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RESUMO

Devido a tendéncia mundial de industrializacdo e urbanizacdo, os poluentes atmosféricos séo
emitidos em grandes quantidades em escala global, particularmente nos paises em
desenvolvimento, o que produz efeitos adversos na satude humana, causando problemas como
doencas respiratorias e pulmonares. Diante deste cenério, o objetivo desta pesquisa foi de
estudar o material particulado MP1o, coletado no centro da cidade de S&o Carlos, por meio da
analise de séries temporais multidimensionais e de analise espectroanalitica. As coletas foram
do periodo de 2014 a 2015 (coletas diarias) e de 2015 a 2017 (coletas em dias alternados),
especificamente na Praca dos Voluntarios. No processo de andlise de séries temporais
multidimensionais, foi desenvolvido um sistema de visualizac¢do de dados baseado na web, com
auxilio das bibliotecas Java Script e D?, tendo como objetivo apoiar a analise evolutiva do
comportamento do material particulado atmosférico (MP1o) coletado na cidade. As coletas
foram realizadas utilizando o amostrador de grandes volumes, no tempo de 23horas e 30
minutos. Os valores obtidos no monitoramento de 2014 a 2017 mostraram claramente uma
diminuicdo do poluente MP1o no ar atmosférico da cidade, em comparagdo com dados de
registros historicos da campanha de 1997 a 2006. Essa tendéncia decrescente nas concentragdes
de MP1o pode ser devido a um aumento do rigor no cumprimento do Decreto Estadual n® 59113
de 23/04/2013, que exige o controle da poluicdo do ar. Para o processo de analise espectro-
analitica, as amostras coletadas no periodo de 2014 a 2015 foram diretamente analisadas por
WD-XRF, identificando os seguintes elementos: Al, Ca, Ce, Cl, Fe, K, Mg, P, S, Si, Ti, V e Zn;
e por LIBS (Ba, Ca, Fe, K, Mg, Na, Si e Ti), para fins qualitativos. Para analises quantitativas,
os elementos Al, Ba, Ca, Fe, K, Na, S e Zn foram submetidos a extracdo, com solucdo acida
extrativa (HNOz e HCI), e determinados por ICP OES. As concentracdes desses elementos
apresentaram variages espaciais (ng m=), que foram significativamente maiores para Al
(19,0), Ba (13,6), Ca (20,0), Na (27,0), S (37,1) e Zn (9,5) no inverno; no outono, para Na
(26,4); na primavera, para Fe (11,6), K (13,1) e S (25,3) ; e 0 verdo ndo apresentou altas
concentragfes, na comparacdo entre as estacdes do ano. Utilizando o modelo matemaético
(PCA), modelo estatistico (Pearson) e a equacdo de fator de enriquecimento (FE) nesses
resultados de WD-XRF, LIBS e ICP OES, foi possivel tragar o perfil das possiveis origens

desses elementos quimicos no ar atmosférico coletado na cidade.

Palavras-Chave: MP1o, Séries temporais; Tecnicas espectroanaliticas; Analise de componentes
principais; Coeficiente de Pearson; Fator de enriquecimento.
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ABSTRACT

Due to the worldwide trend of industrialization and urbanization, air pollutants are emitted large
quantities on a global scale, particularly in developing countries, which produces adverse
effects on human health by causing health problems such as respiratory and lung diseases. In
view of this scenario, the objective of this research was to study the PMio particulate matter,
collected in the city center of Sdo Carlos, through the analysis of multidimensional time series
and spectral analysis. The collections were from the collection period from 2014 to 2015 (daily
collections) and from 2015 to 2017 (collections on alternate days), specifically at Praca dos
Voluntérios. In the process of analysis of multidimensional time series, a web - based data
visualization system was developed with the help of the Java Script and D? libraries to support
the evolutionary analysis of atmospheric particulate matter (PM1o) collected in the city. The
samples were collected using the large volume sampler, in the time of 23 hours and 30 minutes.
The values obtained in the monitoring from 2014 to 2017 clearly showed a decrease of the
pollutant PMzg in the atmospheric air of the city, compared with data from historical records of
the campaign from 1997 to 2006. This decreasing trend in PM1o concentrations may be due to
an increase in strict compliance with State Decree No. 59113 of 04/23/2013, which requires the
control of air pollution. For the spectroanalytical analysis, samples collected in the period from
2014 to 2015 were directly analyzed by WD-XRF, identifying the following elements: Al, Ca,
Ce, Cl, Fe,K, Mg, P, S, Si, Ti, V and Zn; and for LIBS (Ba, Ca, Fe, K, Mg, Na, Si and Ti) for
qualitative purposes. For quantitative analysis, the elements Al, Ba, Ca, Fe, K, Na, S and Zn
were subjected to extraction with extractive acid solution (HNOz and HCI) and determined by
ICP OES. The concentrations of these elements presented spatial variations (ng m3), which
were significantly higher for Al (19.0), Ba (13.6), Ca (20.0), Na (27.0), S (37.1) and Zn (9.5)
in winter; in autumn, to Na (26.4); in the spring, for Fe (11.6), K (13.1) and S (25.3); and
summer did not show high concentrations in the comparison between the seasons of the year.
Using the mathematical model (PCA), statistical model (Pearson) and the enrichment factor
equation (EF) in these WD-XRF, LIBS and ICP OES results, it was possible to trace the
possible origins of these chemical elements in collected atmospheric air in the city.

Keywords: PMio. Time series. Spectroanalytical techniques. Principal componente analysis.
Pearson coefficient. Enrichment factor.
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CAPITULO 1 - INTRODUGCAO

1.1 CONSIDERACOES GERAIS

O crescimento populacional e o desenvolvimento social sdo fatores que
contribuem para 0 aumento do impacto das atividades humanas sobre o meio ambiente
(ZHAO et al., 2019). Em paises em desenvolvimento, o impacto ambiental nas areas
urbanas e suburbanas tem provocado situacdes que englobam problemas habitacionais,
econémicos, de saneamento basico e de poluicdo das aguas, do solo e do ar (POZZA, 2009;
ROMANO; FLETCHER, 2018).

A poluicdo do ar € um assunto que tem demandado extensivas pesquisas nos
ultimos anos e atualmente é tema de grande importancia na busca da preservacao do meio
ambiente e na implementacdo de um desenvolvimento sustentavel. Esse tipo de poluicao
afeta de diversas formas a salde humana, e também degrada a fauna e a flora (LUI, 2016;
VIEIRA DE SOUZA; SCUR; HILSDORF, 2018; VILAS BOAS et al.,2018; ZHANG;
CEN; LUO, 2018).

As legislacdes relacionadas a poluicdo do ar existentes em diversas partes do
mundo, e apresentam as particularidades de cada nacdo onde elas foram estabelecidos. No
entanto, uma caracteristica comum evidente em legislacbes como a do Brasil, dos Estados
Unidos e de paises que fazem parte da Unido Europeia, é o estabelecimento de padrdes de
qualidade do ar para um namero restrito de poluentes (CONAMA, 1990; EEA, 2008; US-
EPA, 2019a).

Dentre os poluentes atmosféricos, o material particulado (MP) possui importancia
significativa, devido a sua complexa composicao quimica e as suas propriedades fisicas. O
MP é uma mistura de particulas sélidas ou liquidas que permanecem em suspensao na
atmosfera por horas ou até dias, podendo mover-se por distancias consideraveis a partir da
fonte (CETESB, 2019). De acordo com a origem, as particulas em suspensdo sao
classificadas como priméarias ou secundarias. As primarias, tem como origem a
ressuspensdo de solos e de veiculos automotores, e as secundarias, originadas de processos
quimicos na atmosfera (US-EPA, 2019a).

Essas particulas, com diametros aerodinamicos na faixa de 0,1 a 10 um séo
relatadas na literatura como aquelas que podem ficar retidas no trato respiratorio superior

ou penetrar mais profundamente nos alvéolos pulmonares, causando doencas nos sistemas



respiratorio e cardiovascular (CARUGNO et al., 2018; SANTURTUN et al., 2017; FENG
etal., 2019).

A poluigdo atmosférica nos centros urbanos e proveniente de fontes naturais e
antropogénicas (AZHARI; LATIF;, MOHAMED, 2018; SHEN et al., 2018). Assim, a
aquisicdo e a andlise de dados ambientais sdo de importancia central para a identificacéo
dos precursores de poluicdo, em termos locais e globais. Entender a origem e 0 movimento
sazonal dos poluentes é essencial para que os 6rgaos publicos tomem decisdes apropriadas,
com o objetivo de minimizar o impacto da poluicdo do ar na saude humana. Existem
ferramentas que auxiliam na organizacdo dos dados decorrentes da poluicdo do ar. No
entanto, tais ferramentas mostram graficos de resultados (por exemplo, exibicdo de dados
de concentracgdes de MP) que sdo pouco interativos. Para solucionar essa dificuldade, nesta
pesquisa, foi utilizada uma ferramenta para interpretacdo de informacdes do setor de
financas (por exemplo, bolsa de valores) aplicadas a visualizacdo e entendimento de dados
da poluicdo do ar, o que ird possibilitar a orientacdo de pesquisas futuras e a identificacdo
de padroes (MCLACHLAN et al., 2008).

Além das ferramentas que auxiliam no entendimento do comportamento sazonal
da concentracdo do material particulado dentro de um periodo, tem crescido também o
interesse na utilizacdo de técnicas espectroanaliticas para identificacdo e quantificagdo de
elementos quimicos presentes no material particulado que sdo prejudiciais a saide humana
( MARZOUNI et al., 2016; PROST et al., 2018; YATKIN; GERBOLES, 2013).

No Brasil, a maioria dos estudos sobre 0 monitoramento do material particulado
da faixa de 0,1 a 10 um se concentram nos grandes centros urbanos, como por exemplo,
nas cidades de Sao Paulo capital (SP), Campinas (SP), Rio de Janeiro (RJ), Vitéria (ES),
Porto Alegre (RS), Salvador (BA), entre outras (DE FREITAS et al., 2016; LAZZARI,
2009; LYRA; ODA-SOUZA; VIOLA, 2011; PRIOLI, 2016; VIANNA, 2014). A cidade
de Sdo Carlos, sendo um centro urbano de pequeno porte, tem um histérico de
monitoramento de material particulado, dados estes foram obtidas de 1997 a 2006
(BRUNO, 2005; MARQUES, 2000; POZZA, 2009) e novamente de 2014 a 2015
(ALEXANDRINA, 2015; LUI, 2016).

Neste sentido, o objetivo deste estudo foi analisar o material particulado menor
que 10 um (MP1o) coletado na area central da cidade de Sdo Carlos-SP por meio da

avaliacdo multidimensional de séries temporais e de técnicas espectroanaliticas.



1.2 OBJETIVOS
Neste estudo foram levantadas duas metas, que séo:

a) Avaliar o material particulado (MP1o) da cidade de S&o Carlos-SP (Brasil) da campanha de
amostragem recente de 2014 a 2017 e da série histérica de 1997 a 2006 a partir da analise
e visualizacdo de séries temporais multidimensionais.

b) Avaliar o uso de diferentes técnicas espectroanaliticas para anélise e determinagédo
elementar da campanha de amostragem de 2014 a 2015 do material particulado (MP10) da
cidade de S&o Carlos-SP(Brasil).

1.3ESTRUTURA DO TRABALHO

O trabalho divide-se em cinco capitulos, além desta introducéo.

O CAPITULO 2 traz uma revisdo da literatura sobre aerossdis atmosféricos de
material particulado (MP10), padrbes de qualidade do ar, legislagdo ambiental (mundial,
nacional e estadual), danos devidos a poluicdo do ar, monitoramento do Material
Particulado (MP10), séries temporais e técnicas espectroanaliticas.

O CAPITULO 3 apresenta 0 método de visualizacio de dados de poluicdo, o
procedimento das técnicas espectroanaliticas, descreve o procedimento de amostragem do
MP10 da érea central da cidade de Sao Carlos, o tratamento dos dados para insercdo no
sistema de visualizacdo via web e o preparo de amostras para analise por intermédio das
técnicas espectroanaliticas, nesta pesquisa.

O CAPITULO 4 expde e discute os resultados de dois artigos desenvolvidos nesta
tese; o primeiro, Analysis and visualization of multidimensional time series: Particulate
matter (PM10) from Sdo Carlos-SP (Brazil) e o segundo, Particulate matter (PM10) from
Sdo Carlos-SP (Brazil): Spectroanalytical Techniques to Evaluate and Determine
Chemical Elements.

O CAPITULO 5 resume as principais conclusdes e sugestdes para trabalhos

futuros.



CAPITULO 2 - REVISAO BIBLIOGRAFICA

Esta secdo trard uma breve revisdo da literatura sobre aerossois atmosféricos e
material particulado (MP10), padrbes de qualidade do ar, legislagdo ambiental (mundial,
nacional e estadual), danos devidos a poluicdo do ar, monitoramento do Material

Particulado (MP10), séries temporais e técnicas espectroanaliticas.

2.1 AEROSSOIS ATMOSFERICOS E MATERIAL PARTICULADO (MP10)

Aerossois sao particulas solidas ou goticulas em suspensdo em um gas, que variam
de 0,001 a 100 um (HINDS, 1999).

As particulas microscopicas dispersas no ar tém diversas origens: emissdes
gasosas terrestres, eletricidade, poeiras de meteoritos, emissdes vulcanicas, poeiras
transportadas pelo vento, processos de combustdo, particulas salinas formadas de ‘sprays’
oceanicos, emissdes de industrias etc. Tais particulas variam consideravelmente nas suas
capacidades em afetar ndo somente a visibilidade e o clima, como a satde e a qualidade de
vida dos seres (ALVES, 2005; HINDS, 1999).

Estes também sdo formados pelos processos de conversao de gases em particulas
ou por desintegracdo de liquido ou sélido, ou ainda, pela ressuspensdo de material
particulado ou dissolucéo de aglomerados (FRIEDLANDER, 2000). Aerosso6is podem ser
subdivididos de acordo com a forma fisica das particulas e seu método de geracdo (HINDS,
1999). Neste estudo serdo consideradas somente as particulas sélidas (MP10) em
suspenséo.

O material particulado com didmetro aerodindmico menor que 10 um (MP10), é
definido como particulas inalaveis que, dependendo da distribuicdo de tamanho na faixa
de 0 a 10 um, podem ficar retidas na parte superior do sistema respiratorio ou penetrar mais
profundamente alcancando os alvéolos pulmonares (CETESB, 2019).

Dados de concentracdo de varios estudos em ambito nacional e internacional
indicam que processos antropicos representam os principais contribuintes da composi¢éo
do MP10 e do MP2,5 (diametro aerodinamico menor ou igual a 2,5 um), nos centros
urbanos das cidades (ADENIRAN; YUSUF; OLAJIRE, 2017; GARCIA; MANZINI;
ISLAS, 2010; KRECL et al., 2018).



Em virtude das fontes antropicas serem as maiores causadoras da poluicao do ar,
existe a necessidade de estabelecer limites maximos para emissdo de poluentes do ar,
assim, leis para a qualidade do ar vém sendo implantadas em niveis mundial, nacional e
regional e, de forma progressiva, vao ficando cada vez mais restritivas (CETESB, 2019;
EEA, 2008; US-EPA, 2019b).

2.2PADROES DE QUALIDADE DO AR E LEGISLACAO AMBIENTAL

No Brasil, foi estabelecida a lei ambiental, nUmero 6.938, de 31 de agosto de 1981,
regulamentada pelo Decreto 99.274, de 06 de junho de 1990, que dispde sobre a Politica
Nacional do Meio Ambiente e o Sistema Nacional de Meio Ambiente (SISNAMA). Tal lei
estabeleceu os principios e objetivos dessa politica e considerou 0 meio ambiente como
patrimdnio pablico a ser necessariamente assegurado e protegido, tendo em vista 0 uso
coletivo. Com fundamento nos dispositivos dessa lei, o Conselho Nacional do Meio
Ambiente (CONAMA), por ela criada, passou a editar normas administrativas relativas a
protecdo ambiental.

O CONAMA, por meio da resolucédo n°491, de 19 de novembro de 2018, atualizou
o0s padrdes da qualidade do ar para PM10. Tais padrdes sdo os mesmos do érgdo estadual
de S&o Paulo, a Companhia Ambiental do Estado de S&o Paulo (CETESB), publicada em
Decreto Estadual n°® 59113 de 23/04/2013. O objetivo dessa nova resolucdo foi o
estabelecimento de novos padrbes de qualidade do ar (Tabela 1) e mediante metas
gradativas e progressivas, pretende atingir os valores hoje estabelecidos pela Organizacao
Mundial da Satde (OMS). Os critérios foram:

a) Metas Intermediarias (MI) - estabelecidas como valores a serem cumpridos em
etapas, visando a melhoria gradativa da qualidade do ar, baseadas na busca pela
reducdo das emissdes de fontes fixas e moveis, em linha com os principios do
desenvolvimento sustentavel;

b) Padrdes Finais (PF) - determinados pelo melhor conhecimento cientifico para que
a salde da populagdo seja preservada ao maximo em relacdo aos danos causados

pela poluicdo atmosférica.

Na Tabela 1 sdo apresentados os valores recomendados pelo 6rgao nacional
(CONAMA), o6rgdos internacionais, tais como: US-EPA (United States Environmental

Protection Agency), EEA (European Environment Agency), e os da OMS.



Tabela 1- Padrdes de qualidade do ar para MP1o recomendados por CETESB, US-EPA, EEA e OMS

Poluente Padrdes de acordo com Tempo de Amostragem Concentracio (ug * m?)
Ml MI2  MI3  PF
CONAMA e CETESB 24 horas 120 100 75 50
Média anual 40 35 30 20
MP1o US-EPA 24 horas 150
EEA 2,4'horas 50
Média anual 40
24 horas 50
OMS Média anual 20

Fonte: (CETESB; US-EPA; OMS, 2019).

2.3DANOS DEVIDOS A POLUICAO DO AR

Poluir € introduzir no ar atmosférico substancias em quantidades superiores ao
que a natureza pode reciclar, e fazé-lo em locais e em momentos inadequados (POZZA,
2009).

Existem diversos aspectos que devem ser considerados no estudo de danos devido
a poluicdo do ar e 0os mais importantes sdo: saude, materiais, economia, propriedades da
atmosfera e vegetagdo (DERISIO, 2012).

2.3.1 Saude

Em diversas partes do mundo sdo relatados estudos da associagéo entre a polui¢ao
atmosférica e varios indicadores de morbidade e mortalidade, mesmo quando as
concentracdes de poluentes estdo abaixo dos limites internacionalmente padronizados. Os
efeitos da poluicdo do ar sobre a salde podem provocar: doengas agudas ou cronicas,
morte, reducdo na longevidade, alteracdo de importantes func@es fisioldgicas, tais como
ventilacdo do pulméo, transporte de oxigénio pela hemoglobina e degeneracdo de
visibilidade, entre outras (FREITAS, 2003).

Yi; Hong e Kim (2010), avaliaram o efeito sazonal das concentracdes de MP1o na
mortalidade e morbidade em Seul, Coreia do Sul. Eles concluiram que o efeito de MP1o na
mortalidade e morbidade varia com a época do ano e que aumenta durante o inverno.

Chiarelli et al., (2011), analisaram a relacdo entre a poluigdo do ar e a pressao
arterial nos controladores de transito de Santo André-SP (Brasil). Eles concluiram que 0s
controladores de trafego apresentaram alteracGes na pressao arterial, para melhor, quando
expostos a niveis relativamente baixos da poluicdo do ar ambiente.

Zhang et al. (2017), avaliaram a mortalidade e anos de vida perdidos devido a

concentracdo de MP1o em Wuhan, China. Eles concluiram que a exposicao a curto prazo



ao MPqo foi linearmente associada a aumentos significativos na incidéncia de mortalidade
e nos anos de vida perdidos.

Renzi et al., (2018), analisaram os efeitos a curto prazo da concentracdo de MP1o
da regido desértica e ndo desértica, sobre casos de mortalidade em Sicilia, Italia. Eles
concluiram que o MP1o é um importante fator de risco para mortalidade n&o acidental e

ocorre especialmente durante o periodo quente.

2.3.2 Materiais

Alguns fendmenos podem ser identificados no processo de danos devido a
poluicdo do ar sobre materiais. Destacam-se a abrasdo, a deposicao e a remocdo, 0 ataque
quimico direto e indireto e a corrosdo eletroquimica. Além desses, podem ser ressaltados
alguns fatores que influenciam os danos a materiais por atmosferas poluidas: umidade
relativa, temperatura, luz solar, velocidade do ar e a posicao no espaco do material. Como
exemplo, quando ndo h& umidade relativa suficiente, praticamente ndo ha corroséo
eletroquimica, mesmo em atmosfera muito poluida. Para varios metais existe uma umidade
relativa critica (depende do material e dos contaminantes atmosféricos), que normalmente
fica em torno de 60% para 0 aco, podendo chegar a 70 % ou 80%, dependendo da regido
na qual esta exposto (PEREIRA DE LIMA, 2007; CRUZ, 2015).

2.3.3 Economia

Os efeitos adversos diretos provocados pela poluicdo do ar sdo extremamente
dispendiosos para os habitantes de areas urbanas industrializadas. O custo exato destes
efeitos é complexo de se determinar, principalmente porque 0s bens e servigos ambientais
ndo estdo sujeitos as leis de mercado. Duas razdes béasicas podem explicar esta
complexidade. A primeira é que até pouco tempo 0s bens e servicos ambientais eram
considerados bens livres, ou seja, preco zero. A outra é que ndo é possivel, em muitos
casos, estabelecer direitos de propriedade sobre os bens ambientais (PEREIRA DE LIMA,
2007).

Exemplificando, pode-se mencionar o estudo realizado pelo Instituto de Ciéncias
Ambientais, Quimicas e Farmacéuticas da Universidade Federal de Sdo Paulo, pelos
professores Simone Miraglia e Nelson Gouveia, sobre as regibes metropolitanas de
algumas cidades brasileiras, em 2014, que mostraram que o custo das mortes causadas pela
poluicédo do ar no Brasil resultou em US$ 1,7 bilhdo anualmente (MIRAGLIA; GOUVEIA,
2014).



2.3.4 Propriedades da atmosfera

A primeira indicacdo da existéncia da poluicdo do ar para um cidaddo comum é o
prejuizo da visibilidade. A visibilidade urbana pode ser afetada principalmente pelos
fatores meteoroldgicos: altura da camada de inversdo, velocidade dos ventos e condicdes
de umidade relativa que propiciam aumento no tamanho de particulas higroscopicas que
resultam na reducdo da visibilidade. Tal redugdo ocorre devido a presenca de particulas
solidas e liquidas suspensas no ar atmosférico, que absorvem e dispersam a luz. Esta
condicdo esta relacionada ao tamanho, a concentracdo e as caracteristicas fisicas das
particulas poluentes presentes (PEREIRA DE LIMA, 2007; POZZA, 2009).

2.3.5 Vegetacao

Os poluentes que causam danos a vegetacdo sdo conhecidos como fitotoxicos.
Entre os fitotoxicos severos encontram-se o dioxido de enxofre, ozbnio etc. As plantas
podem ser afetadas pelos poluentes atmosféricos por intermédio dos seguintes
mecanismos: reducdo da capacidade de fotossintese, deposi¢do de poluentes no solo e
penetracdo dos poluentes através de pequenos poros na superficie das plantas (DERISIO,
2012).

2.4 MONITORAMENTO DO MATERIAL PARTICULADO

O monitoramento do material particulado suspenso no ar atmosférico é uma das
varias formas de avaliacdo da qualidade do ar de uma determinada regido. Esta avaliacdo
comeca com a amostragem do material particulado, que é feita conforme o propdsito do
estudo, que pode ser: determinacdo da concentracdo do material particulado e verificacdo
do enguadramento na legislacdo vigente. Em seguida, faz-se a avaliacdo quimica para a
identificacdo dos elementos com o intuito de relaciona-los as fontes emissoras
(MARQUES, 2000; POZZA, 2009).

Os principais objetivos do monitoramento da qualidade do ar séo:

a) Fornecer dados para ativar acfes de emergéncia durante periodos de
estagnacdo atmosférica, quando os niveis de poluentes na atmosfera
possam representar risco a satde publica;

b) Auvaliar a qualidade do ar levando em consideracdo os padrdes limites
estabelecidos para proteger a satde e o bem-estar das pessoas;

c) Acompanhar as tendéncias e mudancas na qualidade do ar devidas as

alteracdes nas emissdes dos poluentes.



Segundo Derisio (2012), a localizacao e a implantacao de estacGes de amostragem
de poluentes atmosféricos devem obedecer aos seguintes critérios:
a) Prioridade para as areas mais poluidas ou em areas mais povoadas;
b) Instalacdes de estacGes nos locais de entrada de ar para a regido (tendo em
atencdo a direcdo dos ventos);
c) As estagOes devem estar posicionadas de modo que esteja simulando a
altura respiravel do ser humano;

d) Evitar colocar préximos de obstaculos, tais como prédios, chaminés etc.

2.5 SERIES TEMPORAIS

Uma série temporal € um conjunto de dados caracterizado por uma sequéncia de
observac@es coletadas ao longo do tempo. Cada unidade discreta de dados de uma série
temporal € registrada em intervalos de tempo sucessivos e, geralmente, constantes
(SALLES et al., 2019). Neste contexto, a anélise de séries temporais é o processo de
extracdo de informacGes e padrdes significativos e ndo-triviais de um conjunto de dados
variante no tempo (KOTU; DESHPANDE, 2019). As séries temporais podem ser
encontradas nos mais diversos dominios de aplicacdo como: financas, saude, meteorologia,
astronomia, noticias, monitoramento e sensoriamento remoto e meio ambiente, como por
exemplo, dados de MP10 (ORTIGOSSA, 2018). Formalmente, um conjunto de séries

temporais é expresso em:

D = {(tll vl)' (tZIUZ)I ey (tn'vn)} (1)
com

v; = f{t;) ()

Onde: v; é caracterizado por um atributo quantitativo ou mesmo qualitativo. D é
um conjunto bidimensional, pois a evolucao temporal de seus pares ordenados (t;, v;) pode
ser representada no espacgo de um plano cartesiano, por exemplo. No entanto, cada instancia
v; também pode ser individualmente composta por um subconjunto contendo um ndmero
arbitrario de elementos, v; = {v;1, Vi3, ..., Vix}. EStes k atributos descrevem o espaco de
caracteristicas das variaveis dependentes do conjunto de dados. Neste caso, tal série
temporal sera denominada de multidimensional, pois suas instancias sdo interpretadas

como pontos no espaco m-dimensional, em que m é o nimero total de elementos em (¢t;, v;).
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2.5.1 Dimensionalidade das Séries Temporais

Um conjunto de séries temporais pode ser classificado quanto & sua
dimensionalidade, em “unidimensional” ou “multidimensional”. A série temporal
unidimensional é caracterizada por uma série histdrica unica, ou seja, contém a amostragem
de um unico parametro de observacao, podendo assim, ser suficientemente representada
em um plano cartesiano. Séries temporais multidimensionais sdo aquelas que envolvem
mais de uma série historica, ou seja, geradas a partir da observacdo simultanea de duas ou

mais variaveis ao longo do tempo (SOUZA, 1970).

2.5.2 Pre-processamento e mineragdo dos dados

Na etapa de pré-processamento, o foco é eliminar problemas presentes na base de
séries temporais que dificultem a realizacdo da analise dos dados. Para tal, é feito o
tratamento de inconsisténcias e incompletudes no conjunto temporal, uma vez que nos
dados brutos pode haver informagdes faltantes, redundantes ou com erros de aferigcdo. Para
os dados amostrados e considerados neste trabalho, foi identificado um problema que
consiste na auséncia de algumas observacdes da série temporal, ou a presenca de
observacdes com valores invalidos, que podem surgir durante a coleta de dados, seja por
consequéncia de algum erro humano, erro no equipamento sensor, ou mesmo condicGes
ambientais (DO AMARAL, 2016; MITSA, 2010). O tratamento de valores faltantes ¢é
dependente da aplicacdo e da andlise na mineracdo de dados. Existem varias estratégias
dedicadas ao tratamento de dados faltantes que podem ser consideradas. Uma alternativa é
a substituicdo de valores utilizando métodos de interpolacdo, por exemplo, seja a
interpolacédo linear ou a ndo-linear. Outra possibilidade é a ndo substituicdo de valores
faltantes. Para tal, utilizam-se as técnicas e funcdes de distancias que considerem essa
caracteristica para analise das séries temporais. Um procedimento comum no pre-
processamento é a normalizacdo do conjunto de dados temporal, cujo objetivo é representar
todas as séries temporais de uma base de dados em uma mesma escala. Dois tipos de
normalizagcdo amplamente utilizadas séo: normaliza¢cdo min-max, em que cada observacéo
de uma série temporal pertence ao intervalo definido como min, max, em que min e max
sdo valores arbitrarios; e a normalizagdo z-score, em que as observagdes sdo transformadas
de modo a apresentar uma média p e desvio padréo o arbitrarios (DO AMARAL, 2016;
MITSA, 2010).

A mineracdo de series temporais € aplicada sobre um conjunto de dados com o

objetivo de descobrir relacGes entre esses dados, organizando-o0s de maneira compreensivel



11

e util (DE QUEIROZ, 2012). Neste sentido, a mineracdo de séries temporais busca modelar
e compreender o fendmeno temporal que governa o processo evolutivo no qual estes dados
estdo imersos, desde a identificacdo de caracteristicas precursoras de anomalias até, muitas
vezes, a realizacdo de predi¢cBes (ORTIGOSSA, 2018).

2.5.3 Visualizacao de Informactes em Séries Temporais

Seres humanos estdo sempre procurando por estruturas, caracteristicas, padroes,
tendéncias e anomalias nos dados (AIGNER et al., 2007). A visualiza¢do de informacdes
tem por objetivo representar dados abstratos dentro de modelos gréficos, visando facilitar
a comunicacao do usuario com os dados, algo que vem para viabilizar a exploracdo e a
aquisicdo de informacdes potencialmente Gteis contidas nos dados (ALENCAR, 2007). A
visualizacdo de informagdes interativas é vista como a transformacdo de dados em
representacdes visuais, por meio de mapeamentos ajustaveis, de modo a possibilitar a
interacdo do usuario com o espaco de informacdo (DE OLIVEIRA; LEVKOWITZ, 2003;
ORTIGOSSA, 2018).

A Figura 1 ilustra as etapas de visualizacdo de informac6es em séries temporais.
O primeiro estagio corresponde a obtencdo dos dados, que sdao amostrados ou podem ser
gerados por algum método de sintetizacdo. Segundo estagio, os dados sdo apenas
registrados e dispostos em sistemas de armazenamento, como as planilhas eletrdnicas. Essa
é a etapa mais longa do processo, pois envolve o mundo real. A principio, os dados brutos
nada tém a ensinar sobre o ambiente de origem devido a sua complexidade de interpretacéo.
Terceiro estagio, sdo aplicadas as técnicas de mineracdo de dados, de pré-processamento e
de transformacédo. Aqui, os atributos de interesse devem ser identificados, sendo que a
extracdo dos mesmos pode ser feita por selecdo manual ou com a assisténcia de métodos
automatizados. Quarto estagio, sdo gerados os graficos e estruturas visuais e, 0 quinto
estagio, o usudrio interpreta os graficos e retira conclusdes pertinentes (ORTIGOSSA,
2018).
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Figura 1-Diagrama esquematico da metodologia interativa de visualizagdo de informacGes
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Fonte: Elaborado pelo Autor, 2019.

Dentro da visualizacdo se destacam duas areas: a visualizacdo cientifica e a
visualizacdo de informacgdes. Na visualizacdo cientifica sdo criados modelos graficos de
dados do mundo fisico, por exemplo, o corpo humano, a terra e as moléculas entre outros.
Na visualizagdo de informacdes manipulam-se tipos de dados que ndo possuem um
mapeamento espacial dbvio, ou seja, criam-se metaforas visuais capazes de representar
esses dados abstratos (ALENCAR, 2007). A visualizacdo de séries temporais € enquadrada

na area de visualizacdo de informac6es, porque requer a criacao de metaforas visuais.

2.5.4 Desafios em Visualizacdo de Séries Temporais

Os modos mais simples e tradicionais de se visualizar séries temporais Sdo 0s
gréficos de linhas, histogramas, circulares e os de barras (ALENCAR, 2007; ORTIGOSSA,
2018). Muitas das técnicas tradicionais, como os graficos de linha, ndo sdo escalaveis, do
ponto de vista visual, quando se tem volumes de dados muito grandes. Os problemas
associados ao uso de técnicas de visualiza¢do para conjuntos de dados muito grandes sdo:
primeiramente, a “perda de velocidade e interagdo”, quando o conjunto de dados cresce, 0
tempo necessario para completar as representacGes graficas, o que reduz o tempo de
resposta da aplicacdo e dificulta o uso de técnicas de interacdo. Em segundo, “ocluséo
visual”, que ocorre quando dois ou mais elementos visuais se sobrepdem, obstruindo sua
percepcdo, ou seja, a oclusdo é agravada pela quantidade de itens a serem exibidos
(ALENCAR, 2007).
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2.5.5 Visualizacdo Exploratoria Interativa

As técnicas interativas encontradas em sistemas de visualizagdo modernos séo
recursos que ajudam os usuarios a manipular e interpretar direta ou indiretamente os dados
(Yl et al., 2007). Ha duas ferramentas desenvolvidas para a visualizacdo exploratdria
interativa, que sdo: Timeboxes e a TimeSearch (searchbox) (HOCHHEISER;
SHNEIDERMAN, 2004). TimeBoxes sdo regibes de consultas visuais retangulares
desenhadas diretamente em uma exibicdo bidimensional de dados de séries temporais,

como pode ser observado na Figura 2.

Figura 2-Exemplo da criagdo de uma Timeboxes
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Fonte: Elaborado pelo Autor, 2019.

TimeSearch é uma ferramenta de visualiza¢do de informacdo baseada no uso de
TimeBoxes para execugdo de consultas sobre um conjunto de dados com uma ou mais

variaveis no tempo.

2.5.6 Ferramentas Web utilizadas

A Web é um sistema computacional baseado no modelo cliente-servidor. O
servidor é responsavel por receber e processar solicitagdes do cliente, que séo enviadas por
meio de um navegador Web. O resultado desse processamento solicitado ao servidor € uma

pagina Web, a qual é enviada de volta ao cliente e logo é exibida no navegador
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(PAGLIOSA, 2015). O conteudo de uma pagina Web (textos, imagens e links entre outros)
é definido por elementos descritos em HTML (Hypertext Markup Language), cuja versao
mais recente € HTML5 (WANG; SALIM; MOSKOVITS, 2013). Além disso, uma péagina
Web pode utilizar elementos CSS (Cascate Style Sheets), para definir localizacéo, cor,
estilo entre outros, de seu conteldo, caracterizando assim a aparéncia e o leiaute da pagina
(PAGLIOSA, 2015).

HTML é uma linguagem de marcacdo simples usada para criar hipertexto,
documentos que sdo portateis de uma plataforma para outra (WOOD et al., 2000). Os
elementos de uma pagina em HTML sdo organizados em um navegador segundo um
modelo denominado DOM (Document Object Model). O DOM é uma interface de
programacao de aplicacdo que define a estrutura Idgica de documentos e a maneira como
um documento ¢ acessado e manipulado (WOQOD et al., 2000). DOM é um modelo criado
para padronizar a elaboracdo de documentos XML (eXtensible Markup Language) e
HTML (PAGLIOSA, 2015). Com o DOM, os programadores podem adicionar, modificar,
excluir elementos e até mesmo contetdo (WOOD et al., 2000).

Dentro dos arquivos HTML, os programas podem ser escritos em JavaScript
(CROCKFORD, 2008). JavaScript € uma das linguagens mais utilizadas em aplicacdes de
navegadores Web. Sua associacdo com a Web faz com que seja uma das linguagens de
programacdo mais populares do mundo. Programas escritos em JavaScript podem ser
executados na maioria dos computadores e dispositivos portateis, pois estes ja vém com
navegadores Web que suportam JavaScript instalados, independente do sistema
operacional. O padrdo SVG (Scalable Vector Graphics) pode ser utilizado para definir
graficos bidimensionais baseados em vetores (EISENBERG, 2002). A juncdo de
JavaScript e SVG permite a criacdo de graficos sofisticados e acessiveis a maioria dos
usudrios da Internet. Essa juncao é feita utilizando bibliotecas JavaScript para manipulacéo
de documentos DOM, por meio do uso de HTMLS5, SVG e CSS (PAGLIOSA, 2015).

D3js, ou simplesmente D® (Data-Driven Documents) (BOSTOCK;
OGIEVETSKY; HEER, 2011) é uma biblioteca JavaScript dedicada a construcdo de
elementos graficos em SVG a partir de conjuntos de dados, que permite manipular o
modelo de documento por objetos. D* é capaz de carregar informagles numéricas e
categoricas de diversos tipos, utilizando métodos computacionais de manipulacéo de dados
de modo simplificado (ORTIGOSSA, 2018). Com estes métodos, € possivel ler os padrbes
de arquivos mais utilizados para o armazenamento de informacGes, entre eles o CSV

(Comma-Separated Values), TSV (Tab-Separated Values), inclusive paginas HTML



15

também podem servir como dados de entrada aos métodos de manuseio de dados da
biblioteca D3. Assim, por aliar alta qualidade visual, recursos interativos, eficiéncia
computacional e uma boa documentagdo, D*® foi a biblioteca grafica escolhida para o
desenvolvimento Web desta pesquisa.

O Python foi a linguagem de programacao escolhida para o desenvolvimento de
partes do sistema dependentes de operagdes de processamento de dados intensos. Python é
uma das linguagens mais populares para computacéo cientifica, isto porque, sua natureza
interativa de alto nivel e a sua grande disponibilidade de bibliotecas cientificas, o torna
atraente para desenvolver algoritmos para analise exploratéria de dados (PEDREGOSA et
al., 2011). Como uma linguagem de propdsito geral, é cada vez mais utilizada, ndo apenas

em ambientes académicos, mas também na indUstria.

2.5.7 Séries Temporais Aplicadas a Problemas Ambientais

Algumas pesquisas ambientais realizaram andlise de dados temporais para
verificar comportamentos futuros (predigdes) (POZZA, 2009). Estudos recentes mostram
a aplicagdo de séries temporais em problemas ambientais relacionados a poluicdo do ar e
seus efeitos sobre a saude humana.

Zeng et al., (2017) aplicaram o modelo aditivo generalizado (GAM), que é uma
combinagdo do modelo linear generalizado e do modelo aditivo, para prever epidemiologia
decorrente da poluicédo do ar. No estudo, eles avaliaram a relagdo entre MP1o e anos de vida
perdidos devido as doencas respiratorias. O modelo previu que ha uma forte relacdo em
mulheres e idosos acima de 65 anos.

Wu et al., (2018) utilizaram os modelos de regresséo de Poisson, de distribui¢éo
polinomial de atraso e de distribuicdo de atraso ndo linear, para prever se havia uma
reducdo de risco de mortalidade decorrente de material particulado no ar atmosférico. Eles
concluiram que houve reducdo do material particulado, mas os idosos acima de 65 anos
continuam a ser o0 grupo mais afetado.

Qiu et al., (2018) aplicaram o modelo aditivo generalizado com distribuigdo
quase-Poisson, para estimar casos especificos de morbidade respiratéria devido a poluigdo
do ar na Bacia de Sichuan, China. Eles concluiram que criangas (< 14 anos) e idosos (> 65

anos) foram os mais vulneraveis aos efeitos da poluigao.
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Arroyo et al., (2019) utilizaram modelos lineares generalizados de distribuicdo de
Poisson, para prever o impacto da polui¢do do ar sobre o baixo peso (<2500g) das criangas
que nascem na Espanha. Eles concluiram que havia 6.105 casos associados a inalagdo de
MP1o e 9.385 atribuidos & NO», durante o periodo de 9 anos (2001-2009) de pesquisa, e por
meio destes resultados, eles sugeriram ao governo, a necessidade de projetos estruturais e

a conscientizagdo da saude publica para a reducdo da poluicdo do ar.

2.6 TECNICAS ESPECTROANALITICAS

As técnicas espectroanaliticas sdo de grande importancia no entendimento da
composicao quimica de amostras da poluicdo do ar atmosférico, uma vez que os elementos
quimicos contidos na composi¢cdo do MP sdo prejudiciais a saide humana (HANDLER et
al., 2008; SINGH et al., 2019; TERZI et al., 2010). Nos ultimos 10 anos, véarios trabalhos
foram publicados (MURANSZKY et al., 2011; PIAZZALUNGA et al., 2010; YATKIN;
GERBOLES, 2017), nos quais foi relatado o uso de técnicas espectroanaliticas, tais como:
fluorescéncia de raios X por dispersao de energia (ED-XRF), espectrometria de massa com
plasma indutivamente acoplado (ICP-MS) e fluorescéncia de raios X por reflexéo total
(TXRF), e de técnicas ndo espectroanaliticas como cromatografia idnica (IC), analise de
ativacdo neutrénica instrumental (INAA), espectroscopia na regido do infravermelho (V)
e emissao de raios X induzida por particulas (PIXE). A seguir apresentamos as técnicas
utilizadas nesta pesquisa, que séo: WD-XRF (Wavelength dispersive X-ray fluorescence),
ICP OES (Inductively coupled plasma optical emission spectrometry), e a LIBS (Laser-

induced breakdown spectroscopy).

2.6.1 Fluorescéncia de Raios-X (XRF)

A fluorescéncia de raios X (XRF) é uma das técnicas mais populares de analise
quimica. Permite a quali-quantificacdo ndo destrutiva de véarios elementos
simultaneamente sem pré-tratamento de amostras. XRF tém uma ampla aplicagdo em
geoquimica, ciéncia dos materiais, arqueologia, meio ambiente etc. (PANCHUK et al.,
2018). A técnica se baseia na interacdo da radiacdo dos raios X com o0s atomos. A ejecéo
de elétrons e formacéo de vagas ocorre como resultado desta interacdo. Estas vagas sao
entdo preenchidas com elétrons de orbitais mais altos com emissao de radiacdo de raios-X
caracteristicos de uma Unica energia para um elemento especifico e essa emissao € o sinal

analitico registrado. Normalmente, a XRF ¢é derivada de transi¢cbes de elétrons
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internamente. O namero de transi¢cdes permitidas é limitado e isso € o motivo para alta
seletividade da técnica. O nimero de linhas espectrais é comparativamente pequeno e sua
sobreposicao ndo é comum (JENKINS, 1999).

Existem duas formas principais de registro de sinal em XRF: energia dispersiva
(EDXRF) e comprimento de onda dispersivo (WDXRF). No caso de espectros de EDXRF,
é usado um detector semicondutor com resolucdo de alta energia. No WDXRF é empregado
um analisador de cristal que classifica os fétons de acordo com sua energia. O WDXRF
fornece maior resolucdo e menor limite de detecgdo, isto implica em maior tempo de
acumulacao de espectro, 0 que exige equipamentos mais caros e volumosos. O EDXRF é
bastante rapido e compacto. Em geral, o EDXRF € aplicado com mais frequéncia que o
WDXRF.

Alguns trabalhos na literatura relatam a utilizacdo da XRF para analisar amostras
de MP1o.

Lopez et al., (2011) utilizaram a fluorescéncia de raios-X de radia¢éo sincroton,
para identificacdo de elementos quimicos que compdem o material particulado MP1g €
MP,5s na cidade de Cordoba, Argentina. Eles concluiram que os altos niveis de
concentragdes de MP1o e MP2 5 estavam associados a trafego terrestre e a combustéo de
veiculos automotivos para particulas finas (MP25) e material ressuspenso (poeira da
construcdo) para MP1o.

Samek et al., (2018) utilizaram a fluorescéncia de raios-X para avaliar a
composi¢do quimica dos materiais particulados MP1 e MP2s em CracoOvia, Polonia. Eles
concluiram que, para ambos os materiais MP1 € MP2s, 0s elementos Cu, K, Pb e Zn
apresentaram altas concentracdes no inverno e as origens foram a combustdo, queima de
biomassa e trafico de veiculos. E Ca e Fe apresentaram altas concentragdes no outono e as
origens foram a industria e o solo.

Talbi et al., (2018) utilizaram a fluorescéncia de raios-X para identificagdo de
metais toxicos no MP1, MP2s e MP1o coletados na cidade de Argel, Argélia. Eles
concluiram que altas concentracGes de Pb, Cr, Cu e Mn no MP1, MP2s e MP1o tem como
origem as fontes antropogénicas. E alta concentracdo de Fe no MP1 foi devido a processos

de fundicdo, poeira de travagem, erosdo e transporte de rocha de silicato.



18

2.6.2 LIBS (Laser-induced breakdown spectroscopy)

E uma técnica analitica de emissdo Otica que emprega um pulso de laser focado
para criar um micro-plasma na superficie de uma amostra solida, a fim de obter espectros
de emissdo dos elementos quimicos (NOLL, 2012). Suas vantagens incluem medicGes
rapidas (em poucos segundos), alta sensibilidade para elementos leves (H, Be, Li, C, N, O,
Na e Mg) e pouca ou nenhuma preparacdo de amostra. A LIBS tem sido usada para
determinar as composi¢cdes elementares de solos e plantas (AWASTHI et al., 2017),
alimentos (COSTA et al., 2017a), compostos de borracha (ELFAHAM; ALNOZAHY;
ASHMAWY, 2018), polimeros de residuos de equipamentos elétricos e eletronicos
(COSTA et al., 2017b), entre outros. As limitacdes desta técnica estdo relacionadas as
dificuldades em obter amostras homogéneas e padrdes de calibracdo solidos, baixa
repetibilidade e altos limites de detec¢do (ZHANG; YUEH; SINGH, 2011).

Na literatura ndo € muito comum encontrar trabalhos que relatem a utilizagdo para
analisar o material particulado suspenso no ar atmosférico, mas pode-se destacar o trabalho
publicado por Carranza et al., (2001), em que os autores afirmaram ser uma técnica
promissora para as questfes desafiadoras associadas a coleta e andlise de amostra da

poluicdo do ar em tempo real.

2.6.3 ICP OES (Inductively coupled plasma optical emission spectrometry)

O ICP OES baseia-se na ionizagao dos elementos sob uma intensa atmosfera de
plasma de argdnio (NOVAES et al., 2016). A técnica apresenta varias vantagens, incluindo
alta sensibilidade, limites baixos de deteccdo e analise rapida de varios elementos. As
limitaces incluem manuseio e preparacdo de amostras complexas e demoradas, risco de
contaminacdo, analise destrutiva e alto consumo de amostras (WALKNER et al., 2017;
ZHANG, N. et al., 2017). Existem inimeras aplicacdes para o ICP OES, como a analise
de alimentos (MRMOSANIN et al., 2018), materiais geoldgicos (DE OCA et al., 2018) e
amostras de oleo bruto (DOS ANJOS et al., 2018).

Alguns trabalhos podem ser localizados na literatura que relatam a utilizagéo da
ICP OES para analisar amostras de MP1,.

Léopez et al., (2005) avaliaram os elementos quimicos no MP10 coletados na
cidade Zaragoza, Espanha. Eles concluiram que, os elementos quantificados Zn, Pb e Cu

apresentam altos valores em fontes de origem antropogénicas.
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El-Araby et al., (2011) avaliaram a deposi¢cdo de metais toxicos do ar atmosférico
de aerossois do norte do Egito. Eles concluiram que, os elementos quantificados Ba, Sb,
Ce e Zn séo mais significativos quando a fonte de origem é antropogénica.

Gomez et al., (2017) fizeram caracterizacdo quimica multielementar no MP2s
coletado em Bueno Aires (Argentina) e Toquio (Japdo). Eles concluiram que, nas duas
cidades estudadas, os fatores de enriquecimento se mostram alto para os elementos
Se>Sh>Cd>Zn>Pb>As, indicando que estes elementos foram de origem antropogénica.

Tang e Han (2017) analisaram as caracteristicas dos principais elementos e metais
toxicos na poeira atmosférica coletada em Pequim, China. Eles concluiram que, as
concentra¢fes médias de Ca, Pb, Zn e Cu na poeira atmosférica foram maiores que as da
camada superficial do solo.

2.6.4 Tratamento de dados espectroanaliticos

Estudos cientificos envolvendo andlises de problemas ambientais sempre
necessitam de um grande nimero de amostras e elementos quimicos a serem determinados.
Assim, gerar uma grande quantidade de dados e sua interpretagdo ndo € facil quando
abordagens univariadas sao usadas. Nesse sentido, o uso das ferramentas quimiométricas

e métodos matematicos tornam-se indispensaveis para interpretacao de dados analiticos.

2.6.5 Andlise de componentes principais (PCA)

Um dos métodos amplamente utilizados para a interpretacdo de dados quimicos é
a analise de componentes principais (PCA). Este possibilita a avaliacdo de diversas
variaveis simultaneamente, reduzindo a dimensionalidade da matriz de dados, extraindo
informacdes relevantes (MASSART et al., 1988). O objetivo principal é simplificar a
andlise de dados para inimeras variaveis. Novas varidveis, denominadas componentes
principais (PCs), sdo calculadas a partir de combinacdes lineares das originais, com base
na variagdo méxima. Dessa forma, o primeiro conjunto de PCs descreve a maior parte da
variacdo no conjunto de dados, enquanto o outro conjunto descreve a proxima variacao
mais alta, assim por diante. O conjunto de dados é entdo apresentado graficamente como
gréaficos de scores (amostras de MP10) e loadings (elementos quimicos destas amostras de
MP10), que fornecem informagfes sobre as amostras e as variaveis (elementos quimicos),
respectivamente (BRO; SMILDE, 2014).
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A PCA é baseada na decomposic¢do do autovetor da matriz de covariancia das
variaveis do processo. Aqui, usaremos as linhas de uma matriz de dados X, que
correspondem as amostras, enquanto as colunas correspondem as variaveis (WISE;
GALLAGHER, 1996). Para a matriz de dados X com m linhas e n colunas, a matriz de
covariancia (COV) de X é definida como:

xTx

covi) =% (3

m-—1

Se as colunas da matriz de dados X forem “centradas na média”, isto € ajustado

para ter uma média igual a zero, subtraindo a média original de cada coluna.

PCA decompde a matriz de dados X como a soma do produto externo de vetores
scores ti (ou seja, contém informagdes sobre a interacdo de amostras entre si) e carregando

pi (isto é, autovetores da matriz de covariancia), e mais uma matriz residual (E):

[X] = [ty] * [p1]™ + [t2] * [po )™ + - + [t ] * [pi]™ + [E]  (4)

Onde: k deve ser menor ou igual a menor dimenséo de X, isto é, k <min {m, n}; T

é 0 termo transposta de matriz ou vetor.

A covariancia (COV) de X, também pode ser definida como:
COVX)pi=Aipi  (5)

Onde: A; é o autovalor associado ao autovetor pi.

Na PCA, pi séo conhecidos como loadings e contém informacgdes sobre como as
variaveis se relacionam umas com as outras. Os ti formam um conjunto ortogonal
(tftj=0), parai#j, enquanto que os pi S30 ortonormais (p; p; = 0), parai#j, p!p; =
1, para i=j. Observacdo para X e qualquer par de t;, p;.

Xpi =t (6)

O 1; naequacdo 5, descreve a quantidade de variancia presente no par (ti, pj). Os
pares (ti, pj) estdo em ordem decrescente de A; e 0 primeiro par captura a maior quantidade
de informacéo de qualquer par no processo. Também é provado que o par (ti, p;) captura a
maior quantidade de variacdo nos dados que € possivel capturar com um fator linear e, em
seguida, cada par a seguir captura a maior quantidade possivel de variacdo remanescente

nesta etapa.
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Também é possivel fazer um ajuste estatistico do modelo Q, para i-ésima amostra

na matriz de dados X, ou seja, Xi-:
Q= X,(I-PPOX{ (7)

Onde: Pk é a matriz dos primeiros k vetores de loadings retidos no modelo PCA e |

¢ a matriz identidade de tamanho apropriado (n por n).

A estatistica Q mede a quantidade de variacdo em cada amostra nao capturada pelos
k componentes principais retidos no modelo e também indica quéo bem cada amostra esta

em conformidade com o modelo PCA.

A estatistica T? mede a variacdo presente no modelo PCA. T2 é a soma dos scores

quadréticos normalizados definidos como:
2 _ vy Ppryr
T? = X; > P"X] (8)
A matriz 1/ é uma matriz diagonal contendo os autovalores inversos associados
aos autovetores k (componentes principais) retidos no modelo.

A PCA ¢ também baseada na decomposicao do valor singular (SVD) (MANDEL,
1983) e, é explicada usando a matriz X e pode ser escrita como:

X=UDVT +E 9)

Onde: U contém os mesmos vetores de coluna, como t (scores), VT é idéntico a PT
(loadings), mas normalizado para um comprimento e D é uma matriz diagonal. Esses

elementos diagonais de D séo as raizes quadradas dos autovalores de XTX.

Uma vez que o modelo de PC foi desenvolvido para uma matriz de treinamento,
ele é ajustado ao modelo, dando scores para 0s hovos objetos ou loadings para as novas

variaveis. A formula para um novo objeto x é a seguinte:

t =xP (10)
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A PCA é também baseada no algoritmo de minimos quadrados parciais iterativos
ndo lineares (NIPALS) (WOLD; SJIOSTROM, 1998), é explicado usando a matriz X que
é chamada para cada dimensé&o. O vetor score t é selecionado a partir da coluna da matriz
X com a maior variancia e, em seguida, o vetor loading p' é calculado usando a seguinte

equacao:
T
= — (11)

Agora p € normalizado para o comprimento da unidade pela multiplicacdo de um

fator constante c:

1
pTp

c= (12)

Em seguida, o novo vetor score é calculado para o i-ésimo elemento usando a

seguinte equacdo:

t=2 (13)

Verifique-se se ha uma sobreposicdo entre dados diferentes usando a soma das
diferengas quadradas entre todos os elementos em dois vetores scores consecutivos. Se 0s
dados se encontrarem, continua-se com a Eq. 12, caso contrario, encontra-se outros valores
de scores com a segunda maior variancia. Se a sobreposicdo nao foi alcancada no nimero
maximo de iteracdes, entdo ndo ha direcdo fortemente preferida de maxima variacao, para

calcular o residual, usamos a seguinte equagéo:
E=X—tpT (14)

Observacdo importante: a reducdo de dimensdo s6 pode ser alcancada se as
variaveis originais forem correlacionadas. Se as varidveis originais ndo s&o
correlacionadas, o PCA ndo se aplica, exceto para ordena-las de acordo com a sua

variancia.
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2.6.6 Coeficiente de correlacdo de Pearson (R)
Correlacdo é definida como uma relacdo existente entre fendbmenos, coisas,
variaveis matematicas ou estatisticas, que tendem a variar, se associarem ou ocorrer juntas

de uma maneira ndo esperada apenas pelo acaso (AKOGLU, 2018).

O coeficiente de correlacdo de Pearson (R) € um indice adimensional, que é
invariante para transformacbes lineares de qualquer varidvel (RODGERS;
NICEWANDER, 1988). O Karl Pearson em 1895 desenvolveu a seguinte expresséo

matematica para o célculo de R entre duas variaveis:

R=3X - -V/J[XX -X)? X -7)?] (15)

Onde: X; e Y; sdo os valores de um conjunto de medidas em individuos i=1, ...., N

(total de amostras); Y e X sdo as médias do conjunto de variaveis.

O coeficiente de correlacdo de Pearson (R) varia entre -1 e +1. Zero significa que
ndo ha correlacdo, 1 significa uma correlacdo completa ou perfeita. O sinal do R mostra a
direcdo da correlagdo. Um R negativo significa que as variaveis sdo inversamente

relacionadas. A forca da correlacdo aumenta de 0 para +1 e de 0 para -1.

2.6.6.1 Factor de enriquecimento (FE)

O fator de enriquecimento é um indicador adimensional, calculado a partir da
concentracdo de um dado elemento encontrado no material particulado. Relacionando-o a
concentracdo padrdo ja estabelecida para o elemento em questdo na natureza, é possivel
mostrar se a concentracdo do elemento em particular esta enriquecida comparada a
concentracdo que seria esperada se o0 elemento fosse originado a partir de fontes naturais
(JUNIOR, 2014). O FE ¢ calculado pela seguinte expressao:

FE = )P0 (16)
(%)Crosta terrestre

Onde: Xwmr1o € a concentracdo do elemento na amostra de MP1o; X crosta terrestre é a
concentracdo do elemento na crosta terrestre.
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Neste estudo, foi considerado o aluminio (Al), como elemento de referéncia para o
calculo, porque é um elemento muito abundante na crosta terrestre e nao é
significativamente afetado pela poluigcdo do ar. As concentragdes da crosta terrestre foram
obtidas das referéncias de Taylor e McLennan (1985) e Mason (1966), observados na
Tabela 2.

Tabela 2-Valores de referéncia dos elementos mais relevante neste estudo, baseado em Taylor,
McLennan e Mason

Elementos quimicos Concentragéo na crosta terrestre (mg kg?)

Al 80400
Ba 550
Ca 30000
Fe 35000
K 28000
Na 28900
S 260
Zn 71

Fonte: Elaborado pelo autor (2019) e adaptado de (MASON; TAYLOR (1985) e MCLENNAN
(1966)).
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CAPITULO 3 - MATERIAIS E METODOS

no presente trabalho de monitoramento, analise de série temporal multidimensional e
andlise de elementos quimicos do material particulado inalavel (MP1o) na cidade de Séo
Carlos, interior do Estado de S&o Paulo, Brasil. Serdo descritos, o equipamento de
caracterizacdo fisica (um amostrador de grandes volumes, dotado de cabecotes para a
separagdo inercial em um estagio, com didmetro de corte de 10um), procedimentos para a
visualizacdo de dados em séries temporais multidimensionais e as técnicas analiticas

WDXRF, LIBS e ICP OES na identificacdo e quantificacdo dos elementos quimicos

Neste capitulo serdo descritos os procedimentos, materiais e métodos utilizados

presentes no MP1o.

procedimentos gerais empregados no presente estudo, os quais serdo mais detalhados nas

O diagrama de blocos da Figura 3, demonstra de forma esquematica 0s

secOes posteriores.

Figura 3-Diagrama de blocos de procedimentos gerais do estudo
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Fonte: Elaborado pelo Autor (2019).
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3.1AREA DE ESTUDO
Nesta secédo serdo descritos o Estado de Séo Paulo, a Cidade de Séo Carlos, a

Sazonalidade e climatologia e a Area de coleta.

3.1.1 O estado de S&o Paulo

Localizado na Regido Sudeste do Brasil, o Estado de S&o Paulo possui 248.220
km? de area territorial, que correspondem a 2,91% do territorio nacional. O Estado de S&o
Paulo é a unidade da Federacdo de maior ocupacdo territorial, maior contingente
populacional, em torno de 46 milhdes de habitantes, maior polo de desenvolvimento
econdémico (industrial e de servi¢o), maior frota automotiva e, como consequéncia,
apresenta grande alteracdo na qualidade do ar (CETESB, 2019; IBGE, 2019).

O Estado possui muitos municipios do interior com forte desenvolvimento
industrial e atividades agricolas, o que implica em maiores fontes de emissao de poluentes
atmosféricos, como por exemplo, veiculos automotivos e queimadas da palha de cana-de-
acucar (BRUNO, 2005; POZZA, 2009).

3.1.2 A cidade de Sé&o Carlos

Fundada em 1857, durante o periodo de expanséo da cultura do café, a cidade de
S50 Carlos possui 1.137 km? de area territorial, que correspondem a 0,46% do territorio do
Estado de S&o Paulo (IBGE, 2019).

Localizada (Figura 4) proxima do centro geografico do Estado de S&o Paulo
(22°S; 48°W), a cidade de Séo Carlos é uma cidade de tamanho meédio, se destaca entre as
cidades médias Brasileiras pelo vigor académico, tecnoldgico e industrial. A cidade é um
dos municipios que abriga um “citygate” do gasoduto Brasil-Bolivia. Os setores de
agroindustria sdo bem desenvolvidos, tanto na pecuéria, na sucro-alcooleira e no cultivo de
cana-de-agucar. Devido a todos esses fatores, Sdo Carlos possui um perfil similar ao de
muitas cidades do interior do Estado de S&o Paulo, podendo ser considerada para estudos,
possibilitando-se assim a caracterizagédo desta regiéo central do Estado de S&o Paulo como
uma area onde as atividades industrial e rural tém intensidade equivalente a urbana,
justificando-se a importancia do monitoramento da qualidade do ar atmosférico e a escolha
de Sdo Carlos como epicentro das pesquisas (MARQUES, 2000). Segundo dados do IBGE,
Sé&o Carlos possui 249.415 habitantes (IBGE, 2019).
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A cidade de S&o Carlos possui intensa atividade industrial nas areas mecanica,
téxtil e cerdmica e com expansdo crescente da agroindustria, como a producéao de alcool,
papel, algoddo e alimentos, tornando-a representativa da regido do sudeste do pais, que
inclui algumas cidades como Ribeirdo Preto, Piracicaba, S&o José do Rio Preto etc., onde

a atividade industrial rural é equivalente a urbana (BRUNO, 2005).

Figura 4-Localizacdo da Cidade de Sao Carlos no Estado de S&o Paulo, Brasil

10 km

S#o Carlos

Fonte: Elaborado pelo Autor (2019) e Adaptado do Google.

3.1.3 Sazonalidade e climatologia

O clima de Séo Carlos (http://www.saocarlos.sp.gov.br/) é temperado de altitude,

apresenta verdo chuvoso e inverno seco, com precipitacdo média de 1.512 mm/ano e
umidade relativa de ar média de 76% no verao e 54% no inverno. A cidade apresenta como
dados de altitude: méaxima; média; minima, que sdo 1000; 856; 520 m.

A sazonalidade da cidade de S&o Carlos € baseada em quatro estacGes: Outono
(marco a junho), Inverno (junho a outubro), Primavera (outubro a dezembro) e Veréo
(dezembro a marco), estes critérios foram utilizados neste trabalho. Essa divisdo foi

realizada com o objetivo de acompanhar a sazonalidade das esta¢fes no ano.
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3.1.4 Area de Coleta

A regido onde se localiza a estacdo de monitoramento é a Praca dos Voluntérios
(Figura 5). Este local é historico porque varios trabalhos (ALEXANDRINA, 2015;
BRUNO, 2005; CELLI, 1999; LUI, 2016; MARQUES, 2000; POZZA, 2009) foram
realizados neste ponto e de acordo os pesquisadores(as), este local € bastante utilizado pelos
municipes, porque congrega o mercado central, praga a céu aberto (venda ambulante) e
lojas, e também estd rodeada da Avenida S&o Carlos e a rua Dona Alexandrina , que s&o
0s principais acessos ao centro comercial. E, segundo os pesquisadores(as), por ser um
local com intensa atividade, foi considerado ideal para o estudo do material particulado

MP10 que é prejudicial & saide humana, tratando-se de centros urbanos.

Figura 5-Localizacio da Estacdo de amostragem na Cidade de S&o Carlos

N

- |

R. Dona Alexandrina

R. Geminiano Costa

R Jesuino de Arruda

/’/ Av. S3o Carlos

Av. Com. Alfredo Maffei

P e . Estacio de amostragem

O Cérrego do Gregério

“\ Area de coleta:
Praga dos Voluntarios

93.6Tm

Fonte: Elaborado pelo Autor (2019) e Adaptado do Google.
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3.2AMOSTRAGEM

A determinacdo do material particulado (MP10) em suspensdo no ar atmosférico
pode ser considerada como um processo de duas fases. Primeiramente, o ar ambiente
carregado de particulas é amostrado por intermedio de amostradores especificos que
possuem um apropriado orificio de entrada por onde o fluxo de ar passa, depositando o
MP1o sobre um filtro, filtros estes que podem ser de fibra de vidro, fibra de quartzo etc.;
em seguida, é realizada a analise do material particulado (MP1o) coletado. O conceito de
método de amostragem é geneérico, levando em consideracdo apenas a configuracdo do
orificio de entrada do equipamento e o fluxo de ar amostrado. Varios métodos de
amostragem podem ser empregados para avaliar a concentracdo de particulas em suspensdo
do ar atmosférico. Dependendo dos objetivos a serem definidos para a amostragem, podem
ser utilizados desde métodos mais simples, como por exemplo, medidas de massa total em
suspensdo e fumaca preta, até métodos mais sofisticados, como por exemplo a coleta de
particulas por fraces de tamanho para subsequente caracterizacao fisica e quimica (DE
ALMEIDA, 1999).

3.2.1 Amostrador de Grandes Volumes (AGV) MP1o

A coleta de MP1o em suspensao no ar atmosférico foi realizada utilizando-se um
Amostrador de Grandes Volumes (AGV) modelo HV1200/MFC da marca GRASEBY-
GMW, adaptado da ENERGETICA (atendendo & Resolucéo n° 3 do CONAMA e 4 NBR
13412), ilustrado esquematicamente na Figura 6(a e b), que consiste huma bomba de
succdo a vazdo constante, a qual é controlada por um medidor de vazdo do tipo Venturi,
um cabecote com separador inercial de um estagio e um filtro. O ar entra pelo cabecote
(Figura 7 (a e b)) perfazendo 360° de forma que a amostragem seja feita
independentemente da direcdo do vento e a geometria de entrada da cabeca de separacao
favorece apenas a coleta de particulas com diametro aerodindmico igual ou inferior a 10pum.
O ar é entdo acelerado por nove bocais e projetado para a camara de impactacgéo inercial e

onde o material MP < 10um fica retido numa placa untada com graxa de silicone.
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Figura 6-(a) AGV-MP1 e (b) Processo de amostragem

(b)- Esquema do processo de amostragem.

(a)- AGV-MP1 completo.

: Cémara de
impactagio
VP> 10 m | inercial
MP=10
L v Regidio do filtro
> Tubo Venturi

Entrada do Ar )
————> Motor-Aspirador

Saida do Ar limpo

Fonte: Elaborado pelo Autor (2019) e Adaptado da Energética.

Figura 7-(a) Cabeca de separacio do AGV-MP1o com detalhe dos nove bocais e (b) Detalhe do filtro
com MP1o ap6s 24horas de amostragem no equipamento

(a)- Cabega de separagdo do tamanho das particulas.

(b)- Detalhe do filtro com MP1o ap6s 24 horas de

amostragem.

Fonte: Acervo Pessoal (2019) e Adaptado da Energética.
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3.2.2 Campanha realizada

As amostragens foram realizadas em duas fases. A primeira fase, as coletas foram
de Segunda a Segunda-Feira do periodo de abril/2014 a abril/2015 (ALEXANDRINA,
2015), com objetivo de avaliar o material particulado MP1o diariamente. A segunda fase,
as coletas ocorreram em dias alternados do periodo de maio/2015 a novembro/2017, de
acordo com a ABN-NBR 9547, baseada nas 40CFR, part.50, apéndix B, US-EPA.

As amostragens de MP10 foram realizadas utilizando o filtro de fibra de vidro de
dimens@es 20x25 cm que possui eficiéncia de 99% para particulas maiores que 0,3 um de
tamanho. Antes dos filtros serem levados ao local da amostragem, eles eram colocados em
um dessecador de madeira coberta de acrilico de dimensdes 28,5x37,5 cm construido pelo
grupo de Controle Ambiental I do Departamento de Engenharia Quimica da UFSCar por
um periodo de 24 horas para serem secos. Neste dessecador colocava-se uma bandeja de
vidro de dimensbes 21x21 c¢cm, a qual continha silica gel azul, o objetivo dessa silica gel
azul é de reter o maximo de umidade retirada do filtro. Os filtros foram pesados antes e
apos a coleta para determinar o ganho liquido em peso (massa), esta pesagem foi feita em
balanca analitica de Modelo AY?220 e erro de 0,001g. No local de amostragem, 0 AGV-
MP10 succiona certa quantidade de ar ambiente através de um filtro de fibra de vidro,
adquirido na empresa Energética, instalado dentro da camisola de abrigo, durante um
periodo de amostragem de 24 horas (nominais). A vazdo imprimida pelo aparelho era
entorno de 1,13m%min, e a geometria de entrada da cabeca de separacéo favorecia apenas
a coleta de particulas com diametro aerodindmico < 10um. A duracdo de amostragem era
controlada por um programador de tempo (timer com exatiddo de £ 15 minutos em 24
horas). O volume amostrado era corrigido para as condi¢Ges padréo (25°C, 760 mm Hg),
determinado a partir da vazdo medida e o tempo de amostragem. Com os valores de massa,
volume amostrado, calculava-se a concentracdo de MP10 resolvendo as equacdes 17, 18,

19, 20 e 21.

M
CMPlO = 106X 7 (17)

M = MC - MS (18)



Onde:
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V= Vp xt (19)
_ Pg 298 k
VP - VR X 760 mmHg X Ta (20)

Vo= ox (po-b2)x(Th) (@)

Cwmp10: Concentracio de MP1o, pug/ m?;

106: fato e r de correcéo, pg/g;

M: Massa liquida;

V:Volume amostrado;

Mc: Massa do filtro com MP1o;

Ms: Massa do filtro sem MPyo;

Vp: Vazdo padrdo amostrado, para o periodo de amostragem, m®/min.;
t: tempo de amostragem, min;

VR: Vazdo real média, para o periodo de amostragem, m®/min.;

Pg: Pressdo barométrica ambiente média durante o periodo de amostragem, mmHg;
Ta: Temperatura ambiente média durante o periodo de amostragem, K;
Po: Pressdo de estagnacdo, mmHg;

a2 e bz séo, respectivamente, os parametros inclinagéo e intercepto da reta de ensaio.
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A Figura 8 mostra uma fotografia do AGV-MPyo utilizado na amostragem do
material particulado de diametro aerodindmico <10um no local de coleta, Praca dos

Voluntarios.

Figura 8-Equipamento (AGV-MP10) na Praca dos Voluntérios

Fonte: Acervo Pessoal (2019).

3.3 PROCEDIMENTO PARA A VISUALIZACAO DE INFORMACOES
EM SERIES TEMPORAIS MULTIDIMENSIONAIS APLICADA AO
MP1; AMOSTRADO EM SAO CARLOS

Nesta secdo serdo descritas as etapas de processamento de dados e a ferramenta
de visualizag@o desenvolvida. As amostras para esta se¢do sdo de trés fases. Primeiro, de
abril/2014 a abril/2015; segundo, de maio/2015 a novembro/2017; terceira, de
setembro/1997 a fevereiro/2006.

As amostras da primeira fase foram coletadas diariamente (de segunda a segunda),
com objetivo de acompanhar o comportamento do MP1o a cada dia. As da segunda fase
foram coletadas em dias alternados (um dia sim e um dia ndo), com objetivo de observar o
comportamento de MP1o com intervalo de um dia néo coletado. Nas amostras da terceira
fase, os dados foram coletados pelos colegas Eduardo Carlos Celli, Kleber Augusto
Marques, Ricardo Luiz Bruno e Simone Andréa Pozza, do Grupo de Controle Ambiental
do Departamento de Engenharia Quimica, no periodo de 9 anos (1997-2006), em que as

coletas foram realizadas em média duas vezes por semana.



34

A separacao desses dados em trés bases distintas, originadas de duas campanhas
de coleta recentes e uma campanha com registros de dados de MP1o histéricos (1997-2006),
foi motivada por diversas questbes, dentre elas, a grande mudanca nas legislacGes
ambientais ao longo dos Ultimos anos, sendo atualmente mais rigidas e também da Lei n°
11.241/2002), especifica para a queimada da palha de cana. Assim, o objetivo com a
implementacdo da ferramenta de visualizagdo de séries temporais multidimensionais via
Web foi de explorar visualmente os reflexos que tais mudangas tiveram sobre o
comportamento das concentragdes do MPi. A Tabela 3 sumariza as principais
caracteristicas dos conjuntos de séries temporais dos dados de MP1o das campanhas de
1997-2006, 2014-2015 e 2015-2017.

Tabela 3-Caracteristicas basicas dos conjuntos de dados de MP1o

Periodo de amostragem Critérios de coletas N° de coletas
Setembro/1997 a fevereiro/2006  Duas vezes/semana 683
Abril/2014 a abril/2015 Diariamente 309
Maio/2015 a novembro/2017 Dias alternados 276

Fonte: Dados da Pesquisa.

Primeiramente, os dados foram organizados em planilhas eletronicas, cada coluna
da planilha continha as informacdes de cada variavel ambiental em analise. Por sua vez,
cada uma das linhas da planilha continha os dados completos de um registro, ou seja, 0s
dados aferidos em um dia de amostragem. Essas planilhas foram posteriormente
convertidas em tabelas no formato TSV, que € um formato de arquivo de texto plano, em
gue os campos (variaveis) sdo delimitados por tabulacéo.

Durante os ciclos de coleta ocorreram algumas falhas, para qualquer um dos dois
conjuntos de dados do monitoramento ambiental. Essas falhas estdo relacionadas com
problemas no equipamento de amostragens, como, o desgaste da escova de grafite (20 dias
de vida util) que lubrifica o motor-aspirador, o tempo de vida atil do préprio motor-
aspirador que é de 100 dias de coletas, alem de quedas de energia. Ocorrido um desses
problemas, a amostragem foi considerada corrompida e descartada, assim como os dados
meteoroldgicos, dados estes que foram adquiridos no site do Instituto Brasileiro de

Meteorologia (http://www.inmet.gov.br/portal/). Essa deciséo de descarte de dados néo

causou prejuizos aos resultados, visto que as falhas do equipamento foram ocorréncias
pontuais que representaram menos de 0,5% do total amostrado. Por isso, essas instancias

corrompidas podem ser consideradas numericamente insignificantes.
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Para dar suporte a exploracdo dos dados amostrados, foi construida uma interface
grafica  baseada em  web, que estd disponivel online em <

https://evortigosa.github.io/pollution/>, com livre acesso. A interface foi desenvolvida

utilizando principalmente a linguagem de programacao JavaScript, com D2 js. A biblioteca
D3 simplifica a manipulagio de tabelas ao permitir um grande controle sobre a construgio
de elementos graficos interativos e de alta qualidade em SVG, o que faz da D3 uma escolha
superior quando comparada a alternativas como o HTML5 Canvas, por exemplo. A
vantagem de se utilizar JavaScript e D® esta no fato de serem portaveis por praticamente
todos os navegadores Web modernos. Isto é, ndo ¢ necessario instalar o “software D*’ para
que usuérios, em qualquer parte do mundo, operando os mais variados tipos de dispositivos,
tenham acesso ao sistema e consigam fazer pesquisas nos dados disponibilizados. Basta ter
conexdo com a Internet (ORTIGOSSA, 2018).

3.4 TECNICAS ESPECTROANALITICAS APLICADAS PARA O MP1o
Nesta secdo serdo descritas as etapas de preparo de amostras e condi¢@es técnicas
utilizadas para cada técnica e as ferramentas matematicas e computacionais no tratamento

dos dados. As amostras para esta secdo sdo do periodo de abril/2014 a abril/2015.

3.4.1 WDXRF

A técnica analitica WDXRF foi utilizada para avaliacdo qualitativa da composicao
quimica da amostra de MP1o. Por tratar-se de uma técnica ndo destrutiva. Neste presente
trabalho o preparo de amostras e as analises para 0 WDXRF foram realizados no
laborat6rio do grupo de Anélise Instrumental Aplicada do Departamento de Quimica da
UFSCar. Asamostras com MP1g foram cortadas em quatro fragmentos de didmetros de 38
mm e acondicionados em placas de Petri descartaveis.

O Perform-X ARL (Thermo Fisher, Madison, WI, EUA) foi o equipamento
utilizado para analise qualitativa e direta nas amostras por WDXRF. As amostras foram
irradiadas com emissdes de raios-X primarias de um tubo de rodio (Rh) (4200 W). Os raios
X emitidos devido as transi¢Oes eletronicas dos elementos passaram por colimadores e
entraram na secao Optica do equipamento, onde foram refletidos por cristais especificos.
Os detectores registraram as contagens por segundo das linhas de emissdo de raios X dos
elementos, usando diferentes cristais de difracdo. Cada cristal refletiu diferentes regides de
comprimento de onda, variando de 0,124 A (0,0124 nm) (LiF220) a 162.662 A (16,2662
nm) (AX16c). O equipamento foi equipado com 5 cristais para dispersédo de comprimento
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de onda, 4 colimadores (0,15; 0,40; 1,00; e 2,60 mm), 2 detectores, um contador
proporcional de vazdo (FPC) e um contador de cintilagcdo (SC). Para todos os elementos
avaliados neste estudo, apenas a transi¢do eletronica Ko foi monitorada. Nesta técnica

foram identificados os seguintes elementos: Al, Ca, Ce, CI, Fe, K, Mg, P, S, Si, Ti, V e Zn.

3.4.2 LIBS

Apos a analise com WDXRF, os mesmos filtros foram encaminhados para a
analise no LIBS, que é uma técnica pouco destrutiva, onde foram submetidos a uma
varredura para a identificacdo de elementos quimicos que comp8em a matriz MP1o. Este
processo
foi realizado também no laboratorio do grupo de Andlise Instrumental Aplicada do
Departamento de Quimica da UFSCar.

0 J200 (Applied Spectra, Fremont, CA, USA) foi 0 equipamento utilizado para a
analise qualitativa e direta nas amostras por LIBS. O instrumento consiste de um laser Nd:
YAG com emissdo em um comprimento de onda de 1064 nm e um espectrometro CCD de
6 canais cobrindo uma faixa de 186 a 1042 nm. A resolucdo espectral foi <0,1 nm para a
regido ultravioleta (UV) a visivel (VIS) e <0,12 nm para o VIS a regido do infravermelho
préximo (NIR). O software Axiom 2.5 do mesmo fabricante foi usado para controlar os
parametros operacionais do instrumento, incluindo a energia de pulso do laser (0 a 100 mJ),
o tempo de atraso (0 a 2 ps) e o tamanho do ponto (50 a 250 um). O software Axiom 2.5
também foi usado para controlar o movimento da amostra fornecido por um estagio XYZ
automatizado e um sistema de imagem de cameras coloridas CMOS (1280x1024). A
largura do portal foi de 1,05 ms, que foi o tempo necessario para o espectrémetro registrar
0s sinais de emissdo. O tempo total de aquisi¢do do sinal para cada amostra foi de 2 min,
0s espectros foram gravados usando sete varreduras horizontais e seis verticais e um total
de 600 espectros foram adquiridos para cada amostra. Nesta técnica foram identificados os

seguintes elementos: Ba, Ca, Fe, K, Mg, Na, Si e Ti.
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3.4.3 ICP OES

Apobs a analise com WDXRF e LIBS, e diante dos resultados das técnicas
anteriores foram escolhidos os seguintes elementos quimicos Al, Ba, Ca, Fe, K, Na, Se Zn
para serem quantificados na técnica ICP OES, por apresentarem maiores sinais espectrais,
0 que se presumiram terem maiores concentracdes dos mesmos nas amostras de filtros com
MP1o estudadas. Foram separados 61 filtros com MP1o, onde os critérios para a escolha
das amostras MP1o foram, a alta concentracdo de MP1o, que significa baixa precipitacéo, a
baixa concentragcdo de MP1o significa alta precipitacdo e a temperatura (alta e baixa). Em
cada filtro foram retirados trés partes de papel filtro com MPi com as dimensbes
25,4x203,2 mm, esta preparacdo foi baseada no método de referencia 10-3.1 (EPA / 625/
R-96 / 010a), onde se aplicaram a extragdo acida para extrair o material particulado MP1g
que fica retido no filtro com MP1o (US-EPA, 2017). A extracéo foi realizada com porgoes
de 300 mg dos filtros de fibra de vidro (contendo MP1o), 0s quais foram pesados com
precisdo em tubos de PFA, seguido da adicdo de 10 mL de mistura acida contendo 6% (v
v'1) de HNOs e 16% (v v't) HCI. Os tubos foram fechados e mantidos a 90 ° C por 30 min
em um bloco digestor. Apds o resfriamento, 10 mL de adgua ultrapura foram adicionados e
as solucdes foram filtradas em tubos de polipropileno de 50 mL para posterior analise. Este
processo foi realizado também no laboratdrio do grupo de Andlise Instrumental Aplicada
do Departamento de Quimica da UFSCar.

O iCAP 6000 (Thermo Scientific, Waltham, MA, EUA) foi o equipamento
utilizado para a quantificacdo dos elementos. O instrumento consistiu na aplicacao de uma
poténcia de 1,15 kW; tempo de integracéo para a linha de baixa emisséo de 15 segundos;
tempo de integracdo para a linha de alta emisséo de 5 segundos; vazéo de introducédo da
amostra de 2,1 mL/min.; tempo de estabilizacdo da bomba de 5 segundos; taxa de fluxo de
gas auxiliar de argonio de 0,5 L/min.; taxa de fluxo de gas de plasma de argdnio de 12
L/min.; taxa de fluxo de gas nebulizador de argdnio de 0,7 L/min.; namero de réplicas foi
de 3. As leituras foram feitas em trés modos de visdo, a visdo axial e radial, a axial e a

radial, como podem ser observados na Tabela 4, os elementos e comprimentos de ondas.
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Tabela 4-As condigdes de leituras das amostras nas visfes axial e radial

Al (nm) Ba (nm) Ca (nm) Fe (nm)
axial radial axial radial axial radial axial radial
394,401 233,527 184,006 240,488
396,152 455,403 396,847 | 393,366 259,940
K (hm) Na (nm) S (nm) Zn (nm)
axial radial axial radial axial radial radial
766,490 202,548
760,806 589,592 182,034 180,731 206,200

Fonte: Elaborado pelo Autor, 2019.

3.4.4 Anélise exploratéria dos dados
Para as técnicas analiticas WDXRF, LIBS e ICP OES foram aplicadas a PCA
para fins de normalizacdo/padronizacao, inspecdo de dados e tratamento. Os seguintes
programas computacionais: MATLAB R2017b, Pirouette 4.5, OriginPro2016, LIBS ++ e
Aurora (Applied Spectra) auxiliaram na analise exploratéria dos dados. Os dados do
WDXRF e do ICP OES foram autoescalados (média igual a zero e variacdo unitaria),
enguanto que os dados da LIBS foram centrados na média (média igual a zero).
Os dados adquiridos pelo ICP OES também foram submetidos a outra analise
exploratoria, o coeficiente de correlagdo de Pearson (R) e também, foi aplicada o conceito
de Fator de enriquecimento (FE), para tracar o perfil da possivel origem dos elementos

quimicos.
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CAPITULO 4 - RESULTADOS E DISCUSSOES

Neste capitulo serdo apresentados os resultados e discussdes em formato de dois
artigos ja aceitos pelas revistas cientificas internacionais.

O primeiro artigo, intitulado “Analysis and visualization of multidimensional
time series: Particulate matter (PM10) from S&o Carlos-SP (Brazil)”, publicado no

periodico Atmospheric Pollution Research (DOIL:

https://doi.org/10.1016/j.apr.2019.03.001), teve como propo6sito a implementacdo de uma

ferramenta de visualizacdo de séries temporais multidimensionais, que pode ser acessada

pelo link (https://evortigosa.github.io/pollution/). Tal ferramenta permite explorar
visualmente o comportamento sazonal do MP10 coletado no centro da cidade de Sdo
Carlos-SP. Os dados utilizados foram de trés conjuntos: o primeiro, de abril/2014 a
abril/2015; o segundo, de maio/2015 a novembro/2017; e o terceiro, de setembro/1997 a
fevereiro/2006. Comparando-se os dados da série histdrica (1997-2006) e os dados
recentes (2014-2015 e 2015-2017) e em outra comparagdo apenas entre os dados recentes
(2014-2015 e 2015-2017), a utilizacdo da ferramenta possibilitou observar a reducdo da
concentracdo de MP10 no ar atmosférico da cidade. Supde-se que essa reducdo de
poluentes MP10 esteja relacionada ao rigor da lei ambiental vigente no estado, que se
tornou menos flexivel ao longo dos anos. A seguir, encontra-se o artigo supracitado, com

todas as informagdes sobre a ferramenta e respectivos resultados.
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ARTICLE INFO ABSTRACT

Data visualization techniques have been successfully used in a time series context for many years. In this work, a
web-based data visualization system was developed to support the evolutionary analysis of atmospheric parti-
culate matter (PM, ) behavior, collected in the central region of Sao Carlos, Sao Paulo State, Brazil. The samples
were acquired following two patterns: daily in the first stage and on alternate days in the second stage. Each
measurement covered a period of 23 h and 30 min, using a large volume sampler (high-volume). To interrogate
the acquired data, an interactive visualization tool was developed in JavaScript and D3 library. The tool is
portable and can be used in all modern web browsers, not requiring any software installation. The values ob-
tained from Sao Carlos’ PM; monitoring campaign from 2014 to 2017 clearly showed a decrease of PM;, in the
city atmosphere, in comparison with past data from the 1997 to 2005 campaign. This decreasing trend in PM;q
concentrations could be due to an increase in the severity of law n° 997 of 05/31/1976 and decree 54.487 of 06/
26/2009, which charges the anthropogenic agents with air pollution control.

Keywords:

Air pollution

Particulate matter (PM;o)
Information visualization
Time series

Air quality

1. Introduction

PM,, is inhalable particulate matter with an aerodynamic diameter
less than or equal to 10 pm. Depending on the size distribution in the
0-10um range, the particulates may be retained in the upper re-
spiratory tract or may penetrate deeper into the pulmonary alveoli,
causing disease in the cardiovascular system (WHO, 2005; Brook, 2008;
Bootdee et al., 2016; Du et al., 2016; Marzouni et al., 2016; Mohammed
et al., 2017).

Atmospheric pollution in urban centers comes from natural and
anthropogenic sources (Azhari et al., 2018; Shen et al., 2018). Thus, the
acquisition and analysis of environmental data are of central im-
portance to the identification of the precursors to pollution, in local and
global terms. Understanding the origin and seasonal movement of
pollutants is essential for public management agencies to make ap-
propriate decisions aimed at reducing the impact of air pollution on
human health. However, there is a large gap between the devices'
ability to obtain and store data and the ability of the available tools to

organize and display the data. A process is required to search for
characteristics that may guide future research, by identifying patterns
and features within the data (McLachlan et al., 2008).

Traditionally, datasets are organized into digital spreadsheets.
These spreadsheets support a wide range of operations, and spreadsheet
inspection is a method widely used for data analysis, providing detailed
descriptions of the content. However, spreadsheet inspection is not an
efficient methodology to convey trends and correlation evolution be-
tween data points (Chang et al., 2007). Although some spreadsheet-
based tools are able to create charts to visually support data inspection,
often the tools only generate static charts, without allowing the user to
drill-down into the information. Furthermore, not every user has the
skills to properly operate spreadsheet software and quickly present the
resulting analysis to potential stakeholders.

Datasets in which values are collected over the time are called time
series. Time series are found in almost all application domains, such as
finance, business, health, meteorology, astronomy, computer networks,
project planning and management (Aigner et al., 2008). A time series
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can be formally defined as a set of data with each discrete information
unit p described by an ordered pair, p = (t, v), where t is the timestamp
at which v was recorded. The time-dependent variable v can be one-
dimensional, or even a subset of variables. It is common to find sets of
time series that have instances composed of a subset of variables that
are dependent and independent. For example, a time series dataset of
air pollutants, sampled in a given region, may have its instances com-
posed of a number of meteorological variables from the environment,
measured and recorded at different time intervals. These multiple
variables are also referenced by the term “dimensions,” indicating a
multidimensional time series.

With approximately half the neural tissues directly or indirectly
linked to vision, the human cognitive system is more efficient when
visually stimulated. Thus, the required effort to distinguish patterns and
features in datasets is reduced when it is displayed in graphical format
(Hoffman, 1998). Therefore, feature extraction and support for data
analysis in time series have motivated intense research, with a focus on
information visualization.

Information visualization is the mapping of data into a graphical
format, which simplifies its interpretation, helping the analyst discover
trends, patterns, and features. Visualization techniques in time series
have been successfully used for many years. Line and bar charts are
widely employed in temporal data representation, in many varied ap-
plications. Although line metaphors effectively deal with just a few time
series simultaneously, line charts are not suitable for multiple series,
resulting in problems such as visual clutter (Heer et al., 2009). A
comprehensive visualization devoted to multidimensional time series
representation allows for data analysis by providing the user with in-
teractive tools to yield insights over multiple threads of information.
This is beyond the capabilities of the simple charts, such as line (Javed
et al., 2010) and bar charts.

An innovative aspect of visual analytics is the introduction of in-
teractive graphical interfaces to improve analysis (Heer and
Shneiderman, 2012). An information visualization tool was developed
composed of different and interconnected graphic metaphors, as well as
user interaction techniques. The aim of the proposed approach is to
allow for the exploration of the behavior of particulate matter (PM;,)
present in the urban atmosphere of Sao Carlos-SP, in order to under-
stand the synergy between air quality and climate. The tool is a web-
based interface composed of different and interconnected graphic me-
taphors, as well as user interaction techniques, developed to provide
visual analysis. The user can identify the general patterns of air pollu-
tants throughout the multiple records and interactively drill-down into
the details as required through visualization techniques that facilitate
data analysis on different contexts levels.

In summary, the main contributions of this work are:

® Analysis of PM;, acquired in the central region of Sao Carlos-SP,
with discussions of its behavior and possible impacts

e A new methodology to uncover relevant information to understand
patterns and temporal dynamics of atmospheric pollutants, based
not only on the PM10 sampled but also on climate variation

e A freely-accessible visualization-assisted tool that integrates analy-
tical machinery into a set of linked views. The tool simplifies the
(hypothesis generation for further) study of meteorological and
environmental data, with the main focus on the PM;, time series

2. Materials and methods

The city of Sao Carlos was founded in 1857, during the expansion of
coffee cultivation. The municipality covers an area of approximately
1137 km? and is located near the geographical center of the State of Sao
Paulo (22° S, 48° W) (Fig. 1). The urban area corresponds to 6% of the
total area (67.25km?) and the occupied urban area is 33 km? (IBGE,
2017). The region has a mild climate, with an annual average tem-
perature of 19.6 °C and an average air relative humidity of 76% in the
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summer and 54% in the winter (IBGE, 2017). Sao Carlos is a city with
important academic, technological, and industrial activities. The in-
dustrial sector includes the manufacture of consumer goods, textiles,
ceramics, and mechanical systems. The city is also a gateway for the
Brazil-Bolivia gas pipeline. The agribusiness sector is well developed,
including livestock farming (for beef and milk production), extensive
sugar cane cultivation (for sugar and ethanol), and cellulose produc-
tion.

Sao Carlos is representative of medium-sized cities in southeastern
Brazil, with characteristics similar to those of Ribeirdo Preto,
Piracicaba, and Sao José do Rio Preto, among others, where rural and
urban industrial activities are equally important. These features justify
the significance of air quality monitoring and the selection of Sao Carlos
as a focus for research (Marques et al., 2001). The PM,, monitoring site
in the central area of the city was located in “Dos Voluntérios” public
square (latitude 22°1’12”’S; longitude 47°53’24°°W), which was con-
sidered appropriate, due to the high daily flows of people, services, and
vehicles in the vicinity.

2.1. PM;o sampling

PM;, measurements were taken daily from April 2014 to March
2015 (Monday to Monday) and from May 2015 to November 2017
(alternate days), following the protocol of the Brazilian Technical
Standards Association (ABNT-NBR 9547, 1997), based on the USEPA
Method 40 CFR Part 50 Appendix B. A high-volume sampler (Model
1200/MFC, Graseby-GMW) was used equipped with a constant flow
pump and a single-stage inertial impactor to remove particles larger
than 10 um. After the impactor, the sample air passed through 16 outlet
nozzles to reach the filter at the bottom of the head, where PM smaller
than 10 um was collected. The glass fiber filters (Energética, 2014) were
dried at 25 °C for 24 h in a wooden desiccator (37 X 27 cm) constructed
in-house at the UFSCar Department of Chemical Engineering. After
drying, the filters were weighed on an electronic balance with a pre-
cision of 0.100 mg (Model AY220, Shimadzu). The sampling time was
24 h for each filter, in accordance with the ABNT-NBR 9547 standard.
The concentrations of PM;, collected were obtained using Eq. (1),
where My is the total mass (g), Vp is the standard volume (m®), and 10°

is the conversion factor to pgg ™ :

106 * My

Cpmio = v
P

(@)
The mass was obtained using Eq. (2), where M; and My are the initial
and final masses, respectively:

The total volume sampled was obtained using Eq. (3), where Qp is
the standard flow of the sampler corrected for standard conditions
(m®min~") and t is the elapsed sampling time in minutes:

Vp=Qpxt 3)

Standard flow rate (Qp) was obtained using Eq. (4), where Qg is the
average real volumetric flow rate for the sampling period (m3/min), Py
is the average ambient barometric pressure during the sampling in-
terval (mmHg), and Ty, is the ambient temperature during the sampling
period (K). Pp is the standard barometric pressure (760 mmHg) and Tp
is the standard temperature (298 K). The real average volumetric flow
rate (Qgr) during sampling was obtained from the barometric pressure
(Pyp), the average ambient temperature (Ty;), and the stagnation pres-
sure (below the filter, Py). In practice, Py and Py; were adopted in the
fractional form (Po/Py), referred to as “average stagnation pressure
rate.” The flow, Qg, simply becomes a function of Po/Py; and Ty

Qr*Pym
=S %k Th
Pp P

Qr

v @
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Dos Voluntarios public square

Fig. 1. Map indicates the location of Sao Carlos and the sampling site.

The meteorological variables of precipitation, temperature, wind
speed and humidity were acquired from the National Institute of
Meteorology (INMET) database and are essential for the PM;, con-
centration calculation (INMET, 2014).

3. Visual data analysis

This section presents how the system was developed and how it can
be used to analyze real-world datasets. This section also describes data
pre-processing techniques and the computational tools applied to vi-
sually transmit the information. The graphical interface was developed
to provide data exploration on demand.

3.1. Data description and pre-processing

As previously defined in section 2, the sampling point for data ac-
quisition was in the central region of Sdo Carlos-SP. Following the
procedures described in 2.1, the date and mass concentration of PM;,
(ugm %) were recorded from the local atmospheric air. In addition,
meteorological variables of the sampling site were also recorded, such
as precipitation in millimeters, wind speed in m/s, wind direction in
degrees, average temperature in degrees Celsius, and the relative air
humidity rate (INMET, 2014).

Three different datasets were considered. The first dataset consisted
of records acquired on alternate days (May 2015 to November 2017),
while the second set was comprised of information acquired daily (April
2014 to April 2015). A third dataset contained a historical time series
from 1997 to 2006. There was a temporal gap between 2006 and 2014,
when there was no air quality monitoring program in Sao Carlos. This
separation into three distinct datasets was prompted by the change in
environmental legislation over the last few years, which is currently
more rigid (Table 1). The three datasets were compared in order to
verify the temporal changes influenced by the acquisition patterns and
legislation evolution.

Initially, data were stored in electronic spreadsheets, in which each

Table 1
Dataset basic features.

Sampling interval Acquisition pattern Number of instances

May 2015 to November 2017 Alternate days 276
April 2014 to April 2015 Daily 309
September 1997 to February 2006 Twice a week 683

of the columns of spreadsheet registered one of the environmental
variables measured. In turn, the rows recorded the instances of vari-
ables for each sampling day (time). These spreadsheets were converted
to a TSV (Tab-Separated Values) format, one of the D3 input file types.

During the sampling intervals, there were occasional failures in all
three datasets. These failures were due to problems with the filtering
equipment, such as power outages, or even a mechanical failure, which
caused an interruption during the acquisition cycle. If there was a
failure, the sample was considered corrupted and was discarded. For
the failed events, all variables recorded during the respective sampling
day were removed from the dataset. Removing the corrupted instances
maintained the consistency and completeness of the dataset. It did not
cause significant losses to results, since the equipment failures, in
general, were isolated occurrences, and the number of corrupted sam-
ples was less than 0.5% of the total data.

3.2. Visualization system

An efficient information visualization system must be designed to
reduce the cognitive effort involved in analyzing data (Goethem et al.,
2016). To support the visual analysis of acquired data, a web-based
visualization system was built, which is available online with open
access at https://evortigosa.github.io/pollution/. The interface was
developed mainly in the JavaScript programming language with D3.js
(Bostock et al., 2011).

With the D3 library, it is possible to handle numerical and catego-
rical data of various types and generate applications that dynamically
associate this data with interactive high-end scalable vector graphics
(SVG) elements. The tools are portable and can be used in all modern
web browsers, requiring zero supplementary software. Note that the
proposed system was designed for an optimal visual experience on
devices with Full HD resolution (1920 X 1080) or higher. Hi-resolution
screens are becoming a standard, but is also possible to use any low-
resolution device. The user only needs to adjust the web browser zoom
properties, using the Ctrl + and Ctrl-commands (for almost all web
browsers). The F11 key also may be useful to full screen the web page.

Fig. 2 shows the initial view of the interface. The graphical meta-
phor used to display the PM;, concentration is a scatterplot. Scatter-
plots have the advantage of consuming only a few pixels to represent a
single data point. Thus, scatterplots are considered space-efficient
charts, and are well-established metaphors used in chemical analysis.
However, scatterplots usually suffer from occlusion when the number of
points is larger than the screen size or when the points present a high
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Fig. 2. The initial view of the interface.

local density, producing overlap (Jugel et al., 2014). As many authors
have noted, occlusion and overlapping generate visual clutter, a major
issue in the context of information visualization (Eick and Karr, 2002;
Ellis and Dix, 2007; Javed et al., 2010). Thus, mechanisms were de-
veloped to mitigate these disadvantages.

In the upper section of Fig. 2 is the representation of the time series
recorded on alternate days between May 2015 and November 2017
(current standard). This representation is divided into two subgroups.
On the left side of Fig. 2a is a scatterplot displaying the evolution of
particulate matter. A line denoting the acceptable level of pollutants is
on the scatterplot according to the legislation. On the right side of
Fig. 2b are four area charts, vertically disposed, representing the evo-
lution of precipitation, temperature, wind speed and relative humidity,
for the same time interval as the scatterplot. This setup follows the
concept of small multiples, which is a set of auxiliary charts within a
main view, in order to monitor and compare different variables of the
dataset within small portions of space (Ziegler et al., 2010). This aux-
iliary charts allows for PM;, evolution to be tracked simultaneously
with the behavior of four meteorological variables, which have dif-
ferent scales. Similarly, in the bottom section of Fig. 2e-f is the re-
presentation of the information acquired daily from April 2014 to April
2015. All charts of the auxiliary groups have the same aspect ratios.

Note that the visualization tool has a grid-juxtaposed layout, with
two main sections vertically stacked. This layout setup has some de-
sirable advantages, such as an increased user performance while ex-
ploring relations among multiple data dimensions, allowing better re-
lational cognition, besides producing an efficient interface in terms of
screen's space exploitation (Javed and Elmgqvist, 2012; Sadana and
Stasko, 2016).

The PM;, points are color-coded in both scatterplots according to
the respective seasons, which can be “summer,” “autumn,” “winter,” or
“spring.” Seasonal information is translated using the legend positioned
in the bottom left of the interface (Fig. 2g). All the colors used in the
visualization system were selected based on the color map suggested by
ColorBrewer, a well-known color scheme guide (Harrower and Brewer,
2003). A diverging color scheme was used, carefully chosen as print,
LCD, photocopy, and colorblind friendly. The circles were not totally
opaque in order to visualize points that suffer from some degree of

” .

occlusion.

To reinforce the visual perception of the PM;, concentration mag-
nitude, each circle had its diameter scaled. This scale was obtained from
the maximum and minimum concentration values recorded in all da-
tasets under analysis. The higher the concentration value, the larger the
circle diameter. This choice follows the significance principle of design,
where larger elements are perceptually interpreted as more significant,
as seen on the iconic Facebook's IPO visualization, from The New York
Times (NYTimes, 2012).

In the center of the interface of Fig. 2c is the bivariate chart, which
is a double line chart with one line for each variable. The area between
the two lines was filled with the color that represented the line with the
highest value. This chart will be described in detail in section 3.4. To
the right of Fig. 2d is a combo-box where it is possible to change the
dataset under analysis in the lower scatterplot. By clicking, the tool will
display the option to switch to the dataset registered between 1997 and
2006. There is a button placed at the combo-box' right side that is in-
tended to restart the interface to its initial state. The legend indicated in
Fig. 2h decodes the color pattern adopted in the bivariate chart.

The layout was planned so that the user could compare the current
pattern of acquisition (2015-2017) on the top of the screen, with data
acquired in previous years (1997-2006 and 2014-2015) shown in the
bottom. Thus, it is possible to verify the temporal evolution of atmo-
spheric pollutants, comparing different periods, current and past, and
respective features. Note that the scatterplots and the bivariate chart
have the same horizontal size. Fig. 3 shows the particulate matter ac-
quired between 1997 and 2006. Almost 10 years of monitoring were
translated into a dataset with a high density of points, which resulted in
several occlusions.

Initially the interface was designed with an overview of two data-
sets. Features of interest that might not be readable from another
viewpoint were pronounced from the beginning to be selected as inputs
to future exploration, or to be the starting point for an update of the
current system perspective (Craft and Cairns, 2005).

3.3. Interactive tools

A visualization tool must map a number of data features without
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user interaction. It must offer resources to identify properties by simply
navigating within the information space. The visualization tool should
be designed to provide additional information channels from which the
user can identify properties in the data, in accordance with in-
dividualized needs (Andrews et al., 2002). Fig. 4a shows one of the
user's interaction tools. By moving the mouse over any of the data
points, a tooltip containing detailed weather information for that point
can be seen. In Fig. 4a example, a cut-off from the 2014 to 2015 dataset
was seen on October 17, 2014.

The axes of the auxiliary charts (meteorological variables) presented
only essential labeling as compact metaphors. The vertical axes dis-
played only the variable name, as well as the maximum and minimum
values. The horizontal axes corresponded to the same range under
analysis on the PM;, scatterplot linked to the auxiliary group. The time
scale labels were not printed, because it was the same as the PM;
display, and would pollute the interface with redundant information.
However, by navigating in the inner space of one auxiliary chart, a
vertical reference line can be activated, revealing information on the
variables under the cursor position, as seen in Fig. 4b. By moving the
mouse over the chart, the information is smoothly updated. Note that
the tooltip of Fig. 4a and graphs in the auxiliary region of Fig. 4b
present similar information in different contexts and an overview in the
auxiliary group.

After analyzing the general profile described by PM;, concentra-
tions, the user can investigate in detail the behavior of a portion of the
data in the top or bottom scatterplot, or even in both. To provide this
level of interactivity, a zooming selection tool was developed. This
technique adjusts the position of data elements on the screen to reduce

the complexity of the representation by removing non-essential in-
formation from view (Craft and Cairns, 2005). Applying “zooming-in”
over a region reorganizes the elements revealing information that was
previously occluded, due to clustering in high-density data areas.
Conversely, “zooming out” reduces the space between elements al-
lowing for larger amounts of information to be seen. With these tools,
the interface's viewpoint will be updated to represent only the data the
user selected in order to proceed with more detailed visual analysis.
Fig. 5 illustrates the zooming-in operation.

Providing more in-depth detail for all items is impractical when
there are many visible data points in a limited space (Craft and Cairns,
2005). Thus, to select a data region, the user can simply click with the
left mouse button on the chart where the data of interest starts. Holding
down the left mouse button, the user must drag the cursor, creating a
selection area including all data the user wishes to verify. As seen in
Fig. 5a, a gray-shaded rectangle opens to assist the user in identifying
which points are within the selection. When the data are selected and
the left mouse button is released, zooming-in will automatically start,
smoothly widening the selected region until filling the entire area of the
scatterplot.

In Fig. 5a, the area related to the year 1999 was selected. Fig. 5b
shows the result of this action. It was then possible to explore the
chosen interval in more detail with less overlapping elements, since the
represented items were delimited from several hundred down to just a
few dozen. This act made it easier to navigate through data details or
even individual items (Shneiderman, 1996). If it was necessary to
verify, for example, PM;, concentration only for the winter of 1999, the
user will need to make a new selection comprising the points between
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Fig. 5. Data selection with zooming-in. Clicking and dragging within the scatterplot, the user selects an area of interest. (a) From the dataset sampled between 1997
and 2006, only the area corresponding to 1999 was selected. (b) Zooming-in rearranges the view to represent only the selected range, the year 1999 (b).

June and September of 1999 following the zooming-in procedure
above. By zooming-in successively, elements can be selected until only
one is left. To reverse the last zooming-in action, the user can double-
click anywhere on the scatterplot and zooming out will smoothly re-
store the metaphor to its previous state. In addition, the content of the
side auxiliary group is updated whenever zooming-in or zooming out is
applied over its linked scatterplot.

The effect of a zooming operation (zooming-in or zooming out) is
local and independent. In other words, selecting objects in the upper
scatterplot will not affect objects in the lower scatterplot (the same as
the auxiliary charts). The transition between the zooming states is
smooth to preserve the user's sense of position and context during

navigation (Shneiderman, 1996). Note that the term “zooming” is often
related geometrically to defining scalar changes on the screen's element
representation (Craft and Cairns, 2005). Within this study, “zooming”
was used semantically to describe changes in the viewpoint from which
the data are represented (McLachlan et al., 2008).

3.4. Comparative analysis between different intervals

The chart placed in the center of the interface was developed to
improve the visual perception of the difference in PM;o between the
time intervals under analysis. This chart is a variation of the bivariate
area chart, which is a composition of two superposed and
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Fig. 6. Value differences between two datasets. 2015-2017 (blue) and 2014-2015 (red).

interconnected lines in the same visual space. To highlight the differ-
ence, the area between the lines was filled with different colors de-
pending on which line had the highest value. The chart enables the
recognition of temporal changes between two variables by showing
periodic increases or decreases in the strength of the variables over
time. The goal of this chart is to highlight the evolutionary difference
between two datasets, directly expressed by the colored area between
its curves. Thus, it is possible to empirically determine the relationship
between two variables, by simultaneous contrast in the same space.

This type of chart is based on the statistical principle of bivariate
analysis, which is a technique applied to verify trends between two
variables (Babbie, 2012). Fig. 6 shows PM; concentration from 2015 to
2017 (A) in blue and from 2014 to 2015 (B) in red. The chart depicts
the relative difference between the two datasets through amplitude
variation of the colored areas. For intervals where data points from
dataset A present higher values in relation to the counterparts from B,
the area between the two lines will be filled with blue. Conversely,
where points from B present higher values than those of A, the area will
be filled with red.

Although a point-to-point inspection is not the purpose of the bi-
variate chart, a user interaction tool was added. Similar to that devel-
oped for the auxiliary charts, this tool is a vertical reference line that
follows the mouse position on the chart's internal area. Two markers
with the respective values of PM; concentrations follow the silhouette
of both curves, serving as a contextual reference.

In the bivariate chart, it is preferable to compare datasets with
corresponding time intervals in order to properly reflect the difference
between two equivalent seasons, for example. Some issues became
evident during the development of this chart and data treatment was
necessary with regard to the input datasets. The first was related to the
size difference between the three datasets. This difference was not re-
lated to the total amount of instances in each dataset, but it was instead
related to the large time difference between the intervals, which

covered one year, three years and 10 years, as defined in section 3.1.

It would not be useful, or even logical, to represent the difference
between two datasets with different temporal amplitudes without some
adjustment to coincide the seasons. Not carrying out this adjustment
would cause a loss of one of the main goals of this chart, which was to
identify features from the comparison of the seasonal differences be-
tween two curves. To mitigate this problem, data interpolation was
applied with the sliding-window strategy (Keogh et al., 2003).

Consider the datasets A and B with a time span of three years and
one year, respectively. In this approach, a lesser extent set will be
compared point by point to a larger extent set. When the lesser extent
set ends, it successively restarts until the end of the larger dataset. The
terms lesser and larger strictly refer to the temporal extent of datasets
and not to the number of instances. With this strategy, the comparison
of months within corresponding seasons was guaranteed, even with
datasets that cover arbitrary time intervals. Note that the sliding-
window strategy generates cycles of comparison, which will result in
the temporal non-linearity of the lesser extent dataset throughout the
comparison process.

It was assumed that within the datasets intervals between sub-
sequent days may not coincide. For example, day d of month m from
dataset A may not have a counterpart in B, either by the alternating of
acquisition days or even by some failure. Interpolation by cubic splines
was used to ensure correspondence between instances from the data-
sets, allowing for point-to-point comparison. Cubic splines are a robust
approach described in detail by McKinley and Levine (1998) that di-
vides the interpolation range into a series of subintervals and inter-
polates these subintervals with cubic polynomials, obtaining a smooth-
shaped curve.

Another important issue is related to long time intervals with no
data acquisition. This is a rare occurrence and does not cause a loss of
information to other interface units. However, in some cases, there are
missing records for intervals longer than two weeks. Large intervals
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between two consecutive data points tend to present undesired effects
in the interpolation method. The estimates may be very different from
the mean, possibly even achieving negative values. Unreasonable esti-
mates may result in aesthetic damage to the bivariate chart, but there
are several pre-processing strategies that can be applied for missing
data. Data imputation is a strategy that replaces a missing value with a
constant and reasonable value (Myrtveit et al., 2001). Input missing
values are derived from the dataset itself, through the mean, median or
mode value, for example. In this work, values of PM; o that were missing
for intervals longer than a week were replaced with the mean value. In
empirical tests, only an imputation for an entire missing week was
sufficient, that is, only a day was filled within a missing week. Other
strategies could be considered, but mean imputation was sufficient for
this study's information visualization purposes. The mean value does
not cause an abrupt influence since it is a general trend of the dataset.

After adjusting the sliding-window and missing data, as required,
interpolations were performed and input into the bivariate chart. A
Python script was developed for this task. The script reads two datasets,
C; and C,, which will be referred to as initial datasets and, for each
dataset, two vectors are generated with the concentration values of
PM,, and related sampling dates. The pairs of vectors are interpolated
by cubic splines resulting in two curves defined by interpolating func-
tions. Next, a new dataset is generated containing a date value and two
concentration values for each date. The date is obtained by the unique
concatenation of the dates from both initial datasets. The concentration
values result from a point-to-point iteration of C; and C, interpolating
functions.

Two new input files were generated: one regarding the difference
between 2015-2017 and 2014-2015, which is automatically loaded
when the interface is initialized, and another concerning 2015-2017
and 1997-2006, which is loaded when the user selects the dataset from
1997 to 2006. The readings, data interpolation and writing to the new
files did not take more than one second each (using a quad-core
3.40 GHz i7 processor and 24 GB RAM, running 64-bit Linux). For
brevity, the script is not included here, but it is available online and the
folder can be accessed at https://goo.gl/CbDJAn (the datasets are also
included in this folder).

Fig. 6 illustrates the bivariate chart after exploration steps on da-
tasets A and B. The dataset that creates peaks of concentration is
highlighted in blue-colored areas from the top-mapped data of Fig. 6a—b
and red-colored areas from the bottom-mapped data (Fig. 6¢c—€). The
bivariate chart has no labels on the horizontal axis (time). This decision
is justified by the construction of the bivariate chart, which inter-
connects and overlaps two time series recorded over different years. It
would be redundant to display these labels, since the scatterplots al-
ready exhibit temporal labeling on the horizontal axes.

When the scatterplots are zoomed, the content of the bivariate chart
will be updated to match the information selected by the user.
However, it should be noted that the update only has an effect when it
originates from the scatterplot of the dataset with the larger temporal
interval. This design choice was due to the cyclic effect and the non-
linearity of sliding-window interpolation. This may cause visual con-
fusion because the smaller temporal amplitude dataset can present
more than one correspondence in the bivariate chart for the selected
data segment. While this can be seen as a limitation, it prevents mis-
leading information, suggesting that the user select equivalent month/
seasons from both scatterplots. The bivariate chart will then correctly
reflect the difference between the variables, as illustrated in Fig. 6.

4. Case study

The goal of this case study is to analyze pollutant temporal patterns
from different acquisition intervals, in order to understand changes
according to seasonality and meteorological variables. Starting the vi-
sual analysis with only information available from May 2015 to
November 2017, there were three intervals that showed peaks in PM;,
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concentrations. These three ranges exhibited some common features,
which were investigated in depth using the information visualization
interface.

In the three cases of Fig. 7 there was an increasing trend in the PM; ¢
values, which began in the middle of June. This trend coincided with
the beginning of winter, a season regionally defined by low rainfall
rates and a drop in temperatures. As Fig. 7 shows, this trend achieved
its maximum annual values notably between August and October. The
year of 2015 of Fig. 7a presented a slight difference in relation to the
other two years, with its PM;, concentration peaks in September and
October (late winter and early spring). In 2016 of Figs. 7b and 2017 of
Fig. 7c, concentration peaks were limited to winter (August and Sep-
tember) with a sharp decrease in values beginning in October (begin-
ning of spring).

By comparing the profiles described by meteorological variables
represented in all auxiliary charts, a relative stability in the weather of
the sampled region was noted (Fig. 7). In general, there were long
periods without precipitation, with average temperatures in the 20s.
The winds were mild, with rare occurrences above 3ms~!. The air
relative humidity presented levels close to 50% on several occasions.
The highest concentration levels of PM;q occurred in September 2017,
with values exceeding 85 pugm 3. It should be highlighted that there
was a “coincidence” between the time interval containing this max-
imum PM;, concentration and a significant decrease in humidity rates.
In September 2017 the humidity levels decreased to near 30% over
several consecutive days. Obviously, the inverse relation between these
two coincident variables does not yield a conclusion about the en-
vironmental behavior. However, with these insights quickly provided
by the visual analysis tool, among hundreds of data points, a hypothesis
can then be generated for further investigation and statistical testing.

Another import feature of the pollutant's dynamics is its seasonality.
In Fig. 3 the PM;, data from 1997 to 2006 are shown, and the seasonal
variations can be observed. In the autumn and winter seasons, the
concentration of PM;, was higher than in the spring and summer sea-
sons. According to Pozza et al. (2010), one of the reasons for this sea-
sonality was the deposition of particles, due to the incidence of rainfall.
At this time, the current legislation was established by the National
Environment Council (CONAMA), as shown in Table 2. At no time did
the average daily and annual concentrations exceed the standards es-
tablished by CONAMA (1990).

The analysis of different environmental epochs of the sampling re-
gion provided indications of natural causes that increased or decreased
atmospheric pollutant concentrations over time. However, these in-
dications should only be taken as initial information for statistical
surveys. The chart profile of pollutant concentration in 2015 of Fig. 7a
resembles the profile described in 2014 of Fig. 2e, which is slightly
different from 2016 of Figs. 7b and 2017 (Fig. 7c). It is interesting to
note that there were no significant changes in the profile of the me-
teorological variables between the intervals highlighted in the re-
spective auxiliary groups over the years. This feature indicates the in-
cidence of possible events that would be beyond natural factors typical
of the region's microclimate. Thus, it is essential to consider and discuss
anthropogenic sources of interaction with the environment and the
impact of human actions on pollutant emissions at the research site and
its surroundings.

Another interesting case study can be seen in the bivariate graph,
shown in the center of Fig. 6, particularly the area in Fig. 6a and b

Table 2
Limit values recommended by CONAMA (in force for the 1997-2006 mon-
itoring) for PM;, concentration in atmospheric air.

Sampling time limit values (ugm ~>)

150
50

24- hour mean
Annual mean

CONAMA legislation
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related with September to October 2017. The mean concentration of
PM,, increased by approximately 40% compared to the same time span
in 2014. This scenario was due to a large number of sugarcane fires
recorded in the surrounding regions of Sdo Carlos. There was no pre-
cipitation, temperatures were moderate and the wind speeds were high
in September to October 2017, compared to the same interval from
2014. Considering the selected area in Fig. 6e, October to November
2014, PM;, mean concentration was twice the highest value verified for
the same time stamp from 2017. This information was due to the re-
cording of sugar cane fires in this period for 2014, which was not ob-
served in 2017. On the average, temperatures and wind velocities from
October to November 2014 were higher than that observed in 2017.
The bivariate chart act as an efficient tool to support visual data ana-
lysis, as it is intended to follow in more detail the seasonal behavior of
PM;o concentration selecting areas of interest from two different da-
tasets.

5. Discussions

Extending the visual analysis to the datasets from May 2015 to
November 2017 (upper charts) and April 2014 to April 2015 (lower
charts), the aforementioned growth trend in PM;, concentrations was
observed in both. This was especially true in the autumn-winter interval
for 2014 to 2015, 2015 to 2016, and 2016 to 2017. This increase could
be related to public events in the vicinity of the acquisition site, such as
markets and festivals. These events lead to an increase in people and
motor vehicles causing the resuspension of soils and vehicle pollutant
emissions.

Another interesting fact is that Sao Carlos is located in a region
surrounded by sugar cane producers and sugar mills. From autumn to
mid-spring, high amounts of sugar cane are burned. Furthermore, the
growth trend of PM;, concentration for autumn and winter seasons was
also associated with low temperatures and low humidity rates, espe-
cially in the winter. Wind speed was a parameter dependent on pre-
cipitation conditions: strong winds on dry days favored the increase of
PM;, concentration, while the opposite occurred on wet days. In the
winter and spring seasons, there was a decrease of the PM;q con-
centration. This decrease was associated with high temperatures and
high humidity rates. In the spring and summer seasons, low con-
centrations of PM;, were recorded as compared to winter and spring,
because high volumes of rain were observed, which was the main factor
in the cleaning of atmospheric air.

In Fig. 8 data (2015-2016 upper and 2014-2015 lower) showed
that for both periods the highest concentrations of PM;, (on average)
were recorded in the spring. This was because there was a high in-
cidence of sugar cane burnings, a common practice related to the crop
in regions near the city of Sdo Carlos, as there were no significant
rainfalls and the wind speeds were not high. This tendency was evi-
denced in the bivariate graph of differences, as shown in the center of
Fig. 8, where there is a predominance of peaks (high values) with a red
colored pattern. The data from 2016 to 2017 of Fig. 9 shows a reduction
of the PM;, concentration in relation to the previous periods of Fig. 8 in
the same seasons, which can be explained by the strong winds and low
temperatures, associated with the absence of large volumes of rainfall.

Based on studies from the literature, it was verified in this work that
increases or decreases in PM;q concentration for 2014-2017 were re-
lated to the following meteorological variables: precipitation, tem-
perature and relative humidity (0.80 < R < 1.00) for autumn
(Fig. 1Sa, see Supplementary information); relative humidity
(R = 0.72) for winter (Fig. 1Sb); precipitation, temperature, relative
humidity and wind speed (0.70 < R < 1.00) for spring (Fig. 1Sc);
precipitation, temperature and wind speed (0.85 < R < 1) for
summer (Fig. 1Sd). Considering 1997-2006, the relative humidity
(R = 0.73) for autumn (Fig. 2Sa); temperature (R = 0.70) for winter
(Fig. 2Sb); relative humidity and wind speed (0.75 < R < 1.00) for
spring (Fig. 2Sc). These influences are justified by Pearson's correlation
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coefficient (R), which was between 0.70 and 1.00 (De Rooij et al., 2017;
Pan et al., 2019).

According to the Sao Paulo State Environmental Technology and
Sanitation Company (CETESB), the public agency that regulates pol-
lution levels of PM;o and the World Health Organization (WHO), ac-
ceptable levels of daily and annual PM;, are shown in Table 3. In the
monitoring period from 2014 to 2015, 23 daily averages were above the
value recommended by the WHO but none were above the CETESB
values. The annual mean of PM;, concentration from 2014 to 2015 was
27.75 ugm 3, which is above that recommended by the WHO and
below that recommended by the CETESB. From 2015 to 2016 and 2016
to 2017, two and six daily means, respectively, were above the values
recommended by the WHO but none were above those of the CETESB.
Considering the annual mean from the WHO, from 2015 to 2017 the
averages were above the recommended threshold every year, but below
the CETESB values.

According to the CETESB (2013), a set of gradual and progressive
targets will be established to reduce atmospheric pollution over time, in
order to reach the levels currently recommended by the WHO (2005).

The values of PM;q in the 2014 to 2017 campaign clearly showed a
decrease in comparison to the 1997 to 2006 campaign. The absolute
values that reinforce the decreasing trend of PM10 in the city of Sao
Carlos are observed in Table 4. This statement was reinforced when
observing the predominance of red-colored areas in the bivariate chart
of Fig. 5, which was applied to datasets from 2015 to 2017 (upper) and
1997 to 2006 (lower). This decrease in PM;, concentrations can be
explained by the changes in law n° 997 of 31 05/1976 and decree
54.487 of 06/26/2009, making anthropogenic agents control the pol-
lution (Sao Paulo State Government, 2009). In addition, the burnings
related to sugar cane has incurred numerous discussions over the last
few years. Recent lawsuits filed by the Federal Prosecutor and accepted
by Federal Court have been gradually increasing prohibitions over su-
garcane straw burning in Sdo Paulo state, imposing heavy penalties and
monetary fines on those responsible for noncompliance. Therefore, the
current decrease in atmospheric pollutant concentrations observed in
Sao Carlos could have benefited from the reduction of straw burnings.

The methodology presented in this paper will help to monitor and
analyze the behavior of the PM;, air pollutant daily or annually in a
particular city of interest. This was shown in the recent report on air
quality by the European Union published in 2018, which shows the
behavior of PM;, in selected cities (EEA report, 2018).

6. Limitations and future work

The way the information is displayed should be carefully studied, so
that the visualization tool remains as intuitive as possible, because the
more accessible the view is, the larger its audience and impact (Murray,
2013). By allowing the user to control the system content, navigation
becomes a more agile and focused process. Therefore, an exploration
methodology providing a data overview first was adopted, after which
the user can analyze information details on demand, through inter-
active selections (Shneiderman, 1996). The visualization system can
also be accessed in web browsers on mobile devices, such as smart-
phones and tablets. All features described within can also be operated
from these devices, although the web browser zoom adjustment may
also be required.

One limitation that has been raised is related to the occasional
failures of the sampling equipment. At first, because events were rare,
all the corrupted content was removed on the failure day of the related
dataset. In future work, fault tolerance mechanisms will be applied.
Among these mechanisms, computational intelligence techniques, ma-
chine learning algorithms in particular, will be investigated, in order to
fill in missing data. Artificial neural networks and associated variants,
such as deep learning, are being studied, due to promising predictive
results and relative flexibility of implantation (Russo et al., 2015; Hur
et al., 2016; Biancofiore et al., 2017; Antanasijevic et al., 2018;
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Franceschi et al., 2018; Park et al., 2018; Korczak and Hernes, 2017).
Other statistical tools will be used to support correlations between
meteorological and PM;, variables beyond the visual analysis.

As described, the datasets are rich regarding the environment at the
sampling site, and tools that allow proper exploration and correlation of
this information with PM;, would be beneficial. This objective was
fulfilled, with the visualization of meteorological data in interactive
small multiples. However, wind direction was only displayed punctu-
ally in the tooltip when the user inspected a point in a scatterplot. A tool
will be developed and implemented so that the user can also directly
follow the evolution of this information. Wind direction is expressed in
degrees, which is a scale with a complex interpretation not usually
represented in visual systems.

Making the information available in real time is also intended in
future work. In other words, after being assessed in the laboratory, data
will be made available on the system. This may involve the need to
update the datasets online after each registered analysis. The current
amount of data occlusion is manageable, but when the dataset grows,
visualization challenges will as well. In the long term, it will be ne-
cessary to address the growing number of data points, which, at some
point, may exceed the horizontal number of pixels on the screen. This
consequence generates occlusion and visual disorder.

Future work will also include an option for the user to upload da-
tasets. Data download will be made available too. With upload and
download options, the proposed visualization system will support a
larger scope of visual data analysis requirements in line with open data

Table 3
Limit values recommended by WHO and CETESB (in force for the 2014-Present
monitoring) for PM;, concentration in atmospheric air.

Sampling time limit values (ugm™2)

WHO legislation (2005) 24- hour mean 50
Annual mean 20

CETESB legislation (2013) 24- hour mean 120
Annual mean 40

policies. Finally, the interactive features of the system will be enhanced,
such as the integration of hovering tools that will be activated on dif-
ferent charts, performing functionalities simultaneously, no matter
which portion of the same data point the user hovers the cursor over.

7. Conclusion

In this work, a methodology for data exploration was introduced,
based on the composition of graphic metaphors and visual tools that
simplify the interpretation of multidimensional time series. It also helps
to reveal features, tendencies, and patterns within the multidimensional
time series. Different strategies were combined to create a graphical
interface that guides the user through thousands of meteorological data
points sampled over the years. A representation of multiple variables in
a compact format was offered. The user could then objectively navigate
through features of interest.
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The values of PM; from 2014 to 2017 in comparison to the 1997 to 2006 campaign.

Recent data®

Season C = SD (ug *m™%) P + SD (mm) T + SD (°C) RH + SD (%) WS * SD(m *s™ 1)
2014-2015 Autumn 29.16 + 13.15 2.37 + 9.32 20.51 + 3.13 69.63 + 10.18 0.94 + 0.65
Winter 35.67 + 14.61 1.07 + 5.15 19.97 + 3.45 58.94 + 14.05 1.09 + 0.73
Spring 27.47 + 16.14 4.83 + 10.74 23.69 + 3.13 62.18 + 16.59 1.31 + 0.87
Summer 13.32 + 4.37 6.17 = 9.14 21.29 + 4.24 76.23 + 11.06 0.92 + 0.86
2015-2016 Autumn 19.77 + 8.56 1.58 + 6.06 19.72 + 3.76 72.61 + 12.58 1.00 + 2.99
Winter 26.04 + 8.52 1.05 + 4.87 19.71 = 2.71 61.43 + 14.33 1.41 + 0.77
Spring 26.36 + 10.32 4.66 + 9.05 23.71 + 2.32 64.03 + 21.30 1.02 + 0.57
Summer 16.09 + 5.94 10.25 + 25.42 23.22 + 1.51 75.53 + 18.60 0.77 * 0.64
2016-2017 Autumn 17.83 + 4.59 0.19 + 0.60 19.45 + 1.99 76.45 + 6.89 1.71 + 0.48
Winter 31.26 + 15.15 0.22 + 1.05 19.37 + 2.98 62.04 + 14.70 1.63 + 0.98
Spring 20.15 + 12.83 4.98 + 12.98 21.62 + 2.44 72.10 + 14.35 1.86 + 1.11
Summer 11.94 + 4.89 2.93 + 7.19 19.86 + 2.67 74.63 + 12.46 1.44 + 0.63
Data for the last 10 years ago
1997-1998 Autumn 33.79 + 16.25 3.41 + 8.02 20.35 + 2.85 75.75 + 8.33 2,62 + 1.38
Winter 48.97 + 15.77 0.71 = 2.70 20.50 + 3.12 63.10 + 10.08 2.66 = 0.97
Spring 28.18 + 10.19 4.39 + 9.38 23.80 + 2.59 73.65 + 13.96 2.55 + 0.91
Summer 22.64 + 6.16 9.85 + 16.93 24.60 + 2.30 77.97 + 8.42 2,59 + 0.93
1998-1999 Autumn 37.98 + 13.02 1.98 + 6.32 23.09 + 1.37 70.71 + 6.48 241 + 0.94
Winter 55.72 + 22.63 0.38 *+ 1.92 19.60 + 3.00 63.19 + 12.78 2.56 *+ 1.09
Spring 30.59 + 8.41 10.11 + 18.60 20.48 + 1.64 70.39 + 10.71 2.93 + 1.05
Summer 21.70 + 5.83 15.37 + 22.74 20.85 + 1.94 77.41 + 11.39 2.69 * 0.69
1999-2000 Autumn 38.89 + 10.39 1.13 + 4.93 19.07 + 2.77 58.37 + 26.40 12.93 + 24.28
Winter 43.43 + 14.26 1.76 + 4.45 16.81 + 5.08 67.01 + 12.31 2.49 + 0.74
Spring 41.34 + 16.47 241 + 7.44 20.96 + 2.92 62.46 + 9.52 3.59 + 1.25
Summer 24.59 + 8.96 7.24 *+ 10.95 22.46 + 1.42 79.42 + 10.20 2.70 * 0.76
2000-2001 Autumn 34.76 + 11.40 0.37 * 0.91 20.15 + 2.84 73.36 + 9.02 2.25 * 0.66
Winter 47.31 + 12.42 0.00 + 0.00 18.86 + 2.40 62.19 + 8.52 2.60 + 0.80
Spring 29.67 + 10.88 3.69 * 7.53 16.13 + 11.03 71.91 + 9.74 2.97 + 0.76
Summer 21.88 + 6.66 3.92 * 6.46 23.16 + 0.89 78.67 + 7.36 2.74 * 0.59
2001-2002 Autumn 34.26 + 16.39 1.30 + 5.36 20.70 + 2.38 71.43 + 8.59 2.32 + 0.72
Winter 48.10 + 12.92 0.90 * 3.57 19.09 + 3.02 63.75 + 13.30 2.34 + 0.93
Spring 29.35 + 9.19 4.46 + 10.43 22,18 * 1.52 69.83 + 11.93 2.53 + 0.74
Summer 22.23 + 5.19 8.67 + 17.03 22.66 + 1.39 75.73 + 9.20 2.51 + 0.67
2002-2003 Autumn 33.15 + 13.44 1.56 + 5.17 19.47 + 2.75 74.28 + 9.97 223 + 0.85
Winter 41.30 + 24.52 0.52 * 1.49 17.87 + 2.40 57.88 + 13.40 2.82 + 0.93
Spring 31.52 + 14.66 7.93 + 25.37 23.38 + 2.64 64.74 + 15.95 3.05 + 1.13
Summer 17.90 + 8.37 8.60 + 13.83 23.29 + 1.52 74.95 + 10.32 2.53 + 1.12
2003-2004 Autumn 27.23 + 9.80 1.95 + 4.63 18.67 + 3.44 83.04 + 5.90 2.45 * 0.65
Winter 42,39 + 19.53 0.00 + 0.00 17.49 + 2.80 60.72 + 11.59 2.59 * 0.77
Spring 27.20 + 18.99 7.19 + 13.25 21.40 + 2.15 72.33 + 18.31 2.91 + 0.90
Summer 14.74 + 8.96 8.41 * 11.95 22.37 + 1.18 78.03 + 11.27 2.87 + 1.28
2004-2005 Autumn 25.27 + 12.67 0.76 = 212 19.61 + 2.26 74.72 + 8.15 2.34 + 0.52
Winter 29.61 + 13.87 0.58 + 1.28 17.48 = 2.11 72.09 + 11.80 2.68 + 1.00
Spring 39.42 + 27.45 3.75 + 8.24 21.35 + 2.48 69.85 + 16.19 3.09 + 0.86
Summer 27.40 + 9.68 3.70 * 6.98 22.95 + 1.07 66.50 + 10.63 2,50 + 0.72
2005-2006 Spring 24.09 + 15.90 2.84 + 5.20 21.01 + 2.64 74.92 + 12.22 2.64 + 0.62
Summer 15.29 + 0.84 7.05 = 4.45 22.16 + 1.05 84.50 + 5.66 1.70 + 0.33

@ C: concentration of the PM;; SD: standard deviation; P: precipitation; T: temperature; RH: relative humidity; WS: wind speed.

The visual analysis of particulate matter behavior collected in Sao
Carlos-SP revealed that over the last few decades, there was an im-
provement in air quality. Agribusiness, one of the major contributors to
air pollution, has faced and still faces constraints in certain practices,
previously accepted in its production process. However, there is a need
to constantly investigate concentrations of atmospheric matter so that
the critical periods and emitting entities can be readily identified, to
alert authorities for proper environmental control.

The proposed system allowed for the identification of higher inter-
vals of pollutant concentration, in addition to comparing these data to
climatic data, which was demonstrated in the case study. With this
information, the probable causes and effects of climate change sur-
rounding the city can be hypothesized. This acts as a starting point to
address further research involving the air quality of outdoor environ-
ments. The integration of graphical representations and interactive
techniques allowed for a reorganization of data according to how the
visual representation was explored. These functionalities contributed to
a set of important visualization tools for multidimensional time series
analysis.
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O segundo artigo, intitulado “Particulate matter (PM10) from S&o Carlos-SP
(Brazil): Spectroanalytical techniques to Evaluate and Determine Chemical elements”,
publicado no periodico International Journal of Environmental Analytical Chemistry
(DOI:  https://doi.org/10.1080/03067319.2019.1608977), teve como propdsito a

identificacdo e quantificacdo de elementos quimicos presentes no MP10 coletado no centro

da cidade de S&o Carlos-SP, por meio de técnicas espectroanaliticas ( WD XRF, LIBS e
ICP OES). Os dados utilizados neste trabalho foram: abril/2014 a abril/2015. O resultado
dessas trés técnicas, juntamente com a analise de componentes principais (PCA), o
coeficiente de correlacdo de Pearson(R) e o fator de enriquecimento (FE), permitiram tracar
um cenario sobre a origem dos elementos quimicos que compdem o MP10 da cidade. A
seguir, encontra-se 0 artigo supracitado, com todas as informacdes sobre as técnicas

espectroanaliticas e respectivos resultados.
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1. Introduction

PM10 is inhalable particulate matter whose aerodynamic diameter is smaller than or
equal to 10 um. Depending on the size distribution in the 0-10 um range, these particles
may be retained in the upper respiratory tract or penetrate deeper into the pulmonary
alveoli or cause disease in the cardiovascular system [1-3].

There is growing interest in the identification and quantification of chemical elements
in PM10 that are harmful to human health [4-6]. In the last 10 years, several papers have
been published [7-15], in which they reported the use of spectroanalytical techniques
such as: energy dispersive X-ray fluorescence (ED-XRF), inductively coupled plasma mass
spectrometry (ICP-MS), total-reflection X-ray fluorescence (TXRF), and non-spectroanaly-
tical techniques as ion chromatography (IC), instrumental neutron activation analysis
(INAA), infrared spectroscopy (IR) and particle-induced X-ray emission (PIXE). The main
goal of these papers was to identify and quantify elements that make up the PM10
matrix in the atmospheric air of selected cities. For this purpose, spectroanalytical
techniques can also include wavelength dispersive X-ray fluorescence (WD-XRF), induc-
tively coupled plasma optical emission spectrometry (ICP OES), and laser-induced break-
down spectroscopy (LIBS). These alternatives are important instrument for qualitative
and quantitative analysis of chemical elements harmful to health in samples from
anthropogenic and natural sources.

WD-XRF and LIBS are very attractive for the analysis of environmental samples, since
it allows the direct analysis of solid samples with minimal or no treatment, besides the
possibility of the in situ analysis. WD-XRF employs crystals as dispersers of characteristic
wavelengths of a chemical element, emitted during the phenomenon of atomic fluor-
escence in solid and liquid samples [16]. The advantages of WD-XRF include good
accuracy, precision, the ability to perform multi-element sequential determinations
(typically from Na to U), non-destructive analysis, low limits of detection, and, in several
applications, no requirement for sample preparation [17-19]. Limitations of the techni-
que are the need for methods for the correction of matrix effects, as well as for
enhancement of characteristic X-rays, due to the interactions among the elements
present in the sample [20,21].

LIBS is an optical emission analytical technique that employs a focused laser pulse to
create a micro-plasma on the surface of a solid sample, in order to obtain emission
spectra of the chemical elements [22]. Its advantages include fast measurements (in a
few seconds), high sensitivity for light elements (H, Be, Li, C, N, O, Na, and Mg), and little
or no sample preparation. LIBS has been used to determine the elemental compositions
of soils and plants [23], foods [24,25], rubber composites [26], and polymers from waste
electrical and electronic equipment [27-29], among others [30]. The limitations of this
technique are related to difficulties to obtain homogeneous samples and solid calibra-
tion standards, the low repeatability, and high limits of detection [31].

ICP OES is based on the ionisation of the elements under an intense argon plasma
atmosphere [32]. It has several advantages, including high sensitivity, low limits of
detection, and fast multi-element analysis. Limitations include complex and time-con-
suming sample handling and preparation, contamination risk, destructive analysis, and
high sample consumption [33,34]. There are numerous applications for ICP OES, such as
the analysis of foods [35,36], geological materials [37], and crude oil samples [38].
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Scientific studies involving analysis of environmental problems always need a great
number of samples and analytes to be determined. Thus, generating a large amount of
data and its interpretation is not easy when univariate approaches are used. In this
sense, the use of the chemometric tools has become indispensable for interpretation of
analytical data. One of the widely used for the interpretation of chemical data is
principal component analysis (PCA). PCA enables the evaluation of several variables
simultaneously, reducing dimensionality of the data matrix, extracting relevant informa-
tion [39]. The main goal is to simplify the analysis of data for numerous variables. New
variables, named principal components (PCs), are calculated from linear combinations of
the originals, based on maximum variation. In this way, the first set of PCs describes
most of the variation in the data set, while the other set describes the next highest
variation. The data set is then presented graphically as plots of scores and loadings,
which provide information about the samples and the variables, respectively [40].

In the literature, there are several studies [41-45] that used mathematical models and
computational tools, such as The Positive Matrix Factorisation (PMF) and Chemical mass
balance (CMB). These studies have demonstrated that the chemical elements deter-
mined by spectroanalytical techniques that compose of airborne particulate matter
collected in various cities around the world, come from different sources. These sources
arising from anthropogenic actions (e.g. vehicular emissions or industries) or natural
processes (resuspension of soils), regardless of the seasons (autumn, winter, spring and
summer) or periods (rainy and dry) of the year. For example, Bernardoni et al. [41]
verified that in summer the high concentration of Al and Ca has as main source of origin
the resuspension of dust, vehicular emissions, industry and construction works and in
the winter, the Fe, K, Zn of vehicular traffic and wood fires; Ramirez et al. [44] verified
that the rainy season had high concentrations of Al, Ca and Fe that were associated with
fugitive dust, road dust and vehicular emissions.

In the literature, it is rare to find studies that reports the use of WD-XRF [46] and there
are no studies that report the use of LIBS in the analysis of PM10 samples. Thus, the goal
of this study was to identify by WD-XRF and LIBS, and to quantification by ICP OES the
chemical composition in PM10 samples collected from Sao Carlos-SP (Brazil) during the
2014-2015 period and source profiles.

2. Experimental
2.1. Sampling location in Sdo Carlos city

The city of Sdo Carlos was founded in 1857, during the period of expansion of coffee
cultivation. The municipality (Figure 1) covers an area of 1,137 km? and is located near
the geographical centre of the State of Sdo Paulo (22° S, 48° W). The urban area
corresponds to 6% of the total area. The region has a mild climate, with an average
annual temperature of 19.6°C and average air relative humidity of 76% in summer and
54% in winter [47]. Sdo Carlos is a medium-sized city with important academic, techno-
logical, and industrial activities. The industrial sector includes the manufacture of con-
sumer goods, textiles, ceramics, and mechanical systems.

The city is a gateway for the Brazil-Bolivia gas pipeline. The agribusiness sector is well
developed, including livestock farming (for beef and milk production), extensive sugar
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cane cultivation (for sugar and ethanol production), and cellulose production. Sédo Carlos
can be considered representative of medium-sized cities in southeastern Brazil, with
characteristics similar to those of as the municipalities of Ribeirdo Preto, Piracicaba, and
Séo José do Rio Preto, among others, where rural and urban industrial activities are of
equal importance. These features justify the importance of air quality monitoring and
the selection of Sao Carlos as a focus for research [48].

The PM10 monitoring site in the central area of the city was located in the ‘Dos
Voluntarios’ public square (latitude 22°1712°°S; longitude 47°53°24"°W), which was con-
sidered appropriate due to its geographic location, considering the demographic dis-
tribution, and the concentration of pollution sources (see details in Figure 1).

2.2, PM10 sampling

Samples were collected daily during the period from 04/16/2014 to 04/16/2015, totalling
309 days of collection. Precipitation, temperature, relative humidity and wind speed
recorded during the collection periods were obtained through the platform of the
National Institute of Meteorology of the Brazilian Federal Government and is presented
in Table 1 [49]. The samples were collected using filters (Energética Ind., Brazil) of glass
fibre (Whatman EPM2000) by means of a large volume sampler (Hi-Vol) (Model 1200/
MFC, Graseby-GMW). In the Environmental Control Laboratory of the Chemical
Engineering Department of the Federal University of Sdo Carlos, the filters were pre-
viously conditioned in a desiccator with silica gel. The parameters presented in the next
lines describe the conditions:

o All procedures were performed for 24 h before collection, at a temperature of 25°C
to 30°C and controlled relative humidity of less than 60%, with a variation of less
than 5%, measured by a thermo-hygrometer (INCOTERM TFA-7429, Brazil) coupled
to the equipment.

Séao Paulo State 12kmn

Public Square
Dos Voluntarios

Sé&o Carlos city

Figure 1. Map indicating the locations of the city of Sdo Carlos and the sampling site.
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Table 1. Precipitation, temperature, relative humidity and speed of the winds in the autumn, winter,
spring and summer seasons from 04/16/2014 to 04/16/2015.

Season  Statistical parameters Precipitation (mm) Temperature (°C) Relative humidity (%) Wind speed (ms™')

Autumn Average 2.39 20.59 69.69 0.95
Maximum 72.60 25.80 95.67 3.10
Median 0.00 20.93 67.00 1.00
Minimum 0.00 7.20 52.50 0.00
Standard deviation 9.37 3.15 10.22 0.65
Winter  Average 1.07 19.97 58.94 1.09
Maximum 35.80 29.70 94.33 373
Median 0.00 20.20 58.00 1.00
Minimum 0.00 10.90 28.00 0.00
Standard deviation 5.15 345 14.05 0.73
Spring  Average 483 23.69 62.18 131
Maximum 52.00 31.80 92.00 3.77
Median 0.00 23.60 60.83 1.00
Minimum 0.00 15.37 34.00 0.00
Standard deviation 10.74 3.13 16.59 0.87
Summer Average 6.17 21.29 76.23 0.92
Maximum 36.80 28.46 95.00 4.80
Median 3.00 22.30 75.50 0.67
Minimum 0.00 12.00 5233 0.00
Standard deviation 9.14 424 11.06 0.86

The mass of the filters was precisely weighed before and after the collections on an
electronic scale with precision 0.100 mg (Model AY220, Shimadzu). The sampling took
place at ‘Dos Voluntarios’ square, in the centre of Sdo Carlos city, starting at 6 am (UTC-
03), with Hi-Vol operating range at a minimum flow rate of 1.10 to maximum with 1.20
m>min~", continuously for 24 h [50].

The concentrations of PM10, expressed in pg m™, were calculated from the ratio
between the difference in the mass (M, g) of the filters after and before collection, by the
standard volume (Vp, m?) of air sampled, multiplied by the conversion factor 10° ug*g™":

10% % M

Cemio :T (1

2.3. Analysis for LIBS and WD-XRF

After the samplings, the filters were folded in half and placed inside waterproof envel-
opes. After the collection campaign was completed, they were sent to the Group of
Applied Instrumental Analysis, Department of Chemistry, Federal University of Séo
Carlos, Brazil, for identification and quantification of elemental composition.

For each of the filters (size 203 mm x 254 mm), four fragments were cut at 38 mm in
diameter and conditioned in disposable Petri dishes. Sets of 1013 and 983 fragments
were used in the WD-XRF and LIBS analyses, respectively.

2.4. Sample preparation for analysis by ICP OES

In the case of ICP OES analysis, the 10-3.1 reference method (EPA/625/R-96/010a) was
employed for acid extraction of the filter materials [51]. The criteria for choosing the samples
PM10 were the high concentration of PM10, which means low precipitation or it did not rain,
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and the low concentration of PM10 means high precipitation and temperature. Thus, each
filter was cut into three fragments and quantitative analysis was performed using a set of
183 fragments of PM10 (61 filters x 3 fragments per filters) and 9 samples of blank. Details
about each sample such as the concentration of PM10 (ug m~>) and environmental condi-
tions (precipitation and temperature) are shown in Table 2.

The concentrations of Al, Ba, Ca, Fe, K, Na, S, and Zn were determined by ICP OES after
acid extraction. The extraction was performed using 300 mg portions of the glass fibre
filters (containing PM;), which were precisely weighed into PFA tubes, followed by
addition of 10 mL of an acid mixture containing 6% (v v'') HNO; and 16% (v v') HCI.
The tubes were closed and kept at 90°C for 30 min in a digester block. After cooling,
10 mL of ultrapure water was added and the solutions were filtered into 50 mL poly-
propylene tubes for subsequent analysis.

2.5. Instrumentation

A Perform-X ARL instrument (Thermo Fisher, Madison, WI, USA) was used for qualitative
and direct analysis of the filters by WD-XRF for Al, Ca, Ce, Cl, Fe, K, Mg, P, S, Si, Ti, V, and
Zn. The samples were irradiated with primary X-ray emissions from a rhodium (Rh) tube
(4200 W). The X-rays emitted due to the electronic transitions of the elements passed
through collimators and entered the optical section of the equipment, where they were
reflected by specific crystals. The detectors recorded the counts per second of the X-ray
emission lines of the analytes, using different diffraction crystals. Each crystal reflected
different wavelength regions, ranging from 0.124 A (0.0124 nm) (LiF220) to 162.662 A
(16.2662 nm) (AX16c). The instrument was equipped with 5 crystals for wavelength
dispersion, 4 collimators (0.15, 0.40, 1.00, and 2.60 mm), 2 detectors, a flow proportional
counter (FPC) and a scintillation counter (SC). For all the elements evaluated in this
study, only the Ka electronic transition was monitored.

LIBS spectra for Ba, Ca, Fe, K, Mg, Na, Si and Ti were obtained using a J200 system
(Applied Spectra, Fremont, CA, USA). The instrument consisted of an Nd: YAG laser with
emission at a wavelength of 1064 nm and a 6-channel CCD spectrometer covering a
range from 186 to 1042 nm. The spectral resolution was <0.1 nm for the ultraviolet (UV)
to visible (VIS) region, and <0.12 nm for the VIS to near-infrared (NIR) region. Axiom 2.5
software from the same manufacturer was used to control the instrument operating
parameters including the laser pulse energy (0 to100 mlJ), the delay time (0-2 ps) and
the spot size (50-250 pum). The Axiom 2.5 software was also used to control the sample
movement provided by an automated XYZ stage and a 1280 x 1024 complementary
metal oxide semiconductor (CMOS) colour camera imaging system. The gate width was
1.05 ms, which was the time required for the spectrometer to record the emission
signals. The signal acquisition total time for each sample was 2 min, spectra were
recorded using seven horizontal and six vertical scans and a total of 600 spectra were
acquired for each sample. Table 1S in Supplementary Material shows the optimised
instrumental conditions for qualitative analyses by WD-XRF and LIBS.

Determination of the Al, Ba, Ca, Fe, K, Na, S, and Zn concentrations by ICP OES was
performed by iCAP 6000 instrument (Thermo Scientific, Waltham, MA, USA) that allowed
sequential emission signal collection using both axial and radial viewings. The instru-
mental parameters are shown in Table 2S in Supplementary Material.
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2.6. Exploratory analysis of the data sets

For the three techniques used in this study, exploratory analysis of the data was
performed using PCA, for the purposes of normalisation/standardisation, data inspec-
tion, and treatment. The treatment was aided by the following computational pro-
grammes: MATLAB R2017b, Pirouette 4.5, OriginPro2016, LIBS++, and Aurora (Applied
Spectra). The WD-XRF and ICP OES data were autoscaled (mean equal to zero and unit
variance), while the LIBS data were mean-centred (mean equal to zero).

The data acquired by ICP OES were also subjected to another exploratory analysis, the
Pearson’s correlation coefficient [52-54]. This correlation (R) is mostly sensitive to linear
relationships between two or more variables (the chemical elements). It ranges from —1
to 1, with higher absolute values indicating better dependency between the variables.

3. Results and discussion
3.1. The concentrations of PM10

Figure 2 shows the average and standard deviation of concentrations of PM10 (ug m™>)
observed in autumn, winter, spring and summer seasons from 04/16/2014 to 04/16/2015.

For the comparison among the averages of the PM10 concentration, the analysis of
variance (ANOVA) was used, and the averages were different with a significance level of
95% (p < 0.05). The averages were 29, 36, 27 and 13 pg m™>, respectively (Figure 2). These
results are in agreement with the scientific evidence on the seasonality interference in the
concentration of atmospheric particles in the air [55-58]. It was verified that there is a tendency
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Figure 2. Concentrations (average + standard deviation) of PM10 (ug m™3) observed in autumn,
winter, spring and summer seasons from 04/16/2014 to 04/16/2015.
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of growth of the concentration of PM10 from autumn (29 pg m ™) to winter (36 ug m™>), that is
associated to low rainfall rates, temperature and relative humidity and high wind speed.

This trend is interrupted in the spring (27 ug m™) by the fact began to be registered
high volumes of rain, temperature, relative humidity, except for the wind speed variable,
which in this case, the average was higher than those recorded in previous seasons. And
finally, the concentration decreases, due to the inversion of the tendency of the
meteorological variables, favouring large volumes of rain, as shown in Table 1. From
the winter to the first half of spring, vegetation burnings in the region were recorded,
particularly the burning of sugar cane, which is characterised by being strong in the
cultivation of this product. Regarding to Sdo Paulo State Environmental Technology and
Sanitation Company (CETESB) [59], the air quality standard for PM10 is 40 pg.m_3 for the
annual average and 120 pg.m~> for the daily average. The daily and annual average
concentrations of PM10 did not exceed the CETESB standards. Table 3 shows the
comparison the annual average in the present study and, other cities [60,61]. The city
of Sao Carlos presented an average annual concentration of PM10 (28 pug m™3) lower
than the city of Rio de Janeiro, and greater than Amsterdam, Antwerp, Leicester, and
Lille (Table 3). Sdo Carlos has a strong industrial production reinforcing the need for
continuous monitoring of PM10 in this region. With regard to World Health Organization
(WHO), the air quality standard for PM10 is 20 pg.m’3 for the annual average. All cities,
except Leicester, presented average annual concentrations higher than the value estab-
lished by WHO. The epidemiological studies showed a trend of increase of pollution
particulate matter levels with the increase in the number of cases and hospitalisations
for cardiorespiratory diseases [62-64].

According to the PM10 concentration projections from the European commission for
the atmospheric observatory [65] that includes projections up to 2050 (with intervals of
10 years), the city of Sdo Carlos presented an annual average of the concentration of
upper PM10 higher than 33 cities for 2010. The present annual average value will higher
than those observed for 38 cities in 2020 and 39 from 2030 to 2050. A total of 807 cities
were analysed. The projection shows that no city has exceeded or will exceed the limit
of the 40 pg/m? set by the European Union (EU) and 767 cities have exceeded or will
exceed the WHO threshold (20 pg m™).

Table 3. Average annual concentrations of PM10 (ug m™>) measured at various sampling urban cities
and this work.

PM10
Standard
City Sampling period Average Maximum Median Minimum deviation Reference
Séo Carlos, 04/16/2014-04/16/2015 28 92 25 4 15 This study
Brazil
Rio de Janeiro, 06/2012-06/2013 43 214 - 5 28 [60]
Brazil
Amsterdam, 04/01/2013-05/31/2014 21 85 18 6 1 [61]
Netherlands
Antwerp, 04/01/2013-05/31/2014 25 100 21 7 12
Belgium
Leicester, 04/01/2013-05/31/2014 16 77 13 2 10
United
Kingdom

Lille, France 06/05/2013-05/31/2014 22 98 18 4 13
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Figure 3. Direct qualitative analysis of the PM10 using (a) WD-XRF and (b) LIBS (characteristic
spectra) applied to samples obtained in autumn, winter, spring and summer seasons from 04/16/
2014 to 04/16/2015.

3.2. Direct analysis by WD-XRF and LIBS

The WD-XRF and LIBS techniques (Figure 3) make it possible to obtain fast elemental
composition information in the samples with minimal or no sample preparation. Thus, the
filter papers containing PM10 were analysed in order to obtain qualitative information of
the chemical profile of these collected samples. In first step, samples were analysed using
the WD-XRF technique (Figure 3(a)), the chemical elements found were: Al, Ca, Ce, Cl, Fe, K,
Mg, P, S, Si, Ti, V and Zn. Posteriorly, with the LIBS technique (Figure 3(b)), the identified
elements were: Ba, Ca, Fe, K, Mg, Na, Si and Ti. The PCA method used here in these data
(data not shown) did not help extract useful information from complex data sets. That is,
the PCA did not provide information on the seasonal behaviour of each chemical element

Table 4. Concentrations (ng m~3) of elements found in the PM;o samples collected in the autumn,
winter, spring and summer seasons from 04/16/2014 to 03/13/2015.

Statistical parameters Al Ba Ca Fe K Na S Zn
Autumn Average 10.0 85 4.8 34 9.1 26.4 2.2 6.8
Maximum 221 23.0 9.9 8.0 223 59.4 6.1 16.4
Median 6.7 5.9 3.2 2.8 4.8 17.3 1.7 5.0
Minimum 1.8 0.5 0.4 0.3 0.8 3.6 0.9 0.2
Standard deviation 8.9 8.6 4.1 2.9 9.0 23.7 1.6 6.8
Winter Average 19.0 13.6 20.0 1.4 9.1 27.0 371 9.5
Maximum 379 325 45.7 240 234 66.4 100.5 283
Median 21.1 10.6 12.7 9.6 7.0 18.5 233 6.7
Minimum 52 3.9 23 0.3 24 73 0.5 25
Standard deviation 10.3 9.2 15.8 8.0 6.3 19.8 41.0 7.5
Spring Average 11.5 4.2 13.9 11.6 131 17.9 253 6.0
Maximum 44.8 30.2 753 62.6 73.8 94.7 1743 321
Median 4.4 9.7 23 0.6 29 353 1.1 13.0
Minimum <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Standard deviation 14.9 8.3 23.2 20.6 211 30.2 52.7 10.3
Summer Average 2.1 1.1 0.2 0.1 2.0 55 0.1 2.0
Maximum 6.7 33 0.9 0.5 6.4 18.4 0.6 6.0
Median 1.9 1.1 0.1 0.1 19 53 0.1 1.7
Minimum <LOD <LOD <LOD <lOD <LOD <LOD  <LOD <LOD

Standard deviation 2.2 1.1 0.3 0.1 2.1 5.7 0.2 2.1
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in PM10 in the seasons. On the other hand, representative samples, those that presented
the lowest and the highest scores values, were selected for further analysis.

3.3. Determination of multi-element concentration by ICP OES

Table 4 presents a statistical summary showing the average, maximum, median, mini-
mum and standard deviation values of concentrations of the elements determined in
the samples obtained in the autumn, winter, spring, and summer seasons. The limits of
detection (LOD) were calculated using Equation 2, where BEC is the background equiva-
lent concentration (average blank signal/slope of the analytical curve) and RSD is the
relative standard deviation for 10 measurements of blank solutions [66]:

3 x BEC x RSD
|_ = 2
oD 100 ()

As the WD-XRF and LIBS techniques did not help to clarify the understanding of the multi-
element seasonal behaviour, a third technique (ICP OES) was applied. ICP OES technique
helped to clarify the spatial behaviour of the samples (scores plot, Figure 1Sa in Supplementary
Material) in function of the chemical elements (loadings, Figure 1Sb in Supplementary
Material). In Figure 1Sa in Supplementary Material, the red circles and the grey rectangles
represent the spatial distribution of the samples (scores). In the positive part of PC1, the red
circles represent the samples from September to October (1st fortnight) and the grey rectan-
gles, referring to the months of May (1st fortnight), June, July, August (2nd fortnight), October
(2nd fortnight), February (2nd fortnight) and March (1st fortnight). On the positive side of PC2,
these are exclusively samples of grey rectangles. In the negative part of PC2, the presence of
samples of the red circles and the grey rectangles April, May (2nd fortnight), November,
December, February (1st fortnight) were observed. Already in the negative part of PC1, only
samples of the grey rectangles. In Figure 1Sb in Supplementary Material, we observe
the distribution of the elements (loadings) that corroborates with the spatial distribution of
the samples. For this technique, the PCA method used, helped extract useful information
from the complex data set. That is, it was possible to observe the spatial distribution of the
chemical elements in the months of the year. The two PCs accounted for 87% of the total
variance.

Figure 4 depicts the Pearson’s correlation plots for the concentrations determined by
ICP OES in the seasons assessed. For the autumn season (Figure 4(a)) Al, Ba, Ca, Fe, K,
and Na elements presented a high correlation with each other (0.86 < R < 1.00). In winter
(Figure 4(b)), three groups of elements, Ba, Na, Zn; Ca, Fe, S, and K, Na presented higher
correlations (0.78 < R < 1.00). Regarding spring (Figure 4(c)) season, there are four
groups Al, Ca and K; Ba and Zn; Ca and S, and Na and Zn presented high correlation
with each other (0.84 < R < 1.00). As well as Al, Ba, Ca, K, Na and Zn elements presented
correlations between 0.82 and 1.00 to the summer season (Figure 4(d)). The high
correlations may be associated with high relative humidity and moderate correlation
associated with low relative humidity, as observed in Table 1.

Comparing the concentrations of each element among the seasons (autumn, winter, spring
and summer), observed in Table 4, winter had the highest concentrations of S (37.1 ng m~), Na
(27.0 ng m™3), Ca (20.0 ng m™3), Al (19.0 ngm ™), Ba (13.6 ng m~>) and Zn (9.5 ng m™>), spring
showed the highest concentration of K (13.1 ng m™>) and Fe (11.6 ng m™).
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Figure 4. Pearson’s correlation graphs between the concentrations determined in the samples by ICP
OES in the four seasons of 04/16/2014 to 03/13/2015: (a) autumn, (b) winter, (c) spring and (d) summer.
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Table 5. Analytes crust concentration (mg kg™"), evaluated season, and enrichment factor (EF) for
each analyte in PM10 sample. These values were calculated using Al as references for PM10 sample
collected in the autumn, winter, spring and summer seasons from 04/16/2014 to 03/13/2015.

Crust concentration (mg kg™')  Autumn EF®in  Spring EF*in  Winter EF? in  Summer EF? in
Analytes [65,66] PM10 PM10 PM10 PM10
Al 80,400 1.00 1.00 1.00 1.00
Ba 550 122 49.3 108 90.6
Ca 30,000 1.30 3.28 2.84 0.35
Fe 35,000 0.77 2.08 1.30 0.05
K 28,000 248 2.98 1.40 2.78
Na 28,900 7.29 4.24 4.05 7.53
S 260 78.6 715 603 10.5
Zn Al 742 568 577 1095

‘a’-Al was used as the reference element.

Autumn and summer did not show a remarkable concentration as compared with other
seasons. In this season, the minimum elements concentration were lower than the analytical
procedure (ICP OES) used: 7 mg kg~ (Al), 34 mg kg™ (Ba), 5 mg kg™' (Ca), 0.1 mg kg™' (Fe),
10 mg kg™' (K), 63 mg kg™' (Na), 0.6 mg kg™ (S), and 11 mg kg™' (Zn). In winter, all the
elements presented high concentrations, followed by spring and autumn; the summer was
the one that presented the lowest concentrations.

3.4. Sources of trace elements

The enrichment factor (EF) is a dimensionless indicator, which is calculated starting from the
concentration of a given element found in an aerosol and relation to the standard concentra-
tion already established for the element in issue in nature, as objective to understand the
chemistry of PM10 [67-69]. The EF (Equation 3) is the ratio between elemental ratios in the
measured sample to a reference material (e.g. particle composition vs crustal abundance):

[ Gp)air]
= 1) crustal] ¥

where (X/Al) air is the ratio of specie X to the reference metal in the aerosol sample and
(X/Al) crust is the ratio of species X to the reference metal in the earth crust.

The element Al is commonly used as a point of reference for the calculation of factors
because it is very abundant in crustal material and is not significantly affected by pollution. In
this study, to estimate those factors Al was used as the reference, and the upper continental
crustal concentration was taken from Taylor and McLennan [70], and Mason [71].

In the case of Ba, for instance, the EF value is: EF = 1G] =122
[(%)crustal}

The values of EF calculated from data (Table 4) are shown in Table 5. They have the
following sequence: autumn and summer- Zn>Ba>S> Na>K> Ca>Fe; winter and spring -
S> Zn>Ba>Na>Ca>K> Fe. Zn has the highest EF followed by S and Ba. According to the
criterion of Mohammed et al. [67], six contamination categories of EF are recognised,
which are increasing with contribution of the anthropogenic origins (e.g. fossil fuel
burning, etc.): < 1 background concentration, 1-2 depletion to minimal enrichment,
2-5 moderate enrichment, 5-20 significant enrichment, 20-40 very high enrichment and

> 40 extremely high enrichment. According to Murillo et al. [72], if the value of the EF is
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close to the unity, the element has a predominantly crustal origin. The values of EF
between 1 and 10, are considered to be of natural origin (e.g. Soil, etc.).

According to Mohammed et al. [67] and Murillo et al. [72], we can conclude that the
elements determined in this study, such as Zn, S and Ba, have as main source of origin the
anthropogenic emissions in all seasons. The elements Al, Ca, Fe, K and Na have as main
source of origin the natural processes for the winter and spring seasons. For autumn (Al, Ca
and Na) and summer (Al, K and Na), these elements were from natural origin.

4. Limitations

The limitation of this study was the reduction of the number of samples that would be
analysed in the ICP OES, because the results shown by the WD-XRF and LIBS techniques
did not help to show a clear behaviour of the elements in the period studied. In
addition, we tried to determine some potential toxic elements as Cd, Cr and Pb, but
the observed concentrations were lower than the limits of detection.

5. Conclusions

The WDXRF, LIBS and ICP OES techniques employed in the investigation of chemical
elements present in the atmospheric air of the city of Sdo Carlos were of great importance,
because they helped us to understand the behaviour of the elements Al, Ba, Ca, Fe, Na, S and
Zn throughout the seasons.

Using PCA it was possible to observe how the chemical elements quantified by ICP
OES are distributed in the months of the year.

Pearson'’s correlation was able to verify how the chemical elements correlate within
each season of the year.

Based on the EF equation, it can be concluded that the elements Zn, S, and Ba have as main
source of origin the anthropogenic emissions in all seasons. The elements Al, Ca, Fe, Kand Na
have as main source of origin the natural processes for the winter and spring seasons. For
autumn (Al, Ca and Na) and summer (Al, K and Na), these elements were from natural origin.

These results can help the environmental agencies of the city of Sao Carlos and the
region to monitor these elements continuously, since these elements in large quantities
in the atmospheric air are harmful to human health.
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CAPITULO 5 - CONCLUSOES E SUGESTOES PARA TRABALHOS
POSTERIORES

6.1 Conclusodes
Neste trabalho, o material particulado MP10, coletado no centro da cidade de Sao

Carlos-SP, foi submetido a duas investigacdes: a primeira foi a introducdo de séries
temporais multidimensionais e a segunda foi analise espectroanalitica.

Para series temporais multidimensionais: a analise visual do comportamento
sazonal deste material (MP10) coletado revelou que houve uma reducdo dos niveis de
concentracdo de MP10, em torno de 27 %, comparando-se 0s dados de registros historicos
(1997-2006) e dados recentes (2014-2017). Dessa forma, pode-se concluir que houve uma
melhora na qualidade do ar, associada ao rigor do Decreto Estadual n® 59113 de 23/04/2013
para o poluente MP10. A ferramenta de anélise e visualizacdo de dados da poluicéo é dtil
para o entendimento do comportamento dos poluentes do ar atmosférico em ambientes
urbanos, onde multiplas variaveis tém influéncia no material particulado.

Para a anéalise espectroanalitica: o material particulado coletado foi
majoritariamente composto por Al, Ba, Ca, Fe, K, Na e Zn. Os elementos Zn, S e Ba
tiveram como principal fonte as emissdes antropogénicas em todas as estacdes do ano. Nas
estacOes de inverno e primavera, os elementos Al, Ca, Fe, K e Na tiveram como principal
fonte os processos naturais. Para o outono e verdo, os elementos encontrados foram de
origem natural, sendo, para o outono Al, Ca e Na e para o verdo Al, K e Na.

A ICP OES foi uma ferramenta util na determinacdo de elementos quimicos
presentes em amostras da poluicdo do ar. A WDXRF e a LIBS apresentaram-se como uma
nova op¢do no estudo de identificacdo de elementos quimicos, pois essas técnicas possuem
a vantagem de ndo necessitar de preparacao prévia das amostras. A LIBS ainda pode ser
utilizada para a analise “in situ”.

A PCA, apresentou-se como um modelo matematico de extrema importancia,
principalmente quando se pretende reduzir grandes conjuntos de dados, em conjuntos

menores.
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6.2 Sugestbes para Trabalhos Futuros
Continuar o monitoramento e aumentar o numero de pontos de coleta, MP1,

MP2,5 e MP10, ao longo da cidade de Sado Carlos para 5 pontos, 0 que ajudaria a
dimensionar melhor a cidade.

Monitorar MP2,5 nas salas de internamento dos hospitais da cidade de S&o Carlos,
para aferir casos de morbidade e mortalidade.

Analisar quimicamente os poluentes MP1, MP2,5 e MP10, por meio da técnica
laser-induced breakdown spectroscopy, para cada uma das estagdes do ano.

Aperfeigoar a ferramenta Pollution Data Visualization, de modo que o usuario
consiga incluir os seus dados em tempo real, ou seja, o0 usuario coleta os dados e inclui na
planilha e automaticamente a ferramenta processa e gera os graficos.

Realizar o inventario de fontes industriais que é de fundamental importancia para
entender o quanto as industriais localizadas na cidade tém participacdo da degradacdo do

ar da cidade.
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