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Abstract

The magnitude and temporality of the yearly maxima water levels are key parameters for the characterization of the riv-
erine flooding hazard and its impacts. Although the Amazon estuary, that conveys the largest river discharge to the world
ocean, exhibits marked events of maxima of the water level every year, the contribution of the natural drivers to these yearly
extreme water levels is not well quantified. In this study, we investigate the contributing factors to the yearly maxima water
level events along the Amazon estuary using a high-resolution cross-scale hydrodynamic model that has been extensively
validated against comprehensive in situ and satellite datasets. Our study shows that the oceanic tide plays a crucial role in
the genesis of the yearly maxima, whose influence decays from the downstream part (accounting for 85% of the total water
level) towards the upstream part (44% of the total water level) of the estuary. Conversely, the Amazon discharge during the
peak flood season induces yearly maxima in the upstream part of the estuary (accounting for 41% of the total water level),
but the riverine influence decays sharply towards downstream and remains minor in the region of the mouths (9% of the
total water level). Additionally, the sporadic bursts of north-easterly trade winds result in a sizeable wind-setup in the estu-
ary (typically accounting for 5% to 13% of the total water level). Our study underscores the need for considering compound
forcing in the cross-scale modeling in Amazon and similar estuaries. At a time when the climatic extremes are becoming
more frequent over the Amazon region, our study helps the interpretation of the imprint of these extremes on the water level
variability along this estuary.
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Introduction

Complex estuarine systems and large river deltas around
the world stand out as vulnerable territories (Tessler et al.,
2015). They are increasingly struck by the coastal flood-
ings and show sensitivity to sea level rise (Edmonds et al.,
2020). Yet, they are vital for the economy and food security
of many regions worldwide, beyond their own boundaries
(Khojasteh et al., 2021; Syvitski et al., 2009). They are also
of key importance for the freshwater, sediment, and nutrient
budgets of the world ocean, as they are the main conveyors
of continental runoff to the oceans (Milliman & Farnsworth,
2011). At the interface of rivers and ocean, they remain rela-
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tively less studied than the adjoining coastal ocean or the
upstream rivers. Particularly, global flood risk studies focus
on either the riverine or the coastal part (Eilander et al.,
2020, and references within). The lower part of these mega
estuaries typically forms intricate hydraulic systems. The
hydrodynamics of these interface zones is indeed complex,
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under the joint influence of various factors, namely the
hydrology of the upstream watershed, the oceanic variabil-
ity (including the tides, along with swell and wind waves
in storm-prone areas), the local atmospheric forcing (viz.
the weather), and the dynamic interactions among these.
One of the possible reasons for the lack of understanding of
their dynamics may be linked to their very broad temporal
spectrum of hydraulic variability, with prominent timescales
ranging from minutes and hours (typically for the tide and
storm surges) to annual, interannual and longer periods (for
the seasonal discharge or for the trend of sea level rise for
instance). Spatially, the typical braided geometry of the
estuarine riverine systems also involves a broad variety of
relevant scales, from sub-kilometric channels and creeks to
hundreds of kilometers-long tidal rivers reaches for the larg-
est ones. This altogether sets some stringent constraints in
any observational or modeling initiative developed to ascer-
tain their dynamics.

The Amazon estuary, the downstream-most fraction
of the Amazon River subject to tidal intrusion, is unusual
among the estuaries of large rivers worldwide in several
ways. It has among the longest tidal reaches, with a macro-
tidal signal of typical range around 4 m entering the mouths
from the Atlantic Ocean, propagating and decaying upstream
over more than 800 km inland (Fassoni-Andrade et al., 2023;
Kosuth et al., 2009). This energetic tidal signal is favored by
the geometry of the Amazon shelf suitable to the resonance
of semi-diurnal tides (Beardsley et al., 1995) as well as by
the extended fluid mud layer at the Amazon mouth, lowering
the dissipation of the tidal energy by bottom friction (Gabi-
oux et al., 2005). The pioneering study of Gallo and Vinzon
(2005) has evidenced the role of the M4 overtide and MSf
compound tide in the modulation of the tidal signal propa-
gating along the estuary. More recently, Fassoni-Andrade
et al. (2023) showed that the upstream limit of the tidal
influence varies with the seasonality of the river discharge,
ranging from more than 800 km inland in low flow to 500
km inland in high flow.

Gallo and Vinzon (2005) also suggested that the Amazon
estuary has a long tidal river (Hoitink & Jay, 2016). Herein,
tidal river refers to the section of the tidal reach where the
low-tide level of neap tide is lower than the low-tide level
of spring tide (Jay et al., 2015). This definition has already
been adopted in systems of comparable size such as the Saint
Lawrence (Matte et al., 2014) and Yangtze River (Guo et al.,
2015).

The Amazon River also conveys the largest discharge of
freshwater worldwide (200,000 m>.s~!on average), account-
ing for about 20% of the river discharge to the global ocean
(Callede et al., 2010). This massive discharge has implica-
tions on the regional sea level of the western Atlantic Ocean
(Durand et al., 2019). Past studies of Gibbs (1970) and Geyer
and Kineke (1995) have evidenced the lack of salt intrusion
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into the Amazon terminal delta, with a salt front located on
the continental shelf, more than 100 km offshore of the river
mouths. Amazon River outflows to the Atlantic Ocean on the
equator, which has some dynamical implications. The Corio-
lis force vanishes there; therefore, the riverine freshwater
does not get coastally-trapped upon entering the ocean, but
rather gets transported offshore by the regional oceanic cir-
culation (Ruault et al., 2020). Although less populated than
the Asian deltas of comparable size (such as the Mekong or
the Bengal), it is home to 4 million dwellers, as reported in
the 2010 census from IBGE (Brazilian Institute of Geog-
raphy and Statistics) (IBGE, 2010); this population shows
swift migratory dynamics, as it has doubled over the past
two decades (Szabo et al., 2016). The rapid urbanization in
flood-prone areas of the estuary coupled with poor urban
infrastructure for domestic water and waste management
make a significant part of the riverine population vulner-
able and already consistently exposed to flooding hazard
(Mansur et al., 2016).

The tidal and river dynamics, vigorous wind forcing
(Nikiema et al., 2007), and the extended and shallow Ama-
zon continental shelf (Fassoni-Andrade et al., 2021b), mean
that the lower reaches of the Amazon estuary are prone to
prominent surges and tide-surge interaction. These interac-
tions can generate extreme sea levels above the tidal high
water level (Lyddon et al., 2018a). Regarding the hydro-
logical forcing from the Amazon basin, besides its high
magnitude throughout the seasonal cycle, it also exhibits
a marked year-to-year variability, with an intensification of
the floods reported in the latest decades (Barichivich et al.,
2018). Considering the historical records dating back from
more than a century ago, it appears that seven of the ten
largest floods of the Amazon River have occurred in the past
14 years (2009, 2012, 2013, 2014, 2015, 2019 and 2021;
Chevuturi et al., 2021). These floods had distinct impacts on
the physics of the western Atlantic Ocean, with far-reaching
anomalies of the sea surface salinity (Gévaudan et al., 2022).
In a given hydrosystem, compound flooding results from
the combination of various independent environmental fac-
tors. In the case of the Amazon estuary, the strength of the
oceanic tide, of the Amazon discharge, and of the atmos-
pheric forcing altogether point towards their potential role
of compounding factors of extreme water level events. Still,
to date, the quantitative characterization of these factors of
the water level extremes along the estuary remains largely
overlooked. Indeed, due to the broad range of timescales
at which the previously cited factors act and interact, this
remains a complex challenge (Matte et al., 2013). Tides,
non-tidal processes, along with their interactions altogether
make the spectrum of water level variability nonstationary
(Hoitink and Jay, 2016 and references therein).

Various studies have examined tide-river interactions in
hydrosystems of comparable size to the Amazon, such as
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the Yangtze, the Columbia River, the St Lawrence, and San
Francisco Bay (Baranes et al., 2023; Hoitink & Jay, 2016).
In particular, the seasonal modulation of the tide induced by
tide-discharge interactions has been evidenced in the Yang-
tze or the Columbia River, through nonstationary harmonic
analysis (Guo et al., 2015; Matte et al., 2014).

Considering the non-stationarity of the tide, and the
various compounding factors of water level variability,
past studies have aimed at hindcasting and forecasting tidal
datum levels (e.g., higher high-water level or mean water
level) from observational data through regression models
(Baranes et al., 2023; Jay et al., 2011). These approaches
rely on building robust regression methods based on obser-
vational data to analyze the influence of the compounding
factors on tidal datum levels. The present study, in contrast,
aims to quantify the contribution of each of these factors in
the generation of extreme water level events in the Amazon
estuary, through comprehensive hydrodynamical modeling.

Studies investigated the along-channel gradient of forc-
ing factors of the water level variations in other estuarine
and deltaic contexts although not especially dedicated to the
analysis of water level extremes (e.g., Godin (1999) or Matte
et al. (2014) over the Saint Lawrence; Guo et al. (2015) over
the Yangtze; Sassi et al. (2012) over the Mahakam delta).
One such example is the study by Jay et al. (2015) who
investigated the dynamics of the Columbia River and estu-
ary. At the mouth of this estuary, the conditions are macro-
tidal, similarly to the Amazon mouth. They concluded that
the transition from tide-dominated regime to river-flow-
dominated regime occurs around 100 km upstream of the
estuary mouth. In similar tropical estuaries, Hiatt et al.
(2019) have emphasized the composite role of river, tide,
and atmosphere in coastal water level anomalies, while
Khan et al. (2021) demonstrated the pertinence of the use
of hydrodynamical models for understanding extreme water
level events in such data-scarce hydrosystems. However, to
date, no study investigated the specific role of the various
compounding forcing factors of the water level extremes
over the Amazon estuary. The objective of the present paper
is to quantitatively address the dynamics of the yearly water
level maxima (hereafter TWLmax) across the estuary, based
on a hydrodynamical modeling approach in 2D capable of
simulating water level variation from ocean-to-creek scales
including wetting and drying of intertidal and intermittently
flooded areas. To achieve this, we will hindcast the Amazon
estuary dynamics throughout the 2014-2018 period using a
nonlinear, cross-scale hydrodynamic model.

The year 2017 is investigated in depth, as it is considered
as a year representative of normal conditions as regards to
the climatic variability of the Amazon River hydrological
cycle. “Data and Methods” presents the modeling frame-
work as well as the in situ water level database used for
validation. In “Analysis and Validation of Modeled Water

Levels,” we provide a thorough validation of the modeled
water level variability. “Results: Mechanisms of Water Level
Yearly Maximum” describes the mechanisms responsible for
the TWLmax occurring across the Amazon estuary, from the
upstream region to its oceanic outlet. “Discussion” provides
a discussion and conclusion.

Data and Methods
Hydrodynamical Model

For the current work, we have upgraded the configuration
of the hydrodynamic model used in Fassoni-Andrade et al.
(2023) with extended coverage, higher resolution, revised
calibration of the integration timestep, as well as of the
spatial distribution of the Manning’s coefficient of param-
eterization of the bottom friction. The model domain spans
across the Amazon estuary, from its upstream limit in the
region of Obidos (some 800 km upstream of the mouths),
down to the deep Atlantic Ocean (Fig. 1). The model geom-
etry relies on the high-resolution topographic-bathymetric
atlas of Fassoni-Andrade et al. (2021b), encompassing the
riverine domain as well as the adjoining floodable regions.
We used SCHISM, a semi-implicit cross-scale 2D/3D circu-
lation model (Zhang et al., 2016), in depth-integrated mode
(2DH). The model domain is discretized in an unstructured
computational mesh with 1'039'864 nodes and 2024317
triangular elements, with node spacing varying from 5 km
in the deep ocean to 40 m in the estuary (Fig. 2). The ele-
ment size is scaled locally according to both the bathym-
etry and its gradient, with higher resolution in regions of
shallow bathymetry and of steep bathymetric slopes. The
limits of the model domain on the deep ocean side are
aligned with Topex/Jason spaceborne altimetric tracks, to
impose the X-TRACK altimetric tidal constants conditions
(XTRACK tidal constants, www.aviso.altimetry.fr/en/data/
products/auxiliary-products/coastal-tide-xtrack.html) along
these open boundaries. This product is based on the sea level
anomaly dataset of the Topex/Poseidon and Jason satel-
lite altimetry mission from 1993 to 2015 with a dedicated
processing to improve the quality of the measurement in
the coastal zone (Birol et al., 2017). The tidal constituents
imposed at the boundary are M2, N2, K2, S2, 2N2, Ol1,
K1, Q1, P1, MF, Mm, M4, MS4, M6, NU2, MU2, T2, SA,
SSA, MN4, S1, S4, M3, R2, MSf, and J1. We considered the
astronomical tidal forcing over the modeling domain with
the tidal potentials of 2N2, K1, K2, L2, M2, MU2, N2, NU2,
01, P1, Q1, S2, and T2. This modeling strategy ensures
an accurate modeling of the Atlantic Ocean tide propagat-
ing from the deep ocean to the Amazonian oceanic shelf
(Fassoni-Andrade et al., 2023). At its upstream limits inland,
the model holds open boundaries for the Amazon River
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Fig. 1 Bathymetry of the Amazon estuary. The tide gauge stations used subsequently in the study are displayed in blue bullets. Inset (a) shows
the limits of the modeling domain. Inset (b) shows the evolution of the discharge of the various rivers entering the model, over 2014-2018

upstream of Obidos as well as for all the significant tribu-
taries joining the Amazon downstream of Obidos (Tapajos
River, Xingu River, Tocantins River, and Guama River).
For Amazon and the other rivers, observed discharges were
imposed as boundary conditions (ANA, Agéncia Nacional
de Aguas, Brazilian water agency, https://www.snirh.gov.
br/hidrotelemetria/Estacoes.aspx) (Fig. 1b). The model
allows for wetting and drying of all the floodable areas.
The reader is referred to Fassoni-Andrade et al. (2023) for
further details on the numerics and set-up of the modeling
framework. The other differences between Fassoni-Andrade
et al. (2023) and the present model set-up are the exten-
sion of the domain imprint to the whole Para River as well
as the inclusion of the atmospheric forcing under the form
of surface wind and pressure. The wind and pressure fields
at the air-sea interface are prescribed at 6-h interval from
CFSR version 2 reanalysis (Saha et al., 2011). The model is
integrated at a 400-s timestep using a robust semi-implicit
scheme with loose constraints on maximum CFL condition.

To investigate the dynamics of water level variability,
four different simulations have been carried out, cover-
ing the period between 01/11/2013 and 31/12/2018. The
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forcings of the simulations are summarized in Table 1. The
REF simulation considers all forcing fluxes (oceanic tide,
rivers discharge, wind, atmospheric pressure), whereas the
NOATM simulation does not include any atmospheric forc-
ing (neither wind nor pressure). The NOWIND simulation
does not include the wind part of the atmospheric forcing,
and the NOPRESS simulation excludes only the pressure
part of the atmospheric forcing. For all simulations, the first
2 months (11/2013-12/2013) were discarded to allow for
initial spin-up of the model. These sensitivity tests allowed
us to compute the various contributing factors to the water
level variability, viz. the tide, the river discharge, and the
atmosphere. We will focus on assessing the role of these
compounding factors on the anomaly of total water level
(hereafter TWL) with respect to 2014-2018 climatology.
The climatology is computed from NOATM simulation over
2014-2018, which is then smoothed using a 32-day moving
window.

We term as “Tidal contribution” (hereafter TIDE),
the water level predicted using the dominant tidal con-
stituents (viz. M2, S2, M4, Mm, MSf) (Gallo & Vinzon,
2005). These constituents are obtained every day from the
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Fig.2 Model computational unstructured mesh, with zoomed views
over the neighborhood of Porto de Santana (labeled PS) in the termi-
nal part of the estuary. AL and EIG stand for Almeirim and Escola

Table 1 Forcing factors considered in the various modeling experi-
ments carried out, covering the 11/2013-12/2018 period

Simulation  Tidal forc-  River Wind forc-  Atmospheric

name ing discharge  ing pressure forc-
forcing ing

REF v v v v

NOATM v v

NOWIND Vv v v

NOPRESS Vv v v

harmonic analysis of 32 days of water level centered on
that day using the Python implementation of UTide. This
method is called short-term harmonic analysis (Hoitink &
Jay, 2016). It appears relevant to capture the seasonal vari-
ability of the constituents due to the river flow modulation
(e.g., Fassoni-Andrade et al., 2023). A similar approach
has been adopted in Miiller et al. (2014) and Tazkia et al.
(2017). This 32-day window also allows to separate Mm
and MST tidal constituents (Pugh & Woodworth, 2014),
both of which have a significant amplitude along the estu-
ary (Fassoni-Andrade et al., 2023; Gallo & Vinzon, 2005).
One has to keep in mind, though, that a 32-day window

do Igarapé Grande, respectively. The locations of the riverine open
boundaries are labeled as A (for Amazon), T (for Tapajés), X (for
Xingu), P (for Para), and G (for Guama)

is theoretically not sufficient to separate S2 and K2 tidal
constituents; as a result, S2 tidal amplitude may bear some
error in our analysis, typically amounting to a handful of
centimeters at most over our domain of interest (Lyard
et al., 2021). The part termed as “atmospheric” (hereaf-
ter ATM) is defined as the difference between the REF
simulation and the NOATM simulation. The contribution
termed as “discharge,” noted DISCH, is defined as follows:

DISCH = NOATM — clim(NOATM) — TIDE

where NOATM denotes the water level from the NOATM
simulation. clim() denotes the seasonal climatology, TIDE
denotes the tidal part of the water level. This DISCH resid-
ual basically corresponds to the contribution of the river
discharge, keeping in mind that all three forcings may also
interact in a nonlinear way. We refrained from assessing the
pure effect of the discharge, the pure effect of the tide, or the
pure effect of the atmosphere, which would be obtained by
model simulations forced, respectively, solely by discharge,
solely by the atmosphere and solely by the tide, as they
would considerably distort the realism of this dynamical
modeling of the Amazon.
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We remind here that our model is a 2DH version of
SCHISM. As such, it does not account for the seasonal
variability of the steric sea level, which amounts to 5-10
cm typically in the western equatorial Atlantic Ocean
(Durand et al., 2022). Such a signal is indeed weak with
regards to the signals that shall be analyzed in the present
study.

Spaceborne Altimetric Water Level Records

The open-ocean tide simulated by the model was validated
against the harmonic analysis of the X-TRACK along-track
satellite altimetry database of Birol et al. (2017). The three
tracks inside the model domain (Fig. 3) were analyzed to
derive the amplitude and phase of the main tidal constitu-
ents. These validation data, whose location spans from
the deep ocean to the vicinity of the Amazon mouths, are
derived from the same altimetric database used to force the
model sea level at its open boundaries (see “Hydrodynami-
cal Model”). Such validation thus provides a consistent
assessment of the model’s ability to correctly propagate
the tide over its interior domain, far from the model open
boundaries and where there is no in situ data coverage.

—
51°W 49°W
Fig.3 Altimetric tracks considered for the validation of the open-
ocean tide. The background shading represents the amplitude of the
M2 tidal constituent simulated by the model. The 20-m and 200-m
isobaths are displayed
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In Situ Water Level Records

To validate the simulation for the tide and the yearly water
level maxima simulated in the inner Amazon estuary, we
considered a set of 14 tide gauge records distributed along
the whole estuary (Fig. 1). Table 2 provides the details of
these observational records. This dataset consists of water
level observations measured typically at hourly or 10-min
frequency, which is suitable for the analysis of the main tidal
constituents and for the validation of water level maxima
that form the focus of the present study. The period consid-
ered for tidal analyses during flood is defined as a 32-day
long window during flood period for the same reasons listed
in “Hydrodynamical Model,” for the computation of the tidal
signal from the model outputs. The same is done for the
drought period. The harmonic analysis of the observed time-
series was done using UTide (Codiga, 2011). Only some
of the records are at least 1-year long to allow meaningful
monitoring of the yearly extremes. The short records (typi-
cally one month long) were only used to infer the character-
istics of the tide. For some of the observational records (in
particular Escola do Igarapé Grande, which will be used in
“Analysis and Validation of Modeled Water Levels”), the
vertical reference of the measurements remains unknown
(Fassoni-Andrade et al., 2021b).

Yearly Maximum Water Level

In the present study, a yearly maximum water level is defined
as any instance of water level superior to the 99.5th per-
centile, computed over a year. This definition is similar to
many prior studies (e.g., Haigh et al., 2010; Lyddon et al.,
2018b). In practice, this means that if one considers a one-
year long continuous record of hourly sea level, the events
picked by our definition will consist of the 44 h of largest
values recorded. Figure 4 shows the example of the water
level observed in early 2017 in Porto de Santana (located
150 km upstream of the mouths, see Fig. 1). During this par-
ticular year, it is seen that the various successive maxima of
water level occurred in late March and late April. The tidal
signal is consistently prominent, with a very clearly defined
spring-neap cycle. In this case, maxima are reached during
spring tide high waters. Noteworthy, the lowest low tides of
spring tide (e.g., March 30, April 29) typically lie above the
lowest low tides of neap tide (e.g., April 5, May 4), which is
contrary to what generally occurs in the open ocean (Pugh
& Woodworth, 2014). As we mentioned in “Introduction,”
this feature is a characteristic of large tidal freshwater rivers
(Hoitink & Jay, 2016) such as the Saint Lawrence (Matte
et al., 2014) and Yangtze River (Guo et al., 2015), where the
nonlinear shallow-water tidal constituents (MSf in particu-
lar) have a significant amplitude.
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Table 2 Available in situ tide gauges used in the study various data
sources (ANA, IBGE, Institut de Recherche pour le Développement
(IRD), and data collected during this study). The relative distance
corresponds to the along-river distance downstream of Obidos (for

the Amazon main course and for the North Channel of the terminal
delta) and downstream of Porto de Moz (for the South Channel of the
delta), in km

Station Position Data source Relative Location Time span Period analyzed
distance
(km) Flood Drought
Obidos 55.518°W 1.918° ANA 0 Amazon River 08/2015-01/2020 05/2019 11/2019
S
Santarém 54.725° W 2.417° ANA 116 Amazon River 01/2000-03/2001  05/2000 11/2000
S
Prainha 50.481° W 1.809° This study 285 Amazon River 01/2020-11/2020 05/2020 10/2020
S
Almeirim 52.577° W 1.533°  ANA 397 Amazon River 12/2014-05/2015; 05/2018 11/2018
S 11/2016—
02/2017;
05/2018;
11/2018
Porto de Santana  51.167° W 0.061° IBGE 672 North Channel 01/2017-04/2018  05/2017 1172017
S
Escola do Igarapé 50.115° W 0.761° Brazilian Navy 827 North Channel 11/2017-05/2019 05/2018 11/2018
Grande N
Ponta Guara 49.883° W 1.217° Brazilian Navy 892 Atlantic Ocean 04/1970-05/1970 04/1970—
N 05/1970
Porto de Moz 51.241° W 1.753° 1RD 0 South Channel 04/2000-03/2001  05/2000 11/2000
S
Gurupa 51.651° W 1.408° IRD 74 South Channel 01/2000-10/2000 05/2000 09/2000-10/2000
S
Sdo Pedro 51.249° W 0.940°  This study 158 South Channel 03/2020-09/2020; 05/2020 11/2021-12/2021
S 11/2021-
04/2022
Furo Grande de 50.585° W 0.027° Brazilian Navy 292 South Channel 04/2008 04/2008
Jurupari S
Camario Tuba 49.520° W 0.230° Brazilian Navy 355 South Channel 04/2008-05/2008  04/2008-05/2008
S
Chaves 49.984° W 0.166° Brazilian Navy 405 South Channel 06/1966-07/1966 07/1966
S
Cabo Maguari 48.416° W 0.253° Brazilian Navy 535 Atlantic Ocean 04/2008-05/2008 05/2008

S

We assess the realism of the modeled maxima against
the maxima observed at the in situ stations as follows.
We start by identifying the maxima in the 400-s model
outputs at the model grid point closest to the station con-
sidered. These maxima are again defined from the 99.5th
percentile, computed year-wise. We then co-locate in time
the modeled extreme levels with their observational coun-
terparts, in case any valid in situ observation exists both
before and after the model snapshot, within 15 min of its
timestamp. This co-location in time is done through linear
interpolation. A more sophisticated interpolation method
could be used but would not yield significantly different
results, on account of the high temporal frequency of the
observed records (with in situ sampling intervals ranging
from 5 to 15 min).

Tidal Calibration and Validation of the Model

We calibrated our model by adjusting regionally the Man-
ning coefficient used to parameterize the bottom friction.
REF simulation output is used to analyze and validate the
tide as it includes the nonlinear interactions with the other
forcings, prone to modulate the tide in our domain. This
calibration was done regionally, viz. reach by reach, to match
the observed tidal characteristics at the tide gauge stations
(Table 2). This strategy is essentially in line with past mod-
eling studies conducted over similarly poorly known estua-
rine geometries. One can quote for instance the modeling
initiative of Helaire et al. (2019) dedicated to the historical
Columbia River. Just like the observed records, the mod-
eled sea level was subjected to harmonic analysis through

@ Springer
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UTide (Codiga, 2011). The realism of the model is assessed
through the classical computation of the complex error
(noted CE) (Andersen et al., 1995), as follows:
1 it i
CE = —‘Ame mn —Aoe ¢ (1)
V2

with A and 6 being respectively the amplitude and the phase
of a tidal constituent for (m) the model and (o) the in situ
observations. This complex error simply amounts to the
modulus of the complex difference between the modeled
and observed tide, hereby accounting jointly for the error of
amplitude and phase of the modeled tide.

For a joint assessment of the model of the five dominant
tidal constituents simulated by the model, viz. M2, S2, M4,
Mm, and MSf (Gallo & Vinzon, 2005), Eq. (1) translates
into the following:

1 . 12

— —_ 0 -_ 917

CE = 3 E |Ame' A el |
M2, S2, M4, Mm,MSf

Indeed, these constituents are known to be relatively
important, along the Amazon estuary (Gallo & Vinzon,
2005).

2

Analysis and Validation of Modeled Water
Levels

OceanicTide

The modeled M2 constituent was compared with its
observed altimetric counterpart along the three tracks
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(Fig. 3). This constituent is the dominant one over the Ama-
zonian oceanic shelf (Gallo & Vinzon, 2005; Le Bars et al.,
2010). Figure 3 shows the spatial pattern of the dominant
semi-diurnal M2 tide simulated by our REF model over the
Amazonian shelf, computed using harmonic analysis from
COMODO Toolbox (Allain, 2016). In line with the past
studies (Beardsley et al., 1995; Le Bars et al., 2010; Ruault
et al., 2020), our model reproduces a macro-tidal regime
over the region, with two extended areas of M2 amplitude
over of 2 m, on either side of the mouths of the Amazon
around 2° N, 50.5° W, and 0.5° S, 47.5° W, and a local
minimum of 0.54 m located in between them (around 1.5°

0.25

0.2

0.15

0.1

M2 Complex error (m)

0.05

0.0

Fig.5 Complex error of M2 simulated by the REF model along the
altimetric tracks and at the coastal tide gauge stations
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N, 49.5° W). Figure 5 displays the M2 complex error along
the three altimetric tracks, along with the same M2 complex
error at in situ stations available along the coastal ocean
over the Amazon mouths. Far from the Amazon mouth and
in the deep ocean (north of 3.5° N along tracks #202 and
#37, and north of 1° N along track #113), the complex error
typically ranges from 1 to 10 cm, viz. 10 to 50 times less
than the tidal amplitude there. Closer to the coastline, this
complex error gradually increases, to reach values around
0.15 m in the east region of tidal amplitude maxima on the
east side of the Amazon mouths (between 0.5° S and the
equator along track #113). This typically amounts to 15%
of the tidal amplitude there. In the intermediate region of
local minimum of tidal amplitude (between 1° N and 2° N
along track #202), the complex error also reaches values of
order 0.2 m. This is mostly explained by the over-estimation
of the modeled tidal amplitude. At the tide gauge stations
along the coastline, the M2 complex error is lower, within
the range of 0.15-0.25 m. This level of performance, in line
with the performance of the past published tidal models over
the region (Durand et al., 2022; Gallo & Vinzon, 2005; Le
Bars et al., 2010), defines the level of realism of the modeled
tidal waves when they enter the Amazon estuarine system,
before their subsequent propagation towards the upstream.

Estuarine Tide

Inside the Amazon estuary, the modeled tide was assessed
more in-depth by comparison with the in situ tidal records
(Table 2 and Fig. 1). The validation was done separately
for the high-flow season (May—June) and the drought sea-
son (October—-November) of the Amazon River. This is
motivated by the fact that the characteristics of the tide are
known to vary between these two extreme seasons in the

Amazon estuary, on account of the prominent seasonality of
the Amazon River discharge (Fassoni-Andrade et al., 2023;
Kosuth et al., 2009).

Tide Propagation

We validated the amplitude and the phase of the main tidal
constituents along the course of the estuary at the in situ tide
gauges stations. Tables 6 and 7 (Online Resource 1) present
the observed and modeled amplitudes and phases of the five
dominant constituents (M2, S2, M4, MSf, Mm) for all sta-
tions. To gain a more synthetic view of this quantitative vali-
dation, Table 3 shows the complex errors obtained for the
various stations, jointly considering all five dominant tidal
constituents. The model successfully captures the observed
tide, with levels of error of the same order or inferior to
the error of the sole M2 constituent observed off the Ama-
zon mouths (“Oceanic Tide”). Overall, this level of accu-
racy is in line with the performance of state-of-the-art tidal
models in similar tropical mega-deltas (e.g., Eslami et al.,
2019; Khan et al., 2020). Compared to the performance of
the earlier version of our model used by Fassoni-Andrade
et al. (2023), the tidal characteristics of the present model
stand in significantly better agreement with the observations,
throughout the estuary, both in flood season and in drought
season. The reason is primarily the fine-tuning of the bot-
tom friction coefficient we operated regionally (see “Tidal
Calibration and Validation of the Model”).

Tide-River Interaction
We investigated the relationship between the amplitude

of the dominant tidal constituent, M2, and the Amazon
discharge, sampled at monthly timescale, over the whole

Table 3 Complex error of
the modeled tide (REF run)

Station location

Distance to ocean Complex error in flood ~ Complex error in

. (km) season (cm) drought season (cm)
in flood season and drought
season (in cm) considering the Obidos (NC) 892 5.0 16.2
?I\V/IezdgrzandZt It\l/ldrf‘ll’ MSh We . Santarém (NO) 776 40 156
distinguished tide gauges from Prainha (NC) 607 4.4 10.5
the Northern Channel (NC) of Almeirim (NC) 495 6.0 15.0
and the Southern Channel (SC) Porto de Santana (NC) 220 18.2 16.0
of the Amazon River Escola do Igarapé Grande (NC) 65 14.5 9.2
Ponta Guara (NC) 0 22.3 19.4
Porto de Moz (SC) 535 8.2 10.1
Gurupa (SC) 461 9.9 10.6
Sdo Pedro (SC) 377 5.9 8.7
Furo Grande de Jurupari (SC) 243 18.0 15.5
Camardo Tuba (SC) 180 31.7 26.8
Chaves (SC) 120 19.8 19.2
Cabo Maguari (SC) 0 36.7 37.0
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2014-2018 period (for the model) and over the whole avail-
able period (for the observations) (Fig. 6). We selected three
stations from the upstream part of the estuary (Almeirim)
through the inner delta (Porto de Santana) to further down-
stream at the oceanic mouth (Escola do Igarapé Grande),
to get a comprehensive view of the behavior of the estua-
rine continuum. In Almeirim, it is seen that M2 amplitude
strongly varies as a function of the discharge, with typically
five times stronger tide during the drought season (0.5-0.6
m) than during the flood season (0.1 m). This is seen simi-
larly in the observations and the model, with a slight overes-
timation of the tide in the model in low discharge conditions.
Expectedly, the de-tided water level lies much higher during
the flood (4.5 to 5.5 m) than during the drought (2.0 to 2.5
m). The modeled de-tided water level appears biased down-
ward by 0.3 to 0.7 m for all the discharge conditions. Further
downstream, in the inner delta (Porto de Santana), a similar
tide-discharge dependency can be seen in the model, though
less marked: M2 amplitude decreases from 1.1 m in low
discharge conditions to 1.0 m in high-discharge conditions.
The available observations do not show such a trend, with
M2 amplitude consistently around 1.1 m for any discharge
conditions. The de-tided water level co-varies with the dis-
charge there as well, with typically 0.2 m of increase in
water level from low-discharge conditions to high-discharge
conditions. The modeled de-tided water level appears biased
downward, by about 0.2 m in all discharge conditions. At the
mouth of the estuary (Escola do Igarapé Grande), neither the

tide-discharge relationship nor the mean sea level-discharge
relationship is visible in the model, with roughly constant
M2 amplitude of 1.8 m, and with roughly constant de-tided
sea level of 0.05 m, for all discharge conditions. The obser-
vations reveal a less consistent pattern of tidal amplitude as
a function of the discharge, with values scattered around 1.6
m and 1.8 m. The observed de-tided sea level is roughly con-
stant (slightly increasing from low discharge values to high
discharge values), just like the model. Note that the absolute
reference of the observations in Escola do Igarapé Grande is
arbitrary (as the vertical datum is unknown there) and hence
the vertical bias cannot be physically interpreted. In brief,
the tide-discharge and water level-discharge relationships
appear stronger in the upstream part of the estuary than at
the oceanic mouth, in the observations and the model. This
stands in agreement with the past observational and mod-
eling studies of the Amazon estuary (e.g., Gallo & Vinzon,
2005; Kosuth et al., 2009; Fassoni-Andrade et al., 2023).

Estuarine Yearly Water Level Maxima

Beyond the tide, it is necessary to validate the water level
maxima modeled inside the estuary, as they form the focus
of the present study. We rely on the three stations of the inner
estuary where we could access water level records contem-
poraneous with our numerical simulations. They consist of
Almeirim, Porto de Santana, and Escola do Igarapé Grande,
from upstream to downstream (Fig. 1). Figure 7 shows the

2.0 Almemm \ 65 20 Porto de Santana 65 2.oEscola do Iqara[:)eGrande&5
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Fig.6 Distribution of the observed and modeled amplitude of the
M2 tidal constituent (bullets) and of the de-tided monthly mean water
level (crosses) as a function of the Amazon discharge at Obidos, for
three stations (from left to right): Almeirim (495 km from the open
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ocean in the upstream estuary), Porto de Santana (in the inner delta,
220 km from the open ocean), and Escola do Igarapé Grande (at the
oceanic mouth, 65 km from the open ocean). In Escola do Igarapé
Grande, the vertical reference of the observed water level is arbitrary
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Fig.7 Observed and modeled water level in Almeirim (a), Porto de
Santana (b), and Escola Grande do Igarapé (c). The water level yearly
maxima are displayed in pink. Panels (d), (e), and (f) display the

observed and modeled water level during the yearly maxima
events, for these stations.

In line with previous studies (Gallo & Vinzon, 2005;
Kosuth et al., 2009) and consistent with what was seen in
Fig. 6, the tidal imprint is ubiquitous but gradually decays
from the ocean towards upstream. The spring-neap cycle is
visible at all stations as a modulation of the tidal range. On
top of this, in the upstream part (Almeirim, Fig. 7a), a semi-
monthly tide can be seen, that results from the MSf shallow-
water tidal constituent known to be strong there, typically
decimetric or more (Fassoni-Andrade et al., 2023; Gallo &
Vinzon, 2005). The water level maxima consistently occur
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same, zoomed over a particular period comprising water level max-
ima. The vertical reference for the observed water level in Escola do
Igarapé Grande is arbitrary ((¢) and (f))

around the time of high water of spring tides, for all stations
(Fig. 7). Hence, they are highly intermittent in time, with
typically two instances of water maximum per day.

For the model validation, we considered all years from

REF run, except 2016 and 2018 as they correspond to histor-
ical deficient anomalies of the Amazon discharge through-
out the flood season (Fig. 1b) with water level consistently
below its climatological values (not shown), hereby making
it irrelevant for our focus on extremely high-water levels.
Then, we computed the model mean, the bias and the root
mean square deviation (RMSD) of the modeled vs. observed
yearly maximum water levels. The bias was calculated as
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the mean difference between modeled and observed values
during the yearly water level maximum events. The results
are shown in Table 4.

The modeled water level is roughly 0.5 m too low in the
inland region of the estuary during yearly maxima events
(Table 4). Beyond this bias, the RMSD of the modeled water
level extremes remains below 0.10 m across the domain,
which is a very low value with respect to the magnitude of
the water level at these stations. This is typically 30 to 50
times lower than the total value of the water level maxima
(of order 3 m to 5 m), hereby evidencing the very good qual-
ity of our model. The performance of the model in capturing
the water level yearly maxima appears in line with state-of-
the-art modeling of water level extremes in other macro-tidal
estuaries or deltas (e.g., Huang et al., 2021; Krien et al.,
2017; Lyddon et al., 2018a).

Results: Mechanisms of Water Level Yearly
Maximum

In this section, we investigate the mechanisms responsible
for the occurrence of the water level yearly maxima using
the model. We contrast the central region of the estuary
(Almeirim, “Central Region of the Estuary: Almeirim”),
the downstream region (Porto de Santana, “Downstream
Region: Porto de Santana”) and the region of the oceanic
mouths (Escola do Igarapé Grande, “Oceanic Mouths:
Escola do Igarapé Grande”). Here, we focus on the year
2017 only as the representative year of our 4-year-long sim-
ulations. We will generalize our analyses over the whole
2014-2018 period in the next section (“Discussion”).

Central Region of the Estuary: Almeirim

Figure 8 presents the modeled evolution of the water level
at Almeirim in 2017 (located roughly half-way between
Obidos and the oceanic mouths, see Fig. 1). In Fig. 8a, we
present the TWL of the model and the climatology of the
modeled water level computed over 2014-2018. Figure 8a
also displays TIDE, the tidal component of the total water
level. We computed the yearly maxima of TIDE (hereafter,
TIDEmax) as well, in the same manner as for the total water

Table 4 Comparison between observed and modeled water lev-
els during yearly maxima events. The model mean corresponds to
the average computed across all events, with reference to the mean

level, as events above the 99.5th percentile of the yearly tidal
water level timeseries. The evolution of the TWL (Fig. 8a,
blue curve) shows that only one period of TWLmax occurs,
at the peak of the flood season, from April 27 to May 2
(Fig. 8a, pink). The TWLmax lie between 0.65 to 0.85 m
above the climatological level at that time (Fig. 8a, red
curve). During TWLmax, TIDE (Fig. 8a, light green curve)
does not exceed 0.4 m, much inferior to the mean TIDEmax
value of 1 m that occurs much later in the seasonal cycle,
during the drought season of the Amazon (October—Decem-
ber; dark green dots). Overall, this suggests that TIDE is not
the sole driver of the yearly TWLmax in this upper part of
the estuary. We investigated the specific role of the various
tidal species in the TWL, in particular the semi-diurnal tide
D2 (comprising M2 and S2, Fig. 8b) and the low-frequency
tide (comprising MSf and Mm, Fig. 8c). This reveals that
the low-frequency tidal signal (Fig. 8c) appears to dictate the
occurrences of the TWLmax: although the annual maxima
occur during the late April to early May period, which is not
the season of maximum of the low-frequency tide (rather
situated in December), they co-occur with the local maxi-
mum of this low-frequency tide, which also corresponds to
spring tide in D2. This can be related with the findings of
Guo et al. (2015), who discussed that in the Yangtze, in the
presence of low-frequency tides of large amplitude, the level
of low tide during spring tide can be higher than the level
of low tide during neap tide. Here, the focus is rather on the
level of high tide: in the presence of low-frequency tides of
large amplitude (of order 0.25 m in the case of Almeirim),
the level of high tide of spring tide D2 is much higher as if
there were no low-frequency tide, so that the total water level
during spring tide ends up as an extreme event. Such ampli-
tude of the low-frequency tide is higher than the amplitude
of the D2 tide.

We also assessed the role of ATM on the yearly TWLmax.
Figure 8d (light blue curve) shows the evolution of ATM,
as well as its seasonal climatology inferred from a 3-month
running mean (black curve). One can see that the role of
ATM remains weak, consistently around 0.1 m. During the
episode of TWLmax, it hardly exceeds the value of its sea-
sonal climatology. This means that ATM is not a prominent
driver of TWLmax in Almeirim. Incidentally, it appears that
the seasonal evolution of the atmospheric-driven water level

sea level. A positive bias means that the modeled level is above the
observed one. The vertical datum of the observations is unknown in
Escola do Igarapé Grande; hence, no bias can be computed there

Station location Model mean (m) Bias (m) RMSD (m)
(# of validation points, and available years)

Almeirim (395 pts, 2015) 4.97 -0.49 0.09

Porto de Santana (394 pts, 2017) 3.37 —-0.44 0.10
Escola do Igarapé Grande (37 pts, 2017) 3.39 N/A 0.03
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Fig.8 Evolution of the water
level simulated in the central
part of the estuary in 2017, in
Almeirim. a The blue line is
the total water level simulated,
with the occurrences of yearly
maxima highlighted in pink.
The red line is the 2014-2018
seasonal climatology. The

light green curve is the tidal
component of the water level
simulated, inferred from a tidal
prediction based on a harmonic
analysis of the modeled water
level. The occurrences of tidal
maximum levels are highlighted
in dark green. b The yellow
line is the part of the tidal water
level explained by the semi-
diurnal constituents, namely
M2 and S2. ¢ The black line is
the part of the tidal water level
explained by the low-frequency
constituents, namely MSf and
Mm. d The light blue curve is
the part of the water level driven
by the atmospheric forcing. The
pink bullets correspond to the
timings of the yearly maxima of
total water level shown in (a) in
pink as well
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variability is in phase opposition with the seasonal evolution
of the TWL: the former reaches its maximum magnitude in
the drought season (November—December), when the TWL
is at its seasonal minimum. This can be explained by the fact
that the wind is strongest during the season of active trade
winds (Nikiema et al., 2007), which corresponds to the dry
season there.

Figure 9a showcases the relative roles of the various driv-
ers of the TWLmax in a condensed fashion. Figure 9a con-
firms that the yearly TWLmax consistently correspond to a
high DISCH (ranging from 0.25 to 0.4 m) and TIDE (0.2 to
0.4 m), and much minor ATM (0.1 m).

Table 5 summarizes the relative contributions (in percent-
age) of the three forcing factors (namely the river discharge
(DISCH), the tide (TIDE), and the atmosphere (ATM)) in
the yearly TWLmax, obtained by averaging across all 2017
maxima. A consequence of the above definition of the three
individual forcing factors is that their sum does not necessar-
ily amount to 100%, on account of the nonlinearities among
the various forcing factors (potentially non-negligible in the
Amazon, see Gallo & Vinzon, 2005). In Almeirim, it appears
that more than 40% of the water level maxima is accounted
for by DISCH. TIDE is of the same order of magnitude, with
a contribution of 46%. ATM accounts solely for hardly more
than 12%. We also evaluated the relative contribution at two
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stations upstream of Almeirim, in Prainha (607 km from the
ocean) and Santarém (776 km from the ocean). As we go
further upstream, it is seen that the discharge becomes the
main contributor, with DISCH up to 70% in Santarém, and
TIDE gradually decays down to around 22%. The role of
ATM does not vary significantly, amounting for 11.4% and
8% for Prainha and Santarém respectively.

Downstream Region: Porto de Santana

Figure 10 shows that, unlike further upstream, the occur-
rences of yearly TWLmax in Porto de Santana are no longer
restricted to the peak flood season, as they begin to appear
in early March, and disappear only in late June, which is
as early as 2 months before the peak flood and until 1.5
months after it, respectively. There are five distinct periods
of TWLmax, each of them separated by either 28 days or 14
days. The evolution of TIDE (green curve) clearly shows that
these events, just like further upstream, coincide with high
tides of spring tide. There, the tidal signal is much stronger
than in Almeirim, with tidal range of order of 2 m or more,
consistently all year long. Among the five spells of TWL-
max, the first four ones correspond to TIDEmax events. This
suggests the relative importance of the tide in triggering
TWLmax there. Just like in Almeirim, we investigated the

(c) Escola do Igarapé Grande
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Fig.9 Distribution of the occurrences of yearly water level maxima as a function of the atmospheric contribution (abscissa), tidal contribution
(ordinate), and discharge contribution (color) for a Almeirim, for b Porto de Santana, and for ¢ Escola do Igarapé Grande

Table 5 Respective roles of
the various drivers of the water
level yearly maxima in 2017,
for the different parts of the

Amazon estuary

Location Distance to  Discharge Tidal forc-  Atmospheric

ocean (km) forcing ing (TIDE) forcing
(DISCH) (ATM)

Very upstream estuary (Santarém) 776 70.1% 21.9% 8%

Upstream estuary (Prainha) 607 58% 30.6% 11.4%

Central estuary (Almeirim) 495 41.2% 46.1% 12.8%

Downstream region (Porto de Santana) 220 14.1% 79.3% 6.6%

Oceanic mouths (Escola do Igarapé Grande) 65 9.1% 85.6% 5.2%
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Fig. 10 Evolution of the water level simulated in 2017 in the down- »

stream part of the estuary, in Porto de Santana. a The blue line is the
total water level simulated, with the occurrences of yearly maxima
highlighted in pink. The red line is the 2014-2018 seasonal clima-
tology. The light green curve is the tidal component of the water
level simulated, inferred from a tidal prediction based on a harmonic
analysis of the modeled water level. The occurrences of tidal maxi-
mum levels are highlighted in dark green. b The yellow line is the
part of the tidal water level explained by the semi-diurnal constitu-
ents, namely M2 and S2. ¢ The black line is the part of the tidal water
level explained by the low-frequency constituents, namely MSf and
Mm. d The light blue curve is the part of the water level driven by
the atmospheric forcing. The pink bullets correspond to the timings
of the yearly maxima of total water level shown in (a) in pink as well

specific role of the various tidal species (Fig. 11bc). Here,
the yearly TWLmax correspond to maxima of the low-fre-
quency tidal signal, as well as to spring conditions of the
semi-diurnal tidal signal. However, the magnitude of the
low-frequency tidal water level, which ranges from 0.35 to
0.4 m, does not exceed the magnitude of the semi-diurnal
tidal signal (of order 1.0 m). Still, it is commensurate with
the difference between high tide of spring tide D2 and high
tide of neap tide D2. In other words, thanks to the low-fre-
quency tide, the difference between high tide of spring tide
and high tide of neap tide is twice as high as if there were
no low-frequency tide. This altogether contributes to the
occurrence of yearly TWLmax. The fifth event of the year,
at the end of June, does not specifically correspond to any
TIDEmax event. However, TIDE remains high at that time,
typically 20 cm below the threshold defining a TIDEmax.
The two strongest TWLmax, occurring on April 28 (with a
peak value of 3.59 m, that is 2.05 m above the climatology)
and on May 26 (peak value of 3.52 m, that is 2.00 m above
the climatology) both coincide with a significant contribu-
tion of ATM (Fig. 10d, light blue curve) of around 0.2 m.
The first event of the year, on March 12, reaching 1.87 m
above the climatology, although short-lived (1 h of dura-
tion) and although not the largest one (3.29 m), is associated
with an even stronger ATM, exceeding 0.3 m. Across all the
TWLmax, ATM is significantly superior there to what we
found further upstream in Almeirim (“Central Region of the
Estuary: Almeirim”). As a result, the quantification of the
respective roles of the various drivers of TWLmax yields
a picture more contrasted than further upstream, as seen in
the statistics of Table 5: the TWLmax are dominated by
TIDE (around 80%), with a relative contribution of DISCH
more than three times weaker than upstream in the central
estuary (14%).

Although the occurrences of TWLmax are restricted
to the flood season, the striking difference between this
downstream part of the estuary and further upstream in
Almeirim is the propensity of both TIDE and ATM to
jointly extend the duration of the season prone to water
level maxima, both before and after the time of peak flood
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of the Amazon discharge. This results in a season prone
to yearly TWLmax more than 3 months long. Figure 9b
shows that, in Porto de Santana, a yearly TWLmax event
occurs in the following cases:

— Either a very high TIDE (typically above 1.5 m) co-
occurring with any kind of ATM (even very weak, as
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Fig. 11 Evolution of the water level simulated at the mouths of the »

estuary in 2017, in Escola do Igarapé Grande. a The blue line is the
total water level simulated, with the occurrences of yearly maxima
highlighted in pink. The red line is the 2014-2018 seasonal climatol-
ogy. The light green curve is the tidal component of the water level
simulated, inferred from a tidal prediction based on a harmonic anal-
ysis of the modeled water level. The occurrences of tidal maximum
levels are highlighted in dark green. b The yellow line is the part
of the tidal water level explained by the semi-diurnal constituents,
namely M2 and S2. ¢ The black line is the part of the tidal water level
explained by the low-frequency constituents, namely MSf and Mm. d
The light blue curve is the part of the water level driven by the atmos-
pheric forcing. The pink bullets correspond to the timings of yearly
maxima of total water level shown in (a) in pink as well

low as 2 cm) and a weak DISCH (typically inferior to
0.25 m)

— Or a moderately high tidal contribution (typically
between 1.0 and 1.5 m) co-occurring with again any kind
of ATM and a high DISCH (superior to 0.3 m)

— Orahigh TIDE (of order 1.5 m) co-occurring with a very
high ATM (around 0.3 m) and a weak DISCH (of order
0.15 m)

Oceanic Mouths: Escola do Igarapé Grande

We investigated the nature of the yearly TWLmax further
downstream, near the Amazon mouths. Escola do Igarapé
Grande lies on the north-western part of the mouths, right at
the oceanic outlet of the North Channel (Fig. 1). Compared
to the inner estuary (Porto de Santana), Fig. 11 shows that
the TWL evolution is even more different here from further
upstream, with TWLmax scattered all year long from mid-
January to early December. Just like in Porto de Santana,
TWLmax appear as highly intermittent in time, separated
by either 14 days or 28 days, and consistently corresponding
to high tides of spring tides. In line with past studies, it is
seen that the tidal range is typically twice larger there than
in the inner estuary (around 4 m; see the light green curve).
With regards to the contribution of the various tidal species,
a conclusion similar to Porto de Santana can be drawn: the
yearly TWLmax co-occur with high tides of spring tide (for
D2 species) and with high tide of the low-frequency tide.
The D2 tidal signal dominates the rest; however, the ampli-
tude of the low-frequency tide (of order 0.2 m) is of the same
order of magnitude as the difference between high tide of
spring tide D2 and high tide of neap tide D2 (around 0.5 m).

Like in Porto de Santana, ATM is not always strong but
sometimes very significant, exceeding 0.25 m in six TWL-
max instances (March 2, March 12, March 28, April 29, and
December 5 or 6; Fig. 11d, light blue curve). It even exceeds
0.5 m during the March 12 event. This event is the strongest
atmospheric surge seen across 2017, with a peak value of
0.56 m. Table 5 reveals that the yearly TWLmax are mostly
driven by TIDE, with a contribution exceeding 85%. DISCH
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is even lower than in Porto de Santana, hardly reaching 9%.
ATM remains modest on average, around 5%, despite the
intermittent powerful surges mentioned above. Figure 9c
illustrates this behavior quite distinctly from the upstream
dynamics. Basically, yearly TWLmax occur:

— Either when TIDE is very high (above 2.5 m), with any
kind of ATM, and any kind of DISCH
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— Or when TIDE is high (between 2.1 and 2.5 m) and
DISCH is high (0.3 m) to extremely high (0.5 m), irre-
spective of the ATM

This confirms the diversity of hydrodynamic situations
conducive to yearly TWLmax in this downstream part of the
estuary, with the strong contribution of any factor capable
of compensating for the weak-to-moderate contribution of
the other(s).

As the atmospheric surges are much stronger here
than what we saw further upstream in the estuary (“Cen-
tral Region of the Estuary: Almeirim”), exceeding 0.5 m
in some instances, we analyzed the two model sensitivity
experiments called NOWIND and NOPRESS to gain more
insight on the nature of ATM. Indeed, in the other tropical
estuarine and deltaic regions, it is known that the atmos-
pheric surges are strong during storms and cyclones, and that
they originate from both the wind forcing and the pressure
drop associated with such low-pressure systems (e.g., Hiatt
et al., 2019; Krien et al., 2017). We computed the differences
between the simulations (REF minus NOWIND) and (REF
minus NOPRESS), to ascertain respectively the role of the
wind forcing and the role of the atmospheric pressure forc-
ing on ATM seen on Figs. 8b, 10b, and 11b. It was found
that the role of the wind forcing is completely prominent
in ATM, while the role of the pressure forcing remains one
order of magnitude smaller (consistently within+2 cm; not
shown). We found that the overall temporal variability of
the atmospheric pressure over the Amazon estuary has a
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Fig. 12 Average CFSR wind speed and direction over 2017 (left)
and composite during the five extreme water level events when the
atmospheric contribution exceeds 0.3 m in Escola do Igarapé Grande

standard deviation of about 200 Pa, which is consistent with
the +2-cm impact on water level mentioned above under the
assumption of inverse barometer response. We speculate that
this weak variability may be linked to the specific location
of the Amazon mouths right in the equatorial region, where
the likelihood of tropical storms and cyclones is minimal
(e.g., Knapp et al., 2018). Hence, we intended to focus on the
structure of the wind forcing during TWLmax events. We
selected the six instances of TWLmax when ATM exceeds
0.30 m at Escola do Igarapé Grande, and we computed the
composite wind speed during these six events. This com-
posite was defined as the average of the wind speed after
sub-sampling it at the times of occurrence of TWLmax.
As we saw in the previous section, these events are also
characterized by a large atmospheric-driven anomaly of
the TWL further upstream in the inner estuary in Porto de
Santana, amounting typically to 90% of its value at Escola
do Igarapé Grande. Figure 12 shows the spatial pattern of
the wind speed composite during these extremes, as well as
its average structure throughout 2017. It is seen that during
TWLmax events, the wind deviates from its average West-
Southwestward trade wind orientation, to blow more south-
westward directly towards the bottom of the embayment
where the Amazon estuary outflows. It is also seen that the
wind velocity is typically 50% to 70% higher than its average
value, with values around 10 m.s™! throughout the domain.
The Amazon mouths are located right at the equator, where
the Coriolis force vanishes. Hence, it is expected that such
a wind pattern effectively contributes to an accumulation of

wind extremes composite
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(right). The locations of the stations are displayed in red (EIG, Escola
do Igarapé Grande; PS, Porto de Santana; AL, Almeirim)
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water in the coastal region in the downwind direction, viz. in
the region of the mouths and further upstream in the estuary.

Discussion

Although the analyses we presented in “Results: Mecha-
nisms of Water Level Yearly Maximum” were restricted
to 2017, we verified that similar conclusions remain valid
for all other years of our study period (2014-2018), with
hardly any difference from year to year (not shown). We
extended the quantitative assessment of the respective role
of the various forcing factors on the occurrence of the yearly
TWLmax to the whole 2014-2018 period, and Fig. 13 pre-
sents a synthesis of our results. We discarded the years 2016
and 2018 in our analysis, as these years correspond to a
deficient Amazon discharge, when the water level remained
consistently below its climatology, hereby limiting its rel-
evance in the context of the present study. It is seen that the
absolute role of the river discharge (DISCH) in the genesis
of maxima (TWLmax) varies little from upstream to down-
stream (consistently around 0.25 m), whereas its contribu-
tion relative to the other forcing factors decreases sharply
from upstream (41%) to downstream (9%). The contribution
of the tide (TIDE), conversely, increases tenfold in absolute
values from upstream (about 0.3 m) to downstream (over
2.5 m), with an increase in the relative part as well (from
44% upstream to 85% downstream). Interestingly, the con-
tribution of the atmospheric forcing (ATM) also increases
from upstream (0.10 m) to downstream (0.17 m), whereas its
relative role decreases (from 13% to 5%). This is explained
by the fact that the magnitude of the overall TWLmax with
respect to the climatological level is more than four times

larger downstream (over 3 m) than upstream (hardly 0.7
m). This picture reveals the complexity of the relative bal-
ance between the three forcing factors we investigated with
our numerical model, across the longitudinal extent of the
estuary.

TIDE globally appears as the dominant driver of the
water level yearly TWLmax in the Amazon estuary. The
occurrences of the TWLmax are tightly linked to the spring-
neap cycle, with maxima happening during the high tides of
spring tide. On account of the shallow-water nonlinear tidal
constituents, and particularly the fortnightly tides (Gallo &
Vinzon, 2005), during these periods of water level maxima
the low tides of spring tides are higher than the low tides of
neap tides. Our study shows that this peculiarity starts from
Porto de Santana to further upstream (Figs. 8a and 10a).
We can therefore suggest that the tidal river in the Amazon
estuary begins around 220 km from the open ocean (at Porto
de Santana) and extends up to around 890 km at the limit
of the tidal signal in Obidos. Compared to the other large
estuaries, such as the Columbia, the Saint Lawrence, or the
Yangtze (Hoitink & Jay, 2016 and references therein), this
constitutes the longest tidal freshwater river. This specific
feature may have detrimental impact on the propensity of
the coastal areas flooded during these high-water events to
get drained during the subsequent low tides.

This study highlights that the transition from a tide-
dominated regime to flow-dominated regime occurs around
Almeirim, 400 km from the estuary mouth. This is much
further upstream than the Columbia River (100 km upstream
from the mouth) (Jay et al., 2015) or the Yangtze River (245
km upstream from the mouth) (Guo et al., 2015; Shen,
2003). This may be explained by the fact that the width and
depth of the Amazon estuary are both significantly superior
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to those of the Columbia typically, hereby favoring the
upstream penetration of the tidal signal. The present study
provides substantiation of the along-channel gradient for the
first time over the Amazon estuary.

The modeling framework we used in the present study
is not without limitations. In particular, the residual errors
in our modeled tidal water levels and yearly maxima water
levels may improve once better knowledge of the bathym-
etry of the Amazon estuary and of the adjacent continental
shelf become available. Although our modeling framework
is based on state-of-the-art bathymetric datasets, they still
suffer from large uncertainties (Fassoni-Andrade et al.,
2021b). Similarly, on account of the large—though not
dominant—part of the water level maxima driven by shore-
ward wind bursts, it would be interesting to incorporate the
coupling between the hydrodynamics and the short waves in
our numerical modeling framework. Indeed, in such shallow
coastal regions, the water bulge of the waves setup gener-
ated during stormy weather regimes is prone to propagate
towards inland over large distances in estuarine environ-
ments, hereby inducing more severe water level extremes
(Fortunato et al., 2017; Khan et al., 2021). Some of the
in situ tidal records we could access to validate our model
date back to several decades, whereas the characteristics of
the tide may have changed since then. One possible reason
for long-term changes of the tide could be the geomorphic
changes over the estuary, which are very poorly known in
the lower Amazon. Finally, our parameterization of the bot-
tom friction through a spatially varying Manning coefficient
could also be improved, with better knowledge of the rough-
ness of the bottom.

Conclusion

Large estuaries, located at the heart of the land-sea con-
tinuum, are a nexus of various environmental drivers of
hydraulic extremes. The Amazon estuary, one of the widest
estuarine regions worldwide, and the conveyor of the main
fluvial discharge to the world ocean, is subject to recurrent
high water level events all along its course. In the present
study, we ascertained the respective roles of the three com-
pounding drivers of the yearly TWLmax (defined as the
levels exceeding the 99.5th percentile, year-wise) in the
Amazon estuary, namely the river discharge (DISCH) arriv-
ing from upstream, the tide (TIDE) propagating from the
adjoining ocean, and the atmospheric forcing (ATM). Our
study is based on a high-resolution numerical hydrodynamic
modeling framework, duly validated against extensive in situ
and spaceborne observational records. We concluded that
an upstream-to-downstream contrast of the typology of the
TWLmax is clearly apparent, with all three drivers remain-
ing significant throughout the estuary. We evidenced a joint

prevalence of the role of DISCH and TIDE in the upstream
part of the estuary, contrasting with the sole prevalence of
TIDE in the region of the downstream part of the estuary and
at the mouth. Besides, the gradual increase of both the tidal
and atmospheric influences from upstream to downstream
(in absolute values) results in a lengthening of the period
prone to water level maxima from upstream to downstream:
the maxima remain restricted to the immediate peak flood
season upstream, whereas they occur in all seasons in the
downstream part. The role of ATM on the generation of the
TWLmax, although minor compared to the other two fac-
tors, increases (in absolute values) from upstream to down-
stream. This forcing appears related to the episodic events
of shoreward anomalous wind in the region off the mouths
of the estuary, conducive to an accumulation of water inside
the estuary.

Relevant prospects of the present study concern the
assessment of the coastal floodings induced by the TWLmax
events we analyzed. Indeed, it is known that the Amazon
estuary is an area of high vulnerability to the coastal flood-
ings, with a large fraction of the riparian population exposed
(Mansur et al., 2016). In the 400-km downstream-most reach
of the estuary, this study highlights the importance of con-
sidering in priority the tidal variability in the occurrence of
water level extremes to understand and ultimately predict the
flood risk. In contrast in the upstream-most part of the estu-
ary, upstream of Almeirim, one has to consider jointly the
seasonal discharge forcing and the tide. Finally, throughout
the estuary, it is important to consider the atmospheric forc-
ing (namely the wind) as it globally increases the magnitude
of the water level maxima.

The very distinct temporality of the water level maxima
across the seasonal cycle, from upstream to downstream
of the estuary, is of relevance for future studies of vulner-
ability and socio-economic risk of the riparian populations.
Typically, the lengthening of the temporal window prone to
floods as one moves downstream the estuary must be kept in
mind when elaborating adaptation policies at regional scale.

Assessing quantitatively the spatio-temporal structure of
the coastal floodings is challenging, as regards to the nec-
essary validation of the numerical models and the paucity
of observational records in this remote and densely veg-
etated environment (Fassoni-Andrade et al., 2021a). This
may require further refinements of the modeling platforms
beyond our current generation of models with horizontal
resolutions of hectometric order, which remains challeng-
ing. In turn, assessing the socio-economic impacts of these
recurring flooding events is necessary to mitigate the risk
for the vulnerable populations in the coming years/decades.

At a time when we are certainly living the last era of the
Amazon watershed in a quasi-pristine status, with countless
hydropower projects already under planning (Latrubesse
et al., 2017) and keeping in mind the close relationship
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between peak discharge and extreme water level events over
a large fraction of the Amazon estuary, the present results
call for a revisit as the Amazon hydrograph gets gradually
altered in the coming years.

Besides, the western Atlantic basin, just like most of the
world ocean, is expected to experience a sea level rise rang-
ing from about 0.3 m to more than 1 m by the end of the
twenty-first century (Oppenheimer et al., 2019). This sea
level rise can be compounded by the vertical land motions,
which remain undocumented in the case of the Amazon, but
which can be prominent in tropical deltas (e.g., Becker et al.,
2020). This will result in trends of relative sea level that will
undoubtedly profoundly impact the magnitude and dynamics
of the water level extremes we analyzed in the present study,
as it has been shown in other deltaic environments already
(e.g., Khan et al., 2020; Khojasteh et al., 2021). Although
the morphology of the estuary is bound to be altered by the
end of the century, which might also impact the water level
dynamics at play in the current morphology, the numeri-
cal modeling approaches such as the one implemented here
provide the opportunity to investigate the future of the water
level extremes.
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