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Abstract
The world maritime transportation is suffering a large increase in recent years and as a result of
this increased on global trade, there is a consequent increase in waterway transportation and
demand for fossil fuels, resulting in emissions of air pollutants. Consequently, the impact of
transport emissions on climate change was put on the list of priorities. It has a high fuel demand as
a result of continuous use of main engines for propulsion, electricity and heat production. The
highest exposure levels of air pollution are found in ports and near them because most of the
world fleet is positioned in these areas. The port of Rio de Janeiro city, in the Southeast Brazilian
coastal, is inserted in the Guanabara Bay (GB), where the breezes recirculate pollutants in Metropolitan Region of Rio de Janeiro (MRRJ). Therefore, the aim of this research was to use the Brazilian Regional Atmospheric Modeling System (BRAMS) to generate the wind fields in the MRRJ
and to calculate the trajectories of pollutants emitted on GB related to the waterway transportation, using a 3D kinematic trajectories model. Results demonstrated that for the periods analysed,
the Central and west areas in the coastal region of the Rio de Janeiro city were the local most
affected in the summer. In winter the trajectories reached the cities of the Rio de Janeiro and
Duque de Caxias. Both in summer and winter, the trajectories followed towards the South Atlantic
Ocean in the morning. Conclusions about this study show the need of decision-making process for
better management of waterway transportation sector, improving the harmful effects on air
quality in cities located in coastal regions.
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1. Introduction
Emissions from the transport sector play a key role, since transport is growing fast at global scale. Transportation is an important contributor to global emissions of many different gases and aerosols that can have an impact
on climate, either directly or indirectly [1]-[4]. The maritime transport sector contributes significantly to air pollution, particularly in coastal areas; however in terms of emission reduction this transport sector received less
attention in the past [5]-[7]. Nowadays, climate impacts of emissions from maritime, aviation and road transports have been investigated in parallel by applying consistent methodologies, which allow direct comparison of
their impact on global climate [8]. Consequently, the impact of transport emissions on climate change was put
on the list of priorities [6]. The world maritime trade is suffering a large increase in recent years and as a result,
there is a consequent increase in waterway transportation and demand for fossil fuels, resulting in emissions of
air pollutants. Shipping emissions are currently increasing and will likely continue in the future due to the increase of global-scale trade. This modal has a potential to contribute to air quality degradation mainly in coastal
areas and also to global air pollution [9].
Maritime transport contributes significantly to air pollution by the emissions of nitrogen oxides and sulphur
dioxide. It has a high fuel demand as a result of continuous use of main engines for propulsion, electricity and
heat production while in port. Thus, the highest exposure levels of air pollution are found in ports and near them
because 80% of the world fleet is positioned in ports or navigating in coastal areas. Many people live in port cities or coastal regions with fragile ecosystems, vulnerable to the effects caused by air pollution from ships [10].
Suppliers ships used for logistical support on offshore platforms require also high density oil consumption for
propulsion of the main engines and auxiliary boilers, resulting in continuous emission of pollutants. These ships
are today considered one of the biggest polluters.
Gases and particles emitted from ships are a significant and growing contributor to the total emissions from
the waterway transportation sector, causing degradation in human health and climate change. Regulating ship
emissions requires knowledge of current fuel consumption, understanding their impact on atmospheric composition. Nearly 70% of ship emissions occur within 400 km of coastlines, causing air quality problems through the
formation of tropospheric ozone, sulphur and particulate matter in coastal areas and harbors [11]. The main
compounds emitted are Carbon Dioxide (CO2), Nitrogen Oxides (NOx), Carbon Monoxide (CO), Volatile Organic Compounds (VOC), Sulphur Dioxide (SO2), Black Carbon (BC) and Particulate Organic Matter (POM)
[3]. Studies suggest that ships consumed around 200 - 290 million metric tons (1 Mt = 1 Tg = 1012 g) fuel and
emitted around 600 - 900 Tg CO2 [3] [12]-[14]. These studies have estimated around 15% of all global anthropogenic NOx emissions and 4% - 9% of SO2 emissions attributable to ships. These emissions have a great potential to contribute significant pollution in coastal communities.
The particles can also have an indirect effect on climate through their ability to alter the properties of clouds
[11]. Not only are the impacts on the global scale but also local and regional air quality in coastal areas and harbors worrying. It is necessary to improve our understanding of the impact of waterway transportation on atmospheric composition and climate and come up with suggestions for mitigation options.
In order to reduce the effects of air pollutants emission by ships on environmental and health, several measures are imposed from international, national and local legislators. In 1973, IMO (International Maritime Organization) adopted the International Convention for the Prevention of Pollution from Ships, now known universally as MARPOL, which has been amended by Protocols adopted in 1978 and 1997 and kept updated
through other relevant amendments. The MARPOL Convention addresses pollution from ships by several substances, sewage, garbage, and the prevention of air pollution. MARPOL Annex VI, first adopted in 1997, limits
the main air pollutants contained in ships exhaust gas, including SOx and NOx, and prohibits deliberate emissions of ozone depleting substances. Actual legislation concerning NOx and SOx emissions is presented in
MARPOL Annex VI [15] [16].
In addition to the challenges for society to reduce the emissions of greenhouse gases (in particular CO2)

124

M. M. F. de Oliveira et al.

another challenge is to reduce global anthropogenic NOx and SO2 emissions that can be transported over long
distances from their sources, having health and ecosystem consequences. As most marine engines operate at
high temperatures and pressures, NOx and SO2 (2.4% - 2.7% as average Sulphur content) emissions from ships
are relatively high [17] [18]. As ocean-going ships contribute significantly to global emissions of NOx, SO2, and
POM, it was estimated that by 2020, ship emission contributions to the European Union (EU) will surpass total
emissions generated by all land-based mobile, stationary and other sources in the twenty-five nations [19]. Maritime transportation is currently responsible for over 3% of global CO2 emissions, and total emissions from this
sector continue to increase, reaching 5% by 2050 [20].
Economic projections indicate that containerized shipping is expected to increase throughout the world and in
response to this growth; the shipping industry is expected to continue its trend toward larger container vessels
[21]. The Departments of the Army, Interior, Commerce and the US Environmental Protection Agency aim to
approve projects developed as mitigation plans to accommodate the larger classes of container vessels and assessment the air emissions associated with the operation of the port before and after project implementation.
The State Environmental Institute (INEA) is the agency responsible for monitoring of air quality in the state
of Rio de Janeiro since 1967, when the first measurement stations were installed. The MRRJ is the region with
the second largest concentration of population, vehicles, industries and emission sources of pollutants, generating serious problems of air pollution.
The resolution of the National Environment Council (CONAMA n˚ 03/1990) indicates the air quality patterns
by pollutants levels prescribed to the outside air, which cannot be exceeded in a given time and region. These
parameters must be regarded for the health protection of the people, buildings and environmental resources. This
Council classifies these patterns according to the exposure time, as short or long period, depending on the damage. Table 1 shows the air quality index used by the INEA based on the CONAMA resolution. The air quality
patterns determined on the CONAMA related to primary and secondary patterns are shown in Table 2.
In recent years the incentives to shipbuilding in Brazil and investments for oil exploration in the sea have driven the expansion of the Brazilian fleet of marine support and port. The National Agency of Waterway Transportation (ANTAQ) with the Dutch government outlined environmental regulatory targets for this transport sector [22]. Between 2006 and 2011, the Brazilian fleet of supply ships increased from 56 to 121 vessels [23]. According to [24], emissions of air pollutants can occur for mobile sources (air, sea and land), fixed/stationary (industrial processes, power plants and others) and natural (processes occurring in vegetation, soil, marine ecosystems, volcanoes, lightning, etc.).
Reference [25] estimated emissions of NO2 and SO2 for ships anchored in GB. Simulations were made from
24 hours in pollutant plumes around the Bay for all seasons from the calculation of emissions. The worst values
were on July (winter) in city of São Gonçalo in the MRRJ.
Table 1. Air quality index used by INEA according to CONAMA resolution.
Air quality

NO2 (µg∙m−3)

Index

SO2 (µg∙m−3)

Good

0 - 50

0 - 100

0 - 80

Regular

51 - 100

100 - 320

80 - 365

Inadequate

101 - 199

320 - 1130

365 - 800

Bad

200 - 299

1130 - 2260

800 - 1600

Too bad

>299

>2260

>1600

Table 2. Air quality patterns determined on the CONAMA (03/90) resolution.
Pollutant

Sampling (t)

Primary pattern (µg∙m−3)

Secondary pattern (µg∙m−3)

NO2

24 h

365

100

SO2

1h

320

190

Annual

SO2

80

40

Average

NO2

100

100
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The pollutant plumes follow the atmospheric flow field which can be studied using the Eulerian and Lagrangian methods [26]. The Eulerian method allows a quick overview of the movement of many particle of the flow.
In this method is traced tangent lines at speeds observed simultaneously at different points of the flow, called
current lines. Otherwise, the Lagrangian method allows viewing the successive positions of the same particle
over time. The path taken by a given air parcel for a period of time in a balanced flow is called trajectory. According [27] the knowledge of wind at the study area is not sufficient to determine the source of air masses, because the velocity vector is due to rotational movements, and not because translation of air masses. Only through
the knowledge of dynamic of atmosphere is that we know the path followed by them. The calculation of air
mass trajectories is very important because it enables the knowledge of pollutant emission sources transported in
the atmosphere.
The above is an overview of the increase in emissions related to waterway transportation sector and its impact
on air quality of coastal cities. The scope of this research is to simulate the trajectory of pollutants generated
from mobile and stationary sources related to the waterway transport, using atmospheric and pollutant trajectory
models. The contribution of this modal to the emission of pollutants in MRRJ is analyzed, considering a wet
(summer) and dry (winter) periods.

2. Study Area
The study area is located on the GB, Rio de Janeiro city (22˚47'26''S, 43˚09'20''W). The GB is surrounded by the
cities of Rio de Janeiro, Duque de Caxias, São Gonçalo, Niterói and other smaller cities (Figure 1).
The GB has an estimated volume of 1.8 billion m3 in an area of about 400 km2 with a length of 28 km in the
north-south axis, and 20 km at its widest point. Its depth varies from 50 m in the inlet connection channel with
the inner shelf to less than 1 m in internal areas, close to the margins. This Bay is a location of marine traffic and
is within the MRRJ, where is the port of Rio de Janeiro. The Brazilian fleet of maritime support is increasing
and supply vessels of logistical support to oil platforms use high-density oil. These ships are considered one of
the major polluters, emitting several legislated pollutants.

Figure 1. Map of the study area with the localization of GB. Source: Adapted from [25].
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The region of an organized port, as in the case of Rio de Janeiro, has container terminals, steel products, vehicles (roll-on roll-off), cargo and bulks [28] [29]. Thus, emissions of air pollutants are mainly from mobile
sources, generated by marine vessels and the movement of vehicles [30].
In the Marine Traffic website is possible to view several categories of ships as passenger, cargo, tankers, tug,
fishing boat and other. The access to this website for the GB shows several ships of several classes as much as
anchored, moving and berthed at the organized port of Rio de Janeiro (Figure 2).
The atmospheric large-scale circulation pattern over the study area refers to the general circulation of the
South Atlantic with the presence of the subtropical anticyclone that is a semi-stationary meteorological system,
presenting a well-defined seasonal movement. During the summer, the subtropical anticyclone over the continent becomes weaker than winter, moving southerly. On its western side the winds blow northeasterly towards
the southeastern coast of South America and they are more intense in the southeastern coast of Brazil where the
GB is located. This circulation is periodically disturbed by the passage of frontal systems caused by migrating
anticyclones that move from the southwest across the northeast in the southeast coast of Brazil.
The differential heating between the GB and the continent generates the mesoscale meteorological phenomenon known as breeze, recirculating pollutants in MRRJ. The land breeze (during the night) follows the northsouth direction, carrying pollutants to densely urbanized regions of the coast and the sea breeze (during the day)
into the metropolitan area. The MRRJ topography with the hills located parallel to the coastline acts as a physical barrier to the winds from the sea, blocking the ventilation in areas located further inland [31] [32]. At the regional scale (100 km), the circulation of sea breeze or land breeze caused by the temperature difference between
the surface of the sea and the continent, may limit air ventilation through recirculation pollutants [33].
The MRRJ, an urban area, densely populated and industrialized has the air quality reduced. The effect of the
sea breeze is verified by transporting the west side pollutants (source) to the east side (receiving region) of the
MRRJ. To manage air quality of the MRRJ is necessary to know the meteorological, geographical and socioeconomic variables and the chemistry of the troposphere. Reference [25] compared the emission values of NOx
and SO2 with the data of the daily bulletin monitoring air quality around the GB performed by INEA, using the
[34] software. The author used the local meteorological variables, regional geomorphology, the exact position of
vessels and the number of vessels on the basis of maritime traffic in real time for the period 2013-2014. After
processing the database, it was verified that these pollutants emitted by ships anchored on GB have a contribution that must be considered in relation to the impact on the deterioration of air quality in MRRJ.

Figure 2. Map of marine traffic in GB with several types of vessel and part of the MRRJ. Source:
Adapted from http://www.marinetraffic.com downloaded on May 10, 2016.
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3. Methods

3.1. Meteorological Dataset
In this research was used the Brazilian Regional Atmospheric Modeling System (BRAMS) to generate the wind
fields in the area of MRRJ and to analyze the meteorological flows. This model is a set of computer program
that simulates the atmosphere for weather and climate research and for numerical weather prediction [35]. The
reanalysis from the National Centers for Environmental Prediction-NCEP and National Center for Atmospheric
Research-NCAR [36] were used for initialization of this model for February and August, 2015.

3.2. Atmospheric Simulations
To perform the numerical simulations of the wind field in MRRJ it was used the BRAMS with three grids tridimensionally nested according to the studies developed by [37]. The grids used in this approach, allowed covering the domain of MRRJ, capturing the features of mesoscale patterns. The downscaling technique, consisting
in reduction scales, allowed that larger scale information passed to the smaller ones and vice versa, using the
two-way nesting.
The reanalysis dataset of the climatological average of February and August, 2015 were submitted to analysis
package of BRAMS, which treated and interpolated the data of horizontal wind components, temperature and
relative humidity at several pressure levels for isentropic and sigma_Z levels. The initial condition and boundary
for numerical integrations were obtained by applying objective analysis [38] of these two dataset.
The BRAMS generated flow field to initialize the model of three-dimensional kinematic trajectories developed by [39] [40] and calculate the trajectories of pollutants emitted on the GB during summer and winter. For
the model assimilate the data, in the center, the sides and in the top of the domain, it was used the Newtonian
relaxation with three nested grids centered on the GB as an alternative form of dynamic initialization of the
NCEP/NCAR reanalysis dataset, because this technique allows the model to reach the desired fitting after a few
hours of integration. The boundary layer was finely refined with stretch ratio of 1.5.

3.3. Calculation of Air Parcel Trajectories
In this research it was opted for the cinematic three-dimensional model due to the existence of three-dimensional
wind field, the size of the study area and the high-resolution of the grid 3 used in the MRRJ domain. The trajectories of the MRRJ air parcels were obtained at different times and heights, on February and August, in order to
verify the influence of the breeze system in the trajectory of pollutants emitted in the region.
The calculation of trajectories is based on the Equation (1) [41]:

dr ( t )
dt

= V ( r, t )

(1)

where
r(t) is the position of the air parcel at time t;
Vis the horizontal wind field (u, v) and the vertical wind (w).
This model allows the knowledge of the output and arrival of trajectories in a region. From Equation (1), the
position of the air parcel r(t) is defined by Equation (2) to the output trajectory (forward) after the time lag Δt =
(t1 − t0):
t1

r=
( t1 ) r ( t0 ) + ∫V  r ( t ) , t  dt

(2)

t0

The calculation of the arrival trajectory (backward) is also obtained from Equation (1).
The level (height) reached by a particle or pollutant, along the trajectory of air parcels, is represented by the
color scale of the figure.
The trajectories of pollutants emitted in the area of GB were calculated forward between 0600 and 2100 local
time (LT) with integration time of 3 and 6 hours for days on February 9 and August 5, 2015. To view the flow
field and the trajectories of pollutants, it was used the Grids Analysis and Display System-GRADS [42].
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4. Results and Discussion

The results of the atmospheric flow in MRRJ with the use of BRAMS and 3D kinematic trajectories models on
February and August showed simulations for atmospheric conditions of summer (wet) and winter (dry), respectively. Once characterized the flow for these periods, it was calculated the trajectories followed by the pollutants
emitted by fixed and mobile sources on the GB due to waterway transportation. The trajectories followed by
pollutants emitted by these sources show the sector contribution to air quality in the MRRJ.
Figure 3 shows the passage of a frontal system (cold front) in southeastern region of Brazil on February 09,
2015 (wet period). This system changes the pattern of sea and land breezes characteristic on GB. This synoptic
condition was chosen to show the influence of a frontal system on the local mesoscale system and also in the
transport of pollutants generated on GB due to the waterway transportation.
The simulated wind field at 0900 LT showed a confluence of NW and NE winds, intensifying the land breeze
on the GB (Figure 4(a)). As the cold front moved toward the ocean, NE winds were intensified at 1500 and
2100 LT with speed around 10 m·s−1, interfering with the behavior of the sea breeze, annulling the recirculation
of pollutants in the MRRJ (Figure 4(b) and Figure 4(c)).

Figure 3. GOES satellite image on February 09, 2015, 0900 LT (1200 UTC), showing the passage of the cold front in the
southeastern region of Brazil. The white arrow indicates the study area (state of Rio de Janeiro).
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Figure 4. Wind field on February 09, 2015 at 0900 LT (a), showing the confluence of the winds on the GB, characteristic of
the presence of cold fronts in the state of Rio de Janeiro. Wind field at 1500 and 2100 LT (b) and (c), respectively show NE
wind direction with speed around 10 m∙s−1 due to the deviation of the cold front toward the South Atlantic Ocean.

Figure 5 shows the trajectories calculated at 0900, 1500, 1800 and 2100 LT following SE, SW, SW and S directions, respectively, around 500 meters of height. In this scenario, pollutants were transported towards the
South Atlantic Ocean, as well as in Central Rio de Janeiro and coastal areas of West zone of the city, influencing
thus the air quality in this region.
The mesoscale flow type breeze occur on scales of hundreds of kilometers. These wind systems are affected
by local topography and the differential heating of the surface, favoring or harming the places where they move.
Temperature inversions are conditions that occur in the winter season. However, with the passage of a cold mass
over the region can occur block situation caused by a high migratory pressure center. This condition is extremely unfavorable to the health of the population because maintains the pollution near the ground. Over the analyzed period it was verified that at all time simulations occurred a predominance of land breeze due to the influence of the large-scale system, favoring the MRRJ.
In the dry period from August 03-10, 2015, the synoptic condition in the MRRJ was clear sky, high temperature around 30˚C and low relative humidity (Figure 6). This synoptic condition was chosen to calculate the trajectories of pollutants generated on the GB by waterway transport due to unfavorable atmospheric features to
disperse pollutants. The presence of migratory high pressure system, acting in the Southeast region intensified
the land breeze.
The simulated flow field on August 05-09, 2015 at 0900 LT showed NE winds intensifying the land breeze on
the GB around 8 m∙s−1 (Figure 7(a)); at 15 LT showed the weakening of land breeze as a result of heating in the
MRRJ (Figure 7(b)). Despite the weakening of the winds on the GB, the land breeze acted still blowing southward, carrying pollutants with less intensity to the south of GB.
Figure 8 shows the trajectories calculated on August 09 at 0900, 1500, 1800 and 2100 LT following S, W, W
and SW directions, respectively. In this scenario, pollutants were transported towards the South Atlantic Ocean,
as well as westward of the MRRJ, reaching the cities of Rio de Janeiro and Duque de Caxias. Pollutants following the movement of large scale winds around 500 meters of height, contributing further to the deterioration of
air quality in the region.
In conditions of clear sky and calm, the cooling air near the surface is more pronounced, causing the temperature inversion. These conditions limit the lateral and vertical dispersion of the pollutants and the concentrations
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became higher. At nightfall the loss of terrestrial radiation becomes the atmosphere more stable, due to the surface cooling. As shown in Figure 8, the simulations made at 1800 and 2100 LT show the trajectories following
to densely populated areas of MRRJ. Therefore, the stable atmosphere with lightwind limits the dispersion of
pollutants and concentrations may rise.

Figure 5. Trajectories of pollutants simulated with 3D kinematic model on February 09, 2015 at 0900, 1500, 1800 and 2100
LT around 500 meters of height (represented by the color scale of the figure).
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Figure 6. GOES satellite image of August 05, 2015, 0900 LH (1200 UTC), showing a large dark area of the map where is
the state of Rio de Janeiro (white arrow). This area is under stable atmospheric condition with a migratory high pressure system.

Figure 7. (a) Wind field on August 05, 2015 at 0900 LT, showing the winds blowing towards NE direction with speed
around 8 ms−1 on the GB region; (b) Wind field at 1500 LT, showing the weakening of land breeze on GB, blowing with
much lower speed than 8 m∙s−1.
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Figure 8. Trajectories of pollutants simulated with 3D kinematic model on August 09, 2015 at 0900, 1500, 1800 and 2100
LT around 500 meters of height (represented by the color scale of the figure).

5. Conclusions
The waterway transportation sector is increasing the fleet of ships in GB, influencing the air quality in MRRJ and
vicinity. The industry of oil and natural gas in the state of Rio de Janeiro has contributed to the increase the fleet of
supplier ships, used for logistical support to oil platforms. These ships are potentially pollutants due to use of low
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quality fuel. The air quality in the RMRJ has a strong influence of meteorological systems, especially type breeze,
which recirculate pollutants on GB. The atmospheric modeling used in this research showed the influence of these
systems on the transport of pollutants generated by the movement of vessels as well as ships at anchor in GB and
berthed at the port of Rio de Janeiro for the summer and winter seasons. In the summer, the most affected points in
the MRRJ were the central and coastal areas of the west side of the Rio de Janeiro city. In winter the trajectories
followed in the westward of MRRJ, reaching the cities of the Rio de Janeiro and Duque de Caxias. Both in summer
and winter, the trajectories followed towards the South Atlantic Ocean in the morning.
This study shows the need for better management of waterway transportation sector to improve the harmful
effects on air quality in the MRRJ generated by the maritime fleet in GB. The complexity of the physical processes
and their impacts must be analyzed, as well as aspects related to legislation, regulatory systems and articulation
between several plans and programs of different sectors of administration. It should consider a policy that favors
the required patterns for urban development without environmental degradation, aiming to preserve the air quality
in cities located in coastal regions.
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