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Abstract. The Amazon shelf–offshore continuum is a dynamic biogeochemical hotspot of the tropical Atlantic, where river 

discharge, ocean circulation, and strong tides interact to shape nutrient and phytoplankton distributions. The Amazon plume 

and regional circulation have been widely studied and are known to strongly influence nutrient availability and biological 

productivity in this region. However, shelf-break tides remain an overlooked pathway linking physical energy to offshore 

fertilization, and their contribution to seasonal and intraseasonal biogeochemical variability remains unclear. Here, we 20 

quantify how tidal dynamics, including internal tides, modulate nitrate supply and chlorophyll distributions from the 

Amazon shelf to offshore waters. We use a high-resolution coupled physical–biogeochemical model (1/36°), evaluated 

against climatological, satellite, and in situ observations. The model reproduces the main observed patterns of surface nitrate 

and chlorophyll, as well as key vertical features such as the nitracline and the deep chlorophyll maximum. We show that 

tides strongly enhance upward nitrate transport, increasing surface nitrate by more than 50% over the northern shelf, along 25 

the shelf break, and within the main internal-tide pathway. This tidally supplied nitrate fuels offshore phytoplankton growth, 

increasing chlorophyll by about 15–50%, while reducing surface chlorophyll near the Amazon mouth by 30–

40%.Seasonally, surface chlorophyll and nitrate are higher over the Amazon shelf during April–June but lower offshore, 

revealing a marked cross-shelf contrast. When the tidal contribution is isolated, a similar but weaker spatial structure 

emerges, with a cone-shaped chlorophyll anomaly extending from the shelf break toward the offshore internal-tide 30 

propagation region. Remarkably, tides account for about 63% of the total seasonal variability in surface nitrate, meaning that 

tidal forcing alone explains more than half of the seasonal nutrient signal. At intraseasonal timescales, tides generate a clear 

spring–neap rhythm of about 15 days in both nitrate and chlorophyll. This spring–neap tidal pulse propagates from the shelf 

break toward offshore waters and is especially pronounced near the deep chlorophyll maximum, where oscillations of the 
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upper nitracline periodically modulate nitrate availability and drive a corresponding chlorophyll response., where 35 

chlorophyll variability is nearly doubled when tides are included. The concurrent increase in nitrate variability indicates that 

this spring–neap phytoplankton response is sustained by tidally driven nutrient supply. 

These findings identify internal tides as a key biogeochemical driver of the Amazon shelf–offshore continuum, linking tidal 

energy to nutrient injection, offshore fertilization, seasonal redistribution, and rhythmic ecosystem variability in the western 

tropical Atlantic. 40 

1. Introduction  

The headings Physical processes regulate upper-ocean biogeochemistry by controlling stratification, tracer transport, and the 

rate at which nutrients are supplied to the euphotic layer. In particular, at the shelf break, barotropic tidal currents interacting 

with the steep 200–2000 m continental slope in a stratified ocean generate energetic internal tides. These tides radiate 

offshore and dissipate away from their generation sites, promoting diapycnal mixing and vertical exchanges across density 45 

surfaces (Baines, 1982; Egbert and Ray, 2000; Munk and Wunsch, 1998). Such processes can substantially modify nitrate 

supply, chlorophyll distributions, and primary production; however, their cumulative impacts remain difficult to quantify 

because the relevant physical–biogeochemical couplings are multiscale and often under-resolved in coupled ocean physical–

biogeochemical models (Capuano et al., 2025; Jacobsen et al., 2023; Ma et al., 2023; Mahadevan, 2016; M’hamdi et al., 

2025). This limitation is especially acute in regions where several energetic processes interact across different spatio-50 

temporal scales. In the western tropical Atlantic ocean, even recent regional coupled physical-biogeochemical models that 

include key processes such as N₂ fixation still struggle to reproduce important features of the Amazon-plume system, notably 

the offshore extension of productive waters, suggesting that major mechanisms remain missing or insufficiently represented 

(Gévaudan et al., 2025; Louchard et al., 2021).  

The Amazon shelf–offshore continuum (Figure 1) is an exceptional natural laboratory for such coupling. There, freshwater 55 

forcing, tides, western boundary circulation, mesoscale variability, and strong upper-ocean stratification interact from the 

shelf to the open ocean, while the shelf break itself represents a recognized hotspot of internal-tide generation embedded 

within a region of strong seasonal circulation variability (Assene et al., 2024; Ruault et al., 2020; Tchilibou et al., 2022). The 

regional circulation (Figure 1) is dominated by the North Brazil Current (NBC), its retroflection toward the North Equatorial 

Countercurrent (NECC), and the associated mesoscale eddy field(Aguedjou et al., 2019; Didden and Schott, 1993; Fratantoni 60 

and Glickson, 2002; Richardson et al., 1994; Silva et al., 2009). This circulation exhibits a marked seasonal cycle: during 

April–May–June (AMJ), the NBC is weaker and more coastally trapped, mesoscale activity is reduced, and Amazon 

discharge is higher, whereas during August–September–October (ASO), the NBC becomes broader, deeper, and stronger, 

and eddy kinetic energy increases (Aguedjou et al., 2019; Johns et al., 1998, p.19; Molleri et al., 2010). These seasonal 

changes strongly influence upper-ocean density structure and pycnocline properties, with important consequences for 65 

internal tides dynamics (Barbot et al., 2021; Ruault et al., 2020; Silva et al., 2005, p.200; Tchilibou et al., 2022).  
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Regional biogeochemistry is also strongly shaped by the Amazon River plume. As the largest freshwater source to the global 

ocean, the Amazon discharges on average about 177 493 m³s-1 and influences a vast portion of the western tropical Atlantic 

ocean, with a pronounced seasonal cycle peaking in late spring to early summer (HYBAM, 2018; Louchard et al., 2021; 

Olivier et al., 2024). After leaving the shelf, plume waters are entrained by the NBC and may spread northwestward toward 70 

the Caribbean or eastward depending on the state of the NBC, its retroflection, and associated rings (Fratantoni and 

Glickson, 2002; Johns et al., 1998; Olivier et al., 2024; Subirade et al., 2023). Biogeochemically, the plume sustains large 

phytoplankton blooms, but its chlorophyll response remains spatially heterogeneous because light availability, turbidity, 

terrestrial dissolved organic matter, and nutrient consumption evolve along the aging plume (Gévaudan et al., 2025; Lefèvre 

et al., 2017; Muller-Karger et al., 1988; Müller-Karger et al., 1989; Olivier et al., 2022; Smith Jr and Demaster, 1996; 75 

Subramaniam et al., 2008). Near the Amazon mouth, phytoplankton growth is mainly limited by light, whereas farther 

offshore nitrogen commonly becomes the dominant limiting nutrient, making vertical nitrate supply and nitracline depth key 

controls on upper-ocean chlorophyll distribution(Demaster and Pope, 1996; Gévaudan et al., 2025; Goes et al., 2014).  

Against this background, tidal forcing appears to be a prominent but still incompletely resolved control on regional 

biogeochemical variability (Ruault et al., 2020). Over the shelf, barotropic tides enhance bottom friction and vertical mixing, 80 

can resuspend sediments, modify light availability, and may also influence plume pathways (Hu et al., 2008; Kossack et al., 

2023; Sharples et al., 2007; Xing et al., 2021). At the shelf break, barotropic tidal currents interacting with the sharp 200–

2000 m slope in a stratified ocean generate energetic internal tides that radiate offshore and dissipate away from their 

generation sites, producing diapycnal mixing and vertical exchanges across density surfaces (Baines, 1982; Egbert and Ray, 

2000; Munk and Wunsch, 1998). Along the Brazilian Equatorial Margin, six main internal-tide generation sites, commonly 85 

labeled A to F, have been identified, with the strongest generation at site A (Figure 1) (Assene et al., 2024; Magalhaes et al., 

2016; Tchilibou et al., 2022). The resulting low-mode internal tides can propagate horizontally over more than 100–200 km 

and enhance mixing both near their generation sites and along their propagation pathways(Assene et al., 2024; Barbot et al., 

2021; De Macedo et al., 2023; Goret et al., 2025; Kouogang et al., 2025a; Tchilibou et al., 2022). Tidal forcing may 

therefore affect nitrate and chlorophyll concentrations through the combined action of its barotropic and baroclinic 90 

components, but this coupling remains poorly quantified at regional scale.  

Tidal impacts on nitrate and chlorophyll are, however, not mechanically unique. A first mechanism is primarily 

redistributive: internal tides vertically displace isopycnals and the deep chlorophyll maximum (DCM), thereby modifying the 

light environment experienced by phytoplankton and altering the apparent upper-ocean chlorophyll signal (De Macedo et al., 

2026; Gaxiola-Castro et al., 2002; Kim et al., 2018; M’hamdi et al., 2025; Muacho et al., 2014). A second mechanism is tidal 95 

mixing, which can homogenize the chlorophyll profile and enhance nitrate fluxes toward the nitracline and the productive 

layer, thereby stimulating new production in areas where nutrient limitation prevails. (Jacobsen et al., 2023; Kossack et al., 

2023; M’hamdi et al., 2025; Sharples et al., 2007; Tuerena et al., 2019). Recent observations collected during the 

AMAZOMIX campaign support the coexistence of both effects off the Amazon shelf, with internal tides modulating the 

depth of the chlorophyll maximum and episodic mixing events associated with enhanced chlorophyll concentrations in the 100 
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upper water column (M’hamdi et al., 2025). At the same time, recent work on the Amazon plume has emphasized that 

chlorophyll variability in this region cannot be interpreted from nutrient supply alone, because light attenuation and the 

remineralization of terrestrial dissolved organic matter also exert strong controls on plume productivity and offshore 

extension (Gévaudan et al., 2025). Despite this growing evidence, the regional expression of tidal effects on nitrate and 

chlorophyll concentrations over the Amazon shelf and adjacent offshore waters remains poorly constrained.  105 

The efficiency of this tidal-biogeochemical coupling is also expected to vary in time because the regional background state 

changes markedly over the year. During AMJ, the Amazon discharge is high, the pycnocline is shallower and slightly 

stronger, and both the NBC and mesoscale eddy activity are relatively weak. During ASO, river discharge decreases, the 

pycnocline deepens, and both the NBC and mesoscale variability intensify (Aguedjou et al., 2019; Barbot et al., 2021; 

Tchilibou et al., 2022). These changes affect not only plume structure and stratification, but also the generation, propagation, 110 

and dissipation of internal tides. In particular, stronger conversion and local dissipation of internal-tide energy have been 

reported in AMJ than in ASO, whereas the stronger background circulation in ASO favors a larger contribution of incoherent 

internal tides (Barbot et al., 2021; Tchilibou et al., 2022). In addition to their influence on the seasonal mean state, tides may 

also imprint submonthly variability through the spring-neap cycle. The nonlinear interaction between the dominant 

semidiurnal constituents M2 and S2 produces a fortnightly modulation at the MSf period of 14.77 days (Ray and Susanto, 115 

2016). In several energetic marine environments, this spring-neap modulation has been linked to variations in sea surface 

temperature, suspended matter, nutrient supply, and chlorophyll, either through bottom-driven mixing or through changes in 

internal-wave activity(Capuano et al., 2025; De Macedo et al., 2026; Ray and Susanto, 2016; Sharples et al., 2007; Xing et 

al., 2021; Zaron et al., 2023).  

What remains unresolved is therefore not whether tides matter, but how barotropic and baroclinic tides jointly shape the 120 

interaction between nitrate supply and chlorophyll variability in a system already structured by river discharge, circulation, 

and plume biogeochemistry. This gap is also methodological: high-resolution regional twin simulations with and without 

tides remain extremely rare, even though such configurations are among the most direct ways to isolate the net tidal 

contribution from the strong background variability. More broadly, constraining the regional biogeochemistry of the 

Amazon-plume system remains a major scientific challenge, because key processes are still incompletely represented in 125 

existing models (Gévaudan et al., 2025; Louchard et al., 2021). Here, we address three main scientific questions: how do 

tides modify the mean surface and subsurface distributions of nitrate and chlorophyll in the internal tides pathway; how does 

that response differ between the contrasted AMJ and ASO seasons; and do tides imprint a detectable MSf spring-neap 

signature in the modeled nitrate and chlorophyll fields? To answer these questions, we use a high-resolution 1/36° coupled 

NEMO-PISCES configuration and twin simulations performed over 2013–2016 with and without tides, with the aim of 130 

quantifying the regional tidal contribution and providing a process-based framework for interpreting observed nitrate and 

chlorophyll variability off the Amazon shelf.  
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Figure 1 : Mean surface chlorophyll-a concentration (log₁₀ scale) over the Amazon shelf–offshore continuum for the 2013–2016 135 

period, derived from CCI ocean-color products. The dashed white contour indicates the 1.8 m M2 internal tide amplitude from 

MIOST. Black arrows denote the mean surface geostrophic currents from DUACS, while purple arrows highlight the dominant 

regional current system. The red line marks the main internal tide (IT) propagation path named here transect A, and cyan 

symbols indicate the primary IT generation site and the magenta one the main dissipation site. The semi-transparent black line 

delineates the continental shelf break. 140 

2. Data and Methods 

2.1 Model configuration and numerical experiments 

A high-resolution coupled physical–biogeochemical regional configuration, hereafter referred to as AMAZON36-BIO, was 

developed to investigate fine-scale physical and biogeochemical processes over the Amazon shelf and the adjacent western 

tropical Atlantic Ocean. The model domain extends from 54.7°W to 35.3°W and from 5.5°S to 6°N, with a horizontal 145 

resolution of 1/36° corresponding to approximately 3 km. 

The physical configuration, named AMAZON36, is based on the NEMO ocean circulation model and was designed to 

explicitly resolve the main internal-tide generation sites along the Brazilian Equatorial Margin, as well as their offshore 

propagation pathways. Earlier regional configurations used in this area were either too coarse to adequately represent these 

processes or too limited in spatial extent to include the main generation sites and offshore propagation regions. By 150 
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combining high horizontal resolution with a sufficiently large domain, AMAZON36 is able to resolve low-mode internal 

tides over the western tropical Atlantic Ocean. The study is based on a set of twin simulations performed with and without 

tidal forcing, following the experimental design of Assene et al. (2024). The simulation including tidal forcing is hereafter 

referred to as TIDES, whereas the simulation without tidal forcing is referred to as NOTIDES. The net tidal contribution to 

any variable is defined as: 155 

Δ = TIDES − NOTIDES 

 

The AMAZON36 physical configuration was coupled to the PISCES v4.0 biogeochemical model, yielding the 

AMAZON36-BIO setup. This coupled configuration was specifically designed to investigate the effects of tides on 

biogeochemical properties, with a particular focus on nitrate and chlorophyll concentrations. Biogeochemical initial and 160 

open-boundary conditions for PISCES were prescribed from the Copernicus Marine Service global biogeochemical hindcast 

product GLOBAL_MULTIYEAR_BGC_001_029, distributed by Mercator Ocean International. This product has a 

horizontal resolution of 1/4°, 75 vertical levels, and daily temporal frequency over the 1993–2022 period. The 

biogeochemical variables used include dissolved oxygen, nitrate, phosphate, silicate, dissolved iron, chlorophyll, 

phytoplankton carbon biomass, primary production, pH, and surface partial pressure of CO₂. 165 

Riverine biogeochemical inputs were prescribed from the climatological product BIOMERGLORYS2V3_river.orca025deg, 

provided by Mercator Ocean International. This dataset supplies dissolved inorganic and organic forms of nitrogen, 

phosphorus, silicon, and carbon, allowing the biogeochemical influence of river discharge to be represented. The vertical 

grid comprises 75 z-levels, with enhanced resolution near the surface, including 23 levels in the upper 100 m and 8 levels in 

the upper 10 m. Layer thickness increases progressively with depth and reaches approximately 160 m near the bottom. This 170 

vertical discretization is appropriate for resolving upper-ocean stratification, pycnocline variability, and low-mode internal-

tide dynamics. Atmospheric forcing is provided by the ERA5 reanalysis. Amazon River discharge is prescribed from 

monthly discharge fields simulated by ISBA-CTRIP. These discharge fields are adjusted using a uniform multiplicative 

factor of 0.9, determined from comparison with the interannual HYBAM discharge time series. The simulations include a 3-

year spin-up period from 2010 to 2012, followed by a 4-year analysis period from January 2013 to December 2016. Monthly 175 

and daily outputs are used depending on the diagnostic considered. In PISCES, chlorophyll-a is represented separately for 

two phytoplankton functional groups, nanophytoplankton and diatoms. In this study, total chlorophyll concentration is 

computed as the sum of chlorophyll associated with these two groups. 

2.2 Observational dataset  

2.2.1 Surface nitrate concentration 180 

The simulated surface nitrate concentration was compared with the CARS (CSIRO Atlas of Regional Seas) climatology 

(Ridgway et al., 2002). Since the model and observational products are defined on different grids, the model fields were 

interpolated onto the observational grid using a linear interpolation. 
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2.2.2 Surface chlorophyll-a concentrations 185 

For surface chlorophyll-a, we used the daily Ocean Colour CCI L3 product (https://doi.org/10.48670/moi-00282) distributed 

by the Copernicus Marine Service and implemented by Mercator Ocean International. This multisensor product is based on 

ESA Climate Change Initiative (ESA-CCI) observations and combines measurements from SeaWiFS, MODIS, MERIS, 

VIIRS-SNPP, and OLCI onboard Sentinel-3A and Sentinel-3B. It provides daily global chlorophyll-a fields at 4 km spatial 

resolution. 190 

2.2.3 Altimetric internal-tide signatures: MIOST-IT  and baroclinic flux 

To characterize the spatial distribution of coherent internal-tide surface signatures and to support the interpretation of the 

model results, we used the MIOST-IT products, Multivariate Inversion of Ocean Surface Topography – Internal Tide, 

distributed by AVISO+ (doi: 10.24400/527896/a01-2022.003). MIOST-IT provides climatological estimates of internal-tide 

sea surface height signatures derived from a simultaneous inversion of mesoscale and internal-tide contributions using the 195 

global multi-mission altimetry record. In its current release, MIOST-IT provides amplitude and phase estimates for four tidal 

constituents, M2, S2, K1, and O1, for both mode-1 and mode-2 internal tides. These estimates are based on all available 

altimetry missions between January 1993 and June 2017 and are distributed on a regular 1/10° × 1/10° grid. In this study, the 

climatological M2 internal-tide amplitude was used to identify the main generation sites and preferential offshore 

propagation pathways over the Brazilian Equatorial Margin. It was also used to define specific analysis subdomains and to 200 

provide an observational reference for interpreting the modeled physical and biogeochemical variability. 

To further document internal-tide propagation in the model, we computed model-derived energetic diagnostics following the 

framework of Kelly et al. (2010). In particular, we estimated the depth-integrated baroclinic energy flux. Only the M2 

harmonic was considered, as it is the dominant tidal constituent in the study region and accounts for approximately 70% of 

the tidal energy (Beardsley et al., 1995; Gabioux et al., 2005; Prestes et al., 2018; Fassoni-Andrade et al., 2023). 205 

The depth-integrated baroclinic energy flux is defined as: 

The depth-integrated  baroclinic energy fluxes is  defined as :  

 

where U denotes velocity, P pressure, η sea-surface elevation, and z the vertical coordinate. The baroclinic energy flux Fbc  

therefore describes both the direction and magnitude of internal-tide energy propagation through the water column. 210 
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Figure 2:  Amplitude of the M2 component of internal tides (MIOST-IT product) and The model depth-integrated baroclinic 

energy flux (red arrow) for M2. Black line is the 1000m isobath and the black dashed contour is the 1.8 contour for M2 amplitude. 

 215 

2.2.4. Surface geostrophic currents 

The surface geostrophic currents were obtained from the delayed-time DUACS altimetry product over 2013–

2016(https://doi.org/10.48670/moi-00149). The zonal and meridional components of absolute geostrophic velocity were used 

to characterize the large-scale surface circulation in the study region. 

2.2.5 In situ observations from the AMAZOMIX campaign 220 

Model outputs (2013-22016) were also compared with in situ observations collected during the AMAZOMIX 

campaign(08/2021 to 10/2021). Because in situ biogeochemical observations are scarce in the Amazon shelf–offshore region 

and no comparable measurements are available for the simulated period, this comparison was used as a qualitative 

assessment of the model’s ability to reproduce the observed cross-shelf gradients and vertical tracer structuresin the August 

to October period. The comparison was based on 32 hydrographic stations sampled (Figure 4). For each station, the model 225 

profile was extracted at the closest model grid point for the corresponding sampling season. 

The closest grid point to each station was identified using a k-dimensional tree algorithm implemented with 

scipy.spatial.cKDTree and built from the model horizontal grid. This nearest-neighbor approach preserves the native model 
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grid while allowing direct station-based profile extraction. The extracted model profiles were then analyzed together with the 

observations, with particular focus on nitrate and chlorophyll-a concentrations in the upper 125–200 m. 230 

2.2.6 Eddy Kinetic Energy data 

Surface eddy kinetic energy (EKE) was derived from the SSALTO/DUACS multi-mission altimetry monthly climatology 

product distributed by AVISO+ (doi: 10.24400/527896/AVISO-2026.002). This product provides Level-4 gridded fields on 

a regular 0.25° × 0.25° global grid, with monthly temporal resolution. EKE is computed from the zonal and meridional 

geostrophic velocity anomalies derived from the gridded sea level anomaly (SLA) field of the CMEMS 235 

SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047 product, based on the DUACS DT2018 reprocessing: 

EKE =
𝑢′2 + 𝑣′2

2
 

where 𝑢′and 𝑣′are the zonal and meridional geostrophic velocity anomalies, respectively. EKE is expressed in cm² s⁻². 

Monthly fields are obtained by averaging all daily SLA-derived EKE fields available within each month, with the nominal 

date set to the 15th day of the month. 240 

For this study, monthly EKE fields were extracted over the Brazilian Equatorial Margin, from 52°W to 38°W and from 4°S 

to 5°N, for the period 1993–2020. Seasonal climatologies were then computed by averaging the corresponding monthly 

fields for January–March, April–June, July–September, and October–December. A light Gaussian smoothing with σ = 1.2 

grid points was applied to reduce small-scale noise, and the resulting fields were masked outside the model domain to ensure 

consistency with the other satellite and model products used in this study. Finally, region-averaged EKE values were 245 

computed using latitude-cosine area weighting. 

2.3 Statistical evaluation of model performance 

The model–data comparison was quantified using complementary statistical metrics that characterize different aspects of 

model skill. These include the mean bias, mean absolute error (MAE), median absolute error (MedAE), root mean square 

error (RMSE), centered RMSE when applicable, the Pearson spatial correlation coefficient rrr, and the standard deviation 250 

ratio between model and observations. 

These metrics were selected because they provide complementary information on model performance. Bias measures 

systematic over- or underestimation. MAE and MedAE quantify the typical magnitude of the error and are less sensitive than 

RMSE to isolated extreme values. RMSE emphasizes larger mismatches and is therefore useful for identifying whether the 

comparison is influenced by localized strong discrepancies. The correlation coefficient evaluates the degree to which the 255 

model reproduces the observed spatial organization, independently of absolute amplitude. Finally, the standard deviation 

ratio provides information on whether the model overestimates or underestimates the spatial variability of the observed 

fields. Taken together, these metrics allow a more robust and interpretable assessment of model skill than any single metric 

alone. 
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2.4. Wavelet-based analysis of submonthly variability and spring–neap tidal modulation 260 

2.4.1 Submonthly variability and detection of the spring–neap signal 

To determine whether tides imprint a submonthly signal on biogeochemical tracers, we analyzed daily outputs from the 

TIDES and NOTIDES simulations over 2013–2016. Time series of nitrate and chlorophyll-a were extracted at selected fixed 

locations and along the cross-shelf transect.  

The spring–neap modulation was investigated at the MSf period (14.77 days), which results from the nonlinear interaction 265 

between the dominant semidiurnal tidal constituents. Before spectral analysis, each time series was linearly detrended and 

normalized by its standard deviation.  

2.4.2 Wavelet analysis and Global Wavelet Spectrum 

A continuous Morlet wavelet transform was applied to the daily time series using the PyCWT package, following Torrence 

and Compo, 1998. Wavelet analysis is particularly well suited to oceanographic and ecological time series because it 270 

resolves variance simultaneously in time and frequency, making it appropriate for non-stationary signals. In this study, it was 

used to identify and quantify the time-varying spectral energy associated with the fortnightly tidal band. 

For each time series, the Global Wavelet Spectrum (GWS) was computed as the time-averaged wavelet power spectrum. The 

GWS provides the total variance distribution as a function of period and was used to compare the spectral content of the 

TIDES, NOTIDES, and, where available, satellite chlorophyll time series. This approach follows recent applications where 275 

wavelet analysis has proven effective in extracting tidal signatures in chlorophyll-a variability (De Macedo et al., 2026). 

To assess the statistical significance of spectral peaks, GWS was compared against a red-noise background spectrum 

modeled as a first-order autoregressive process [AR(1)], and the 95% confidence level was used as the significance 

threshold. 

 280 

3. Model Evaluation 

3.1 Nitrate Mean Surface Spatial Pattern 

The annual mean surface nitrate concentrations averaged over 2013–2016 are shown for the NOTIDES simulation, together 

with the model–data differences relative to the CARS climatology (Figure 3). Overall, the model reproduces the main large-

scale spatial patterns of surface nitrate, including the enhanced concentrations associated with the Amazon River plume. This 285 

agreement indicates that the model captures the first-order influence of riverine nutrient inputs on surface biogeochemical 

conditions in the western tropical Atlantic. 

Regional discrepancies are nevertheless evident. In particular, the model shows positive nitrate biases in the equatorial 

region, consistent with the known tendency of coupled physical–biogeochemical models to overestimate nutrient 

concentrations and associated primary production in equatorial environments (Gévaudan et al., 2025; Louchard et al., 2021). 290 
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Despite these biases, simulated nitrate concentrations remain within the correct order of magnitude in plume-influenced 

waters, supporting the model’s ability to represent the broad nitrate distribution over the Amazon shelf–offshore continuum. 

The comparison with CARS should, however, be interpreted with caution. CARS is an interpolated climatology provided at 

a relatively coarse horizontal resolution of 1/2°, and may therefore smooth sharp gradients and small-scale structures 

resolved by the 1/36° model. This scale mismatch is particularly relevant in the Amazon shelf region, where river discharge, 295 

mesoscale circulation, and tidal processes generate strong spatial variability. 

Quantitatively, the model shows a moderate but significant spatial correlation with CARS for surface nitrate, with 𝑟 = 0.51 

and 𝑝 < 0.05, indicating that it captures the dominant regional-scale patterns. The low median absolute error of 0.24 mmol 

m⁻³ and the limited positive bias of +0.60 mmol m⁻³ suggest reasonable overall agreement, although with a slight tendency to 

overestimate nitrate concentrations. The larger mean absolute error of 1.33 mmol m⁻³ and root-mean-square error of 5.43 300 

mmol m⁻³ likely reflect localized differences in the position and intensity of nitrate gradients, which are smoothed in CARS 

but more explicitly represented in the model. 

This interpretation is supported by the much larger spatial variability simulated by the model, with a standard deviation of 

6.08 mmol m⁻³ compared with 1.77 mmol m⁻³ in CARS. The NOTIDES simulation therefore remains consistent with the 

large-scale nitrate distribution described by CARS, while providing a higher-resolution representation of fine-scale surface 305 

nitrate variability across the Amazon shelf and adjacent offshore waters. 

 

Figure 3 : Spatial distribution of surface nitrate concentration (NO₃⁻) in the Amazon shelf-continuum region.(Left) 

mean nitrate concentration simulated by the NoTides configuration over 2013–2016 (log₁₀ scale). (Right) Difference 

between the NoTides simulation and the CARS climatology (ΔNO₃ = NoTides − CARS). 310 

 

3.2 Nitrate and Chlorophyll-a vertical profile 
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A major objective of this study is to assess how tides and internal tides shape nitrate and chlorophyll-a distributions, with 

particular emphasis on their vertical structure. To this end, we compared modeled nitrate and chlorophyll-a profiles with in 

situ observations collected during the AMAZOMIX campaign between August and October 2021 along the internal-tide 315 

propagation pathway (Figure 2). 

The model reproduces the main features of the observed vertical nitrate structure. Both the observations and the simulation 

show low nitrate concentrations in the upper layer and a well-defined nitracline located between approximately 90 and 160 

m depth. As shown in Figure 4, the modeled mean profile and its associated variability remain within the observed range 

throughout most of the water column. The model nevertheless shows slightly weaker variability than the observations, 320 

suggesting a modest smoothing of vertical nitrate fluctuations. Overall, this agreement indicates that the model reliably 

represents the vertical nitrate structure and supports its use for investigating the effects of tides and internal tides on nutrient 

distributions. 

The chlorophyll-a comparison reveals a distinct vertical structure. Observations show a subsurface chlorophyll maximum at 

approximately 20–30 m depth, followed by a progressive decrease with depth and low concentrations below about 120 m. 325 

The model captures this overall structure reasonably well, including the depth of the chlorophyll maximum, the subsurface 

decline, and the weak chlorophyll concentrations in deeper waters. The modeled mean profile generally remains within the 

range of observed variability throughout the water column. However, the simulation tends to underestimate chlorophyll-a 

concentrations in the upper layer and around/below the deep chlorophyll maximum, indicating that the amplitude of the 

biological signal is somewhat damped in the model. Despite these differences, the simulated chlorophyll-a structure remains 330 

consistent with the observations and provides confidence in the model’s ability to represent the vertical organization of 

phytoplankton biomass along the internal-tide pathway. 

Together, these comparisons show that the model captures the main observed vertical gradients of both nitrate and 

chlorophyll-a. This evaluation supports the use of the coupled physical–biogeochemical configuration to examine how tidal 

and internal-tide processes modulate nutrient supply and phytoplankton distributions in the Amazon shelf–offshore 335 

continuum. 
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Figure 4 : Comparison model (mean Aug-Sep-Oct 2013-2016) vs Amazomix profiles (Aug - Sep - Oct 2021) of NO3 concentration 

(mmol NO3 m-3) and Chlorophyll-a (mg CHL-a m-3). Black points correspond to the Amazomix stations 

 340 

3.3 Chlorophyll-a Mean surface spatial Pattern 

The NOTIDES simulation reproduces the same order of magnitude of surface chlorophyll concentrations as the satellite-

derived product, with values ranging from approximately 0.08 to 0.5 mg Chl-a m⁻³ over most of the domain (Figure 5, left). 

The highest concentrations occur over the continental shelf and along the coast, consistent with the influence of riverine 

nutrient inputs, particularly nitrate, as well as sedimentary and coastal processes. Although the color scale is capped at 1 mg 345 

Chl-a m⁻³, satellite-derived chlorophyll concentrations locally exceed 20–30 mg Chl-a m⁻³ over the shelf. These very high 

values should be interpreted with caution, as ocean-color retrievals in optically complex coastal waters can be strongly 

affected by suspended sediments, colored dissolved organic matter, and bottom or shallow-water effects, leading to uncertain 

chlorophyll estimates (Cardoso dos Santos et al., 2025). 

The model captures the marked cross-shelf gradient, with surface chlorophyll concentrations decreasing rapidly from the 350 

coastal shelf toward offshore waters. The model–observation differences reveal contrasted regional biases (Figure 5, right). 

Negative anomalies dominate over the shelf and along the coastal margin, indicating an underestimation of the highest 

coastal chlorophyll concentrations. In contrast, weak positive anomalies are found offshore and in the equatorial band. 

Within the region influenced by internal tides, the NOTIDES simulation exhibits a slight positive bias, generally lower than 

0.1 mg Chl-a m⁻³. Given observed concentrations of about 0.3 mg Chl-a m⁻³ in this region, this corresponds to a relative 355 

overestimation of approximately 30–35%. 
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Overall, the comparison with satellite-derived chlorophyll indicates that the model reproduces the large-scale surface 

chlorophyll distribution well. The spatial correlation is high, with 𝑟 = 0.85and 𝑝 < 0.05 , showing that the simulation 

captures most of the regional variability. Over the full domain, the model exhibits a moderate negative bias of −0.259 mg 

Chl-a m⁻³, indicating a limited overall tendency to underestimate chlorophyll concentrations. Error levels remain moderate, 360 

with a mean absolute error of 0.348 mg Chl-a m⁻³ and a median absolute error of 0.088 mg Chl-a m⁻³, suggesting that much 

of the domain is represented with reasonable accuracy. The larger root-mean-square error of 1.241 mg Chl m⁻³ points to 

localized mismatches of greater amplitude, mainly associated with the coastal and shelf regions. In addition, the simulated 

spatial variability is weaker than in the satellite product, with a standard deviation of 1.502 mg Chl m⁻³ compared with 2.195 

mg Chl m⁻³ in the observations, corresponding to an amplitude ratio of 0.68. This indicates that the model tends to smooth 365 

the strongest chlorophyll gradients, while preserving the main regional-scale structures. 

When the comparison is restricted to the offshore domain north of the 1000 m isobath, model performance improves 

substantially. In this region, the mean bias becomes nearly negligible, 0.010 mg Chl-a m⁻³, and absolute errors remain low, 

with a mean absolute error of 0.094 mg Chl-a m⁻³ and a median absolute error of 0.081 mg Chl m⁻³. The root-mean-square 

error is also small, 0.210 mg Chl-a m⁻³, and very close to the centered root-mean-square error, 0.209 mg Chl m⁻³, indicating 370 

that residual errors are not primarily driven by systematic bias. The spatial correlation reaches 0.90, confirming that the 

model accurately captures the regional organization of offshore chlorophyll. The simulated variability is, however, 

somewhat stronger than in the satellite product, with a standard deviation of 0.402 mg Chl-a m⁻³ compared with 0.246 mg 

Chl-a m⁻³ in the observations, corresponding to an amplitude ratio of 1.63. This suggests that the model enhances offshore 

chlorophyll contrasts, even though it correctly reproduces their spatial organization. 375 

Taken together, these results show that the model represents offshore surface chlorophyll particularly well, both in 

magnitude and spatial structure. The larger discrepancies over the full domain mainly arise from coastal and shelf 

environments, where optical complexity, strong riverine influence, and sharp biogeochemical gradients make both satellite 

retrievals and model representation more challenging. 

 380 

 

Figure 5: (Left) Mean surface chlorophyll-a field simulated by the model without tides (No Tides), expressed in mg 

m⁻³ (logarithmic scale), over the western equatorial Atlantic margin. (Right) Difference in chlorophyll-a between the 

No Tides simulation and CCI satellite observations (ΔCHL = No Tides − CCI). 
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 385 

 

4. Results 

4.1 Tides impact on Chlorophyll-a and Nitrates in the Amazon shelf-open ocean continuum 

4.1.1 Mean State – surface map of Nitrates and Chlorophyll-a 

 390 

The annual mean surface nitrate distribution in the TIDES simulation reveals three main nitrate-rich regions (Figure 6, lower 

left). The highest concentrations occur over the Amazon shelf, directly offshore of the river mouth, where nitrate exceeds 1 

mmol NO₃ m⁻³. Elevated concentrations are also simulated along the shelf break, with values ranging from about 0.3 to 0.6 

mmol NO₃ m⁻³ and local maxima near the main internal-tide generation sites. A third nitrate-rich region appears along the 

equatorial band, which overlaps with the internal-tide propagation pathway and where nitrate concentrations remain close to 395 

0.4 mmol NO₃ m⁻³. Together, these patterns identify the main regions where surface nutrient availability is enhanced by the 

combined influence of riverine inputs, shelf processes, and equatorial dynamics. The annual mean surface chlorophyll-a 

distribution broadly follows the nitrate pattern (Figure 6, upper left). The highest chlorophyll-a concentrations are found over 

the Amazon shelf, directly offshore of the river mouth, where values exceed 0.5 mg Chl-a m⁻³. Enhanced chlorophyll-a 

concentrations are also simulated along the equatorial band, suggesting a possible contribution from equatorial upwelling, 400 

while concentrations along the shelf break remain higher than in the surrounding offshore waters. This spatial 

correspondence between nitrate and chlorophyll-a indicates that regions of enhanced nutrient availability generally sustain 

higher surface phytoplankton biomass. The TIDES − NOTIDES anomalies reveal that tidal effects are strongest in the main 

biogeochemically active regions: offshore of the Amazon mouth, along the shelf break, and within the internal-tide 

propagation band (Figure 6, right panels). The nitrate response is particularly pronounced. Tides increase surface nitrate by 405 

about 0.2–0.4 mmol NO₃ m⁻³ over the northern shelf, along the shelf break, and within the internal-tide propagation band, 

locally corresponding to relative increases of about 50% or more compared with the NOTIDES simulation. These positive 

anomalies are consistent with enhanced vertical exchanges driven by barotropic tidal dissipation and internal-tide breaking, 

which can promote the upward supply of subsurface nitrate into the euphotic layer (Assene et al., 2024). By contrast, 

negative nitrate anomalies of about −0.2 to −0.4 mmol NO₃ m⁻³ occur mainly over the southern shelf and nearshore regions. 410 

In these shallow waters, which are strongly influenced by riverine inputs, tidal mixing may dilute the nitrate-rich surface 

plume by enhancing exchanges with relatively nitrate-poor subsurface waters. A similar tide-induced vertical redistribution 

mechanism was previously identified for temperature over the Amazon shelf by Assene et al. (2024). The chlorophyll-a 

response is weaker and more spatially heterogeneous than the nitrate response. Tides reduce surface chlorophyll-a by up to 

about 0.2 mg Chl-a m⁻³ directly offshore of the Amazon mouth, corresponding to a local decrease of roughly 30–40% 415 

relative to the NOTIDES simulation. Farther offshore, tides generally enhance chlorophyll-a, with positive anomalies of 

about 0.05–0.15 mg Chl-a m⁻³. This offshore increase suggests that tidally supplied nitrate can stimulate phytoplankton 

biomass where light conditions are more favorable and plume-related turbidity is weaker. Overall, these results show that 
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tides substantially reshape surface nitrate availability over the Amazon shelf–offshore continuum. The chlorophyll-a 

response, however, is more complex because it reflects not only nutrient supply, but also advection, vertical mixing, light 420 

availability, and biological adjustment timescales near the river plume. 

 

 

 

Figure 6 : Spatial distribution of surface Chlorophyll-a (Chl-a; top row)  and nitrate (NO₃; bottom row) concentrations and tidal 425 

impact over the Amazon shelf region. The left panel shows the annual mean (2013-2016) surface chlorophyll-a and nitrate 

concentrations simulated in the TIDES experiment. The right panel displays the corresponding difference ΔCHL and  ΔNO3 

(TIDES − NOTIDES), highlighting the net impact of tidal processes on surface chlorophyll-a and nitrate concentrations. 

 

4.1.2 Mean State along the Internal-Tide Pathway – Transect A 430 

 

The annual mean vertical distributions of chlorophyll-a and nitrate along the internal-tide propagation transect reveal a clear 

vertical structuring of the biogeochemical fields (Figure 7). Chlorophyll-a is organized into three main layers. The upper 

layer, extending from the surface to approximately 50 m depth, is characterized by relatively high concentrations, on the 

order of 0.3 mg Chl-a m⁻³. Within this layer, a subsurface chlorophyll maximum, hereafter referred to as the deep 435 

chlorophyll maximum, is located around 25 m depth. This maximum is particularly well developed near the internal-tide-

influenced sites P1 and P2, suggesting a localized subsurface accumulation of phytoplankton biomass along the internal-tide 

pathway. Below this chlorophyll-rich layer, a transition zone extends from about 50 to 100 m depth, where chlorophyll-a 

concentrations decrease to approximately 0.20 mg Chl-a m⁻³. Beneath roughly 150 m, chlorophyll-a concentrations become 

very low, generally ranging between 0 and 0.05 mg Chl-a m⁻³, consistent with depths where light availability is insufficient 440 
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to sustain significant photosynthetic activity. Nitrate exhibits an opposite vertical structure. Surface nitrate concentrations 

remain low in the upper layer, consistent with phytoplankton uptake within the euphotic zone. Below this nutrient-depleted 

surface layer, the nitracline extends approximately between 90 and 160 m depth, marking the depth range over which nitrate 

concentrations increase sharply. Beneath the nitracline, nitrate accumulates in deeper waters where phytoplankton 

consumption is weak and remineralization processes replenish the nutrient pool. A marked nitrate enrichment is observed 445 

near the main internal-tide generation site, consistent with enhanced chlorophyll-a concentrations in the overlying layers. 

The comparison between the TIDES and NOTIDES simulations reveals a clear tidal imprint on this vertical structure. In the 

nitrate field, tides induce a pronounced vertical redistribution, with nitrate decreasing by up to about 2 mmol NO₃ m⁻³ below 

the nitracline and increasing by a similar magnitude within the nitracline, between the dashed white and magenta curves in 

Figure 7. This dipolar anomaly strongly suggests an upward transfer of nitrate associated with tidal processes. The signal is 450 

particularly evident near the internal-tide generation site and along the offshore propagation pathway. The chlorophyll-a 

response is also vertically structured. Tides induce negative chlorophyll-a anomalies near the nitracline, while positive 

anomalies develop in the upper euphotic layer. This pattern indicates an upward redistribution of phytoplankton biomass 

and/or a biological response to tidally supplied nitrate reaching illuminated waters. Surface chlorophyll-a enrichment is not 

spatially uniform, but is concentrated in two main regions: near the internal-tide generation site, where anomalies reach 455 

about +0.15 mg Chl-a m⁻³, and around station P2, where the chlorophyll-a increase coincides with an upward displacement 

of nitrate isolines. This local shoaling of nitrate surfaces suggests nitrate uplift in the main offshore dissipation region. 

Taken together, the nitrate and chlorophyll-a anomalies indicate that tides reshape the vertical coupling between nutrient 

supply and phytoplankton biomass. By lifting nitrate toward the upper nitracline and the euphotic layer, internal tides 

promote localized chlorophyll-a increases along the propagation pathway, especially near the generation and offshore 460 

dissipation regions. 
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Figure 7. Annual mean vertical transects of chlorophyll-a (Chl-a; top row) and nitrate (NO₃; bottom row) along the 

internal tide (IT) propagation transect across the Amazon shelf-open ocean continuum. The left panels show the 

simulation including tides (TIDES), while the right panels show the tidal contribution, computed as the difference 465 

between the simulations with and without tides (Δ = TIDES − NOTIDES). The magenta and green lines indicate the 

nitracline depth in the TIDES and NOTIDES simulations, respectively. The white and black lines indicate the depth 

of the deep chlorophyll maximum (DCM) in the TIDES and NOTIDES simulations, respectively. The blue and red 

vertical dashed lines indicate the tide generation site and the P2 site, respectively. 

 470 

4.1.3.  Seasonal variability 

 

The seasonal surface distributions of nitrate and chlorophyll-a during April–May–June (AMJ) and August–September–

October (ASO) are shown in Figure 8. In both seasons, the large-scale spatial organization remains broadly consistent with 

the annual mean pattern (Figure 6), with enhanced concentrations over the northern Amazon shelf, lower values over the 475 

southern shelf, and elevated offshore concentrations along the equatorial band and the internal-tide propagation region. 

However, both the background biogeochemical fields and the tidal response exhibit marked seasonal contrasts. The nitrate 

distribution highlights the seasonal modulation of nutrient availability across the Amazon shelf–offshore continuum. In both 

AMJ and ASO, nitrate concentrations are enhanced over the northern shelf, along the shelf break, and within the equatorial 
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internal-tide propagation band. Compared with AMJ, ASO is characterized by higher offshore nitrate concentrations, 480 

particularly along the equatorial band, suggesting a seasonal reinforcement of nutrient availability in the open-ocean region. 

By contrast, nitrate concentrations over the shelf remain strongly influenced by riverine inputs and shelf processes, leading 

to marked spatial gradients between the northern and southern shelf. The chlorophyll-a distribution broadly follows these 

nutrient patterns, although with a more spatially heterogeneous response. Concentrations over the northern shelf and offshore 

of the Amazon mouth remain high in both seasons, generally exceeding 0.3 mg Chl-a m⁻³. The offshore equatorial band 485 

shows a pronounced seasonal signal, with lower chlorophyll-a concentrations during AMJ and higher values during ASO, 

broadly consistent with the seasonal enhancement of offshore nitrate availability. The chlorophyll-rich region offshore of the 

Amazon mouth also appears more spatially confined during ASO than during AMJ, indicating a seasonal reorganization of 

the plume-influenced region. The TIDES − NOTIDES anomalies show that tidal effects remain concentrated in the same key 

regions identified in the annual mean fields: offshore of the Amazon mouth, along the shelf break, and within the internal-490 

tide propagation band. The nitrate response to tides is stronger during AMJ than during ASO. Positive nitrate anomalies 

reach about +2.5 mmol NO₃ m⁻³ in AMJ, compared with about +1.5 mmol NO₃ m⁻³ in ASO, with maximum values located 

over the northern shelf and near the internal-tide generation region. In both seasons, the tidal nitrate signal remains weak 

over the southern shelf, consistent with the north–south asymmetry already identified in the annual mean fields. This 

stronger AMJ response indicates that tidal processes enhance nutrient availability more efficiently when the upper-ocean 495 

structure favors nitrate uplift. The chlorophyll-a response to tides follows this nutrient redistribution but is more 

heterogeneous. In both seasons, tides induce a dipolar horizontal response, with a decrease near the coast and an enrichment 

farther offshore over the outer plume region. This contrast is stronger in AMJ than in ASO. Offshore chlorophyll-a 

anomalies reach about +0.10 mg Chl-a m⁻³ in AMJ, compared with about +0.05 mg Chl-a m⁻³ in ASO, while negative 

anomalies of comparable magnitude occur closer to the coast. This pattern suggests that tidal processes contribute to a 500 

seasonal redistribution of phytoplankton biomass from the nearshore plume region toward offshore waters and/or stimulate 

offshore growth where tidally supplied nitrate reaches better-lit waters. This seasonal contrast is further supported by the 

vertical structure along the internal-tide propagation transect (Figure 9). The nitrate field shows a clear seasonal 

displacement of the nitracline. In AMJ, the nitracline is shallower, starting at about 50–60 m and extending down to roughly 

130–150 m. In ASO, it shifts downward and typically extends from about 80–100 m to 150 m depth. This deeper nitracline 505 

in ASO likely reduces the efficiency with which tides can uplift nitrate into the upper water column. The chlorophyll-a field 

responds consistently with this nutrient structure: in AMJ, it exhibits a more pronounced deep chlorophyll maximum, 

whereas in ASO the vertical chlorophyll-a structure is smoother and less sharply peaked. The TIDES − NOTIDES vertical 

sections confirm that tides tend to shoal both the nitracline and the deep chlorophyll maximum. In both seasons, tides 

generate a dipolar nitrate anomaly, with nitrate enrichment within the nitracline and depletion below it, consistent with an 510 

upward redistribution of nutrients. This redistribution is stronger and shallower in AMJ, when positive nitrate anomalies 

extend upward toward the base of the surface layer and coincide with a more pronounced chlorophyll-a response. 

https://doi.org/10.5194/egusphere-2026-2729
Preprint. Discussion started: 27 May 2026
c© Author(s) 2026. CC BY 4.0 License.



20 

 

In the chlorophyll-a field, tides induce a decrease in the intermediate layer and an increase in the upper euphotic layer in both 

seasons, indicating an upward redistribution of phytoplankton biomass and/or enhanced growth where tidally supplied nitrate 

reaches illuminated waters. The amplitude of this vertical redistribution is larger in AMJ: surface chlorophyll-a anomalies 515 

reach about +0.10 to +0.15 mg Chl-a m⁻³, compared with about +0.05 to +0.07 mg Chl-a m⁻³ in ASO. Conversely, the 

intermediate chlorophyll-a decrease is also stronger in AMJ. Taken together, these results indicate that the shallower 

nitracline during AMJ allows tidal uplift to deliver nitrate more efficiently toward the euphotic layer, thereby strengthening 

the surface chlorophyll-a response. In ASO, the deeper nitracline limits this tidal nutrient supply, resulting in a weaker 

biological response. This seasonal modulation is consistent with previous studies emphasizing the role of Amazon River 520 

plume dynamics and associated stratification in shaping the regional seasonal cycle (Assene et al., 2024; Tchilibou et al., 

2022). 
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 525 

Figure 8  : Seasonal distribution of surface Chl-a and Nitrate concentration over the Amazon shelf. Panels show the 

seasonal mean surface Chl-a during April May June (top row) and August September October (bottom row). Left 

panels display CHL simulated in the TIDES experiment, while right panels show the corresponding difference ΔCHL 

= TIDES − NOTIDES. 

 530 
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Figure 9. Seasonal mean vertical transects of chlorophyll-a (Chl-a, upper panels) and nitrate (NO₃, lower panels) 

across the Amazon shelf for April–May–June (AMJ; upper rows) and August–September–October (ASO; lower 535 

rows). For each variable and season, the left panels show the simulations including tides (TIDES), whereas the right 

panels show the tidal contribution, estimated as the difference between the simulations with and without tides (Δ = 

TIDES − NOTIDES). In the Chl-a panels, the white and black lines indicate the depth of the deep chlorophyll 

maximum (DCM) in the TIDES and NOTIDES simulations, respectively. In the NO₃ panels, the magenta and green 

lines indicate the upper nitracline depth in the TIDES and NOTIDES simulations, respectively. The dashed white and 540 

dashed black lines indicate the lower nitracline depth in the TIDES and NOTIDES simulations, respectively. 

4.1.4 Seasonal contrast and tidal contribution to seasonal variability 

 

The objective here is to distinguish the respective contributions of seasonal variability and tidal forcing to the observed 

seasonal changes in surface chlorophyll-a and nitrate. The seasonal differences between April–May–June (AMJ) and 545 

August–September–October (ASO) reveal broadly similar spatial patterns for both variables (Figure 10). Over the Amazon 

shelf, chlorophyll-a and nitrate concentrations are higher during AMJ than during ASO, with increases of approximately 0.3 

mg Chl-a m⁻³ and 0.4 mmol NO₃ m⁻³, respectively. This shelf enrichment is consistent with the seasonal evolution of 

Amazon River discharge, as the onset of the flood season enhances nutrient delivery to the shelf and promotes phytoplankton 

development. In contrast, the offshore oceanic region shows the opposite seasonal behavior. During AMJ, chlorophyll-a and 550 

nitrate concentrations are lower than during ASO, with decreases of about 0.15 mg Chl-a m⁻³ and 0.5 mmol NO₃ m⁻³, 

respectively. The total seasonal contrast is therefore spatially heterogeneous, with enrichment over the shelf and relative 

depletion offshore. When the tidal contribution to this seasonal contrast is isolated, a distinct cone-shaped pattern emerges. 

The strongest chlorophyll-a signal occurs along the shelf break, near the main internal-tide generation site, where anomalies 

reach about 0.15 mg Chl-a m⁻³. Farther offshore, north of the shelf, a stronger positive anomaly develops, reaching 555 

approximately 0.3 mg Chl-a m⁻³. In contrast, a negative anomaly of comparable magnitude is found over the northern coastal 

shelf. This dipolar pattern is consistent with the AMJ TIDES − NOTIDES difference identified previously and suggests that 

tides reinforce the seasonal redistribution of chlorophyll-a from the coastal shelf toward the offshore plume-influenced 

region. Offshore, a positive chlorophyll-a anomaly of about 0.1 mg Chl-a m⁻³ extends across the internal-tide propagation 

region, indicating that tidal effects are particularly strong during AMJ in the open-ocean propagation zone. The nitrate 560 

response differs from that of chlorophyll-a. In the tidal seasonal-difference field, AMJ is associated with a stronger nitrate 

drawdown of about 0.2 mmol NO₃ m⁻³, likely reflecting enhanced phytoplankton consumption where tidally supplied 

nutrients stimulate biological uptake. Thus, the tidal nitrate signal does not simply represent nutrient enrichment; it reflects 

the combined effects of upward nitrate supply, redistribution, and biological consumption. 

A key result is that the spatial structure of the tidal contribution closely resembles that of the total seasonal difference, 565 

although with weaker amplitude. This similarity indicates that tides significantly modulate the seasonal biogeochemical 
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cycle of the Amazon shelf–offshore continuum. Quantitatively, the seasonal tidal contribution, estimated as the ratio between 

the tide-induced seasonal anomaly and the total seasonal anomaly, accounts on average for approximately 63% of the 

seasonal variability in surface nitrate over the study area. In other words, the tidal effect alone represents more than half of 

the total seasonal nitrate signal, highlighting the major role of tidal forcing in controlling the seasonal cycle of nutrient 570 

availability in the Amazon shelf region. 

 

 

 

Figure 10 : Seasonal comparison of tidal effects on surface chlorophyll-a (mg Chl-a m-3) and nitrate (mmol NO3 m-3 575 

). Left panels show the seasonal difference between AMJ and ASO under the TIDES simulation (AMJ − ASO). Right 

panels display the difference of seasonal contrasts between the TIDES and NOTIDES simulations: (AMJ − ASO)_T − 

(AMJ − ASO)_NT. Positive values indicate regions where the inclusion of tides enhances the seasonal contrast 

between AMJ and ASO, while negative values indicate a reduction of this seasonal contrast. The dashed black line 

represents the M2 tidal amplitude contour of 1.8 m. The red line represents the transect A 580 

 

4.2  Spring Neap Tides cycles signature on chlorophyll-a and nitrate concentrations 

The previous sections focused on the effect of tides on the mean distribution of chlorophyll-a and nitrate. We now examine 

the variability associated with the spring–neap tidal cycle, represented by the lunisolar synodic fortnightly tidal constituent 

MSf, with a period of 14.77 days. In the model, a wavelet analysis was performed in the 14.27–15.27 day period band at the 585 
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depth of the deep chlorophyll maximum. The same analysis was applied to the observational chlorophyll product to provide 

an independent reference, although the observational signal does not necessarily correspond to the exact same sampling 

depth as the model deep chlorophyll maximum. At the depth of the deep chlorophyll maximum, the TIDES simulation 

reveals a strong and spatially coherent chlorophyll-a signal in the spring–neap band (Figure 11). Despite differences in 

sampling depth, both the TIDES simulation and the observations exhibit a distinct cone-shaped pattern, consistent with the 590 

spatial structure previously identified in Figure 10. This pattern is organized into two main branches. The first follows the 

shelf break near the internal-tide generation region, where wavelet power exceeds 12 (mg Chl-a m⁻³)² in both the TIDES 

simulation and the observations, while remaining below 5 (mg Chl-a m⁻³)² in the NOTIDES simulation. The second branch 

extends offshore toward the downstream limit of the baroclinic sea-surface-height signature, where wavelet power reaches 

about 9 (mg Chl-a m⁻³)² in the TIDES simulation and about 11 (mg Chl-a m⁻³)² in the observations. The agreement between 595 

the TIDES simulation and the observations, together with the absence of this coherent structure in NOTIDES, indicates that 

the spring–neap chlorophyll-a variability is primarily driven by tidal dynamics. The TIDES − NOTIDES difference further 

emphasizes this contribution, with positive anomalies exceeding 5 (mg Chl-a m⁻³)². Enhanced variability is also found along 

the pathway of the baroclinic energy flux, showing that the tidal imprint is not confined to the generation site but extends 

downstream across the internal-tide propagation region. The spectral analysis confirms that the spring–neap band represents 600 

a major component of chlorophyll-a variability. At both the internal-tide generation site and site P2, the chlorophyll-a spectra 

display a clear peak within the spring–neap band (Figure 11, bottom). The amplitude of this peak reaches about 6 (mg Chl-a 

m⁻³)² near the generation site and about 3 (mg Chl-a m⁻³)² at P2. A slight shift of the dominant peak toward periods close to 

18 days is also observed; this feature is addressed in the Discussion. These peaks are absent from the NOTIDES simulation, 

confirming their tidal origin. Additional spectral peaks, visible only in the TIDES simulation, occur at 2×MSf and 3×MSf. 605 

Their presence further supports the tidal origin of the chlorophyll-a response and suggests that nonlinear or higher-order tidal 

modulation contributes to phytoplankton variability. Overall, the wavelet and spectral analyses show that tides imprint a 

coherent spring–neap rhythm on chlorophyll-a variability, extending from the shelf-break generation region toward the 

offshore internal-tide propagation pathway. 
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 610 

 

Figure 11: Spatial distribution of spring–neap variability in total chlorophyll-a off the Amazon shelf, expressed as wavelet power 

in the 14.77-day band at the depth of the deep chlorophyll maximum (DCM). The top panels show the wavelet power from the 

TIDES simulation, left, and from CCI satellite observations, right. The middle panels show the wavelet power from the NOTIDES 

simulation, left, and the TIDES − NOTIDES difference, right. The bottom panels show chlorophyll-a wavelet power spectra at the 615 

DCM for sites P1 and P2 in the TIDES simulation, left, and the NOTIDES simulation, right. 

 

The spring–neap signal in nitrate concentration at the depth of the deep chlorophyll maximum (DCM) displays a spatial 

structure that closely resembles the chlorophyll-a signal at the same depth (Figures 11 and 12). A clear cone-shaped pattern 
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appears along the shelf break, with nitrate wavelet power reaching about 1.0–1.2 (mmol NO₃ m⁻³)² near the internal-tide 620 

generation region. A second branch extends offshore toward the downstream limit of the baroclinic sea-surface-height 

signature, where values range from about 0.8 to 1.0 (mmol NO₃ m⁻³)². 

Enhanced nitrate variability is not restricted to this cone-shaped structure. It also extends along the pathway of the baroclinic 

energy flux, indicating that the tidal imprint propagates throughout the internal-tide pathway. This spatial organization 

suggests a direct physical control of nitrate by internal-tide dynamics. As internal tides are generated and propagate offshore, 625 

they modify the vertical structure of the water column through vertical displacements and diapycnal mixing, thereby 

promoting an upward redistribution of nitrate. 

More broadly, nitrate wavelet power in the TIDES simulation is up to twice as large as in NOTIDES within both the cone-

shaped structure and the downstream propagation region. At site P1, the nitrate spectra show two dominant peaks at the MSf 

and 2×MSf frequencies, with power values of about 10 (mmol NO₃ m⁻³)². These peaks remain visible at site P2, although 630 

with lower amplitudes, on the order of 1 (mmol NO₃ m⁻³)². A slight frequency shift, similar to that identified for chlorophyll-

a, is also observed at P2. 

Together, these results show that nitrate variability is strongly modulated by the spring–neap tidal cycle near the internal-tide 

generation site, and that this signal remains detectable farther offshore along the internal-tide propagation pathway. 

 635 
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Figure 12 : Spatial distribution of the spring–neap (14.77-day) nitrate signal from wavelet analysis. The map shows the TIDES 

output (up left) and the difference between simulations TIDES and NO-TIDES (up right), highlighting the tidal contribution in 

nitrate  variability. , bottom row left the TIDES wavelet power and bottom row right the NOTIDES wavelet power at  P1 , P2  at 640 

DCM for nitrates. 

 

The vertical transects of wavelet power in the 14.27–15.27-day band provide additional insight into the vertical and along-

path structure of the spring–neap signal along the internal-tide pathway (Figure 13). In the chlorophyll-a field, two distinct 

maxima are identified within the deep chlorophyll maximum, with wavelet power exceeding 4 (mg Chl-a m⁻³)². The first 645 

maximum is located near the shelf break, close to the internal-tide generation region, whereas the second occurs farther 

offshore at site P2, near the maximum of baroclinic sea-surface-height variability. These two features are separated by 

approximately 190 km, a distance consistent with the expected scale of the first baroclinic mode in the region. Importantly, 

both chlorophyll-a maxima remain confined to the deep chlorophyll maximum. This indicates that the spring–neap 

modulation of chlorophyll-a primarily affects the subsurface biomass maximum, rather than the entire upper water column. 650 

In contrast, nitrate variability extends over a broader portion of the transect and across a larger vertical range. However, a 

chlorophyll-a response is detected only where the tidally induced nitrate signal reaches the base of the nitracline and the 

lower euphotic layer. This suggests that spring–neap nitrate variability can affect phytoplankton biomass only when tidal 

motions lift nitrate sufficiently upward to influence nutrient supply near the deep chlorophyll maximum. In regions where 

this vertical connection is established, nitrate wavelet power reaches values on the order of 8 (mmol NO₃ m⁻³)², highlighting 655 

the strength of the tidal nutrient signal relative to the chlorophyll-a response. The TIDES − NOTIDES comparison confirms 

that tides are responsible for the signatures observed both near the shelf break and at site P2. Beyond these two main 

chlorophyll-a hotspots, nitrate variability displays an oscillatory vertical pattern, alternating between upward and downward 

excursions along the section. This structure follows the internal-tide energy propagation pathway and suggests that the 
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biogeochemical response is dynamically constrained by the internal-tide field, rather than being limited to the generation 660 

region alone. 

This interpretation is consistent with previous evidence of mode-1 internal-tide energy propagation along the same transect 

(Kouogang et al., 2025a). 

 

 665 

Figure 13 : Vertical distribution of the spring–neap signal along the internal-tide pathway, represented by wavelet 

power in the 14.77-day band for chlorophyll-a (Chl-a, top panels) and nitrate (NO₃, bottom panels). The left panels 

correspond to the TIDES simulation, whereas the right panels show the TIDES − NOTIDES difference, thereby 

isolating the tidal contribution to Chl-a and NO₃ variability. Magenta dashed lines indicate the internal-tide pathway 

identified by Kouogang et al. (2025). In the Chl-a panels, the solid line represents the deep chlorophyll maximum 670 

(DCM) in the TIDES simulation, while the dashed line indicates the upper nitracline in the TIDES simulation. In the 

NO₃ panels, the blue line marks the upper nitracline in the TIDES simulation, whereas the red line corresponds to the 

upper nitracline in the NOTIDES simulation. The white dashed line represents the lower nitracline in the TIDES 

simulation, and the black dashed line represents the lower nitracline in the NOTIDES simulation. 

5. Discussion   675 

5.1 Model skill   

Although the coupled physical–biogeochemical model exhibits several biases, its overall performance remains satisfactory, 

particularly in the offshore region, where the agreement with observations is strongest. The high spatial correlation obtained 
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offshore for surface chlorophyll, 𝑟 = 0.9, indicates that the model captures the main patterns of open-ocean chlorophyll 

variability. This provides confidence in the robustness of the simulated tidal signatures, especially along the internal-tide 680 

propagation pathway where the main mechanisms discussed in this study occur. 

Model biases nevertheless remain and must be considered when interpreting the results. These biases do not question the 

existence of a tidal imprint on nitrate and chlorophyll distributions, but they may affect the absolute magnitude of the 

simulated biogeochemical response. A first source of uncertainty concerns the representation of organic matter production, 

transformation, and recycling, which strongly controls the relationship between nutrient supply and phytoplankton biomass. 685 

More generally, the routing of fixed carbon through the upper-ocean ecosystem and into particulate export differs 

substantially among marine biogeochemical models, with important consequences for particle formation and export 

efficiency (Laufkötter et al., 2016). In PISCES, ecosystem dynamics are represented using a limited number of plankton 

functional types and simplified trophic interactions (Aumont et al., 2015). Such simplifications may affect the simulated 

vertical chlorophyll structure, particularly the depth of the DCM, as well as the efficiency with which tidally induced nitrate 690 

redistribution is converted into phytoplankton biomass. However, they do not undermine the tidal enrichment mechanism 

itself. Additional uncertainty arises from the representation of river-influenced biogeochemistry, which is especially critical 

in the Amazon shelf system. In our configuration, dissolved organic matter, suspended matter, and sediment inputs from the 

Amazon River are not explicitly represented. Previous studies in the western tropical Atlantic have shown that simulated 

biogeochemical responses are sensitive to assumptions regarding the stoichiometry and lability of terrestrial dissolved 695 

organic matter, as well as to the partitioning between organic and inorganic nutrient inputs (Louchard et al., 2021). These 

factors influence where and when regenerated nutrients become available along the plume pathway, and therefore affect both 

nutrient distributions and biological production. Likewise, several processes that are likely important in the Amazon system 

remain difficult to constrain and are only partially represented in current models. These include exchanges between 

particulate and dissolved phosphorus, as well as the contrasting behavior of terrestrial and marine organic matter pools 700 

(Louchard et al., 2021). Such uncertainties may partly explain the remaining discrepancies between simulated and observed 

chlorophyll patterns, particularly over the shelf and in plume-influenced waters, aside from the intrinsic uncertainties 

associated with coastal ocean-color measurements (Cardoso dos Santos et al., 2025). A further limitation may arise from the 

atmospheric forcing. In the equatorial band, upper-ocean nitrate supply is strongly controlled by equatorial upwelling driven 

by trade-wind divergence, together with the depth of the nitracline, which regulates the seasonal chlorophyll response 705 

(Grodsky et al., 2008; Radenac et al., 2020). If ERA5 overestimates trade winds or near-equatorial wind divergence, it may 

enhance equatorial upwelling and vertical nutrient supply in the model. This could contribute to the positive nitrate bias 

identified in the equatorial band and, in turn, to an overestimation of chlorophyll concentrations in that region. Such behavior 

is consistent with a common bias of coupled physical–biogeochemical models in equatorial environments (Radenac et al., 

2020). 710 

These uncertainties highlight the need for additional sensitivity experiments to assess the influence of key biogeochemical 

assumptions, atmospheric forcing, and numerical choices in coupled physical–biogeochemical modelling. In particular, 
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previous work in the Amazon region by Gévaudan et al. (2025) emphasized the importance of testing the representation of 

organic matter, including remineralization, optical effects, and the stoichiometry of organic and inorganic fluxes, to improve 

the realism of simulated chlorophyll distributions. 715 

5.2 Coherence and incoherence of the internal tide: tide–eddy interactions 

 

Despite these limitations, the main conclusion of this study remains robust: tides substantially modulate nitrate redistribution 

and chlorophyll variability over the Amazon shelf and along the internal-tide propagation pathway. The identified biases do 

not invalidate the dynamical–biogeochemical mechanism highlighted here, but they imply that caution is required when 720 

interpreting the absolute magnitude of the modeled response. The results should therefore be viewed as strong evidence for 

the existence and spatial organization of the tidal effect, while the precise amplitude of the biogeochemical response remains 

subject to model uncertainty. 

 

A purely wave-like pattern could be expected from the internal-tide field. However, the model reveals a more complex 725 

spatial organization. A clear cone-shaped structure appears in the tidally related biogeochemical fields (Figure 10, top right; 

Figure 11, top), suggesting that the biological response to internal tides is not simply organized along a single propagation 

beam. This geometry is not unique to the present simulations. A similar pattern was reported by De Macedo et al. (2026), 

who analysed the relative chlorophyll anomaly, ΔCHL, between the day of an internal solitary wave event and the 15-day 

mean centred on that date for the case of 12 October 2018. Their results showed a cone-shaped chlorophyll enhancement 730 

reaching nearly 40% relative to the biweekly mean. The same feature is reproduced in Figure 14, supporting the consistency 

of the observed internal tide-induced biological response. The recurrence of this pattern across independent datasets suggests 

that it reflects a robust dynamical feature rather than a model artefact. 

A closer examination indicates that the cone is composed of two distinct branches, each associated with a different physical 

mechanism. The first branch is aligned with the continental slope, where internal tides are generated. This interpretation is 735 

consistent with the results shown in Figure 7, where chlorophyll enrichment along the slope is driven by tidal forcing. The 

second branch, located farther offshore, appears to be associated with internal-tide propagation and dissipation. It coincides 

with the region of maximum internal-tide coherence identified in this study, which has also been described as a preferential 

dissipation zone by Assene et al. (2024) and Kouogang et al. (2025). In this region, Kouogang et al. (2026) showed that 

energy is transferred from mode-1 internal tides toward higher baroclinic modes, a process enhanced by interactions with 740 

mesoscale structures. 

Further support for this interpretation comes from the spatial relationship between the conical chlorophyll signature and the 

surface eddy kinetic energy field. As shown in Figure 14, the edges of the chlorophyll cone are broadly aligned with the 

boundaries of enhanced eddy kinetic energy. This co-location suggests an active coupling between internal tides and 

mesoscale circulation. Because the cone is present only in the TIDES simulation (Figure 11), mesoscale activity alone 745 
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cannot explain its formation. Rather, the pattern is interpreted as the imprint of combined tide–eddy interactions on the 

chlorophyll field. 

The wavelet spectra shown in Figures 11 and 12 provide a complementary view of this transition from coherent to less 

coherent tidal variability. At site P1, located close to the internal-tide generation region, the spectral peak is well aligned 

with the MSf period, as expected for a coherent spring–neap tidal modulation. Farther offshore, at site P2, the spectral peak 750 

is shifted by about 1–2 days. This offset may reflect the influence of mesoscale circulation on the propagating internal tide. 

Such behaviour is consistent with Tchilibou et al. (2022), who showed that internal tides can continue to propagate beyond 

their coherent region in an incoherent form. The offshore extension of the TIDES − NOTIDES difference in Figure 11 

supports this interpretation, as it indicates that the tidal imprint persists beyond the region of maximum coherence. This 

persistence is also consistent with the instantaneous baroclinic energy fluxes propagating offshore, as documented by 755 

Kouogang et al. (2026). 

The observed spectral shift can be interpreted through the beating mechanism between the M2 and S2 tidal constituents. 

Under nominal conditions, with 𝑇𝑀2 ≈ 12.42h and 𝑇𝑆2 = 12.00h, the beating period is 

𝑇𝑀𝑆𝑓 =
1

∣ 𝑓𝑆2 − 𝑓𝑀2 ∣
 760 

 

which gives the well-known fortnightly modulation of approximately 14.8 days. However, this modulation period is 

sensitive to small effective frequency shifts. A modest lengthening of the apparent M2 and S2 periods by about 30 minutes is 

sufficient to shift the beating period toward 16 days, while a lengthening of about one hour pushes it close to 17 days. Such 

perturbations are within the range expected from tide–eddy interactions and can therefore account for the 1–2 day offset 

observed between P1 and P2. This suggests that the offshore chlorophyll response reflects not only the direct spring–neap 765 

modulation of coherent internal tides, but also the distortion and partial incoherence of the tidal signal as it interacts with 

mesoscale variability. 

 

 
Figure 14 (a) Mean Eddy Kinetic Energy (EKE, cm² s⁻²)  computed from AVISO altimetry-derived geostrophic 770 

velocities averaged over the 1993–2020 (b) Relative chlorophyll-a anomaly ΔCHL (%) on 12 October 2018, 
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identified as an illustrative case day of internal solitary wave (ISW). ΔCHL is computed at each pixel between 

the daily CHL concentration and the 15-day mean centered on the ISW day (5–19 October 2018), using 

Copernicus GlobColour L3 multi-sensor 4 km daily products. In both panels, the solid black line denotes the 

1000 m isobath, the dashed black contour shows the 1.8 m M2 barotropic tidal amplitude derived from the 775 

MIOST altimetric product, and the colored markers (cyan, magenta) connected by a line indicate the Internal 

Tides pathway from the generation site (cyan) to the dissipation site (magenta) 

 

5. Conclusion 

 780 

This study used a high-resolution coupled physical–biogeochemical model at 1/36° resolution, together with twin 

simulations performed with and without tidal forcing over 2013–2016, to investigate how tides shape nitrate and 

chlorophyll-a distributions across the Amazon shelf–offshore continuum. Particular attention was given to a key region of 

internal-tide generation and offshore propagation, where tidal dynamics modulate biogeochemical variability from seasonal 

to spring–neap timescales. The model reproduces the main observed large-scale patterns of surface nitrate and chlorophyll-a, 785 

as well as the vertical nitrate structure along the internal-tide pathway, supporting its use to quantify the tidal imprint on 

nutrient and phytoplankton variability. 

Our results show that tides exert a substantial control on the mean distribution of both nitrate and chlorophyll. At the surface, 

tidal effects are strongest over the northern shelf, along the shelf break, and within the main internal-tide propagation band. 

In these regions, tides increase surface nitrate by about 0.2–0.4 mmol NO₃ m⁻³, locally corresponding to increases of 790 

approximately 50% or more relative to the background field. Negative nitrate anomalies of −0.2 to −0.4 mmol NO₃ m⁻³ are 

mainly confined to the southern shelf and nearshore regions. The chlorophyll response is more spatially heterogeneous. 

Tides reduce surface chlorophyll by up to about 0.2 mg Chl-a m⁻³ near the river mouth, corresponding to a decrease of 

roughly 30–40%, while offshore positive anomalies are generally weaker, on the order of 0.05–0.15 mg Chl-a m⁻³. These 

contrasted anomalies indicate that tides not only modify nutrient availability, but also redistribute the biological response 795 

between the nearshore plume and offshore waters. Along the internal tides pathway, the vertical structure reveals a clear tidal 

redistribution of nitrate and chlorophyll. In the TIDES simulation, the annual-mean nitracline extends approximately from 90 

to 160 m, while the deep chlorophyll maximum is centered around 25 m. Tidal forcing produces a dipolar nitrate anomaly, 

with nitrate decreasing by up to about 2 mmol NO₃ m⁻³ below the nitracline and increasing by a similar magnitude within the 

nitracline. This pattern is consistent with an upward tidal transfer of nutrients. In parallel, chlorophyll decreases within the 800 

nitracline and increases in the euphotic layer, with surface and subsurface enrichments reaching about +0.15 mg Chl-a m⁻³ 

near both the main internal-tide generation site and the offshore dissipation region. Together, these results indicate that 

tidally driven nitrate redistribution promotes chlorophyll enhancement where nutrients reach sufficiently illuminated waters. 

This coupling exhibits a marked seasonal modulation. Tidal effects are stronger during April–June than during August–
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October, consistent with a shallower nitracline in April–June. During this season, the nitracline starts around 50–60 m and 805 

extends down to 130–150 m, allowing tidally uplifted nitrate to reach the lower euphotic layer more efficiently. In August–

October, the nitracline is displaced downward, from about 80–100 m to approximately 150 m, reducing the efficiency of 

tidal nitrate supply to the illuminated layer. As a result, offshore positive chlorophyll anomalies reach about +0.10 mg Chl-a 

m⁻³ in April–June, compared with about +0.05 mg Chl-a m⁻³ in August–October. Along the transect, surface chlorophyll 

anomalies reach +0.10 to +0.15 mg Chl-a m⁻³ in April–June, compared with only +0.05 to +0.07 mg Chl-a m⁻³ in August–810 

October. At the regional scale, the tidal contribution accounts on average for about 63% of the seasonal variability of surface 

nitrate, indicating that tidal forcing alone explains more than half of the seasonal nutrient signal over the study area. 

Beyond the mean state and the seasonal cycle, tides generate a marked submonthly signal in the spring–neap band, with a 

period close to 14.77 days. In both nitrate and chlorophyll, this signal forms a coherent cone-shaped pattern extending from 

the shelf break into the offshore internal-tide propagation region. The chlorophyll signal is strongest near the generation site 815 

and remains detectable offshore, in agreement with satellite observations. Wavelet analyses reveal a clear spring–neap peak, 

together with harmonics at twice and three times the spring–neap frequency, which appear only when tides are included. 

This confirms the tidal origin of the submonthly biogeochemical variability. 

The nitrate field exhibits a comparable spring–neap modulation, with enhanced variability near the generation site and 

weaker but persistent signals offshore. Vertically, chlorophyll oscillations in the spring–neap band remain mainly confined 820 

to the deep chlorophyll maximum, whereas nitrate oscillations extend over a broader depth range and reach their strongest 

amplitudes near the base of the nitracline. This vertical contrast suggests that phytoplankton responds to spring–neap nitrate 

pulsing only where tidally driven nutrient variability intersects the lower euphotic layer. 

Taken together, these results demonstrate that tides are not a secondary perturbation in the Amazon shelf–offshore region, 

but a major driver of nitrate redistribution and chlorophyll variability from the shelf break to the offshore propagation region. 825 

Tides enhance nutrient supply within the nitracline, redistribute chlorophyll toward the euphotic layer, strengthen the 

seasonal nutrient cycle, and generate a strong spring–neap biogeochemical signal that extends well beyond the generation 

site. Although uncertainties remain in the representation of some coastal and plume-related biogeochemical processes, the 

main conclusion is robust: tides, and especially internal tides, are a key component of the physical–biogeochemical coupling 

off the Amazon shelf. 830 

Building on these findings, future work should disentangle the relative contributions of tidal mixing and advection to the 

redistribution of nutrients and biomass. Extending the analysis to primary production, export production, and zooplankton 

biomass will be essential to better constrain the role of tidal dynamics in ecosystem functioning and carbon export in the 

Amazon offshore region. 

 835 
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Data availability 

The Copernicus Marine Service global biogeochemical hindcast product GLOBAL_MULTIYEAR_BGC_001_029, 

distributed by Mercator Ocean International, was used to prescribe the initial and open-boundary biogeochemical conditions 

for PISCES. Riverine biogeochemical inputs were prescribed from the BIOMERGLORYS2V3_river.orca025deg 840 

climatological product, also provided by Mercator Ocean International. Atmospheric forcing was taken from ERA5, and 

Amazon River discharge was prescribed from ISBA-CTRIP monthly discharge fields adjusted using HYBAM discharge 

observations. Surface nitrate was evaluated against the CARS climatology. Surface chlorophyll-a was obtained from the 

daily Ocean Colour CCI L3 product distributed by the Copernicus Marine Service (https://doi.org/10.48670/moi-00282). 

Surface geostrophic currents were obtained from the delayed-time DUACS altimetry product (https://doi.org/10.48670/moi-845 

00149). The AVISO+ products used in this study are publicly available: internal-tide sea-surface-height signatures were 

obtained from the MIOST-IT product (doi:10.24400/527896/a01-2022.003), and surface eddy kinetic energy was derived 

from the SSALTO/DUACS multi-mission altimetry monthly climatology product (doi:10.24400/527896/AVISO-2026.002). 

The latter is based on the CMEMS SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047 product. During the 

review process, the AMAZON36-BIO model outputs used in this study and the AMAZOMIX in situ observations are made 850 

available to reviewers through restricted access in the Copernicus review system. If the manuscript is accepted for 

publication, these datasets will be made publicly available in a FAIR-aligned repository and cited with a DOI in the 

reference list.  
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