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ABSTRACT

This study uses 21 years (2004-2024) of water level measurements carried out by the IBGE's Brazilian
Continuous Monitoring Network (RBMC), in association with the Global Level Observation Program
(GLOOS), with the aim to quantify the temporal variability of the water level, identify long-term trends
of the mean sea level and determine the present spatial extend of tidal inundation of the suburban
areas of Salvador. Harmonic, statistical and spectral analyses, complemented by numerical modeling
of the hydrodynamics, show that the sea level is rising at a rate of 2.15 mm/year and the inundation
time is increasing. Important seasonal variability is observed, with higher mean sea levels occurring in
May and April driven mainly by the wind shear, whose interannual variation also causes alternate
interannual MSL trends. The data indicates an increase in the frequency and severity of extreme high
sea level events, regularly associated with the transit of subtidal waves that have become higher and
more frequent along the years. Numerical simulations showed that subtidal oscillations tend to be
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amplified inside the estuary, likely increasing the severity of inundation events. A suburban area of
496,513 m2 along the bay margin of Salvador, with poor infrastructure, is undergoing tidal inundation
that has become more intense every 4 years.

KEYWORDS:  SUB-INERTIAL OSCILLATIONS, SEA-LEVEL RISE, NUMERICAL MODEL, MONITORING

INTRODUCTION

The sea level is a fundamental reference for human occupation along the coast. It not only limits
the seaward expansion of human settlements but also establishes boundaries for different
activities, such as navigation, farming and recreation, and sets an altitudinal reference for urban
planning. The sea level is influenced by periodic and non-periodic oscillations over a large spectrum
of frequencies, which for the purpose of coastal management varies from high frequency
oscillations related to infragravity waves and wave set up (Dodet et al. 2019) to very low frequencies
related to interannual climate variability, nodal tidal cycle and even secular changes. The
interaction of these different oscillations causes considerable complexity in the sea level variability.
Extreme high-water levels and coastal inundation occurs when the phase of various of these
oscillations concur, elevating sea level beyond a historical reference elevation used by urban
planners.

Subjacent to these interactions is the present global-mean sea-level rise (GMSLR), an
anthropogenically-forced phenomenon initiated in the 19th century (Jevrejeva et al., 2009; Church
and White, 2011) and associated with an increase in the ocean volume due to both steric expansion
and melting of ice sheets. A linear trend of tide gauge data between 1900 and 2009 indicates the
GMSLR increased at a rate of 1.7 mm/y, but that increases to 3.2 mm/y if satellite altimetry from
1993-2009 is analyzed (Church and White, 2011). More recently, Hamlington et al. (2024) suggested
that a linear fit on long time series can be misleading because it diminishes the impact of
acceleration in sea-level trends. The global mean acceleration measured by satellite altimetry since
1993 is 0.08 ± 0.06 mm/y2, and caused the sea-level rising rate to augment from 2.1 mm/y to 4.5
mm/y in 2023 (Hamlington et al. 2024).

GMSLR is a direct consequence of global warming, which also impacts coastal MSL as the
energy stored in the atmosphere causes stronger winds (speed has increased by 0.074% annually
since 1940 - Chen 2025), higher waves (+0.32 cm/yr between 1979 and 2018 – Zheng et al., 2022)
and lower atmospheric pressures (the inverted barometer effect accounts for ∼10–30% of sea level
rise on the US East coast between 1950 and 2013 (Piecuch and Ponte, 2015)), whose effects add up
to produce larger storm surges. Using a global storm surge numerical model forced with CMIP6
projections, Muis et al. (2023) suggested that half of the defined 35 coastal sectors worldwide will
undergo some or significant increase in surge levels by 2050. Storms can impact the mean sea level
of distant sites by generating coastal trapped waves (CTW) of subtidal frequency, that can travel
thousands of kilometers away from the its center of origin. Freitas et al. (2021) has shown that CTW’
generated by storms in Patagonia (65oS) can travel more than 4500 km, causing small subtidal sea
level oscillations in Northeast Brazil (10oS).

But amongst the contributors for sea level oscillations, tides are by far the most important, with
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a spectral power at least 3 orders of magnitude higher than oscillations excited by other
phenomena (Harrison, 2002). The tidal wave is a compound of various harmonics with different
amplitudes, frequencies and phases that cause sea level periodicities varying from hours to
decades. Therefore, understanding the predictable site-specific tidal beating is important to
evaluate the probability of inundation at a given time. Tidal oscillations can be, however, also
impacted by the GMSLR, especially in coastal bays and estuaries. Pickering et al. (2012) investigated
the impact of a 2m rise in the relative sea level in the North Sea and Irish Channel, and suggested
that larger tidal ranges may occur in the majority of the area, with higher rates close to the coast
where spring tidal range could locally increase by up to 35 cm. Inside estuaries opposing trends can
occur depending on whether the topography of the marginal terrain will allow for the growth or
reduction of intertidal areas. Oey et al. (2007) have shown that the inclusion of intertidal areas in a
numerical model of Cook Inlet increased the tidal range by 20%, and tidal ranges in bays and
estuaries around the U.K. have apparently increased in the Holocene accompanying an increase in
water depth (Hinton, 1995; Shaw et al. 2010).

Nowadays, the Permanent Service for Mean Sea Level (PSMSL) archives data from about 2000
tide gauge stations worldwide, and the Global Sea Level Observing System at the University of
Hawaii (GLOSS - UHSLC) provide access to about 600 operational tide gauge data. Data from 10
stations along the Brazilian coast were analyzed by Mesquita et al. (2013). The data extended from
1947 to 1967, not simultaneous for most of the stations, and indicated sea level rising rates
between 3 mm/yr and 4 mm/yr. Recently, Efraime et al. (2025) analyzed more recent data from six
stations maintained by the Brazilian Geographical Institute (IBGE) also part of the GLOSS network,
all of them paired with a Global Navigation Satellite System (GNSS) station. All but 1 tide gauge
station had more than 17 years of records, and two stations had records longer than 50 years.
Their results indicate a relative sea level rise varying between 2.2 mm/y (Ilha Fiscal) and 4.3 mm/y
(Cananéia). Their trend analysis on four tidal harmonic components showed increasing amplitude
of M2 and S2 in the southern stations of Imbituba and Cananéia, at rates up to 0.55 mm/y. The
authors also characterized seasonal and interannual variability, but due to lack of supplementary
climatic time series no objective causal investigation was performed to explain the observed
variability.

Here we will analyze the sea level signal at the IBGE station in Salvador, at the entrance of Baia
de Todos os Santos (BTS - Figure 1) aiming to determine the variability of tidal ranges, the extreme
mean high-water level, and the relative MSL rising rates. The BTS is the 3rd largest coastal bay in
Brazil (Lessa et al., 2018) where, according the 2022 IBGE Census (IBGE, 2022), a population of
617,180 live along the bay margin, often with precarious infrastructure. Therefore, it is also an
objective of the present study to quantify and evaluate the susceptibility of areas that are presently
undergoing the effects of marine invasion along the suburban areas of the city of Salvador.
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Figure 1 – Baía de Todos os Santos with location of the IBGE tide gauge (yellow dot),
meteorological station (purple square), stations used to validate the simulated tides (red circles)
and stations chosen to assess the propagation of the shelf waves (black stars). Dashed white
square indicates the location of the Cross-Calibrated Multi-Platform (CCMP) grid element. Rectangle
drawn in dotted black line delimits the section shown in Figure 13.

METHODS

STUDY AREA

The BTS is a large (1,223 km2) tectonic, well-mixed, positive estuary (Cirano and Lessa, 2007)
centered at 12.83oS and situated behind the narrowest (10 to 15 km wide) stretch of the western
South Atlantic continental shelf. The bay has maximum and average depths of 60 m and 9.6 m,
respectively, with a main northern inlet (Salvador Channel, Figure 1) 10 km wide and 30 m deep, on
average. The tides are semi-diurnal, with form numbers (F=K1+O1/M2+S2) varying from 0.11 on the
shelf to 0.06 inside the bay, and explain 97.5% of sea-level variability. The tidal range on the shelf is
amplified 1.5 times along the bay, with the main lunar semi-diurnal component (M2) growing from
0.67 m to 1.06 m 60 km upstream (Cirano and Lessa, 2007). The tides are asymmetric inside the
bay, favoring a faster ebbing tide, and this asymmetry is increased landward.

The BTS catchment area is 61,110 km2 (Lima and Lessa, 2002), with 90.5% of this area
corresponding to the drainage of Paraguaçu River that reaches the bay in its western extreme
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(Figure 1). The remaining of the catchment includes the rivers Jaguaripe (3.6%), Subaé (1.1%) and
several small peripheral creeks (3.2%) (Lima and Lessa, 2002). The rainfall seasonality in the upper
catchment is out-of-phase with that on the coast. Highest river discharges occur between
November and March, the dry season on the coast. The Paraguaçu River accounts for 76% (69.5
m3/s) of the total mean annual fluvial discharge that reaches the bay (Genz and Lessa 2015). This
flux corresponds to 0.4% of the equinoctial spring-tidal prism of about 3.1×109 m3 (Cirano and
Lessa, 2007).

The wind blows from E-ENE in the summer and from ESE-SE in the winter, with a maximum
mean speed of ~10m/s. E-ENE winds drive frequent coastal upwelling between September and
March, which are longer lasting and more intense in front of the BTS (Santos et al., 2014; Thévenin
et al., 2019). A 11-year wave time series obtained by a bottom-mounted ADCP on the continental
shelf at a depth of 32 m (12.6oS) indicates that east waves prevail in the spring and summer with
significant heights between 1 m and 2 m and periods between 6 s e 8 s. In autumn and winter SE
waves are more frequent, with significant heights between 2 m and 3 m and periods between 6 s e
10 s (Pereira et al., under review). Highest wave height and period were 4 m and 17 s.

DATA ANALYSIS AND PROCESSING

Sea-level data was recorded by the IBGE tidal station located at the Coast Guard pier about
150m from the shore where a GNSS station is located. The tidal station was instrumented with an
acoustic Aquatrack 4100 sensor with a recording interval of 6 min between November 2004 and
December 2008. In April 2008 the acoustic sensor was replaced by a sonic Vegapuls 62 RADAR and
a Sutron Encoder SDR with recording intervals of 1 minute and 5 minutes, respectively (IBGE 2021).
This station is part of the GLOSS network (station number 334) and hourly data is made available
both by the IBGE Permanent Geodesic Tide Gauge Network (RMPG) and by the University of Hawaii
Sea level Center (UHSLC) (Caldwell et al. 2015).

Research-quality data from UHSLC was obtained for the period 01/01/2005 to 31/12/2018,
complemented by a Fast-Release time series to December 2024 (Cadwell et al. 2015). The time
series accessible at IBGE extends from January 2004 to December 2023. When comparing the
UHSLC and IBGE time series small differences in weekly-to-monthly MSL were detected. That was
especially the case with the Fast-Release data that caused phase angles of semi-diurnal
constituents to deviate a few degrees from preceding values. With the aid of harmonically
reconstructed time series, careful considerations were made between the two data sets in order to
produce a complete time series between 2004 and 2024, totaling 21 years of data.

The data was interpolated to 10 minutes interval with a spline function in order to make tidal
asymmetry calculations possible, and was reduced to the local Navy Hydrographic Center reduction
level (RL) that is used as a reference level for nautical charts and tide tables. Locally, the RL is 2.286
m below the MSL and 0.122 m below the tidal staff zero, which is the refence for the GLOSS water
level data.

The sea level signal was band-passed between cut-off frequencies of 1/53 hours and 1/720
hours (~1 month) to eliminate both subtidal and seasonal oscillations, respectively. The cut-off
periods correspond to the inertial period at this latitude (of 53 hours) and the longest subtidal wave
period identified by previous studies (Freitas et al. 2021). Height and period of subtidal oscillations
were calculated using the upward zero-crossing method.
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Trend analysis of the time series was performed with Mann–Kendall and Sen’s slope tests. The
former statistically tests whether there is an upward or downward monotonic trend over time,
whereas the latter calculates the magnitude and direction of the identified trend. The trends were
statistically tested considering a 95% confidence interval.

Harmonic analysis was performed with the T_TIDE package (Pawlowicz et al. 2002) to investigate
the variability of diurnal and semi-diurnal components. Because of T_TIDE difficulties in dealing
with very long time series, the extraction of the harmonic components for the 21-year time series
was performed with the U_tide Matlab package (Codiga, 2011).

Calculations of tidal asymmetry were executed both through rise/fall ratio of each tidal cycle
(values higher than 1 indicate faster falling tides) and through the phase and amplitude
relationships between M2 and M4 tidal components, according to M4/M2 and 2(M4-M2),
respectively. Higher ratios are associated with larger distortion of the tidal wave, whereas phase
differences between 0° and 180° (180° and 360°) indicate faster rising (falling) tides (Friedrich and
Aubrey,1988). Given the (small) range inequality between successive tidal cycles, tidal ranges were
calculated between low and high tides (TRLH) and between high and low tide (TRHL). Water level
duration curves were calculated annually using elevation classes between 0.4 m and 3.89 m with
increments of 0.1 m. The curves were normalized in 2.5% intervals using a piecewise cubic
interpolator (PCHIP). The statistics for spring and neap tide ranges considered the range of 5 cycles
centered at the highest and lowest tidal range, respectively, in the spring-neap cycles.

Information on atmospheric pressure were obtained from a station maintained by the National
Meteorologic Institute (INMET - https://portal.inmet.gov.br) located close to the BTS entrance from
2005 to 2024 (Figure 1). The hourly data was subjected to quality-control analysis, with spurious
data identified as values higher(lower) than the 6- hours mean (centered at the time of interest)
plus(minus) 2 times de standard deviation (Emery e Thompson, 2004).

Wind data was downloaded from the Cross-Calibrated Multi-Platform (CCMP -
https://www.remss.com), a 6-hours interval combination of ocean surface 10m wind retrievals from
multiple types of satellite microwave sensors and a background field from reanalysis, with a spatial
resolution of 0.25o. A time series of north (vN) and east (vE) velocities was extracted from a grid
element closest to shore centered at 13.125oS and 38.125oW (Figure 1). This grid element is the
closest to METAR (SBSV) meteorological station (useful data from 2009 onwards) and to the
SiMCosta BA1 buoy (data from 2019 to present), which were used to ground-truth the CCMP data
set. A preference for CCMP data was given for it covers the whole tidal time series and because of
existing bias at the METAR and SiMCosta records caused by the terrain. While the former
underestimates S and SE winds, the latter underestimates E and NE winds. The alongshore wind
component, responsible for the shore-normal Ekman transport, was calculated according to V = -vE

sinθ + vN cosθ where θ is the coastline orientation (-40o in the immediate region). Both the wind

speed and atmospheric pressure were low-pass filtered using a cut-off period of 53 hours.
On 8 February 2024 the region was subjected to extensive tidal flooding, when the crest of a

subtidal wave coincided with an equinox-spring tide at a time closer to the lunar perigee.
Innumerous events of flooding and beach erosion were reported by the media in Salvador and
other 30 coastal municipalities, including those located inside the BTS. The tide table published by
the Navy Hydrographic Center (https://www.marinha.mil.br/chm/tabuas-de-mare) predicted a
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maximum spring high-tide level of 2.8 m (relative to RL) for February 8, which will henceforth be
taken as a reference elevation for coastal inundation.

A high-resolution LIDAR topography of the metropolitan area of Salvador (SEFAZ, 2017), carried
out between 2016 and 2017 with a spatial resolution of 1:1000, was used to identify areas between
the BTS entrance and Baia de Aratu (Figure 1) that are prone to submersion by high tides. The
LIDAR vertical datum is the MSL at Imbituba Harbor (IMB datum - a national vertical datum
established by IBGE), which is 0.86 m above the local RL. Elevation classes defined by the tidal
datums Mean Water Level (MWL), Mean High-water Neap (MHWN), Mean High Water (MHW), Mean
High-water Spring (MHWS) and Maximum High-water Level (MHL) were drawn along the shoreline.

A numerical simulation of the bay hydrodynamics was used to assess the propagation of
subinertial waves inside the BTS. A Regional Ocean Modelling System (ROMS) was implemented in
the region with two nested meshes (Figure 2a) (Franklin et al. under review). The higher-resolution
mesh covered the whole bay and neighboring shelf with grid spacing varying between 200 m and
50 m (Figure 2b). Hourly solutions between 2008 and 2021 were forced using global winds from
CFSR, contour conditions from Glorys-Mercator and initial conditions from HYCOM. As additional
boundary conditions daily-mean discharge of 43 rivers, 15 of them debouching into the BTS, were
included. Data from gauged rivers were obtained from the National Water Agency website (ANA).
For smaller, unmonitored rivers, discharge was estimated using area-discharge relationships with
the nearest gauged river. Validation of the hydrodynamic simulation is provided as supplementary
material.

Tides were imposed at the model open boundary through the main harmonic components (M2,
S2, N2, K2, K1, O1, P1, Q1) from TPXO 8.0 (Egbert e Erofeeva 2002), with a spatial resolution of
1/12th degrees. The grid bathymetry was obtained from a blend of ETOPO (Amante and Eakins
2009) with very high-resolution nautical charts produced by the Brazilian Navy
(https://www.marinha.mil.br/chm/dados-do-segnav/cartas-raster), whose scales varied from
1:350,000 in the continental margin to 1:8000 inside the bay.
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Figure 2 – The domain of the two nested numerical grids used in ROMS (A) and the variable
spatial resolution of the higher-resolution grid (B).

Five sites were chosen to validate the model results (dark stars in Figure 1), one coincident with
the IBGE tidal station and four others in more internal positions where tidal records exist. A
comparison of the observed and simulated time series is presented in Figure 3. Correlation
coefficients are higher than 0.98 for all stations, with RMSE of 0.08 m in Salvador, 0.09 m in Aratu
channel, 0.16 m in Madre de Deus and 0.15 m in Itaparica channel. In Salvador and Aratu channel
the error corresponds to 4% of the spring tidal range, whereas in Madre de Deus and Itaparica
Channel it corresponds to 6% of the spring tide range of the compared time series. Higher errors at
the two inner stations are ascribed to the limitation of the numerical grid to reproduce the complex
bathymetry around Madre de Deus and to the low-resolution nautical chart (1:60,000) that covers
Canal de Itaparica (Franklin et al., under review). A complete validation of the numerical model can
be found in Franklin et al. (under review).

To investigate the propagation of subtidal oscillations five sites were chosen in the model grid
(red dots in Figure 1) which are representative of the inland most urban centers around the bay.
We used the time series of 2020 for this analysis, a year with a higher frequency of larger subtidal
oscillations. The elevation difference between simulated high-tide and the high tide obtained from
the reconstituted tidal oscillations provided a measure of the coastal flooding.

Figure 3 – Observed (black) and simulated (blue) sea level variation at 4 sites within the BTS.
Correlation indices (R) and the root-mean squared error (RMSE) is indicated for each site. A) IBGE
station, B) Aratu, C) Madre de Deus, and D) Matarandiba.

RESULTS

The complete water level time series is shown in Figure 4a. Minimum, maximum and mean
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water levels were -0.11 m (September 2015), 3.02 m (April 2024), and 1.43 ± 0.62 m, respectively
(Table 1). MHWS and MHWN were 2.58 ± 0.14 m and 1.94 ± 0.12 m, respectively, whereas MLWS
and MLWN were 0.30 ± 0.13 m and 0.96 ± 0.10 m, respectively (Table 1).

The water-level duration curve (Figure 5a) shows that for 50% of the time the water level was
below 0.88 m or above 1.9 m, with a median value of 1.37 m. However, these frequencies
underwent an increasing trend over the 21 years, as indicated by the curves representing 2004 and
2022, whose median values are 1.35 m and 1.41 m, respectively. The trend is more evident if the
annual variation of higher percentiles is considered. Figure 5b shows the trends progressively
increase from 2 mm/yr to 3 mm/yr between the 50th and 99th percentile, accounting for respective
total increases of 4.2 cm and 6.3 cm in their elevation over 21 years. Figure 5b also shows a 4-years
modulation that becomes more conspicuous at the higher percentiles, attaining 5 cm in amplitude
at 99th percentile.

Seasonal variations in the water level are well-established, with lower sea-levels in spring and
summer and higher sea levels in the fall and winter (Figure 4d). The seasonal amplitudes fluctuate
between 14 cm and 18 cm. This seasonality is well explained by variations in the wind direction
(Figure 4e), with a correlation coefficient of 0.61. During the spring and summer, the wind blows
southward (negative values) causing an offshore Ekman transport that lowers MSL. Conversely,
winds blowing northwards in the fall and winter push water against the coast and elevate the MSL.
The correlation index is significantly lowered, down to 0.29, when the mean-annual MSL and wind
are analyzed. Monthly-mean air pressure is not correlated with MSL (Figure 4f). However,
annual-mean values show a negative correlation of -0.69, indicating that the inverse barometer
effect plays a role in the interannual MSL variability.
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Figure 4 – Time series of the tides at IBGE station (A), tidal range of each tidal cycle (B), monthly-
and yearly-mean tidal ranges (C), monthly- and yearly-mean sea levels (D), monthly- and
yearly-mean alongshore wind speeds from CCMP (E), and monthly- and yearly-mean air pressure
from INMET - Salvador station (F). Months or years with less than 80% of the valid data were not
included.

The mean tidal range was 1.67 m ± 0.52 m, varying from a minimum of 0.44 m (October 2004) to
a maximum of 2.88 m (September 2019) (Figure 4b). The mean, minimum and maximum spring
tidal ranges were 2.28 ± 0.06 m, 1.65 m and 2.88 m, whereas the respective neap tidal ranges were
0.98 ± 0.08 m, 1.55 m and 0.44 m (Table 1). The frequency distribution of tidal ranges is bimodal
(Figure 5c), with most frequent ranges being 1.2 m and 2 m, which correspond to the 25th and 75th
percentiles (Figure 5d). Mean spring and neap tide ranges are 2.31 m ± 0.19 m and 0.96 m ± 0.16 m,
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respectively. Differences between low-to-high tide range and high-to-low tide range can reach 0.4
m either way (Figure 6), but are modulated by fortnight, monthly, semi-annual and annual cycles.
Larger high-to-low tide ranges (negative values in Figure 6) tend to occur at high spring tides, an
additional forcing agent to the documented ebb-dominance of tidal currents (Cirano and Lessa,
2007).

Table 1 – Characteristic tidal range values for the Salvador Harbor tidal station in relation to the
local hydrographic datum (RL) and Imbituba datum (IMB), which is the national vertical datum.

Datums Elevation (m) RL Elevation (m)
IMB

HWL 3.02 2.16
MHWS 2.58 ± 0.14 1.72
MHW 2.28 ± 0.27 1.42
MHWN 1.94 ± 0.12 1.08
MWL 1.43 ± 0.62 0
MLWN 0.96 ± 0.10
MLW 0.60 ± 0.27
MLWS 0.30 ± 0.13
LWL -0.11

Tidal Ranges (m)
Mean tidal range 1.67 m ± 0.52

Spring Neap
Mean range 2.28 ± 0.06 0.98 ± 0.08
Max range 2.88 1.55
Min range 1.65 0.44

The annual mean-sea level between 2004 and 2021 rose at a linear rate of 2.15 mm/yr, as
indicated by the dashed black line in Figure 4d, or at a rate of 1.85 mm/yr if monthly means are
considered. The mean-annual values indicate important interannual oscillations. MSL rose between
2004 and 2010, lowered between 2010 and 2017 and rose once more until 2024, resulting in linear
trends of 7.82 mm/yr, -3.71 mm/yr and 4.80 mm/yr, respectively, although the last two are not
statistically significant. Wind velocity showed a very small, positive but not statistically significant
trend of 0.01 m/s.yr, and air pressure presented a negative, but also not statistically significant,
trend of -0.059 mb/yr. Both of these trends would assist a rising sea level.

The influence of equinox tides is clearly seen in Figure 4bc, with two peaks of tide range
occurring every year. The ranges show a long-period oscillation associated with the nodal cycle
(Figure 4c), with the annual-mean tidal range increasing 0.12 m between a minimum in 2007 and a
maximum in 2015. The linear sen-slope fit on the yearly-mean data indicates the tidal ranges are
increasing by 1.2 mm/yr, which amounts to 4 cm increase in 21 years.
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Figure 5 – Water level duration curve for 2004, 2020 and a mean curve for the 21 years of data
(A). The variation of key percentiles of the sea-level cumulative-frequency distribution (B), the
frequency distribution of tidal ranges (C) and its cumulative-frequency distribution (D).

Figure 6 – Variation of the difference between low-to-high tide and high-to-low tide ranges for
the year 2018. In gray the differences for each tidal cycle and in black the low-passed filtered signal
with a cut-off period of 15 days. In red the range of each tidal cycle, highlighting spring-neap cycles.

Spectral analysis of the time series (Figure 7) shows the importance of overtides (M6, M4 and
M3), semi-diurnal (M2, S2 and N2) and diurnal (K1, O1 and Q1) tides in the sea level variability. The
red line in Figure 7 highlights the spectral peaks associated with the reconstituted astronomical
tide, which explain 99.5% of the total water level variance. Important non-astronomical periodicity
occurs at periods of 91.3 days, 2.3 years, 5.2 years and 10.5 years. The 91.3-days cycle is associated
with the wind, which presents a distinct energy peak at the same frequency.
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Figure 7 – Spectrogram of the observed and reconstituted astronomical tide at Salvador harbor
based on 21 years of records. Main harmonic components are identified. The wind spectral density
shows a correspondence with the sea level at the 93.3-days cycle.

The harmonic analysis of the whole time series resolved 68 constituents, and the most
important ones for each periodicity class are shown in Table 2. The reconstituted astronomic tide
accounted for 99.6% of the measured water level variance. On monthly basis it explained between
98% and 100% of the measured water level variance, with lowest and maximum monthly average
values in solstice and equinoctial tides, respectively.

Eighteen semi-diurnal and twenty-two diurnal constituents account for 82% and 9%,
respectively, of the total astronomic tidal amplitude. The overall tidal form-number is 0.09, but
varied regularly with seasons associated with the sun latitudinal excursion. Smallest form-numbers,
as low as 0.06, occurred in the austral fall equinox, whereas the highest values occurred in the
winter solstices reaching up to 0.12 (not shown). This seasonal beating is forced by the out-of-phase
oscillations of the semi-diurnal constituents and K1 (Figure 8), i.e., maximum semi-diurnal
amplitudes are coincident with minimum K1 amplitudes. The monthly amplitudes of the four main
tidal constituents oscillated between 0.72 m and 0.85 m for M2, 0.26 m and 0.43 m for S2, 0.04 and
0.09 for O1, and 0.01 m and 0.07 m for K1 (Figure 8). Statistically significant linear trend occurs with
M2 amplitude only, that increased at a small rate of 3.2x10-2 cm/yr over 21 years.
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Table 2 – Amplitude and phases (relative to local time) of important tidal harmonic constituents
resolved from a 21-year record from Salvador Harbor.

Constitue
nt

Amplitude
(cm)

Phase (o) Constitue
nt

Amplitude
(cm)

Phase
(o)

SA 4.79 121 MU2 3.24 124

SSA 2.11 85 N2 14.60 109

MSM 0.14 202 M2 79.10 112

MM 0.40 359 L2 2.34 99.6

MSF 0.24 73.3 S2 31.20 127

MF 1.40 350 K2 8.94 121

Q1 1.76 94.8 M3 1.11 125

O1 6.36 124 MN4 0.39 185

P1 1.38 199 M4 1.19 269

K1 3.89 211 MS4 0.93 16.8

2N2 2.22 108 M6 0.30 353

NU2 2.62 104

Monthly M2 phase angles varied by up to 7o over 21 years, with a minimum of 107o in December
2021 and a maximum of 114o in March 2008 (Figure 8). The M2 phase angle underwent a reduction
of about 3o after 2019, but should be considered an artifact because it coincides with the transition
between UHSLC and IBGE time series. Similar behavior is observed in the phase angles of the other
constituents in Figure 8. The amplitude and phase angels of S2 and K1 show distinct seasonal
cycles, varying respectively 0.2 m and 0.03 m in amplitude and almost 50o in the phase angle of
both constituents.

The monthly M4/M2 ratio varied between 0.008 and 0.03, with annual maximum occurring
mostly at the summer solstices (Figure 8). The monthly mean amplitude of M2 tend to be negatively
correlated with M4 amplitude. The M4 and M2 phase angle difference oscillated around two modal
values, 310o and 200o, the latter coinciding with the smallest M4/M2 ratios in the spring equinoxes.
These phase-angle differences are close to 270o which is associated with the maximum tidal
distortion favoring shorter falling tides. In fact, the mean, median, maximum and minimum
rising/falling time ratio are 1.03±0.06, 1.02, 1.39 and 0.79, respectively. Figure 9 shows the natural
logarithm of the rising/falling time ratio against the high-tide level. A logarithm representation is
chosen because it produces a proportional graphical distribution of ratios around zero, with
positive (negative) ratios indicating shorter falling (rising) tides. It is observed that positive log
values are more numerous and the asymmetry intensity is modulated by the tide range, with larger
asymmetries occurring during neap tides and smaller asymmetries during spring tides. The tidal
oscillations tend to be more symmetrical at very large spring tides.
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Figure 8 – Monthly variability of amplitude and phases of the main semi-diurnal and diurnal
constituents, and the measures of intensity (amplitude ratio of M4/M2) and sense (phase angle
difference 2M2-M4) of tidal distortion. Dashed line in M2 amplitude indicate the only statically
significant linear trend.

Figure 9 – Variation of the natural logarithm of the rising/falling time ratio against the high-tide
level. Positive (negative) log values indicate shorter falling (rising) tide.

The monthly-mean ranges of the reconstituted astronomical tides differ by a maximum of 4 cm
from those of the observed records, with the reconstituted tidal ranges averaging 3.5 cm less than
those observed. Figure 10a shows the variability of this monthly difference along the 21 years,
where seasonal cycles with larger positive differences occur in the austral summer. Subtidal
sea-level oscillations (Figure 10b) reached up to 0.28 m, with periods varying between 2.2 days and
25.8 days. Wave height and period are positively correlated with a coefficient of 0.69 for the
complete series and 0.88 for the annual mean. Mean subtidal wave height and period are 7.4 cm
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and 9.7 days, respectively. A linear trend of 2.9x10-4 cm/yr for wave height and -0.1 days/yr for wave
period, albeit not statistically significant, is suggested by the yearly means in Figure 10c, indicating
that subtidal wave period might be decreasing concurrently with increasing wave height.

Figure 10 – A) Variability of the monthly-mean tidal range difference between the observed and
the reconstituted astronomical tide, B) Variability of the height and period of subtidal oscillations
and their annual-mean value (C).

As indicated by the water level frequency distribution in Figure 5, the severity of coastal
inundation has been aggravated along the years. Figure 11a shows the monthly and yearly total
amount of hours with water level above 2.8 m (the assumed threshold for coastal inundation),
calculated both with the reconstituted astronomical tide and the observed tide. The threshold is
overcome seasonally around the equinoctial tides, especially the austral fall equinox, with a
maximum of 14 hours submergence in March 2020. The predicted submergence period tends to be
smaller than the observed one, especially in the last 10 years. The observed total yearly hours were
always higher than predicted, and more than doubled between 2006 (14 hours) and 2024 (32
hours). A cycle with approximately four years is clearly established in the length of inundation and
in the maximum elevation of the mean spring equinoctial tides (Figure 11b), which also shows an
increasing linear trend at a mean rate of 0.4 cm/yr, or a total of 8 cm in 21 years.

Ocean and Coastal Research, 2026, v74 (in press)
16

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

SciELO Preprints - This document is a preprint and its current status is available at: https://doi.org/10.1590/2675-2824074.250232



Arti
cle

 in
 p

re
ss

Figure 11 – A) Total of monthly and yearly hours with water level equal or higher than 2.8 m
considering the observed records and the reconstituted astronomical tide. B) Maximum elevation
of the observed mean spring equinoctial tides and the potential elevation in the case they
coincided with the crest of the subtidal wave that occurred next to them. C) Elevation difference
between the maximum surge elevation and the mean high water of spring tide cycles equal or
above 2.45 m (90th percentile of the distribution). Positive values indicate potentially higher spring
high tides. Zero values indicate spring tides were coincident with the maximum surge elevation
(equals the bar graph). D) Numbers of storm surge events coincident with spring tidal cycles equal
or above 2.45 m and total number of subtidal waves per year.

Subtidal sea level oscillations have become progressively more important as a driver for coastal
inundation, as the difference between the predicted and observed extension of inundation
indicates. The number of subtidal oscillations increased from 31 to 44 between 2005 and 2009,
decreased to 29 in 2010 and then established a rising trend modulated by 3-to-4 years oscillations
(Figure 11d). Very few of these waves occurred concurrently with spring tides reaching water levels
above 2.45 m (very-high spring tides), which is the 90th percentile of the cumulative water level
distribution (as shown in Figure 5). Figure 11c shows the elevation difference between the crest of
the subtidal wave that occurred within a 14-days window centered at the very-high spring tide and
the mean high-water level of that spring tide. Differences smaller than 1cm are associated with
spring tides concurring with the crest of the subtidal waves, whose annual numbers are given by

Ocean and Coastal Research, 2026, v74 (in press)
17

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

SciELO Preprints - This document is a preprint and its current status is available at: https://doi.org/10.1590/2675-2824074.250232



Arti
cle

 in
 p

re
ss

the bars in Figure 11d. An average of 4 subtidal waves per year, or about 10% of the total number
of subtidal waves identified per year (Figure 11d), coincided with very-high spring tides. The
elevation difference indicates that the very-high tide levels could have been up to 16 cm higher if a
coincidence occurred, raising the maximum elevation of several the mean spring equinoctial tides
as shown in Figure 11b.

The effects of water level superelevation caused by subtidal oscillations appears to the
aggravated landwards of the tide gauge station. Using the time series obtained from the numerical
model at five stations around the bay (Figure 1), it is observed that the amplitude of the subtidal
oscillations becomes larger landwards. Figure 12a shows the band-pass (53hs to 30 days) water
level variation between February and May 2020 with 7 subtidal waves with maximum range of 21
cm in later March. The dashed black line shows the observed oscillations at IBGE station. Four of
those waves grew in amplitude landwards, including the ones with larger amplitudes in March.
Differences between simulated and predicted, with harmonic analysis of simulation results,
high-tide elevation (Figure 12b) shows that high-water superelevation increased landwards (positive
differences), reaching a maximum at Maragojipe where the high-tide level was 28 cm higher than
predicted on March 28. Negative differences occur eventually at the trough of waves.

Figure 12 – A) Low-pass filtered water levels at IBGE tidal station and simulation results from 5
different sites. Simulation results from site SSA correspond do the observed IBGE time series. B)
High-tide level difference between the simulated time series and the reconstituted astronomical
high tide based of harmonic analysis of the simulation results for each site inside the BTS.

The LIDAR data indicates that coastal inundation of urbanized areas occurs mostly as a narrow
band along the shoreline (Figure 13a), covering an area of 0.497 km2 with elevations above MWL.
The large majority (84.6 %) of the inundation occur in areas above 1.72 m in elevation, or above
MHWS (Table 3), as clearly indicated by large expanses of this altitudinal class in Figure 13. About
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three quarters of all inundation areas (0.375 km2) are located on the margins of Baía da Ribeira
(Figure 13bc), where 79% of the whole area between MHWS and MHL is located. Again, inside this
small bay the highest elevational class prevails.
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Tabel 3 – Distribution of the inundation area between tidal datums above MWL
Elevation Datuns Whole Area Baía da Ribeira

(m) (m2) (%) (m2) (%)
0 - 1,08 MWL - MHWN 37632 7.6 8920 2.4

1,08 - 1,42 MHWN - MHW 3176 0.6 3003 0.8
1,42 - 1,72 MHW - MHWS 35713 7.2 31372 8.4
1,72 - 2,16 MHWS - MHL 419992 84.6 332030 88.5

Figure 13 – Urbanized areas undergoing inundation along the Salvador bay shores at different
elevational classes (A). Detail of Baia da Ribeira southern and northern segments. Ground
elevation from LIDAR measurements (SEFAZ, 2017).
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DISCUSSION

The astronomic tide in Salvador accounted for at least 98% of the monthly water level variance,
and explained 99.6% of variance of the whole time series, implying very small influence of
subinertial sea-level oscillations. In fact, subinertial oscillations larger than 0.2 m high, which
correspond to 8% of the mean tidal range, account for only 1% of the total number of subinertial
oscillations in the record. The subinertial oscillations in Salvador are almost 10 times smaller than
those reported in south Brazil. Vianna et al. (2020) reports low-frequency waves of 1 m in Imbé (RS
– 30oS), Trucollo et al. (2004) informs on subtidal oscillations with ranges of up to 0.9 m in São
Francisco do Sul (26.25oS), and Schettini et al. (2019) tells a maximum range of 0.85 m in Santos
(24oS). A study on the meteorological tides along the Atlantic coast of South America by Melo Filho
(2017) shows a strong south-to-north reduction in the importance of subtidal oscillations on the
water level variance between Rio Grande (32oS) and Fortaleza (3.6oS), from an astonishing 76% in
the former to 0.2% in the latter. This trend is a consequence of reduced wind and atmospheric
pressure disturbances towards lower latitudes, of increasing tidal amplitude away from an
amphidromic point close to 32oS, and the energy loss associated with the propagation of the
subinertial waves away from subtropical latitudes where cyclogenesis is frequent. Freitas et al.
(2021) show that shelf-wave amplitude is dampened north of 22oS due to an increasing
morphological complexity of the continental shelf, but especially north of 15oS after the shelf
considerably narrows.

Coastal flooding becomes sporadic where subtidal oscillations are only a fraction of the tidal
amplitude, such as in the north and northeast Brazil. At these sites coastal flooding tends to occur
with equinoctial spring tides, limited to moments around high tide. This is because large tidal
ranges, or swift changes in water levels, reduce the frequency that water levels will stay above
inundation thresholds. Sweet and Park (2014) showed that San Francisco (37oN), with mean greater
diurnal range of 1.9 m, is up to 5 times less likely to undergo coastal inundation than Galvestone
(29oS), where the mean greater diurnal range is 0.62m.

Salvador does not show an increase in the number of inundation events over the years, with a
maximum of 15 events about every four years. This ~4-year cycle is related to the association of the
monthly tidal constituent MM and the semi-annual solar constituent SSA, the former associated
with perigee-apogee cycle and the latter with the latitudinal transit of the sun. As the mean
longitude of perigee crosses the equator, lunar perigean, lunar declination and solar equinox act
along to reinforce spring tides. As perigee precesses through its 8.85-year cycle, it passes one of the
equinoxes twice during the cycle, generating a 4.4-year periodicity (Ray and Merrifield, 2019). This
tidal modulation that can greatly influence coastal inundation is largest along the northeast
Brazilian coast with amplitudes varying between 4 and 6 cm, but almost non-existent along the
coast of Rio de Janeiro according to Ray and Merrifield (2019) (Figure 14).

Although the number of inundation events per year have not increased, the submergence
interval in the apex of the 4-years cycle was augmented in 20 hours per year between 2006 and
2020/2024. This is explained by a higher number of subinertial oscillations occurring in this latitude,
especially in those years when the astronomical tidal forcing was at its maximum. Also to be
considered is an apparent increasing trend in the amplitude of subinertial oscillations. More
frequent subinertial oscillations can be ascribed to a positive trend in storminess in southwestern
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South Atlantic. Conrado et al. (2024) showed a positive, statistically significant storminess trend
between 20oS and 35oS in the 1900-2010 reanalysis data from ERA20C, a trend that is maintained
when analyzing a more recent 1970-2010 period. In line with these results, Gramcianinov et al.
(2023a,b) found an increase of significant surface wave height and wave period using ERA5
reanalysis results between 1993 and 2021 in the same area. It is also possible that the local action
of storm winds in supra-inertial frequencies may cause a storm surge that concurs with the crest of
a subinertial oscillation. This potential synergy has not been investigated and is a venue for further
studies.

Figure 14 - Amplitude of the 4.4-year modulation of extreme tidal high water (modified from Ray
and Merrifield, 2019).

Coastal inundation of the suburban area of Salvador on the margins of Baía da Ribeira, on
pre-existing mangrove areas extensively reclaimed between the 1950’s and 1980’s and whose
removal reduced the bay area by 43% (Franklin and Lessa 2011). This area covers 0.375 km2 of
neighborhoods with a population of ~109,000 (IBGE Census 2022), and a population density of 372
inhabitants/km2. It has already been mapped as a suburbia with the highest risk of submersion by
rising sea levels (Nicolodi and Petermann, 2010). The mapped are likely larger in the northern
sections due to the landward tidal amplification in the bay, i.e., the reference elevation from
Salvador used in the analysis underestimates the tidal flooding in more internal parts of the bay.
Because high tide levels hamper the drainage of pluvial waters, and knowing that extraordinary
high tide levels are commonly associated with storm surges, the potential extent of tidal inundation
is deemed to be worsened with a compound flooding, or the damming of pluvial waters. For
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instance, it is suggested that the synergy between these phenomena in Macau increases the
inundated area by 19% and cause the underground drainage to backflow for 1.4 km away from the
coastal boundary (Gao et al. 2023).

The increase in the amplitude of subtidal waves as they propagate into the BTS may aggravate
coastal flooding scenarios in low-lying areas further inland. The exacerbation of the high-tide
elevation would be up to 5 centimeters higher than that experienced in Salvador at all of the sites
investigated (Figure 12), except for the innermost site inside at Iguape Bay, where superelevation
would be almost 15 cm higher than that in Salvador. Similar behavior is reported for large
convergent estuaries where flow impedance at the inlet is not significant and tides are amplified
upstream (Lyddon et al. 2019; Spicer et al. 2019), such as in the BTS. Spicer et al. (2019) shows that
in inland estuarine regions where river discharge becomes progressively more important, high-tide
superelevation is intensified due to damming of the river flow. This phenomenon would help to
explain higher high-tide elevation differences in Maragojipe, where Paraguaçu River exits into the
bay.

The amplitude of M2 tidal constituent increased at a rate of 3.2x10-2 cm/yr, totaling 0.6 cm over
the observed years. This is coincident with the almost null trend found by Efraime et al. (2025) in
Salvador. Differently from these authors, who found a negative trend of -0.48 mm/year in O1 tidal
amplitude, our analysis found an almost null, albeit positive, increasing trend of O1 which was,
however, not statistically significant. Must be born in mind that Efraime et al. (2025) analyzed a
time series of 19 years (2004-2022), 1 year shorter than the series here analyzed. These small or
non-existing trends in the tidal constituents in Salvador differ from positive trends of M2 amplitude
in Imbituba (0.55 mm/year) and Ilha Fiscal (0.11 mm/year).

The lunar nodal cycle modulated the observed yearly-mean tidal range by 12.2 cm, 1.1 cm more
than the modulation imposed on the predicted tides (11.1 cm). The impact of the nodal cycle on the
astronomical monthly-mean high water was 7.3 cm, calculated after removing 4.4 years cycle with a
Lanczos low-pass filter. This value is at least 2 times more than the nodal modulation found by
Peng et al. (2019) in Cananéia and Rio de Janeiro, with corresponding ranges of approximately 2
and 1 cm. Maximum high-water elevation was reached in 2015 (Figure 4), coincident with other
semi-diurnal tidal settings (Peng et al., 2019). More extensive coastal flooding in Salvador was
recorded in 2020 and 2024 (Figure 11), which is closest to the trough of the nodal cycle. Therefore,
graver coastal flooding events can be anticipated in 2034, the next peak of the nodal cycle.

Variations in wind speed is in agreement with the seasonal MSL variability. Alongshore winds
blowing southward (negative speeds) lower the MSL in the summer, and rises MSL in the winter
when blowing in the opposite direction (positive speeds). Variations in air pressure, on the other
hand, opposes the seasonal MSL trend, with lower monthly mean air pressures in the summer,
when MSL is at a minimum (Figure 4). However, interannual variation of the yearly mean air
pressure correlates positively with the yearly-mean MSL. The observed positive wind velocity trend
in the last 21 years, meaning weaker negative winds, and a negative trend of air pressure have
apparently worked in tandem to assist progressively higher high-tide levels and coastal flood
duration.

The local rate of sea-level rise has a strong meteorological component, mostly associated with
the wind, responsible for large short-term deviations from the linear rising trend of 2.15mm/yr over
21 years, if yearly means are considered. A decreasing trend in negative wind velocities between
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2004 and 2010 and between 2017 and 2024 are associated with the rising MSL trends, whereas
increasing wind speed between 2010 and 2017 are correlated with a lowering MSL trend.
Long-term sea-level rising rates are largely impacted by interannual and interdecadal variations
(Ezer, 2013, Hamlington et al., 2019), especially in the more recent decades when the overall rising
rate increased from 2.1 mm/y in 1993 to 4.5 mm/y in 2023 (Hamlington et al. 2024). Significant
oscillations in basin-wide MSL can occur in a few years due to climate swings, such as the extreme
El Niño event of 2015-2016 that caused a 15 mm rise in the global mean-sea level in 2 years (Llovel
et al., 2023).

The MSL-rise rate of 1.85 mm/yr, obtained from the monthly mean water levels, is much smaller
than the 3.1 mm/yr reported by Efraime et al. (2024), who analyzed a time series from Salvador
IBGE station between October 2004 and December 2022. Their rate takes into account an
approximately null vertical land movement according to the local GNSS station. If we analyze same
time interval in our data, a rate of 2.07 mm/yr is obtained, still smaller than Efraime et al. (2024).
The difference observed apparently resides in the data set used by both studies. While our
time-series was centered on UHSLC data with the IBGE data set as auxiliary, Efraime et al. (2025)
used the complete IBGE time series. Figure 15a shows the difference between the raw GLOSS and
IBGE series for a representative short-time interval in 2010. It is observed an elevation misfit
between the two series between October 23 and November 03, which is similar to misfits detected
in other periods. Noticeable differences also occur in the computations of the monthly-mean
sea-levels, especially between 2008 and 2015 (Figure 15b).

Figure 15 – A) A comparison of the IBGE and UHSLC water level time-series with a period of
misfits between October 2023 and November 03. B) Monthly-mean MSL computed from the IBGE
and UHSLC time series between 2004 and 2024.

Ocean and Coastal Research, 2026, v74 (in press)
24

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

SciELO Preprints - This document is a preprint and its current status is available at: https://doi.org/10.1590/2675-2824074.250232



Arti
cle

 in
 p

re
ss

CONCLUSION

The tides have the largest effect on sea level variability at the entrance of the BTS, with subtidal
oscillations explaining less than 2% of the monthly or yearly sea level variance. The mean tidal
range is 1.67 m, but ranges can vary 6-fold between the smallest and largest values within the
tide-nodal cycle. The difference between maximum and minimum water levels recorded, or the
maximum amplitude of intertidal levels, was 3.18 m, about 10% larger than the largest tidal range.

The mean sea-level increased at a linear rate of 2.15 mm per year between 2004 and 2024,
albeit with significant interannual fluctuations associated with the wind speed: consecutive years
with a trend of increasing (decreasing) negative wind speeds caused a negative (positive) trend in
the MSL. Along with a long-term rise in sea level, a trend of increasing frequency and amplitude of
long-period waves was detected. However, rising MSL had no apparent impact in changing the
amplitude nor the phase of the main diurnal and semidiurnal tidal harmonic constituents.

The flooding of the Salvador coastal area inside the bay, associated with extreme water levels is
largely restricted to a reclaimed mangrove area inside Baía da Ribeira. Inundation events occur
every year, but significant ones take less often in association with the 4.4 years tidal cycle. Rising
sea level and increasing frequency of sub-tidal waves have caused an amplification of inundation
events. The number of hours with sea-level above the inundation threshold increased 3-fold over
the last 2 years. Inundation events are likely worsened in the most internal part of the bay.
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