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Abstract.

The Amazon shelf break is a key oceanic region where strong internal tides (1Ts) are generated, playing a significant role in
climate processes and ecosystems through vertical mixing. During the AMAZOMIX survey (2021), currents, hydrography,
and turbulence were measured over M2 tidal period (12.42 h) at numerous sites near the Amazon outflow, where ITs are also
generated along the slope. This dataset offers an opportunity to explore the influence of ITs on vertical mixing off the Amazon
shelf, as well as to quantify the extent and locations of this impact.

Microstructure analyses, integrated with hydrographic data, highlighted contrasting dissipation rates. The highest dissipation
rates occurred at IT generation sites and along IT pathways, while the lowest values were observed in non-tidal areas. Near
generation sites, mixing rates were elevated, between [10°, 10%] W kg™, with IT shear contributing ~65 %, compared to mean
baroclinic current (BC) shear. Along IT pathways and in far-field IT regions, mixing decreased to [108, 107] W kg* but
remained substantial, driven by nearly equal contributions from IT and BC shear.

A key finding was the relative increase in mixing ([107, 101 W kg™) ~ 230 km from two distinct IT generation sites at the

shelf break. This region of increased mixing coincided with the constructive interference of IT rays from different generation
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sites. It also aligned with the presence of large-amplitude internal solitary waves (ISWs) observed in satellite imagery,
suggesting that constructive IT ray interference may generate non-linear ISWs, leading to intensified mixing.

These findings provide valuable insights for developing parameterizations of tidal and mean shear mixing for ocean or coupled
models, with significant implications for regional biogeochemistry and the climate system.Fhe-Amazen-shel-break-is-akey

s ™) TFhisresulted-in-high-vertical-fluxes-of-nitrate([1072 10 mmeol- N-m2s)-and-phosphate- (10510 - mmol- P-m2s™);

1 Introduction

Turbulent mixing in the ocean plays an important role in sustaining the thermohaline and meridional overturning circulation
and in closing the global ocean energy budget (Kunze, 2017). These processes have strong implications for the climate,
influencingthreugh-the-influence-on heat and carbon transport, as well asand nutrients supply for photosynthesis (Huthnance,
1995; Munk and Wunsch, 1998). Mixing processes can result from wind in the surface waters layersurface-tayer-of-the-ocean,
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internal waves and shear instability in the ocean interior, and bottom friction near elese-te the bottom layer (Miles, 1961;
Thorpe, 2018; Ivey et al., 2020; Inall et al., 2021). Barotropic tides interacting with steep shelf-break topography trigger internal
waves at tidal frequenciesy and harmonics, known asealed internal tides (ITs), which can—that—may propagate and
producegenerate mixing. These ITs can be expressed byinduee large vertical displacements (up to tens of meters) of water
masses -up-to-tens-of-meters(Garrett and Kunze, 2007). After their generation on theat shelf-break, the (more unstable) higher
modes of ITs maytFs-higher-medes{mere-tnstable)-can dissipate locally, while the lower modes can propagate far away (Zhao
etal., 2016)wherea ower-modes-rray-propagatefar-from-generationsites. IT beams (generated where the slope of the ITs
and the topography match together on the shelf-break) can propagate vertically, resulting in reflection, scattering and

dissipation of ITs at the bottom, surface waters, or thermocline levels (New and Da Silva, 2002; Gerkema and Zimmerman,
2008; Bordois, 2015; Zhao et al. 2016)Fh issi

. They#Fs
can also dissipate when energy fluxes interfere (Zhao et al., 2012) or interact with strong baroclinic eddies or currents (Rainville
and Pinkel, 2006; Whalen et al., 2012)
Whalen—et-ak—2012). Furthermore, ITs may disintegrate intoir packets of higher-mode nonlinear internal solitary waves

(ISWs), which-that can propagate and dissipate offshore (Jackson et al., 2012).
Previous and recent studies have shown that ITs-induced turbulent mixing can affect the surface, such as sea surface

temperature (Ray and Susanto, 2016; Nugroho et al., 2018; Assene et al., 2024), chlorophyll content (Muacho et al., 2014;

M’Hamdi et al., 2024 in preparation), marine ecosystems (Wang et al., 2007; Zaron et al., 2023), ean-have-impacts-on-the

S ZuZ4-preparatton)-and-ina OSY ang-etal—200+; S

2023}, andas-wel-as-en-the atmospheric convection and the rainfall structure (Koch-Larrouy et al., 2010, Sprintall et al. 2014).

In the western tropical Atlantic, the Amazon River-Ocean Continuum (AROC) constitutes a key region of the global oceanic

O H2oH44aro

and climate system (Araujo et al., 2017; Varona et al., 2018). This region (Fig. 1a) is characterizedeharacterised by a systemthe
presence—of-a-system of western boundary currents, including North Brazil Current (NBC). NBC, which flowsflewing
northwestward, has its core velocities (=~ 1.2 m_s %) that remain stablestable from the surface to a depth of 100 m (Johns et

al., 1998; Bourleés et al., 1999; Barnier et al., 2001; Neto and Silva, 2014). Additionathy, Fhere-is-also-a-system-of Amazonian

anses-of water- (AW nfluencedinduced-byv-continen ara) n-affe hich-ean ence-both-the-bound a d
0 a T g eHd Po

- : - —This region also experiences highly variable dynamics due to the

Amazon River Plume. During the rainy season (May-July), peak discharge can extend the plume over 1500 km offshore,

northwest along the NBC. In the dry season (September-November), reduced discharge and stronger saline intrusion may

confine the plume to less than 500 km offshore, near the Amazon Shelf, with some eastward dispersion (Coles et al., 2013).
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The Amazon plume can generate vertical shear in underlying currents, enhancing mixing. Additionally, a system of Amazonian

Lenses of water (AWL), influenced by continental inputs, may affect both the boundary layer and mixed layer patterns (Silva
et al., 2005; Prestes et al., 2018).

In the AROC region, the Amazon shelf-break is a hotspot for the generation, propagation and dissipation of ITs and ISWs as
a result of non-linear processes (Geyer, 1995; Brandt et al., 2002; Magalhées et al., 2016; Ruault et al., 2020; Tchilibou et al.,
2022; Fig 1). Previous studies using Synthetic Aperture Radar (SAR) satellite imagesYsing-SAR-images,-previous-studies
(Magalhaes et al., 2016) identified ISWs along the path of ITs propagating from two sites (i.e., sites Aa and Ab; Fig. 1a).
Conversely, other sites showed nodid-ret-have-anry ISWSs propagation (i.e., sites EF and D; Fig. 1a, 1b and 1c) (see Magalhaes
et al., 2016 for definition). Using numerical modeling, Tchilibou et al. (2022) showed that about 30 % of the M2 (dominant

tidal component;; Le Bars et al. 2010) ITs energy is dissipated locally (for higher-modes 1Ts) at sites EF, Aa, Ab and D (Fig.
1a), while the remainingane-that-the-remaining lower-modes ITs energy can be dissipated remotely. Dissipation away from
the generation sites (EF, Aa, Ab and D; Fig. 1a) can result from the shear instabilities_caused by-that-are-due-to-processes-of
ITs-1Ts and/or ITseddy/current interactions. Despite the presence of ITs, no direct measurements of dissipation rates have been
conducted_to our knowledge. Mereoy iti j i i j

The mixing induced by these internal waves in the region was observed during the AMAZOMIX cruise (Bertrand et al., 2021).

The cruise wastt-has-been designed withte-have stations/transects inside and outside ITs fields (Fig. 1a and 1c) ane-to measure

ITs dissipation and study their impact on the AROC ecosystem. Direct microstructure measurements of temperature, salinity
and velocity were conducted at the different repeated stations/transects over aene M2 tidal cycle (~_12.42 h). These cruise
measurements offer an opportunity to explore whether ITs play a role in mixing within the AROC region. In this study, we

will quantify mixing_and; identify the associated processes;and-investigate-theirimpact-on-nutrient-Fluxes off the Amazon

shelf. We will calculate turbulent kinetic energy (TKE) dissipation rates, vertical displacements of isopycnal surfaces-anéd and

vertical eddy diffusivities using in situ microstructure and hydrography data. Finally, tFhe baroclinic shear of currents_and

their contributions to mixing will then-be calculated from current data collected between stations and transects. Firaty—we
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Figure 1: a) Map of a part of the AMAZOMIX 2021 cruise off the Amazon shelf, showing bathymetric contours

(100 m, 750 m, 2000 m, and 3000 m isobaths) in gray. Colored circles and stars indicate short and long CTD-

02/L-S-ADCP stations, respectively, with the corresponding sampling dates represented by the color bar. Solid

black lines depict SADCP transects (for Aa, Ab, D, G, and E). Magenta arrows show the 25-hour mean depth-

integrated baroclinic IT energy flux (September 2015, from the NEMO model) originating from IT generation sites

(Aa, Ab, D, and E) along the shelf break. The solid brown line represents the NBC pathways illustrating background

circulation. Shattered colored lines highlight ISW signatures. b) 1A Sentinel image acquired on 12th September

2021, showing ISW signatures. c) Tidal range at AMAZOMIX stations, with ISW signature dates marked by red

bars.
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2 Data and Methods

2.1 Data collection

The AMAZOMIX cruise (Bertrand et al., 2021) was performed overen the shelf/slope areas off the AROC during August-
October 2021,-er aboardbeard the IRD vessel RV ANTEA. At each designated site, 12-hour stations were set up,+2h-teng
stations—were—condueted with repeated casts (4-5 casts per site){between—4—and-5—for—each-site)—easts of Conductivity-
Temperature-Depth-Oxygen (CTD-O)/Lowered Acoustic Doppler Current Profiler (LADCP) and Velocity Microstructure
Profiler (VMP) in-previoushy-defined-sites-to measure the TKE dissipation rates over asre complete tidal (M2) cycle, and
allowing the separation of the tidal component from the total currentextract-the-tidal-{Mz2)-contribution-from-the-total-current.
A high-resolution (1/36°) NEMOv3-6 (Nucleus for European Modeling of the Ocean) model (Madec et al., 2019) was used to
determine station locations based on realistic IT generation and propagation maps (Tchilibou et al., 2022; Assene et al., 2024)

and to NEMOv3.6-mede 62} (Nucle o uropean-Modeling-of-the Ocean—Madec-et-al—2019) that provides—realisti

of-12h-statiens-and-estimate the mean background stratification-at-thesestatiens.
Stations (Fig. 1a and 1c) were located inside the ITs fields, named “IN-ITs” (sites Aa, Ab and D: S2 to S14; site EF: S19 to
S21), and outside the ITs fields (S24 and S25), named “OUT-ITs”, on the shelf-break generation (sites Aa, Ab, D and F) and
propagation along 5 transects (Aa, Ab, D, G, and E Fi-to-F5;; Fig. 1)-ineluding-stations.

stabilizedstabilised-in-an-oven-at-80-2Cfor2h30. The 24 Hz CTD-O, sensors were calibrated before and after the cruise. The
standard deviation of temperature (salinity; oxygen) was 0.003 °C (0.003 PSU; 0.05 ml -I") according to adjusted data. CTD-

O, data were averaged over 1-m bins to filter out spikes and missing points, and aligned in time to correct the lag effects.
Two 300 kHz RDI LADCPsEABEPs-RB4-300-kHz were mounted on the rosette to provide vertical current profiles with 8 m
resolution, supplemented by 75 kHz shipboard ADCP (SADCP) profiles recorded continuously during the cruise;-ene-toeking

wh-and-other-onelookingupto-provide vertical-currentsprofiles-with-a-8-m-resolution-, Vertical resolution of SADCP was
adjusted according to bottom depth, e.g., 8 m for depths >150 m (at S6, S7, S10-S14, S20, S21, and S24) and 4 m for other
depths. tr-addition; Hz ship-ADCP{(SADGCPR) profiles-{with-vertical resolution-adij

Data processing and quality control followed GO-SHIP Repeat Hydrography Manual protocolsAH-measured-data—were

processed-and-guality-controlled-according-to-the-standard-protocols-of the GO-SHIR Repeat Hydrography-Manual. In total
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71 CTD-O2/LADCP profiles were collected during the AMAZOMIX cruise.A-total-rumber-of 71-CTFD-O./LADCPprofiles
To characterize mixing, the TKE microstructure profiles were obtained from high-frequency (~ 2 mm resolution)high
fregueney-(reselution:~2-mm} measurements of temperature and velocity shear using a VMP-250 profiler (Rockland Scientific
International, Inc.) capable of reaching depths up to 1000 meperating-at-depth-range-of1000-m. The VMP-250 featuresFhe
instrament-has two high-resolution thermistors (FP07) and two high-resolution velocity shear probes (probe 1 and 2;; with 5%
signal accuracywith-aceuracy-of 5% of the-total-signal), with a sampling ratetheirsampling-frequeney of 1024 Hz. The VMP-
250-profiler was deployed and retrieved viaand-recovered—with-use-of an electric winch and rope tether, with alternating
deployments—Fhe-VMP-was-alternatively-deployed between the CTD-O./LADCP profiles at 33 stations,-fer-yielding a total
of 202 profiles. For this study, data from 18 stations (S2-S14, S19-S21, S24, and S25) comprising SADCP data, 109 VMP
profiles and 54 CTD-O2/LADCP profiles will be analyzedOnly-18-stations{S2-te-S14,-S19-to-S21,-S24-and-S25) fora-total-of
B e e

2.2 Methods

TKE dissipation rates

The VMP data arewere processed using ODAS Matlab library (developed by Rockland Scientific International, Inc) to infer
thein-orderto-determine TKE dissipation rate (g). The processing methods for the VMP data\VMP-processing-methods are
briefly described here and adhere toexplained-here—and-conform-te the recommendations of ATOMIX (Analyzing ocean
turbulence observations to quantify mixing), as reported by Lueck et al. (2024), and have been validated against-greup-{reperted

inkueek-et-al;-2024)-and-tested-against the benchmark estimates (presented in Fer et al., 2024).

First, the VMP data are converted into physical shear units, and the-—Fhe time series are prepared.; Continuous sections of the

time series are selectedand-se

en for dissipation estimation.
Before spectral estimation, the aberrant shear signals caused by vessel wake contamination are removedis-eliminated-from-the
timeseries. Collisions of the shear probe with plankton and other particles are removedShearprobe-coHisions{with-plankton

and-other-matter)-are-removed-from-theshear-signals using the de-spiking routine. The records from each section are thenis
high-pass filtered_(e.g., at station S6 and S10; Fig. 2a, and Fig. A1, Appendix).

Shear spectra are estimated using record lengths (Leliss—tength) and Fast Fourier Transform segments {ffi—tength)-of 2_s,
whichthat are cosine windowed and overlapped {everlap—see}-by 50% _(e.q., at station S6 and S10; Fig. 2b, and Fig. Al,

Appendix). Additionally, vMibration--coherent noise is removed. Different Ldiss—ength and overlap (O)everlap—see settings
were selected and tested based on the environment (e.g., deep vs. shallow water) were—chosen—and-tested-based-on-the

9
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environment-{deep-and-shalow-water) following Fer et al. (2024). For shallow stations, L (O)After-testing,-the-diss—length
{overlap—sec) was shortened to 54s (2.5s), in contrast to the-fershalew-stations+atherthan 8 s (4 s) used for deeper stations
due to evidence of overturns observed in AMAZOMIX acoustic measurements at deeper stationsfer-deep-stationsbeecause-of

he-evidence-of the presence-of overturn om-AMAZOM acoustic-measuremen n-ceep-wate ations (Koch-Larrouy et
al., 2024; in preparation). This adjustment helped toare-te optimize the spatial resolution of dissipation estimates in shallow
water stations.

Finally, € is determined using the spectral integration method and by comparison with the Nasmyth empirical spectrum
(Nasmyth, 1970). Quality assurance tests are carried out in accordance with ATOMIX's recommendations (Lueck et al., 2024).
A figure of merit < 1.4 is used to exclude bad data (e.g., at station S6 and S10; Fig. 2b, and Fig. A1, Appendix), and the fraction

of data affected by de-spiking is < 0.05. |
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station S6 at a pressure of 87.9 dBar. (a) Cleaned and high-pass filtered signals from shear probe 1 (blue) and shear probe 2

(red, offset by 5s-1). (b) Wavenumber spectra for shear probes 1 and 2. Thick lines (blue for probe 1, red for probe 2) show

shear spectra with coherent noise correction, while thin lines (sky blue for probe 1, orange for probe 2) show spectra without

correction. Triangles mark the maximum wavenumber used for dissipation rate estimation. Black lines represent Nasmyth
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coefficient (Kz). This coefficient is particularly significant in regions such as pycnoclines, where stratification suppresses

mixing, making turbulence-driven mixing a key mechanism for vertical energy transport (Thorpe, 2007).

Kz is calculated from ¢ following the formulation of Osborn (1980), given by Kz= ¢ I" N-2. Here, N2 is the buoyancy frequency

squared, which is calculated using the sorted potential density profiles (o) obtained from CTD-O2 data. It is given by N2 = -

defined as the ratio between the buoyancy flux and the energy dissipation, and is typically set to 0.2, which corresponds to the

critical Richardson number Ri = 0.17 (Osborn, 1980). ¢ is linearly interpolated into the depths of N2.
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Turbulence within the pycnocline can reduce stratification and increase vertical eddy diffusivity below the mixing layer

(Thorpe, 2007). Subsurface mixing, driven by the breaking of ITs and shear instabilities, plays a particularly important role

below the mixed layer, especially in equatorial waters (Gregg et al., 2003),
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instabilities associated with the semi-diurnal (M2) 1Ts and mean circulation, as well as their contributions to mixing.

The M2 tidal component of the tidal current is derived by calculating the baroclinic (semi-diurnal) tidal velocity [u”, v"] (Fig.

A3, Appendix), following these equations:
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Lt vpe] = ‘% f,‘om[u' v] dz, (2) /{ Formatted [_j
[w',v"] = [W,v'] = W, V'], (3) [Formatted: Font color: Custom Color(RGB(17;17;17)) J
Here, [u, v] represent total horizontal velocities (Fig. A3, Appendix) obtained from SADCP data. The components [/, v'] and

Jupe Vel represent baroclinic and barotropic components of horizontal velocities, respectively (Fig. A3, Appendix). H is water /{ Formatted [—j
depth. The baroclinic mean velocities [u', v'] ,(Fig. A3, Appendix), calculated to estimate mean circulation along IT paths, are {Formatted: Font color: Custom Color(RGB(17;17;17)) ]
decomposed into along-shore ', and cross-shore u’ velocities. The overbar denotes the average over a M2 tidal period. [Formatted: Font color: Custom Color(RGB(17;17;17)) J
Note that continuously collected SADCP for some stations (e.g., S11) are not sufficiently resolved due to gaps filled by [Formatted: Font color: Custom Color(RGB(17;17;17)) ]

interpolating between time points. The similar processing are applied to the CTD-O2 data collected alternately. SADCP time

series data are less than 17 hours at all long stations, except for S14, which spans 42 hours. As a result, the diurnal and

semidiurnal period fittings are not formally distinct (except at S14; Figs. A4 and A5, Appendix), and the inertial period (at

least 5 days) cannot be resolved in our dataset. This limits our ability to separate currents by frequency and examine the

associated dissipation.
The velocity profiles from LADCP are glued into our SADCP time series data below ~ 500 m depth at long stations.

To evaluate shear instabilities associated with I1Ts and the mean background circulation, we compute the baroclinic tidal

vertical shear squared (S?') and mean shear squared (S*) (Fig. A3, Appendix), as follows: /{ Formatted [—j

S% = (0w [on)2 + (0”122 () \( Formatted [—j

— — — Formatted

§% = (6u'/6z)? + (ov' /o)’ (5) \[ [—j
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Analyzing both the meanvertical-profiles-of-the-average currents and the spatial dimension along the IT pathways offersis
another insightway into the mechanisms responsible for observed mixing (Rainville and Pinkel, 2006)to-better tnderstand-the
rechanisms-related-to-the-measured-rixing. IT energy rays are generated in regions with steep topography, such as the shelf

break, where IT slope matches with the bottom slope (i.e., critical slopes) before propagating within the ocean interior.Fhe

encounter the seasonal pycnocline, resulting in beam scattering and the formation of large IT oscillations. As these oscillations
steepen, they disintegrate into nonlinear ISWSs, a process known as "local generation” of ISWsAfterseafloorreflection;these

generation”for-the ISWs (New and Pingree, 1992). To explore IT paths, ray-tracing techniques are employed, as previously
used by New and Da Silva (2002) and Muacho et al. (2014)Fheeretical-analysis-of- 1 TF-paths-was-computed-usingHFray-tracing

, to investigate the effectiveness and expected

pathways of the IT beams off the Amazon shelf. One main assumption in our linear-theory-based hypothesis is that

stratification remains horizontally uniform along the IT propagation path, although in reality, it may vary One-main-hypethesis

inreality-it-may-vary, due to submesoscale and mesoscale variability. This limitation makes the ray tracing approach less

realistic but still useful as a first-order estimate of energy distribution. The IT ray--tracing calculation assumes that in a

continuously stratified fluid, ITs energy can be described by characteristic pathways of beams (or rays) with a slope c to the

horizontal-feHewing:

N /Formatted
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where o is the M2 tidal frequency (1.4052x104,rad -s-1), and f is the Coriolis parameter. N2 are obtained from time-averaged

AMAZOMIX CTD-O2, glued with monthly N2 profiles from Amazon36 (NEMO model outputs, 2012-2016) below 1000 m

depth. Amazon36 is a NEMO configuration, specifically designed to cover the western tropical Atlantic from the mouth of the

Amazon River to the open sea (see Tchilibou et al., 2022; Assene et al., 2024; for configuration details and model

descrigtion) ha N om-CTD-02 AMAZOM 07-data-werefi me-averaged-to-obtain-the-mean atification-a ations-

h. IT ray- \
\
tracing diagrams are performedwere-ebtained along the-5 the transects {Fi-to-F5;-Fig—1a). Seasonal sensitivity tests of rays |

(August, September, October, and April) are conducted by varying the critical slope positions and N2 to explore its influence \
and generate a set of ray paths consistent with characteristics of IT pathways (Figs. A6 and A7, Appendix)Sensibiity-tests-of “

....... October—and—Ap were serformed—varvine—the position—o

3 Results

3.1 Mixing

3.1.1 Thermohaline and IT features

In this subsection, we analyze the density profiles to gain insight into mixing processes and/or wave propagation. Step-like

features are observed in the density profiles (Figs. 3a and 3b). During the M2 tidal period, step-like structures ~20-40 m in

length occur at depths ranging from 80 to 160 m at stations S10, S12, S13, and S14 (Fig. 3a). These features are more
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pronounced along the IN-ITs transect Aa and Ab compared to the other transects (e.g., E and G; Figs. A8.a and A8.b,
Appendix).

In this layer (between 60 and 170 m depth), significant vertical displacements, ranging from 20 to 60 m, are detected along
transects Aa, Ab, and E (e.g., 40 m at S10, 48 m at S6, 52 m at S13, and 32 m at S14; Figs. 3a and 3b). The smallest

displacements (~8 m at S25) are observed along the OUT-ITs transect G (Fig. A8.b, Appendix). These vertical displacements

are also evident in the variability of the mixed layer depth (MLD), which fluctuates between 18 and 84 m over a semi-diurnal

cycle (figure not shown).

In conclusion, the presence of step-like structures and isopycnal displacements suggests strong mixing in the water column,

and supports the hypothesis of ITs propagating, with stronger energy along transects Aa and Ab, weaker energy along D and

E, and almost absent along G (Fig. 1a).

o (a) Transect Aa (b) Transect Ab
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Figure 3: Density profiles (g, kg m-3) obtained from CTD-O2 measurements during the AMAZOMIX 2021 cruise for <

stations S4 to S14 along transects (a) Aa and (b) Ab, located within IT fields. For long stations (S6, S7, and S10-S14), two
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density profiles are shown to highlight step-like structures and isopycnal vertical displacements (illustrated by black arrows)

along the transects. Distinct colors are used to represent each station within each transect. The density values for stations S4,

S5, S8, and S9 range between 23.4 and 23.8 kg m-3.
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3.1.2 TKE Dissipation rates and mixing

Along the transects, we analyze the distribution of dissipation rates (¢) and mixing coefficient (Kz) estimated below the XL D

(Table A1, Appendix) to characterize the mixing processes occurring off the Amazon shelf. It is important to note that the

XLDis typically deeper than the MLD at all stations (except at S8, S10, and $25)/which is calculated using a density threshold

0.01, 0.02 or 0.03 kg m-3 (Fig. A2, Appendix).

Our results show that dissipation rates vary between [10-10, 10-5] W kg-1 from the continental shelf to the open sea (Fig. 4).

Mapping the maximum value of ¢ over the water column (Fig. 4a) reveals that the strongest € at the generation sites, within

the range of [10-6, 10-5] W kg-1, occur at the IN-ITs transects except at E (S21), with even higher € values found at the shelf-

break (at stations S3. S5, and S10). Smaller ¢ values, within the range of [10-8, 10-7] W kg-1, are observed away from the
shelf-break (e.g., at S7, S9, S11, S19, S24, and S20), with the exception of some deep-sea stations (e.g., at S14 and S25)

where ¢ are still high.

The vertical profile of & (Figs. 4b and 4c, and Figs. A8c and A8d, Appendix) shows stronger dissipation (10-7-10-6 W kg-1),

between 24-160 m depth, in the thermocline layers at stations on the shelf-break (S6 and S10) and in the open ocean (e.qg., at

S14, and S25). Hotspots of mixing, within the range of [10-8, 10-7] W kg-1, are observed at various depths (e.g., 271 m and
375 m) at station S6, (e.g., 562 m, and 668 m) at S10, (e.g., 127 m, and 192 m) at S7 and (e.g., 138 m and 186 m) S24. For

shelf/shallow stations within the ITs regions (S3 and S5; Fig. 4c, and Fig. A8.c, Appendix), mixing is more pronounced,

between [10-6, 10-5] W kg-1, near the bottom layer.

Similar to the dissipation patterns, higher Kz values are observed at IN-1Ts stations (Figs. 4d and 4e, and Figs. A8e and A8f,

Appendix), ranging from 10-3 to 10-1 m2 s-1, particularly in the upper layer (0-120 m) (e.g., at S6, S7, and S10), and also near

the bottom layer (e.g., at S5, S8, and S9). Below 100 m depth, Kz decreases but remains significant, with values between [10-
4,10-3] m2s-1 (e.g., at S2, S10 S11, and S20). At OUT-ITs stations along transect G (Fig. A8f, Appendix), Kz reaches higher
values (exceeding 10-4 m2 s-1) in the mixed layer (0-35 m) and below 200 m depth (at S25). Notably, the shallow station S3

exhibits the strongest mixing coefficient in this region, exceeding 10-0 m2 s-1.
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In conclusion, the dissipation rates vary by 2-3 orders of magnitude over depth, with stronger mixing observed on the Amazon

shelf and shelf-break compared to stations located farther from these areas. Additionally, the strongest mixing is observed in

regions influenced by ITs. To further understand the heterogeneous distribution of e, the next section will investigate the

processes responsible for this variability, focusing on shear instability driven by the dynamics of the currents observed in this
region.
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profiles and (d)-(e) vertical diffusivity profiles (Kz, in m2 s-1, on a logarithmic scale) for stations along transects Aa and Ab,

respectively. Distinct colors are used to represent each station within each transect. Dashed and solid black lines in panels

(b) to (e) are included for comparison purposes.

3.2 Processes contributing to mixing

In this section, we explore which processes among tides, general circulation, and friction are responsible for the high mixing

activity observed off the Amazon shelf.

3.2.1 Baroclinic tidal current

The contribution of ITs to the baroclinic velocity structure is analyzed using the time series of baroclinic tidal currents (Figs.

5a, 5c, and 5e, and Figs. A9 to A15, Appendix). The semi-diurnal (M2) component of the tidal current, characterized by

alternating positive (red) and negative (blue) velocities, is distinctly observed along transects Aa and Ab, particularly within

(24-26 kg m-3 isopycnals; 70-180 m depth) and below the pycnocline. The tidal signal is strongest between 80-350 m depth,

along transects Aa (e.g., at S10, S11, and S14) and Ab (e.qg., at S6), while along transect E (e.qg., at S21), it is more prominent
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in the upper layer (0-120 m). In contrast, along transect G, the signal becomes noisier but remains stronger near the bottom

layer, particularly at the OUT-ITs station S24.

The baroclinic tidal velocities reveal a superposition of 3-5 tidal modes at IN-ITs stations (Figs. 5a, 5c, and 5e, and Figs. A9

to A15, Appendix). A greater number of modes is observed near the shelf-break (e.g., 4 modes at S6 and 5 modes at S10),

while fewer modes are detected far from (e.g., 3 modes at S7, S12 and S14). Higher tidal velocities ranging from 25-50 cm s-

1 are found between 80-350 m along transects Aa and Ab (e.g., at S6, and S10). In contrast, lower tidal velocities, typically

below 25 c¢m s-1, are more pronounced along transect E (e.g., at S20, and S21) to OUT-ITs stations along transect G (e.qg., at

S24).

Consistent with the tidal signal patterns, the strongest vertical tidal shear, reaching up to 10-3 s-2 is observed at IN-ITs stations

where the large vertical displacements in N2 maxima are detected (e.g., S6, S10, and S14), except at S7, S11, S20, and S21
(Figs. 6a, 6¢c, and 6e, and Figs. A16 to A18, Appendix). These latter stations, and the OUT-ITs station S24, exhibit lower but

still notable shear, reaching to 10-4 s-2. Dissipation rates, previously presented in subsection 3.1.2 and shown in Fig. 4, are

found to be 2-3 orders of magnitude higher in the pycnocline compared at greater depths.

The analysis of baroclinic tidal currents reveals significant contributions from ITs, particularly in the pycnocline, with strong

vertical shears observed near the shelf-break. Dissipation rates are notably higher in the pycnocline than at greater depths

especially in regions influenced by ITs. These findings underscore the role of internal tides in driving mixing processes in the

Amazon shelf area.
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Figure 5: Semi-diurnal baroclinic zonal currents (v”, in m s-1) from the ADCP for stations (a) S10, (c)

S11, and (e) S14. Panels (a), (c), and (e) also display the buoyancy frequency squared (N2, in s-2)

represented by vertical black lines, potential density represented by grey contours, and dissipation rate

profiles (e, in W kg-1, on a logarithmic scale) represented by vertical colored bars. Along-shore mean

baroclinic currents (', in m s-1) from the ADCP for stations (b) S10, (d) S11, and (f) S14.
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Figure 6: Semi-diurnal baroclinic vertical shear squared (S?", in m s-1, on a logarithmic scale) for stations (a) S10, (c) S11,
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3.2.2 Mean baroclinic current

The contribution of the mean baroclinic current is diagnosed through the across- and along-shore components of mean

baroclinic velocities, defined parallel and perpendicular to the 200 m depth isobath, respectively, as proxies for the main

circulation patterns in the region. Along-shelf velocities are defined as positive northwestward and negative southeastward

while across-shelf velocities are positive northeastward and negative southwestward (Figs. 5b, 5d, and 5f, and Figs. A9 to A15,
Appendix).

A strong surface flow is observed crossing transects Aa and Ab (e.g., at S6, S7, S11-S14), with along-shore northwestward
velocities exceeding 68 cm s-1 in the upper layer of 200 m (Fig 5, and Figs. A9, A10, A12, A13, A14, and A19, Appendix).
This flow is notably stronger compared to the across-shore velocities and decreases in strength with depth, transitioning

towards the subsurface layer. Below 200 m depth along transects Aa and Ab, a southeastward along-shore flow emerges with

velocities below 30 cm s-1, but increases up to 50 cm s-1 between 400 and 550 m depth at stations S6, S7, and S11. This

southeastward baroclinic flow becomes weakly unstable at IN-ITs stations S13 and S14 below 500 m depth.

Similar dominant along-shore flows are observed along transect G (Figs. A11, A15, and A19, Appendix). At the OUT-ITs

station S24, northwestward velocities reach up to 50 cm s-1 above 80 m depth, while southeastward velocities below 80 m

remain weaker (< 30 cm s-1).

Above 4°N along transect E, the flow directions reverse throughout the water column, with the along-shore component

dominating (Figs. A11, A15, and A19, Appendix). In the upper layer of 120 m, the along-shore flow is stronger (~ 45 cm s-1)

and directed northwestward at S20, while at S21, it is weaker and shifts southeastward. Below this layer, between 120-400 m
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depth, the flows become more unstable and opposing, with the along-shore velocities being stronger (~28 cm s-1) at S21
compared to S20.

The mean baroclinic flows exhibit various peaks of mean shear instability, ranging from 10-5 to 10-3 s-2, in the first 600 m

depth along transects (Figs. 6b, 6d, and 6f, and Figs. A16 to A18, Appendix). Vertical shear is more pronounced within the

range of [0.5, 1.5] x 10-4 s-2 around the pycnocline, between 40 and 200 m depth along transects Aa, Ab and G (e.qg., at S6
S7, 510, S11, S14, and S24). This shear strength increases further along transects E, reaching up to 2.5 x 10-4 s-2 at the base
of the pycnocline, around 112 m depth at S20.

3.2.3 Competitive processes to generate mixing

Our aim is to distinctly associate each mixing event with either tidal activity or time-averaged currents. To achieve this, we

compare the vertical shear induced by the baroclinic tidal current (S2")with that induced by the baroclinic mean current (F)_.

Practically, each estimated dissipation rate ¢ is analyzed in the context of (N2, §2") and g?,_SZ") spaces. The mixing hotspots

are observed where vertical shear instability is prominent (Fig. 7, and Figs. A20 and A21, Appendix).

Along the transects (Fig. 7, and Figs. A20 and A21, Appendix), stronger mixing, with ¢ ranging between [10-7, 10-5] W kg-
1, occurs at stations S6 and S10. At these locations, there is significant stratification (N2 exceeding [10-5, 10-3] s-2), strong
tidal shear (S2"within [10-4, 10-3]s-2), and low gradient Richardson number (Ri < 0.25).
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In contrast, at stations S7, S11, S13, and S14, mixing events with similar ¢ values are observed under comparable stratification

conditions but with relatively weaker tidal shear and higher Ri (ranging from 0.25 to 1). Stations S12, S20, S21, and S24 show

lower dissipation rates, reaching up to [10-8] W kg-1. These values are found in regions with significant stratification (N2
exceeding 10-4 s-2) and Ri > 1.

This analysis reveals that vertical tidal shear is sufficiently strong at stations S6 and S10 to overcome stratification and generate

hotspots of mixing. At stations S7, S11, S13, and S14, the tidal shear is comparatively weaker, and it is even less pronounced

at S12, S20, S21, and S24, limiting its ability to cross stratification and generate mixing.

When comparing the influence of mean shear S_Z with mixing events, we observe that stronger S_2 within the range [10-5, 10-

3] s-2, aligns with mixing hotspots characterized by dissipation rates between [10-8, 10-5] W kg-1 along the transects (e.q., at

S7, S11, and S14). This suggests that the baroclinic mean shear also plays a significant role in driving mixing in the water

column.

To better clarify which of the tidal vs mean vertical shear is dominating to explain the hotspots of mixing, we compare the

contribution of 52’ and S? to the total vertical shear (Table AL, Appendix).
Along transects Aa and Ab, tidal shear exhibits a stronger contribution relative to mean shear (S?'/ S2') at specific shelf-break
locations: (61.4/38.6 %) at S6, (65.8/34.2 %) at S10, and (58.5/41.5 %) at S21. This contribution decreases a few kilometers

from these locations, with minimums observed at S7 (47.6 %) and S11 (48.2 %). Interestingly, along transect Aa, tidal shear

contribution rises from 48.2 % at S11 to 58.5 % at S14 in the open ocean. Conversely, along transect E, it decreases from 58.5

% at S21 to 52.1 % at S20. Overall, tidal and mean shear contributions are nearly equal (~ 50/50 %) away from the shelf-

break and along the OUT-ITs transect G (e.q., at S24), except at S14, where tidal shear remains dominant.

These contributions to the total shear instability support the hypothesis that mixing is dominated by ITs on the shelf-break,

by both the mean circulation and ITs away from the shelf-break and far IT fields.
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3.2.4 1T ray tracing

An alternative approach to understanding the two primary processes driving the observed mixing is to examine the vertical

profiles of the mean total currents (both along- and across-shore), with the spatial dimension along the transects of IT ray

propagation. For this analysis, IT ray paths are computed for the M2 tidal frequency, with the rays for September illustrated
along the ITs-IN transects (Aa, Ab, D, and E).

IT rays are generated at the critical slope, located between 32-104 km from the coast on the Amazon shelf-break (Fig. 8, and

Figs. A6, A7, A22 and A23, Appendix). These rays propagate downward into the deep ocean, where they first reflect within a

depth range of 1250-3900 m and at distances between 54-222 km. After bottom reflection and subsequent interaction with the

pycnocline, the rays are expected to reflect seaward at the surface, typically at distances between 115-400 km. The curvature

of the rays becomes more pronounced as they interact with the pycnocline, particularly between 20-207 m depth, defined by
the upper (UTD) and lower (LTD) thermocline depths.

Along transects Aa and Ab (Fig. 8, and Figs. A6 and A22, Appendix), the total along-shore flow is stronger in the upper layer

of 150 m, with velocities exceeding 80 cm s-1 (observed at S6, S7, S10, and S11). This flow becomes unstable between 150-

185 km from the ray generation along transect Aa, and between 200-450 km and 500-1000 m depth along both transects Aa

and Ab. In contrast, along transect E, the first 100 m depth reveals an opposing surface and subsurface along-shore flow at
stations S20 and S21, with flow instability occurring between 120-500 m depth (Figs. A7 and A23, Appendix).

Tracking the IT rays along the transects (Fig. 8, and Figs. A6, A7, A22 and A23, Appendix), hotspots of mixing are identified

where ray paths potentially interfere with each other or with the mean flow. They are observed at various depths, including the

surface, between 70-180 m, and below 300 m along transects Aa (e.g., at $10, S12, S14) and Ab (e.g., at S6). Stronger mixing,

ranging from [10-7 to 10-5] W kg-1, is observed near the ray generation site (e.g., at S5, S6, and S10), as well as along the ray

paths (e.g., at S14) along transects Aa and Ab, compared to transect E.

These findings suggest that turbulent dissipation occurs along the IT ray paths, particularly where the rays interfere with one

another and interact with the strong mean background circulation.
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critical topography slope (ray generation sites). Panels (a) and (b) also show along the transects Aa and Ab: along-shore

mean total currents (ul, in m s-1) from ADCP (Dashed black lines), potential density from CTD-O2 (grey contours), and

dissipation rate profiles (e, in W kg-1, on a logarithmic scale) from the VMP (vertical colored bars). Subpanels within each

panel illustrate the N2 profiles from AMAZOMIX (red line) and the NEMO-Amazon36 model (blue line) used for ray-tracing

calculations. Upper Thermocline Depth (UTD, dotted lines) and Lower Thermocline/Pycnocline Depth (LTD/LPD, dashed

lines) are also indicated.,

39

= {Formatted: Font: Not Italic




(a) Transect 1 _ i
s9 s8  S10 S11 s12  s13 s14  u(ms)

J
0
_ -0.2 s
E =
z 2
Q. —
7] =
o -0.4 I
]
-0.6
. -0.8
25 50 75 100 125 150 175 200 225 250 275 300 325 350
685 Distance (km)
(b) Transect 2 = 4
i S4  S5S6 s7 S14 u(m.s ')
-100 =
-200 :
-300 0| —
T -400
£
9
Q -600
-700
-800
-900
1000 f 10 L e L A L
25 50 75 100 125 150 175 200 225 250 275

686 Distance (km)

688 MMQMQMMMM@MMGMM

40



689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717

S25Finallyat-the-base-of- MLD strongK. }srebsewed%emeen{rle*”’%@]—mg 4@H4heﬁmazenﬁheu—(eg—at%5jmd§9)
M&ge%%b%%ﬂ&g%@ﬂ@é&@%e%wmﬁW%GM%*ﬂenﬁmeW

41



718

719
720

721
722
723
724
725
726
727
728
729
730
731
732

Transect 1 Transect 2
5 (a) Transect 1 (b) Transect 2 (€) Transect1 (d) Transect 2 —_——t 0
e e T e e v
Y T R S5
i -
2 . \ 10
20 . d ] : -20
y s12 4
E s6 -30
o s14
-40 sS4 40 —~
’ E
- 50 3
3 ( =
£ -60 s7 {-60
-3
a
-80

-100

-70
sS4
| s5 -80
s6 s10 ‘00
s7 (9 )
s14 Y
Profiles

10° 10% 102 10° 10° 10* 10% 10° 107 10° 10° 107 107 10° 10° 107
Fu, (mmol N Im?s) K, (m?s™) K, (m%s™)

-120

4 Discussion and Conclusion

The AMAZOMIX 2021 cruise provided, to the best of our knowledge, for the first time, direct measurements of turbulent

dissipation using a velocity microstructure profiler (VMP) at multiple stations both inside and outside the influence of ITs.

These measurements enabled the study of mixing processes at the Amazon Shelf break and the adjacent open ocean. To

capture a full tidal cycle, data on turbulent dissipation rates, hydrography, and currents were collected alternately over 12

hours, with 4 to 5 profiles taken per station (see section 2). The locations of the 12-hour sampling stations were selected based

on modeling results that provided realistic maps of IT generation and propagation (Fig. 1a; Tchilibou et al., 2022). Stations
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were located in the most energetic regions of IT, specifically at sites Aa, Ab, and D, covering stations S2 to S14, as identified
in previous studies (Magalhaes et al., 2016; Tchilibou et al., 2022; Assene et al., 2024). Stations S19 to S21 were positioned
in less energetic IT generation areas at site E, while stations S24 and S25 were located outside the influence of the IT fields
(site G). Stations were distributed across different areas, including the shelf (e.g., S4, S9, and S19), the shelf-break (e.g., S3,
S6, and S10), and the open ocean (e.g., S14, S24, and S20).

Vertical Displacement, homogeneous layers

The results revealed that, over a semi-diurnal tidal cycle, relevant amplitudes of vertical displacements (up to 60 m in length)

and pronounced step-like structures (up to 40 m thick) were observed along transects Aa and Ab. In contrast, smaller and

thinner structures were identified along other transects, such as E. These differences are likely related to the propagation of

ITs, which induce vertical displacements at tidal frequencies and promote mixing by creating homogeneous layers visible as

step-like features in the density structure. The isopycnal displacements and step-like structures observed within the pycnocline

are consistent with findings from other IT regions (e.qg., Stansfield et al., 2001; Simpson and Sharples, 2012; Bordois, 2015;

Koch-Larrouy et al., 2015; Zhao et al., 2016; Bouruet-Aubertot et al., 2018; Xu et al., 2020). Furthermore, IT propagation

appears to have stronger energy along transects Aa and Ab compared to others, consistent with prior modeling studies
(Tchilibou et al., 2022; Assene et al., 2024).
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Direct measurements of dissipation rate

Dissipation rates measured with the VMP ranged from between [10-10, 10-5] W kg-1 below the XLD, spanning from the

continental shelf to the open ocean. The XLD was found to be considerably larger than the MLD at all stations, except at S8

S10, and S25. This is consistent with regions exhibiting strong subsurface shear, such as the equatorial ocean and western

boundary current areas (Noh and Lee, 2008). The exception observed at other stations may reflect larger mixing events that

were not captured by the VMP measurements.

The highest dissipation rates, within [10-6, 10-5] W kg-1, were observed primarily at generation sites Aa, Ab, and D (e.qg., at
stations S6, S10, and S3). Slightly lower but still substantial dissipation rates, ranging from 10-8 to 10-7 W kg-1, occurred a

few kilometers (~40 km) from these generation sites (e.g., at S11 and S7), along IT pathways (e.g., at S12, S13, and S20), and

even in regions farther from IT influence (e.g., at S24). Interestingly, dissipation rates were higher within [10-7, 10-6] W kg-

1 in the open ocean, such as at station S14, located ~230 km from generation site Aa, as summarized in Fig. 9.

Similarly, the vertical eddy diffusivity coefficient, ranging from 10-3 to 10-1 m2 s-1, was highest at the shelf-break (at stations
S3, S5, and S10), Away from the shelf-break, diffusivity values were lower but still substantial, within [10-4, 10-3] m2 s-1
(e.g., at S2, S7, and S11).
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Figure 9: summary diagram illustrating the key processes driving mixing along the AMAZOMIX transects (e.g., Aa and Ab).
At IT generation sites (e.g., S6 and S10; red zigzags), mixing rates are stronger, with ITs contributing around 65%, compared
to mean circulation (NBC). Along IT pathways (e.g., S7 and S11; yellow zigzags), mixing decreases but remains notable,
driven by nearly equal contributions from ITs and mean circulation. A key observation is the increased mixing ~ 230 km from
two distinct IT generation sites at the shelf break. This hotspot at S14 (orange zigzags) coincides with the surfacing of IT rays
(blue lines) from different sites, vanishing of the NBC (sky blue shaded areas) and the presence of ISWs (magenta lines),

suggesting possible constructive interferences of IT rays may generate ISWs, amplifying mixing at S14. IT mixing observed
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In comparison, in other regions, dissipation rates measured by similar VMP instrument are found between [10-7, 10-5] W kg-

lin the IT generation zone of Halmahera Sea, Indonesia (Koch-Larrouy et al., 2015; Bouruet-Aubertot et al., 2018), of Kaena
Ridge, Hawaii (Klymak et al., 2008) and off the Changjiang Estuary (Yang et al. 2020). Whereas it is [10-10,10-8] W.kg-1
along the IT path in the Southern Ocean (Gille et al., 2012) and in Halmahera Sea (Bouruet-Aubertot et al., 2018). Direct

estimates of dissipation are almost [10-11, 10-10] W kg-1 far from IT influence (Koch-Larrouy et al., 2015; Bouruet-Aubertot

et al., 2018) or under the influence of geostrophic current (Takahashi and Hibiya, 2019).

Our mixing coefficients are consistent with, the annual mean between [10-4, 10-3] m2 s-1 of Ffield and Gordon (1992) or

Koch-Larrouy et al. (2007), and aligned with others previous studies using the microstructure data (e.g. Tian et al., 2009;

Koch-Larrouy et al., 2015; Bouruet-Aubertot et al., 2018; Xu et al., 2020), or modeling results (e.g. Koch-Larrouy et al.,

2007).
This crucial vertical eddy diffusivity close enough to the surface along the IT paths may play a role in modulating heat (e.qg.

Assene et al., 2024) and chlorophyll content (de Macedo et al., 2023; M’Hamdi et al., 2024; in preparation) observed off the

Amazon shelf.
Our study also found the highest dissipation rates at stations S3 and S5 of [10-6,10-4] W kg-1 on the Amazon shelf , increasing

near the bottom boundary layer. These findings compare well with values reaching up to 10-9 W kg-1 within a kilometer of

the seabed in the Southern Ocean (Sheen et al., 2013) and up to 10-6 W kg-1 within a few meters from bottom topography
off the Changjiang Estuary (Yang et al. 2020). This may indicate the presence of an active bottom boundary layer. Thus,
kinetic energy of bottom flow was estimated using friction velocity, that was computed from total velocity averaged over the

bottom-most 15 m for shallow stations. It showed bottom friction energy stronger between 16-35 J m-2 at S3 and S5 mainly

and lower (< 3 J m-2) in the other stations on shelf (e.g., at S8). These results are smaller but still important on the Amazon

shelf and comparable to values (517 kJ m-2) in the Drake Passage region (on the continental slope) of the Southern Ocean

(Laurent et al., 2012). The bottom mixing at S3 and S5 can indirectly exert a control on pycnocline mixing on the Amazon

shelf (Inall et al., 2021).

Enhanced surface mixing
The vertical eddy diffusivity coefficients were highest at the shelf break (e.g., at S3, S5, and S10), ranging from 10-3 to 10-

0m2s-1. Away from the shelf break, diffusivity values were lower but remained substantial, within the range of 10-4 to 10-

3m2s-1(e.g., at S2, S7, and S11). These mixing coefficients align with values reported in other regions. For instance, vertical
diffusivity falls within the range of 10-5 to 10-3 m2 s-1, as observed in the Luzon Strait (Tian et al., 2009), the Indonesian
Sea (Koch-Larrouy et al., 2015; Bouruet-Aubertot et al., 2018), and the southern Yellow Sea (Xu et al., 2020).
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Close to the surface, mixing coefficients remained significant, reaching up to 10-3 m2 s-1 between 100-200 m depth and up

10 10-2 m2 s-1 above this layer at stations S6 and S10. These surface values are of the same order of magnitude as, but slightly

higher than, those reported for the Halmahera Sea, Indonesia (Koch-Larrouy et al., 2015; Bouruet-Aubertot et al., 2018). In

the open ocean, under the influence of ITs, mixing near the surface reached 10-4 m2 s-1 at S14.

This elevated vertical eddy diffusivity close enough to the surface along IT paths may play a critical role in modulating heat

transfer (e.g., Assene et al., 2024) and chlorophyll distribution (see green shaded areas in Fig. 9) (de Macedo et al., 2023;

M’Hamdi et al., in preparation) observed off the Amazon shelf, as documented in the Indonesian region (Nugroho et al. 2018;

Koch-Larrouy et al., 2010; Sprintall et al., 2014; Zaron et al., 2023).

Contribution of Background circulation and ITs to mixing

Mean baroclinic current shear
Another important aspect addressed in this study was quantifying the contributions of different processes to the observed

heterogeneous mixing.

First, the mean baroclinic current (BC) was considered as a proxy for the background circulation. The BC was predominantly

structured into a northwestward surface flow and a southeastward subsurface flow along the IT pathways. The strong surface

flow toward the northwest is associated with the North Brazil Current (NBC), which originates from the northeastern coast of

Brazil (e.g., Bourlés et al., 1999) and propagates along the Amazon shelf-break (e.qg., at stations S7, S10, S11, S14, and S24).

Conversely, the southeastward subsurface flow observed at stations such as S7 and S11 might result from NBC instability or

the presence of a countercurrent at depth (Dossa et al., 2024, in preparation). At site E, the flow reversal observed at S21 -

characterized by a southeastward surface flow and a northwestward subsurface flow - was located inside of the outer path of

the Amazon plume. This reversal could be related with the influence of AWL formed by continental inputs (Prestes et al.,

2018).

Both baroclinic flows demonstrated a significant potential for shear instability, with vertical shear ranging from 107 5t0 107352
off the Amazon shelf. The shear associated with the NBC was particularly pronounced around the pycnocline (between 40 and
200 m depth) at sites Aa, Ab, and G (e.qg., at S6, S7, S10, S11, S14, and S24). At site E, the shear instability was stronger (>
2.5 x 10-4 s-2) at the base of the pycnocline (e.g., at S20), potentially associated with NBC retroflection near [5-6°N, 50°W]

during the fall season (Didden and Schott, 1993). The higher BC shear observed at S21, where flow direction reversals

occurred, could be associated with the presence of a subsurface cyclonic eddy (Dossa et al., 2024, in preparation).
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ITs shear
Second, the baroclinic tidal current was extracted from the total baroclinic current, revealing significant semi-diurnal (M2)

component signals around the pycnocline. These signals, characterized by higher tidal modes (3-5), were more pronounced

at generation and propagation sites Aa and Ab (e.g., at S6, S10, and S14) compared to other sites. The tidal shear within the

pycnocline layer (80-120 m) is consistent with the observed IT signal patterns and large vertical displacements. It was stronger,

reaching up to 103 s~2, near the generation sites Aa and Ab (at S6 and S10) and in the open ocean at S14. Further from the

generation sites (e.g., at S7, S11, and S20), the IT shear was smaller but still notable (reaching up to 10-4 s-2). This highlights

the significant role of ITs in driving mixing processes, particularly within the pycnocline, where strong vertical shears were

observed near the shelf-break compared to regions far away. Outside the IT fields, such as at S24, the persistent high vertical

shear near the bottom topography could be attributed to the active bottom boundary layer (Inall et al., 2021).
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IT/BC ratio
Both IT and BC shear contribute to mixing, with their relative dominance varying across sites. Near the generation sites on

the shelf-break, IT shear dominated the IT/BC shear ratio, such as at S6 (61.4/38.6 %), S10 (65.8/34.2 %), and S21 (58.5/41.5

%). Along the IT paths, the contributions were nearly equal (~50/50 %) at locations farther from the generation sites (e.qg., at

S20, S7, S11, and S13), except at S14 in the open ocean, where IT shear remained dominant (58.5/41.5 %). These findings

align with the presence of ITs at generation sites Aa, Ab, and E (Tchilibou et al., 2022; Assene et al., 2024) and the stronger

energy associated with NBC cores, particularly at S7 and S11.

These results are consistent with previous studies that identified strong tidal shear near IT generation sites, such as the

Halmahera Sea (Bouruet-Aubertot et al., 2018), the Changjiang Estuary (Yang et al., 2020), the northwest European
continental shelf seas (Rippeth et al., 2005), and the southern Yellow Sea (Xu et al., 2020)..

The most relevant finding of this study was the relative increase in mixing within the pycnocline layer, observed at S14 in the

open ocean, far from the IT generation sites.

[ Formatted: Not Superscript/ Subscript

Discussion on the strong mixing at S14

Along the IT paths, elevated remote dissipation rates (within [10-7, 10-6] W kg-1) were identified ~ 230 km from the shelf-
break at S14.
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This region is well known for intense IT dissipation, as shown by a realistic model (Tchilibou et al., 2022; Assene et al.,

2024), and for the highest occurrences of ISWs generated by ITs (Fig. 1a; de Macedo et al., 2023), with large-amplitude ISWs

exceeding 100 m clearly visible in satellite records (Brandt et al., 2002).

At station S14, where relative mixing increases, IT rays surfacing from two distinct IT generation sites coincide with the

appearance of ISWs and mark the location where the NBC vanishes.

This region of wave-wave interactions can lead to the constructive interference of IT rays, potentially facilitating the
emergence of higher tidal modes (New & Pingree, 1992; Silva et al., 2015; Barbot et al., 2022; Solano et al., 2023). These

higher modes, in turn, could enhance the generation of nonlinear ISWs (e.g., Jackson et al., 2012) and contribute to the

elevated dissipation rates (Xie et al., 2013), as observed at this station.

Moreover, IT interactions with baroclinic eddies may also contribute to turbulent dissipation (Booth and Kamenkovich, 2008),

particularly in this area of pronounced eddy activity. However, no repeated AMAZOMIX stations observed during a tidal
period were enclosed by mesoscale eddy activity, except potentially around site E, where possible evidence of a subsurface
eddy was detected at S21 (Dossa et al., 2024, in preparation).

Future studies are needed to unravel the intricate interplay among these processes. The data collected during the AMAZOMIX

cruise will provide a guide for improving our understanding and advancing parameterizations for modeling studies.
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990
991 Figure Al: Example of wavenumber spectra from a dissipation structure segment recorded at station S10 at a pressure of 98.1

992 dBar. (a) Cleaned and high-pass filtered signals from shear probe 1 (blue) and shear probe 2 (red, offset by 5 s-1). (b)

993  Wavenumber spectra for shear probes 1 and 2. Thick lines (blue for probe 1, red for probe 2) show shear spectra with coherent

994 noise correction, while thin lines (sky blue for probe 1, orange for probe 2) show spectra without correction. Triangles mark

995 the maximum wavenumber used for dissipation rate estimation. Black lines represent Nasmyth reference spectra for estimated
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dissipation rates of 1.6 x 10-8 W kg-1 (probe 1) and 1.5 x 10-8 W kg-1 (probe 2). Dissipation rate estimates for both shear

probes at a pressure of 98.1 dBar yielded a figure of merit of 1.2.
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Figure A2:, Comparison of Mixing Layer Depths (XLD, blue line) with Mixed Layer Depths (MLD) defined using (a) larger |

and (b) smaller density thresholds (4:1). In panel (a), dotted, dashed, and solid red lines represent MLDs defined by 4

0.01, 0.02, 0.03 kg m;3, respectively. In panel (b), dotted, dashed, and solid magenta lines represent MLDs defined by 4

0.1, 0.2, 0.3 kg m:3, respectively,
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and (e) mean baroclinic. Meridional currents for (g) total, (f) barotropic, (h) total baroclinic, (i) semi-diurnal baroclinic tidal,

and (j) mean baroclinic. Vertical shear for (k) total, (1) total baroclinic, (m) semi-diurnal baroclinic tidal, and (n) mean

baroclinic.
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different seasons (April, August, October, and September) and for varying locations of the critical topography slope. Grey

areas indicate local topography. Panels (a) and (b) also include dissipation rate profiles (e, in W kg-1, shown as vertical colored

bars on a logarithmic scale) from the VMP measurements. Subpanels within each panel illustrate the N2 profiles derived from

AMAZOMIX and the NEMO-Amazon36 model, which were used in the ray-tracing calculations. For comparison, sensitivity

tests using different N2 measurements from individual stations along the corresponding transect (e.g., at S10 and S14) revealed

similar ray paths (not shown), consistent with the set of rays obtained using the mean N2,
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Eigure A8: (a)-(b) Density profiles (g, kg m-3) obtained from CTD-O2 measurements during the AMAZOMIX 2021 cruise

for stations (S2, S3, S19, S20, S21, S24, and S25) along transects D and E, and G, respectively. For long stations (S20, S21,

and S25), two density profiles are shown to highlight step-like structures and isopycnal vertical displacements along the
transects. The density values for station S3 range between 23.6 and 23.8 kg m-3. (c)-(d) Vertical dissipation profiles (&, in
W kg-1, on a logarithmic scale) from VMP and (e)-(f) vertical diffusivity profiles (Kz, in m2 s-1, on a logarithmic scale) for

stations along transects D and E, and G, respectively. Distinct colors are used to represent each station within each transect.

Dashed and solid black lines in panels (c) to (f) are included for comparison purposes.
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036  Figure A9: Semi-diurnal baroclinic zonal currents (u”, in m s-1) from the ADCP for stations (a) S6 and (c) S7. Panels (a) [ Formatted: Font: Bold, Italic
037  and (c) also display the buoyancy frequency squared (N2, in s-2) represented by vertical black lines, potential density
038 represented by grey contours, and dissipation rate profiles (¢, in W kg-1, on a logarithmic scale) represented by vertical
039 colored bars. Along-shore mean baroclinic currents (u',, in m s-1) from the ADCP for, stations (b) S6 and (d) S7. - [Formatted: Font: Bold, Italic
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1P41 Figure A10: Panels are similar to Fig. A9 but for stations (a)-(b) S12 and (c)-(d) S13, [Formatted: Font: Bold
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1043 Figure All: Panels are similar to Fig. A9 but for stations (a)-(b) S20, (c)-(d) S21, and (e)-(f) S24.
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1045 Figure A12: Semi-diurnal baroclinic meridional currents (u”, in m s-1) from the ADCP for stations (a) S10, (c) S11, and (e)

69

1046 S14. Panels (a), (c), and (e) also display the buoyancy frequency squared (N2, in s-2) represented by vertical black lines,
1047  potential density represented by grey contours, and dissipation rate profiles (g, in W kg-1, on a logarithmic scale) represented
1048 by vertical colored bars. Cross-shore mean baroclinic currents (u,, in m s-1) from the ADCP for stations (b) S10, (d) S11,
1049 and (f) S14.
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1052 Figure A13: Panels are similar to Fig. A12 but for stations (a)-(b) S6 and (c)-(d) S7.



1053
1054

%102 %102
0123 0123 (b)
i u”r_.,,' 0.5 5 0
= ‘5%':‘ 04 -100
265 0.3 -6 -200
i3 00
_ 400+ i N
§ -500 —1 | # —= . O ; = -500
S 600 S < B 00
S 00! 017 50 g9
800 I 02 -800
-900 I 03 o 900
1000 I = 0.4 -1000
100t !V ! ! TR, . -/ . 05 10 -1100
9 10 11 12 13 14 15 16 17 18 19 20 21 22 Kl 1
Time (hours, 07/09/2021, $12)
(c) x10% %10 x10° %10
0123 0123 0123 0123
0 e 0.5 5
-1OOE’ o 0.4 -100
L S
200, 265 03 -6 -200
300 — . 00
400 > i =
gk o1 sy g 4
z 0 . 2 g g 500
2 600" = < 2 .600
3 t 01 o 8 £ o
700! g £9 0
-800 ¢ 2 -800
-900 ¢ 03 o -900
-1000 | -0.4 -1000
I S | \ smernetin { o

9 0 1 12 13 14 15 16 17 18
Time (hours, 08/09/2021, $13)

-0.5 -10 -1100
19 20 21 22 -

Figure A14: Panels are similar to Fig. A12 but for stations (a)-(b) S12 and (c)-(d) S13.
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Figure A15: Panels are similar to Fig. A12 but for stations (a)-(b) S20, (c)-(d) S21, and (e)-(f) S24.
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Figure A16: Semi-diurnal baroclinic vertical shear squared (S2’, in m s-1, on a logarithmic scale) for stations (a) S6 and (c)
S7. Panels (a) and (c) also display the buoyancy frequency squared (N2, in s-2) represented by vertical black lines, potential
density represented by grey contours, and dissipation rate profiles (g, in W kg-1, on a logarithmic scale) represented by vertical

colored bars. Mean baroclinic vertical shear squared (?. in m s-1) for stations (b) S6 and (d) S7.
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1063 Figure A17: Panels are similar to Fig. A16 but for stations (a)-(b) S12 and (c)-(d) S13,
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Figure A18: Panels are similar to Fig. A16 but for stations (a)-(b) S20, (c)-(d) S21, and (e)-(f) S24.
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1071  Figure A20: Dissipation rates (e, in W kg-1, on a logarithmic scale) below the XLD as a function of the buoyancy frequency
1072 squared (N2, in s-2, on a logarithmic scale) and semi-diurnal baroclinic vertical shear squared (S, in m s-1, on a logarithmic
1073 scale) for stations (a) S6, (c) S7, (e) S12. and (g) S13. Dissipation rates (e, in W kg-1, on a logarithmic scale) below the XLD
1074  as a function of mean baroclinic vertical shear squared (?, in m s-1, on a logarithmic scale) and semi-diurnal baroclinic
1075  vertical shear squared (S?', in m s-1, on a logarithmic scale) for stations (b) S6, (d) S7, (f) S12, and (h) S13. N2 was linearly
1076 interpolated into the depths of $%" to have same vertical scales. Panels (a). (c). (e). and (q) also display two solid black lines
1077 corresponding to Richardson number Ri = 0.25 and Ri = 1, respectively. Dashed grey lines in panels (b), (d), (f), and (h) are
1078  included for comparison purposes.
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1081 Figure A21: Panels are similar to Fig. A20 but for stations (a)-(b) S20, (c)-(d) S21, and (e)-(f) S24.
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Figure A22: Panels are similar to Fig. 8 but for cross-shore mean total currents (uc, in m s-1) from ADCP (Dashed black lines).
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