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Abstract: The rise in the global mean sea level (MSL) is a significant consequence of climate change,
attributed to both natural and anthropogenic forces. This phenomenon directly affects the dynamic
equilibrium of Earth’s oceanic and estuarine ecosystems, particularly impacting the Amazon estu-
ary. In this study, a numerical model was employed to investigate the long-term impacts of MSL
fluctuations on key hydrodynamic parameters crucial to regional environmental dynamics. Our
investigation was based on scenarios derived from Representative Concentration Pathways (RCPs)
and Coupled Model Intercomparison Project Phase 5 (CMIP5) projections, incorporating MSL vari-
ations ranging from 30 to 150 cm above the current mean level. Following careful calibration and
validation procedures, which utilized observational and in situ data, notably from field expeditions
conducted in 2019, our simulations unveiled significant impacts on certain hydrodynamic parameters.
Specifically, we observed a pronounced increase in diurnal tidal amplitude (p < 0.05) within the
upstream sections of the North and South channels. Additionally, discernible alterations in water
renewal rates throughout the estuary were noted, persisting for approximately 2 days during the dry
season (p < 0.05). These findings provide valuable insights into the vulnerability of key parameters to
hydrologic instability within the Amazonian coastal region. In conclusion, this study represents a
pivotal scientific endeavor aimed at enhancing the preservation of aquatic ecosystems and advancing
the environmental knowledge of the Lower Amazon River, with the goal of proactively informing
measures to safeguard the current and future sustainability of these vital ecosystems.
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1. Introduction

The global mean sea level, driven by climate change, increased from 11 to 16 cm in the
20th century [1] and, even with an abrupt and immediate cut in greenhouse gas emissions,
it could increase by another 50 cm by the end of the 21st century [2]. In higher emission
scenarios, the rise over the century may approach extreme levels and exceed 200 cm if some
early instability of the Antarctic ice sheet occurs [3]. During the last century, the global
sea level rise was driven by melting glaciers, rising groundwaters and thermal expansion
of the oceans [4]. This rise in mean sea level (SLR) not only generates responses such as
increased coastal salinity [5,6] and ocean currents [7], but also causes changes in physical
parameters in coastal systems such as residence times and transport of passive substances
in the runoff [8]. Such effects can change according to the different types of estuaries, which
are related to their physical characteristics, especially bathymetry, length, and geometry [9].
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Therefore, each coastal region has unique physical characteristics, whose response to the
sea level rise depends on local geological, morphological, and atmospheric conditions.

Indeed, hydrodynamic conditions are elementary and fundamental to evaluate the
equilibrium or vulnerability conditions of aquatic ecosystems and their relationship with
the conservation and management of biodiversity, especially in the context of climate
change. For example, most measurements of microbial respiration in large rivers ignore the
influence of runoff on the reaction rates, tending to underestimate the contribution of these
processes to the CO, emitted into the atmosphere, as occurs in the Amazon River. These
aspects have already been shown in experimental studies reporting that the flow velocity
and hydrodynamic conditions are key factors that control the microbial metabolism of
metabolized organic matter in the aquatic system itself [10]. Therefore, microbial respiration
can potentially exceed the CO; emission rates in the main channels and be balanced by
primary production, atmospheric emissions and other inputs into mass balances [11].

The Amazon basin drains an area of approximately 6.5 million km?, representing
~16-20% of the global freshwater discharge to the ocean and ~44% of the global flow of
CO; gas emitted from inland waters [12-14]. In addition, its plume extends up to 106 km?
over the Western Tropical North Atlantic (WTNA), being carried northwest by the North
Brazil Current (NBC) along the coast of the northern Brazilian shelf [15]. In this context,
the Amazon River estuary presents unique hydrodynamic conditions, distinct from those
of other estuaries on the planet, that have proved to be extremely challenging and complex
in terms of logistics, field experimental approach and even the use and application of
numerical models, including hydrodynamics, water quality and matter flows [16,17]. This
complexity arises primarily from the increasing recognition of inland waters and coastal
oceans as integrated systems, constantly transporting and transforming biogeochemical
constituents [18]. The result of this interaction has been the generation of unique aquatic
habitats that, in turn, dynamically shape and influence different ecosystems along the
continuum [19,20]. However, few studies have approached questions about the potential
impacts of the SLR on the hydrodynamic spatiotemporal patterns in the natural flow of the
Amazon River Estuary. The estuarine hydrology is related to the main control factors of
carbon fluxes and emissions and the transport of nutrients and sediments in this delicate
and dynamic boundary between the continuum of river systems (Amazonas) and receiving
oceanic waters (Atlantic) [21]. For example, rivers generally act as a CO, emission pump
that transfers carbon dioxide from water to the atmosphere [12] where, usually, part of this
transfer happens due to the decomposition of terrestrial organic matter [18] and inputs
from the floodplains [21,22]. On the other hand, in coastal areas dominated by rivers,
such as the plume of the Amazon River (ARP), the simultaneous removal of CO, from
the atmosphere can also occur due to the increase in primary production driven by the
presence of river nutrients [15]. Thus, hydrodynamics in this zone tends to control the
mass and energy fluxes, also influencing the behavior of the saline interface itself, defining
the river—ocean limits [10], because the hydrodynamic approach is complex due to its
gigantic scale and experimental limitations. However, these experimental limitations
justify the scarcity of broad studies in this region. Nonetheless, they present a significant
opportunity to leverage numerical modeling and simulation techniques in conjunction
with experimental data [15,23,24]. This approach allows for the representation of the entire
system, encompassing not only boundary conditions and local hydrology but also the
influence of oceanic tides and circulation hydrodynamics. Furthermore, it facilitates the
study of spatio-temporal variations, such as tidal amplitudes, currents and discharges,
utilizing current observational data and/or future climate projections as criteria. Therefore,
it is possible to test hypotheses related to water balances and their potential influences
on the concentrations of constituents such as nutrients or passive substances within these
hyperdynamic zones [25].

Here, we employ an efficient and suitable numerical model to investigate the potential
regional extreme impacts of long-term sea level rise (SLR) scenarios on the coastal hydrody-
namic patterns of the Lower Amazon River. The focus is on examining the spatiotemporal
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patterns of tide and surface water renewal rates during both wet and dry regimes. The
SISBAHIA model [26], which has been commonly utilized in similar applications within the
Amazon River estuary [16,17,27], is employed for this study. Considering the projections
until the end of the century from different CMIP5 RCPs scenarios, we hypothesize a SLR
ranging from 30 to 150 cm above the current mean level in the Amazonian estuary. As a
general hypothesis, based on previous hydrodynamic knowledge of the Amazon River
estuary, we expect that the moderate geometric convergence of the channel will result in
a gradual increase in the tidal range as it propagates upstream. This hypothesis has been
investigated in other regions of the globe, such as in the studies by [7], who investigated
the rise in sea level and its influence on freshwater flows and on the estuarine circulation
pattern in EUA.

Therefore, our research stands out for its focused exploration of the hydrodynamics
of the Amazon estuary, a topic rarely addressed in previous studies. This uniqueness
encompasses both our methodological approach, which utilizes advanced hydrodynamic
and environmental numerical modeling techniques, and the integration of IPCC scenarios
to assess the current and projected impacts of sea level rise on these coastal regions. Ad-
ditionally, our investigation provides unprecedented insights into the potential effects of
sea level rise disturbances on hydrodynamic parameters, meticulously documenting these
variations. Through this endeavor, we aim to raise awareness among the scientific com-
munity and resource managers about the ecological implications for estuarine ecosystems
within the Amazon River plume.

2. Materials and Methods
2.1. Study Area

The study area (Figure 1) covered the eastern Amazon, from the city of Obidos in
the state of Para to the mouth of the Amazon basin in the state of Amap4, including the
entire coastal zone of the island of Marajo and the adjacent oceanic area over the equatorial
Atlantic. This region is characterized by high geographical and hydrological complexity,
with the presence of the north and south channel of the Amazon River between the states
of Amapa and Pard (Marajo Island). The tidal range in this region induces a water level
variation of approximately 3 m in amplitude at the SP station (classified as mesotide).
However, as it approaches the mouth, this amplitude increases, reaching up to 4-6 m
or more during semidiurnal periods (macro tidal). When the water level in the Atlantic
Ocean rises due to daily tidal effects, there is a complete reversal of the water flow, with
the influence of level variation up to Obidos [28]. Even with the tide reversal, due to the
gigantic volume of the Amazon River outflow, there are no records of any saline intrusion,
at least as far as Macapa. That is, the upstream waters are exclusively fluvial [29]. The
climate is hot and humid with pronounced variations in tropical convective activity and
precipitation, which are the most important climatic variables in the region [30].

The SISBAHIA describes the inclusion of climatic variables for its simulations compre-
hensively and accurately. It incorporates relevant meteorological data such as air temper-
ature, relative humidity, solar radiation, wind speed and precipitation, among others, to
model the water balance in general. For instance, these climatic variables are input into the
SISBAHIA through specific input files containing the time series of observed or estimated
meteorological data for the region of interest. Users can provide these data directly to the
software or access them through external sources such as local weather stations or climate
databases [16,17,24,27,28].

Based on the input climatic information, the SISBAHIA uses algorithms and hydro-
logical models to simulate various processes related to water resource balance, such as
evapotranspiration, soil water infiltration, surface runoff and water percolation, to under-
ground aquifers [27]. These simulations provide valuable insights for water management
in the estuarine coast, assisting oceanic researchers in decision-making related to water
resource and environmental management [16,17,24,26,27].
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Figure 1. Study area and numerical mesh overlaid on the bathymetric map (shaded) of the Amazon
River estuary. The red triangles indicate the tide-monitoring gauges along the coastal region.

In Koppen's classification, the climate is the Am type [31], i.e., tropical rainy monsoon,
with a short period presenting rainfall below 80 mm per month (July to December) and
average temperature monthly air flow rate of 26.0 £ 0.4 °C, with maximums and minimums
between 31.5 + 0.7 °C and 22.0 = 0.3 °C, respectively [32,33].

2.2. Definition of Sea Level Rise (SLR) Scenarios

We took into account the future projections of SLR according to the CMIP5 models
under different representative concentration pathway (RCP) scenarios [34,35], so that for
the period 2081-2100, relative to the current conditions, the expected global mean sea level
rise is 0.26 to 0.55 m for RCP2.6, 0.32 to 0.63 m for RCP4.5, 0.33 to 0.63 m for RCP6.0 and
0.45 to 0.82 m for RCP8.5 [2]. Thus, for the present research, we defined the resulting values
of SLR by 30 (SLR30), 60 (SLR60), 100 (SLR100) and 150 (SLR150) centimeters above the
current mean level in the Amazon River estuary, which is 250 cm according to Brazilian
navy data. These four SLR scenarios representative of the end of the 21st century were
introduced as input data and boundary conditions of the hydrodynamic model to evaluate
the potential impacts on the spatiotemporal patterns of tide, discharge, and water renewal
rate in the Amazon estuary region.

2.3. Numerical Model
2.3.1. Hydrodynamic Model

The SISBAHIA (Environmental Hydrodynamics Base System) model, called FIST3D
(filtered in space and time 3D), is an efficient three-dimensional hydrodynamic numerical
model for large-scale homogeneous flows, composed of two modules. The first module
(2DH) calculates vertically averaged currents and free surface elevation. The second module
(3D) calculates the three-dimensional velocity field, with two methodology options defined
by the user [26]. In addition, in this model, it is possible to include effects of density
gradients coupling salt and heat transport models from Water Quality Models and the
morphological evolution of the bottom by coupling Sediment Transport, Wave Generation
and Propagation Models.
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Due to the characteristics of this research, the 2DH hydrodynamic circulation model
was chosen, where the basic Equations (1)—(3) consider the flow as “shallow” water, i.e., in-
compressible, that is, the density within a control volume of moving fluid is considered
constant. This same model has already been used efficiently for studies of seed dispersal in
rivers (hydrochory) and oil dispersion in the aquatic environment of the Amazon estuarine
complex, that is, with flow dynamics, conditions of contour and similar initials [23].

The movement mechanics for turbulent flow in the FIST3D model is governed by
the Navier-Stokes equations that represent the principle of momentum conservation and,
together with the continuity equation, a state equation and a transport equation for each
constituent of the equation of state that makes up the fundamental mathematical model for

any body of water:

9, 9UH oVH _
ﬁ"’ Ix —O—W—qp—i-qE:th (1)

where ( is the elevation of the water surface; U is the velocity on the x-axis; V is the velocity
on the y-axis; H is the instantaneous depth (m); g, represents effects due to precipitation;
gg represents effects due to evaporation; and qy represents effects due to infiltration.

The amount of movement along the x and y axis is calculated by:
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where p,, is the vertically mean water density (kg m~3); p is the constant reference density
(kg m~3); g is the acceleration due to gravity (m s2); Tjj is the turbulent tension tensor
(kg m~! s72), with i j representing two dimensions or areas; T} is the free surface shear
tension (kgm~! s72); ¢ is the angular speed of the Earth (m m~1); 0 is the angle of latitude
(m m~1); and Y.q are terms on the right side of Equation (1), i.e., the sum of effects due to
precipitation, evaporation and infiltration (m?® s~! m~2).

For the numerical processing, a spatially discretized mesh was used, using the finite
element method. The geospatial mesh (Figure 1) is responsible for creating the calculation
matrix used by the models. For the 2DH model, the vertical discretization of the water
column uses finite differences, so that the complete discretization of the domain results
in an overlap of finite element meshes, one for each depth level [26]. For this work, a
discretized mesh was used for the selected domain with an average spacing of 3 km, within
which 1419 elements and 6460 nodes were generated (Figure 1).

2.3.2. Eulerian Model for Transport Simulation

The numerical scheme used to simulate the transport time was the Eulerian type avail-
able on the SISBAHIA platform [26], represented by an advective-diffusive transport model:

i L2 (]2 e (60 €) a6 ) (6 ) a6 )

where C is the mean concentration of the constituent in the water column; 4; is the com-
ponent of the velocity vector in the vertically mean direction; H is the height of the water

T . . . . . .
column; Dy is the turbulent diffusion tensor, modeled with an Elder coefficient; Rpg.c
indicates kinetic reactions of production and consumption; q;,, qe, gin, ey are flows per
unit area, for precipitation, evaporation, infiltration and exfiltration, respectively.
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2.4. Initial Boundary Conditions
2.4.1. Tide Harmonics

For the external boundary conditions of the hydrodynamic model, the main harmonic
constants (Table 1) present in the Amazon River estuary were considered [28], which were
obtained through the tide analysis and predict module available in SISBAHIA. That is, a
harmonic analysis of level registers was performed to obtain the harmonic constants. The
tidal levels were obtained from the MC station record, as it is the closest to the oceanic
contour of the modeling domain (see Figure 1).

Table 1. Harmonic constants used as boundary condition in the hydrodynamic model.

Components ! Amplitude (cm) Phase (°) Description
K1 10.4 272 Lunar/solar diurnal
o1 6.3 251 Principal lunar diurnal
P1 34 272 Principal solar diurnal
M2 152.7 315 Principal lunar semidiurnal
S2 40.1 354 Principal solar semidiurnal
N2 36.6 292 Larger lunar elliptic semidiurnal
K2 10.9 354 Lunar/solar semidiurnal

1 Source: BNDO.

Tidal rises and currents are produced by gravitational and centrifugal forces acting
on the oceans. These forces are expressed as the tidal potential, which consists of a set
of constituents with discrete frequencies, whose amplitudes and phases are well known
over time. However, the tide at any point on Earth is affected by bathymetry in the oceans,
especially in bays and estuaries, as the forces are modified by local dynamics in the fluid.
The frequencies are unchanged, but the amplitudes and phases of each tidal constituent
vary locally [36]. The constants M2 and S2 are the most important for the Amazon River
estuarine complex, considering that both would be the main responsible factors for a water
level variation between 70 and 85%, and represent the syzygy and quadrature cycles [28].

2.4.2. Bathymetry and Roughness

The background roughness values employed in this study were derived from a com-
prehensive analysis [30]. The authors meticulously surveyed the diverse bathymetric and
roughness characteristics of both the North and the South Channels of the Amazon River.
Their work also involved a detailed examination of the river’s hydrodynamics and its influ-
ence on the sediment transport dynamics within the Amazon River. Thus, the background
roughness values utilized in this study were sourced from this comprehensive analysis [29].

To define the updated bathymetry of the Amazon River, a systematic digitization
of a comprehensive set of nautical charts (Table 2) published by the Brazilian Navy and
available at https:/ /www.marinha.mil.br/chm/dados-do-segnav/cartas-raster (accessed
on 30 August 2021) was performed. The roughness data were from the studies by [37]
and were defined according to the type of sediment at the bottom of the Amazon River
estuary (Figure 1).

2.4.3. Initial Water Discharge Conditions

We input the model flow data for the year 2019, provided by the national water
agency (available at http:/ /www.snirh.gov.br/hidrotelemetria/serieHistorica.aspx) (ac-
cessed on 30 August 2021), from the Obidos stations (Amazon River), Itaituba (Tapajos
River), Altamira (Xingu River) and Tucurui (Para River). The compiled results of the flow
measurements for the year 2019 are summarized in Figure 2, with evidence that a large part
of the flow that enters the system is upstream of Obidos, with its downstream tributaries
representing only 10% of the total flow. The flow of the Pard River was inserted because it
is connected to the Amazon River by the de Breves strait (Figure 1). It is estimated that 5%
of the flow of the Amazon River flows through the Breves strait into the River Para [38].
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Table 2. Seasonal statistical correlation analysis for the tide stations and the model simulations during
2019 wet and dry regimes.

Station Season r RMSE (m)  NSE r d

Cabo Maguari (MC) Wet 0.86 0.48 0.75 0.93 0.95

Dry 0.91 0.43 0.81 0.95 0.96

Curua Stream (CS) Wet 0.93 0.32 0.92 0.96 0.98

Dry 0.92 0.37 0.90 0.96 0.97

Chaves (CV) Wet 0.89 0.38 0.81 0.94 0.96

Dry 0.92 0.34 0.85 0.96 0.96

Canivete (CT) Wet 0.86 0.33 0.84 0.92 0.96

Dry 0.91 0.31 0.89 0.95 0.97

Nazaré Village (NV) Wet 0.92 0.35 0.92 0.96 0.98

Dry 0.92 0.35 0.92 0.96 0.98

Santana Port (SP) Wet 0.72 0.46 0.73 0.87 0.90

Dry 0.74 0.44 0.73 0.86 0.90
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Figure 2. Flow hydrograph for the year 2019 of the Amazon River, its two main tributaries and the
Para River.

2.5. Calibration of the Hydrodynamic Parameters

To evaluate the model’s performance and accuracy, the model tidal rise and flow
results were compared with experimental and observed data in the field and recorded
in the literature by using statistical methods. Due to the scarcity of continuous series of
tidal rise data, research on hydrodynamics in the Amazon River estuary poses significant
challenges and difficulties for the calibration of models [15,17,23,26,27]. So, even with this
limitation, we used tidal elevation data measured by the Brazilian Navy in specific periods
at the stations presented in Table 1 and Figure 1. The SISBAHIA tidal forecast module
was used to extract the harmonic constants of this tidal rise series, whose objective was to
predict the estimated elevation of the water column throughout the year 2019 [26].

2.5.1. Tide Elevation

The comparative statistics results of the observed and simulated tidal rise data are
shown in Table 2. The best values of R? (0.93) were obtained at the Curua Stream station
(Figure 3). At the remaining stations, this value ranged from 0.72 to 0.92, which is considered
acceptable [16,17,23,27]. We also used other tests to confirm the efficiency of the model,
such as the Nash Sutcliffe test, the agreement index (d), the Pearson coefficient (r) and the
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root-mean-square error (RMSE). Difficulties in the procedures for calibrating tidal variables
(try and error procedures) remained a challenge for the Amazon River estuary due to its
significant bathymetric heterogeneity [39].
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Figure 3. Time series of tide elevation for the CS tide-monitoring gauge in the north channel (black
lines) and simulations (red line) during the 2019 wet and dry regimes.

Figure 3 illustrates the observed and simulated tidal time series at the CS tide-
monitoring gauge in the north channel, in which it is evident that the model consistently
reproduced the temporal hydrodynamics in both seasonal regimes.

2.5.2. Discharge

Figure 4 displays the diurnal variations of river discharge in the north channel in
front of Macapa city (location in Figure 1), represented by observational data from a field
campaign and model simulations for the 2019 wet (10th April) and dry (12th November)
regimes. It is evident that the discharge maximums occurred in the afternoon, and the
minimums during the morning in the wet regime, with an inverse pattern in the dry regime,
and the temporal behavior was well captured by the model.
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Figure 4. Diurnal variations of river discharge in the north channel in front of Macapa city represented
by data from a field campaign and simulations for the 2019 wet (10th April) and dry (12th November)
regimes. The statistical test results are highlighted in each period.

3. Results
3.1. Tidal Amplitude Scenarios

Figure 5 shows the diurnal tide amplitude during the wet and dry periods at the
CS (north channel) and CV (south channel) tide-monitoring gauges of the Amazon River
estuary, considering the current (black line) and the numerical simulations using the SLR
(colored lines) projected at different levels of future scenarios. In general, as expected, the
impacts were higher for the most extreme value of SLR150 (red lines in Figure 4), for which
it is possible to assume a tide amplitude increasing in the upstream direction of the North
and South channels. For the CS tide-monitoring gauge, the tidal range in north channel
increased by about 16% compared to that in the current scenario for SLR150 (Figure 4, top).
So, the progressive effect of the SLR tends to provoke a gradual increase in the tidal range
as it propagates upstream. These findings confirm the hypothesis of [9] that the progressive
effect of the SLR tends to provoke a gradual increase in the tidal range as it propagates
upstream. In the present study, another observation was the relative delay of at least one
hour in the flood and ebb times in the SLR150 scenario. This means that, in this scenario,
the low and high waters tend to arrive earlier in the estuary.

3.2. Water Transport Time Scenarios along the Channel

Figure 6, showing the time behavior of surface water renewal rates (RTs), reports
an RT of about 12 days during the wet regime and of around 29 days during the dry
regime. The effect of an extreme sea level rise (SLR150) in the estuary was to prolong the
RT to values of approximately 1 and 2 days during the wet and dry periods, respectively.
These findings corroborate the results obtained with the Eulerian model available in the
SISBAHIA, in which the transport time in relation to water age into the Amazon River
estuary was simulated considering the impact of the SLR150 scenario. Comparing the
spatial configuration of water age for the current (black solid lines) and future scenarios
(red dotted lines) in Figure 7, we can observe that the red contours are positioned relatively
in front of the black contours, indicating a tendency of temporal extension in the dynamics
of the waters of around 1 day in the wet regime (Figure 7, left) and of about 2 days in the
dry regime (Figure 7, right).
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Figure 5. Diurnal variation of the tidal amplitude in the Amazon River estuary in the wet and dry
regimes considering different SLR projections (colored lines) compared with the current data (black
line) at the tide-monitoring gauges CS in the north channel (top) and CV in the south channel (bottom).
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Figure 6. Variations in water renewal rate (RT) in the Amazon River estuary for the wet (in blue) and
dry (in red) periods. Arrows indicate the direction of change in both seasonal periods.
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Wet regime Dry regime

Figure 7. Water age (days) spatial patterns in the Amazon River estuary for the high flow during the
wet regime (left) and for the low flow during the dry (right) regime. Black lines represent the current
scenario, and red dashed lines represent the SLR150 scenario.

4. Discussion

Although the ocean force directs the coastal ecosystem, there are still many gaps
in knowledge about how the sea influences estuary hydrodynamics. The west coast of
the United States was studied, revealing that the rising sea levels will have numerous
adverse effects on coastal biodiversity [40]. In this region of the north Atlantic, the SLR
will have a disproportionate impact on the lower order of tidal streams and their terrestrial
interfaces, so that 1 m in SLR variation will decrease the land—water tidal flow interface
by 17% and the total surface area of U.S. tidal currents by 31%. Influences upstream of
the tidal zones will be extended in response to the SLR, but the increase will be more
than offset by coastal losses, because topographic gradients become steeper inland, and
accretion rates may not keep up with the SLR. As discussed in [41], tidal amplification
occurs due to the gradual decrease in the width and /or depth of the estuary. Hence, if much
of the geomorphology of the Amazon River estuary remains unchanged, particularly in
terms of hydrosediments [40,42,43], the rise in the mean sea level will expand the available
crossflow area of entry. This expansion will impact the dynamics of estuarine tides, leading
to a larger tidal prism [8]. This bigger tidal prism will alter the effect of friction, tidal
wave propagation patterns and tidal current velocity [43]. Additionally, the sea level rise
alters the asymmetry of tidal waves, a crucial factor for sediment transport, current effects,
and secondary currents in meandering rivers. Tidal wave asymmetry generally refers to
the phenomenon of tidal wave deformation, where the duration of ebb and flood tides is
uneven [41]. In the Lower Amazon River, close to Macapa city, this asymmetry is already
well known, varying both spatially and seasonally [11,14,16-18,44]. For instance, during
the dry period in the North Channel, on average, the ebb lasts about 4.5 h, and the flood
about 3.5 h, while during the rainy season, on average the ebb lasts about 8 h, and the
flood about 4 h, according to the lunar phases and periods, generating in both seasons an
asymmetry of tidal propagation [10,11].

Our simulation results indicating changes in the spatial dynamics of surface water
renewal rates and water age over the Amazon estuary are consistent with scientific knowl-
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edge of regional hydrodynamics. The Amazon River estuary has large bodies of water
and a complex quantity of dissolved substances [11,18], which explains the relatively fast
surface water renewal rates compared to those of other small estuaries, for both the wet
and the dry seasons [17]. This is due to the change in the flow pattern in these periods by
the modulation of the precipitation pattern in the watershed, caused in particular by the
extreme climate events observed during the last decades [10,11,45,46].

The Amazon River estuary is surrounded by low plains that are below the high tide
limit and form floodplain areas [47]. With the SLR effect, many areas with topography
above the tidal ceiling will periodically become flooded, and the areas that are periodically
flooded will be permanently flooded. The loss of these areas can result in reduced carbon
uptake from the land and the release of carbon stored in peat that is decomposed in the
aquatic environment [42,47]. More generally, given the significant contributions of these
areas to the ecosystem’s net productivity [11,14,18,22], the losses of these systems due
to SLR could significantly impact the carbon cycle and other biogeochemical processes
in coastal regions. In the end, we will have a positive-feedback situation, as changes
in hydrodynamics can influence the emission of greenhouse gases (amplifying global
warming), thus raising the mean sea level, which in turn will tend to further influence the
hydrodynamic pattern of estuaries [14].

Increasing in water depths change the inundation patterns over a tidal cycle, increasing
the tidal amplitude in the land direction, thus expanding the area suitable for establish-
ing floodplain ecosystems. If the sediment supply decreases over time, the increase in
water depth can increase the sediment capture rate in the system [11] and thus alter the
geomorphology and dynamics of the system [47-49]. If the SLR rate exceeds the accretion
capacity of the estuary (such as rainfall magnitude, location, response to capture and trans-
port of cohesive sediment), a change in vegetation composition and open water cover is
predictable, leading to further changes in estuarine dynamics [50,51]. In addition, losses or
the intensification of hydraulic connectivity between flooded plains or between lakes and
canals or large rivers would significantly change the evaporation rates of these water bodies
and enhance salinization processes and significant changes in water quality [45,52-55]. As
the tidal prism and water depth will likely increase under SLR, the extent of saline intrusion
may increase, leading to the loss of freshwater ecosystems [52]. Indeed, any change in
the salinity of estuarine water (as a component of water quality) can negatively impact
estuarine flora and fauna communities [53] and the entire physical environment of the area
in contact with the sea [38,54-58]. A recent issue currently occurring in the coastal zone of
Amapa in the Amazon estuary concerns the intensification of the progressive erosion of a
new tidal channel (Urucurituba) between the Amazon River and the Araguari River, which
has recently generated significant geomorphological changes with strong impacts on the
landscape and hydrodynamic patterns near the mouth of the Araguari River, altering the
river’s drainage system and the general water quality [49,54,55,59-62].

Concerning the potential impacts on the local tropical biodiversity of the SLR, the
Amazonian estuary is considered environmentally sensitive when it comes to the coast [16].
About the aquatic biota, in addition to sheltering protected areas and several riverside
communities, preventive protection against probable episodes involving potential accidents
with ships and oil spills is especially relevant for the conservation of the Amazonian
biodiversity [27,63]. In a recent study conducted in [27], the biological resources and
endemic species present in the Lower Amazon River were mapped, covering approximately
60 sites. These findings will serve as a reference for assessing the current and future impacts
of sea level rise on local biodiversity.

Aiming to contribute to the scientific discussion on the research theme, we elaborated
a summarized schematic diagram (Figure 8) of the complex direct and indirect impacts
of sea level rise on the hydrodynamic patterns in the Amazon estuary. Due to its unique
shape and system boundary conditions and in response to the SLR impacts (first order), the
estuary will exhibit alterations in tidal regime and renewal time of fluvial-maritime waters
(second order). Subsequently, cascade processes can have impacts on some variables in the
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1st order

2nd order

3rd order

dimensions of the environment and biogeochemistry (third order) that tend to manifest
themselves on a longer (and more unpredictable) time scale, due to the slower nature of eco-
logical and geomorphic responses [8,15,40,46,50,62]. In a long-term integrated perspective,
systemic consequences are expected in terms of ecology and the environment, which can
lead to an ecosystem imbalance. Thus, the final scenario of natural and anthropogenic pres-
sures can aggravate the socio-environmental vulnerability in the face of natural disasters,
directly affecting the activities of the productive sector and the regional socioeconomics. In
Figure 8, the potential effects of changes in SLR according to different levels or orders of
impact are summarized.

1

Environment: Biogeochemistry:
- water transport time - respiration and decomposition
- estuary energy processes - supply and loss of nutrients
- distribution of floodplain areas - increase in CO2 emissions
- nutrient cycling - atmospheric reaeration
- saline intrusion - transport and deposition of sediments

Systemic consequences (ecosystem imbalance):
- changes in water quality

- threats to biodiversity and species extinction
- changes in the dynamics of mangroves

- worsening socio-environmental vulnerability
- exacerbated natural disasters

- economic impacts on productive activities

Figure 8. Schematic diagram of the first-, second- and third-order impacts of sea level rise on
the hydrodynamic patterns in the low Amazon estuary, including systemic consequences for the
environment and society.

Based on similar studies in the literature, we utilized a maximum projected sea level
rise ranging from SLR = 150 cm to SLR = 2.0 m [8,56-62]. Furthermore, as mentioned
earlier and for didactic purposes, our simulations indicated that SLR values >150 cm
or up to 2.0 m were consistent with the maximum amplitudes reported in the literature.
Therefore, it remains plausible to propose scenarios with “very extreme” variations, such as
SLR = 2.0 m, particularly in the event of early instability of the Antarctic ice sheet [56]. Thus,
the extreme sea level rise case of 1.5 m, as suggested by several publications [8,56,61,62],
was also assessed.

Referring to Figure 8 schematic diagram, which illustrates the primary, secondary,
and tertiary impacts of sea level rise on the hydrodynamic patterns within the Lower
Amazon estuary, along with its systemic consequences for the environment and society, the
following observations emerged [55-62]:

1. First-order effect: throughout the 21st century, sea level rise is expected to signifi-
cantly impact the hydrodynamic balance in the Amazon River estuary, especially
currents, tidal range, recirculation, sediment transport, water quality. But the response
of a coastal region to sea level rise depends on the local physical characteristics,
which must therefore be assessed to provide an accurate investigation of vulnerabil-
ity [16,17,49,55].

2. Second-order effect: throughout the 21st century, sea level rise is expected to signif-
icantly impact the hydrodynamic balance in the Amazon River estuary [16,17,49],
especially currents, tidal range, recirculation, sediment transport, water quality, and
discernible alterations in water renewal rates throughout the estuary, persisting for
approximately 2 days during the dry season (p < 0.05).
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3. Third-order effect: (a) environmental, i.e., abnormal variations in water transport
time (age and renewal rate) and energetic processes, mainly concerning erosion
processes of coarse sediments, alteration in water surface distribution, including
flooded plains, changes in nutrient cycling and saline intrusion; (b) biogeochemical,
i.e., impacts on respiration and decomposition processes (CO, and CHy4 outgassing),
fluctuations in nutrient supply and loss, rise in CO, and CHy outgassing, transport
and deposition of sediments; (c) simultaneous processes, i.e., disruption of aquatic and
terrestrial ecosystems, particularly in coastal and flooded plain areas, shifts in water
quality affecting the aquatic fauna and fisheries, risks to aquatic biodiversity and
species extinction, alterations in mangrove dynamics, increased socio-environmental
vulnerability among traditional, riverside, and urban populations, intensification of
extreme hydrological processes, economic ramifications of productive sectors and
widespread environmental impacts. For example, climate change alone will drastically
reshape the Lower Amazon River’s functioning in the future, leading to increased
coastal flooding and estuarine wetland submergence, heightened salinity variability
on various time scales, more occurrences of harmful algae, elevated hypoxia levels,
diminished dominant submerged aquatic vegetation, and altered interactions between
trophic levels, favoring subtropical fish and shellfish species [10-24].

Climate change poses a significant threat to the global economy, particularly due to its
severe impact on coastal ecosystems. Key factors include rising temperatures, alterations
in precipitation patterns (duration, frequency, timing and intensity), heightened storm
frequency and intensity, shifts in ocean currents and rising sea levels leading to salinization
processes. These environmental pressures, compounded by increasing anthropogenic
activities like pollution, land conversion and resource extraction, jeopardize the ecosystems,
leading to shrinkage and degradation [55-63].

Brazil ranks among the top 15 nations most vulnerable to climate change impacts.
It is imperative to safeguard, for example, the mangroves, which serve as a vital buffer
against climate-related hazards. The mangrove forests play a pivotal role, offering essential
benefits in adapting to climate impacts. Ensuring the preservation of the mangrove and
estuarine ecosystems is essential for mitigating climate change-related risks [60,61].

Finally, it is crucial to acknowledge the limitations of the present study. Key constraints
include (a) a limited number of long-term hydrological or tide gauge stations, some of
which may have experienced significant interruptions; (b) the high costs associated with
field campaigns, posing challenges in refining field monitoring and impacting the quality
of the hydrological parameters used in numerical models (such as model calibration or
validation); (c) the absence of readily available tools for modeling the hydrodynamic
(shallow water) and climatic effects at the Amazon River mouth, hindering the integration
of these two aspects (downscaling) [15,17,23,26,27].

5. Conclusions

Our fundamental hypothesis about significant changes in the hydrodynamic pattern,
particularly space-time variations in the tide amplitude and the surface water renewal rates,
along the Lower Amazon River estuary, because of the principal impact of long-term SLR
induced by global climate change, was confirmed. The moderate geometric convergence of
the channel was shown to provide a gradual increase in the tidal amplitude as it propagates
upstream, whose effect can be corroborated by similar studies in the literature. Indeed, the
current velocity pattern (time of ebb and flood tides), especially during the dry season)
was significantly altered, and significant seasonal changes in the estuarine mass transport
rates could occur, with impacts on the hydrodynamic pattern, exchange processes and
land-water connectivity. As expected, the mean water renewal time in the estuary during
the dry season (29 days) was longer than during the wet season (12 days). Therefore, with
an extreme sea level rise of up to 150 cm projected by the end of the 21st century, the wet
and dry season water renewal times would increase, respectively, by 1 and 2 days. In other
words, the river entry would remain in the estuary longer after a rise in the sea level, which
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could affect biogeochemical processes, mainly increasing the retention time of dissolved
substances in the estuary.

Although the present research is an important contribution to the understanding of
the impacts of SLR on the Amazon estuary, there are still limitations concerning historical
tide series data and a need to carry out new campaigns for a more detailed refinement
of the tidal variations, so that we can further advance our scientific understanding of the
Amazon coastal hydrodynamics.
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