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ABSTRACT 
 

COMMUTERS’ EXPOSURE TO SHORT-LIVED CLIMATE POLLUTANTS IN 
MARITIME TRANSPORT 

 
The city of Rio de Janeiro (Brazil) hosts a unique maritime mass transit system, 
operating commute ferries at five destinations on Guanabara Bay, with passenger 
capacities between 645 and 2,000. The system ranks fourth in the world in the number 
of commuters, transporting 20 million passengers annually. Like any other fossil-fuel 
based transport mode, the ferries emit pollutants that affect the air quality and climate 
in the vicinity of its operation area. Unfortunately, information on air pollutant 
concentrations on-board ferries and maritime terminals is scarce, which hinders the 
accurate assessment of personal exposure to air pollutants in these 
microenvironments. Thus, this pioneering research aimed to characterise the 
concentrations of fine particulate matter (with aerodynamic diameter smaller than 2.5 
µm, PM2.5), black carbon (BC), particle number (PN) and total volatile organic 
compounds (TVOC)  during five days on-board ferries connecting the cities of Rio de 
Janeiro and Niterói. The study used portable instruments operated continuously at high 
temporal resolution to capture the fine spatiotemporal features during the different 
phases of the commutes. In addition, PM2.5 and BC concentrations were collected at 
the kerbside in front of Niterói and Rio de Janeiro ferry terminals. The results from the 
fixed monitoring showed mean BC and PM2.5  concentrations of 4.5 ± 7.5 µg m-3 and 
13.5 ± 13.6 µg m-3 in Niterói, and 4.6 ± 9.3 µg m-3 and 10.6 ± 7.7 µg m-3 in Rio de 
Janeiro, respectively. Mean BC and PM2.5 concentrations on-board the ferries were up 
to three- and six-fold higher than the kerbside concentrations, respectively, whilst PN 
and TVOC concentrations were comparable between these two microenvironments. 
The air pollutant concentrations were highly heterogeneous on-board the ferries, with 
the lower deck (LD) being more polluted than the upper deck (UD) in terms of BC (15.7 
± 36.8 µg m-3 vs. 9.3 ± 21.5 µg m-3) and  PM2.5 (66.9 ± 65.4 µg m-3 vs. 39.4 ± 36.8 µg 
m-3). On the other hand, mean PN concentrations were slightly higher in the UD, with 
a large variability (30,010 ± 34,582 # cm-3 vs. 26,655 ± 36,508 # cm-3). The mean 
TVOC concentration in the UD was 1,537± 5,276 ppb, but a comparison between decks 
was not possible due to the availability of only one monitor. Infiltration of smoke plumes 
through the windows in the oldest ferries increased the mean BC, PN and PM2.5 

concentrations by 2, 5 and 21 folds compared with the newest ones that operated with 
air conditioning systems (A/C) and closed windows. Conversely, TVOC concentrations 
were 150-fold higher in the newest ferries, which is hypothesised to come from 
formaldehyde and other VOC from decorating materials and furniture. Mean no-
A/C:A/C ratios were 3.5, 2.7 and 2.5, for BC, PM2.5 and PN, respectively. The most 
pollutated phase of the commute was manoeuvring for docking and undocking, when 
the engines operated at higher load to adjust the ferry position.  
In closing, this study showed that despite the advantages of a maritime mass transport 
system, commuters and (potentially, crew members) are exposed to disproportionately 
high concentrations of some SLCP during the commutes which, in the long term, may 
affect their health.  
 

Keywords: Commute, Rio de Janeiro, waterway systems, ferries, air pollution, 
personal exposure.  



 

 

 

 

 

RESUMO 
 

EXPOSIÇÃO DOS PASSAGEIROS A POLUENTES CLIMÁTICOS DE CURTA VIDA 
NO TRANSPORTE MARÍTIMO  

A cidade do Rio de Janeiro (Brasil) possui um sistema único de transporte marítimo 
de massa, operando barcas em cinco rotas na Baía de Guanabara, com capacidade 
de passageiros entre 645 e 2.000. O sistema ocupa o quarto lugar no mundo em 
número de passageiros, transportando anualmente 20 milhões de passageiros. Como 
qualquer outro meio de transporte que utiliza combustíveis fósseis, as barcas emitem 
poluentes que afetam a qualidade do ar e o clima no entorno de sua área de operação. 
Infelizmente, as informações sobre as concentrações de poluentes do ar dentro das 
barcas e terminais marítimos são escassas, o que dificulta a avaliação da exposição 
a poluentes atmosféricos nesses microambientes. Assim, essa pesquisa pioneira teve 
como objetivo caracterizar as concentrações de material particulado fino (com 
diâmetro menor que 2,5 µm, MP2,5), black carbon (BC), número de partículas (NP) e 
compostos orgânicos voláteis totais (TVOC) por cinco dias dentro de barcas que 
conectam as cidades do Rio de Janeiro e Niterói. O estudo utilizou instrumentos 
portáteis operados continuamente em alta resolução temporal para capturar as 
características espaço-temporais durante as diferentes fases do deslocamento. Além 
disso, as concentrações de MP2,5 e BC foram coletadas na calçada em frente aos 
terminais de barcas em Niterói e Rio. Os resultados do monitoramento fixo mostraram 
concentrações médias de BC e MP2,5 de 4,5 ± 7,5 µg m-3 e 13,5 ± 13,6 µg m-3 em 
Niterói e 4,6 ± 9,3 µg m-3 e 10,6 ± 7,7 µg m-3 no Rio, respectivamente. As 
concentrações médias de BC e MP2,5 dentro das barcas foram até três e seis vezes 
superiores às concentrações nas calçadas, respectivamente, enquanto as 
concentrações de NP e TVOC foram comparáveis nesses microambientes. As 
concentrações dos poluentes foram altamente heterogêneas nas barcas, sendo o 
deck inferior (LD) mais poluído que o deck superior (UD) em termos de BC (15,7 ± 
36,8 µg m-3 vs. 9,3 ± 21,5 µg m-3) e MP2,5 (66,9 ± 65,4 µg m-3 vs. 39,4 ± 36,8 µg m-3). 
Entretanto, as concentrações médias de NP foram ligeiramente maiores no UD com 
uma grande variabilidade (30.010 ± 34.582 # cm-3 vs. 26.655 ± 36.508 # cm-3). A 
concentração média de TVOC no UD foi de 1.537 ± 5.276 ppb, mas a comparação 
entre os decks não foi possível devido a disponibilidade de equipamento. A infiltração 
das plumas através das janelas nas barcas mais antigas aumentou as concentrações 
médias de BC, NP e MP2,5 em 2, 5 e 21 vezes em relação as mais novas, que 
operavam com sistemas de ar condicionado (A/C) e janelas fechadas. Contudo, as 
concentrações de TVOC foram 151 vezes maiores nas barcas mais novas, cuja 
hipótese é que estas vêm do formaldeído e outros COV dos materiais e móveis de 
decoração. As razões médias de no-A/C:A/C foram 3,5, 2,7 e 2,5 para BC, MP2,5 e 
NP, respectivamente. A fase mais poluída do trajeto foi a manobra para atracar e 
desatracar, quando os motores operam com maiores cargas para ajustar a posição 
da barca. Finalmente, este estudo mostrou que, apesar das vantagens de um sistema 
de transporte marítimo de massa, os passageiros e membros da tripulação são 
expostos a concentrações desproporcionalmente altas de alguns SLCP durante o 
trajeto, que a longo prazo podem afetar sua saúde.  

Palavras-chave: Transporte, Rio de Janeiro, sistemas hidroviários, poluição por 
barcas, exposição pessoal. 
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1  INTRODUCTION 

 

The maritime transport is considered a cleaner transportation mode in terms of 

carbon dioxide (CO2) emitted per kilometre travelled (2–60 tonne-kilometre, tkm) 

compared to rail (20–120 tkm) or road transport (80–180 tkm) (MERK, 2014). However, 

shipping activities, including the manoeuvring, berthing and handling contributes 

largely to the global anthropogenic emission of air pollutants, such as particulate matter 

(PM), carbon monoxide (CO) and sulphur oxides (SOx) (COOPER and 

GUSTAFSSON, 2004; KUMAR et al., 2011; MYHRE et al., 2013).  Shipping emissions 

also include the so-called short-lived climate pollutants (SLCP). SCLP are species that 

have relatively short atmospheric lifetimes in the troposphere (ranging from a few days 

to years) compared to greenhouse gases, but have a high global warming potential, 

since they can disturb the net radiation fluxes by absorbing radiation in the infrared 

spectrum (SCOVRONICK, 2015). SLCP include fine particulate matter (with 

aerodynamic diameter (da) smaller than 2.5 µm, PM2.5), especially in the form of black 

carbon (BC), tropospheric ozone (O3) and its precursors, CO, non-methane volatile 

organic compounds (NMVOC) and methane (CH4) (ATWOOD, 2012). The main 

sources of SLCP and their precursors are the incomplete combustion of fossil fuels 

and biomass, coal mining, manure of ruminant livestock (e.g., cattle) and 

methanogenisis from waterlogged soil of crop paddies. The emission of these 

pollutants affects the air quality of regions both near the sources and downwind of the 

pollution outflow (ATWOOD, 2012; TARGINO et al., 2019).  

A large body of air pollution and personal exposure studies has reported the 

concentrations of some SLCP on different transport modes. Whilst it is beyond the 

scope of this dissertation to give a full account of these studies, a few examples are 

cited here. PM2.5 concentrations have been measured on-board subways, trains, 

buses and cars (Nyhan et al., 2014; Cepeda et al.; 2017; Jeong et al., 2017). BC 

concentrations were studied on-board trains (Jeong et al., 2017), diesel buses (Targino 

et al., 2018a; 2020; Williams and Knibbs, 2016) and airplanes (Targino et al., 2017; 

Le, 2018), whereas volatile organic compound (VOC) concentrations were studied on-

board taxis (Golhosseini et al., 2011), buses, trams and  subways (Do et al., 2014; Bel 

and Holst, 2018; Pattinson et al., 2018).  
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Comparatively, SLCP concentrations in maritime environments are under-

researched, with only a few studies focusing on shipping emission and their impacts 

on ambient air (e.g., Contini et al., 2011; Eckhardt et al., 2013; Mamoudou et al., 2018). 

Ships burn diesel mainly for heating of their installations and for feeding their 

propulsion systems.  Although the choice of fuel depends on the type of engine, the 

speed, the duration and domain of the route, maritime diesel is the main type of fuel 

used worldwide (OLMER et al., 2017; ZHANG et al., 2017). This fuel is much dirtier 

than the diesel used on on-road vehicles, due to the larger content of hydrocarbons, 

nitrogen (N) and sulphur (S). In Brazil, a maximum amount of 5,000 ppm of S is allowed 

in the maritime diesel, whilst the maximum S contents in the diesel for on-road vehicles 

are 10 or 500 ppm (referred to as S10 and S500, respectively) (CNT, 2012; BRASIL, 

2010). Exposure to diesel fumes has been associated with carcinogenic effects on the 

central nervous system, on the hematopoietic system and with other negative health 

outcomes, including inflammation, oxidative stress and tissue damage (REIS et al., 

2018). These negative effects are mainly due to hazardous PM-bound species (such 

as, organic carbon, metal species, and polycyclic aromatic hydrocarbons: PAHs), 

gases (e.g., NOx and CO), and VOC, including benzene, toluene, ethylbenzene and 

xylenes (HESTERBERG et al., 2011; FILIPPINI et al. 2015). 

Most studies assessing emissions or ambient concentrations from maritime 

transport focus on regions affected by high-capacity cargo traffic and long-distance 

shipping services  (e.g. Collins et al., 2008; Eyring et al, 2010; Marmer and Langmann, 

2005), with a few studies dedicated to air quality inside ferries. For example, Velasco 

et al. (2013) analysed the commuters’ exposure to atmospheric pollutants in small 

passenger ferries (khlong) in Thailand. Their results showed alarming PM2.5 and BC 

concentrations as large as 1.4 mg and 1.0 mg m-3, respectively, during navigation along 

the Saen Saeb canal in Bangkok. In Brazil, there is no study on the concentrations of 

air pollutants inside ferries operating on urban waterways, despite the large 

dependency of commuters on this transport mode (3.9, 6.7 and 20.0 million passenger 

per year, respectively) (BRASIL, 2018; CCR BARCAS, 2018; VIANA and DUARTE, 

2018), especially in cities, such as Belém (PA), Salvador (BA) and Rio de Janeiro (RJ). 

Parra (2019) conducted a pioneering study to investigate BC and particle number (PN) 

concentrations inside small passenger ferries on the coastline of Paraná, southern 

Brazil. He observed that on-board concentrations reached a maximum of 1.4 mg m-3 
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for BC and 2.75 x 105 # cm-3 for PN, with mean values of 27.0 µg m-3
 and 8.15 x 104 # 

cm-3, respectively. The concentrations showed a large variability, mainly affected by 

the seating position, tidal current, wind speed and direction. These values are much 

larger than concentrations found in heavily trafficked urban environments (e.g, 

Nikolova et al., 2011; Santoso et al., 2013), which raises a flag for the detrimental 

effects of such environments on the commuters’ health. 

Of the 15 metropolitan regions of Latin America that are part of the Urban 

Mobility Observatory (OMU, from the original in Spanish), the city of Rio de Janeiro is 

the only one that integrates ferries to the mesh of public transport system (SOSA et 

al., 2011). The waterway transport system of Rio de Janeiro is the fourth largest in the 

world, sailing around 745 thousand kilometres and transporting 20 million passengers 

per year (an average of 73 thousand passengers per day) on six lines and serving five 

terminals in the metropolitan region (CCR BARCAS, 2018). Albeit playing a pivotal role 

in the city’s mobility infrastructure, the maritime transport may pose health risks to 

commuters and crew members due to the high emissions of air pollutants from the 

diesel-fuelled engines. Therefore, this dissertation will report on the concentrations of 

some SLCP (PN, PM2.5, BC, and total VOCs; TVOC) on one of the ferry lines serving 

the cities of Rio de Janeiro and Niterói. To the best of the author’s knowledge, studies 

about the air quality on marine transport with these features have not been reported 

previously in Brazil. 

 

1.1 Effects of shipping on the marine environment 

 

Maritime transport can affect the air, water, sediments and cause risk of collision 

with animals. The impacts depend on the speed of the ship, its size, fuel type and 

consumption, and water depth. For example, ships sailing at higher speed may cause 

larger turbulence and stir sediments at the bottom of the water bank (COPPING et al., 

2017; SARDI et al., 2016), which can be magnified in shallow waters. Ji et al. (2014) 

showed positive correlations among ship movement and erosion and transport of 

sediments, related mainly to the ship’s size, acceleration and the length of the route.  

In this regard, the transport of sediments increases turbidity, which 

consequently decreases the penetration of light into the water column, lowering the 

concentration of oxygen and disturbing the metabolic activities of the aquatic biota. 
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The deposition of sediments carried by the wake of the ships may also impact the 

benthic1 habitats and biota, which can be reduced or extinguished in the long term. 

The transport of alien species by ships, such as molluscs and arthropods, increases 

the interspecies competition and disturbs native communities. Moreover, the 

adaptation of alien species to a new place could not be successful, making it difficult 

to maintain their population over time (ABDULLA et al., 2008). Some marine wildlife, 

such as whales and dolphins may be affected by underwater noise generated by the 

ship traffic, since they need acoustic for communication, orientation, finding preys, 

avoiding predators and finding a mate (ERBE, 2002). 

Petroleum-based fuels also represent a risk to the marine environment. 

According to the United Nations Environment Programme (UNEP) and Climate and 

Clean Air Coalition (CCAC) report (2016), routine tanker operation can release oil 

during traffic. Oil pollution comes from tank washing residues and oil mixture from the 

engine room and bilge waters. The release of oil residues into the water affects the 

habitat of vulnerable species, such as clams, oysters and mussels. Albeit not a 

common occurrence, an oil spill from a tanker tarred thousands of kilometres of 

Brazilian coastline in September 2019, with negative consequences to the beaches, 

mangroves, estuaries biodiversity and the population living along the coastline 

(ESCOBAR, 2019; PENA et al., 2020).   

Air pollutants emitted by shipping activities play an important role in the 

acidification of the environment through acid deposition. According to Dalsøren et al. 

(2009), shipping emissions contribute to 11% of nitrate deposition and 4.5% of sulphur 

deposition, which alters the water pH. The acidification affects the carbonating 

processes for calcifying species and the primary production, threatening vulnerable 

ecosystems, especially on coastal waters, where the shipping emissions’ might 

contribute to 15–50% of acid deposition (DONEY et al., 2007; DALSØREN et al., 

2009). 

The International Maritime Organization (IMO) through the MARPOL convention 

prohibits all types of ships from discharging garbage in the marine environment. 

However, since 2013, they permitted the disposal of some garbage, including food 

                                            

 

1 Occurring at the bottom of a water body 
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waste, cargo residue and plastic when ships sail outside some special areas over 12 

nautical miles from the shore (SMITH et al., 2015). The special areas include the 

Mediterranean, Baltic, Black and Red Seas, and the Antarctic area (UNEP, 2016). 

Outside the special areas, plastic garbage from ships pose a risk to marine biodiversity. 

Larger plastics (>5 mm in diameter) can cause mortality by the ingestion or 

entanglement by mammals and turtles, and microplastic (< 5 mm in diameter) was 

found in marine organisms tissues, which can cause oxidative stress, DNA damage 

and affect the reproduction of species (GESAMP, 2015; SUSSARELLU et al., 2015). 

 

1.2 Effects of shipping emissions on the air quality  

 

Olmer et al. (2017) reported that the global atmospheric emissions of air 

pollutants (Table 1) from worldwide shipping activities exceeded 960,000 kt in 2015, 

of which CO2 accounted for about 2.5% of the global greenhouse gas emissions 

(SMITH et al., 2015). 

Saxe and Larsen (2004) reported that ships not only at sea, but also at ports 

and on manoeuvring activities, deteriorate the air quality. When at ports, cruise ships 

emissions contribute 56.9% of SO2, 6.3% of NOx, and 14.7% of PM2.5 annual emissions 

near harbours areas of Greece (TZANNATOS, 2010). Moreover, a substantial fraction 

of the air pollution emitted by shipping activities does not remain in its vicinity, but 

reaches up to 400 km inland, affecting the air quality of coastal areas and cities 

(CAPALDO et al., 1999; ENDRESEN et al., 2003).  

Although gases comprise the largest fraction of air pollutants emitted by ships 

(Table 1), the PM fraction must not be disregarded.  
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Table 1- Global shipping emissions in 2015. 

Pollutant Emission [kt] 

CO2 932 x 103 

NOx 19,062 

SOx 10,457 

PM 1,492 

CO 814 

NMVOC 795 

BC 78 
Source: OLMER et al. (2017). 

 

PM is characterised by a complex matrix of organic and inorganic species, such 

as sulphate (SO4
2−), nitrate (NO3

−), metals, and spans a wide size range, from nano- 

to micrometer (PUTAUD et al. 2010; SEINFELD and PANDIS, 2016). PM2.5 and 

ultrafine particles (UFP, diameter smaller than 0.1 µm) can linger longer in the 

atmosphere (from days to weeks) because removal processes are less efficient than 

for coarse particles (da between 2.5 and 10 µm, PM2.5-10), and extend their effects on 

air quality (GOTZ et al., 1991; SEINFELD and PANDIS, 2016) 

BC particles are contained within the PM2.5 fraction, and are emitted by the 

combustion of carbon-containing materials in ambient with oxygen deprivation to 

complete the combustion. The main BC emission sources are the burning of residential 

waste, grasslands, agricultural residues, fuel for on- and off-road vehicles, and 

industrial processes (BOND et al. 2013). The major source of BC in the marine 

environment is shipping emissions (CORBIN et al., 2018).  

Fenger and Tjell (2009) reported that the organic compounds and S content in 

maritime fuels are key constituents that affect PM formation. In the combustion 

process, about 95% of the S content in the fuel is oxidised to SO2, and the remainder 

is oxidised to sulphur trioxide (SO3) in the presence of water within the combustion 

chamber and exhaust duct (MERKISZ, 2002; WRIGHT, 2000). Sulphur oxides from 

combustion oxidise on aqueous and gas phases with hydrocarbons or metals from fuel 

and lubricants to form S-containing particles (DALSØREN et al., 2009; PETZOLD et 

al., 2010).  

A body of studies has shown the contribution of shipping pollution to the air 

quality worldwide along sea lanes, downwind of shipping plumes, and even in remote 

areas. For example, Eckhardt et al. (2013) showed that passenger cruises have a 
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major influence on the air quality in Ny Ålesund and at Zeppelin Mountain station on 

Svalbard (Norwegian Arctic), with enhancements in PN and BC concentrations of 72 

and 45%, respectively, relative to values when ships are not present. Table 2 shows a 

brief review of the shipping contribution to air quality in different countries. 

Unfortunately, data on shipping emissions on South American waters have not been 

published as yet. 

 

Table 2- Summary of the impacts of shipping emissions on air quality worldwide. 

     (continue) 

Region Pollutant 
Shipping 

contribution 
Impacts on air quality Author 

Publication 
year 

E
u

ro
p

e
 

Greece 

SO2 56.9%  
Contribution on annual 

emissions 
Tzannatos 2010 PM2.5 14.7% 

NOx 6.3% 

Norway 

PN<60nm 72% 
Increase on daily 

concentration 
Eckhardt  

et al. 
2013 eBC 44% 

SO2  45% 

Denmark 
PN 11-19% Contribution on daily 

concentration on coastal 
area 

Kivekäs  
et al. 

2014 
UFP 9-18% 

North 
Sea 

NOx 8-10 µg m-3 
Contribution to three-

monthly average 
concentrations on the 

coastline 

Matthias  
et al. 

2010 

SO2 3-5 µg m-3 

France 

SO2 51% 
Contribution to the daily 
average concentrations 

at harbours 

Ledoux  
et al. 

2018 
NO 35% 

NO2 15% 

PM10 2% 

Italy 
PAH 10% Contribution to hourly 

concentrations 
Contini  
et al. 

2011 
PM10 8% 

N
o

rt
h

 A
m

e
ri
c
a
 

Canada SO2 1.6-5.3 fold 

Increase in 
concentrations from 1.0 
to 3.5 km away from the 

port 

Poplawski  
et al. 

2011 

Canada 

VOC 15-25 fold Contribution of ship 
plumes to hourly 

concentration compared 
to urban background in 

Vancouver, BC 

Lu et al. 2006 
PM2.5 3 fold 

PN 3-5 fold 

USA 

O3 4.3-16.4 ppb Contribution to 8-hours 
concentration on coastal 

cities of Southern 
California  

Vutukuru 
and  

Dabdub 
2008 PM2.5 4.3-9.2 µg m-3 

NO3
- 1.7-6.7 µg m-3 
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      (conclusion) 

Region Pollutant 
Shipping 

contribution 
Impacts on air quality Author 

Publication 
year 

N
o

rt
h

 A
m

e
ri
c
a
 

USA 

NO2 0.1-7.4 ppb Contribution to 8-hours 
concentration on coastal 

cities of Southern 
California  

Vutukuru 
and  

Dabdub 
2008 SO2 0.2-1.3 ppb 

SO4
2- 0.1-1.0 µg m-3 

USA PM2.5 4-6% 
Contribution to mass 

concentration at the Port 
of Seattle 

Kim and 
Hopke 

2008 

A
s
ia

 

China PM2.5 37% 

Increment on  
concentration at  

harbours and coastal 
areas 

Mamoudou 
et al. 

2018 

China 

PM10 2.4% 

Contribution to annual 
emissions 

Chen et al. 2016 

PM2.5 3.1% 

SO2 11.1% 

NOx 9.4% 

NMVOC 0.4% 

CO 0.2% 

India NO2 90 Gg yr-1 
Contribution from 2002 
to 2007 in the Indian 

Ocean 
Franke et al. 2009 

Taiwan SO2 3.7-4.5% 
Increment on annual 

concentration in 
Kaohsiung City 

Liu et al. 2014 

M
id

d
le

 E
a

s
t Turkey 

NOx 5% Contribution to annual 
emissions near the 

coastal area of Samsun 
Port 

Alver et al. 2018 
SO2 12% 

PM10 2% 

Turkey 

NOx 11% Contribution to annual 
concentration in the 
region of the Sea of 

Marmara 

Deniz and 
Durmuşoğlu 

2008 CO 0.1% 

PM 0.1% 

 Red sea NO2 50% 
Contribution to annual 

concentration alongside 
the shipping lane 

Alahmadi  
et al. 

2019 

Source: Own authorship, 2020. 

 

1.3 Effects of shipping emissions on the climate 

 

Besides affecting air quality, shipping emissions play an important role on local 

and global air temperature, since gases and airborne PM can alter the Earth’s energy 

balance (EYRING et al., 2010; SEINFELD and PANDIS, 2016). The effects of air 

pollutants on the climate can occur via two main pathways: direct and indirect effects. 
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Briefly, the direct effect is related to the interaction of particles and gases with solar 

and infrared radiation, through scattering and absorption processes, altering the 

amount of energy within the atmosphere and causing warming or cooling. Shipping 

activities are responsible for 15% of the emission of global anthropogenic NOx, which 

is converted to O3 in the presence of solar radiation (EYRING et al., 2010). According 

to Firlag et al. (2018), the emission of PM by ships can account for around 20% of the 

ambient PM concentration annually in the North and Baltic Seas, and approximately 

75% of the global indirect and direct effects of the particles emitted by ships is related 

to the emission of SO2 to the atmosphere (LAUER et al., 2017). Moreover, Eyring et al. 

(2010) stated that sulphate particles formed by the oxidation of SO2 are the dominant 

species within PM emitted by ships, contributing to the cooling of the atmosphere by 

scattering radiation.  

The indirect effect is related to the ability of particles to modify droplet and ice 

crystal features, affecting cloud properties, such as reflectivity and lifetime. This effect 

is clearly discernible in the form of ship tracks (anomalous lines of stratocumulus 

clouds) formed by the activation of aerosol particles in a humid marine boundary layer 

(FEREK et al., 1998; HOBBS et al., 2000). According to Hobbs et al. (2000), a 

commercial ship burning marine fuel oil emits approximately 1x1016 particles per 

second, 12% of which act as a cloud condensation nuclei. Injecting more particles in a 

humid atmosphere increases the number of cloud droplets, which, due to their smaller 

sizes, slow down precipitation (ALBRECHT, 1989) and enhance cloud albedo 

(GARRETT et al., 2002). 

 

1.4 Effects of shipping emissions on human health 

 

Shipping activities account for more than 400,000 premature deaths and 

14,000,000 childhood asthma cases annually worldwide (SOFIEV et al., 2018).  

Furthermore, PM and O3 due to shipping emissions alone account for more than 

24,000 deaths in East Asia annually (LIU et al., 2016). The exposure to tropospheric 

O3 reduces the activity of surfactant proteins, responsible for lung defence, and can 

lead to premature death, heart attack, heart disease and possible reproductive and 

development damage, especially in children and the elderly population (LIM et al., 

2012; MONKS et al., 2015). Lin et al. (2018) and Tian et al. (2013) showed a 
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relationship between PM from shipping emissions and cardiovascular mortality in 

coastal cities of China. Vanadium (V) and nickel (Ni) are markers of shipping emissions 

and have been measured in plumes from ship engines fed with different fuels and at 

different speed mode (VIANA et al., 2014). Whenf in the blood, they might increase the 

levels of adhesion molecules, which is highly associated with cardiovascular mortality 

(DAI et al., 2016). Moreover, V and Ni found within PM10 and PM2.5 could be associated 

with cardiovascular mortality, with significant correlations in the cold season in China 

(HUANG et al., 2012; LIN et al., 2018) and in the warm season (when international and 

domestic shipping activities intensifies) in Finland (Kettunen et al., 2007) and in China 

(Dai et al., 2004). 

 Pongpiachan et al. (2015) reported that shipping activities increased the 

concentration of PM10-bound PAH around a port area of Thailand. The exposure to 

PAH is linked to endocrine disruption, cancer and effects on reproductive and 

developing functions (WICKRAMASINGHE et al., 2012). Brook et al. (2010) showed 

that the exposure to PM can affect the cardiovascular system by three pathways: (i) 

the particles influence the release of mediators that induce pulmonary oxidative stress 

and inflammation, (ii) the interaction of PM with lung receptors or nerves affect the 

autonomic nervous system and heart rhythm, and (iii) the entrance of PM and/or 

constituents transmitted into blood. 

However, which PM properties affects health most are still uncertain, since the 

negative effects of PM on human health are mostly associated to the size and chemical 

properties of the particles (DENG et al, 2019; HIME et al., 2018; PARK et al., 2018). It 

has been reported that the majority of coarse particles can reach the upper respiratory 

tract, whilst fine particles, due to its small size, can penetrate deeper in the lungs and 

enter the bloodstream, exerting hypertension, which may cause haemorrhagic stroke 

(LIN et al., 2016; VU et al., 2017). UFP are more inflammogenic to the lungs than fine 

particles (DONALDSON et al., 2002) and have the potential to penetrate the human 

brain, breaking connections among neural cells and leading to Alzheimer and 

Parkinson’s disease (MAHER et al., 2016). With regard to the PM chemical 

composition, Dai et al. (2016) found that organic compounds and metals were 

associated with vascular cell and intercellular adhesion molecules, respectively, 

causing different impacts on inflammation and endothelial function. Happo et al. (2014) 

found that the presence of V and zinc (Zn) in coarse particles increase the levels of 
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lung inflammation and the same occurs with the presence of SO4 and Zn in fine 

particles. Brook et al. (2010) reported that enriched metal PM have been associated 

with heart rate variability, whilst Lelieveld et al. (2015) reported that PM from 

carbonaceous sources, such as BC, presents higher toxicity than particles from 

inorganic sources. 

 

1.5 Fossil fuel used in the shipping segment 

 

Oil-based fuel is the most used fuel in shipping activities worldwide. According 

to Al-Rasheed and Yousif (2016), the refining of crude oil consists of three basic 

processes: distillation, conversion and treatment; each process yields different types 

of fuels depending on the specific requirements. Some key characteristics in each type 

are the amount of impurities, such as organic compounds, S, N, O, water, dissolved 

metals and inorganic salts (OLMER et al., 2017). Since the 1960’s, merchant ships, 

such as motor tankers and turbine steamers, have been using heavy fuel oil (HFO) in 

their propulsion engines. HFO is also known as residual oil from the distillation of lighter 

hydrocarbon, such as gasoline and distillate oils. It is characterised by a maximum 

kinematic viscosity of 700 mm² s-1 at 50 ºC and maximum density of 1.010 g cm-3 at 

15 °C (International Organization for Standardization - ISO 8217:2017). The residual 

oil contains V, Na, Al, Si, carbon residue and ash that make it dirtier but cheaper than 

other types of fuel (VERMEIRE, 2012). 

In 2015, due to the adverse impacts of emissions from burning fuels on the 

environment, IMO mandated the use of marine distillates. Marine distillates are 

characterised by a maximum kinematic viscosity of 10 mm² s-1 at 50 ºC and maximum 

density of 900 g cm-3 at 15 °C (ISO 8217:2017). They pass through refining processes 

to remove impurities, are less dense than residual oil, resulting in less long-chain 

hydrocarbons, ash and aromatics. Hence, it is a cleaner fuel in terms of CO2, SO2 and 

PM emissions (BUFFALOE et al., 2014; OLMER et al., 2017). Moreover, distillate fuels 

emit larger particles, (da peak larger than 200 nm) whilst smaller particles (da smaller 

than 50 nm) are more abundant from HFO combustion, posing higher potential threat 

to human health (OEDER et al., 2015; MAHER et al., 2016). 

Although the type of fuel used on ships varies depending on the type of engine, 

travel speed and length of the route, the residual oil is the most common fuel used on 
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ship traveling outside emission control areas (ECA2), because they are usually less 

expensive than marine distillates.  According to Lack et al. (2009), switching from high 

to low S-content fuels would reduce 50% of the emission of PM and BC from shipping. 

Comer et al. (2017) stated that switching from residual oil to marine distillates would 

reduce the BC emissions by up to 55%, depending on the ship type.  

In Brazil, the Agency of Oil, Natural Gas, and Biofuel (ANP, from the acronym in 

Portuguese Agência Nacional  do Petróleo, Gás Natural e Biocombustíveis), allows 

the use of three types of fuels on waterways transport: two distillate fuels (Diesel 

Maritimo A - DMA and Diesel Maritimo B - DMB) and residual fuel. Both distillate fuels 

have a maximum S-content of 5,000 ppm, however the DMA is free of carbon residue, 

whilst the DMB has a maximum 0.3% of carbon residue. The residual fuel is composed 

of a maximum 18% of a carbon residue and 45,000 ppm of S (BRASIL, 2010). 

 

1.6 Waterway passenger transport in Brazil  

 

Waterway transport was introduced in Brazil in 1837, initially with two passenger 

and cargo routes, departing from Rio de Janeiro (hereafter, sometimes referred to as 

Rio).  One route reached the city of Belém (in the Amazon region) calling at ports along 

the Brazilian coast, and the other one sailed southbound up to Montevideo (Uruguay) 

(BARBOSA, 1982; SAMPAIO, 2006). During the Second Reign (1840 – 1889), 

Brazilian cities started to integrate the waterway transport with ground-based modes, 

such as trams and railways. Although the automobile expansion and the second 

industrial revolution modified the structure of public transport system in Brazilian cities, 

the energy crisis in the 1970’s encouraged the development of transport modes with 

lower energy consumption, and so the waterways systems stood as a viable alternative 

(PEIXOTO, 1976).  

Since then, the development of waterway passenger transport, which includes 

inland3 and maritime services, has been increasing in Brazil. The Brazilian waterway 

                                            

 

2 The ECAs were created in 2006 aiming to reduce the emissions of PM, SOx and NOx on coastal 
area, including the Baltic Sea, the North Sea, the English Channel and the coastal waters around the 
United States of America and Canada. 

3 Navigation in lakes, canals, rivers, watercourses, inlets or backwaters. 
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system covers 43,000 km of navigation, however only 27,000 km is navigable, with a 

fleet of 465 passenger ferries (CNT, 2018) (Figure 1). 

 

Figure 1- Brazilian waterway map comprising both inland and maritime navigation. 

 
Source: Adapted from DNIT, 2018. 

 

Several Brazilian cities are served by waterway public transport systems, 

covering both maritime and fluvial navigations. In the Amazon region (comprising the 

states of Acre, Amazonas, Amapá, Pará and Rondônia), this is the most efficient 

transport mode, carrying 5.7 million passengers annually (BRASIL, 2018). In the states 

of Mato Grosso, Piauí and Rio Grande do Sul the fluvial transport complements the 

urban transportation system, whilst in the states of Maranhão, Bahia, São Paulo, 

Paraná and Rio de Janeiro the maritime transport complements the urban transport 
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system of coastal cities (EMAP, 2019; RIO GRANDE DO SUL, 2019; VIANA and 

DUARTE, 2018). The Brazilian National Confederation of Transport (CNT, 2018) 

reported an increase of 94% in the number of passengers that used waterway transport 

in Brazil between 2010 and 2017, which is much larger when compared to the increase 

in the transport of cargo (31%) and vehicles by ships (54%) in the same period (Figure 

2). 

 

Figure 2- Evolution on the Brazilian waterway transport system in the period 2010 – 2017. 

Source: Own authorship, 2020. 

 

 

1.7 History of Rio de Janeiro waterway transport 

 

The city of Rio de Janeiro is located on the western shore of the Guanabara Bay 

(31 km long, 28 km wide) (Figure 3). The Bay was primarily used as a commercial 

activity route and it was considered the most convenient option to transport cargo 

inland, since the marshy terrain around the region hampered the development of 

ground transport (PACÍFICO, 2010). In the middle of the 19th century, the waterway 

transport of passengers started to connect Rio’s city centre with other points on 

Guanabara Bay, because of the population growth and urbanisation. In 1835, three 

steam ferries with capacity of up to 250 passengers started hourly service between the 
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cities of Rio and Niterói, one of the largest cities in the bay area. Niterói became 

alternative home for those wanting to avoid the already jammed urban traffic in Rio 

(ABREU, 1987).  In 1859, nine passenger ferries served this route (PACÍFICO, 2010), 

which was subsequently integrated with the railway system.  

 

Figure 3- Location of the State of Rio de Janeiro (red box) (a), the Metropolitan Region of Rio de 

Janeiro (grey area) and the sampling area (red box) (b), and the cities of Rio de Janeiro and Niterói 

and the location of the ferry terminals (c). 

  

Source: Own authorship, 2020. 

In 1953, the waterway system was modernised with the use of new and faster 

ferries and the reduction of the travel time to 20 minutes. In 1974, the Rio-Niterói bridge 

was inaugurated and the number of passengers of the waterway system decreased 

(Figure 4). Due to the malfunction, overcrowding and constant delay of the ferries, the 

population switched to buses and the number of passengers decreased during the 80’s 

and 90’s (PACÍFICO, 2010; SIMAS, 2014).  In 1998, Barcas S/A Group started to 

control the system and to operate 19 ferries on Guanabara Bay with capacities 

between 370 and 2,000 passengers (PACÍFICO, 2010). Since 2012, CCR Group 

operates all lines on Guanabara Bay, including the Rio-Niterói commute system, which 

is object of this dissertation.  
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Figure 4- Average number of passengers transported daily on ferries between Rio and Niterói from 

1970 to 2009.  

 

Sources: CONERJ (until January 1998), BARCAS S/A (since February 1998) and TRANSTUR. 
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2 OBJECTIVES 

 

This pioneering research aimed to characterise the concentrations of some 

SLCP on-board ferries operating on the Guanabara Bay, State of Rio de Janeiro. The 

motivation lies in strong evidences shown by previous studies that commuters and 

crew members are exposed to the smoke plumes emitted by diesel-fuelled ferries. This 

study focus on PM2.5, BC, PN and TVOC concentrations on the route between the 

cities of Rio de Janeiro and Niterói.  

 

2.1 Specific objectives 

 

To report on the concentrations of PM2.5, BC, PN, and TVOC during commute 

trips. 

To observe the influence of the characteristics of the ferries on the pollutant 

concentrations.  

To investigate the air pollution distribution inside the ferries and pinpoint the 

causes of their variability (if any). 

To report the air pollution concentrations in the areas influenced by ferries 

activities. 

To assess the commuters’ and crew members’ exposure to PM2.5, BC, PN, and 

TVOC and their potential inhaled doses. 
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3 METHODOLOGY 

 

3.1 Study area 

 

This study was conducted in the cities of Rio de Janeiro and Niterói, located in 

the state of Rio de Janeiro, Southeastern Brazil (Figure 3). These cities are part of the 

Metropolitan Region of Rio de Janeiro (MRRJ), an urban conglomerate comprised of 

21 municipalities and home to of 11,835,000 inhabitants. The MRRJ is the second 

largest population and industrial centre of Brazil and the third largest in South America 

(BRITTO et al., 2019). 

According to the Köppen-Geiger climate classification, the region has a tropical 

climate (AW), with dry winters and precipitation less than 60 mm in the driest month. 

The region has a diversified relief surrounded by mountain ranges and rocky slopes, a 

rich vegetation diversity, and a complex topography on the shores of the Guanabara 

Bay and Atlantic Ocean. These features create a great spatial variability in atmospheric 

conditions with implications on the dispersion of air pollutants (SILVA AND 

DERECZYNSKI, 2014; QUIJANO et al., 2019).   

The city of Rio de Janeiro (22º54'23" S and 43º10'21" W) is the capital city of 

the homonymous state, has 6,320,446 inhabitants and a high population density, with 

5,266 inhab. km-2, and a fleet of 2,730,992 on-road vehicles. It is Brazil’s second 

largest city in terms of urbanized and constructed areas (IBGE, 2010, 2017).  

Niterói is the second most populous city of the MRRJ (22°52'51'' S and 43°6'15'' 

W), has 487,562 inhabitants, an area of 134 km², a population density of 3,641 inhab. 

km-2 and a fleet of 261,748 vehicles. From the city of Rio de Janeiro, the main access 

to Niterói is by the Rio-Niterói Bridge (motorway BR-101) or by ferries, which connect 

Praça XV terminal in Rio with Araribóia terminal in Niterói (IBGE, 2010; TCE, 2016).  

 

3.2 Experimental approach 

 

I collected air pollution data on five weekdays (August 2nd, 3rd, 6th and 7th 2018) 

and a Sunday (August 5th 2018) on-board passenger ferries on the route Niterói-Rio-

Niterói. BC, PM2.5, PN, TVOC, ambient temperature (T) and relative humidity (RH) 
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were measured using hand-held instruments, as described in Table 3. High precision 

positioning of the mobile sampling was provided by collocated GPS devices.  

 

Table 3- Instrumental settings used during the samplings 

Instruments Number 
Measured 
quantity 

Sampling  
rate [s] 

Flow rate  
[ml min-1] 

Microaethalometer  
AE-51  

(Aethlabs, USA) 
4 BC 

10  
30  

150  
100  

DustTrak 8520  
(TSI, USA) 

3 PM2.5 1  1,7  

CPC-3007  
(TSI, USA) 

1 
PN 

[10nm - 1µm] 
1  700 

P-Trak 8525  
(TSI, USA) 

1 
PN 

 [20nm - 1µm] 
1  700 

PpbRAE 3000  
(RAE Corp., USA) 

1 TVOC 10  550 

HOBO U23 Pro v2 
(Onset, USA) 

2 T and RH 1  - 

GPS Data Logger 
DG-100  

(Globalsat, Taiwan) 
4 

Location and 
speed 

1  - 

Source: Own authorship, 2020. 

 

3.2.1 Microaethalometer AE-51  

 

The AE-51 (Figure 5a) is an optical instrument whose principle of operation is 

based on the absorption of electromagnetic radiation by particles and described by the 

Beer-Lambert law. Particle-laden air enters the chamber and settles onto a spot (area 

A = 0.0707 cm²) of a ticket filter made of T60 Teflon coated with borosilicate glass fibre 

material. A radiation beam (wavelength  = 880 nm) from a LED source inside the 

chamber illuminates the spot and is attenuated by the particles and the remaining 

beam is collected by a photodetector (Figure 5b). The attenuation of the emitted 

radiation is compared to a reference light detector over a pristine portion of the filter, 

thus any variation on the input radiation is detected by both measurements.  
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Figure 5- Picture of (a) a microaethalometer AE-51 and (b) the principle of operation of an 

aethalometer. 

a) 

 

 

 

 

 

Source: AETHLABS, 2019. 

 

 

b) 

 

 

 

 

 

 

 

 

 

 

Source: ARNOTT et al., 2015. 

 

The radiation attenuation (ATN) through the filter is calculated as: 

 

𝐴𝑇𝑁 = 𝑙𝑛
𝐼0(𝜆)

𝐼(𝜆)
,  (1) 

 

where 𝐼0(𝜆) is the reference radiation intensity and 𝐼(𝜆) is the radiation intensity 

transmitted through the filter spot.  

The ATN increases by the cumulative deposit of BC particles onto the filter 

though time (Δt). For a given wavelength, the radiation extinction coefficient (𝑏𝑒𝑥𝑡.) is 

calculated as (HANSEN et al., 1984):  

 

𝑏𝑒𝑥𝑡.(𝜆) =
𝐴

𝑄

𝛥𝐴𝑇𝑁(𝜆)

𝛥𝑡
, (2) 

 

where Q is the flow rate, and ΔATN is the attenuation measured during a time interval 

(Δt). Both scattering and absorbing processes within the filter media can attenuate the 

radiation. Thus, the extinction coefficient is correlated to the particle absorption 

coefficient (𝑏𝑎𝑏𝑠,𝑝𝑎𝑟𝑡.) as:  

 

𝑏𝑒𝑥𝑡. = 𝑏𝑎𝑏𝑠,𝑎𝑖𝑟 + 𝑏𝑎𝑏𝑠,𝑓𝑖𝑙𝑡𝑒𝑟 +  𝑏𝑎𝑏𝑠,𝑝𝑎𝑟𝑡. + 𝑏𝑠𝑐𝑎𝑡,𝑎𝑖𝑟 + 𝑏𝑠𝑐𝑎𝑡,𝑓𝑖𝑙𝑡𝑒𝑟 + 𝑏𝑠𝑐𝑎𝑡,𝑝𝑎𝑟𝑡, (3) 
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where 𝑏𝑎𝑏𝑠,𝑎𝑖𝑟 is the air absorption, 𝑏𝑎𝑏𝑠,𝑓𝑖𝑙𝑡𝑒𝑟 is the filter absorption, 𝑏𝑎𝑏𝑠,𝑝𝑎𝑟𝑡. is the 

particle absorption, 𝑏𝑠𝑐𝑎𝑡,𝑎𝑖𝑟 is the air scattering,  𝑏𝑠𝑐𝑎𝑡,𝑓𝑖𝑙𝑡𝑒𝑟 is the filter scattering and 

𝑏𝑠𝑐𝑎𝑡,𝑝𝑎𝑟𝑡. is the particle scattering.  

However, 𝑏𝑎𝑏𝑠,𝑎𝑖𝑟, 𝑏𝑎𝑏𝑠,𝑓𝑖𝑙𝑡𝑒𝑟, and 𝑏𝑠𝑐𝑎𝑡,𝑎𝑖𝑟 are negligible because both air 

components have a small absorption capacity at 880 nm and the filter absorbtion is 

negligible across the short distance the light beam traverses inside the optical 

chamber. The 𝑏𝑠𝑐𝑎𝑡,𝑓𝑖𝑙𝑡𝑒𝑟 is built in the instrument’s algorithm according to values 

provided by the manufacturer. The 𝑏𝑠𝑐𝑎𝑡,𝑝𝑎𝑟𝑡. can be measured by a nephelometer 

operating simultaneously with the microaethalometer. However, this was not 

considered since scattering measurements were not available. Hence, Eq. 2 can be 

rewritten as follows: 

 

𝑏𝑎𝑏𝑠(𝜆) =
𝐴

𝑄

𝛥𝐴𝑇𝑁(𝜆)

𝛥𝑡
, 

(4) 

 

where  𝑏𝑒𝑥𝑡.(𝜆) is replaced with 𝑏𝑎𝑏𝑠(𝜆)  for the sake of simplicity.  

 Finally, the BC concentration is calculated by the relationship between 

absorption coefficient and the absorption cross section σ𝜆 (HANSEN et al., 1984): 

 

𝐵𝐶(𝜆) =
𝑏𝑎𝑏𝑠

σ𝜆
, 

(5) 

where σ𝜆 at 880 nm is 12.5 m2 g−1 (provided by the manufacturer). 

 

3.2.2 DustTrak 8520  

 

The DustTrak is a handheld light-scattering laser photometer that measures PM 

mass concentration in real-time. The instrument draws particle-laden air using a pump 

operated at a flow rate of 1.7 L min-1
. The aerosol stream passes through a PM2.5 

impactor fitted to the inlet that removes particles with da greater than 2.5 µm, following 

to an internal chamber where it is illuminated by radiation at  = 780 nm emitted from 

a laser diode. The particles interact with the emitted radiation by scattering it in all 
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directions and the scattered radiation is detected by a photodetector oriented at an 

angle of 90º.  

An internal algorithm calculates the PM mass concentration, which is a function 

of the total particle volume and the density of the particles. The total particle volume is 

proportional to the intensity of the scattered light on the optical chamber, assuming 

spherical-shaped particles with density of ρ=2.6 g cm-3
. This is the density of the 

respirable fraction of ISO 12103-1 (Arizona Test Dust A1, Ultrafine) calibrated by the 

manufacturer. Despite having being widely used in exposure studies, the Dusttrak has 

two main limitations: i) it has low sensitivity to UFP ii) it may underestimate PM 

concentrations from smoke plumes containing highly absorbing particles. Figure 6 

shows the DustTrak principle of operation.  

 

Figure 6- Pictures of (a) a DustTrak 8520 and (b) the principle of operation of the aerosol monitor. 

a) 

 

 

 

 

 

 

 

 

 

 

 

 

Source: TSI, 2019a 

b) 

 

 

 

 

 

 

 

 

 

 

 

 

Source: TSI, 2012a. 

 

3.2.3 CPC-3007 and P-Trak 8525 

 

Both particle counters have the same working principle but different lower cut-

off sizes. The CPC-3007 (Figure 7a) counts particles with da in the size range from 10 

nm to 1 μm, with a maximum measurable concentration of 100,000 # cm-3, and the P-

Trak (Figure 7b) counts particles between 20 nm and 1 μm, with a maximum 

measurable concentration of 500,000 # cm-3. To make particles grow to detectable 
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sizes, both instruments use isopropyl alcohol (purity of at least 99.5%) as working fluid. 

A porous wick soaked up with alcohol is inserted into a cavity (saturator chamber) kept 

at a temperature between 35 and 45°C to vaporise the isopropyl alcohol. Particle-laden 

air impregnated with isopropyl vapour enters a condensation chamber that cools the 

vapour, which, in turn, condenses onto the particles, making them grow into larger, 

detectable particles (droplets). They subsequently pass through a laser beam and as 

each droplet scatters the light, it is detected by an optical detector as an individual 

pulse and counted. The principle of operation of the instruments is detailed in Figure 

7c. 

 

Figure 7- Pictures of a (a) P-Trak 8525, (b) CPC-3007 and (c) the operation principle of the 

particle counters. 

a) 

 

 

 

 

Source: TSI, 2012c 

b) 

 

 

 

 

               Source: TSI, 2019b 

                         

c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: TSI, 2012b.  
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3.2.4 PpbRAE 3000  

  

The ppbRAE 3000 (Figure 8a) is a real-time photo ionisation detector (PID) that 

records continuously the concentration of TVOC with a three-second response time. 

Its detection ranges from 1 ppb to 10,000 ppm. The instrument has a 10.6eV lamp that 

emits ultraviolet radiation, capable of removing an electron from its molecular orbital, 

creating ions. The electrodes detect the generated ions and a new current is created, 

which is proportional to the VOC concentration. Figure 8b shows the PID general 

schematic. The instrument detects a wide range of VOC, and has an integrated 350 

compounds correction factors, enabling the identification of VOCs, such as benzene, 

isobutene, methylene chloride, hexane, toluene, trichloroethane, styrene, heptane, 

and perchloroethylene from the calibration gas (isobutylene) (CHAN et al., 2015). The 

ppbRAE 3000 cannot analyse the concentration of all VOC individually, thus the 

concentration of all VOC together is reported as a single value as Total Volatile Organic 

Compounds (TVOC).  

 

Figure 8- Pictures of (a) PpbRAE 3000 and (b) its instrument schematic. 

a) 

 

 

 

 

 

 

 

Source: RAE System Inc., 2010. 

b) 

 

 

 

Source: RAE System Inc., 2013. 

 

3.3 Instrumental preparation  

 

Before each sampling session, the instruments were prepared following these 

main protocols. Daily preparation of the AE-51 units included flow rate calibration using 

a flowmeter (model 4100, TSI, USA) and installation of new filter tickets. The DustTraks 

had their inlet cleaned, the impactors greased and zero check performed using the 

high efficiency particulate air (HEPA) filter. The CPC and P-Trak had their zero 
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checked and their wick re-charged with isopropyl alcohol. The ppbRAE was calibrated 

with 10 ppm span gas (isobutylene) and zero-point calibration was performed using an 

activated carbon tube. The internal clocks of the instruments and GPS were 

synchronised on a computer connected to the internet immediately before deployment.  

 

3.4 Data collection  

 

I set up four instrument packages placed in a cushioned compartment of duffel 

bags (referred to as kits, Table 4) with the inlet tubes left on the outside to draw ambient 

air.  

 

Table 4- Instruments used on mobile and fixed monitoring. 

 Kit Instruments 
Number of 

instruments 

M
o

b
ile

 m
o

n
it
o
ri
n

g
 

1 

AE-51 1 

DustTrak 1 

CPC-3007 1 

ppbRAE 1 

HOBO 1 

GPS 2 

2 

AE-51 1 

DustTrak 1 

P-trak 1 

HOBO 1 

GPS 2 

F
ix

e
d
 

m
o

n
it
o

ri
n
g
 

3 AE-51 1 

 DustTrak 1 

4 AE-51 1 

 DustTrak4  1 

Source: Own authorship, 2020. 

 

The mobile samplings were conducted on six ferries on the Niterói-Rio de 

Janeiro-Niterói route from 07:00 to 13:00 local time (LT), by two researchers who 

operated the kits simultaneously. The sampling started every morning at Araribóia 

                                            

 

4 There were only three PM2.5 monitors, thus one instrument switched place daily between the 
two fixed stations.  
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terminal in Niterói towards Praça XV in Rio de Janeiro. After paying the tickets, the 

researchers entered the terminal building and waited a few minutes before being 

allowed to walk up to the ferry and board through a door on the bow of the hull. Each 

trip lasted between 20 and 30 minutes, depending on the ferry and weather, and the 

measurements covered different conditions, such as periods of idling, manoeuvring 

and steady speed. Upon arriving at Praça XV, the researchers disembarked and 

accessed the boarding area to catch the next ferry back to Niterói, closing the loop. 

The measurements were taken simultaneously in the upper (UD) and lower (LD) decks 

with kits 1 and 2, and the seat choice was based on availability (Figure 9). Boarding 

always took place through the LD. 

  

Figure 9- Sampling location of the mobile measurements. 

 

Source: Modified from Freepik, 2019. 

 

 We did four roundtrips on the first day of sampling.  However, some instruments 

did not have battery autonomy to keep running throughout the period, hence the 

sampling collection was reduced to three roundtrips. We sampled a total of 32 trips on 

five days. Peters et al. (2012) considered that approximately 20 samplings were 

enough to represent average concentrations of repeated mobile measurements.  I will 

address this question further on in the Results section. Figure 10 shows one of the 

sampled ferries and its interior layout. Most ferries operated without controlled 

ventilation settings and with windows opened, however, some ferries had air 

conditioning. The exhaust funnel was located above the UD in the middle of the ferries’ 

structure.  



46 

 

 

 

 

The AE-51, DustTrak and the particle counters were collocated at the kerbside 

for 20 minutes before the start of each sampling session to assess their data 

reproducibility. Linear and robust correlation from the AE-51 and DustTraks are 

presented in Appendix A (Figure A-1 and Figure A-2, respectively). 

Table 5 provides a summary of the sampling campaign and the ventilation 

settings of each ferry, which will be referred to by the letter F followed by a number. 

 

Figure 10- Pictures of (a) one of the ferries sampled in this experiment and (b) the interior layout. 

      a)          

 

 

 

 

 

                                                         

      b) 

Source: Own authorship, 2020. 

 

Table 5- Ferry details and number of trips per day. 

Ferry  
code 

A/C 
System 

Days in August  

2nd    3th 5th 6th 7th 

Number of trips  

F1 Yes 2 1 0 2 1 

F2 No 0 0 5 0 0 

F3 Yes 0 2 0 0 0 

F4 No 4 2 0 1 2 

F5 No 2 1 0 1 1 

F6 No 0 0 0 2 2 

 
TOTAL 

DAILY TRIPS 
8 6 6 6 6 

Source: Own authorship, 2020. 

 

As a means of comparing the concentrations on the ferries and in urban areas 

dominated by on-road traffic, PM2.5 and BC concentrations were measured at the 
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kerbside in front of Niterói and Rio de Janeiro terminals (Figure 11 and Figure 12) 

simultaneously with the ferry samplings. Everyday, two researchers sat on a bench in 

front the terminals for the duration of the experiment, operating kits 3 and 4.  

 

Figure 11- Location of Praça Araribóia ferry terminal in Niterói. The red polygon delimits the area 

where fixed monitoring was conducted. 

 

Source: Own authorship, 2020. 
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Figure 12- Location of Praça XV ferry terminal in Rio de Janeiro. The red polygon delimits the area 

where fixed monitoring was conducted.  

 

Source: Own authorship, 2020. 

 

We used a logbook to record mobile operations, such as type of ferry, ventilation 

settings, time of departure and arrival, weather conditions, seat position during transit, 

outstanding pollution events detected visually or by occurrence of odours.  For the fixed 

monitoring, we used logbooks to record the time of arrival of ferry, whether the 

occurrence of fumes from the harbour (odour) affected the readings, weather and 

traffic conditions. 
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3.5 Ancillary data 

 

3.5.1 Meteorological data 

 

Meteorological data were provided by the Brazilian Meteorological Institute 

(INMET) from two stations: Niterói (station code A627) and Rio de Janeiro Vila Militar 

(station code A621) (Figure 13). Both stations record T, RH, atmospheric pressure, 

wind speed and direction, incoming solar radiation, and rainfall.  

 

3.5.2 Information on ferry characteristics 

 

The technical characteristics of the ferries were provided by the Regulatory 

Agency of Granted Public Services of Waterway, Rail and Subway Transportation and 

of Highways of the State of Rio de Janeiro (Agetransp), describing the ferry type, 

construction material, year of manufacture, length, passenger capacity, engine 

manufacturer, breadth, draught, engine power and propulsion system.  

 

3.5.3 Air quality data 

 

The Environmental Institute of Rio de Janeiro (INEA) operate automatic and 

semiautomatic air quality stations in Rio de Janeiro and Niterói. They provided data on 

CO, NOx, O3 and PM2.5 concentrations from monitoring sites in Rio de Janeiro (Centro) 

and Niterói (Caio Martins and Getulinho) (Figure 13). 

We obtained PM2.5 and BC data from a field experiment conducted in 2012 and 

2013 in the areas of Taquara, Tijuca, Barra da Tijuca and Duque de Caxias within the 

MRRJ (white dots in Figure 13), which will be used for comparing our results with.  
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Figure 13- Metropolitan Region of Rio de Janeiro, showing the meteorological and air quality stations, 

air pollution sampling sites, ferry terminals and the waterway route connecting Rio de Janeiro and 

Niterói. 

 
Source: Own authorship, 2020. 

 

3.6 Data processing and analysis 

 

Additional post processing was necessary to circumvent some shortcomings 

during the data acquisition and is described below. 

 

3.6.1 Black carbon data  

 

The AE-51 reported some incidental negative values, which could be due to 

optical and electronic noises caused by low BC concentrations (HAGLER et al., 2011), 

abrupt changes in RH and T or physical vibration, as reported by Cai et al. (2013). In 

this study, negative values accounted for only 2% of the total data, and were classified 

as outliers and discarded from the analysis. The maximum attenuation reached was 

72%, and hence no post-processing was applied for the shadowing effect (VIRKKULA 

et al., 2007), as this artefact is more relevant for attenuation values larger than 75%.  
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3.6.2 PM2.5 data  

 

In humid environments, aerosol optical properties are affected by water uptake, 

especially for RH larger than 60% (DAY and MALM, 2001; CHAKRABARTI et al., 2004; 

JAYARATNE et al., 2018). Since the DustTrak readings are based on scattering 

measurements, I accounted for this effect by applying the correction suggested by 

Laulainen (1993):   

 

𝑃𝑀2.5,𝑑𝑟𝑦 =
𝑃𝑀2.5,𝑤𝑒𝑡 

1 + 
0,25 ∗ 𝑅𝐻2

1 − 𝑅𝐻

  , 

 

(6) 

 

where RH and 𝑃𝑀2.5,𝑤𝑒𝑡  are concurrent RH and PM2.5 measurements (see Figure A-3 

in Appendix A).  

The mass concentration reported by the DustTrak is calculated using the density 

of the A1 aerosol (ISO 12103-1) provided by the manufacturer (= 2.6 g cm-3). 

However, the factory calibration is only representative of aerosols with similar 

properties. Particles from different environments, such as marine and coastal aerosol, 

usually have lower density, = 1.2-2.6 g cm-3 (SNIDER AND PETTERS, 2008). When 

sampling in these environments, the DustTrak readings tend to overestimate the 

particle mass concentrations between two and three-fold, as reported by Molenar 

(2005) and Chung et al. (2011). Due to the absence of gravimetric analysis, I retrieved 

a site-specific coefficient to account for the aerosol density. I used concurrent PM2.5 

and BC concentrations measured at the kerbside and adopted the following criteria:  

a) The correction factor should be between 1.1 and 3.0, which are values 

reported in the literature (MCNAMARA et al., 2011; WALLACE et al. 2011);  

b) The BC:PM2.5 ratio after the correction should lie between 0.10 and 0.56, as 

these are typical BC fractions within PM2.5  reported  in the literature for urban 

and marine environments (Table 6).  
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Table 6- BC/PM2.5 ratio found in the literature. 

Country Environment BC:PM2.5 ratio Reference 

Canada Coastal 0.15 – 0.21 Lu et al., 2006 

Brazil   Coastal 0.18 – 0.31 Godoy et al., 2009 

Fiji Coastal 0.22 – 0.40 Isley et al., 2017 

Brazil Urban 0.20 – 0.38 De Miranda et al., 2011 

Bangladesh Urban 0.16 – 0.43 Begum et al., 2012 

Indonesia Urban 0.17 – 0.45 Santoso et al., 2013 

Brazil Urban 0.36 – 0.56  Targino et al., 2016 

Brazil Urban (indoor) 0.10 – 0.27  Pattinson et al., 2018 

Source: Own authorship, 2020. 

 

Hence, the correction factor that best met the criteria was 1.2 (yielding a mean 

BC:PM2.5 = 0.4), which was applied to the entire PM2.5 dataset (Figure A-3 in Appendix 

A). 

The DustTrak also reported some artefact jumps observed after a sharp 

increase in concentration, sustained until the next new zero calibration. The jump was 

between 34.0 and 54.0 µg m-3, identified by the difference between the mean PM2.5 

concentration 15 minutes before and after the jumps. The data were corrected by 

subtracting the artefact value from the PM2.5 concentration after the jump, as suggested 

by Viana et al. (2015). 

 

 

3.6.3 Particle number concentration data  

 

 The CPC-3007 has a maximum measurable concentration of 100,000 # cm-3. 

At higher concentrations, more than one particle can be counted within the detection 

chamber, due to coincidence error. Thus, I corrected such occurrences using the 

relation proposed by Westerdahl et al. (2005).  

 

𝑦 =   38,456 𝑒1𝑥10−5𝑥, (7) 

 

where y is the corrected PN count and x is the measured PN [# cm-3]. 
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3.6.4 Data harmonisation 

 

The data harmonisation followed the approach by Krecl et al. (2017), using data 

from the daily collocation (143 min in total) at the kerbside in in Niterói. Linear equations 

were extracted and applied as follows: 

AE-51: The AE-51 units 840, 842 and 839 were harmonised to the unit 933, 

which was considered the reference instrument given its excellent agreement with a 

newly calibrated unit in operation at the university campus. The harmonisation of all 

three instruments yielded R2 = 1, regression slopes between 1.4 and 1.7 µg m-3, and 

offsets between -0.34 and 0.06 µg m-3. 

DustTrak: The units DT 890 and 664 were harmonised to DT 018. This unit was 

chosen because it showed stable signal and no drift during the test experiments at the 

university campus. The units 890 and 664 DT harmonisation yielded R² = 1, slopes of 

1.12 and 1.37 µg m-3 and offsets of -15.92 and -6 µg m-3, respectively.  

CPC-3007 and P-Trak. Because these particle counters have different 50% 

lower cut-off sizes,  the P-Trak data were adjusted using the CPC 3007 as a reference  

(R² = 1, slope of 1.06 and offset of 1,040 # cm-3). 

The BC, PM2.5 and PN intercomparisons and their linear regressions are shown 

in Figures A-1, A-2 and A-4, respectively, in Appendix A. 

 

3.6.5 Instrument time synchronization 

 

Since the instruments logged data at different sampling rates (Table 3), I used 

a computer program to scan all the data files to find coincident time stamps. The 

geolocation and air pollutant data were subsequently pooled together into their 

respective times, yielding georeferenced data matrices.  

 

3.6.6 Spatial variability during the commutes 

 

Two reference parallel lines were drawn 100 m apart along the sea lane, based 

on GPS data collected during the sampling sessions. These lines represent the 

average route for each leg. Then, the air pollution data were projected onto the sea 
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lanes  and, if data points fell off the lines, they were manually dragged and adjusted to 

coincide with the lines based on the smallest distances. Finally, the routes were divided 

into 50-m nonoverlapping buffers and all measurements that fell into an individual 

buffer were aggregated to calculate air pollutant statistics. Aggregating the data along 

surveyed routes has been a widely adopted method in ground-based mobile 

measurement studies, as it lessens the effects of outliers caused by incidental events 

(e.g., Targino et al., 2016; 2018a, van den Bosche et al., 2016).  

 

3.6.7 Statistical analysis  

 

The Anderson-Darling test is a normality test used to determine whether a 

dataset follows a normal distribution. For this test, H0 is the null hypothesis that the 

data follow a normal distribution, whilst H1 is the alternative hypothesis that the data 

do not follow a normal distribution.     

The Mann-Whitney test is a nonparametric rank test (also called Wilcoxon rank 

sum test) to check the equality between two population medians. It calculates the 

corresponding estimating point and the confidence interval. The null hypothesis H0 

tests whether the population medians are equal, and H1 tests the hypothesis that the 

population median are different.  

 

3.7 Personal exposure to air quality pollutants 

3.7.1 Methods to assess exposure 

 

Exposure can be defined as the group or individual proximity and/or contact with 

harmful agent (e.g., water, soil, and airborne contaminants, and toxic food) or 

beneficial ones (e.g., vitamin C intake) (LIOY, 1990; WALLACE, 1995; LAST, 2000). 

Time budget logs have shown that people spend 60 – 84% of their time indoors 

(KHAJEHZADEH and VALE, 2017), 10% outdoors (BRANIŠ and KOLOMAZNÍKOVÁ, 

2010) and 5 – 10% in transit (FONDELLI et al., 2008; DONS et al., 2012; CARVALHO 

et al., 2018), depending on the location. Although urban inhabitants spend a small 

fraction of their daily activities in transport microenvironments, this may account for up 

to 51% of their daily exposure to BC (Carvalho et al., 2018; Williams and Knibbs, 2016). 
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According to Mage (1991) and Ott (1982), the exposure assessment can be 

performed using indirect or direct methods. The former assesses the personal 

exposure through ambient concentrations measured at fixed sites, mathematical 

models and surveys (e.g. Brook et al., 2010, Wickramasinghe et al., 2012, and Tian et 

al., 2013). Direct methods collect exposure data at a fine scale and at individual level, 

including dose assessment using biomarkers, portable instrumentations and exposure 

modelling, as presented by Braniš and Kolomazníková (2010), Panis et al. (2010), 

Velasco et al. (2013), Carvalho et al. (2018), and Pattinson et al. (2018). The choice 

of each type of survey depends on the desired accuracy, budget and instrumentation 

available for the study.  

During the 70’s, the advent of carry-on real time monitors contributed to the 

development of detailed air pollution exposure studies, which would not be possible 

with data from fixed stations. This new technology enabled the acquisition of data with 

higher temporal resolution and accuracy, and the capture of fine spatial gradients along 

transit routes (STEINLE et al., 2013). Carvalho et al. (2018) showed that the exposure 

calculated with mobile measurements were up to nine-fold higher than using the 

datasets from fixed sites.  

The increasing number of scientific papers published over the last couple of 

years on personal exposure studies exemplifies the popularity of portable monitors. In 

a search on the Science Direct database using the keywords “air pollution mobile 

measurements”, “personal exposure mobile measurements”, and “air pollution 

portable monitors”. I found 39.501 papers published between 1996 and 2019 (Figure 

14), with a steep increase after 2010.  
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Figure 14- Evolution on the number of research papers from 1996 to 2019 using mobile 

measurements to assess air pollution and personal exposure. 

  

Source: Own authorship, 2020. 

 

 

 

3.7.2 Personal exposure and dose calculations  

 

The integrated personal exposure to the each air pollutant was calculated 

following Ott (1982): 

  

𝐸𝑥𝑝𝑗 = ∑ 𝐶𝑗𝑖  

𝑛

𝑖

𝑡𝑖 ,  
 

(8) 

 

where 𝐶𝑗𝑖 is the concentration of pollutant (j)  [µg m-3 or # cm-3 or ppb] in a 

microenvironment (i), for a time interval 𝑡𝑖,  and n is the number of microenvironments.  

 In my case, I estimated the exposure to the all four pollutants: BC, PM2.5 [µg m-

3 h], PN [# cm-3 h], and TVOC [ppb h] in four different microenvironments: on both 

levels of the ferries during the commute, and at the kerbsides. I assumed that the 

commute lasts 1 h, (consisting of two 30-min legs), that crew members have an eight-
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hour shift schedule and that a person walks one 1 h to/from the terminals. By crew 

member we refer to the professionals working on-board the ferries and placed in the 

same compartment as passengers. Nevertheless, we acknowledge that there are 

different activities on-board performed by pilots, security guards, maintenance 

personnel, etc., who may not have the same shift considered here. The crew members 

category will be used to compare outdoors exposure and doses with those inside the 

ferries. 

 The average exposure can be calculated by dividing Eq. 8 by the total time (T) 

spent in the microenvironments, and has the same unit as the concentrations: 

 

𝐸𝑥𝑝𝑗 =
1

𝑇
∑ 𝐶𝑗𝑖  

𝑛

𝑖

𝑡𝑖 ,  
 

(9) 

 

 When assessing human exposure to a certain agent, the concept of dose is 

commonly used, defined as the amount of agent entering a target (lung, stomach, 

heart) after crossing a contact boundary (skin, oral passage, nasal passage, gut wall) 

(ZARTARIAN et al., 1997). A large body of studies has focused on inhalation as the 

main contact boundary to assess the dose of air pollutants (e.g. Chen et al., 2017 and 

references therein). The dose is highly depended on the level of physical activity. Light 

activity yields lower doses due to the low heart and inhalation rates, whilst moderate 

or vigorous activities, such as running and biking, yield larger doses (US EPA, 2011; 

RODES et al., 2012; CEPEDA et al., 2017). The integrated potential inhaled dose for 

each microenvironment j was calculated as:  

 

𝐷𝐽 =  ∑ 𝐸𝑥𝑝𝑗𝑉𝑘𝑗

𝑛

𝑘

 , 
(10) 

 

 

where 𝑉𝑘𝑗 is the inhalation rate for specific activities (k)  [m³ h-1] in a microenvironment 

(i). Following the US EPA (2011), I considered the inhalation rate for three categories: 

children, adults and adult crew members, and two environments: kerbside and ferries 

(Table 7). According to the US EPA reports (2011), the commuters perform light 

activity, since they are either seated or standing during the commutes, whereas the 
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workers perform moderate activities, based on a mix of physical activities during their 

worktime. 

 

Table 7- Inhalation rates and activities for different ages and groups.  

Activity Age group 
Intensity  

level 

Inhalation 
Rate 

[10-2 m³ min-1] 

Inside ferries 

Children Light 1.1 

Adults Light 1.3 

Crew members Moderate 2.8 

At kerbside 
Children Light 1.1 

Adults Light 1.3 

Source: US EPA, 2011. 
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4 RESULTS 

4.1 General overview: Air quality and meteorological conditions in the study 

area 

4.1.1 Air quality conditions in MRRJ  

 

Figure 15 shows the monthly variability of some air pollutant concentrations in 

the cities of Niterói and Rio for the period 2015-2018. The data were collected at three 

air quality monitoring stations operated by INEA: Caio Martins, Centro and Getulinho 

(Figure 13). Caio Martins and Getulinho stations are located at 2 and 3 km, 

respectively, from Araribóia ferry terminal in Niterói, whilst Centro station is located 5 

km from Praça XV ferry terminal in Rio. The highest O3 concentrations were found from 

August to December in both cities. However, in Niterói, mean O3 concentrations were 

up to 2.2-fold higher than in Rio de Janeiro. Moreover, the increased of NO e NO2 

concentrations from March to July facilitated the enhancement of O3 via photo 

oxidation (MONKS et al., 2015). The emissions of VOCs and NOx from industrial and 

traffic are the main contributors to O3 formation in the State of Rio de Janeiro 

(GUERBATIN, 2018). Different from what usually occurs in the neighbouring states 

(São Paulo and Minas Gerais), neither city is under influence of biomass burning 

sources. Thus, traffic-emitted, precursors are the main source of O3 (FRANCO et al., 

2015; 2017). 

SO2 concentrations presented two peaks, in January (8.8 µg m-3) and in June 

(7.2 µg m-3), followed by a decrease in the subsequent months. According to FEEMA 

(2004), the main sources of SO2 in the MMRJ are combustion processes and flares 

operation from oil refinery (55.8%) and mobile sources (7.5%), which includes 

waterway transport. CO concentrations had the lowest value (176.6 µg m-3) in October, 

and increased after December, reaching a peak in July (496.5 µg m-3). According to 

FEEMA (2004), motorised vehicles account for 98% of the measured CO in the urban 

area of Rio de Janeiro. Lacerda et al. (2005) and INEA (2013) reported that the CO 

variability is due to atmospheric conditions, being highest in the winter, due to 

temperature inversions and reduced rainfall, and lowest in the summer, due to rain and 

slightly higher mean wind speed (1.2 vs. 1.5 m s-1), which facilitate the dispersion. The 

annual mean PM2.5 concentration was 24.2 µg m-3 in Niterói, with the highest values in 
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August, December and March. Previous studies showed daily mean PM2.5 

concentrations between 5.0 and 35.0 µg m-3 in a rural area and between 2.0 and 17.0 

µg m-3 near an industrial complex in Rio from August 2010 to June 2011 (Mateus, 

2012). Furthermore, measurements from June 2012 to June 2013 at urban areas in 

Rio showed mean PM2.5 concentrations between 8.0 and 12.0 µg m-3 (GODOY et al., 

2018).  
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Figure 15- Monthly statistics of (a) O3, (b) NO, (c) NO2, (d) SO2 and (e) CO from 2015 to 2016 in Rio 

de Janeiro. Monthly statistics of (f) O3 and (g) PM2.5 from 2015 to 2018 in Niterói. The boxes represent 

the interquartile range (25th to 75th percentile), the whiskers represent 5th and 95th percentiles, the 

middle lines represent median values, the white circles represent the mean values and the black 

circles represent the minimum and maximum values. 

 

Source: Own authorship, 2020. 
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4.1.2 Average meteorological conditions in the study area 

 

Figure 16 shows the climographs for the cities of Niterói and Rio using data from 

1981 to 2010, provided by the Brazilian Meteorological Institute (INMET, 2019). In 

Niterói, the rainfall seasonality is weaker than in Rio, where the rainiest period spans 

November to March and the driest June to August. In both cities, August is the driest 

month, with mean monthly rainfall of 67 mm in Niterói and 29 mm in Rio, whilst the 

rainiest month is January, with 147 mm in Niterói and 194 mm in Rio. The mean annual 

RH is rather high in both cities (80% in Niterói and 72% in Rio), which is attributed to 

the transport of humidity from the ocean towards the coast (SILVA AND 

DERECZYNSKI, 2014).  

The mean annual air temperature in both cities is 23 ºC. The monthly variability 

followed the rainfall pattern, therefore Rio shows hotter days in months of abundant 

rainfall (the hottest month is February) and colder months in the drier period (the 

coldest month is July). The months with the longest and shortest hours of sunshine in 

Niterói are February (221 h) and September (160 h), and in Rio June (202 h) and 

September (135 h). Despite the geographical proximity, the relief of these cities is 

rather different, with Rio having a complex topography, which may enhance cloud 

formation and affect (reduce) the incoming solar radiation (MARQUES FILHO et al., 

2016). In general, the weather in both cities is largely controlled by migratory and semi 

permanent systems, such as mesoscale convective complexes, frontal systems, the 

South Atlantic subtropical anticyclone and Polar migratory anticyclones (SILVA AND 

DERECZYNSKI, 2014; CAVALCANTI et al., 2016; BONNET et al., 2018). Local 

circulation systems, such as sea breeze, affects the rainfall and RH (SILVA AND 

DERECZYNSKI, 2014).  

According to studies by Jourdan (2007), the influence of the South Atlantic 

subtropical anticyclone is stronger during winter, favouring clear skies, low wind 

speeds and temperature inversions. Hence, we conducted the fieldwork in August, as 

the chances of collecting data without influence from rainfall would be greatest, as rain 

could damage the instrumental suite and interfere with the results due to aerosol wash 

out. 
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Figure 16- Climographs for (a) Niterói and (b) Rio using historical data from 1981 to 2010. 

 

Source: Own authorship, 2020. 
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4.1.3 Meteorological conditions during the experiment 

 

Figure 17 shows the meteorological conditions for both cities from August 2nd to 

7th. The mean air temperature was 20ºC and RH was between 83 and 87% in both 

cities, which matches the climatological data. August 4th and 5th were the hottest, driest 

and sunniest days (maximum temperature 25.1-26.8ºC, mean RH 73-97%, and 

accumulated radiation dose 12,339-14,372 kJ m-2). It rained in five of the six sampling 

days, totalling 41 and 44 mm, respectively, in Niterói and Rio. However, rain did not 

occur during the data collection. The prevailing winds were from the South (23%), 

Northeast (26%) sectors in Niterói, with speeds of 1.3-4.5 m s-1 and southeast (15%). 

In Rio, northly (36%) winds with speeds of 13-4.5 m s-1 dominated during the study 

period (Figure 18). The other sectors were southwesterly (10%), northeasterly and 

southeasterly winds (8%). 

 
 
 

 
 

Figure 17- Meteorological conditions (temperature, relative humidity, rainfall and radiation dose) in 

Niterói (left panel) and in Rio de Janeiro (right panel) during the sampling period. 

 
    

 

 

Source:  Own auth orshi p, 2 020.  

 

 

Source: Own authorship, 2020. 
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Figure 18- Wind rose for the study period in (a) Niterói and (b) Rio.  

 

Source: Own authorship, 2020. 

 

4.2 Air pollution at fixed sites   

 

Figure 19 shows minute-by-minute BC concentrations from August 2nd to 7th in 

front of the ferry terminals in Niterói and Rio de Janeiro. The data cover three hours in 

the morning (8:00-10:00) to illustrate their temporal variability. The mean BC 

concentrations (± standard deviation) were comparable at both sites (4.5 ± 7.5 and 4.6 

± 9.3 µg m-3, respectively). In Niterói, BC peaks between 10.0 and 20.0 µg m-3 were 

found approximately every 20-30 (represented by the yellow and red colours), which 

corresponds to the times the ferries approached the terminal. In Rio, BC 

concentrations peaked at every 5-10 minutes, which may be related to the arrival and 

departures of ferries serving other five destinations, besides Niterói.  

A one-year campaign (2012-2013) conducted at four sites in Rio de Janeiro (Fig. 

12) showed that the overall mean BC concentrations in the area ranged from 1.5 ± 1.1 

µg m-3 at  Barra da Tijuca to 3.3 ± 1.3 µg m-3 at Taquara (Prof. José Marcus Godoy, 

personal communication). A cautionary note is that, in their study, BC concentrations 

were measured using a reflectance technique (smoke stain reflectometer, diffusion 

system, model M43D), whilst I report BC determined by an absorption technique. 

Another aspect is that their analysis were based on filters exposed during three days 

over the study period, whilst my data were collected between 07:00 to 13:00, covering 

the morning rush hours, with a substantial impact from vehicular emissions. A traffic 
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counting conducted on Visconde de Rio Branco Avenue (a two-way, four-lane road) in 

front of the ferry terminal in Niterói between 08 and 09 h, on August  5th and 6th 2018, 

showed an average traffic rate of 1,020 h-1
, with a share of 78% light-duty vehicles, 5% 

motorcycles and 17% heavy-duty diesel vehicles. Due to the logistics, I could not 

assess the traffic rate at the kerbside in front of the ferry terminal in Rio.  

Mean BC concentrations in both cities were comparable to values in urban 

areas in Temuco, Chile (3.0 µg m-3) (OLIVARES et al., 2014), Mexico City (3.1 µg m-

3) (RETAMA et al., 2015), but 1.7-fold lower than measurements conducted on in the 

city centre of São Paulo (8.5 µg m-3) (TARGINO et al., 2018b; BRAND et al., 2018)  

 

 Figure 19- Five-day minute-by-minute mean concentrations of BC at the kerbside in a) Niterói and b) 

Rio de Janeiro. 

 

Source: Own authorship, 2020. 

 

Figure 20 shows the minute-by-minute mean PM2.5 concentrations measured in 

front of the ferry buildings in Niterói and Rio. As one DustTrak switched place daily 

between the two fixed stations, measurements in Niterói were taken on August 2nd, 5th 
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and 7th
, and in Rio on August 3rd and 6th. The mean concentrations during the 

monitoring period were 13.5 ± 13.6 µg m-3 in Niterói and 10.6 ± 7.7 µg m-3 in Rio. Due 

to the diversity of PM sources, formation and transport processes other than ferry-

related emissions, PM2.5 peaks do not necessarily match BC peaks. Sea spray, traffic 

emissions from on-road transport and aerosol transport from other regions have been 

reported by Mariani and De Mello (2007), Godoy et al. (2018) and Quijano et al. (2019). 

PM2.5 mean concentration in Niterói was comparable to other mid-sized Latin 

American cities, such as Santo André, Brazil (10.0 µg m-3) (Franzin et al., 2020), but 

below the concentrations in Salamanca, Mexico (45.0 µg m-3) (Murillo et al., 2012) and 

Antofagasta, Chile (42.0 µg m-3) (Jorquera and Barraza, 2013). Rio de Janeiro had 

mean PM2.5  concentrations lower that other large Latin American cities, such as 

Bogotá, Colombia (30.0 µg m-3) (Betancourt et al., 2019) and Santiago, Chile (40.0 µg 

m-3) (Villalobos et al., 2015), but similar to concentrations reported by Godoy et al. 

(2018) in the four-site study in Rio (from 8.0 µg m-3 at Barra da Tijuca to 12.0 µg m-3 at 

Duque de Caxias).  
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Figure 20- Minute-by-minute concentrations of PM2.5 at kerbside in a) Niterói (August 2nd, 5th and 7th) 

and b) Rio de Janeiro (August 3rd and 6th). Note the difference in the scales adopted to enhance the 

data visualisation. 

  

Source: Own authorship, 2020. 

 

4.3 Air pollution concentration on-board ferries  

 

BC, PM2.5, PN and TVOC were measured on 32 trips on-board ferries across 

Guanabara Bay. To assess the representatively of this data set, I calculated the 

cumulative median pollutant concentrations by using data from the 32 crossings 

(Figure 21). The order of the median was randomly alternated 500 times without 

replacement. This test showed that after 20 trips, BC, PN, and TVOC median 

concentrations were similar to the overall median concentration inside the ferries on 

both levels, proving that the number of sampling sessions was sufficient to assess the 

spatial variability of these pollutants. However, PM2.5 median concentrations showed a 

higher variability, especially in the UD. The LD data converged to the median 

concentration (56.5 µg m-3) after 27 trips, whilst in the UD the test reached the overall 
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median (28.4 µg m-3) after 32 trips. The heterogeneity of PM2.5 concentration between 

decks and the differences in the convergence could be partially explained by different 

sources of PM, such as particulate derived from diesel-powered engines, particles 

resuspension confined inside the ferries, or gas-to-particle conversion mechanisms 

(Onat et al., 2019).  

 

Figure 21- Median concentrations for LD (left panel) and UD (right side) as a function of the number of 

trips randomly selected. 

 

Source: Own authorship, 2020 
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4.3.1 Spatial variability analysis during the commutes 

 

Figure 22 shows the concentrations of all pollutants measured from boarding to 

alighting (indicated by the grey stripes). Sharp gradients with high concentrations were 

found especially during boarding, which comprised a two-minute walk from the terminal 

building to the access door on the ferries. BC, PM2.5  and PN concentrations measured 

during boarding/alighting, commuting and manoeuvring were statically different 

according to Mann-Whitney test at a significance level () of 5% in the UD and PN in 

the LD (see results in Table B-1 in the Appendix B). More specifically, the boarding 

and manoeuvring phases were the most polluted periods of the commute. BC, PM2.5 

and PN concentrations during boarding/alighting were, respectively, 3-, 1.2- and 1.4-

fold higher than during the crossings. No differences were found for TVOC. According 

to Tzannatos (2010), ships at berth operate only with their auxiliary engine, which 

usually burns a heavier fuel than the main engine. Thus, the peaks we observed are 

probably due to the engines kept on during the boarding periods. 

BC, PM2.5, PN and TVOC concentrations during manoeuvring were 1.2-, 1.2-, 

1.3- and 7-fold higher than during the commutes. Studies by Tichavska and Tovar 

(2015), Alver et al. (2018) and Ledoux et al. (2018) showed that berthing operations 

account for between 12% and 42% of PM2.5 emitted by ships and manoeuvring 

accounts for between 6% and 51%. According to Tzannatos (2010) most types of ship, 

including passenger ferries, operate on both main and auxiliary engine with high load 

for manoeuvring that leads to increased pollutant emissions. The concentrations 

stayed high during manoeuvring (blue stripes in), which could be explained by the 

increase in the engine exhaust emissions due to the acceleration-deceleration of the 

ferries (JALKANEN et al., 2009). When the ferries approach the terminal, they 

decelerate until docking. When departing, the speed increases continuously, 

accelerating until it reaches steady speed (Figure 22). According to Fu et al. (2013) 

and Chu-Van et al. (2018), these two processes result in large engine load and 

variability to control the speed and adjust the direction, leading to increases in the 

emissions. When at sea, the main engine runs on lighter fuel, which explains the 

decrease in the concentrations during the crossings until the ferry started manoeuvring 

again for docking, as also reported by Saxe and Larsen (2004). 
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 According to the technical characteristics of the ferries provided by Agetransp 

(Table 8), all ferries sampled in this study were equipped with two engines. However, 

the information about the fuel type could not be found. In Brazil, ANP regulates that 

ferries are allowed to use either residual or distillate fuels.  
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Figure 22- Spatio-temporal variability BC, PM2.5, PN and TVOC concentrations during the commutes. 

The grey dots represent the mean concentration or speed for each sampling day between August 2nd 

and 7th. The overall mean concentration of all sampling days are illustrated with red dots for BC, blue 

dots for PM2.5, yellow dots for PN, and green dots for TVOC. The overall mean speed is shown as 

black dots. The grey stripes represent boarding and alighting, and the blue stripes represent 

manoeuvres during docking and undocking. 

 

Source: Own authorship, 2020. 
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Table 8- Main technical characteristics of the ferries monitored in this study. 

Ferry  

code 

Year of 

manuf. 
Engine type 

Engine power 

[kW] 

A/C 

system 

F1 2014 2 Caterpillar engines 2 x 1,628 Yes 

F2 2003 2 MTU engines 2 x 788 No 

F3 2006 2 MTU engines 2.100 Yes 

F4 2014 2 Caterpillar engines 2 x 1,628 No 

F5 2008 2 MTU engines 2.100 No 

F6 2006 2 MTU engines 2.100 No 

Source: Modified from Agetransp, 2019. Note: See Table B-2 in Appendix B for all technical 

characteristics content. 

4.3.2 Spatial differences between decks  

 

The pollutant average concentrations showed high variability between the LD 

and UP, with statistically significant differences at  = 5% (Mann-Whitney test). In 

general, mean BC, PM2.5 and PN concentrations were higher in the LD than in the UD 

(Figure 23). The concentrations were large during not only the manoeuvring and the 

boarding, as discussed before, but at times during the crossings, especially in the 

middle of the trip. Mean BC, PM2.5 and PN concentrations were, respectively, 15.7 ± 

36.8 µg m-3, 66.9 ± 65.4 µg m-3 and 26,655 ± 36,508 # cm-3 in the LD and 9.3 ± 21.5 

µg m-3, 39.4 ± 36.8 µg m-3, 30,010 ± 34,582 # cm-3 in the UD. BC and PN concentrations 

were comparable to those from fast ferries (capacity of up to 90 passengers) in Istanbul 

and operating with natural ventilation (7.7 µg m-3 and 25,001 # cm-3, respectively) 

(ONAT et al., 2019). On the other hand, the mean PM2.5 concentration from this study 

was 3.4-fold higher than the Istanbul study. A comparison for TVOC between decks 

was not possible since only one instrument was available.  

The air pollutant concentrations were not affected by the approach of other 

ferries during the crossing, according to notes in the logbook. An interesting 

observation was the occurrence of diesel odour during boarding. However, after taking 

the stairs to the UD, no occurrence of odours was reported, despite the ferry funnel 

being located closer to the UD.  
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Figure 23- Mean (a) BC (b) PM2.5 (c) PN and (d) TVOC concentrations during the crossings Niterói-Rio 

de Janeiro-Niterói. All data have been pooled together, irrespective of the ferries’ age, size and 

ventilation system. 

 

Source: Own authorship, 2020. 

 

4.3.3 Influence of ferry age on the air pollution concentrations  

 

Besides showing spatio-temporal variability, the air pollution concentrations also 

depended on the ferry’s age, which spanned 11 years (2003 – 2014). Figure 24 

presents the variability of the pollutant concentrations inside the six monitored ferries.  

The results showed that the pollutants concentrations were statistically different 

according to the Mann-Whitney U test ( = 5%) for all pollutants in all ferries, except 

for BC concentrations in F6 compared to F2 and F4 (See Table B-3 in the Appendix 

B). Moreover, the results from the Anderson-Darling test showed that the pollutants 

were not normally distributed ( = 5%) (test results in Table B-4 and data frequency 

and distribution in Figures B-1 to B-4 in Appendix B). F2 was the oldest ferry, 

manufactured in 2003, whilst F1 and F4 were the newest ferries, both manufactured in 

2014. F2 is the shortest ferry, with the lowest passenger capacity (645 passengers) 
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and the only ferry with an engine propulsion system (Table 8). According to Wang et 

al. (2019), the older the engine model the greater the air pollutant emissions, since 

older engines use fuels with higher S content. Another characterist of F2 was that after 

undocking it performed a 180° turnout manoeuvring to start navigating. This extra 

manoeuvring increased the engine load and the poluttant emissions, as explained 

previously. 

The highest mean PN and TVOC  concentrations were found in F5 (year 2008) 

and F1 (year 2014), respectively. F1 and F4 (year 2014) registered the lowest mean 

BC and PM2.5 concentrations but higher mean TVOC  concentrations, suggesting that 

larger and newer ferries, with larger passenger capacity, azimuthal propulsion system 

may emit less particulates.  

 

Figure 24- Statistical summary of the overall BC, PM2.5, PN and TVOC concentrations inside ferries 

comprising lower and upper deck altogether. The boxes represent the interquartile range (25th to 75th 

percentile), the whiskers represent the 5th and 95th percentile, the middle lines represent median 

values, the white circles represent the mean values and the black circles represent the minimum and 

maximum values.  
 

 

Source: Own authorship, 2020. 
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When splitting the dataset into LD and UP, one can observe a negative trend in 

the median BC and PM2.5 concentrations with the fleet age (Figure 25). The trends for 

PN and TVOC are not as evident. Mean BC and PN concentrations in F2 were five- 

and two-fold higher than F4 on both decks. PN concentrations were not measured in 

the LD of F4 because the battery of the PN monitor ran out. Surprisingly, the mean 

TVOC concentration in F4 was 151-fold higher than in F2, whilst the mean PM2.5 

concentration was 21-fold lower.The largest PM2.5 variabilities were observed in the 

LD of F3 and F1, and in the UD of F6, F5 and F1, showing how heterogeneous PM2.5 

concentrations are between decks. Amongst the probable sources of both particulates 

and gas on-board the ferries, are the emissions of indoor pollutants with larger 

influence in the UD than in the LD and the leakage of exhaust gas  into the passenger 

cabin.  
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Figure 25- Statistical summary of BC, PM2.5, PN and TVOC concentrations inside ferries in the lower 

deck (left panel) and upper deck (right panel). The data is organised from the oldest ferry (F2, year 

2003) to the newest (F4, year 2014). The boxes represent the interquartile range (25th to 75th 

percentile), the whiskers represent the 5th and 95th percentiles, the middle lines represent median 

values, the white circles represent the mean values and the black circles represent the minimum and 

maximum values. 

    

Source: Own authorship, 2020. 

 

4.3.4 Dependence of the air pollutant concentrations on the ventilation system 

 

To investigate the effects of ventilation on the air quality inside the ferries, I split 

the dataset into two categories: ferries equipped with air conditioning (A/C) and without 

air conditioning systems (no-A/C). Ferries F1 and F3  were the only ones operating 

with air conditioning system, whilst the others adopted natural ventilation through 

windows. Overall, there is a tendency for the average BC, PM2.5 and PN concentrations 

to be larger on no-A/C ferries, with mean no-A/C:A/C ratios of 3.5, 2.7 and 2.5, for BC, 

PM2.5 and PN, respectively (Figure 26). These median differences are statistically 

significant according to the Mann-Whitney test ( = 5%) (see Table B-5 in the Appendix 
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B). On A/C-ferries, closed windows and watertight doors reduce the infiltration of air 

pollutants from outside, whilst on no-A/C ferries, natural ventilation through the doors 

and windows had the opposite effect. Lau and Chan (2003) stated that normally the 

diesel fumes expelled through the exhaust system do not infiltrate the passenger 

compartment, because the buoyancy force and the inertia would take the pollution 

away from the passenger compartments. However, under the influence of favourable 

wind speed and direction, the fumes can infiltrate the passenger compartment. Onat 

et al. (2019) have also observed this effect in the Istanbul ferries. Conversely, TVOC 

concentrations were larger on A/C than on no-A/C ferries. These results suggest that 

although A/C-ferries reduce the infiltration of outdoor pollution, indoor sources, such 

as formaldehyde and other VOC emitted from decorating materials and furniture (with 

high values for new ships and a decrease over time) contribute substantially for TVOC 

concentrations in the passenger compartments (KIM and LEE, 2010). Other sources 

include fumes from the engine room and kitchen (the latter was not available on the 

sampled ferries). See Figure B-5 in Appendix B showing the spatial variability of 

pollutants inside A/C and no-A/C ferries. 
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Figure 26- Statistical summary of BC, PM2.5, PN and TVOC concentrations on ferries with A/C and no 

A/C systems, irrespective of the age, size and deck. The boxes represent the interquartile range (25th 

to 75th percentile), the whiskers represent the 5th and 95th percentiles, the middle lines represent 

median values, the white circles represent the mean values and the black circles represent the 

minimum and maximum values. 
 

  

 
Source: Own authorship, 2020. 

 

4.4 Comparison of air pollutants concentrations on-board the ferries and at 

the kerbside 

 

As discussed in the scientific literature and previously in the introduction, traffic-

dominated urban environments are hotspots of air pollutants. I turn the attention now 

to comparing the measurements conducted at the kerbside and on-board the ferries. 

Figure 27 shows the statistics for all pollutant concentrations measured during the 

sampling campaign. Note that the number of data points of TVOC and PN 

concentrations at the kerbside are substantially reduced (see Table 9 and 10), since 
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these measurements were only conducted whilst we waited to enter the ferry terminal 

and during the intercomparison periods before and after each sampling sessions. 

 

Figure 27- Statistical summary of all pollutants concentrations during the sampling period. TVOC 

concentrations could not be measured in the LD due to instrument availability. The boxes represent 

the interquartile range (25th to 75th percentile), the whiskers represent the 5th and 95th percentiles, the 

middle lines represent median values, the white circles represent the mean values and the black 

circles represent the minimum and maximum values. 

 

Source: Own authorship, 2020. 

 

A Mann-Whitney U test ( = 5%) applied to the BC, PM2.5, PN and TVOC 

concentrations revealed that PM2.5, PNC and TVOC concentrations at kerbside in 

Niterói were statistically different from Rio, (Table C-1 in Appendix C).  

Comparing the fixed and mobile measurements, mean BC and PM2.5 

concentrations were up to three- and six-fold higher on-board the ferries than at the 

kerbside, respectively, despite the kerbside being close to highly-trafficked roads. I 

attribute this behaviour to two main causes: a) the use of dirtier diesel on the ferries 
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compared to on-road transportation. As discussed in Section 4.2, heavy-duty diesel 

vehicles accounted for 17% of the traffic rate in front of Niterói ferry terminal. In Brazil, 

diesel is available as S10 and S500; b) the street layouts around the ferry terminals 

provided more efficient natural ventilation than inside the ferries, which is mostly a 

semi-closed environment. The daily variability within all microenvironments is shown 

in Figures D-1 to 4 in Appendix D. 

PN and TVOC concentrations did not show any significant differences between 

the fixed and mobile measurements, indicating that both environments may be under 

influence of the same sources of pollution. Thus, besides the air pollution generated 

inside the ferries, the transport of air pollutants from other activities might be influencing 

the results. Siqueira et al. (2017) observed that the organic compounds from PM and 

VOC in urban areas in Rio are highly influenced by vehicular emissions. Moreover, 

grass, wood or coal combustion, and biogenic sources are important contributors to 

TVOC concentrations at the kerbside. 
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Table 9- Statistical summary of pollutant concentrations from the fixed monitoring in Rio de Janeiro and Niterói. 

 Fixed monitoring 
  Niterói Rio de Janeiro 

  BC 
[µg m-3] 

PM2.5 

[µg m-3] 
PN 

[# cm-3] 
TVOC 
[ppb] 

BC 
[µg m-3] 

PM2.5 

[µg m-3] 
PN 

[# cm-3] 
TVOC 
[ppb] 

 # of valid data 2,465 38,033 13,529 3,300 2,492 22,861 4,959 1,038 
 Min 0.1 0.2 1,629 1.0 0.2 3.6 2,704 2.0 
 Max 103.9 208.0 241,711  88,369 120.6 276.9 297,720 24,289 
 Mean 4.9 13.5 27,683 1,584 5.4 10.6 31,388 1,695 
 St. Dev 7.5 13.6 21,623 6,933 9.3 7.7 29,226 3,715 
 Median 3.5 6.1 22,800 15.0 3.4 8.5 22,078 51.0 
 5th percentile 1.0 1.6 9,249 8.0 1.5 4.8 11,710 15.0 
 95th percentile 12.0 36.8 75,099 8,384 13.4 21.3 85,755 8,534 

Source: Own authorship, 2020. 

Table 10- Statistical summary of pollutant concentrations from the mobile measurements inside ferries. 

Mobile monitoring 
 LD UD 

 BC 
[µg m-3] 

PM2.5 

[µg m-3] 
PN 

[# cm-3] 
TVOC 
[ppb] 

BC 
[µg m-3] 

PM2.5 

[µg m-3] 
PN 

[# cm-3] 
TVOC 
[ppb] 

# of valid data 4,572 33,013 29,498 - 4,481 32,154 37,473 10,162 

Min 0.2 0.4 56.0 - 0.0 0.6 236 1.0 

Max 624.1 1,285.1 496,450 - 480.1 1,155.3 435,665 90,354 

Mean 15.7 66.9 26,655 - 9.3 39.4 30,010 1,537 

St. Dev 36.8 65.4 36,508 - 21.5 36.8 34,582 5,276 

Median 4.9 56.5 15,610 - 3.7 28.4 19,801 30.0 

5th percentile 1.7 6.4 5,446 - 0.9 5.9 6,809 13.0 

95th percentile 72.0 178.2 82,762 - 30.0 93.3 82,000 9,196 

Source: Own authorship, 2020. 
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4.5 Personal exposure and dose calculations  

As shown previously, air pollutant concentrations were highly heterogeneous 

inside the ferries, depending on the age, size and ventilation system. Moreover, 

substantial differences were observed between the data collected on-board the ferries 

and at kerbside. Such discrepancies will ultimately affect the personal exposure and 

inhaled dose of commuters transiting in these microenvironments.  

The crew members’ integrated exposures were always higher than the 

commuters’. Here the results represent the theoretical exposure for professionals 

placed in the passenger’s compartment, disregarding professionals from others cabins 

inside the ferries, such as mechanics and pilots. Obviously, this was an expected result 

given the longer period (8 h d-1) this target group spends on-board compared to 

commuters (1 h d-1, considering roundtrips consisting of two 30-minute legs) (Table 

11). To make the comparison more easily understood, it is best to use the average 

exposure. Hence, the commuters’ and crew members’ integrated exposures were 

divided by the time they spend in the microenvironments, and compared to 1-h 

exposure at the kerbside. People on-board the ferries were exposed to BC and PM2.5 

concentrations between 1.7- and 6.3-fold higher than at the kerbsides (Table 12), with 

the largest ratios for those on the LD. The average exposure to PN and TVOCs were 

comparable inside and outside the ferries. As shown previously in Figure 27, the 

concentrations of these pollutants were not statistically different when comparing 

outdoors and indoors environments, hence this will have little impact on the average 

exposure. However, Table 12 shows that the exposure to PN and TVOCs were slightly 

lower on the ferries than outside, except for the comparison with the PN concentration 

in Niterói, in which case the exposure in the UD was slightly higher (1.1-fold).  
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Table 11- Integrated personal exposures to BC, PM2.5, PN and TVOC for commuters and crew 

members. Children, adult, elders were grouped as commuters since their exposure concentration and 

duration were the same. 
 

Commuters Crew members 
 

Niterói Rio LD UD LD UD 

BC [µg m-3 h] 4.9 5.4 15.7 9.3 126.0 74.7 

PM2.5 [µg m-3 h] 13.5 10.6 66.9 39.4 535.1 315.2 

PN [# cm-3 h] 27,683 31,389 26,655 30,010 213,241 240,083 

TVOC [ppb h] 1,584 1,695 - 1,537 - 12,296 

Source: Own authorship, 2020. 

 

Table 12- Average commuters’ and crew members’ exposures to BC, PM2.5, PN and TVOC. Children 

and adults were grouped as “commuters” since their exposure concentration and duration were the 

same. The numbers in brackets indicate the on-board:kerbside average exposure ratios. 

 
Commuters 

Commuters and 

Crew members 
 

Niterói Rio LD UD 

BC [µg m-3] 4.9 5.4 
15.7 

[2.9 – 3.7] 

9.3 

[1.7 - 1.9] 

PM2.5 [µg m-3] 13.5 10.6 
66.9 

[4.9 – 6.3] 

39.4 

[2.9 – 3.7] 

PN [# cm-3] 27,683 31,389 
26,655 

[0.84 – 0.96] 

30,010 

[0.95 - 1.1] 

TVOC [ppb] 1,584 1,695 - 
1,537 

[0.91 – 0.97] 

Source: Own authorship, 2020. 

 

The potential inhaled dose is highly correlated with the activity level and the time 

a person spends in the microenvironment. Since I considered that the commuters of 

all age groups are performing a light or moderate activities and they spend a relatively 

short time on the ferries, their doses were lower than the crew members’. The crew 

members’ doses for BC (207.8 µg in the LD vs. 123.3 µg in the UD) and PM2.5 (882.9 

µg in the LD vs. 520.1 µg in the UD) were 1.7-fold higher in the LD than in the UD. The 
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inhalation rates of adults and children are very similar (Table 7), hence, the differences 

in their potential inhaled doses were small, with a ratio of 1.2 between the former and 

the latter, considering that they spend the same time on-board and outdoors.  A 

summary of the doses is shown in Figure 28.  
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Figure 28- Potential inhaled dose of (a) BC, (b) PM2.5, (c) PN and (d) TVOC for different age groups 

and microenvironments. 

 

 

Source: Own authorship, 2020. 
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5 CONCLUSIONS 

 

In this pioneering study in Brazil, the concentrations of some SLCP were 

measured on-board ferries operating between the cities of Rio de Janeiro and Niterói, 

and in front of the ferry terminals of these cities. 

The fixed monitoring at the terminals revealed comparable mean BC 

concentrations, with slightly higher dispersion in Rio de Janeiro than in Niterói (4.6 ± 

9.3 and 4.5 ± 7.5 µg m-3, respectively). Mean PM2.5 concentrations were 13.5 ± 13.6 

µg m-3 in Niterói and 10.6 ± 7.7 µg m-3 in Rio. BC and PM2.5 peaked when the ferries 

approached the terminals, which suggests the potential for the exhaust plumes to 

affect the air quality around the harbours. This can be mainly due to the manoeuvres 

for docking/undocking, since the engine load and fuel consumption are high in these 

sailing phases. This aspect is particularly worrying given that these terminals are 

located in highly urbanised areas where millions of people live and circulate daily for 

commerce and business. The mean BC, PM2.5, PN concentrations were respectively, 

15.7 ± 36.8 µg m-3, 66.9 ± 65.4 µg m-3 and 26,655 ± 36,508 # cm-3 in the LD and 9.3 ± 

21.5 µg m-3, 39.4 ± 36.8 µg m-3, 30,010 ± 34,582 # cm-3 in the UD. The mean TVOC 

concentration in the UD was 1,537± 5,276 ppb. The above are bulk figures, which 

reveal interesting features when the data are split into ferry categories (age), ventilation 

settings, commute phase and seating location. The most important features are: 

 Manoeuvring was the most polluted phase, yielding mean BC, PM2.5 PN and 

TVOC concentrations up to 1.2-, 1.2-, 1.3- and 7-fold higher than during the 

crossing.  

 There were statistically significant differences in particulate concentrations 

between the LD and UD, with the former having mean BC and PM2.5 

concentrations 1.7-fold higher. Mean PN concentrations were slightly higher in 

the UD (1.1-fold); however, since the data dispersion was large, this difference 

may not be significant in terms of exposure and health outcomes.  

 Ferries of different age and technology affected pollutant concentrations, due to 

differences in engine types and S content in the fuel. The oldest ferries showed 

mean BC, PM2.5 and PN concentrations from 2- to 21-fold higher than the 

newest ones. However, newer ferries showed greater TVOC concentrations, 
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indicating that other sources than the exhaust plume might influence this 

pollutant.  

 Ferries operating without A/C sailed with the windows open, which favoured the 

infiltration of outdoor gases and particulates. Mean no-A/C:A/C ratios were 3.5, 

2.7 and 2.5 for BC, PM2.5 and PN, respectively. However, the sealed doors and 

windows from A/C ferries can lead the accumulation of TVOC, such as 

formaldehyde and other VOC. 

 BC and PM2.5 exposure showed higher risks to human health inside ferries than 

at the kerbside, whilst PN and TVOC were comparable in both environments.  

 The potential dose was higher for crew members than for commuters, and also 

for ferry riders than people on the streets. Another aspect was that the exposure 

and dose were significantly higher in the LD.  

 

In closing, despite being an efficient mass transportation city on Guanabara 

Bay, the ferry system may not meet all the requisites suggested by United Nation’s 

Sustainable Development Goal (SDG) # 11. More specifically, indicator # 11.2, which 

calls for the provision of safe transport. 

This work was a first step towards the assessment of air quality and exposure 

to SLCP on ferries. Further studies are needed to address the many unanswered 

questions and conflicting results. 
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6 LIMITATIONS OF THE STUDY 

 

A study of this sort should cover a wide range of sampling conditions, in terms 

of air pollution levels at the kerbside and inside the ferries and, more specifically, 

engine types and ventilation settings. Hence, like many pioneering studies, this one 

has some limitations. However, I do not believe that these limitations discredit the 

results I showed and the interpretations I offered to the observed phenomena. The 

specific limitations were: 

Financial constraints: This dictated the number of days we could spend in Rio 

de Janeiro and the manpower available, since the costs would have grown immensely 

had the group stayed longer. 

Technical limitations: Despite having four instrumental kits, two of them were 

not complete, which hindered a thorough look at the pollutant concentrations (at the 

kerbside) during some days and a complete screening of the lower decks (in terms of 

TVOC). 

Data availability: Meteorological and air quality data from the monitoring stations 

were not available in the study area during the sampling period. 

Logistics: It would have been a great advantage to set up a continuous sampling 

site near either ferry terminals. This would have provided me with data to compare the 

on-board and kerbside concentrations with conditions both during and outside the 

mobile measurements. 
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7 RECOMMENDATIONS 

 

From the techno-scientific point of view, my recommendations for further field 

campaigns are:  

 

a) Establishing fixed monitoring sites at different locations away from the 

ferry terminal to understand the contribution of the exhaust plumes from 

the ferries to the air quality. 

b) Setting up a weather station close to the terminals to establish 

relationships between meteorological variables and air pollution inside 

the ferries. 

c) Monitoring different seating positions in the upper and lower decks. 

d) Obtaining detailed technical characteristics of the ferries, including the 

type of fuel, exhaust system operation and engine operations. 

e) Conducting chemical speciation of the fine particulate matter and VOC in 

order to assess the health risk factor for cancer.  

 

In a more advanced level: 

 

a) Determining the emission factors for different contaminants in the 

exhaust plumes to streamline strategies for their reduction.  

b) Phasing out the use of high S content fuels, and adopting on Guanabara 

Bay, and adopting restrictions like those in the emission control areas 

(ECA). 

c) Replacing old ferries with new ones with sealed doors and windows, to 

reduce the exposure. 

d) Installing jet bridges for boarding, as this would reduce the exposure 

between the terminal building and the ferries (one of the most polluted 

phases of the commute). 
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APPENDIX A- Post-processing results 

 

Figure A-1- Linear and robust correlation of BC monitors, comparing (a) AE-51 840 and AE-51 933, 

(b) AE-51 842 and AE-51 933 and (c) AE-51 839 and AE-51 933. 
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Source: Own authorship, 2020. 
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Figure A-2- Linear and robust correlation of PM2.5 monitors, comparing (a) DT 890 and DT018 and (b) 

DT664 and DT018. 

 

Source: Own authorship, 2020 
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Figure A-3- 1-minute mean PM2.5 concentrations with density and humidity corrections for data 

collected a) on the upper deck b) on the lower deck and c) at the kerbside in Niterói from August 2nd to 

August 7th.                                  
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Source: Own authorship, 2020.                                            
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Figure A-4- (a) CPC and P-trak datasets without corrections collected at the kerbside in Niterói in front 

of the ferry terminal, (b) linear and robust regression and the equations of the lines, c) harmonisation 

of 1-minute mean particle number concentrations. 

Source: Own authorship, 2020. 
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APPENDIX B- Summary of mobile monitoring 

 

Table B-1- Mann-Whitney test results comparing dataset between boarding and crossing, and 

manoeuvring and crossing, inside ferries in the LD and UD. h = 0 accepts the hypothesis that the 

samples are not statically different, whilst h =1 rejects the null hypothesis of equal medians (α = 5%); p 

is the p-value. 

LD Pollutant p h 
Statistically 

different 

Boarding x Crossing 

BC 1x10-1 0 No 

PM2.5 9x10-2 0 No 

PN 4x10-6 1 Yes 

Manoeuvring x Crossing 

BC 7 x10-3 1 Yes 

PM2.5 1x10-1 0 No 

PN 7 x10-9 1 Yes 

UD Pollutant p h 
Statistically 

different 

Boarding x Crossing 

BC 2 x10-3 1 Yes 

PM2.5 4 x10-3 1 Yes 

PN 2 x10-3 1 Yes 

Manoeuvring x Crossing 

BC 2 x10-7 1 Yes 

PM2.5 6 x10-6 1 Yes 

PN 9 x10-11 1 Yes 

Source: Own authorship, 2020.
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Table B-2- Technical characteristics of the commute ferries of the Rio de Janeiro waterway system. 

Name Type 
Construction 

material 

Year 
of 

manuf. 

Length 
[m] 

Passenger 
capacity 

Engine 
manufacturer 

Breadth 
[m] 

Draught 
[m] 

Engine 
power 
[kw] 

Propulsion 
system 

F1 Ferry Aluminum  2014 78.40 2000 
2 Caterpillar 

engines  
14.8 1.8 2 x 1,628  Azimuthal 

F2 Ferry Aluminum  2003 41.50 645 2 MTU engines  11.8 1.6 2 x 788 Engine  

F3 Ferry MC-25 Aluminum  2006 51.10 1300 2 MTU engines  14.2 1.6 2100 Azimuthal 

F4 Ferry Aluminum  2014 78.40 2000 
2 Caterpillar 

engines 
14.8 1.8 2 x 1,628  Azimuthal 

F5 Ferry MC-25 Aluminum  2008 51.10 1300 2  MTU engines 14.2 1.6 2100 Azimuthal 

F6 Ferry MC-25 Aluminum  2006 51.10 1300 2  MTU engines 14.2 1.6 2100 Azimuthal 

Source: Modified from Agetransp, 2019. 
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Table B-3- Mann-Whitney test results comparing the median of the ferries. h = 0 accepts the 

hypothesis that the samples are not statically different, whilst h =1 rejects the null hypothesis of equal 

medians (α = 5%); p is the p-value. 

Ferries 

comparison 

BC PM2.5 PN TVOC 

h p h p h p h p 

F1-F2 1 < 5 x10-4 1 0 1 0 1 < 5 x10-4 

F1-F3 1 0 1 0 1 0 1 0 

F1-F4 1 < 5 x10-4 1 0 1 < 5 x10-4 1 0 

F1-F5 1 0 1 0 1 0 1 < 5 x10-4 

F1-F6 1 < 5 x10-4 1 0 1 0 1 < 5 x10-4 

F2-F3 1 < 5 x10-4 1 0 1 < 5 x10-4 1 8x10-1 

F2-F4 1 1 x10-3 1 < 5 x10-4 1 1 x10-3 1 < 5 x10-4 

F2-F5 1 < 5 x10-4 1 0 1 0 1 < 5 x10-4 

F2-F6 0 3 x10-1 1 0 1 < 5 x10-4 1 < 5 x10-4 

F3-F4 1 < 5 x10-4 1 0 1 0 1 < 5 x10-4 

F3-F5 0 7 x10-1 1 < 5 x10-4 1 0 1 < 5 x10-4 

F3-F6 1 < 5 x10-4 1 0 1 < 5 x10-4 1 < 5 x10-4 

F4-F5 1 < 5 x10-4 1 0 1 0 1 8 x10-1 

F4-F6 0 9 x10-1 1 0 1 < 5 x10-4 1 < 5 x10-4 

F5-F6 1 < 5 x10-4 1 0 1 < 5 x10-4 1 < 5 x10-4 

Source: Own authorship, 2020. 
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Table B-4- Anderson-Darling results for all pollutants to all ferries. h=1 rejects the hypothesis that the 

samples is from a population with a normal distribution, whilst h = 0 accepts the hypothesis of normal 

distribution; p is the p-value of the test. 

Ferry Pollutants h p 

F1 

BC 1 < 5 x10-4 

PM2.5 1 < 5 x10-4 

PN 1 < 5 x10-4 

TVOC 1 < 5 x10-4 

F2 

BC 1 < 5 x10-4 

PM2.5 1 < 5 x10-4 

PN 1 < 5 x10-4 

TVOC 1 < 5 x10-4 

F3 

BC 1 < 5 x10-4 

PM2.5 1 < 5 x10-4 

PN 1 < 5 x10-4 

TVOC 1 < 5 x10-4 

F4 

BC 1 < 5 x10-4 

PM2.5 1 < 5 x10-4 

PN 1 < 5 x10-4 

TVOC 1 < 5 x10-4 

F5 

BC 1 < 5 x10-4 

PM2.5 1 < 5 x10-4 

PN 1 < 5 x10-4 

TVOC 1 < 5 x10-4 

F6 

BC 1 < 5 x10-4 

PM2.5 1 < 5 x10-4 

PN 1 < 5 x10-4 

TVOC 1 < 5 x10-4 

Source: Own authorship, 2020. 
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Table B-5- Mann-Whitney U-test results comparing BC, PM2.5 and PN measured inside A/C ferries and 

no-A/C ferries in the LD and UD. h = 0 accepts the hypothesis that the samples are not statically 

different, whilst h =1 rejects the null hypothesis of equal medians (α = 5%); p is the p-value. 

BC h p 
Statistically 

different 

A/C LD - No A/C LD 1 < 10-30 yes 

A/C LD - A/C UD 1 < 10-30 yes 

A/C LD - No-A/C UD 1 < 10-30 yes 

A/C UD - No A/C UD 1 < 10-30 yes 

No A/C LD - A/C UD 1 < 10-30 yes 

No A/C LD - No A/C UD 1 < 10-30 Yes 

PM2.5 h p 
Statistically 

different 

A/C LD - No A/C LD 1 < 10-30 yes 

A/C LD - A/C UD 1 < 10-30 yes 

A/C LD - No-A/C UD 1 < 10-30 yes 

A/C UD - No A/C UD 1 < 10-30 yes 

No A/C LD - A/C UD 1 < 10-30 yes 

No A/C LD - No A/C UD 1 < 10-30 Yes 

PN h p 
Statistically 

different 

A/C LD - No A/C LD 1 < 10-30 yes 

A/C LD - A/C UD 1 < 10-30 yes 

A/C LD - No-A/C UD 1 < 10-30 yes 

A/C UD - No A/C UD 1 < 10-30 yes 

No A/C LD - A/C UD 1 < 10-30 yes 

No A/C LD - No A/C UD 1 < 10-30 yes 

Source: Own authorship, 2020. 
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Figure B-1- Left column: statistical summary of BC concentrations at the kerbside in Niterói and Rio in 

front of the ferry terminal and inside ferries in the lower and upper deck. The boxes represent the 

interquartile range (25th to 75th percentile), whiskers represent the 5th and 95th percentiles, the middle 

lines represent median values, the white circles represent the mean values and the black circles 

represent the minimum and maximum values. Right column: frequency of occurrence of BC 

measurements. Right column: frequency of occurrence of BC measurements. 

 

Source: Own authorship, 2020. 
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Figure B-2- Left column: statistical summary of PM2.5 concentrations at the kerbside in Niterói and Rio 

in front of the ferry terminal and inside ferries in the lower and upper deck. The boxes represent the 

interquartile range (25th to 75th percentile), the whiskers represent the 5th and 95th percentiles, the 

middle lines represent median values, the white circles represent the mean values and the black 

circles represent the minimum and maximum values. Right column: frequency of occurrence of PM2.5 

measurements. 

 

Source: Own authorship, 2020. 
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Figure B-3- Left column: statistical summary of PN concentrations at the kerbside in Niterói and Rio in 

front of the ferry terminal and inside ferries in the lower and upper deck. The boxes represent the 

interquartile range (25th to 75th percentile), the whiskers represent the 5th and 95th percentiles, the 

middle lines represent median values, the white circles represent the mean values and the black 

circles represent the minimum and maximum values. Right column: frequency of occurrence of PN 

measurements. 

 

Source: Own authorship, 2020 
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Figure B-4- Left column: statistical summary of TVOC concentrations at the kerbside in Niterói and Rio 

in front of the ferry terminal and inside ferries in the lower and upper deck. The boxes represent the 

interquartile range (25th to 75th percentile), the whiskers represent the 5th and 95th percentiles, the 

middle lines represent median values, the white circles represent the mean values and the black 

circles represent the minimum and maximum values. Right column: frequency of occurrence of TVOC 

measurements. 

 

Source: Own authorship, 2020. 
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Figure B-5- Spatial variability of air pollutant concentrations inside ferries. The upper line represents 

the concentrations inside ferries without air conditioning, and the lower line represents the 

concentrations inside ferries with air conditioning system. 

 

Source: Own authorship, 2020.  
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APPENDIX C- Statistical tests for fixed and mobile monitoring 

 

Table C-1- Mann-Whitney test results for fixed and mobile monitoring. The fixed monitoring compares 

the datasets from kerbside in Niterói and in Rio, whilst the mobile monitoring compares the datasets in 

the LD and UD. h = 0 accepts the hypothesis that the samples are not statically different, whilst h =1 

rejects the null hypothesis of equal medians (α = 5%); p is the p-value. 

 
Pollutants P-value 

Statistically 

significant  

F
ix

e
d

 

M
o

n
it
o

ri
n

g
 

BC Niterói – BC Rio 8 x10-1 No 

PM2.5 Niterói – PM2.5 Rio < 1 x10-3 Yes 

PN Niterói – PN Rio < 1 x10-3 Yes 

TVOC Niterói – PM2.5 Rio 8 x10-2 Yes 

M
o

b
ile

 

m
o

n
it
o

ri
n

g
 BC LD – BC UD < 1 x10-3 Yes 

PM2.5 LD – PM2.5 UD < 1 x10-3 Yes 

PN LD – PN UD < 1 x10-3 Yes 

TVOC LD – TVOC UD < 1 x10-3 Yes 

Source: Own authorship, 2020. 
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APPENDIX D- Daily variability at four microenvironments  

 

Figure D-1- Air pollutant concentrations measured at the kerbside in front of the ferry terminal in Rio 

de Janeiro. BC concentrations were sampled on all days of the experiment, simultaneously with the 

mobile measurements. PM2.5 concentrations were measured on August 3rd and 6th simultaneously with 

the mobile measurements and between alighting at the terminal and boarding the next ferry, on the 

remaining days. PN and TVOC concentrations were measured in short periods between alighting at 

the terminal and boarding the next ferry. The boxes represent the interquartile range (25th to 75th 

percentile), the whiskers represent the 5th and 95th percentiles, the middle lines represent median 

values, the white circles represent the mean values and the black circles represent the minimum and 

maximum values. 

 

Source: Own authorship, 2020. 
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Figure D-2- Air pollutant concentrations measured at the kerbside in front of the ferry terminal in 

Niterói. BC concentrations were sampled on all days of the experiment, simultaneously with the mobile 

measurements. PM2.5 concentrations were measured on August 2nd, 5th and 7th simultaneously with 

the mobile measurements and between alighting at the terminal and boarding the next ferry, on the 

remaining days. PN and TVOC concentrations were collected during the daily intercomparison periods 

at the kerbside. The boxes represent the interquartile range (25th to 75th percentile), the whiskers 

represent the 5th and 95th percentiles, the middle lines represent median values, the white circles 

represent the mean values and the black circles represent the minimum and maximum values. 

 

Source: Own authorship, 2020. 
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Figure D-3- BC, PM2.5 and PN concentrations from August 2nd to August 7th in the lower deck of the 

ferries. The boxes represent the interquartile range (25th to 75th percentile), the whiskers represent the 

5th and 95th percentiles, the middle lines represent median values, the white circles represent the 

mean values and the black circles represent the minimum and maximum values. 

 

Source: Own authorship, 2020. 
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Figure D-4- BC, PM2.5, PN and TVOC concentrations from August 2nd to August 7th in the upper deck 

of ferries. The boxes represent the interquartile range (25th to 75th percentile), the whiskers represent 

the 5th and 95th percentiles, the middle lines represent median values, the white circles represent the 

mean values and the black circles represent the minimum and maximum values. 

 

 Source: Own authorship, 2020.  


