed trajectories in the Gamma phase space 

In this study, we use the Gamma phase space as a means to study DSD 

variability. As described in Section 6.3, this space is obtained when the DSD 

measurements are fitted to Equation 3.3.1 and N0, µ and Λ are used as the 

dimensions of the 3D subspace. In this space, each point represents one DSD. 

As the different DSDs were obtained close to the cloud top at the time of the cloud 

development, the ensemble of position in the Gamma phase-space can be 

hypothesized as the evolution of the DSDs of a typical cloud through stages of its 

life cycle. The sequential connection of points (here we use cubic spline fits for 

illustrating proposes) can be considered as trajectories describing multiple 

processes responsible for the DSD variability observed. The advantage of using 

this space is that this variability can be readily observed and compared between 

different cloud life cycles with different properties. Given the relations between 

Gamma parameters and DSD properties (Section 3.3), the variability of all cloud 

microphysical properties can also be inferred from the points in the trajectories. 

The analysis regarding cloud DSDs and the Gamma phase-space is limited to 

the regions in which w > 0 in order to capture the developing parts of the growing 

convective elements. 

Figures 6.5 to 6.7 show the Gamma phase-space for all profiles considered in 

this study, grouped by region. The coloring represents the altitude above cloud 

base (H), with the 1 Hz measurements in small markers. Bigger markers 

represent averages at every 200-m vertical interval with information available. 

Curves (or trajectories) represent cubic spline fits to the averaged points. At first 

glance, it is possible to see significant overall differences between the trajectories 

in the different regions, while internal variations are much weaker. Aerosol 

concentrations seem to be a key factor controlling warm-phase properties in the 

Amazon, so the internal similarities can be attributed to similar pollution 

conditions. On the other hand, differences between the regions stem from the 

different weights of growth processes. Pristine clouds, like the ones found over 

the remote Amazon and the coast of the Atlantic Ocean, are characterized by 
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faster droplet growth with altitude associated with enhanced collisional growth. In 

the Gamma space, this is seen as diagonally-tilted trajectories in Figures 6.5 and 

6.6, contrasting with the more vertical trajectories found in polluted clouds (Figure 

6.7). 

The differences of the DSD variability in each region highlight the relation of 

growth processes and trajectories in the Gamma phase-space. From the theory 

described in Section 6.3, it is expected that collisional growth results in diagonal 

trajectories where the droplets get progressively bigger with DSD broadening. 

Pristine clouds over the coast and remote Amazon show such tilting (Figures 6.5-

6), indicating that this process is effective in those systems. The more vertically-

oriented trajectories of polluted clouds (Figure 6.7) show that there is a different 

balance between condensational and collisional growth. In terms of the Gamma 

phase-space characteristics, this can be understood as weaker 𝐹𝑐𝑙
⃗⃗⃗⃗  ⃗ that is a result 

of smaller droplets and narrower DSDs. This highlights that the interaction 

between aerosols and collisional growth occurs mainly through changes in the 

initial DSD (i.e. 𝑃1
⃗⃗  ⃗ in Figure 6.3). For each point in the Gamma phase space the 

collisional pseudo-forces have different intensities and directions, suggesting that 

a vector field can be constructed. This could only be achieved by idealized model 

experiments, however, where the updraft speeds can also be prescribed.  
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Figure 6.5 - Gamma phase space for flight AC19 over the coastal region. Small markers 
represent 1 Hz data, while bigger ones are averages for 200 m vertical 
intervals. The continuous black line represents a cubic spline fit for the 
averaged DSDs to illustrate its mean evolution. Altitudes are relative to 
cloud base (H). 

 

Condensational growth can also be illustrated by some points in Figures 6.6 and 

6.7. Under polluted conditions, this type of growth is expected to be dominant 

close to cloud base where the droplets are too small to trigger collision-

coalescence. In Figure 6.7, this is seen in the first two or three points in the 

trajectories (dark blue colors), where the points evolve to higher µ values with 

altitude. This results in DSD narrowing and almost opposite displacement in the 

Gamma space compared to collisional growth. This trend is shifted when the 

altitude where collection processes start to become relevant is reached. Another 

example of condensational growth can be seen in Figure 6.6 at 3000 m. At this 

point, which is close to the freezing level, there is a sudden increase in the 
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updrafts (see Tables 6.2-3) and consequently increased condensation rates. The 

rapid increase in condensational growth, with no significant changes in collision-

coalescence, tilts the trajectories to a direction similar to the observed close to 

cloud base in polluted systems. The displacement is closer to the horizontal 

direction (i.e. the plane N0 x µ), because droplets are growing concomitantly by 

collision-coalescence in the cleaner clouds. 

Figure 6.6 - Similar to Figure 6.5, but for flights AC9 and AC18 over the remote Amazon. 

 

The magnitude of the condensational pseudo-force (𝐹𝑐𝑑
⃗⃗⃗⃗⃗⃗  in Figure 6.3) also 

depends on initial DSD characteristics (𝑃1
⃗⃗  ⃗). Condensational growth rates are 

inversely proportional to droplet size, meaning that it gets weaker higher in the 

cloud. The different dependences of 𝐹𝑐𝑑
⃗⃗⃗⃗⃗⃗  and 𝐹𝑐𝑙

⃗⃗⃗⃗  ⃗ on 𝑃1
⃗⃗  ⃗ and their balance 

throughout the warm-phase life cycle ultimately define the cloud trajectory in the 
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phase-space. If they can be mapped with sufficient resolution, covering different 

updraft and supersaturation conditions, trajectories may be forecast from a single 

DSD at cloud base and the evolving thermodynamic conditions. Aerosols are a 

key aspect in that regard because they significantly change the cloud-base-DSD 

in the Gamma space (Figures 6.5-7) and also affect cloud thermodynamics, 

impacting condensation rates and consequently latent heat release. Note that 

clouds subject to similar aerosol conditions have similarities in their trajectories 

represented by small variability along the trajectories of the respective flights 

(Figures 6.6-7). 

Figure 6.7 - Similar to Figure 6.5, but for flights AC7, AC12 and AC13 over the Arc of 
Deforestation. 

 

The 𝐹𝑐𝑑
⃗⃗⃗⃗⃗⃗  and 𝐹𝑐𝑙

⃗⃗⃗⃗  ⃗ tabulation over the Gamma space can potentially be achieved 

with the help of Lagrangian large eddy simulation bin microphysics models that 
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precisely solve the condensation and collection equations for varying input DSDs 

and updraft conditions. Initial DSDs can be obtained from observations and 

analytical considerations. For instance, Pinsky et al. (2012) show an analytical 

way to obtain the maximum supersaturation (which is usually a few meters above 

cloud base) and the relative droplet concentration. If Deff behaves adiabatically 

(FREUD et al., 2008; FREUD et al., 2011) and is linearly correlated to the mean 

volumetric diameter (FREUD; ROSENFELD, 2012), it is possible to estimate the 

initial DSD based on Gamma-DSD equations and adiabatic theory given that the 

aerosol population is known. The advantage of such approach is that all DSD 

characteristics, most notably its shape, would be realistically represented and 

there would be no need for fixing or diagnosing (THOMPSON et al., 2004; 

MILBRANDT; YAU, 2005; FORMENTON et al., 2013a, 2013b) Gamma 

parameters for various hydrometeor types – which works for specific applications 

but may be lacking in the physical representation of the processes. This study 

focuses on introducing the Gamma phase-space and its characteristics and 

further work is needed if new parameterizations are to be developed. 

6.6. Contrasts between clean and polluted trajectories 

In this section, we focus on flights AC9 and AC12 in order to study the differences 

of natural and human-affected clouds in the Gamma space. Figure 6.8 shows the 

trajectories of the clouds measured during those flights, where the points related 

to the averaged DSDs are numbered and the corresponding properties are shown 

in Tables 6.2-3. The numbers start at 1 close to cloud base and grow with altitude 

(“p” stands for “polluted”, while “c” is for “clean”). Also presented in Tables 6.2-3 

are the adiabatic fractions which correspond to the ratio between the observed 

and adiabatic LWC. Some observed and the respective Gamma DSDs are shown 

in Figure 6.9, highlighting different growth processes. 

It is clear from Figure 6.8 that clean and polluted clouds cover different regions 

of the Gamma phase-space. Nevertheless, it is possible to see that the 

trajectories can evolve almost in parallel depending on the dominant growth 
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process. Polluted clouds have wider DSDs at cloud base because of the tail to 

lower diameters (Figure 6.9), which brings down the value of μ (see Equation 

3.3.9). Given the lower droplet size (Table 6.3), condensation is efficient and the 

trajectory evolve in the overall direction of 𝐹𝑐𝑑
⃗⃗⃗⃗⃗⃗  illustrated in Figure 6.3. From point 

1p to 2p, Nd and LWC are approximately doubled. Condensational growth seems 

to be the dominant growth process in the polluted clouds up to the point 3p, 

corresponding to a cloud depth of 600 m. A similar layer is nonexistent in cleaner 

clouds, where there are enough big droplets to readily activate the collision-

coalescence growth. Collisional growth dominates the DSD shape evolution 

between points 1c and 6c for flight AC9 and between 4p and 7p for AC12. Note 

that the trajectories are almost parallel in that region. Condensation is still active 

in that period given the increasing LWC, but collision-coalescence have a 

comparatively bigger impact on the overall DSD shape. Both sections of the 

trajectories represent 1400 m-thick layers, but droplet growth and DSD 

broadening is more efficient in the cleaner clouds (Figure 6.9). This explains the 

pronounced tilting of its trajectory, consistent with stronger 𝐹𝑐𝑙
⃗⃗⃗⃗  ⃗ pseudo-force. 
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Figure 6.8 - Observed trajectories for the clouds measured over the remote Amazon 
during flight AC9 (continuous line) and over the Arc of Deforestation 
during flight AC12 (dashed line). The numbers shown close to the 
observed trajectories start at 1 at cloud base and grow with altitude (the 
respective markers are colored according do altitude above cloud base, 
H). Their respective properties are presented in Tables 6.2-3. 

 

Eventually, the trajectories reach a point close to the 0 °C isotherm where the 

updrafts are enhanced given the continued latent heat release. This w-enhanced 

layer can be several hundred meters thick and culminates in narrower DSDs. This 

is exemplified between points 7c and 9c and between 8p and 10p. Although 

droplets are still growing by collision-coalescence, the enhanced updrafts 

increase condensational growth sufficiently to produce observable effects on the 

DSDs. Both trajectories evolve in the condensational growth direction, but with 

slightly different tilting. The tilting is less pronounced in the cleaner clouds given 

the stronger 𝐹𝑐𝑙
⃗⃗⃗⃗  ⃗ component. The way in which the DSDs evolve in this region is 
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important for the mixed-phase initiation, given that both primary and secondary 

ice generation depend on the characteristics of the liquid droplets. The different 

properties of the polluted and clean DSDs (see Tables 6.2-3, Figures 6.8 and 6.9) 

indicate that ice formation may follow distinct pathways. 

Figure 6.9 - Averaged DSDs and their respective Gamma fittings for some points in the 
trajectories of clouds measured over (a) the remote Amazon (flight AC9) 
and (b) the Arc of Deforestation (flight AC12). 

 



124 
 

Previous studies suggest that droplets bigger than 23 μm at concentrations 

higher than 1 cm-3 favor secondary ice generation, which was identified as the 

main mechanism for cloud glaciation (MOSSOP 1978; SAUNDERS; HOSSEINI 

2001; HEYMSFIELD; WILLIS, 2014; LAWSON et al., 2015). In order to visualize 

those conditions in the Gamma phase-space, it is interesting to consider constant 

Nd surfaces. Those surfaces are defined when Nd is fixed in Equation 3.3.6, 

resulting in a relation of the form Λ = f(N0, μ) when inverted. Examples are shown 

in Figure 6.10, where Nd = {10, 100, 1000} cm-3 (axes are rotated for clarity). The 

surfaces are evidently parallel and are stacked in relatively close proximity (at the 

scale used here). The trajectories evolve through the surfaces depending on their 

Nd, where polluted clouds tend toward higher droplet concentration (i. e. closer to 

the red surface). The surfaces can be used to delimit specific regions of interest. 

Additionally, further DSD properties can be analyzed along those surfaces. 

Figure 6.10 highlights the region of 23 μm < Deff < 50 μm with black lines along 

the surface of Nd = 10 cm-3. Regarding cloud DSDs (drizzle droplets are not 

analyzed here, although they also contribute for ice formation), the region 

delimited by the black lines for the different surfaces of constant Nd can be 

interpreted as the most favorable for secondary ice generation, thus indicating a 

quick glaciation process. Note that the trajectory of the cleaner clouds enters this 

region while in the w-enhanced layer mentioned previously, which corresponds 

to the transition to temperatures below 0 °C. Polluted clouds are able to produce 

high droplet number concentrations, but their lower size mean that they are out 

of the delimited region. More details about the transition to the mixed-phase are 

given in the next section. 
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Figure 6.10 - Surfaces of constant Nd as calculated by the inversion of Equation 3.3.6. 
The trajectories for the clouds measured during flights AC9 (blue) and 
AC12 (red) are also shown. Note that the axes are rotated for clarity. 
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Table 6.2 - Properties of the points highlighted in Figure 6.8 for flight AC9. H is shown 
as the average of each of the 200-m vertical bin. The adiabatic fraction is 
defined as the ratio between the observed and adiabatic LWC. Adiabatic 
values for Nd, LWC and ε are shown below the respective observed 
quantities. 

Point 
H 

(m) 

Nd 

(cm-3) 

LWC 

(g m-3) 
ε 

Deff 

(µm) 

T 

(°C) 

UR 

(%) 

w 

(m s-1) 

Adiabatic 

fraction 

1c 100 214 0.079 0.19 9.2 19.9 81 0.84 0.31 

2c 300 238 0.15 0.22 11.1 18.6 82 0.91 0.22 

3c 500 218 0.25 0.24 13.8 17.5 83 1.43 0.30 

4c 700 227 0.34 0.28 15.2 16.6 77 1.41 0.28 

5c 1100 245 0.61 0.27 18.0 13.6 85 1.13 0.31 

6c 1300 284 0.79 0.29 18.9 12.0 80 1.03 0.34 

7c 1700 231 0.79 0.28 20.1 10.6 71 1.49 0.28 

8c 2300 187 1.21 0.27 24.7 7.1 78 1.66 0.34 

9c 3100 233 1.95 0.22 26.4 3.5 64 2.79 0.47 

10c 3900 54 0.61 0.34 30.9 -1.2 39 1.08 0.13 

11c 4100 49 0.31 0.36 25.6 -1.8 61 0.31 0.065 

12c 4700 36 0.26 0.47 28.6 -4.8 67 1.30 0.053 

13c 5300 39 0.42 0.40 31.4 -8.1 26 2.39 0.083 

14c 5900 30 0.16 0.48 26.4 -11.4 33 3.27 0.032 

The observation of constant Nd surfaces poses an interesting question for 

parameterizations. In existing two moment schemes, both Nd and LWC are 

predicted. For each pair of such properties, it is possible to define two surfaces 

(with constant Nd and LWC, respectively) based on Equations 3.3.6 and 3.3.7. 

Those surfaces intersect, defining a curve where both properties are conserved. 
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In this curve, the mean volumetric diameter (proportional to the ratio between 

LWC and Nd) is also constant. Based on the limited information provided by the 

model (only two moments for three Gamma parameters), this curve represents 

the infinite DSD solutions for the undetermined equation system. A good 

parameterization scheme should be able to choose one of the DSDs that best fits 

observations. Given the undetermined equation system, other considerations 

have to be made. 

One parameter that varies along the infinite DSD solution curve is the relative 

dispersion ε. If ε is calculated from theoretical considerations or provided by 

observations, it should be possible to obtain the full Gamma DSD – which is the 

point in the intersection curve that presents the given ε. The advantage of relying 

in ε is that it has low variability between clean and polluted clouds and its average 

is almost constant with altitude. Tas et al. (2015) studied the relative dispersion 

parameter in detail, noting that averaged values for ε were independent of Nd, 

LWC or height but its variability is significantly lower for the most adiabatic 

portions of the cloud (notably its updraft core). For precise parameterizations, ε 

variability should be taken into account at regions with relatively low Nd and LWC, 

but for the updraft cores averaged values may be considered. Our observations 

show that ε is slightly higher in polluted Amazonian clouds compared to the ones 

measured over remote regions mainly because of their reduced droplet size 

(Tables 6.2-3). This can be considered to produce slight corrections to ε based 

on CCN concentrations. 
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Table 6.3 - Properties of the points highlighted in Figure 6.8 for flight AC12. H is shown 
as the average of each of the 200-m vertical bin. The adiabatic fraction is 
defined as the ratio between the observed and adiabatic LWC. Adiabatic 
values for Nd, LWC and ε are shown below the respective observed 
quantities. 

Point 
H 

(m) 

Nd 

(cm-3) 

LWC 

(g m-3) 
ε 

Deff 

(µm) 

T 

(°C) 

UR 

(%) 

w 

(m s-1) 

Adiabatic 

fraction 

1p 100 528 0.11 0.37 8.4 16.3 72 1.17 0.59 

2p 300 960 0.27 0.31 8.8 15.5 64 1.02 0.72 

3p 500 634 0.21 0.28 9.2 14.7 58 1.28 0.29 

4p 700 597 0.29 0.27 10.4 12.4 59 0.57 0.24 

5p 1300 543 0.34 0.29 11.5 6.9 65 1.13 0.15 

6p 1900 1066 1.12 0.29 13.7 2.6 69 0.74 0.38 

7p 2100 874 0.75 0.31 12.8 2.4 62 2.89 0.26 

8p 2700 477 0.62 0.32 14.8 0.4 8 1.62 0.17 

9p 2900 1271 1.95 0.32 15.7 0.2 5 9.36 0.52 

10p 3300 1024 1.78 0.24 15.7 -1.5 3 5.68 0.44 

11p 3700 137 0.25 0.24 16.0 -3.6 4 0.26 0.06 

6.7. Observations of the mixed-phase formation 

The Gamma phase-space provides an insightful way to study the formation of the 

mixed-phase by providing the history of the warm-phase development as a 

trajectory. Liquid cloud droplet properties are important for the glaciation process 

because they determine the probability of contacting ice nuclei (IN) and the 

conditions for secondary generation. As shown in the previous sections, different 

aerosol and thermodynamic conditions alter warm-phase characteristics and can 

thus impact the early formation of ice in the clouds. 
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Figure 6.11 shows vertical profiles of Nd, LWC, Deff and ε for clouds subject to 

background and polluted conditions (flights AC9 and AC12, respectively). It 

shows the different microphysical properties (1 Hz) of the clouds associated to 

the trajectories presented in Figures 6.8 and 6.10 (w > 0). It shows that droplet 

concentrations are much higher in polluted clouds, which are not depleted with 

altitude as much as in cleaner clouds (Figure 6.11a, b). The lower effective 

diameter for clouds over the Arc of Deforestation may contribute to enhanced 

evaporation, leading to lower adiabatic fractions. As commented in the previous 

section, ε shows small variation between the flights and do not change much with 

altitude. 

The properties of the DSDs around the 0 °C level in Figure 6.11 are a significant 

feature regarding the mixed-phase formation. Note that cleaner clouds have a 

sudden change in behavior right above the freezing level. At this point, there is a 

fast decrease in LWC, with higher variability in both Deff and ε. This suggests that 

ice processes have been triggered, disrupting the smooth evolution observed in 

the warm-phase. In polluted clouds, this transition takes place for considerably 

different DSD properties. Averaged Nd reach values above 1000 cm-3 (compared 

to 50 cm-3 in cleaner clouds) with very strong updrafts, bringing LWC closer to 

adiabaticity. However, no significant variability was observed for Deff suggesting 

that most of the water is still in condensed state. 

In order to further detail the characteristics of the hydrometeors in the transition 

from warm- to mixed-phase, we analyzed the sphericity criteria obtained by the 

NIXE-CAPS probe (COSTA et al., 2017). The methodology developed by Costa 

et al. (2017) indicates whether each individual 1 Hz measurement contained or 

not some aspherical hydrometeors. This criterion can be used to indicate whether 

the hydrometeors are liquid (spherical), mixed (spherical and aspherical) or 

frozen (aspherical). By combining all measurements for clouds over remote 

Amazon (AC9 and AC18) and the Arc of Deforestation (AC7, AC12 and AC13), 

we obtained the results shown in Figure 6.12. 
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Figure 6.11 - Vertical profiles of the 1 Hz measurements of Nd, LWC, Deff and ε for 
background clouds over the remote Amazon (a, c, e, g) and polluted 
clouds over the Arc of Deforestation (b, d, f, h). Updraft speeds are colored 
in log scale, corresponding to 0.1 ≤ w ≤ 5 m s-1. Horizontal black lines 
mark the 0 °C level. Magenta curves in (c) and (d) are the adiabatic water 
content profiles. H is relative to cloud base altitude. 

 

The classifications shown in Figure 6.12 separates the volumes probed as: (i) 

containing many (> 1 cm-3) spherical, liquid droplets only – “Sph (liquid)”; (ii) 

containing many (> 3 cm-3) predominantly spherical but also some aspherical 

(most likely ice) hydrometeors for D < 50 µm and only aspherical hydrometeors 
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for D > 50 µm – “Asph small (mixed phase)”; (iii) containing very few (< 1 cm-3) 

aspherical hydrometeors for D < 50 µm and only aspherical hydrometeors for D 

> 50 µm – “Asph large (ice)”. It is possible to observe that close to cloud base 

most of the hydrometeors were detected as spherical for both regions, which is 

expected given that it is the warmest layer of the cloud. However, higher in the 

clouds the distribution of the classifications become different. The amount of 

measurements with aspherical particles increases relatively fast for the cleaner 

clouds, being higher than 90% at the layer around 0 °C. For polluted clouds, on 

the other hand, almost half of the measurements contained exclusively spherical 

hydrometeors at this level. Exclusively spherical hydrometeors persisted with a 

frequency of ~20 % down to temperatures of -15 °C. This is in line with previous 

studies that found supercooled droplets high into continental convective systems 

(ROSENFELD; WOODLEY, 2000; ROSENFELD et al., 2008). Our results show 

that the persistence of supercooled droplets in continental clouds are more likely 

under polluted conditions. 

The characteristics of the cloud warm layer determine the properties of the liquid 

DSDs close to the 0 °C level and should have a determinant role in the glaciation 

initiation. Our measurements show that clean clouds can produce droplets 

roughly twice the size of the ones found in polluted systems at this layer, with 95 

% lower concentrations (Tables 6.2-3). Bigger droplets are not only more likely to 

interact with IN and glaciate by immersion or contact freezing, but may also 

trigger a cascading effect through secondary ice generation (HEYMSFIELD; 

WILLIS, 2014; LAWSON et al., 2015). This process is able to quickly glaciate the 

cloud, which fits the results shown in Figure 6.12. Beyond the DSD bulk 

properties, the Gamma phase-space can also provide more information 

regarding the kind of DSD that enables or hampers the glaciation process. In the 

present study, we have only a few examples to compare warm- and mixed-phase 

characteristics, but it is clear that it is possible to correlate some regions of the 

phase-space with the characteristics of the ice initiation. Detailed model 

experiments would greatly enrich this discussion by providing control over the 
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liquid DSD properties and the resulting formation of the mixed layer. More 

specifically, it would be invaluable to study the impacts of the properties of cloud-

base- and 0 °C-isotherm-DSDs on the primary and secondary ice production. 

Figure 6.12 - Frequency of occurrence of NIXE-CAPS sphericity classifications for (a) 
the remote Amazon and (b) the Arc of Deforestation. “Sph (liquid)” stands 
for many only spherical (D < 50 µm) and predominantly spherical (D > 50 
µm) hydrometeors, “Asph small (mixed phase)” for many predominantly 
spherical (D < 50 µm) and only aspherical (D > 50 µm) hydrometeors, and 
“Asph large (ice)” for only very few aspherical (D < 50 µm) and only 
aspherical (D > 50 µm) hydrometeors. Temperatures shown on x-axis are 
the center for 6 °C intervals, which corresponds to roughly 1-km-thick 
layers. 
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6.8. Closing remarks 

In this study, the visualization of the Gamma DSD phase space was introduced, 

defined when the cloud DSDs are parameterized by conserving the moments of 

order zero, two and three. It was shown that trajectories in the space are related 

to DSD evolution and are linked to microphysical processes taking place inside 

the cloud. As such, those processes can be understood as pseudo-forces in the 

phase space. Measurements over the Amazon during the ACRIDICON-CHUVA 

and GoAmazon2014/5 campaigns show that it is possible to relate the direction 

of the pseudo-forces to different DSD growth processes. Cloud layers with strong 

updrafts and consequently relatively strong condensational growth showed that 

this process induces displacements in the direction of high shape and curvature 

parameters. This tendency is accompanied by DSD narrowing, consistent with 

condensational growth theory. On the other hand, collision-coalescence, 

observable in clean clouds over the Amazon, favors displacements in roughly the 

opposite direction. Observed displacements in the warm phase may be 

interpreted as a combination of both pseudo-forces. 

Previous studies have identified cloud conditions that favor rapid secondary ice 

generation, which can be translated into the phase space. It was shown that clean 

clouds over the Amazon evolve into the region that favors secondary ice 

generation because of the enhanced collisional growth. Droplets in polluted 

clouds take much longer to grow by warm processes and they cross 0 °C before 

reaching the region favorable for glaciation. This leads to the persistence of 

supercooled droplets higher in the clouds that interact with other ice processes, 

including sublimating to produce big ice particles through the Wegener-Bergeron-

Findeisen mechanism. 

It is proposed that the Gamma space can be used to both evaluate current 

parameterization and steer the development of new ones. The results presented 

here show that different types of clouds have different trajectories through the 

Gamma phase-space. The aerosol effect seems to play a major role in the 
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trajectories of the warm layer. The ability of current parameterizations to 

reproduce such aspects can be tested in the phase space, where artificially 

produced DSDs would be apparent. For new two-moment parameterizations, the 

Gamma space can be used to constrain the DSD from the given droplet 

concentration and liquid water content. For each pair of those properties, the 

possible DSD solutions lie on a curve in the Gamma space where the main 

differentiating factor is the distribution relative dispersion. Observations such as 

the ones shown here and in previous studies can be used to find the appropriate 

relative dispersion value to find the optimal solution. Additionally, precise bin 

microphysics simulations can be used in order to produce full condensational and 

collisional pseudo-force fields in the space. The fields would be dependent on the 

evolution of properties such as aerosol concentration, updraft speed and 

supersaturation conditions. If such tabulation is achieved, bulk microphysical 

models would only need to predict the initial DSD close to cloud base and the 

rest would be determined by the pseudo-force fields. 
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7 CONCLUSIONS 

This work had the goal of analyzing the aerosol-cloud interactions with a new 

dataset acquired by recent experimental campaigns in the Amazon. The study 

was divided into three sections focused on different aspects of the aerosol-cloud 

interactions. Firstly, the local aspects of Manaus pollution plume in the properties 

of surrounding clouds were inspected with data collected by the G-1 aircraft. This 

proved to be an interesting way to study aerosol-cloud interactions given that the 

thermodynamic conditions do not change much between the plume-affected and 

plume-free regions. The HALO aircraft also allowed larger-scale studies, where 

a sensitivity methodology was needed in order to compare the aerosol and 

thermodynamic effects on clouds. Finally, the use of the Gamma DSD was 

discussed in the context of the aerosol-cloud interactions in the Amazon. It was 

shown that it is possible to understand several characteristics of the aerosol-cloud 

interactions by studying the Gamma phase space, which can potentially also be 

used in the development of new microphysics parameterizations. The specific 

conclusions from each study will be discussed below. 

The first study focused on the analysis of microphysics of warm-phase clouds in 

Amazonia during the wet season, with a specific emphasis on interactions with 

the pollution emitted by Manaus city. A statistical approach was used to compare 

several clouds probed in different flights on different days. Concerning the effects 

of the pollution plume on the cloud DSDs bulk properties, there are two processes 

to consider. A polluted environment with high particle count presents a high total 

area for the condensation, favoring higher bulk liquid water on the DSDs. 

Additionally, the total amount of condensed water scales with updraft speed in 

the plume-affected clouds, which is not the case for background clouds. The 

growth processes under background aerosol levels are much more effective even 

with lower bulk liquid water contents. Despite the lower amount of water 

condensed in background DSDs, bigger droplets readily form given the early start 

of the collision-coalescence process (which does not increase LWC). Polluted 
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clouds had droplets 10%-40% smaller on average and more numerous droplets 

(as high as 1000% difference) in the same vertical layers inside the cloud. 

The averaged DSDs in different layers of warm clouds show droplets grow with 

altitude overall, with bigger droplets acquiring mass from the smaller ones. 

However, the growth rates with altitude are much slower for plume-affected 

clouds (almost half of the clean growth rate) due to the enhanced water vapor 

competition and the lack of bigger droplets at the onset of the systems. 

Background clouds present relatively high concentrations of droplets greater than 

20 μm near cloud base that contributed to the growth rates, especially taking into 

account the non-linear nature of the collection process. With respect to warm-

phase cloud DSDs, the updraft strength does not seem to be the major driving 

force for effective droplet growth, especially beyond the 20 μm range. The most 

important features to produce such big droplets are weak water vapor competition 

(usually observed in background clouds) and the existence of bi-modality at the 

lower levels of the cloud. The weak water vapor competition favors the formation 

of big droplets (> 20 μm) required for the collision-coalescence process, while the 

bi-modality favors the efficiency of the collision-coalescence process due to the 

large terminal velocity differences between the modes. However, the 

thermodynamic role of the updraft speeds should not be underestimated. It is 

responsible for transporting hydrometeors beyond the freezing level, activating 

the cold processes. Those processes are known to be associated to 

thunderstorms and intense precipitation. Nevertheless, the main feature that 

determines warm-phase DSD shapes seems to be the aerosol conditions, with 

the vertical velocities playing a role in the modulation of the distributions. 

Similar results were obtained at larger scale in the Amazon, when the sensitivity 

methodology was applied. In that regard, the ACRIDICON-CHUVA campaign and 

the capabilities of the HALO aircraft allowed, for the first time, analyzing the 

sensitivities of Amazon tropical convective clouds to aerosol number 

concentrations and updraft speed while also considering cloud evolution. The 

sensitivity formulation identified that aerosol number concentrations play a 
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primary role in the formation of the warm phase of convective clouds, determining 

not only droplet concentration but also diameter and overall DSD shape. On the 

other hand, the thermodynamic conditions, as represented by the updraft 

intensity, affect primarily DSD bulk properties such as water content and droplet 

concentration. It was shown that the altitude above cloud base is critical when 

analyzing aerosol and updraft impacts on clouds, given that the DSD properties 

evolve with further processing in the system. 

It was observed that an increase of 100% in aerosol concentration results in an 

84% increase in droplet number concentration on average, while the same 

relative increase in updraft wind speed results in only 43% change. Regarding 

mean droplet size, we found it to be effectively independent of the updraft speed. 

Roughly, the effective droplet diameter decreases 25% when aerosol 

concentration doubles. The comparison between the aerosol and the 

thermodynamic effects shows that the aerosol concentration is the primary driver 

for DSD, whereas the updrafts mainly affect droplet number concentration and 

liquid water content. During cloud evolution, droplet number concentration is 

depleted while the diameter sensitivity to the growth processes is quantitatively 

similar to the aerosol effect. Additionally, the aerosol effect on DSD shape inverts 

in sign with altitude, favoring broader droplet distributions close to cloud base but 

narrower higher in the clouds. This highlights the importance of differentiating the 

analysis by altitude above cloud base, which is an appropriate proxy for DSD 

lifetime for our measurements. 

The results presented in this section can potentially be used to derive new 

parameterizations in numerical models. They pointed out the specific roles of 

aerosol particles, updraft speed, and cloud evolution on warm-phase 

microphysical properties, which can help evaluate the ability of numerical models 

to reproduce tropical convective clouds. For instance, the sensitivities can be 

calculated by the models and then compared to the quantifications shown here. 

Additionally, the behavior of the relative dispersion parameter was shown to 

change in altitude, which is often not considered in models. 
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Another way to evaluate the representation of the microphysical processes in 

clouds is to consider the Gamma DSD distribution. Despite being widely adopted 

in many modeling and remote sensing applications, there is almost no study 

analyzing the evolution of cloud droplet size distributions in Gamma phase space. 

Herein, this visualization in phase space was introduced, defined when the cloud 

DSDs are parameterized by conserving the moments of order zero, two and 

three. It was shown that trajectories in the space are related to DSD evolution 

and are linked to microphysical processes taking place inside the cloud. As such, 

those processes can be understood as pseudo-forces in the phase space. 

Measurements over the Amazon during the ACRIDICON-CHUVA and 

GoAmazon2014/5 campaigns show that it is possible to relate the direction of the 

pseudo-forces to different DSD growth processes. Cloud layers with strong 

updrafts and consequently relatively strong condensational growth showed that 

this process induces displacements in the direction of high shape and curvature 

parameters. This tendency is accompanied by DSD narrowing, consistent with 

condensational growth theory. On the other hand, collision-coalescence, 

observable in clean clouds over the Amazon, favors displacements in roughly the 

opposite direction. Observed displacements in the warm phase may be 

interpreted as a combination of both pseudo-forces. 

The Gamma phase space can also be used as a diagnostic tool for cloud 

evolution. By studying the displacements in the warm phase, it is possible to 

determine regions that favor, for instance, cloud glaciation. Previous studies have 

identified cloud conditions that favor rapid secondary ice generation, which can 

be translated into the phase space. It was shown that clean clouds over the 

Amazon evolve into the region that favors secondary ice generation because of 

the enhanced collisional growth. Droplets in polluted clouds take much longer to 

grow by warm processes and they cross 0 °C before reaching the region 

favorable for glaciation. This leads to the persistence of supercooled droplets 

higher in the clouds that interact with other ice processes, including sublimating 

to produce big ice particles through the Wegener-Bergeron-Findeisen 
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mechanism. In this regard, the Gamma phase-space approach proved to be an 

interesting tool to analyze the relation between warm microphysics and the 

evolution of the mixed-phase. More studies are encouraged in that direction, 

especially in modeling scenarios given the difficulties in the prediction of mixed-

phase processes. 

It is proposed that the Gamma space can be used to both evaluate current 

parameterization and steer the development of new ones. The results presented 

here show that different types of clouds have different trajectories through the 

Gamma phase-space. The aerosol effect seems to play a major role in the 

trajectories of the warm layer. The ability of current parameterizations to 

reproduce such aspects can be tested in the phase space, where artificially 

produced DSDs would be apparent. For new two-moment parameterizations, the 

Gamma space can be used to constrain the DSD from the given droplet 

concentration and liquid water content. For each pair of those properties, the 

possible DSD solutions lie on a curve in the Gamma space where the main 

differentiating factor is the distribution relative dispersion. Observations such as 

the ones shown here and in previous studies can be used to find the appropriate 

relative dispersion value to find the optimal solution. Additionally, precise bin 

microphysics simulations can be used in order to produce full condensational and 

collisional pseudo-force fields in the space. The fields would be dependent on the 

evolution of properties such as aerosol concentration, updraft speed and 

supersaturation conditions. If such tabulation is achieved, bulk microphysical 

models would only need to predict the initial DSD close to cloud base and the 

rest would be determined by the pseudo-force fields. 

Overall, the three studies developed showed that the aerosols have a primary 

role in determining Amazonian clouds microphysical properties. As pointed out in 

Section 2.3, the Amazon has thermodynamic conditions that favor convection 

invigoration by aerosols, where the low vertical wind shear, high humidity, and 

high CAPE are highlighted. Therefore, the primary role of the aerosols in 

determining cloud microphysics can also be translated into significant macroscale 
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effects. By changing clouds macroscale characteristics, there will be effects on 

their interactions with radiation, the vertical profile of latent heat release, and the 

energy and hydrological budgets, which will impact the mesoscale circulation and 

potentially the South America or global climate. There are many more aspects 

and feedback mechanisms to consider between the anthropogenic aerosol 

emissions and the net effects on climate. Nonetheless, given the determinant role 

of the aerosols, studies in this direction are needed in order to understand and 

model tropical clouds and their effects on climate. 

7.1. Future perspectives 

The Gamma phase space introduced in Chapter 6 proved to be not only a good 

tool to analyze the aerosol effect, but also a simple way to study cloud evolution. 

As such, it may have uses on the evaluation and development of microphysical 

schemes in cloud-resolving models. For instance, it can be used in order to 

compare different schemes by providing a common framework. Additionally, the 

patterns observed in the phase space can be used to propose new 

parameterizations. In that regard, new parameterizations can be developed with 

the aim of reproducing the patterns observed by actual measurements such as 

the ones shown here. 

Future efforts with the Gamma phase space methodology will be on testing its 

applicability in radar measurements focused on thunderstorm nowcasting in 

Southeast Brazil. By studying radar volumetric scans of thunderstorm clouds, it 

is possible to estimate the Gamma DSD spatial variability in the systems. By 

iterating this process, the evolution of the DSD spatial distribution can be followed 

during the cloud lifecycle. The evolution can be visualized in the Gamma phase 

space, where it should be possible to infer patterns shared by clouds that develop 

into thunderstorms. Therefore, if a developing cloud presents Gamma phase 

space patterns consistent with the thunderstorm case, it may be possible to 

generate warnings beforehand. 
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APPENDIX A – SUPPLEMENT MATERIAL TO CHAPTER 5 

Sensitivities for individual intervals 

By fixing two dimensions in the 3D matrices and varying the third, we can obtain 

individual sensitivities in the form of the Equation 5.3.1. As an example, we can 

fix both w and H and obtain the sensitivities of DSD parameters to varying NCN. 

By using the natural logarithm scale and applying a linear fit, we obtain the 

sensitivity as the angular coefficient and the R2 parameter is a measure of the 

significance of the relation. By calculating every possible combination, we obtain 

Tables A.1-15 shown below. The amount of 1 Hz data for each sensitivity are 

shown in Tables A.16-18. 

Table A.1 - sensitivities of Deff to NCN - 𝑆𝐷𝑒𝑓𝑓
(𝑁𝐶𝑁) =

𝜕𝑙𝑛𝐷𝑒𝑓𝑓

𝜕𝑙𝑛𝑁𝐶𝑁
|
𝑤,𝐻

. Intervals upper limits are 

highlighted in bold letters. 

w (m s-1) \ H (m) 200 500 950 1625 2637.5 4156.25 

0.5 
-0.11 
R2 = 0.85 

-0.27 
R2 = 0.96 

-0.25 
R2 = 0.99 

-0.23 
R2 = 0.94 

-0.38 
R2 = 0.97 

-0.47 
R2 = 0.71 

1 
-0.13 
R2 = 0.84 

-0.26 
R2 = 0.93 

-0.30 
R2 = 0.99 

-0.18 
R2 = 0.86 

-0.25 
R2 = 1.00 

-0.26 
R2 = 0.96 

2 
-0.16 
R2 = 0.79 

-0.26 
R2 = 0.98 

-0.28 
R2 = 0.91 

-0.17 
R2 = 0.64 

-0.31 
R2 = 0.98 

-0.16 
R2 = 0.53 

4 
-0.18 
R2 = 0.82 

-0.28 
R2 = 0.95 

-0.25 
R2 = 0.96 

-0.25 
R2 = 0.95 

-0.31 
R2 = 0.95 

-0.28 
R2 = 0.99 

8 - - - - 
-0.26 
R2 = 0.80 

-0.33 
R2 = 0.98 
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Table A.2 - sensitivities of Deff to w - 𝑺𝑫𝒆𝒇𝒇
(𝒘) =

𝝏𝒍𝒏𝑫𝒆𝒇𝒇

𝝏𝒍𝒏𝒘
|
𝑵𝑪𝑵,𝑯

. Intervals upper limits are 

highlighted in bold letters. 

NCN (cm-3) 
\ H (m) 

200 500 950 1625 2637.5 
4156.2
5 

500 
0.020 
R2 = 0.63 

0.049 
R2 = 0.61 

0.048 
R2 = 0.90 

-0.018 
R2 = 0.034 

0.032 
R2 = 0.77 

- 

1000 
0.018 
R2 = 0.17 

0.031 
R2 = 0.57 

0.0072 
R2 = 0.029 

0.046 
R2 = 0.71 

0.0032 
R2 = 0.0040 

0.0034 
R2 = 
0.0010 

3000 
0.031 
R2 = 0.90 

0.044 
R2 = 0.69 

- 
-0.011 
R2 = 0.055 

0.13 
R2 = 0.93 

0.18 
R2 = 
0.72 

4500 
-0.085 
R2 = 0.97 

0.013 
R2 = 0.57 

0.046 
R2 = 0.62 

-0.0063 
R2 = 0.23 

0.021 
R2 = 0.44 

0.024 
R2 = 
0.48 

 
 

Table A.3 - sensitivities of Deff to H - 𝑺𝑫𝒆𝒇𝒇
(𝑯) =

𝝏𝒍𝒏𝑫𝒆𝒇𝒇

𝝏𝒍𝒏𝑯
|
𝑵𝑪𝑵,𝒘

. Intervals upper limits are 

highlighted in bold letters. 

NCN (cm-3) \ w (m s-1) 0.5 1 2 4 8 

500 
0.33 
R2 = 0.98 

0.27 
R2 = 0.92 

0.31 
R2 = 0.85 

0.32 
R2 = 0.92 

- 

1000 
0.35 
R2 = 0.98 

0.32 
R2 = 0.99 

0.30 
R2 = 0.95 

0.32 
R2 =1.00 

0.41 
R2 = 0.94 

3000 
0.14 
R2 = 0.62 

0.23 
R2 = 0.90 

0.28 
R2 = 0.96 

0.26 
R2 = 0.97 

0.27 
R2 = 0.96 

4500 
0.19 
R2 = 0.95 

0.24 
R2 = 0.98 

0.24 
R2 = 0.99 

0.26 
R2 = 0.97 

- 
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Table A.4 - sensitivities of Nd to NCN - 𝑺𝑵𝒅
(𝑵𝑪𝑵) =

𝝏𝒍𝒏𝑵𝒅

𝝏𝒍𝒏𝑵𝑪𝑵
|
𝒘,𝑯

. Intervals upper limits are 

highlighted in bold letters. 

w (m s-1) \ H (m) 200 500 950 1625 2637.5 4156.25 

0.5 
0.69 
R2 = 
0.97 

0.75 
R2 = 
0.82 

1.23 
R2 = 
0.89 

0.64 
R2 = 
0.86 

-0.069 
R2 = 
0.011 

1.24 
R2 = 
0.83 

1 
0.67 
R2 = 
0.90 

0.79 
R2 = 
0.87 

0.90 
R2 = 
1.00 

0.87 
R2 = 
0.88 

0.70 
R2 = 1.00 

1.11 
R2 = 
0.95 

2 
0.72 
R2 = 
0.84 

0.89 
R2 = 
0.98 

1.049 
R2 = 
0.94 

0.87 
R2 = 
0.92 

0.90 
R2 = 0.92 

1.40 
R2 = 
0.96 

4 
0.54 
R2 = 
0.62 

0.85 
R2 = 
0.95 

0.79 
R2 = 
0.99 

0.49 
R2 = 
0.37 

0.72 
R2 = 0.92 

1.22 
R2 = 
0.98 

8 - - - - 
0.94 
R2 = 1.00 

0.83 
R2 = 
0.98 

 

Table A.5 - sensitivities of Nd to w - 𝑺𝑵𝒅
(𝒘) =

𝝏𝒍𝒏𝑵𝒅

𝝏𝒍𝒏𝒘
|
𝑵𝑪𝑵,𝑯

. Intervals upper limits are 

highlighted in bold letters. 

NCN (cm-3) \ H 
(m) 

200 500 950 1625 2637.5 4156.25 

500 
0.57 
R2 = 
1.00 

0.46 
R2 = 
0.89 

0.86 
R2 = 
0.97 

-0.12 
R2 = 
0.070 

0.40 
R2 = 
0.76 

- 

1000 
0.45 
R2 = 
0.91 

0.44 
R2 = 
0.99 

0.34 
R2 = 
0.47 

0.32 
R2 = 0.89 

0.29 
R2 = 
0.91 

0.64 
R2 = 
0.89 

3000 
0.61 
R2 = 
0.94 

0.85 
R2 = 
0.96 

- 
0.37 
R2 = 0.82 

0.39 
R2 = 
0.95 

0.65 
R2 = 
0.92 

4500 
0.24 
R2 = 
0.91 

0.30 
R2 = 
0.89 

0.41 
R2 = 
0.67 

-0.37 
R2 = 0.46 

1.034 
R2 = 
0.70 

0.38 
R2 = 
0.90 
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Table A.6 - sensitivities of Nd to H - 𝑺𝑵𝒅
(𝑯) =

𝝏𝒍𝒏𝑵𝒅

𝝏𝒍𝒏𝑯
|
𝑵𝑪𝑵,𝒘

. Intervals upper limits are 

highlighted in bold letters. 

NCN (cm-3) \ w (m s-1) 0.5 1 2 4 8 

500 
0.20 
R2 = 0.11 

-0.29 
R2 = 0.97 

-0.084 
R2 = 0.20 

-0.094 
R2 = 0.080 

- 

1000 
-0.24 
R2 = 0.36 

-0.21 
R2 = 0.24 

-0.22 
R2 = 0.21 

-0.26 
R2 = 0.54 

-0.15 
R2 = 0.64 

3000 
-0.11 
R2 = 0.97 

-0.14 
R2 = 0.26 

-0.22 
R2 = 0.94 

-0.32 
R2 = 0.89 

-0.26 
R2 = 0.85 

4500 
-0.26 
R2 = 0.094 

0.068 
R2 = 0.14 

0.075 
R2 = 0.056 

0.081 
R2 = 0.022 

- 

 

Table A.7 - sensitivities of LWC to NCN - 𝑺𝑳𝑾𝑪(𝑵𝑪𝑵) =
𝝏𝒍𝒏𝑳𝑾𝑪

𝝏𝒍𝒏𝑵𝑪𝑵
|
𝒘,𝑯

. Intervals upper limits 

are highlighted in bold letters. 

w (m s-1) \ H 
(m) 

200 500 950 1625 2637.5 4156.25 

0.5 
0.30 
R2 = 0.97 

-0.11 
R2 = 
0.070 

0.48 
R2 = 
0.66 

-0.022 
R2 = 
0.013 

-1.11 
R2 = 
0.82 

0.058 
R2 = 
0.0052 

1 
0.24 
R2 = 0.40 

-0.030 
R2 = 
0.0072 

0.055 
R2 = 
0.42 

0.43 
R2 = 
0.50 

0.024 
R2 = 
0.12 

0.62 
R2 = 0.90 

2 
0.22 
R2 = 0.26 

0.021 
R2 = 
0.019 

0.23 
R2 = 
0.21 

0.41 
R2 = 
0.34 

-0.043 
R2 = 
0.097 

0.60 
R2 = 0.41 

4 
0.032 
R2 = 
0.0033 

-0.025 
R2 = 
0.0067 

0.015 
R2 = 
0.054 

-0.42 
R2 = 
0.25 

-0.12 
R2 = 
0.29 

0.20 
R2 = 0.98 

8 - - - - 
0.15 
R2 = 
0.17 

-0.20 
R2 = 0.90 
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Table A.8 - sensitivities of LWC to w - 𝑺𝑳𝑾𝑪(𝒘) =
𝝏𝒍𝒏𝑳𝑾𝑪

𝝏𝒍𝒏𝒘
|
𝑵𝑪𝑵,𝑯

. Intervals upper limits are 

highlighted in bold letters. 

NCN (cm-3) \ H 
(m) 

200 500 950 1625 2637.5 4156.25 

500 
0.62 
R2 = 
1.00 

0.60 
R2 = 
0.85 

1.024 
R2 = 
0.98 

0.060 
R2 = 
0.0047 

0.34 
R2 = 
0.91 

- 

1000 
0.50 
R2 = 
0.87 

0.42 
R2 = 
0.90 

0.37 
R2 = 
0.43 

0.42 
R2 = 0.88 

0.31 
R2 = 
0.85 

0.69 
R2 = 
0.75 

3000 
0.70 
R2 = 
0.97 

0.94 
R2 = 
0.94 

- 
0.33 
R2 = 0.72 

0.70 
R2 = 
0.96 

0.89 
R2 = 
0.87 

4500 
0.10 
R2 = 
0.44 

0.33 
R2 = 
0.84 

0.53 
R2 = 
0.70 

-0.47 
R2 = 0.64 

1.00 
R2 = 
0.66 

0.42 
R2 = 
0.81 

 

Table A.9 - sensitivities of LWC to H - 𝑺𝑳𝑾𝑪(𝑯) =
𝝏𝒍𝒏𝑳𝑾𝑪

𝝏𝒍𝒏𝑯
|
𝑵𝑪𝑵,𝒘

. Intervals upper limits are 

highlighted in bold letters. 

NCN (cm-3) \ w (m s-1) 0.5 1 2 4 8 

500 
1.14 
R2 = 0.83 

0.27 
R2 = 0.45 

0.74 
R2 = 0.62 

0.80 
R2 = 0.84 

- 

1000 
0.73 
R2 = 0.92 

0.69 
R2 = 0.90 

0.65 
R2 = 0.65 

0.71 
R2 = 0.92 

1.062 
R2 = 0.79 

3000 
0.51 
R2 = 0.61 

0.58 
R2 = 0.76 

0.64 
R2 = 0.95 

0.48 
R2 = 0.92 

0.52 
R2 = 0.86 

4500 
0.36 
R2 = 0.16 

0.77 
R2 = 0.98 

0.70 
R2 = 0.83 

0.76 
R2 = 0.62 

- 
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Table A.10 - sensitivities of Λ to NCN - 𝑺𝚲(𝑵𝑪𝑵) =
𝝏𝒍𝒏𝚲

𝝏𝒍𝒏𝑵𝑪𝑵
|
𝒘,𝑯

. Intervals upper limits are 

highlighted in bold letters. 

w (m s-1) \ H (m) 200 500 950 1625 2637.5 4156.25 

0.5 
-0.25 
R2 = 0.50 

0.20 
R2 = 0.50 

0.51 
R2 = 0.70 

0.43 
R2 = 0.74 

0.53 
R2 = 0.87 

0.54 
R2 = 0.40 

1 
-0.33 
R2 = 0.76 

0.12 
R2 = 0.17 

0.62 
R2 = 0.87 

0.37 
R2 = 0.87 

0.37 
R2 = 62 

0.74 
R2 = 0.86 

2 
-0.42 
R2 = 0.93 

0.11 
R2 = 0.28 

0.40 
R2 = 0.91 

0.40 
R2 = 0.66 

0.51 
R2 = 0.86 

0.069 
R2 = 0.13 

4 
-0.54 
R2 = 0.97 

-0.15 
R2 = 0.39 

0.062 
R2 = 0.20 

0.29 
R2 = 0.36 

0.56 
R2 = 0.88 

0.14 
R2 = 0.18 

8 - - - - 
0.52 
R2 = 0.99 

0.090 
R2 = 0.93 

 

Table A.11 - sensitivities of Λ to w - 𝑺𝚲(𝒘) =
𝝏𝒍𝒏𝚲

𝝏𝒍𝒏𝒘
|
𝑵𝑪𝑵,𝑯

. Intervals upper limits are 

highlighted in bold letters. 

NCN (cm-3) \ H 
(m) 

200 500 950 1625 2637.5 4156.25 

500 
0.35 
R2 
=0.98 

0.35 
R2 = 0.65 

0.41 
R2 = 
0.66 

0.049 
R2 = 0.14 

-0.090 
R2 = 0.98 

- 

1000 
0.061 
R2 = 
0.24 

0.0043 
R2 = 
0.0037 

-0.062 
R2 = 
0.11 

0.19 
R2 = 0.67 

-0.11 
R2 = 0.75 

0.24 
R2 = 
0.82 

3000 
-0.062 
R2 = 
0.31 

0.13 
R2 = 0.55 

- 
0.015 
R2 = 
0.045 

-0.14 
R2 = 0.83 

-0.15 
R2 = 
0.42 

4500 
-0.0064 
R2 = 
0.13 

-0.11 
R2 = 0.91 

-0.097 
R2 = 
0.82 

-0.18 
R2 = 0.23 

0.0068 
R2 = 
0.0089 

0.049 
R2 = 
0.56 

 
 
 
 
 
 
 
 
 
 
 
 



171 
 

Table A.12 - sensitivities of Λ to H - 𝑺𝚲(𝑯) =
𝝏𝒍𝒏𝚲

𝝏𝒍𝒏𝑯
|
𝑵𝑪𝑵,𝒘

. Intervals upper limits are 

highlighted in bold letters. 

NCN (cm-3) \ w (m s-1) 0.5 1 2 4 8 

500 
-0.75 
R2 = 0.96 

-0.84 
R2 = 0.94 

-0.94 
R2 = 0.98 

-1.11 
R2 = 0.97 

- 

1000 
-0.61 
R2 = 0.98 

-0.63 
R2 = 0.96 

-0.47 
R2 = 0.87 

-0.54 
R2 = 0.86 

-0.25 
R2 = 0.073 

3000 
-0.10 
R2 = 0.088 

-0.17 
R2 = 0.48 

-0.25 
R2 = 0.54 

-0.21 
R2 = 0.34 

-0.26 
R2 = 0.38 

4500 
-0.17 
R2 = 0.47 

-0.15 
R2 = 0.43 

-0.15 
R2 = 0.50 

-0.14 
R2 = 0.62 

- 

 

Table A.13 - sensitivities of ε to NCN - 𝑺𝛆(𝑵𝑪𝑵) =
𝝏𝒍𝒏𝜺

𝝏𝒍𝒏𝑵𝑪𝑵
|
𝒘,𝑯

. Intervals upper limits are 

highlighted in bold letters. 

w (m s-1) \ H 
(m) 

200 500 950 1625 2637.5 4156.25 

0.5 
0.17 
R2 = 
0.81 

0.013 
R2 = 
0.014 

-0.17 
R2 = 0.45 

-0.12 
R2 = 
0.66 

-0.097 
R2 = 
0.56 

-0.097 
R2 = 0.36 

1 
0.21 
R2 = 
0.93 

0.066 
R2 = 0.21 

-0.19 
R2 = 0.75 

-0.11 
R2 = 
0.80 

-0.080 
R2 = 38 

-0.24 
R2 = 0.77 

2 
0.30 
R2 = 
0.95 

0.027 
R2 = 
0.068 

-0.12 
R2 = 0.98 

-0.14 
R2 = 
0.50 

-0.14 
R2 = 
0.72 

0.036 
R2 = 0.090 

4 
0.44 
R2 = 
1.00 

0.091 
R2 = 0.24 

0.0092 
R2 = 
0.018 

-0.072 
R2 = 
0.12 

-0.17 
R2 = 
0.70 

0.0031 
R2 = 
0.0012 

8 - - - - 
-0.18 
R2 = 
0.94 

0.16 
R2 = 0.95 
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Table A.14 - sensitivities of ε to w - 𝑺𝛆(𝒘) =
𝝏𝒍𝒏𝛆

𝝏𝒍𝒏𝒘
|
𝑵𝑪𝑵,𝑯

. Intervals upper limits are 

highlighted in bold letters. 

NCN (cm-3) \ H 
(m) 

200 500 950 1625 2637.5 
4156.2
5 

500 
-0.29 
R2 
=0.95 

-0.11 
R2 = 
0.60 

-0.19 
R2 = 
0.80 

0.015 
R2 = 0.057 

0.063 
R2 = 1.00 

- 

1000 
-0.080 
R2 = 
0.41 

-0.016 
R2 = 
0.71 

0.076 
R2 = 
0.34 

-0.12 
R2 = 0.78 

0.049 
R2 = 0.53 

-0.14 
R2 = 
0.86 

3000 
0.037 
R2 = 
0.31 

-0.17 
R2 = 
0.76 

- 
0.00013 
R2 = 
0.000024 

0.0024 
R2 = 
0.0019 

-0.035 
R2 = 
0.22 

4500 
0.027 
R2 = 
0.51 

0.037 
R2 = 
0.61 

0.024 
R2 = 
0.53 

0.018 
R2 = 0.30 

-0.025 
R2 = 0.27 

-0.023 
R2 = 
0.28 

 

Table A.15 - sensitivities of ε to H - 𝑺𝛆(𝑯) =
𝝏𝒍𝒏𝛆

𝝏𝒍𝒏𝑯
|
𝑵𝑪𝑵,𝒘

. Intervals upper limits are 

highlighted in bold letters. 

NCN (cm-3) \ w 
(m s-1) 

0.5 1 2 4 8 

500 
0.22 
R2 = 0.85 

0.30 
R2 = 0.73 

0.36 
R2 = 0.94 

0.48 
R2 = 0.99 

- 

1000 
0.15 
R2 = 0.79 

0.16 
R2 = 0.82 

0.094 
R2 = 0.63 

0.16 
R2 = 0.74 

-0.16 
R2 = 0.084 

3000 
0.0066 
R2 = 0.0045 

0.0093 
R2 = 
0.030 

0.017 
R2 = 
0.046 

0.028 
R2 = 
0.032 

0.010 
R2 = 
0.0024 

4500 
-0.022 
R2 = 0.062 

-0.037 
R2 = 0.20 

-0.036 
R2 = 0.17 

-0.046 
R2 = 0.29 

- 

 

Table A.16. number of 1 Hz DSD data for the sensitivities to NCN. 

w (m s-1) \ H (m) 200 500 950 1625 2637.5 4156.25 

0.5 289 89 21 32 36 45 

1 247 82 20 24 22 45 

2 223 87 26 34 28 49 

4 111 47 30 37 29 38 

8 0 0 0 0 18 27 

 



173 
 

Table A.17 - number of 1 Hz DSD data for the sensitivities to w. 

NCN (cm-3) \ H (m) 200 500 950 1625 2637.5 4156.25 

500 259 84 28 27 11 0 

1000 234 84 38 40 56 81 

3000 265 91 0 61 43 75 

4500 125 55 25 16 23 44 

 

Table A.18 - number of 1 Hz DSD data for the sensitivities to H. 

NCN (cm-3) \ w (m s-1) 0.5 1 2 4 8 

500 169 119 90 35 0 

1000 137 136 146 94 20 

3000 142 100 138 110 51 

4500 64 85 73 53 0 
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