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Abstract
The northern Brazilian region constitutes one of the most energetic tidal environments of the tropical Atlantic,

where distinct mixing regimes coexist over short spatial scales. While barotropic tidal motions exert a dominant28

control on turbulent mixing across the shallow continental shelf, energy dissipation associated with internal tides

(ITs) governs the intensity and distribution of mixing at the shelf-break and in offshore waters. As demonstrated

in the Part 1 companion study (Assene et al., 2024), these contrasting processes strongly influence upper-ocean

thermal structure. Yet, the expression of tidal forcing in temperature variability at tidal timescales—particularly32

at semidiurnal (principal solar: M2 and principal lunar: S2) and fortnightly (lunisolar synodic: MSf)

frequencies—remains poorly documented in this region. In this study, we investigate the role of tides, with a

focus on ITs, in shaping temperature variability throughout the NBR by combining long-term satellite sea

surface temperature (SST) records with high-resolution three-dimensional numerical simulations operated with36

and without tidal forcing.

The main findings are as follows:

a. At semidiurnal frequencies, temperature variability at the sea surface is very weak offshore and remains

modest over the continental shelf, consistent with the prevalence of barotropic mixing that acts largely40

as a depth-integrated process in shallow waters. In contrast, pronounced temperature variability
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emerges at thermocline depths, with mean amplitudes reaching approximately 0.6 °C for S2 and

exceeding 2 °C for M2. The spatial structure of these subsurface signals aligns closely with simulated

mode-1 and mode-2 IT wavelengths, propagation pathways, and dissipation hot-spots, underscoring44

the central role of ITs in driving semidiurnal thermal variability below the surface mixed layer;

b. Fortnightly (MSf) variability contrasts sharply with the semidiurnal response. Both satellite

observations (MUR, TMI) and tidal simulations reveal low amplitudes on the order of 0.15 °C, with

maximums confined to the northwestern shelf where Spring–Neap modulation of barotropic tidal48

currents is the dominant tidal process. Composite analyzes contrasting Spring versus Neap conditions

further suggest that this MSf variability manifests primarily as a net cooling with the same amplitude.

At the surface, neither model nor satellite observations exhibit a significant SST expression at MSf

frequency along internal tide propagation pathways. This may reflect a rapid atmospheric heat flux52

adjustment that counteracts internal tide–induced cooling and/or the inherently incoherent nature of IT

dynamics that disperses energy across frequencies, preventing harmonic methods from capturing a

clear MSf signature. At subsurface depths (~120 m), MSf temperature variability becomes more

pronounced along IT pathways, particularly near the shelf break and downstream of generation sites56

where dissipation is strongest.

c. The vertical penetration depth of tidally driven temperature variability decreases systematically with

increasing tidal period, from penetration depths approaching 2500 m for M2, to 800–1000 m for S2

and 600–800 m for MSf. These contrasts indicate that the capacity of tidal motions to influence the60

water column depends strongly on the available energy at each frequency and points to a frequency-

dependent control of deep-ocean mixing and heat redistribution.

Together, these findings provide the first regional quantification of temperature variability at tidal frequencies in

the northern Brazilian region and demonstrate that internal tides constitute a major driver of subsurface thermal64

structure across this dynamically energetic margin. This improved characterization is essential for understanding

heat redistribution, interpreting coastal and open-ocean temperature variability, and ultimately constraining the

representation of tidal processes in ocean and climate models.

68

Introduction

High-frequency tidal motions (principal solar: M2 and principal lunar: S2) constitute a major contributor to

ocean mixing, with energy dissipation from internal tides (ITs) and barotropic tides playing a central role in72

sustaining vertical exchanges and shaping the thermal structure of the water column (Munk and Wunsch, 1998;

Egbert and Ray, 2000; Kouogang et al., 2025). This mixing generates temperature variability at corresponding

tidal frequencies, a process well documented in several energetic regions of the global ocean. Most advances to

date originate from point-based mooring observations (van Haren and Gostiaux, 2009; van Haren et al., 2016;76

Purwandana et al., 2021) or from transects acquired using autonomous underwater vehicles (Cazenave et al.,

2011; Smith et al., 2016). However, despite the development of modern observing platforms, the production of
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regional-scale assessments of high-frequency temperature variability remains limited. Gaps in both spatial and

temporal resolution of in situ and satellite data limit our ability to characterize the spatial structure of80
temperature variability at semidiurnal frequencies such as M2 or S2.

In addition, an important process further challenges this characterization: ITs are not exclusively expressed as

coherent tidal waves. A significant fraction of IT energy is released as incoherent signals resulting from

scattering, refraction by mesoscale and submesoscale features, and the cumulative effect of multiple generation84
sites (Zaron, 2017; Buijsman et al., 2017 and Tchilibou et al., 2022). These incoherent components lose phase

consistency over space and time and are therefore poorly captured by traditional harmonic analysis. As a result,

regional atlases of tidally driven thermal variability underestimate or do not resolve this diffused, intermittently

organized component of IT dynamics. The limited capacity of existing observation systems to distinguish88
between coherent and incoherent ITs contributes to persistent uncertainty regarding their contribution to

regional-scale temperature variability.

Contrasting with high-frequency, valuable progresses have been achieved for lower tidal frequencies associated

with the fortnightly Spring–Neap modulation (lunisolar synodic: MSf, 14.77 days), resulting from the nonlinear92
interaction between the M2 and S2 semidiurnal constituents (Ray and Susanto, 2016). Thanks to the emergence

of high-resolution daily satellite temperature products and numerical modeling, regional studies have revealed

MSf temperature variability with amplitudes of 0.1 to 0.5 °C in the Indonesian Seas (Ray and Susanto, 2016;

Nugroho et al., 2018; Susanto and Ray, 2022) and in Hong Kong coastal waters (Susanto et al., 2019). Although96
moderate in magnitude, MSf thermal variability has been shown to influence key atmospheric processes—trade

winds, cloud convection, and the Asian monsoon system (Martinez-Díaz-de-León et al., 2013; Iwasaki et al.,

2015; Susanto et al., 2019; Ray and Susanto, 2019). In contrast, despite its demonstrated importance elsewhere,

fortnightly variability in the northern Brazilian region remains understudied, with recent work focusing primarily100
on MSf modulation of chlorophyll-a (de Macedo et al., 2025) rather than temperature.

The northern Brazilian region (NBR) stands among the most energetic IT environments of the tropical Atlantic,

characterized by multiple hot-spots of coherent IT generation and dissipation along the shelf break and farther

offshore (Magalhaes et al., 2016; Barbot et al., 2021; Tchilibou et al., 2022; Solano et al., 2023; Assene et al.,104
2024). Yet, the region is also marked by intense interactions with vigorous mesoscale and submesoscale

circulation, suggesting a substantial fraction of IT energy may propagate as incoherent waves, dispersing and

losing phase lock over basin to sub-basin scales. This mixture of coherent and incoherent tides likely sustains

significant thermal variability, but in a manner that is more diffused spatially and temporally, offering an108
additional explanation for the absence of clear tidal signatures in low-frequency (e.g., MSf) harmonic analyzes.

Meanwhile, barotropic tides dissipate across the broad continental shelf (Ruault et al., 2020; Assene et al., 2024).

In this region, M2 and S2 remain the dominant tidal constituents (Gabioux et al., 2005; Barbot et al., 2021;

Fassoni-Andrade et al., 2023), whose close frequencies produce the MSf modulation (Souza and Pineda, 2001;112
Ray and Susanto, 2016; Fassoni-Andrade et al., 2023).

In a previous companion study (Assene et al., 2024), we examined the seasonal imprint of tidal forcing using

twin simulations with and without tides. We found that barotropic and ITs jointly induce a surface cooling of

approximately 0.3 °C, accompanied by enhanced subsurface cooling above the thermocline (~1.2 °C) and116
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warming below. These changes were primarily driven by vertical mixing, whereas advective processes played a

secondary role below the mixed layer. Yet, despite their significant seasonal impact, the spatial structure of

temperature variability specifically at tidal frequencies, and the respective contributions of coherent and

incoherent internal tides, remain uncharacterized in the northern Brazilian region.120

The present study aims to fill this gap by quantifying temperature variability at the two dominant semidiurnal

tidal frequencies and at the fortnightly frequency associated with their nonlinear interaction, and by documenting

the spatial imprint of coherent ITs contributions. To achieve this, we combine satellite SST records with high-

resolution numerical simulations able to resolve barotropic tides, coherent ITs.124

This paper is structured as follows. Section 2 describes the satellite products, the model configuration, and the

analysis methods. Section 3 presents the results, section 4 discusses their implications, and section 5 outlines

conclusions and perspectives.

128

2. Data and Methods
2.1. Data

We used 10-year daily temperature datasets, from January 2007 to December 2016, combining two observational

SST products and simulated temperatures. In addition, we used the simulated hourly temperature over the year132
2015, which are the most recent hourly data produced with the model. Note that the simulated temperatures

come from the tidal and non-tidal simulations described above.

2.1.1. Remote sensing of SST136

SST observations include microwave measurements with low spatial resolution and infrared measurements from

the GHRSST product with finer resolution.

 TMI SST
Microwave satellites obtain measurements through clouds and are therefore very useful in areas with high cloud140
cover throughout the year, such as the NBR. TMI SST comes from the Tropical Rainfall Measurement Mission

(TRMM), which provides SST using the TRMM Microwave Imager. We used the latest version of this product

(v7.1) which contains daily SST data at ¼° horizontal resolution (~25 km). This low resolution requires a mask

of 50–75 km around coastline, owing to the microwave sensor footprint and the possible land contamination144
(Chelton and Wentz 2005). For a full description of this product, see Wentz (2015).

 MUR SST
The latest version of Multi-scale Ultra-high-Resolution SST (MUR SST v4.1) product is used here. It is a daily

set of SST estimates on a global 0.01°×0.01° grid resolution (~1 km). SST fields are made up of the merging of148

four satellite data types (High-resolution Infrared, AVHRR Infra-red, Microwave and Ice fraction) from 14

satellite missions, and in situ data. Infrared measurements cannot penetrate clouds, which are highly present in

our region during the year. Then these measurements are merged with Microwaves measurements to avoid this

limitation. A meshless multiscale interpolation method performs weighted least-squares optimization. The MUR152

SST outputs are produced from different temporal (1–10 days) and spatial (1–10 km) resolution temperature
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inputs. The interpolation of various measurements on a daily restructured grid reduces gaps in data compared

with using a single type of satellite measurement (see Ray and Susanto, 2016), and ultimately, to reduce or even

avoid errors in the analyzed results (e.g., Yang et al., 2021). The full description of MUR SST data is given by156

Chin et al. (2017). The MUR SST datasets have the best grid resolution, compared to most other available

merged GHRSST products.

Moreover, both remote sensing products have sufficient spatial grid resolution to highlight mesoscale Օ (20–

1000 km) patterns that may arise from tidal impacts on temperature. The use of both products aims to160

determine which one suits the best for that purpose.

2.1.2. NEMO model: AMAZON36 configuration
We used the same AMAZON36 configuration of the NEMO ocean circulation model as in Assene et al. (2024).164

AMAZON36 covers the western tropical Atlantic region with a 1/36° (~3 km) horizontal grid, from the Amazon

River mouth to the open ocean. The domain lies between 54.7°W–35.3°W and 5.5°S–10°N. The vertical grid

comprises 75 vertically fixed z-coordinates levels, with finer grid refinement close to the surface, i.e., 28 levels

in the first 160 m. Refer to the previous study (Assene et al., 2024) for the full description of the NEMO model168

and configuration keys parameters. Furthermore, note that the simulations have been extended to December

2016 to fit the long-term timescale (2007–2016) of the selected remote sensing datasets.

2.2. Method: harmonic analysis of temperature datasets172

A signal can be understood as the superposition of variations at several frequencies from lower to higher (�� ,
��+1, …, ��). Harmonic analysis is a classical method used to find the variation at a given frequency (��) from
the whole signal – the temperature data (�) in this case.

We used the Sirocco Comodo Tools (SCT; Allain, 2014) to perform harmonic analysis in temperature datasets176

and get the atlas of amplitude and phase lag associated with the two major semidiurnal (M2 and S2) and the

dominant fortnightly (MSf) frequencies. The analysis is applied on raw data without any spatial or temporal

filtering. We applied this analysis on hourly data to extract semidiurnal signals and on daily data to extract

fortnightly variations.180

Note that to clearly separate two waves from the original signal, a separation period defined as �1,2 = �1 −

�2 −1 must be less than the analysis period t. Considering hourly data, the separation period between M2 or S2

and MSf is < 1 day, whilst it is 14.77 days between M2 and S2, i.e., equal to MSf period. Then, using daily data,

to properly separate MSf from its nearby other fortnightly frequency Mf (13.66-1 days), as well as the ~12-days184
period aliased M2 signal in daily data, and retrieve only the MSf signal, Ray and Susanto (2016) indicate that an

analysis period of about ½ year is needed, verified with SCT (~183 days).

Consequently, the duration of each dataset is sufficient to satisfy all the above conditions to analyze variability at

chosen tidal frequencies.188
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3. Results
This section presents our findings. Note that in the following figures, the phase lag is expressed in hours rather

than the conventional angular units (degrees). We converted phase lags using the following relationship: ���� =192

� ×�� /360°, where ���� represents the phase lag in hours, � denotes the phase lag in degrees, �� is the

period in hours for the respective tidal frequency n.

For the amplitudes, we adopt a significance threshold of 10⁻² °C based on typical observation uncertainties in

satellite SST products (~0.01–0.05 °C; Chin et al., 2017). Amplitudes below this threshold are classified as not196

significant or "noisy", whereas amplitudes above this threshold are deemed significant and categorized into three

classes: weak (>10⁻² to 10⁻¹ °C), strong (>10⁻¹ to 1 °C), and very strong (>1 °C) (Table 1).

Table 1. The significance criterion of temperature amplitude.200

Amplitude (A in °C) Significance (color shading in Fig.6)

A ≤ 10-2 noisy (gray)

10-2 > A ≤ 10-1 weak (white)

10-1 > A ≤ 1 strong (white)

A > 1 very strong (light blue)

Six analysis boxes (~0.5°×0.5°) are strategically positioned to capture the range of tidal dynamics in the NBR

(see location in Fig. A1, Appendix A). These are designated as: “A-shelf” (continental shelf break at IT204
generation site A), “A-ocean” (offshore along IT pathway A), “B1” and “B2” (near-field and far-field locations

along IT pathway B), “On-shelf” (northwestern continental shelf), and “Off-shore” (open ocean site with

minimal tidal influence). Coordinates and characteristics are detailed in Table 2, and vertical temperature

amplitude profiles are examined in Section 3.3.208

Table 2. Coordinates and tidal characteristics of selected boxes.

Box Name Longitude range [°W] Latitude range [°N] Region type Dominant tidal process

On-shelf 49.5–50 3–3.5 Northwestern shelf
Barotropic tides

dissipation

A-shelf 45.75–46.25 0.5–1 shelf break (Site A) IT dissipation

A-ocean 45.25–45.75 1.75–2.25 IT pathway A
IT propagation and

dissipation

B1 41.9–42.4 -0.6 – -0.1 IT pathway B (near) IT dissipation

B2 41.2–41.7 1.1–1.6 IT pathway B (far) IT dissipation

Off-shore 47–47.5 8–8.5 Open ocean Minimal tidal impact

Each box spans 0.5° × 0.5° (~3080.3 km²)

212
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It is worth noting that all the amplitudes presented in the following was validated by comparison with spectral

analysis. We used non-filtered time series taken within the six boxes presented before. The spectral analyzes

were carried out with a Hamming window for SST (observations and simulations) and at 120 m depth only for

the simulated temperature. We found very good agreement with harmonic analysis (not shown).216

3.1. Variability at MSf frequency in remote sensing and model simulations

We firstly analyze the MSf variability which can be commonly found in long term (2007–2016) daily remote220

sensing and model simulations datasets. The MSf variability of SST is similar between the two observational

products (MUR, Fig. 1a and TMI, Fig. 1b). The average amplitude is about 0.15 °C on the northwest of the shelf

around the “On-shelf” point (48°W–52°W and 0°N–6°N) where barotropic tides induced mixing dominates,

whereas, offshore regions show noisy amplitudes. The maximum values extend farther in tidal simulations,224

extending to "A-shore" point (Fig. 1c). For non-tidal simulations, the amplitude of MSf variability is not

significant, i.e., mean value weaker than 10-2 °C (Fig. 1d). This means that, in the NBR at the surface, the MSf

variability of SST is mainly driven by barotropic tides.

The maximum amplitude of the MSf variability for SST lags the MSf tidal currents by about -12 hours to -6228

hours in the two observational products, MUR SST (Fig. 1e) and TMI SST (Fig. 1f), and the tidal simulations

(Fig. 1g). This delay reflects the time for vertical mixing to redistribute heat, a process depending on mixing

intensity and stratification (See Ray and Susanto, 2016). However, this phase lag has no significance for the non-

tidal simulations, since the associated amplitude is also not significant.232

There is an additional lag between the maximum of tidal potential and the maximum of tidal currents during

Spring and Neap tides period, i.e., when they produce the maximum of mixing. This lag is called "age of the

tides" and is defined as: �� =
��2− ��2
1.0159 , where G is the phase in degrees of barotropic tidal elevation for each

harmonic, the denominator represents the theoretical amplitude modulation coefficient (see more details in236

Holloway and Merrifield, 2003 and Ray and Susanto, 2016). �� is calculated from tidal simulations and is

expressed in hours.

On the shelf, the maximumMSf amplitude values correlate with tidal ages ranging from approximately 22 hours

in the north to 30 hours near the Amazon River mouth, and 22±2 hours along IT trajectories A and B (see Fig.240

B1 in Appendix B). As a result, the total lag between the tidal potential and the maximum of temperature

variability (���� –�a) ranges between ~1–1.75 days, or approximately 2 days at most.
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Figure 1. The harmonic analysis of sea surface temperature at fortnightly frequency (MSf, 14.77 days) based on
long-term (2007–2016) daily SST. MUR SST amplitude (a) and phase lag (e), TMI SST amplitude (b) and phase

lag (f), tidal simulation amplitude (c) and phase lag (g) and non-tidal simulation amplitude (d). The black dotted

boxes delimit the region within the amplitude of the temperature is spatially averaged along the depth for the248
modeled temperature, same regions are marked in the phase lag maps. For this figure and in the following, unless

otherwise stated, the two black contours represent the 200 and 2000 m isobaths from the model bathymetry

252

Looking deeper in the thermocline depth range (120 m), the two simulations with and without tidal forcing

present similar amplitude, with an average value of 0.15 °C (Fig. 2). However, for the simulations with tides, the

maximums values are primarily arranged in patches along IT trajectories A and B (Fig. 2a), while for the

simulations without tides, maximum values follow the NBC pathway and its retroflexion (Fig. 2b), emphasizing256

the potential of the background circulation in shaping temperature at fortnightly frequency. This will be further

discussed.

260

Figure 2. The amplitude ofMSf variability at 120 m depth for tidal (a) and (b) non-tidal simulations.

264
Note that the harmonic analysis only gives the modulus of the amplitude, hence it is not possible to know

whether cooling or warming occurs due to tidal-induced mixing. For the MSf frequency particularly, it is

possible to obtain the sign of MSf variability amplitude illustrated in the figures above, thanks to a composite

analysis, see details of method in Appendix C. We performed this analysis on the same daily temperature268

datasets. We found that the maximumMSf amplitude at the surface and in deeper layer in fact depicts a cooling,
meaning that the Spring-Neap variability of barotropic tides results in temperature cooling at the surface,

whereas baroclinic tides and background circulation sustain subsurface cooling in tidal and non-tidal simulations,

respectively. More details on composites analysis results can be found in the Appendix C.272
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3.2. Spatial variability at S2 and M2 frequencies in the simulations
Using hourly model simulations, we then analyze how the temperature is spatially shaped at the semidiurnal

frequencies.

276
3.2.1. Amplitude and phase lag

The atlases of temperature variability for S2 and M2 frequencies in tidal simulations are presented in Figure 3.

For the S2 frequency, at the surface (Fig. 3a), the maximum amplitude (~0.12 °C) is observed over the north-

western shelf, near the “On-shelf” location (between 2.5°–5°N), while lower amplitudes (< 6×10⁻² °C) prevail280

elsewhere. The associated phase lag (Fig. 3b) indicates a mean lag of approximately 6 hours, meaning the

maximum occurs during or after high and low tides. Deeper near the thermocline (~120 m), stronger amplitude

with mean value of about 0.6 °C is observed (Fig. 3c). They are horizontally collocated with the patches of IT

dissipation and the maximums of baroclinic sea surface height (SSH) at the S2 frequency (Fig. S1c,284

Supplementary 1). The associated phase lag (Fig. 3d) indicates a lag of ±6 hours for these amplitude maximums,

and moreover it resembles the phase lag of the S2 baroclinic SSH (see details in Appendix B, Fig. B1).

For the M2 frequency, at the surface, we observe lower but significant maximums (~2.5×10-2 °C) over the entire

shallow shelf (Fig. 3e) where barotropic tides dissipate (Fig. A1a in Appendix A) and create mixing. Offshore,288

some lower amplitudes (>10-2 °C) are observed along IT trajectory A (Fig. 3e). The associated phase lag shows a

lag of ±3 hours (Fig. 3f), indicating that these maximums occur during the mid-tide, i.e., when the tidal potential

is at its maximum.

As seen for S2, the amplitude at the M2 frequency is higher near the thermocline compared to the surface, but292

with values three orders of magnitude stronger (~2.2 °C, Fig. 3g). Similarly, these M2 variability maximums are

collocated with dissipation patches of ITs and the maximums of baroclinic SSH for M2 tides. We also found a

phase lag close to that of the S2 variability at the same depth forM2 variability (Fig. 3h).

These findings clearly indicate that the ITs are responsible for the strong and very strong subsurface amplitudes296
observed at respective frequency.

Note that the simulations without tides exhibit similar amplitude at the surface for S2 frequency as in tidal

simulations, with mean values of approximately 0.12 °C located from the mouth of the Amazon to the

northwestern shelf (Fig. S2a, Supplementary 2). Lower values (< 0.06 °C) are observed elsewhere in the region,300

and noisy signal (< 10-2 °C) deeper (Fig. S2c, Supplementary 2). For the M2 frequency, the amplitudes are noisy

at the surface as well as at the subsurface (Fig. S2b and d, Supplementary 2).
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304
Figure 3. The harmonic analysis of temperature at S2 frequency based on 2015 tidal simulation hourly datasets:

amplitude (a) and phase lag (b) at surface, amplitude (c) and phase (d) at 120 m depth, same forM2 frequency in
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lower panels (e, f, g, and h, respectively). The black and blue boxes delimit the 0.5°×0.5° area, as defined in

Table 2, within the amplitude of the temperature is averaged along the depth. Hereinafter in the figures above,308
unless otherwise stated, the black thin contours are the 200 and 2000 m isobaths, while the two straight lines

represent the two main pathways of internal tides.

312

Since we noted a spatial colocation between IT’s SSH amplitude and temperature variability amplitude, we

therefore compute the correlation between them over the full domain and along the depth, see Figure 4. This

correlation highlights the close link between ITs and temperature variability for the high frequencies, M2 (Fig.

4a) and S2 (Fig. 4b). Between the subsurface (> 60 m) and up to ~800 m depth forM2 and up to ~600 m for S2,316

there is a very strong positive and significant correlation, reaching its maximum in the thermocline layer (100–

180 m) (Fig. 4). The correlation coefficient and its significance level are 0.91 and 0.86 forM2 and, 0.83 and 0.75

for S2, respectively (Fig. 4). This implies that the horizontal structure of temperature variability in subsurface

layers closely follows that of the baroclinic SSH at the surface. This is a further proof of ITs as dominant driver320
shaping temperature off the Amazon shelf break.

324

Figure 4. Correlation between the amplitude of IT baroclinic SSH at the surface and the amplitude of the

temperature variability for the whole domain and throughout the depth for semi-diurnal frequencies M2 (a) and

S2 (b). The black solid line represents the correlation and red dashed line represents its significance; the blue

color shading indicates significant values (≥ 0.5) for both.328
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3.2.2. Wavelengths in high-frequency variability
To further characterize the impact of ITs on temperature, we analyzed the horizontal wavelength involved in IT

surface elevation and compare it to what exists in temperature variability for the two semi-diurnal frequencies.332

We used a 2D fast Fourier transform in complex fields (from amplitude and phase lag) of temperature variability

and baroclinic SSH to extract the wavelengths and the direction of propagation.

Figure 5a shows dominant northeastward propagation for the M2 baroclinic elevation between 110–120 km and

60–80 km wavelengths, corresponding to IT of mode-1 and mode-2 wavelengths, respectively, in good336

agreement with Barbot et al. (2021). The direction of propagation and the dominant wavelengths are roughly the

same for S2 IT SSH imprints, nevertheless with wider range of wavelengths for mode-1 (100–120 km , Fig. 5b).

At 120 m depth, temperature variability presents 100–120 km and 60–80 km wavelengths for M2 (Fig. 5c), and

between 100–120 km and 50–80 km wavelengths for S2 (Fig. 5d). As with SSH, these ranges correspond to340

mode-1 and mode-2 northeastward propagation. However, mode-2 signals are more pronounced in temperature

than in SSH. These findings constitute additional evidence of the impact of tides especially internal tides in

temperature high-frequency variability.

344
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Figure 5. Two-dimensional normalized power spectral density of the baroclinic SSH (upper panels) and

temperature variability at 120 m (lower panels) for M2 (left panels) and S2 (right panels) semi-diurnal

frequencies. The gray rings represent the horizontal wavelength grid scale, and the colored rings represent the

horizontal wavelengths of modes 1 and 2. The color shading stands for the amplitude.348

3.3. Mean along-depth profile of temperature amplitudes
To characterize the temperature variability amplitude from the surface to deeper layers, we finally describe the352

mean along-depth profile of amplitude for the three frequencies, using only model simulations. The average is

performed within the six contrasted boxes, regarding their tidal characteristics (see Table 2), and along the depth

for the amplitude of the temperature variability as well as the squared Brunt-Väisälä frequency N2 = (− �
����),

where g is the acceleration due to gravity and ρ is the density. Note that looking at N2 serve to emphasizes the356

link between subsurface maximum amplitudes and the pycnocline depth range. Note that N2 is calculated only

for the simulations including tides.

N2 peaks in the subsurface within the thermocline depth range (100–200 m; Magalhaes et al., 2016 and Tchilibou

et al., 2022) with an average value ranging between ~ 2–3×10-4 s-1 for all boxes except for "On-shelf" and "Off-360

shore". For the two latter shallower locations the peak occurs near the surface with mean values of ~7×10-4 s-1

and > 10-2 s-1, respectively, (Fig. 6a). Note that a similar vertical structure is observed for N2 in the simulations

without tidal forcing (not shown).

This vertical profile is reproduced by temperature amplitude in both simulations and for the three frequencies,364

M2 (Fig. 6b), S2 (Fig. 6c), and MSf (Fig. 6d). For the simulations without tides (dotted lines in panel b to d), the

amplitudes are not significant (≤ 10-2 °C) for all the boxes and for the two semidiurnal frequencies, while for

MSf frequency it reaches mean amplitude of ~0.1 °C within the thermocline depth range, comparable to that of

the tidal simulations (Fig. 6d).368

Regarding the semidiurnal frequencies, for the simulations including tides, the mean amplitude is mainly strong

within the thermocline depth range reaching ~0.5 °C for S2 and ~2 °C for M2. The maximum amplitude obtained

with model in the thermocline depth range (100–200 m, including pycnocline) align well with the maximum IT

shear instability and resulting peak of the energy dissipation witihin the pycnocline as recently observed at same372

location by Kouogang et al. (2025).

Furthermore, there is a notably difference in the vertical extent of significant amplitudes (>10-2 °C) across

frequencies. The vertical extent involved in temperature variability is about 2.5 km for M2, approximately the

half for S2 (0.8–1 km) and less for MSf (0.6–0.8 km). This likely depicts the average vertical length scale376

potentially affected by tidal mixing caused by the energy loss of ITs.
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Figure 6. The vertical profiles (a) the squared Brunt-Väisälä frequency and the amplitude of temperature

variability at (b) M2, (c) S2 and (d) MSf frequencies averaged inside the boxes defined in Table 2 and illustrated380
in Fig. A1a in Appendix A. The tidal and non-tidal simulations are represented by solid and dotted lines,

respectively. In panels (a), (b) and (c), gray color shading stands for not significant values (amp. ≤10-2 °C), white

color shading is for weak (10-2 °C < amp. ≤0.1 °C) and strong values (0.1 °C amp. ≤1 °C), and light blue stands

for very strong values (amp. >1 °C) as in Table 2.384

4. Discussion and Conclusion388

This study provides the first comprehensive regional characterization of temperature variability at tidal

frequencies (M2, S2, and MSf) across the northern Brazilian region, based on satellite sea surface temperature

(SST) observations and twin numerical simulations with and without tidal forcing. This combined framework

enables direct attribution of temperature variability to barotropic tides, internal tides (ITs), and sometimes392

background circulation, revealing distinct surface and subsurface responses across the shelf–open ocean system.

These results further demonstrate how high-frequency tidal processes exert a major influence on upper-ocean (<

1000 m) temperature variability across the northern Brazilian region (NBR). Further important implications can

be drawn for heat redistribution, biogeochemical feed-backs, and the interpretation of satellite observations in396

strongly tidal tropical environments.

4.1. On the fortnightly temperature variability
Fortnightly MSf variability displays consistent surface amplitudes of about 0.15 °C over the northwestern shelf

in both satellite products (MUR, TMI) and in simulations including tidal forcing. These values align with ranges400

reported in other strongly tidal environments, from 0.1–0.5 °C in the Indonesian Seas (Ray and Susanto, 2016;

Nugroho et al., 2018; Susanto and Ray, 2022) to 0.1–0.3 °C in the South China Sea (Susanto et al., 2019). In the

NBR, MSf temperature fluctuations likely arise from the Spring–Neap modulation of barotropic tidal current

shear over the shelf, mechanisms previously described for confined straits and shallow shelfs (Holloway and404

Merrifield, 2003; Ruault et al., 2020). Unlike most case studies, this region extends this phenomenology to a

transition zone where barotropic processes dominate the inner shelf while ITs exert increasing control offshore.

In the other hand, at the surface layers, amplitudes are not significants along IT pathways, this may reflect a

rapid atmospheric heat flux adjustment that counteracts internal tide–induced cooling and/or the inherently408

incoherent character of IT dynamics that disperses energy across frequencies, preventing harmonic methods, that

point to an unique frequency, from capturing a clear MSf signature.

At depth, tidal simulations detect MSf amplitudes of similar magnitude (~0.15 °C) along IT pathways. These

subsurface signatures reflect the Spring–Neap modulation of baroclinic tidal energy flux, which varies by about412

50 percent between Spring (16 kW.m⁻¹) and Neap (8 kW.m⁻¹) periods (Tchilibou et al., 2022). Such subsurface
MSf temperature variability associated with ITs has not been documented previously.

Surprisingly, non-tidal simulations exhibit fortnightly signals of similar amplitude along the North Brazil

Current pathway, suggesting circulation-driven variability, possibly through advection, as indicated at seasonal416
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time scales (Assene et al., 2024), or through mean baroclinic shear (Kouogang et al., 2025). In simulations

including tides, this circulation-driven signature is reduced or redistributed across frequencies, implying an

interaction between background flow and tidal processes (Kouogang et al., 2025b). MSf variability extends to

depths of roughly 600-800m depth—shallower than semidiurnal signals—but its maximum expression occurs420

within the thermocline (100–200 m), suggesting potential implications for euphotic zone processes.

In summary, fortnightly temperature variability in the NBR arises from barotropic processes over the shelf and

from ITs offshore, with subsurface MSf variability along IT pathways documented for the first time.

Composite analyzes give the sign of MSf variability and indicate a net cooling of similar magnitude, though424

subsurface amplitudes retrieved from composites slightly exceed those from harmonic analysis. This difference

could reflect the influence of background circulation, which is better expressed in daily composite frameworks

than in frequency-isolating harmonic methods or/and the impact of incoherent IT-induced mixing. Nevertheless,

the two approaches reveal a consistent 2–3 day lag between tidal forcing and maximum thermal response.428

Identical delays have been reported elsewhere for suspended sediment (Shi et al., 2011), nutrient injections and

chlorophyll responses (Sharples et al., 2007).

Furthermore, it is worth noting that as most MSf studies average over narrow windows centered on Spring/Neap

dates (e.g., Souza and Pineda, 2001; Ruault et al., 2020), the strongest impacts may be underestimated. We432

therefore recommend future Spring–Neap studies to apply a lag-resolved approaches spanning ±3 days, meaning

{-3, -2, -1, 0, 1, 2, 3}, recognizing that optimal lags may vary with regional tidal age and mixing response

timescales (see Appendix C).

4.2. On the semidiurnal temperature variability436

At semidiurnal frequencies, contrasting regimes emerge across the shelf and the open ocean. Over the shallow

northwestern shelf, barotropic tidal mixing produces very weak M2 surface amplitudes (~2.5 × 10⁻² °C) and
moderate S2 amplitudes (~0.12 °C). These values are markedly smaller than those reported for classic shelf seas,

such as the Irish Sea (Simpson and Bowers, 1981) or Yellow Sea (Li et al., 2020), and likely reflect intense air–440

sea heat exchange in such convergence zone (Koch-Larrouy et al., 2007; Sprintall et al., 2014, 2019) therefore

reducing the high-frequency surface temperature amplitude.

In other hand, the persistence of detectable S2 signals in both tidal and non-tidal simulations suggests a

contribution from radiational tides (Arbic, 2005; Balidakis et al., 2022).444

Offshore, ITs dominate semidiurnal variability. Subsurface amplitudes reach approximately 2.2 °C for M2 and

0.6 °C for S2 at thermocline depth, values exceeding most in situ estimates reported elsewhere for similar depths

(van Haren et al., 2016; Purwandana et al., 2021; Smith et al., 2016). These subsurface hot-spots spatially

coincide with generation and dissipation zones and the elevated dissipation rates (ε ~ 10⁻⁷ W.kg⁻¹; Kouogang et448

al., 2025) documented during the AMAZOMIX cruise—values 10–100 times above background levels.

4.3. On the along-depth profile of temperature variability
The depth extent of significant temperature variability decreases systematically with tidal period, consistent with

energy distribution: M2, which represents about 70 percent of total tidal energy (Beardsley et al., 1995; Gabioux452
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et al., 2005; Fassoni-Andrade et al., 2023), penetrates to around 2.5 km, whereas S2 reaches about 1 km and MSf

around 0.6–0.8 km. These contrasts indicate that the capacity of tidal motions to influence the water column

depends strongly on the available energy at each frequency and points to a frequency-dependent control of deep-

ocean mixing and heat redistribution. Elevated dissipation could remain mostly confined above ~670 m,456

suggesting that mixing within the thermocline drives the largest impacts while deeper signals likely involve

vertical advection by the background circulation, consistent with seasonal-scale findings (Assene et al., 2024).

These characteristics align the NBR with known deep-ocean IT–influenced areas such as the Hawaiian Ridge

(Holloway and Merrifield, 2003), Luzon Strait (Alford et al., 2015), and the Andaman Sea (Jithin and Francis,460

2020).

Correlations between SSH and subsurface temperature amplitudes > 0.5 persist to depths of ~2000 m for M2 and

~1800 m for S2, with maximumsl values within the thermocline, confirming the central role of ITs in structuring

semidiurnal offshore temperature variability.464

4.4. On the wavelength in temperature variability
Two-dimensional fast Fourier transform analyzes indicate that subsurface temperature variability reproduces

both mode-1 and mode-2 IT wavelengths and propagation directions, consistent with SSH signatures (Barbot et

al., 2021). Mode-2 signals (50–80 km) appear more expressive in subsurface temperature than in SSH,468

suggesting that modeled temperature fields may serve as an alternative pathway for detecting higher baroclinic

modes, though confirmation from moorings, gliders, or Argo deployments will be required.

5. Perspectives472

From a methodological perspective, despite a 25-fold difference in spatial resolution (~1 km MUR vs. ~25 km

TMI), both satellite SST products yield consistent MSf amplitude patterns. TMI’s longer record benefits

retrospective analysis, while MUR’s finer spatial resolution is advantageous for resolving higher baroclinic

modes. The numerical configuration captures the main barotropic and baroclinic tidal features and seasonal476
temperature patterns of the region (Assene et al., 2024), and the location of modeled dissipation hot-spots aligns

with recent AMAZOMIX observations (Kouogang et al., 2025). However, harmonic analysis extracts only the

coherent, phase-locked ITs (Zaron, 2017; Buijsman et al., 2017). Incoherent ITs generated by interaction with

eddies or strong current–topography interactions (Zaron, 2017; Buijsman et al., 2017 and Kouogang et al., 2025b)480
likely enhance semidiurnal temperature variability beyond the levels estimated here. Direct comparisons with

mooring records from dissipation hot-spots will clarify this component.
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Appendices
484

Appendix A. Characteristics of M2 coherent tides in the northern Brazilian region (NBR)

488

Figure A1. Characteristics of M2 coherent tides for the year 2015: (a) barotropic energy flux (black arrows) and

barotropic energy dissipation (color shading), (b) depth-integrated baroclinic energy flux (black arrows) and

depth-integrated baroclinic energy dissipation (color shading), (c) baroclinic sea surface height and (d) its phase

lag. A to F labels in panels (b) and (c) indicate the internal tide generation sites on the shelf break. Black and492

white dotted lines in respective panels represent the 200 and 2000 m isobaths from the model bathymetry. In

panel (b) and for figures above, the two black straight lines indicate the mean trajectory of internal tides radiating

from generation sites A and B; magenta (here) and black (in the following figures) boxes indicate the areas

within the vertical mean of temperature amplitudes were performed (see Section 3.3); the center of each box496

corresponds to the location of the point for which we performed spectral analysis.
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Appendix B. The age of the tides in NBR

500

Figure B1. The age of the tides (Ta ) computed based on the M2 and S2 barotropic elevation phase from tidal

simulations. Ta is about 24h ± 2h (~1 day) in the internal tide generation sites, along their pathways and from

22h–30h over the north-western domain. Which means that in NBR, the maximum of MSf tidal currents lag the

astronomical potential by about 1–1.25 days. Tin black lines are the 200 and 2000 m isobaths from model504

bathymetry.
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Appendix C. Spring-Neap composites of temperature

 Method of calculation508

Another way to analyze the effect of the fortnightly modulation of the tidal currents on temperature daily

datasets is by performing temperature Spring-Neap composite analysis. This is calculated as follows:

���, ��� = ���� , ���� (D1)
512

��� = ���� ���������� − ���� ����������� (D2)

Where i = {-3, -2, -1, 0, 1, 2, 3}, i � ℤ , is the offset in days from the Spring (� ) or Neap (� ) time (see

illustration in Fig. C1), � is the daily temperature, the upper bar indicates the average temperature in the time

series for each case of i with respect to the Spring and Neap time. We calculated the composites (ΔT) for each516

case of i from the long-term temperature. Compared to harmonic analysis, this method has the advantage of

providing the sign of the Spring-Neap variability of the temperature, and can therefore highlights whether

cooling or warming occurs.

520

Figure C1. Prediction of the barotropic tidal elevation at the NBR shelf [45.5°W, 1°N], using SCT, showing the524

Spring-Neap modulation (~14–15 days) of the elevation amplitude. The green and red solid lines indicate Spring

and Neap tides time, respectively. The black dotted lines correspond to the days between consecutive Spring and

Neap tides. The numbers in green and red indicate the corresponding lag from the time of Spring and Neap tides

respectively.528

532
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 Amplitude and sign of temperature’s Spring-Neap variability

The Figures C2 and C3 presents the Spring-Neap composites computed from daily MUR SST and tidal

simulations SST, respectively, for different cases of the daily offset i. Overall, for the observations and tidal536
simulations, the position of the maximums and their average intensity (±0.15 °C) in the composites are similar to

MSf amplitude from harmonic analysis (see Fig. 1). In non-tidal simulations SST, the intensity is very low

throughout the domain (< ±0.03 °C, Fig. S3-2, Supplementary 3), in good agreement with the harmonic analysis

(Fig. 1d).540

Additionally, there is a variation in intensity on the composites depending on the offset from the Spring-Neap

time. On the third day before the Spring-Neap (SN-3), there is a dipole (±0.15 °C) northwest of the plateau, more

visible in tidal simulations (Fig. C3) and TMI SST (Fig. S3-1, Supplementary 3) compared to MUR SST (Fig.

C2), which gives way to a cooling of about 0.15 °C. This cooling extends as we approach the day of the Spring-544
Neap (SN) and reaches its maximum in the following days. The most significant Spring-Neap variability in

composites is observed between the second (SN+2) and third day (SN+3) after the Spring-Neap (Fig. C2f-g, Fig.

C3f-g and Fig. S3-1f-g, Supplementary 3). It is more evident that the maximum is reached on the third day after

the Spring-Neap, given the higher intensity over the continental shelf and along the Amazon plume (Fig. C2f-g,548

Fig. C3f-g and Fig. S3-1f-g, Supplementary 3).

In the subsurface (~120 m depth), for the simulations with tides, the intensity in the Spring-Neap composites

follows the same variation as at the surface based on the offset i (Fig. S3-3, Supplementary 3). The meanvalues

(0.15 °C) are located along IT pathways A and B, with sparse maximums (up to ~0.3 °C) in the same locations552

(no shown). These differences could result from (i) the additional effect of background circulation which is more

significant at this depth (see Section. 3.1 and Fig. 2). This is illustrated by the composites of non-tidal simulation

temperatures showing meso- and submesoscale patterns throughout the domain (Fig. S3-4, Supplementary 3).

The second explanation could be (ii) the incoherent IT impact on temperature, which is not captured by the556

harmonic analysis, but seems to be revealed by composite analyzes.
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Figure C2. Spring-Neap composites of observed MUR SST. Each panel corresponds to a case of i, {-3, -2, -1, 0,560

1, 2, 3} respectively the offset from Spring and Neap tides time (SN), as illustrated in Fig. C1.
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Figure C3. Same as Figure C2, but for tidal simulation’s SST.564

568
In the subsurface, ITs are further delineated in composite analyzes through the application of one-dimensional

horizontal band-pass filtering along IT propagation pathways. This filtering procedure was implemented to

isolate wavelengths of 100–120 km, characteristic of mode-1 IT signatures. In tidal simulations (Fig. C4a),

pronounced oscillations with substantial amplitudes (> 0.2°C) are observed within the initial 300–400 km of572
propagation, followed by systematic attenuation at greater offshore distances. These results are consistent with
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the findings of Tchilibou et al. (2022), who demonstrated that approximately 50% of IT energy dissipation

occurs within the first 300 km from the continental slope along propagation pathway A. As expected,

simulations without tides (Fig. C4b) exhibit very weak oscillations, likely attributable to mesoscale variability of576

temperature. It should be noted that comparable results are obtained for alternative offset configurations i (not

shown).

580

Figure C4. 1D horizontal of Spring-Neap composites (i = +3) along IT trajectory A (see black bold line in Fig.

1b) at 120 m depth for (a) tidal and (b) non-tidal simulations. The original signal is filtered using a band-pass

filtering, selecting wavelengths from 100 to 120 km.

584

 Important note

The maximum cooling or warming effect on temperature resulting from Spring-Neap variability of tidal currents588

does not happen on the actual Spring-Neap days but rather typically occurs 2-3 days afterward. Our findings

indicate that the Spring-Neap composites analysis of ocean tracers that focus exclusively on the Spring-Neap

days, or averaging over one or two days surrounding (e.g.: Sharples et al., 2007 and Ruault et al., 2020)

inadequately capture the full amplitude of this variability. To achieve a more comprehensible understanding of592

Spring-Neap variability, investigations must consider individually the days surrounding the Spring and the Neap

tides, i.e., follow the present methodology.
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