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A B S T R A C T   

Large ships are efficient in transporting oil and its derivatives. However, they can cause spills in the event of 
accidents. The aim of the study is to simulate oil dispersion processes in scenarios of likely accidents with ships 
traveling on sea routes interconnected with Amazonian ports and with the Atlantic Ocean. Navigation routes 
were based on traffic data to identify risk areas, as well as to compare them to data from the environmental (oil) 
sensitivity index and to results of numerical simulations of plumes dispersion. These three approaches were 
integrated to each other in order to assess potential environmental impacts of plumes on coastal biota and human 
populations. Scenarios results have indicated that the rainy season is the most critical period for plumes 
dispersion. But, depending on the emission point, plumes tend to remain close to the coast, extend up to 132 km 
within 72 h, affecting the biodiversity, protected areas and water supply systems from the urban areas.   

1. Introduction 

Oil tankers account for approximately 28% of the world fleet. 
Although they are efficient in transporting oil, they can cause oil spills in 
the event of accidents. Damage caused by accidents can lead to oil spills, 
damage ships’ structure, as well as lead to the degradation of maritime 
and river environments, explosions, traffic blockages and permanent 
damage to ships (Calle and Alves, 2011; Uğurlu et al., 2015). 

Therefore, ships navigating at sea and estuaries do not have absolute 
operation safety because the risk of accidents is a constant reality, either 
during extraction processes or during the transportation of crude oil or 
its derivatives (Lopes et al., 2009; Xu and Wang, 2014). For example, 

ship collisions account for most maritime and estuarine accidents; the 
risk may be even higher in ports presenting high traffic density or 
complex bathymetric conditions (Yoo and Kim, 2019). In addition, 
vessel traffic features may also differ depending on maritime areas and 
routes; accident risk assessment mainly takes place in port areas, as 
indicated by Maritime Safety Audit (MSA) (Yoo and Kim, 2019). Large 
amounts of oil can be released in these restricted areas and reach 
vulnerable ecosystems and urban communities (Xu and Wang, 2014; Shi 
et al., 2019; Lu et al., 2017). 

Despite this scenario, risk analysis at global level seems to show 
decreasing frequency of oil spills over time, which corresponded to 6.6/ 
year in 2010. However, it also indicates growing trends to storage/ 
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refinery and gas pipeline spills, as well as to stationary spills associated 
with exploration/production processes, which corresponded to fre
quency value of 0.54/year in 2010 (Melaku Canu et al., 2015). 

On the other hand, the overall risk of accidents in Brazilian water
ways, such as the Amazon ones, increases due to the number of vessels 
using them to transport cargo and passengers. According to the Brazilian 
Navy Communication Center, there were 832,717 vessels registered in 
2015; this number has increased to 859,852 and 877,692 in 2016 and 
2017, respectively (EBC, 2017). 

In fact, the country has recorded several accidents with vessels 
involving both inland (62%) and open sea (38%) navigation (Marinha 
do Brasil, 2019). For example, small vessels navigating in Amazonian 
rivers often experience stability or watertightness issues; besides, they 
are more susceptible to accidents in free-flowing rivers (Pereira, 2007; 
Padovezi, 2012). In addition, vessels facing adverse climatic conditions 
can be adjunct factors to risky environments for river transportation 
(Santos, 2013). Based on the operational perspective, malpractice and 
human errors tend to increase the risk of accidents involving vessels 
sailing on Brazilian rivers (Padovezi, 2012). Thus, accidents take place 
due to physical and environmental features of waterways and to vessels’ 
poor behavior and operation process (Yoo and Kim, 2019). 

Vessels navigating in the open sea often experience fewer accidents, 
since they are equipped with electronic navigation assistance systems 
and present better-quality stability and navigation projects that give 
them greater ability to react to adverse events. These are the reasons 
why the 2002 Maritime Transportation Security Act has established 
requirements for tracking vessels in order to improve the national se
curity of the United States; the aforementioned Act has made it 
mandatory installing the Automatic Identification System (AIS) in 
American waters. The AIS on board ships transmits information such as 
vessel name, position, speed and course. In addition, receivers at desti
nation are sent data made available by AIS in open sea areas, in inland 
waters and in ports (Mou et al., 2010). At the same time, there was 
widespread increase in the use of systems such as ARPA (Automatic 
Radar Plotting Aids), GMDSS (Global Maritime Distress & Safety Sys
tem), GPS (Global Positioning System) and ECDIS (Electronic Chart 
Display and Information System) in global navigation (Xu and Wang, 
2014). 

Thus, significant changes were observed in Amazonian river ports 
due to international maritime trade and cabotage in the last twenty 
years, as well as to the emergence of larger ships (maximum 50 thousand 
tons); these changes have turned ship maneuvers into an even harder 
task, not to mention that the number of crew members tends to decrease, 
which makes this challenge even more complex for navigators (Pereira 
et al., 2014). On the other hand, despite these safety mechanisms, ac
cording to navigation records of ships sailing in the Lower Amazon River 
(AIS), there has been considerable frequency of ships traveling above the 
maximum speed allowed on the waterway (> 40%), i.e., faster than 10 
knots. However, they can often reach up to 15 knots (30% of records), 
which can considerably increase the risk of accidents (Fragoso-Neto 
et al., 2018). 

Environmental sensitivity index (ESI) mappings of the entire Bra
zilian coastal zone, with emphasis on the area comprising the Amazon 
River estuary, are available (IEPA, 2016; IEPA, 2017). ESI mappings are 
tools used to plan contingency and response actions in oil-related acci
dents (Zamboni et al., 2004). Thus, they are mandatory requirements for 
several environmental licensing processes (Marinho, 2012). It is neces
sary determining the Littoral Sensitivity Index (LSI) for each coastline 
segment in order to make these mappings. This index is based on 
geomorphological, hydrodynamic and biological features of the area, 
which are used to determine its environmental sensitivity degree (Gil- 
Agudelo et al., 2015). Therefore, the use of LSI maps can vary from coast 
protection and cleaning planning (in specific places) to strategic plan
ning for contexts of major accidents in remote areas at regional scale 
(Zamboni et al., 2004; de Andrade et al., 2018). 

LSI maps of Amazonas River Mouth Basin region have not yet been 

tested in simulations of accidental spill of oil, or oil derivatives, in risky 
situations (Fig. 1). Thus, it is essential developing operational/tactical 
strategies to be applied in the event of accidents in order to optimize 
preventive actions, minimize likely damage and guarantee the protec
tion of vulnerable natural resources and local communities, including 
potentially-affected protected areas and urban zones (Macapá and 
Santana cities and Port Area) (Ward et al., 2013; Mancio Filho, 2014; 
Dias et al., 2016; IEPA, 2017; Santos et al., 2018; Abreu et al., 2020). 

The aim of the present research was to numerically simulate the 
dispersion of hypothetical oil plumes in areas identified as presenting 
higher risk of collision or accidents between vessels traveling in the 
Amazon River Estuary (AIS), based on a hydrodynamic and environ
mental modeling system (SisBaHia) (Rosman, 2018) and on a previous 
knowledge base of currents observed in the region (Abreu et al., 2020). 

Four (4) specific sites were identified as potential areas for oil spill 
accidents in the Amazon River estuary. The identification process was 
based on statistical data - such as route and intensity - provided by the 
Automatic Identification System (AIS) about the ship traffic taking place 
in these critical waterway sections from 2016 to 2019 (Fig. 1). There
fore, it was possible mapping the places most likely susceptible to oil 
spills, as well as estimating the extent and concentration of pollutant 
plumes based on a given hydrological period (Abreu et al., 2020), on the 
distance from the accident point to the coast and to the waterway route, 
as well as on the most likely distance from the banks of the Amazon 
River and the corresponding LSI value (IEPA, 2016). In addition, S500 
diesel oil was selected as the pollutant most likely to be spilled, since it is 
the oil type mostly transported by ships in the Amazon region. 

All four scenarios used for pollutant dispersion modeling and simu
lation purposes were applied to two hydrological times (rainy season - 
May / dry season - November) by taking into consideration the hydro
dynamic and climatic features representative of Amazonian coastal 
ecosystems (bathymetry, tidal phase and amplitude, flow, current speed, 
temperature and wind effect). Results recorded for these scenarios were 
compared to LSI and AIS data. 

2. Materials and methods 

2.1. Study site and period 

The mouth of the Amazonian Maritime Basin is located at the 
Northern end of the Brazilian coast (Fig. 1). Based on the environmental 
viewpoint, Amapá (0◦02′06′′ S; 51◦10′30′′ W) and Pará states (1◦26′35” 
S; 48◦29′51” W), as well as part of Maranhão State (2◦33′38′′ S; 
44◦21′44′′ W), cover the Brazilian Amazon coast, which presents a va
riety of fragile coastal and marine ecosystems that extend from São 
Marcos Bay to Orinoco River Delta in Venezuela; these ecosystems are 
directly influenced by the Amazon River Dispersion System (IEPA, 
2016). 

The Estuarine Coast of Amapá (ECA) State is in direct contact with 
the Northern Amazon River Channel and presents clay and silt substrate 
along the flooded plain of the Amazon River and of its tributaries; it is 
also influenced by micro, meso and macro tides (Torres et al., 2018). The 
inner part of the Amazon River mouth and the mangroves give way to 
extensive low plains and flooded forests that cover the substrate of river 
and island banks, as well as of flood plains. Small beaches can be seen on 
the internal estuarine coast, close to Macapá and Santana cities (IEPA, 
2017). 

This coast presents the largest continuous mangrove areas world
wide, as well as the largest coastal marshes in Brazil. The location of this 
coastline in the tropical equatorial region and its regional geological/ 
geomorphological, oceanographic, climatological and hydrographic 
features enable the incidence of high magnitude and amplitude driving 
forces (Abreu et al., 2020; Torres et al., 2018; Valerio et al., 2018). 

Estuarine semidiurnal tides, with local amplitudes of up to 3–4 m 
(and up to 12 m on the ocean coast), present strong currents perpen
dicular to the coast. The seasonal displacement of the Intertropical 
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Convergence Zone (ICZ) results in constant river breeze action and in
fluences wave generation (Kuhn et al., 2010; Gallo and Vinzon, 2005). 
The massive flow (210 thousand m3 s−1) of the Amazon River is capable 
of transporting thousands of tons of sediments to the ocean along the 
coast towards Venezuela (Gallo and Vinzon, 2015). The action of these 
driving forces results in coastal morphology under constant changes 
(Torres et al., 2018; IEPA, 2017; Santos et al., 2018), which increases the 
complexity of fuel storage, transportation and transshipment operations. 
However, there is lack of contingency plans, which makes it essential 
conducting studies focused on stopping and/or mitigating likely envi
ronmental disasters involving oil and oil-derivative spills (Cunha et al., 
2012). 

The most intense vessel traffic is indicated by a black dotted line 
(Fig. 1). It is the technical justification for the present research, due to its 
regional economic importance and mainly because it corresponds to the 
geographical domain for the mandatory entry and exit route of ships 
used to sell Brazilian goods and exports (UNCTAD, 2008). 

This region is environmentally sensitive when it comes to the coastal 
aquatic biota, besides hosting protected areas and several riverside 
communities. Therefore, it is relevant for Amazonian biodiversity con
servation and preventive protection against likely catastrophic episodes 
involving potential accidents with ships (IEPA, 2017). Fig. 1 shows the 
Littoral Sensitivity Indices (LSI), different habitats and most likely sites 
for potential oil spills (S-1, S-2, S-3 and S-4). The red diamond in the 
legend represents the Water Treatment Station (CAESA or S-2) in Mac
apá City, between S-3 and S-4. Black dots represent the two main cities 
in Amapá State, namely: Macapá and Santana. Port of Macapá, also 
known as Port of Santana Docks, is located in Santana City. Fazendinha 
Environmental Protection Area (Fazendinha EPA) and Curiaú Environ
mental Protection Area (Curiaú EPA) - highlighted in green on the map – 
are located close to Macapá and Santana cities, respectively. 

2.2. Climate data 

Climatic features of the investigated region show high rainfall rates 
(≈2300 mm/year), high temperature (never below 18 ◦C) and signifi
cantly sharp dry season (August to November); the climate in the region 
is classified as Am (monsoon climate), based on Köppen’s methodology 
(Köppen, 2020). Climatic variation takes place in two main periods, 
namely: the Amazon rainy season, from January to August, which pre
sents the highest rainfall rate between March and May; and the least 
rainy period in the Amazon region, from September to November 
(Limberger and Silva, 2016; Marengo and Espinoza, 2016; De Souza 
et al., 2017). 

Wind intensity variation are similarly seasonal, although opposed to 
rainfall events (Kuhn et al., 2010). Wind speed is lower in the rainiest 
period and faster in the lesser rainy period (higher intensity). Meteo
rological data recorded for rainfall in the present study are ≈ 400 mm 
and ≈ 60 mm in May and November, respectively. Wind intensity lies 
within the following intervals: [0 ≤ V (Air) ≤ 2 m s−1] in May and [1 ≤ V 
(Air) ≤ 3 m s−1] in November. These intervals were based on an 8-year- 
long time series (2010–2018) made available by Macapá meteorological 
station (MACAPA-AP-OMM: 82098), which is close to Fazendinha EPA. 
Data were provided by the Meteorological Database for Teaching and 
Research-BDMEP of the Brazilian National Institute of Meteorology 
(Instituto Nacional de Meteorologia - INMET). 

2.3. AIS data collection 

The risk of accidents can be defined as the likelihood of an unwanted 
event to take place multiplied by the consequences of this event (Mar
ignani et al., 2017). Risk assessment lies on comparing the risk analysis 
results to risk criteria in order to assess likely actions to be taken, or 
whether the observed risks are acceptable or not. One, or more, actions 

Fig. 1. Critical estuarine zone of Amapá State coast (Macapá and Santana cities) and Protected Areas (green spot). The vessel monitoring area is defined based on the 
most intense traffic (black dotted line). Coastline colors represent the Littoral Sensitivity Index (LSI). S is representative of the place most susceptible to oil spill. S-1 
= Port of Santana; S-2 = Santana Channel; S-3 = Pedrinhas River Mouth; and S-4 = CAESA (water treatment unit). Source: Adapted from IEPA (2017). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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should be adopted and implemented during the analysis stage to help 
mitigating these risks (Xu and Wang, 2014). 

Traffic data was generated in automated tracking system used on 
ships, as well as by Vessel Traffic Services (VTS) used to identify and 
locate vessels and telemetrically exchange data with other ships and 
stations nearby (Montewka et al., 2010; Pereira et al., 2014). The system 
can automatically transmit the position and speed of ships, among other 
information, to an AIS data receiver. The International Convention of 
the International Maritime Organization for the Safety of Life at Sea 
(SOLAS) requires AIS to be installed on board of ships making interna
tional trips with gross tonnage (GT) of 300 t, or more, as well as on board 
of all passenger ships, regardless of size (Mou et al., 2010). 

AIS data are used as source of information to help determining ships’ 
route between port terminals and maritime/estuarine traffic routes, as 
well as to identify and estimate risks associated with navigation on 
waterways (Van Dorp and Merrick, 2011; Pedersen, 1995). Data 
collected during the monitoring of ships navigating in AMN (Northern 
Channel close to Macapá City) enables making several analyses of 
monitored variables such as ship type and speed in “knots”, ports of 
origin and destination, ship flag, construction year, length (m) and 
width (m), as well as geographic position (latitude/longitude), date and 
time of registration (Pereira et al., 2014). For example, these data were 
specifically collected for the period between March 14, 2016 and March 
14, 2019; they also included indicators such as physical features and 
frequency of ships sailing in the investigated region (Pereira et al., 2014; 
Fragoso-Neto et al., 2018). 

2.3.1. Evaluating ship operation in the Amazon Basin 
Features of ships circulating in the Northern Channel (AMN - Fig. 1) 

during the investigated period are shown in Table 1. Approximately 
3917 vessels of different classes were monitored; 184 vessels were 
removed from the analysis due to lack of available DWT (deadweight 
tonnage) and speed data. These vessels belonged to different classes 
(Passenger, Pilot Vessel, Pleasure Craft and Offshore Supply Ship). Thus, 
the analysis has focused on the universe of 3733 ships, based on the 
identified classes of vessels, as well as on mean DWT and standard 
deviation. 

Bulk carriers (a) accounted for 56% of the total number of analyzed 
vessels, whereas ships carrying oil (f, j, k, l and p) accounted for 11%. If 
one only takes into consideration ships carrying oil products, the mean 
DWT recorded for these classes is of the order of 36,522 t; they are 
limited by the maximum operational draft in Amazonian ports. This 

restriction is applied to the Amazon River mouth, where the maximum 
operational draft of ships is 11.50 ± 0.2 m (Barra Norte, not shown in 
Fig. 1). Based on AIS data, it was possible seeing at least 3 ships/day 
sailing or circulating in the investigated area, where traffic speed in 
navigation operations, as well as piloting and anchoring time at 
Fazendinha, were computed. 

Data collected in AIS have indicated that ships at zero speed (0) are 
those anchored and waiting for pilot support on board - 954 records, in 
total. Most ships were traveling at speed ranging from 12 to 15 knots. 
Ships traveling at the highest speed comprised bulk carriers (56%), 
containers (13%), oil tankers (12%), LPG tankers (9%), ores carriers 
(6%) and the remaining ones were distributed among other classes. 

In total, 700 ships were traveling faster than 15 knots; they were 
mostly containers, bulk carriers, oil tankers, LPG tankers, among others. 
Since tankers transport flammable and combustible material and overall 
operate in the navigation channel within these speed ranges (Northern 
Channel), the risks of oil/oil-derivative spills in the event of an accident 
tend to increase among these classes. 

The highest concentration of anchored ships was observed in the 
region close to Macapá City. However, Port of Santana presents greater 
risk of accidents due to difficulties associated with the maneuvering and 
traffic of other vessels where the channel is relatively narrow 
(≈500–700 m, S-1 site in Fig. 1). These places are likely to present 
higher risk of accidents, mainly with tankers, which accounted for 
approximately 228 of the observed vessels. The main Amazonian ports, 
such as Port of Santana, received the largest number of the aforemen
tioned oil/chemical vessels, whereas Port of Macapá received the total 
number of 79 vessels in the investigated period. 

Mean DWT recorded for these ships is approximately 42,212 t, 
whereas the standard deviation is 10,886 t. The mean derivative- 
product transport capacity of these ships is approximately 52,000 m3. 
The estimated volume of dangerous products transported by ships sail
ing in the region in the investigated period was of approximately 
12,034,000 m3 (≈3,008,500 t/year, on average). If one only takes into 
consideration ships operating on the Brazilian coast, the traffic of origin 
and destination of these vessels (import and export, indicating the next 
destination port) comprises, in total, approximately 3094 (82%) vessels 
operating in Amazonian waters (Fig. 2). 

The destination of ships indicated by AIS, whose origin was the 
Amazon basin itself (n = 948), was concentrated in Port of Santana. In 
addition, the number of ships at speed 0 has indicated the number of 
ships anchored at the port (n = 954). 

2.3.2. Evaluation of Environmental Sensitivity Index (ESI) charts, Littoral 
Sensitivity Indices (LSI) and risks 

ESI charts are environmental planning instruments used in the event 
of oil spill (IEPA, 2016). Thus, the risk area mapped in the current 
research is part of coastal environments in the Mouth of the Amazonian 
Maritime Basin. This basin extends from Pará State (Marajó Island, 
Brazil) to French Guiana; it provides a thematic and cartographic 
database that shows the sensitivity index of coastal environments (LSI or 
ESI charts). These charts are associated with environmental remediation 
and recovery degree after likely disasters. Thus, LSI indicates that the 
most sensitive environment is the one facing more difficulty to recover 
(IEPA, 2017; Mancio Filho, 2014). 

Coastlines highlighted by the reddest shades are the most sensitive 
ones [1 ≤ ISL ≤ 10]. Most of them present high littoral sensitivity indices 
(LSI close to 9–10); scale 10 accounts for the highest sensitivity degree 
(MMA, 2004). Thus, ESI charts are international standard georeferenc
ing tools used to help preventing environmental impacts; they are often 
applied in oil exploration areas (EPBR, 2020), as well as in areas sus
ceptible to accidents caused by ship traffic (Ellis, 2011; Uğurlu et al., 
2015; Lu et al., 2017). 

Factors taken into consideration to classify the littoral environmental 
sensitivity (LSI) to oil spill comprise 1) level of exposure to wave and 
tidal energy, 2) coastal slope and 3) substrate type (MMA, 2004). 

Table 1 
Ship features based on AIS data for DWT (tons).  

Unit Ship features Number of 
ships 

Mean DWT (tons) ±
(standard deviation) 

a Bulk Carrier 2120 68,585 ± 17.833 
b CABU Carrier 14 72,562 ± NA 
c Cargo 3 78,312 ± 2.914 
d Cargo/containership 4 49,591 ± 1.074 
e Cement Carrier 48 16,763 ± 686 
f Chemical tanker 39 37,912 ± 14.264 
g Container ship 543 41,196 ± 9.726 
h General cargo 64 21,339 ± 14.328 
i LPG tanker 226 5522 ± 1.089 
j Offshore supply ship 1 1930 ± NA 
k Oil products tanker 50 46,201 ± 5.815 
l Oil/chemical tanker 279 40,090 ± 12.501 
m Oil/chemical tanker (crude 

oil tanker) 
2 17,743 ± 98 

n Ore Carrier 169 81,452 ± 1.395 
o Passenger ship 53 4103 ± 2.010 
p Passenger ship 4 3378 ± 2.444 
q Tanker 35 40,664 ± 13.347 
r Tug 4 346 ± NA 
s Wood chips Carrier 75 52,053 ± 2.060  

Total 3733   

A.C. Da Cunha et al.                                                                                                                                                                                                                           



Marine Pollution Bulletin 168 (2021) 112404

5

However, biological aspects are also taken into consideration and inte
grated in the LSI. They are often associated with the production and 
biological sensitivity of coastal habitats, as well as with the geo
morphology influencing the typology and density of biological com
munities and the diversity of these coastal systems (IEPA, 2016). So far, 
ESI charts were not tested in numerical simulations to assess the 
dispersion and extent of plumes deriving from hypothetical oil spills. 

2.4. Modeling and simulation 

The information about oil spill defines the spill scenario. Thus, it is 
necessary to minimally include in the model the physical-chemical 
properties, schedule, location and start/end times of the spills (Spauld
ing, 1988). In addition, the definitions of wind fields, current and tem
perature in space and time are the initial parameters typical of 
hydrodynamic and environmental modeling processes (Abreu et al., 
2020; Rosman, 2018; Cunha et al., 2012). They require high quality 
environmental data and must be carefully integrated in the dispersive oil 
spill model. 

The SisBaHia software uses a 3D or 2DH hydrodynamic circulation 
model that is optimized for natural water bodies, in addition to Eurelian 

and Lagrangian models (pollutant dispersion) for transport phenomena 
(Rosman, 2018). The 2DH model (Eqs. (1)–(3)) was used to simulate the 
hydrodynamic behavior of the pollutant, whereas the Lagrangian model 
was used to simulate its dispersive process.   

∂ζ
∂t

+
∂UH
Ux

+
∂VH
∂y

= Σq (3) 

Wherein U is the speed on axis x (m s−1); V is the speed on axis y (m 
s−1); ζ represents the free elevation of the water surface (m); H is the 
water column depth (m); ρo is the mean water density (kg m−3); ρr is the 
reference water density (kg m−3); g is the gravity acceleration (m s−2); τij 
is the turbulent stress tensor; and (i, j) are the indices in the horizontal 
plane (x; y); τ_i^S and τ_i^B are the wind stress on the surface of the water 
and the lower friction stress, respectively (kg m−1 s−2); 2ΦsenθU and 
2ΦθsenV represent the Coriolis accelerations, Φ is the angular speed of 
Earth’s rotation (rad s−1); θ is the latitude angle, 
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Fig. 2. Ship traffic in Port of Macapá and in other Brazilian ports.  
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water balance based on atmospheric precipitation, infiltration and 
evaporation; and Sij represents the effect of radiation stresses (Rosman, 
2018; Cunha et al., 2006). 

The 2DH hydrodynamic model takes into consideration the flow of 
“shallow” water that is noncompressible with the water density in the 
control volume of the fluid in motion. Contaminating sources in the 
Lagrangian model are represented by several particles launched in the 
source region, at regular time intervals. Particles randomly arranged in 
the source region are transported by the currents computed through the 
hydrodynamic model. The position of any particle at the following 
instant is defined by Pn+1, approximated by a second-order Taylor Series 
expansion, based on the previously known previous position of the 
particles (Pn) (Eq. (4)): 

Pn+1 = Pn +∆t
dPn

dt
+
∆t2

2!

d2Pn

dt2 + O3 (4) 

With respect to effluents deriving from any source, the amount of 
mass (Ma) of a given species a observed in each particle when it enters 
the modeled domain is given by the following equation: 

Ma =
QCa x∆τ

NP
(5) 

Wherein Q is the effluent discharge from the source (m3 s−1), Ca is 
the concentration of the substance found in the source discharge (kg 
m−3), and NP is the number of particles entering the domain through the 
source at time step ∆t (s). The dimensions of the source region are 
defined in such a way that the concentration in the source region is the 
same as that observed at the end of the initial dilution process, within 
the field close to the contaminant plume mix (Rosman, 2018). 

2.4.1. First-order kinetic reactions of the Lagrangian model 
According to the Lagrangian model, the total amount of contaminant 

(QT) released by a given source region at each time interval ∆τ (Rosman, 
2018) is given by: 

QT = QQ/s ×∆τ (6) 

Furthermore, it takes into consideration that, if NP particles are 
launched in each ∆τ, the initial quantity of each particle, mo, will be: 

mo =
QT
NP

=
QQ/s × ∆τ

NP
(7) 

Assumingly, the amount remaining of each particle m (tv) over time 
is based on its life span tv – i.e., it is possible specifying kinetic reactions 
R (tv) capable of changing the initial quantity of each particle, as follows: 

m(tv) = moR(tv) (8) 

It is necessary taking into consideration evaporation-based losses, as 
well as specifying R (tv) and tv values in the Lagrangian model, for oil 
dispersion simulation purposes (Rosman, 2018). These values were 
obtained through the ADIOS2 (Automated Data Inquiry for Oil Spills) 

mass loss model. 

2.4.2. Boundary and initial conditions of the model 
SisBaHiA can use two boundary condition groups, namely: closed 

boundary nodes can be used to impose water discharge values, whereas 
open boundary nodes can be used for free surface elevation values 
(Cunha et al., 2006). A series of water surface elevations was imposed at 
the open limit in order to represent tidal waves. Accordingly, the model 
was parameterized based on the six main tidal components (M2, S2, N2, 
K1, O1 and M4) imposed on nodes of the open boundary mesh. The closed 
limit was imposed on water discharged from the Amazon River (Óbidos 
station and experimental data in front of Port of Macapá, called Northen 
Channel of Macapá - CNM), as well as on two of its main tributaries 
(Xingu and Tapajós rivers). The boundaries at the lateral and bottom 
limits were considered impermeable and subjected to non-slip condi
tions. Constant elevation and speed values were used as initial condi
tion; boundary conditions were generated from previous simulations 
conducted in SisBaHia itself (tidal flow, amplitude, intensity and wind 
speed direction; bathymetry, roughness and rainfall) (Abreu et al., 
2020). 

Data specifically associated with water flow were inserted in the 
model based on a measurement campaign carried out in the port area of 
Santana City (CSA) and in AMN between March 18–19, 2019. Experi
mental data available in the literature (Silva, 2009; Rosman, 2018) and 
data provided by the National Water Agency (ANA) of Óbidos station 
(code 00155001) were also used in the model. Rainfall, wind direction 
and intensity data were collected from the Meteorological Database for 
Teaching and Research-BDMEP of the Brazilian National Institute of 
Meteorology (INMET). 

2.4.3. Fuel oil decay time - S500 
S500 oil is the fuel mostly transported in the tanks of ships traveling 

in the Amazon region (Vieira et al., 2017). Its physical-chemical features 
are described in detail in the literature (Zanão et al., 2018; Toz et al., 
2016; Peixoto et al., 2015; NOAA, 2000) and were included in the herein 
adopted dispersion model (Lagrangian). 

The parameterization of the dispersion model was defined as follows: 
a) concentration at the launch site C0 = 102 mg L−1; b) spill flow, Q =
0.2 m3 s−1 (based on the flow of a single vessel with mean load of 50 
thousand t); c) pollutant emission time after an accident, up to TLim = 72 
h at a specific tidal stage and potential spillage site (scenarios S-1, S-2, S- 
3 or S-4); d) estimated imposition of pollutant decay (decomposition 
reaction kinetics): Kr(28oC) = 0.25 day−1 (ADIOS2), wherein the curve 
adopted as standard was that of Vol% (28 ◦C) (ADIOS 2) (Fig. 3); e) ebb 
flow in the Northern Channel of the Amazon River (CNA-Ebb) Q =

261,422 m3 s−1 and flood flow Q (Northern Channel - Flood) =

−145,925 m3 s−1. 
Based on the previous assumptions, the decay curve estimated in the 

ADIOS2 Software (Zanão et al., 2018; Toz et al., 2016; Peixoto et al., 
2015; Gurgel et al., 2018; NOAA, 2000) presented restricted 

Fig. 3. Decay curves plotted for the S500 Diesel Oil pollutant used in numerical simulation based on time and mean temperature.  
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concentration variation in the range from 100% to 50%, on average, in 
the time interval between 1 and 72 h. 

The specific mass of fuel oil used in the numerical simulation model 
was ρfuel = 830 kg m−3. The spilled volume was V = 10,416 m3, if one 
takes into consideration a ship whose tank has 50,000 t of total capacity, 
subdivided into 12 sub-tanks. The simulation took into consideration 
that only two of these sub-tanks were damaged and caused the spill. 
Containment barriers were not taken into consideration in the simula
tion. Assumingly, the spill started at the end of the flood tide (most likely 
quadrature tide). For brevity and convenience, the simulation time limit 
to disperse the selected fuel oil was set at 72 h, at intermediate output 
intervals of 18, 24, 48 and 72 h. But, in addition, all the complete 
simulations, carried out at regular intervals every 6 h, are described in 
detail in the “Supplements” files. 

2.4.4. Tidal behavior and hydrodynamic parameters 
The tide flow and amplitude curves shown in Fig. 4 were numerically 

generated in SisBaHia based on the calibrated and validated hydrody
namic model (Abreu et al., 2020). Colors indicate different seasonal 
periods (May and November). The flow in the dry period (November) 
and, consequently, the hydraulic energy of the Amazon River signifi
cantly decreases in comparison to the flow in the rainy period (May) 
(Valerio et al., 2018). The hydraulic energy decrease in the summer 
increases the influence of the Atlantic Ocean on the Amazon River. In 
addition, it can significantly change among different years, mainly in the 
dry period or in events such as El Niño or La Niña (Da Cunha and 
Sternberg, 2018). 

Thus, simulations of accidents with fuel oil spills always started 1 h 
before the maximum tide peak. In other words, the initial fuel oil spill 
time (t0 = 1 h) was used in all reference scenarios (S-1, S-2, S-3 and S-4) 
and lasted up to 72 h. This maximum time interval was enough to assess 
the space-time variation of the pollutant plume in all four tested 
scenarios. 

2.4.5. Statistical analysis and model evaluation 
Statistical analyses were performed to compare the simulated results 

of tides generated in the SisBaHiA based on experimentally recorded 
data or on data recorded at the tide station of Port of Santana, both in 
May and in November. May and November 2019 were used as reference 
periods by following the same methodology used by Abreu et al. (2020). 

Thus, the following statistical tests were applied to quantify the ef
ficiency of mathematical models: Nash-Sutcliffe (NSE) (Eq. (9)), Per
son’s Correlation, R2 and Agreement Index (d) (Eq. (10)). These tests 
were used due to their different practical applications in hydrodynamic 
modeling to test models’ accuracy and ability to represent the physical 
reality of natural flows (Baranyi et al., 2002; Mari et al., 2007; Ober
tegger et al., 2007; Liu et al., 2011; Huang et al., 2011). 

ENS = 1 −

∑n
i=1(Oi − Pi)

2

∑n

i=1

(
Oi − O

)2 (9)  

d = 1 −

∑
|Pi − Oi|

2

∑ (⃒
⃒
⃒Pi − O

⃒
⃒
⃒ +

⃒
⃒
⃒Oi − O

⃒
⃒
⃒

)2 (10) 

Oi and O represent the observed tidal elevations; Pi and P represent 
values predicted by the model. Model efficiency results can vary be
tween 1 and -∞ in Eq. (2) (Nash-Sutcliffe efficiency), wherein “1” in
dicates the model capable of perfectly representing the observed data. 
Values higher than 0.75 indicate that the model is capable of repre
senting experimental observations (Huang et al., 2011). The concor
dance index test (d) compares data generated by the model (P) to 
observed data (O): if d = 1, the model is considered perfectly coherent; if 
d = 0, the model indicates lack of ability to represent the reality of the 
observed data set. The minimum value acceptable for “d” is 0.75 (Abreu 
et al., 2020). 

2.4.6. Integrated scenarios between outputs of the hydrodynamic and 
Lagrangian models and LSI 

The integration of numerical simulation methodologies using littoral 
sensitivity indices (LSI) was defined based on statistical information 
obtained through AIS data collection. Thus, the risk of accidents can be 
categorized as the likelihood of having an unwanted event taking place 
multiplied by the consequences of that same event (Marignani et al., 
2017). Moreover, one or more actions could be selected and imple
mented at the final risk analysis stage to help mitigating these conse
quences (Xu and Wang, 2014). For example, the degree of risk of 
accidents can be used based on the potential environmental impacts of 
the spill, as well as on the operational status of navigation on the 
waterway. However, littoral sensitivity index (LSI) and its respective 
local environment must also be taken into consideration (Zanão et al., 
2018; Toz et al., 2016; Peixoto et al., 2015; Gurgel et al., 2018; NOAA, 
2000). 

Thus, the places identified as the most likely to experience accidents 
comprised four points close to the coastline (≈1 km away from the 
coast), between Port of Santana in Macapá City and the Curiaú EPA 
(Figs. 5a-d and 6a-d). 

Scenarios indicated in Figs. 5a-d and 6a-d are also relevant because, 
to the best of our knowledge, they had never been simulated before. In 
other words, they are essential to help better understanding what would 
be the most likely periods and places for accidents caused by ships 
transporting or handling fuel oil on the Lower Amazon River coastline to 
take place. In addition, it is essential understanding the extent, period 
and concentration of plumes along the coast of the Lower Amazon River 

Fig. 4. Variation in the flow (m3 s−1) and elevation of the simulated surface level (m) calibrated by SisBaHia software for May and November. Spill time up to 72 h.  
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and areas of interest to protect the biodiversity and human communities 
that would be most severely affected by oil spills. 

3. Results 

Only the most critical scenario (S-1) will be presented in this topic 
due to space limitations in the current article (Figs. 5-d and 6a-d). The 
remaining scenarios (S-2, S-3 and S-4) were included in supplementary 
documents. Each scenario presents two different hydrological condi
tions, namely: rainy (May) and dry (November). The concentration, 
length (D) and width (W) of the plume and its proximity to the coastline 
(L) were the criticality parameters used to define the relevance of the 
scenario. 

3.1. Plume dispersion and impact on the coastline and on local 
biodiversity 

Figs. 5 and 6 show the results of the S-1 modeled and simulated 
scenario. This scenario has simulated an oil spill accident at Companhia 
Docas do Porto de Santana (DCPS). Plume behavior resulted from its 
spatial-temporal variation during three semidiurnal tidal cycles, be
tween 1 h and 72 h. This period-of-time was considered adequate to test 
the limits of the most immediate accident-response conditions. 

Figs. 5a-d and 6a-d show the dispersion dynamics of the S500 oil at 
18, 24, 48 and 72 h after oil spill in the water (scenarios S-1 of May and 
November, respectively). 

Fig. 5a-d are presented in different spatial scales to allow fully 
visualizing the extension of plumes. Flow vectors indicate the direction 
and speed intensity of currents in the Amazon River. It is important 
noticing that the contact area of the oil plume extends over extremely 

sensitive LSI sections (LSI ≥ 9.0). 
Table 2 presents the results of scenarios (S-1, S-2, S-3 and S-4) with 

physical and geometric details of the dispersion of polluting plumes. 
Time intervals t1, t6, t12, t18, t24, t48 and t72 h were used to identify 
different scenarios. It also indicates dispersive features of the plumes for 
emission sites and simulated scenarios, in comparison to the littoral 
sensitivity index (LSI), biotic occurrences, as well as to the representa
tion of local habitats and ecosystems and of socioeconomic (urban) 
resources. 

L = 0 means that the plume touches the coast. In all four tested 
scenarios S-1, S-2, S-3 and S-4 (both in May and in November), the 
plumes touch long extensions of the coast in proportion to the longitu
dinal distance (D), hydrological period and tide phase. On the other 
hand, the plume extends for up to 132 km and always touches the coast 
in the rainy season of the S-1 scenario (the most severe scenario). Plume 
width (W) tends to expand to at most 6 km, on average. However, 
plumes in scenarios S-3 and S-4 are wider in the dry period (November); 
they get increasingly larger the further downstream of the Amazon River 
in comparison to the initial oil spill point (CAESA and Curiaú EPA). The 
aforementioned plume widening during the rainy season is not so 
evident in scenarios S-1 and S-2 (Port of Santana, S-1 and Santana 
Channel, S-2). 

For example, in the S-1 scenario, the plume would impact the port 
zone near Port of Santana, the urban areas of Macapá and Santana cities, 
Fazendinha and Curiaú EPAs, as well as different aquatic and terrestrial 
species of the biota identified in the legend of Fig. 7. 

LSI, wind effects and ranking of impacts can be qualitatively 
observed in the last three columns of Table 2. LSI in the S-1 scenario 
(May and November) is extremely sensitive (LSI ≥ 9), whereas in May 
(rainy), the winds resulted in NE (neutral). However, wind intensity in 

Fig. 5. a-d. Plume dispersion: a) 18 h, b) 24 h, c) 48 h and d) 72 h after the spill started (S-1). May, without significant wind effect.  
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November (dry season) was NF (not favorable to dispersion), since trade 
winds intensify from the Amazon River Channel towards the coast - 
Northeast-Southwest direction) with lesser plume extension (D). 
Therefore, the plume tends to fragment more in the dry season 
(November), when there is reduced concentration of the most dispersed 
oil stains on the coast due to increased temperature, higher evaporation 
rate, as well as to wind effect, which favors the emergence of waves. In 
fact, the environmental risks represented in Table 2 by environmental 
impact types “A” (Environmental Protection Areas), “B” (Water Treat
ment Station - CAESA) and “C” (Ecological/Biota) could also be quali
tatively mapped. For example, according to results in Table 2 and Fig. 7, 
if there was an oil spill accident similar to that of scenario S-1 (May), it 
would be necessary to stop the water supply for at least 3 consecutive 
days, only if the oil spill would definitely stop after 72 h. 

Thus, scenarios S-1 and S-2 appear to be more severe in environ
mental and ecological risks (classes A, B and C) than scenarios S-3 and S- 
4. This outcome means that the closer the oil spill is to Port of Santana, 
the more severe the consequences will be. In addition, the impacts on 
socioeconomic resources and local biodiversity would be significantly 
stronger. 

4. Discussion 

The numerical modeling and simulation process has included new 
priorities and perspectives of contingency plan users in the event of oil 
spill accidents in the Lower Amazon River. It was possible illustrating 
four scenarios that can be used as basic reference and applied to support 
the emergency response, trainings and safety planning. 

All four simulated scenarios provide unprecedented support to 
emergency response priorities by detecting the sensitivity of the coastal 

area and supporting decision makers. Based on data about the impacted 
area and the time the plume remains in it, it is possible indicating the 
most reasonable method to help mitigating and controlling spills, as well 
as taking into consideration likely cleaning alternatives (Rodríguez 
et al., 2007; Shi et al., 2019; Ghiasvand et al., 2021). 

Oil plumes can vary in space and time from 0.3 km to 132 km from 
the fixed pollutant emission point (within up to 72 h); this factor pro
vides a holistic view on the approximate level of extension and potential 
intensity of the resulting impacts presented by all four tested scenarios, 
which would directly affect tropical and socio-environmental biodiver
sity resources in Macapá (docks and urban area, CAESA Water Treat
ment Station and Curiaú EPA) and Santana (Port of Santana and 
Fazendinha EPA) cities. 

Protected areas such as Fazendinha EPA, Curiaú EPA and the Private 
Reserve of Natural Heritage (near Macapá) are the most sensitive 
pollutant-receiving points (IEPA, 2017; Mancio Filho, 2014; Abreu et al., 
2020). These urban protected areas extend up to 10 km along the river 
coast and reach sections presenting high oil sensitivity indices or LSI ≥
9. 

It was possible observing that plumes remain in contact with the 
entire urban area of Macapá and Santana cities, as well as that they 
would likely extend downstream towards the Atlantic Ocean and reach 
the islands of Curuá and Bailique (Fig. 7). Studies conducted with do
mestic organic pollutants close to Macapá City recorded similar 
behavior for organic pollutant dispersion (Cunha et al., 2012; Pinheiro 
et al., 2008). 

Fig. 6. a-d. Plume dispersion: a) 18 h, b) 24 h, c) 48 h and d) 72 h after the spill started (S-1). November (with significant wind effect).  
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4.1. Environmental scenarios of S500 oil plume dispersion behavior in the 
coastline 

Although accidents in inland waters are less frequent than oceanic 
accidents, several regions worldwide are susceptible to impacts directly 
caused by petroleum products. According to IEPA (2017), 84% of 
Amazonas River Mouth coastline presents maximum LSI, i.e., LSI = 10. 
Therefore, this coastline is extremely sensitive to oil spills and requires 
constant planning and risk monitoring (Araújo et al., 2014; EPBR, 
2020). 

The impact of crude oil or other similar pollutants on the environ
ment depends on specific features of these pollutants and on the influ
ence of the affected environment (temperature, oil type, current 
conditions, tide, wind). For example, hydrodynamics plays extremely 
relevant role in several biogeochemical, hydrological or operational 
scenarios (S-1, S-2, S-3 and S-4) that influence pollutant dispersion 
processes (Abreu et al., 2020), organic matter (Ward et al., 2013; Ward 
et al., 2016) and sediment transport (Santos et al., 2018; Torres et al., 
2018), lateral connectivity with the main rivers and lake areas on the 
coast (Da Cunha and Sternberg, 2018), as well as seed dispersion and 
genetic flow (Da Cunha et al., 2017). 

It is worth highlighting that tidal influence in November (lesser rainy 
period) intensifies the inversion of the flow in the Amazon River (Abreu 
et al., 2020). This factor competes with river breeze effect and intensi
fication processes, which enable longer plume permanence close to the 
coast, but also intensify evaporation effects due to temperature increase 
(Da Cunha and Sternberg, 2018). 

These effects were observed in all four tested scenarios, where 
plumes tended to breakdown in the dry period (November). Thus, 
plumes remained in a more restricted and impacted section, which was 
not observed for the rainy season (May). In addition, they tended to lose 
their continuous appearance in all dry period scenarios. In this case, two 
factors controlled the dispersive processes during both seasonal periods, 
namely: the hydrodynamic influence of the dry period and the sensitive 
influence of temperature and wind, which acted on the chemical kinetics 
of the reaction and on the evaporation rates (stronger breeze) (Kuhn 
et al., 2010; Da Cunha and Sternberg, 2018). 

Light oils such as S500 are also more easily absorbed by the biota, 
since they act at cellular level and have immediate toxic effect on plants 
(Lopes et al., 2009). On the other hand, heavy oils cover plants, which 
leads to asphyxiation and hinders gas exchange (Pezeshki et al., 2000). 
Oil spills in terrestrial environments directly affect the ecosystem due to 
soil contamination. On the other hand, the oil floating on the surface of 
the water in aquatic environments is dispersed by the action of wind and 
waves in the coastal region. Consequently, it affects terrestrial envi
ronments and their vegetation (Pezeshki et al., 2000). In the case of the 
Amazon region, this dispersion process can be maximized by water level 
fluctuation due to flood pulse (Junk et al., 1989) and to the effect of 
estuarine tides on plume dispersion (Abreu et al., 2020; Less et al., 
2018). 

Thus, eventual oil spills can have immediate effect on the environ
ment, such as generalized death of animals and consequent ecosystem 
losses. They also have more persistent effects, such as changing animals’ 
behavior and the permanence of oil-derived compounds in the food 

Table 2 
Dispersive features of plumes for different emission sites and simulated oil spill accident scenarios (S500). S-1, S-2, S-3 and 
S-4 indicate the places where accidents are most likely to take place in the dry and rainy seasons. 
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the plume, the greater the environmental impact on the coastline.
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chain. For example, the broader and continuing perception about 
habitat and environmental health can be assessed based on the status of 
indicator species found within these habitats (incidence, distribution 
and threats to the main habitats and associated indicator species) in 
order to update the assessment of the local biodiversity state. This 
critical assessment of data is essential to provide information about the 
focus of future monitoring and conservation efforts to get environmental 
policy commitment and a solid foundation for comprehensive ecosystem 
management projects and strategies (Edmonds et al., 2021). 

The potential impacts of oil spills on tropical biodiversity would be 
concentrated along the length of oil plumes in the Lower Amazon River, 
which would be in direct contact with plumes along the coast. For 
example, phytoplankton are the main primary producer of nutrients and 
oxygen in aquatic environments and play crucial role in primary energy 
flow into the freshwater food chain (Cunha et al., 2019). For example, 
algal species O. croasdaleae is unable to adapt to the presence of crude 
oil, and it suggests that oil spills may pose potential risk to the aquatic 
food chain in benthic zones. Oil can also penetrate the plumage structure 
of birds, which leads to reduced insulating capacity, makes birds more 
vulnerable to temperature fluctuations and hinders their ability to 
fluctuate in water (Oberholster et al., 2014). 

The spill of oil or its derivatives in the Lower Amazon River section 
would certainly compromise the main plant and faunal species popu
lation living in these flooded plains (Fig. 7). Thus, it is essential con
ducting short-term investigations about the potential effects and control 
of oil spills to help biodiversity conservation areas and the sustainable 
management of these environments (Lopes et al., 2009). 

Thus, oil spills mainly depend on the emission source site, on hy
drological period (hydrodynamics), as well as on the wind and traffic of 
ships that maintain significant part of their trade, including the transport 
of oil and oil products (Fragoso-Neto et al., 2018; Pereira et al., 2014). 
Fishing, forestry, biodiversity conservation (Protected Areas) (Dias 
et al., 2016), tourism and urban water supply systems in Macapá and 

Santana cities (Abreu et al., 2020) are the activities mostly threatened by 
oil spills. 

Although some spilled oil separation technologies have emerged - 
such as the use of polystyrene nanofibers, which are highly effective in 
removing different spilled oil types and, therefore, can be used as 
inexpensive, available, reusable, ecological technology to efficiently 
remove oil pollution from the water (Ghiasvand et al., 2021) - they were 
never applied in Amazonian estuarine environments. 

4.2. Simulation of S500 oil plume spillway on the coastline (scenario 1 =
S-1, May and November) 

Oil spill modeling procedures have been often investigated in the 
literature. Vairo et al. (2016) have used the MIKE (3D) model to model 
the dispersion of oil spilled by ships. Hypothetically, the oil spilled in a 
given port area would be trapped in recirculation in the first 4 h and 
affect several regions close to the hypothetical accident site. In these 
cases, the aforementioned authors have suggested hydrodynamic 
complexity in association with wind effects that would influence the 
behavior of coastal currents and dispersive processes, such as recircu
lations around the analyzed key areas. According to them, a model in
tegrated with experimental data enables estimating the global risk of oil 
spills with reasonable and appropriate results. Thus, they have sug
gested that the knowledge generated from this approach could help 
minimizing future coastal environmental impacts on sensitive areas, as 
well as supporting responses to local oil spills. 

Palazzi et al. (2004) have also used mathematical models of different 
complexities in dispersion studies conducted after oil spill in the open 
sea. Different phenomena involved in the evolution of the spill were 
quantified, namely: convective transport by sea currents; wave action; 
turbulent diffusion; floating action on dispersed particles; superficial oil 
spreading due to different sea water and hydrocarbon densities; as well 
as evaporation and emulsification rates. Besides the environmental 

Fig. 7. Scenario S-1 (May) is more impactful when it is integrated to LSI. The dispersion of the simulated plume affects protected areas (in green), the fauna of the 
tropical biodiversity and human communities (Macapá and Santana cities). Source: adapted from IEPA (2016). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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consequences, the most severe hazards resulting from leaks in the port 
area are linked to fires and explosions caused by flammable clouds 
formed by evaporated hydrocarbons/air mix, as well as to subsequent 
ignition in the event of accidents. However, the aforementioned study 
took into consideration explosions taking place in confined areas and 
focused on analyzing the individual intervention time and the most 
appropriate approaches to keep the risk at acceptable level - the inter
vention and dispersion times must be comparable. Thus, according to 
Palazzi et al. (2004), the basic variables used to develop their mathe
matical model comprised oil spill dispersion rate, hydrocarbon evapo
ration rate, pollutant plume transport in water and dispersion in the 
atmosphere, which were the most relevant parameters. Although the 
model was simplified, it allowed identifying risk areas and times of 
intervention in confined regions and ports. 

Issues caused by accidents in the open sea or in estuarine or port 
areas are quite different, mainly when large oil volume is released in the 
environment in a short period-of-time. However, most protective actions 
observed in the literature, such as measures to contain and recover 
spilled oil, are mainly based on the knowledge about the longer-term 
phenomenon evolution (Palazzi et al., 2004). 

The present study has shown how a numerical model can be applied 
to intervention time actions and to actions taken to mitigate the impact 
caused by oil spills. Results shown in Figs. 5a-d, 6a-d, 7 and in Table 2 
(supplementary file) suggest that the observed risks only provide basic, 
although crucial, information to support the adequate assessment of 
eventual environmental impacts caused by oil spills in the Lower 
Amazon River region. 

The integration between numerical simulation and LSI data - 
depending on the specific scope of the assessment - is also extremely 
useful for the analysis of potential impacts caused by oil spills on geo
morphologically and biologically sensitive environments (Dias et al., 
2016; Santos et al., 2018) that are relatively unknown (IEPA, 2017). In 
addition, likely oil spills could severely affect urban areas of high so
cioeconomic interest. Therefore, similar numerical studies can be used 
as subsidy to support and plan ecological protection actions focused on 
potentially impacted socioeconomic resources (IEPA, 2016; Mancio 
Filho, 2014). 

Numerical analyses integrated with LSI can be used to complete or 
subsidize management and conservation plans developed at basin scale, 
as well as environmental impact assessments at local scale. As simula
tions often take into account multiple potential sources and different 
release times to analyze the variability in response times and danger on 
the coast due to variability in atmospheric and fluvial conditions, it is 
necessary using the probability of these scenarios to estimate plume 
dispersion in order to support eventual tactical/operational demands 
(Melaku Canu et al., 2015). 

It is essential integrating environmental sensitivity (LSI) with 
modeling and numerical simulation to help better understanding the 
likely dynamics of plumes and to protect coastal areas from accidental or 
illegal spills. On the other hand, this integration is a crucial element to 
acknowledge the work of Operational Agencies in case of potential crisis 
(Sayol et al., 2014), at the following operational sequence: i) the exact 
position of the accident at the early stages of a real crisis is often un
known, and it generates inaccurate initial conditions in the predictive 
model; ii) the dispersion of a plume in the flow depends on the area 
exposed to the wind and on its angle of attack; iii) these influences are 
often included in the wind drag coefficient (Sayol et al., 2014). For 
example, based on these very same reasons, plumes obtained by nu
merical simulation in the S-1 scenario (May and November) were 
significantly different from each other, mainly at longer time intervals, 
between 18 and 72 h (Table 2). Consequently, there was greater plume 
fragmentation in the dry season (November) due to greater effect of 
fluvial winds, higher temperatures and likely intensification of evapo
ration processes (Kuhn et al., 2010). 

4.3. Integration between S500 oil plume spillway simulation and LSI in 
the shoreline 

Coastal classifications depend on the physical substrate of the coast, 
which determines pollutants’ persistence in it, based on materials’ ca
pacity to retain them. Thus, the following criteria are often used for such 
a classification (Sayol et al., 2014): a) coastal elevation also determines 
accessibility to perform cleaning and restoration tasks in case of 
contamination events; b) degree of exposure to wave energy: there are 
mainly two coast types when it comes to the influence of waves. The first 
type corresponds to coasts exposed to waves (high-energy coasts), where 
pollutants tend to be naturally and more easily removed. The second 
type corresponds to protected coasts (low-energy environments) where 
the spill is gradually removed; c) degree of exposure to wave energy is 
determined by the coast articulation degree (cables, natural harbor, 
bays, inlets), as well as by bathymetry, which conditions the wave en
ergy dissipation and allows wave “trains” to reach the coast; d) substrate 
type: the most important distinction lies between rocks and unconsoli
dated sediments. Penetration depth is controlled by substrate grain size 
and can lead to long-term biological impacts (IEPA, 2017); and e) bio
logical sensitivity, which refers to the ability of the coastal environment 
to shelter different habitat types (Lopes et al., 2009). 

According to the present simulation analysis, the coastal types of the 
Lower Amazon River are relatively unfavorable to ecological recovery 
after eventual oil spills, mainly because they are closely related to fragile 
geomorphology (Torres et al., 2018), intense hydrodynamic and hy
drological processes (Abreu et al., 2020) and, mainly, to biodiversity 
fragility along the coast (Dias et al., 2016). 

The integration between LSI information and information about the 
dispersion of oil or oil-derivative plumes based on numerical modeling, 
and the likelihood of oil spill accident capable of affecting a given 
environment, can be used to generate environmental vulnerability maps 
in order to rapidly and easily indicate the areas that should receive 
priority protection after spills. In addition, the LSI planning tool inte
grated with numerical oil dispersion simulations can be extremely useful 
to map eventual cleaning procedures and response actions. It also allows 
fast impact visualization and decision making by those accountable for 
taking emergency actions (Romero et al., 2014). In addition, interna
tional recommendations often mention maps of environmental vulner
ability to oil, which should be drawn after taking into consideration the 
likelihood of having the oil reaching a certain area. 

Although there have never been accidents with ships and oil spills at 
large proportions, there is the permanent threat and risk of accidents in 
the Lower Amazon River region due to the traffic of ships carrying oil or 
derivatives, mainly with ships sailing at speed faster than 10 knots. 
Moreover, exploration projects implemented at the Amazon River 
mouth have faced strong resistance from environmentalists and great 
demand for data and information by Ibama (Brazilian Institute of 
Environment and Renewable Natural Resources). Licensing is often 
followed by environmental preservation organizations, after the dis
covery of an offshore oil exploration area (at least 9.5 km2) dominated 
by rare coral reef capable of surviving in the murky waters of the 
Amazon region (EPBR, 2020). 

4.4. On oil spill contingency plans 

Despite the risks observed in the study site, oil spill contingency 
plans (OSCPs) remain unavailable. However, according to Shi et al. 
(2019), it is extremely relevant evaluating the feasibility of oil spill 
contingency plans (OSCPs) in a systematic manner, based on the infor
mation availability and accuracy perspective. Therefore, conceptual 
models focused on integrating fundamental elements of contingency 
plans must be available, as well as relevant information flows to enable 
emergency response to eventual oil spills. The aforementioned author 
adopted the Dempster-Shafer (D–S) approach to develop a series of 
models to assess the feasibility of contingency plans related to the 

A.C. Da Cunha et al.                                                                                                                                                                                                                           



Marine Pollution Bulletin 168 (2021) 112404

13

managerial information to mitigate environmental impacts. The models 
were validated through a case study, which concluded that simplifying 
information requirements and improving the availability and accuracy 
of key information are effective methods used to improve the informa
tive feasibility of contingency plans. 

An example of information lies on GIS (LSI) using to assess the 
estimated risk of oil spills, as described by Milazzo et al. (2010), who 
applied quantitative analysis to the risk observed in overland transport 
of hazardous materials in Sicily - Italy. The risk was calculated based on 
the TRAT-GIS code, which is a software used to assess incidental and 
environmental risks associated with the transport of dangerous sub
stances and supported by the Geographic Information System (GIS). 
Results were inserted in a database and the GIS allowed displaying the 
risk maps. Although this analogy is based on overland transport, com
parisons between different transport types and routes have been per
formed through risk maps in order to reduce these risks and to better 
protect biotic and socioeconomic resources. 

The modern traffic trend of large cruise ships, which can also pose a 
serious threat in terms of passengers’ evacuation/rescue and potential 
impact on likely environmental targets is an interesting aspect of this 
analysis type. Vairo et al. (2016) have critically analyzed three accidents 
involving passenger ships. They have assessed the risk, acceptance 
criteria and sea-use planning in association with cruise activity in the 
worldwide known sensitive area of Portofino (Italy). In order to do so, 
they adopted a numerical method approach, similar to the one used in 
the present study, to evaluate consequences and effects, dangerous 
distance and reaction time scale associated with fuel spills and smoke- 
spreading fire scenarios. 

According to the aforementioned authors, the numerical approach 
can be a powerful tool to design ideal navigation routes and temporary 
mooring points by balancing economic issues and mitigating the phys
ical impact on sensitive biological communities. This approach suggests 
that risk studies about vulnerable coastlines play essential role in the 
preparation for oil spills and can be carried out based on the assessment 
of ship traffic and of the likelihood of accidents in, and impacts on, 
neighboring waters. Thus, it is possible providing technical basis for 
emergency planning, based on adequate response equipment and, 
consequently, minimizing the impact of spills on the coast. Therefore, 
even accidents with passenger ships can release oil in water, which is the 
reason why they are considered a serious threat to coasts and marine/ 
estuarine environments, with immediate and potential long-term con
sequences (Vairo et al., 2016). 

According to Ellis (2011), accidents also happen with cargo and 
release of dangerous goods, either packed or in containers, during 
transport - the consequences of these accidents on board a ship can be 
severe. The aforementioned author has identified contributing factors to 
these types of release, as well as investigated the contribution of acci
dents with dangerous goods to the overall rates of accident with 
container ships. Thus, he concluded that most releases - estimated at 
97% of events in the USA and 94% of events in the United Kingdom - did 
not happen after primary accidents, such as collisions; they took place 
due to the incidence of failures during activities such as preparing the 
goods for transportation, packaging, container filling and loading. 

5. Conclusions 

The herein presented methodology enabled making a comprehensive 
and consistent first-order assessment of the qualitative risk of oil spills in 
coastal areas along a section representative of the Lower Amazon River. 

The urban areas of Macapá and Santana cities, as well as a wide 
range of nearby coastal ecosystems, may be threatened by eventual oil 
spill accidents, whose potential environmental impacts require taking 
intelligent and rigorous planning measures, in addition to contingency, 
inspection, monitoring and ship control actions. The area potentially 
affected after only 72-h oil spill would require significant operational 
effort that, apparently, is not available in the region. In other words, 

there are no technical studies, teams and equipment currently available 
to deal with accidents similar to the ones proposed in scenarios S-1, S-2, 
S-3 and S-4. 

Communities of several coastal aquatic biota species, as well as the 
coastal zone closest to Macapá and Santana cities, are the most vulner
able places in case of fuel oil spill caused by ship accident. Based on the 
analyzed scenarios, the rainy hydrological period, during the low tide, is 
the most critical time because it is when the most persistent and intense 
plume dispersion process takes place. With respect to the dry hydro
logical period (November), although plumes are shorter in length, they 
get wider within a 72 h dispersion period due to stronger wind effect and 
flood in this period. 

With respect to the maximum qualitative risk assessment of polluting 
plume accidents, the greatest potential for coastal water contamination 
(urban areas, drinking water treatment plant, ecosystems) would also be 
observed in the rainy season (May), during the low tide. Thus, the 
maximum extent of oil-deriving pollutant plumes would be observed at 
the distance of up to 132 km along the left bank of the Amazon River 
within only 72 h. 

This outcome confirms the hypothesis that plumes tend to disperse 
close to sensitive coastlines [LSI ≥ 9.0] and over long distances, a fact 
that compromises cities, riverside communities, local fauna and flora, if 
one takes into consideration the critical points and plume emission time 
intervals, as well as the likelihood of accidents described for ships 
traveling in the region identified by AIS. 

Although the present results are at initial stage, operational ISE 
charts were tested for the first time in the investigated Lower Amazon 
River section. To the best of our knowledge, there is no information 
available in the literature about the qualitative and quantitative moni
toring of oil spills in this region. 

Finally, further field and experimental studies should be conducted 
in other sections of the Lower Amazon River estuary, in order to tran
scend the port area and the main large-scale navigation waterway of the 
Lower Amazon River and, therefore, to enable solving and detailing oil 
spill issues at operational level in order to stop them, as well as their 
potential environmental impacts. 
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Ambiental a Derramamento de Óleo e Mapeamento de Unidades de Paisagem na 
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C., Diniz, J.E.M., Gagne-Maynard, W., Abreu, C.M., Kampel, M., Krusche, A.V., 
Richey, J.E., 2018. The role of hydrodynamic and biogeochemistry on CO2 flux and 
pCO2 at the Amazon River mouth. Biogeosci. Discuss. 1, 1–26. 

Limberger, L.; Silva, M. E. S., 2016. Precipitação na bacia amazônica e sua associação à 
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