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Abstract

Tides and internal tides (IT) in the ocean can significantly affect local to regional ocean
temperature, including sea surfa%Ktemperature (SST), via physical processes such as diffusion
(vertical mixing) and advection (vertical and horizontal) of water masses. Offshore of the
Amazon River, strong It have been detected by satellite observations and well modelled;
however, their impact on temperature, SST and the identification of the associated processes
have not been studied so far. In thjs work, we use—h-i-gh-ﬁeselut-iea-(l/36°}numerical simulations
with and without the tides from/an ocean circulation model (NEMO). This model explicitly
resolves the internal tides % and is therefore suitable to assess how they can affect ocean
temperature in the studied area. We distinguish the analysis for two contrasted seasons, from
April to June (AMJ) and from August to October (ASO), since the seasonal stratification off
the Amazon River modulates the IT’s response and their influence in temperature.

The generation and the propagation of the IT in the model are in good agreement with
observations. The SST reproduced by the simulation including tides is in better agreement with
satellite SST data compared to the simulation without tides. During ASO season, stronger
meso-scale currents, deeper and weaker pycnocline are observed in contrast to the AMJ season.
The observed coastal upwelling during ASO season is better reproduced by the model including

tides, whereas the no-tide simulation is too warm by +0.3 °C for the SST. Jisthe-suhsnrface

above the thermocline, the tide simulation is cooler by -1.2 °C, a below the

i Seeo | . . . . 3 .
thermoclinéDy +1.2 °C compared to the simulation without the tides. The I'€induce vertical
mixing on their generation site along the shelf break and on their propagation pathways towards
the open ocean. This process mainly explains the cooler temperature at the ocean surface and

is combined with vertical and horizontal advection to explain the cooling in the subsurface
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tropical Atlantic atmospheric circulation and precipitation.

We therefore demonstrate that IK via vertical mixing and advection along their
propagation pathways, and tides over the continental shelf, can play a role on the temperature

structure off the Amazon River mouth, particularly in the coastal cooling enhanced by the IT.

Keywords: internal tides, Amazon continental shelf and slope, temperature, modeling, satellite

data, mixing, heat flux.

I. Introduction

Temperature and its spatial structure play a crucial role in ocean dynamics, including
water mass formation (Swift and Aagaard, 1981; Lascaratos 1993; Speer et al. 1995), transport
and mixing of other tracers in the ocean and exchanges with other biosphere compartments
(Archer et al. 2004, Rosenthal et al. 1997), and most importantly on surface heat ex e at
the interface with the atmosphere (Calyson and Bagdanoff, 2013; Mei et al. 2015) d.lgli[tus
significantly influence the climate (Li et al. 2006; Collins et al. 2010). This oceanic thermal
structure can be modified at various spatial and temporal scales by different processes external
to the ocean such as incident solar radiation, heat fluxes with the atmosphere, winds,
precipitation and freshwater inputs from rivers. Processes internal to the ocean also play a
crucial role in this thermal structure, such as mass transport by currents and eddies (e.g.:
Aguedjou et al., 2021), mixing by turbulent diffusion (Kunze et al. 2012), tides and internal
tidal waves (I'E) (Barton et al., 2001; Smith et al., 2016; Salamena et al., 2021). The role of IT¢

| structure of the ocean is of increasing interest with many studies in recent years,

but remains poortyunderstood in many ocean regions, and especially off the Amazon shelf.

In a stratified occan, the passage of a barotropic tide over a topographic profile with a
steep slope (continental slope, s€amgunt, oceanic ridge) generates a disturbance in the flow

that gives rise to a so-called baroclinic tid€;wyith the same frequency, but with hi E gr vegwal

weird 2. al~ea
velocities (Zhao et al., 2016). The baroclinic tide, also known as internal tidal waves (IT) thus

captures parg\(jf the energy of the barotropic tide, propagates it and dissipates it into the global
caos . . .
ceal}-by dlapyéal mixing (Zhao et al., 2012), i.e., up to about 1 TW in the deep ocean (Egbert
and Ray, 2000; Niwa and Hibiya, 2011) and thus helps to feed the thermohaline circulation
(Munk and Wunsch, 1998). These two tidal processes (barotropic tide and IT) thus bring
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together a set of mechanisms for transferring and redistributing energy from larger to smaller
oceanic scales, which can be understood as a tidal energy cascade. The dissipation of IT occurs
mainly locally at the generation sites for high-mode IT that are associated with higher vertical
shear, while a significant part of the energy dissipates offshore along their propagation path for
low-mode IT (Zhao et al., 2016). Results from models in the Indonesian seas (Koch-Larrouy
et al., 2007 and Nugroho et al., 2018) and observations in the Celtic Sea (Sharples et al. 2007)
and the Yellow Sea (Xu et al., 2020), point out that I dissipate most of their energy vertically,
where the vertical gradient of stratification is maxin;a—l”i}l the water column. IT can also
vertically advect water masses during their propagation. They thus induce vertical
displacements of the isopycnal levels of several meters to a few tens of meters, observable in H : 3’/\" CﬂW
the thermocline (Wallace et al., 2008; Xu et al. 2020). Denmann and Garett (1983) and Bordois /) \L
et al. (2016) point out that the stratification peak acts as a waveguide for the propagation o I"g’ i d \‘ reaot
The mixing and advection induced by Ik results in a change in temperature structure Di ne
throughout the water column. In surface waters, Smith et al. (2016) report that I§ can induce Ba\—c&oXS 'l>0+
surface cooling varying between 1 °C and 5 °C depending on the ocean region. Koch-Larrouy yy H\ was
et al. (2007) and Nagai and Hibiya (2015) have shown, for the Indonesian region, that I’l} a l. (;L\,S CMJ
induces a surface cooling of -0.5 °C on average and that this decreases cloud convection in the Z- fmh\ﬂ )"” Mw{
atmosphere on a local scale, which in turn reduces precipitation by 20% and thus plays an b a ',‘{-_
important role on the climate on a regional scale. Furthermore, Jithin and Francis (2020)
showed that ITscan also affect the temperature in deep waters (> 1600 m), leading to a warming
of the order of 1-2 °C.
The barotropic tides dissipate most of their energy in shallow coastal waters by bottom Iﬂ
friction when the mean ocean depth becomes less than the amplitude of the tide (Lambeck and T 6
Runcorn, 1977; Le Provost and Lyard, 1997), and can thus modify temperature. Furthermore, conn g&‘éll\ e
Gonzalez-Haro et al. (2019) showed that barotropic and baroclinic tidal currents can induce

temperature fluctuations by horizontal advection of surface water masses over hundreds of ‘” g N .

and baroclinic) can also affect other tracers such as nutrients, chlorophyll and sediments @'\S‘ 1&4—/

(Heathershaw et al., 1987; da Silva et al., 2002; Sharples et al., 2007; Pomar et al., 2012; OQ{,Z&&\
Muacho et al., 2014; Tuarena et al., 2016; Barbot et al., 2022). j

kilometers, and thus contribute to modifying the SST. These two tidal processes (barotropic

Our study focuses on the oceanic region of northern Brazil off the Amazon River, where
IT;have been highlighted in previous studies, but their impact on the thermal structure is not

currently known. This region is characterized by a broad, shallow continental shelf at the mouth
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98  of the Amazon River ended by a steep slope, i.e., a bathymetry variation of 200-2000 m over

99  some tens of kilometers (Fig.1). Along this slope, six sites (A to F) of IT generation have been
100  identified (Fig.1), the most intense of which (A and B) are in the south of the region (Magalhaes
101  etal. 2016, Barbot et al. 2021 and Tchilibou et al. 2022). A strong seasonal coastal current, the
102 Brazilian North Current (NBC), strongly influences the study area and flows along the coast
103 from the southeast to the northwest (Johns et al., 1990).
104 This region shows a seasonal variation in the position of the winds and the Intertropical
105  Convergence Zone (ITCZ) during the year, which directly influences the discharge of the
106  Amazon River, the oceanic circulation (Xie and Carton, 2004), and therefore the stratification.
107  This impacts the activity of internal tidal waves (Barbot et al., 2021). Two seasons can be
108  clearly distinguished by their properties on water masses and currents.
109 The first season runs from March to July, during this time the ITCZ is in its most
110  equatorial position and lies in the heart of our region. The increase in rainfall over the ocean
111  leads to a colder and more homogeneous SST far from the coast. The discharge of the Amazon
112 River into the ocean reaches its peak (> 3x10° m*.s™!) and the surface temperature in the coastal
113 zone, although homogeneous, is warmer than offshore. At the end of this season, driven by the
114 strong river discharge, the Amazon plume along the shelf extends beyond 8°N, and sometimes
115  into the Caribbean region (Miiller-Karger et al., 1989; Johns et al., 1998).\-1%16 stratiﬁ?a‘&)}n is
116  somewhat stronger and more homogeneous horizontally, and the maximum of its vertical
117 gradierg(-pyeﬂeel-i-&é} is closer to the surface. This latter, pomtslm to a stronger convers&n of
118  energy f;\oanyln l?e?/ rotropic 't0 ‘t?a{\r%leimc} and a stronger local (first 50 km issipation of internal
119  tidal wave energy (Barbot et al., 2021; Tchilibou et al., 2022). NBC and eddy kinetic energy
120  (EKE) are weak in the region (Aguedjou et al., 2019). Close to the equator, the NBC develops
121  aretroflection towards 1°N latitude that feeds the Equatorial Under-Current (EUC) transporting
122 water masses eastwards to the Gulf of Guinea (Didden and Schott, 1993, Dimoune at al., 2022).
123 Contrasting with this first season, due to different oceanic and atmospheric conditions,
124 the second season extends from August to December. During this season, the ITCZ migrates
125  to its northernmost position around 10°N. In response, rainfall in this area decreases and the
126  Amazon River discharge also decreases to its minimum (~ 10° m3.s™!), the extension of the river
127  plume is therefore reduced to no more than 200-300 km offshore from the mouth of the
128  Amazon between November and December (Johns et al., 1998, Garzoli et al., 2003). During
129  this season, cold water (< 27.6 °C) associated with the western extension of the Atlantic cold-

130  water tongue (ACT) enters the region from the south and runs along the edge of the continental
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131  shelf to about 3°N (Lentz and Limeburner, 1995; Neto et al., 2014), forming a cold cell often
132 referenced as a seasonal upwelling. The stratification of the study area is strongly modified
133 compared to the previous season. The pycnocline becomes somewhat deeper. The generation
134 of IT on the slope and their local dissipation are weaker compared to the first season (Barbot
135 et al,, 2021; Tchilibou et al., 2022). Currents and eddy activity become stronger. The NBC
136 becomes stronger, farther from the coast and deeper, it develops a retroflection (NBCR)
137  between 5°-8° N that feeds the North Equatorial Counter-Current (NECC) transporting the
138  water masses towards the east of the tropical Atlantic. This generates very large anticyclonic
139  eddies (NBC Rings) exceeding 450 km in diameter (Didden and Schott, 1993; Richardson et
140  al., 1994; Garzoli et al., 2004), which in turn transport water masses towards the Northern
141  Hemisphere (Bourlés et al., 1999a; Johns et al., 1998; Schott et al., 2003). In addition, there are
142 more cyclonic/anticyclonic eddies from the Gulf of Guinea during this season. All this
143 contributes to the strengthening of the EKE, which reaches its maximum in this season
144 (Aguedjou et al., 2019). When the baroclinic tidal flow interacts with the general circulation,
145  itis deviated from its trajectory, thus we have a so-called incoherent baroclinic tide (Buijsman
146 et al., 2017). This IT-circulation interaction is thus reinforced during this second season
147  because of the more intensified currents and eddy activity (Tchilibou et al., 2022).

148 On the Brazilian continental shelf, Geyer et al. (1996) suggests the presence of internal
149  tidal waves from current data. Later, Lentini et al. (2016) based on SAR imagery, shows small-
150  wavelength (~ 10 km) internal solitary wavee (ISW) packets propagating along and across the
151  continental shelf, and generated by linear non-hydrostatic interactions between the NBC and
152  barotropic tidal currents. Using a model, Molinas et al. (2020) show that baroclinic tidal
153  currents play an important role on sediment transport on this continental shelf. On a global
154  scale, several studies from altimetry observations (Zhao et al., 2012, 2016; Zaron et al., 2017,
155  2019) or models (Munk and Wunsch, 1998; Shriver et al., 2012; Arbic et al., 2012; Niwa and
156  Hibiya, 2011, 2014; Buijsman et al. 2016) have shown intensm@ong the steep
157 slope of the continental shelf At the surface, using Sﬁ_R 1magery, Jackson (2007) an
158  Magalhaes et al. (20/%) descrlb ‘13(;1germ ;:\;zele;e IS.\aN (~ 50 l150 km) tl:‘z;)t pr&)?g;t?
159  offshore from the slope. The latter emphasizes the modulation of their propagation by the
160  seasonal variation of the NECC, and from a model, establishes that these ISWs originate from
161 instabilities and energy loss of IT coming from the slope, mainly at sites A and B. Recently, de
162  Macedo et al. (2023) provided a somewhat more comprehensive description of the seasonal

163 characteristics of these ISW; with the predominant origin remaining at sites A and B. Barbot
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164  etal. (2021) focused on the influence of stratification on the IT generation on the shelf as well

165 as their propagation offshore. Finally, also in seasonal scale, Tchilibou et al. (2022) looked at

166  the variation of the energy associated with IT from their generation to their dissipation, as well

167 as the interaction of these waves with the general circulation. However, the interactions

168  between IT and tracers such as temperature, salinity or chlorophyll have not received much

169 interest from the scientific community in this region.

170 Hydrodynamic and biogeochemical conditions on the shelf and off the mouth of the

171  Amazon were studied during the AMASSEDS campaigns in the early 1990s (DeMaster and

172 Pope, 1996; Nittouer and DeMaster, 1996) and the various “Camadas Finas” campaigns

173 (Araujo et al., 2017, 2021). Furthermore, using data from the two REVIZEE campaigns and

174  TMI-SST satellite data, Neto et al. (2014) studied the seasonal cooling of surface waters, which

175  occurs between the months of July and December. They conclude that the NBC is responsible

176  for the upwelling of cold-water masses (< 27.5 °C) to the more superficial layers. Subsequently,

177  Araujo et al. (2016), using in addition a realistic model, suggest that the tide would have a key

178  role to play in intensifying this cooling. Indeed, through twin simulations with and without tide;
179  they show that with tidg there is a -0.3 °C cooling of the surface temperature. These analyses

180  remain qualitative and de-net-allow determingg-wha he-processes at work. Knowing that

181  we are in an area with acsat‘r}(?ng‘gctivity
182  and by what processes these I'l;;guﬂtructure the temperature both at the surface and inside th - %

183  water column. (/‘Q, i W | l g‘*o/lo M,CZL\&\ K 4! S O’A‘} \

184 In order to answer the aboVve questions, we used a high-resolution model (1/36°) and a 5&00'\. {’ Me
185  satellite SST product, with the aim of highlighting the impact of IT on the temperature structure

, the question remains whether

186  and associated processes. These observations, our modeling, as well as the methods used are
187  described in section II. The validation of some barotropic and baroclinic tide’s characteristics
188  as well as SST are present, in section III. The impacts of IT on the temperature structure, the
189  influence on heat exchange at the interface between the atmosphere and the ocean, and finally
190  the processes involved, are analyzed in section IV. Summary and discussions of the obtained
191  results are presented in a last section.

192

193 II. Data and Methods

194  IL.1. Satellite Data used: TMI SST
195 This dataset derived from Tropical Rainfall Measurement Mission (TRMM), which

196  performs measurements using onboard TRMM Microwave Imager (TMI). The microwaves

6
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197  can penetrate clouds and are therefore very important for data acquisition in low latitude
198  regions, cloudy covered during long periods of raining seasons. We use Remote Sensing
199  Systems (RSS) TMI data products v7.1, which is the latest version of TMI SST. It contains a
200  daily mean of SST with a 0.25°x0.25° grid resolution (~ 25 km). This SST is obtained by inter-
201  calibration of TMI data with other microwave radiometers. The TMI SST full‘ description and

202  inter-calibration algorithml,g detailed in Wentz et al. (2015).

eré
203  IL.2. Model: AMAZON36 configuration

204 The numerical model used in this study is the Nucleus for European Modelling of the
205  Ocean (NEMOv4.0.2, Madec et al., 2019). The “4AMAZON36" model configuration covers the
206  western tropical Atlantic region with a 1/36° horizontal grid, from the Amazon River mouth to
207  the open ocean. Several configurations with same grid resolutign, but for the former
208 NEMOV3.6 (Madec, 2014), exists for the same region, but either includes Caribbean Sea
209  (Hernandez et al., 2016), or are not far extended to the east even used for tides study (Ruault
210 etal, 2020), The present configuration is widef, to captuzs, on their nghways, all the internal
211  tide gcgﬂglf;ﬁgcgom the Brazilian shelf. Henc'g,rtl\leaaggain lies betweén 54.7°W-35.3°W and
212 5.%—13"61'\1—.(&152%). I;tontrast with former configurations, we do not use multiple nested grids
213 here, but a single grid. The vertical grid comprises 75 vertically fixed z-coordinates level§,| finer
214 grid refinement close to the surface with 23 levels in the 100 m, and cell thickness %é%\higg
215 160 m when approaching the bottom. Both horizontal and vertical grid resolutions are therefore

216 —aeeeptabl@to resolve low-mode internal tides and were already used for that purpose (Tchilibou

enoc
217 'efal, 20553
218 A third order upstream biased scheme (UP3) with built-in diffusion is used for

219  momentum advection, while tracer advection relies on a 2" order Flux Corrected Transport
220  (FCT) scheme. A Laplacian isopycnal diffusion with a constant coefficient of 20 m2.s™" is used
221  for tracers. The temporal integration is achieved thanks to a leapfrog scheme combined with
222 an Asselin filter to damp numerical modes (baroclinic time step is 150 s). The &—& turbulent

223 closure scheme is used for the vertical diffusion coefficients. Bottom friction is quadratic with

\e AQ é_&l a bottom drag coefficient of 2.5x1073, while lateral wall free-slip boundary conditions are

22 time splitting technique is used to resolve the free surface, with the barotropic part
226  of the dynamical equations integrated explicitly.

227 We use the General Bathymetric Chart of the Oceans (GEBCO, 2020) interpolated onto
228  the model horizontal grid, with the minimal depth equal to 12.8 m. The ocean model is forced

229 by the ERA-5 atmospheric reanalysis (Hersbach et al., 2020). The river discharges are based

7
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230  on monthly means from hydrology simulation of ISBA model (Interaction Sol-Biosphére-

231  Atmospheére, see description in ISBA - National Centre for Meteorological Research), and are

232 prescribed as surface mass sources with null salinity, and we use a multiplicative factor of 90%
233 based on a comparison with the HYBAM interapnual, timesgsies (HYBAM, 2018). The model
234 is forced at its open boundaries by the ﬁfteen\’n-;zg‘gr h]%ggf;e&ng?i% g)nstituents M2, S2,
235  N2,K2,2N2,MU2,NU2,L2,T2,K1,01,Q1,P1, S1, and M4) and barotropic currents derived
236  from FES2014 atlas (Lyard et al., 2021). At the open boundaries, we prescribe MERCATOR-
237  GLORYSI2 vl (Lellouche et al., 2018) for temperature, salinity, sea level, current velocity and
238  derived baroclinic velocity.

239 The simulation was initialized on the 1st of January 2005, and ran for 10 years until
240  2015. In this study, we use model outputs from 2013 to 2015. Indeed, the model has reached
241  an equilibrium in terms of seasonal cycle after 2 years<2005-20067 of run. The same model
242 configuration without the tides is used to highlight the influence of tides and IT on the
243  temperature structure. To assess the realism of the model, we perform validation of various
244  state variables used in this study such as the current's circulation, temperature, salinity,

245  stratification as well as the barotropic and baroclinic tide properties.

246  11.3. Methods

247  1L.3.1. Barotropic/baroclinic tide separation and tide energy budget

248 We follow Kelly et al. (2010) snethed.to separate barotropic and baroclinic tide
249  constituents: pressure, currents and energy flux. No modal separation is done, then tidal
250  constituents obtained encompass the energy of all propagation’s modes. Note that the
251  barotropic/baroclinic tide separation is performed directly by the model for better accuracy,
252 m it has the disadvantage of being very costly in terms of computing time.
253 We therefore analyze only for one year (2015) the M2 frequency, since M2 is the major tidal
254  constituent in this region, representing ~ 70% of the tidal energy (Beardsley et al., 1995;
255  Gabioux et al., 2005 and Tchilibou et al., 2022).

256 . The barotropic and baroclinic tide energy budget equations are obtained by ignoring as
257 /the' first-order approximation the energy tendency, the nonlinear advection and the forcing
258  terms (Wang et al., 2016). Then, the remaining equations are reduced to the balance between
259  the divergence of the energy flux, the dissipatior}and the energy conversion from barotropic to
260  baroclinic (Buijsman et al., 2017; Tchilibou et al., 2018, 2020, 2022; Jithin and Francis, 2020
261 ; Peng et al., 2021) :

262 Dot + Vi Fpe + CVR =~ 0 (Wami?), €))
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263 Doc+ Vi - Foc = CVR = 0 M @)

264 bt and bc indicate the barotropic and baroclinic terms, D is the depth-integrated energy
265  dissipation, which can be understood as a proxy of the real dissipation since D may encompass

266  the energy loss of other tidal harmonics, non-linear terms and/or numerical dissipation (see
267  Nugruho et al., 2018), /n - Frepresents the divergence of the depth-integrated energy flux,

268  whilst CVR is the depth-integrated barotropic-to-baroclinic energy conversion, i.e. the amount
269  of incoming barotropic energy which is converted into internal tides energy over the steep

270  topography, with :

271 CVR =( VH -U,.P,. ) 3)
n

272 Fbt:fH<Ubtht> d, (4
n

273 Fbc:fH<ch Pbc) dz (5)

274  where the angle bracket denotes the average over tidal period, /H is the slope of the bathymetry,
275 Uy, is the barotropic current and Py, is the baroclinic pressure perturbation both at the bottom,
276  H is the bottom depth, 7 the surface elevation, U(u, v) is the horizontal velocity, P is the
277  pressure, then F is the energy flux and allows the propagation pathways of the given tide to be

278  highlighted.

279  11.3.2. 3-D heat budget equation for temperature

280 The three-dimensional temperature budget was computed online and further analyzed.
281 It is the balance between the total temperature trend and the sum of the temperature advection,
282  diffusion and solar radiative and non-solar radiative fluxes (e.g.: Jouanno et al., 2011;

283  Hernandez at al., 2017):

284 9,T = —ud,T —vd,T —wd,T — d,(Kz0,T) + LDFy + FOR; + Numdif M (6)
285

ADV ZDF
286 W /Where Tis the model potential temperature, /u, v, w/are thespaee-dimensterat velocity
287  components, ADVis the 3-D temperature advection (left to right: zonal, meridional and vertical
288  terms), ZDF is the vertical diffusion, LDFris the lateral diffusion, FOR; is the tendency of
289  temperature due to penetrative solar radiation and has a vertical decaying structure. At the air-
290  seainterface, the temperature flux is equal to the non-solar heat flux (sum of the latent, sensible

291  and net infrared fluxes). FOR, can modify temperature in the thin surface layer but will not be
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292 shown in the following. Numdiff corresponds to the-swm-ef the numerical diffusion for the
293  temperature. In this study, we assume that this last term is of second order and is not highlighted

294  here.

295  1I1.3.3. The atmosphere—ocean net heat flux
296 The atmosphere—ocean net heat flux (Qt) reflects the balance of incoming and outgoing
297  heat fluxes across the atmosphere-ocean interface (e.g.: Moisan and Niiler, 1998; Jayakrishnan

298  and Babu, 2013), it is defined as follows:

299 Qc=Qsw + Quw + Qsit + Qui /mm" 7

300  with from left to right: the incident solar radiative flux (Qsw), the net infrared radiative flux
301  (Qww), the incoming/outgoing sensible heat flux (Q@s#) which depends on the temperature
302  difference between the atmosphere and the ocean surface, and the incoming/outgoing latent
303  heat flux (Qr#) which depends on the specific humidity difference between the atmosphere and
304  the ocean surface. All these four components of the=Qt influence the variation of the ocean
305  surface temperature (SST). The last two components (Qs# and Qrx) have in addition a direct
306  dependence relationship with the SST. Since IT can change the SST, we are therefore interested

307  in knowing how it affects the net heat flux at the atmosphere-ocean interface.

308 III. Model validation

309 In this subsection we present for the M2 harmonic the barotropic and baroclinic tidal
310  characteristics of the model for the year 2015, and the SST for the whole period from 2013 to
311 2015, and we verify that they agree with the different observations.

312 IIL.1. M2 Tides in the model

313 The barotrgpic SSH (Fig.2b) of the model is compared with FES2014 (Lyard et al.
314 2021) (Fig.Za%Vt\here is good agreement in terms of both amplitude and phase. Nevertheless,
315  near the coast, some differences are observed in terms of amplitude. The SSH of the model is
316  lower (~ +50 m) north of the mouth of the Amazon. However, inland and on the southern part
317  of the mouth, the model overestimates the amplitude (~ +20 m and ~ +40 m respectively). This
318 isin terms of order of magnitude like the biases in the Ruault et al. (2020) configuration that
319  they compared to the FES2012 product (Carrére et al., 2012) over the same region. Along the
320  steep slope of the bathymetry (see Fig.1), a portion of the incident barotropic tidal energy (black
321 arrows Fig.2c and Fig.2d, for FES2014 and the model, respectively) in the presence of

322 stratification is converted to baroclinic tidal energy. We compared the depth-integrated

Ds ay/ Fgux—e,s b erdor of relorence.
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323 barotropic-to-baroclinic energy conversion rate (CVR) between the model (Fig.2d) and
324  FES2014 (Fig.2c). The model does reproduce the same conversion patterns of FES2014 but
325  can underestimate the CVR by about 0%. i{\ae bathymetry resolution plays a critical role in
326  CVR (Niwa and Hibiya, 2011), -t-hen thedifference in bathymetry resolution between the model
327  (~3 km)and FES2014 (~ 1.5 km) could therefore explains t»he.-t difference in CVR.

328 The critical slope for the M2 harmonic on the slope is greater than 1.2 (not shown),
329 con:equently, the baraclinictides(internal tidal wavesy thus generated will therefore propagate
330 in the opposite direction to the barotropic tides, i.e., from the slope to the open ocean. The
331  baroclinic tidal flux of the model (black arrows in Fig.2e) highlights the existence of six main
332 sites of IT generation on the continental slope, two of which are more important (A and B), as
333 shown by Maghalaes et al. (2016), Barbot et al. (2021) and Tchilibou et al. (2022). From these
334  two majn sites, the flow propagates offshore for nearly 1000 km. On its propagation path, the
335 barochmcaL ﬁdem. We compared this signature %r-ﬂ:‘n::):iel (Fig.2h)
336 with an estimate deduce L_ﬁ from the altLr_neter ;racls;\ produced y Zaﬁml (2019) (F1g 2g) es“rw 6?’ ©
337  The model is in good agreement with the altimetry observatlons w1th an ove stlmatlon of the
338  order of ~ +1.5 cm on the SSH maxima. It is important to note that the baroclinic SSH ofethre= oo
339  model is an average over the year 2015, whilst the-observations are an average over about 20
340  years. This longer period may smooth the am 11tude of the sign: obtamed from the altimetry
341 olﬁ:‘watrc})ngl%o tmlhty con amgi j the tv% a\s/‘grnageos?-ls not the same, and this may
342  explain some differences in the positioning and amplitude of the maxima.

343 Figure 2f shows the full depth-integrated internal tidal energy dissipation for the model.

344  The estimated local dissipation of this energy is defined as follows:
345 P = (Dy/CVR) *100 (8)

346 The local dissipation is then integrated at the embankment level in boxes A1, A2 and B
347  (Fig.2f, see coordinates in Table-2 in Tchilibou et al. 2022) and provides information that a
348  significant part of the energy is dissipated locally in the different boxes, i.e., about 30% (not
349  shown). The local dissipation at the generation sites is thus in good agreement with Tchilibou
350 et al. (2022). The remaining energy is exported offshore and dissipates along the propagation
351  path. This dissipation is more extensive offshore along path A, ~ 500 km from the slope, with
352 two patterns spaced approximately 120 km apart corresponding to propagation mode-1, and
353  less extensive offshore along path B, ~ 100-200 km from the slope (Fig.2f).

wh dissipafon in  Tia. QAL posithe o
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We have presented here only the dissipation for the M2 harmonic, but in the rest of the
paper, we will analyze the temperature fields on a seasonal scale and by this fact, the effect of

all the tidal harmonics on the temperature are considered.

II1.2. SST Validation

Figure 3 shows the mean SST from TMI SST, tidal simulation and non-tidal simulation
over the entire 2013-2015 period. The mean SST of the tidal simulation (Fig.3b) reproduces
well spatially the TMI SST observations (Fig.3a) both for cooling on the shelf around 47.5°W
and to the southeast between 40°W—-35°W and 2°S—2°N, which is almost absent for the non-
tidal simulation (Fig.3c). To the northeast, between 50°W—-54°W and 3°N—8°N in the Amazon

the SST of the tidal simulation is about k1 °C cooler than TIM SST. Such a difference is very

plume, the SST of the non-tidal simula&n is in better agreement with the observations, while
similar to what is obtained by other models in the same region (Hernandez et al., 2016, 2017,
Gévaudan et al., 2022). The seasonal cycle of the SST of the three products for the three years
2013-2015 (Fig.3d) is obtained by interpolating the SST of both simulations on the TMI SST
grid and averaging in the dashed boxes around the IT generation areas (Fig.3a, b, and c¢) with
the shelf being masked over the 200 m isobath. The tidal and non-tidal simulations of the model
reproduce well both the seasonal cycle and the standard deviation of the observations, with a
low RMSE of approximately 102 °C between each simulation and TMI SST (Fig.3d), which
indicates the good quality of our model simulations. Nevertheless, over the seasonal cycle, it
appears that between January-April and July-December, the tidal simulation is closer to the

observations, while the non-tidal simulation seems slightly warmer than the observations; and

in May-June, both simulations are colder than TMI SST (Fig.3d).

IV. Results

In this section, we will present the influence of IT on the SST, the associated processes,
and the impact on the net atmosphere-ocean heat flux from the model’s tidal and non-tidal
simulations. The analyses were performed on a seasonal scale between April-May-June (AMJ)

and August-September-October (ASO) for the three years 2013-2015.

IV.1. Tide-enhanced surface cooling

Beginning in July, a tongue of cold water (< 27 °C) begins to form to the southeast and
enters the central part of the plateau in August and remains there until October. Figure 3e-g
show the SST, averaged over the ASO season. The tidal simulation (Fig.3f) shows that the

upwelling cell, represented by the extension of the 27.2 °C isotherm along the slope to about ~
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49°W-3°N, extends further north than in the non-tidal simulation (Fig.3g, 45°W—0°N) whic

h
is in better agreement with the TMI SST observations over the same period (Fig.3e5 =) 4’
The general impact of the tide, illustrated by showing the differerice in SST between

the tidal and the non-tidal simulations in both seasons (Fig.4c-d, respectively for AMJ a

IV.2. Impact 1?; the Atmosphere—Ocean Net heat flux £Qr) &

Associated with the cooling of the SST, theAide indlylcx Qt anomalies whose spatial
structure is very similar to the SST. Indeed, the difference in Qt is essentially positive over the
whole domain during the AMJ season (Fig.4a) with average maximum values around 25 W.m™2
in the plume and the Amazon retroflection to the northeast and along A and B. During the ASO
season, there is as for the temperature at the mouth of the Amazon an inverse anomaly of -25
W.m™ z (Fig.4b). In each season, the spatial structure of the Qt difference almost perfectly
matches that of the SST difference. Knowing that the atmosphere and the underlying ocean are
in a certain equilibrium, the cooling of the SST by the water masses arriving at the surface will
disturb this balance. In response, a consequent variation of the net heat flux from the
atmosphere to the ocean‘ will try to restore the balance. As shown by the very strong and
significant negative correlation between the difference in Qt and the difference in SST. For the
AM] season, we have a negative correlation of -0.97 with a significance of R =0.95, and about
the same as for the ASO season with -0.98 and 0.96 respectively for negative correlation and
its significance (Fig.9f). ch, don /lL l«\ave, o F‘l g- QF i

The integral over the entire domain of the net heat flux for each season and for each
simulation (Fig.4e) shows that during the AMJ season,%Qt increases from 23.85 TW for the
non-tidal simulation to 35.7 TW for the tidal simulation, an increase of +33.2 %, two times
greater than that found (15 %) by Tchilibou et al. (2020) in Solomon Sea. Thus, the tide and IT
are responsible for a third of the variation in net atmosphere-ocean heat flux during this season.
While during the second ASO season, there is a smaller increase in Qt of +7.4%, i.e., a variation

from 73.03 TW to 78.83 TW between the non-tidal and tidal simulations.
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418 We also note the considerable difference in integrated Qt between seasons. We start
419  from values below 36 TW in the AMJ season to values above 73 TW in the ASO season, i.e.,
420  a multiplication by a factor of at least order 2. These larger values could probably be related
421  with the appearance of the upwelling cell described above, knowing that cooler SSTginduce
422 stronger Qt.

423 IV.3. Vertical structure of the Temperature along A
424 To further analyze the temperature changes between both simulations, we made vertical
425  sections following the path of IT emanating from sites A and B (blue and red line in Figure 2¢

426  respectively). We will show only the results following path A, but the results are similar for

427  path B. Your M)yﬁ,ﬂ ﬂp C'-olo{ wa‘;a- Lee

428 Figure 5 shows vertical sections of temperature for the two [seasons following A. For ( »\
429  the AMIJ season, over the slope and near the coast, cold water (< 27.6 °C) remains below the ﬁ 2
430  surface at ~ 20 m for the tidal simulation (Fig.5a) and deeper at ~ 60 m for the non-tidal M 9’

431  simulation (not shown), it then rises to the surface more than 400 km offshore for both ok J 9? (
432  simulations. Although at the surface the difference in SST between the two simulations (tide -
433 no-tide) is relatively small (~ -0.3 °C, Fig.4c), because the SST is damped by the heat fluxes,
434  further down the water column, this difference becomes much larger (> £ 1.2 °C, Fig.5c).

35 Above the thermocline (< 120 m, cyan and yellow lines in Fig.5¢), the simulation with the tides

uJ/ l? "' 436 is colder by +1.2 °C from the slope where the IT are generated to the open ocean following their 1 -CW
) <
- 437  propagation path. Conversely, below the thermocline, the tidal simulation is warmer by +1.2
438  °Cup to ~ 300 m along the same propagation path. During this AMJ season, the dl/

"
worm™er ‘7)/ *’-20’439 (~ 100 m £ 15 m, thick dashed black line, Fig.5a) and the mixing layer (~ 40 m + 20 m, thick {‘ WCZS
440  dashed white line, Fig.5a) have a very weak slope between the coast and the open ocean. ‘
441  Furthermore, the difference in isodensity depths between the two simulations is small (not
442 shown), as are the depths of the thermocline (~ 10 m, Fig.5¢) and the mixing layer (not shown),
443 although these different depths are closer to the surface for the tidal simulation (not shown).
444 Over the whole domain (not shown), the thermocline is deeper by 15 m on average in the non-
tidal simulation, following the propagation paths of the IT energy flow, on the Amazon shelf

and plume. While the mixing layer in the non-tidal simulation is deeper by an average of 13 m

over the shelf, 4 m on average along the IT propagation paths and close to zero in the Amazon

plume.
(/ 449 During the ASO season, cold waters (< 27.6 °C) previously confined below the surface

during the preV10us season (AM]J) then rise to the surface. These cold waters extend over the
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slope and up to about 150 km offshore in the non-tidal simulation (not shown) and up to 250
km offshore in the tidal simulation (Fig.5b). The isotherm 27.2 °C reaches the surface above
the slope in the tidal simulation but remains below the surface (~ 30 m) in the non-tidal
simulation (not shown). At the surface and in the surface layers, the temperature in the presence
of the tide and IT is therefore cooler. The temperature difference between the two simulations
in the ASO season (Fig.5d) is smaller (< 0.4 °C) in the surface layers (< 40 m) near the coast
compared to the AMJ season (Fig.5c¢). In contrast, during the ASO season, this cooling reaches
the surface and results in a colder SST (-0.3 °C) (Fig.4d) along A. The strongest cooling (~ -
1.2 °C) is deeper between 60 and 140 m depth. Below the thermocline, warming (+1.2 °C) is
also present, but extends slightly less (~ 650 km) offshore (Fig.5d) compared to the AMJ season
(~ 1000 km, Fig.5c). During this ASO season, the coastward slope of the thermocline and
mixing layer becomes somewhat steeper compared to the other season. In both simulations,
there is a dip of ~ 80 m (~60 m offshore and ~140 m inshore) and ~40 m (~30 m offshore and
~70 m inshore), respectively for the thermocline (thick dashed black line, Fig.5b) and the
mixing layer (thick dashed white line, Fig.5b). Over the entire domain (not shown) between
the two simulations (tide - no-tide), the tide deepens the thermocline depth by +6 m on the shelf
and +12 m at the plume and along the propagation path of A. As for the mixing layer, which is
deeper in the tidal run by 12 m along the shelf and along the propagation path of A.

Between the two seasons, there is also a change in the vertical density gradient between
the coast and the open sea. In the simulation with tide (Fig.5a) and without tide (not shown),
during the AMJ season, a strong vertical density gradient is present near the coast and decreases
towards the open sea. In contrast, during the second ASO season, the vertical density gradient
is weaker inshore than offshore. This clearly highlights a seasonality in the vertical density
gradient profile in agreement with Tchilibou et al. (2022). The transect of the temperature
differences between the two simulations (Fig.5c-d) show that IT (and probably the tide) can
influence the temperature in the ocean from the surface to the bottom, with a greater effect on
the first 300 meters. One question we address in this paper is to better understand what

processes are at work that explain these temperature changes.

IV 4. Processes involved modifying the temperature
To explain the observed surface and water column temperature changes, we calculated
the trend terms of the temperature evolution equation (see Section I1.3.2, Equation 6) for both

seasons (AMJ and ASO) also averaged over the three years from 2013 to 2015.
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483  IV.4.1. Vertical diffusion of Temperature

484 Figure 6 shows the vertical temperature diffusion term (ZDF) for both seasons AMJ
485  (left panel) and ASO (right panel). The ZDF is averaged between 2—20 m, i.e., within the
486  mixing layer depth range. For the AMJ season, the ZDF of the tidal simulation (Fig.6a) shows
487  a negative trend (cooling) in the whole domain, which is maximum on the continental slope
488  where the IT are generated and on their propagation path (< - 0.4 °C.day™!), with larger
489  horizontal extent along A (~700 km from the coasts) compared to B (~300 km from the coasts).
490  Over the rest of the domain, it remains very low (> - 0.1 °C.day ). For the non-tidal simulation
491  (Fig.6c), the ZDF is very weak (> - 0.1 °C.day ') over the entire domain, demonstrating that
492  internal tidal waves would be the main driver of the vertical temperature diffusion in this region
493 So\urin%ihiwfﬁgn.jgg ; cs}sso?i ASO seéson, the tidal simul'ation (Fig.6?) shows a decrez‘ise
494 ~ ofthe ZDF along the coast and a strengthening offshore following A, but with the same cooling
495  trend (<-0.4 °C.day<‘), Whil% along B, it becomes almost closed to zero, both at the coast and
496  offshore (Fig.6b). In additiocil, t}?ic'vm)e/soo‘;cafgs%’irc‘:\l\ﬁ}giorz intensifies during this season.

497  Therefore, to the northeast, approximately between 4°N—8°N, and 47°W-53°W, there is a

498  cooling on the shelf (~ +0.3 °C.day') with NBCR-like patterns, both in the tidal simulation u\

. . . . . . ) . ;g,,byy\ Ce_
499  (Fig.6b) and in the non-tidal simulation (Fig.6d). Coosn L qo )Q W ov'k }_\ e
500 On the vertical following A, we notice an inter-thermocline vertical profile for the

501  simulation with tide in the two seasons AMJ and ASO (respectively Fig.6e and 6f), with a
502  cooling tendency (< -0.4 °C.day ') above the thermocline and a warming (> +0.4 °C.day ")
503  below the thermocline, with an average vertical extension of ~ 350 m depth for the maximum
504  values, but which exceeds 500 m depth for the low values (< +0.1 °C.day ). Over the slope,
505  we see, as for the horizontal averages, this weakening of the ZDF between the AMJ (Fig.6e)
506 and ASO (Fig.6f) seasons and the strengthening offshore. On the other hand, on the vertical,
507  we observe towards the open sea (> 200 km) that the ZDF maxima seem to be discontinuous
508 and spaced of about 120-150 km during the AMJ season (Fig.6e), while we have a more
509  continuous diffusion for the ASO season (Fig.6f). This is consistent with the ZDF vertical
510  averages (Fig.6a-b). For the non-tidal simulation, the vertical temperature diffusion tends
511  towards 0 °C.day-' within the water column but remains quite large (> -0.2 °C.day™") in the
512 thin surface layer (Fig.6g-h).

513 During the AMJ season, the ITCZ is close to the equator and thus the trade Winds have
514  their maximum intensity in the heart of the domain, while they migrate northward for the ASO

515  season. As a result, more wind-generated diapycnal mixing is expected in the domain during
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516  the AMJ season compared to the ASO season. But the average value of the ZDF (~ -0.2
517  °C.day™) is the same between the two seasons and for both simulations (not shown) over most
518  of the domain (except for the areas of the NBC backscatter for both simulations, on IT’s
519  generation sites and on their propagation path for the tidal simulation). This implies that the
520  ability of the wind to generate diapycnal mixing in the underlying ocean surface layer could be
521  limited by various oceanic processes in this region or is not well considered in the model.

522 Furthermore, it is important to note that along the IT propagation’s pathway, the
523  maximum of the ZDF follows the maxima of the baroclinic tidal energy dissipation (Fig.2f).
524  Thus, the dissipation of IT generated on the continental slope generates vertical mixing that
525  enhances the cooling observed at the surface along the coast. In addition, this temperature
526  diffusion contributes to greater subsurface cooling, and warming in the deeper layers beneath
527  the thermocline.

528 In section IV.3 the seasonality of the vertical gradient of stratification was highlighted,
529  which is stronger at the coast relative to the open ocean during the AMJ season, and reverses
530  during the ASO season to become stronger offshore relative to the coast. This could explain
531  why the ZDF is stronger along the slope and along the near-coastal pathway B during the AMJ
532  season (Fig.6a), while it is weaker along the slope and close’{ to zero following B during the
533  ASO season (Fig.6b). The vertical gradient of density (and thus stratification) over the slope
534  influences the generation of IT, by controlling the propagation mode of the IT that are generated
535  (e.g.: Tchilibou et al., 2020 and Barbot et al., 2021). We show here that this vertical gradient
536  also plays on the fate of these IT, in this case on their dissipation. The vertical gradient of the
537  stratification thus determines where the internal tidal waves dissipate their energy in the water

538  column.

539 1V.4.2. Vertical advection of Temperature

540 The vertical temperature advection (z—ADV) averaged between 2—20 m is almost zero
541 inthese surface layers throughout the region (Fig.7a, b, ¢, and d). For both seasons, some weak
542  extreme values are in the northwest on the plateau between 54°W-50°W and 3°N-3°N) and
543  are of the same intensity between the two simulations. With a slight intensification when
544  moving to the ASO season (~ -0.3 °C.day"). The z—ADV is zero at the IT generation sites and
545  along their propagation pathways, so the almost zero difference between the two simulations
546  for each season shows that the IT and barotropic tide do not generate vertical temperature
547  advection within these ocean surface layers. The z—ADV does not contribute to the temperature

548 change in the surface layers of the ocean, and therefore does not influence the cooling observed
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549  from the surface on the SST. On the other hand, deeper, under the mixed layer and close to the
550  thermocline, the z—ADYV structure is more marked.

551 Vertical sections following A (Fig.7e, f, g and h) show an intensification of z—ADV
552 below the mixing layer and near the thermocline between 80 and 200 m (~ = 0.8 °C.day ).
553  During the AMIJ season, over the vertical, the z—ADV appears to be rather dominated by a
554 cooling trend. The tidal simulation (Fig.7¢) shows a cooling trend (~ -0.8 °C.day™!), on the
555  slope where the IT are generated, with an average vertical extension from ~ 20 to 200 m depth.
556  Then offshore, two cooling hotspots (~ -0.8 °S£fly‘1 followed by a weaker one (~ -0.3
557  °C.day) spaced about 120—150 km apartmﬁsd by two warming zones, respectively ~
558  +0.6 °C.day ' and ~ +0.3 °C.day! from the coast. For the non-tidal simulation (Fig.7g), the z—
559  ADV is much less intense with lower values (< + 0.3 °C.day ') near the coast until ~ 300 km
560  offshore, followed by a cooling hotspot (~ -0.8 °C.day!) between 300 km and 500 km. For
561  both simulations, the extreme values appear to be centered around the mean depth of the
562  thermocline (thick black outline) and do not cross the mixing layer depth (thick magenta
563  outline). They are on average located between 40 m and 200 m depth and follow the position
564  of the maximum vertical density gradient between isodensity anomalies 23.8-26.3 kg.m™.
565 For the ASO season, the simulation with tide (Fig.7f) still shows the same cooling
566 intensity on the slope, although deeper (~ 60 m and 250 m), as well as offshore with this time
567  the third cooling hotspot more intense (~ -0.8 °C.day ') than during the AMJ season (Fig.7¢).
568  The non-tidal simulation (Fig.7h) shows a less intense z—ADV (<+0.1 °C.day ') near the slope,
569 and a little stronger offshore (~ £0.3 °C.day ') between 300 and 600 km from the slope,
570  although less intense than the previous season.

571 As in the AMJ season, the extreme values of z—ADV follow the vertical density gradient
572 in both simulations. During the ASO season, the maximum of the vertical density gradient is
573  between 23.8 and 26.2 kg.m’jand is deeper at the coast and is closer to the surface offshore.
574  Thus, the extreme values of z-ADV are located a little deeper, between 80 and 300 m.
575  Furthermore, for the non-tidal simulation and during both seasons, the position relative to the
576  coast of the extreme values are shifted regarding those ones of the same polarity in the
577  corresponding tidal simulation, which means that the presence of the IT and the tides could
578  modify the intensity and patterns of the z—ADV produced by the other oceanic processes.

579 In addition, we averaged the z—ADV between deeper depths above the thermocline
580  depth (20—70 m) and below the thermocline (148—250 m) depth for all simulations and both
581  seasons (not shown). This allows to highlight the NBC’s pathway through the extreme values
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582  of the z—ADV close to the coast and its retroflection offshore to the northeast for both
583  simulations, but also the propagation of the IT from the coast to the open sea from the two main
584  sites A and B for the simulation with tide. Thus, we see that the IT and the general circulation
585  are the main drivers of the vertical temperature advection in the subsurface and deeper layers

586 in this region.

587 IV.4.3. Horizontal advection of temperature

588 Horizontal advection of temperature (h—ADV) is defined as the sum of the zonal (x—
589  ADV) and meridional (y—ADV) terms of temperature advection. The h—ADV is also averaged
590  between 2—70 m for each simulation during both seasons (Fig.8a, b, ¢ and d). As obtained with
591  z—ADV, horizontal advection of temperature tends to zero over the entire domain in the surface
592  layers for both seasons in both simulations, with some weak extreme values located in the
593  northwest on the plateau between 54°W—50°W and 3°N-3°N) that intensify during the ASO
594  season (~+0.2 °C.day ") (Fig.8b and d). Along the slope between sites A and B during the AMJ
595  season, the h—-ADV generates a small warming (~ +1 °C.day™") that is more pronounced in the
596 tidal simulation (Fig.8a) than in the non-tidal simulation (Fig.8c), and thus appears to be related
597  to the IT generated along the slope. On the other hand, the small difference between the two
598  simulations in the surface layers shows that the tidal processes (IT and barotropic tide) hardly
599  generate horizontal temperature advection. The low values observed here clearly show that the
600 h—ADV could not influence the cold-water tongue observed over the surface SST (Fig.3e-g)
601  during the ASO season.

602 Along the vertical following A, the h-ADV maxima remain essentially confined below
603  the mixing layer, with much more intense values in the tidal simulation compared to the non-
604  tidal simulation. The h—ADV contributes to both warming and cooling of the temperature (~
605  +0.4 °C.day!) from the slope to more than 500 km offshore, with an average vertical extension
606  between the surface and 400 m depth for the tidal simulation (Fig.8e and f) and a little less
607 extended between 20-300 m depth for the non-tidal simulation (Fig.8g and h) during both
608  seasons. The h—ADV xwhieh is low in the surface layers (2-20 m) but maximum in the
609  subsurface where the stratification is stronger. We also see for the tidal simulation in both
610  seasons a warming above the slope that reaches the surface with an intensity of about +0.4
611 °C.day (Fig.8e and f) but remains below the surface (~ 20 m) in the non-tidal simulation
612  (Fig.8g and h). This vertical excursion that is observed elsewhere for ZDF and z—ADV is a
613  marker of local dissipation of IT at their generation site on the slope, which clearly affects both

614  vertical diffusion and advection of the temperature. But we have almost null values along the
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615  slope when averaging h—-ADV or z—ADV between 2-20 m and much more strong values for
616 the ZDF (Fig.6a, b, c and d). This means that the IT’s energy loss is mostly transferred to the
617  turbulent scale (mixing). Furthermore, unlike the ZDF (Fig.6¢e) and z—ADV (Fig.7e and f), on
618  the vertical it is difficult to identify a wave structure characteristic of IT propagation in the h-

619 ADV.

620 V. Summary and Discussions

621 In this paper, the impact of internal tidal waves (IT) on temperature, off the Amazon,
622  especially on the surface and on net heat fluxes is explored through outputs of two twin oceanic
623  simulations (with and without tides) from a realistic model. The AMAZON36 configuration,
624  based on the 1/36° resolution NEMO model, can reproduce the generation of internal tides (IT),
625 i.e., the conversion of energy from barotropic to baroclinic tides, from two most energetic sites
626 A and B, in good agreement previous studies (Magalhaes et al., 2016 and Tchilibou et al.,
627  2022). As for dissipation, the model reproduces 30% local dissipation, the rest propagating
628  offshore from the different generation sites, the two main ones being A and B (Fig.2e). During
629  their propagation, the IT dissipate most of their energy after two beams of mode-1 reflection
630  (120-150 km), that is less than 300 km from the slope.

631 The analyses are based on data from three years (2013 to 2015), averaged over two
632  seasons, AMJ (April-May-June) and ASO (August-September-October) which are highly
633  contrasted in terms of stratification, circulation and EKE. During ASO, the cold waters (< 27.5
634  °C) of the Atlantic Cold Tongue (ACT) enter our domain along the coast, and are affected by
635  IT and tides, which leads to a cooler seasonal upwelling.

636 The impact of the tides on temperature was assessed by comparing our twin simulations
637  with and without tides for each season. For ASO and AMJ, the tides create a cooling of SST of
638  the order of ~ -0.3 °C in the plume of the Amazon offshore and along the paths of propagation
639 A and B of the internal tide. Concerning the Amazon shelf, the tides induce a warming (~ +0.3
640  °C) in ASO and a cooling (of ~ -0.3 °C) in AMJ. These cooler/warmer waters are responsible
641 in the same location for an increase/decrease in the net heat flux from the atmosphere to the
642  ocean, leading to an increase (Qt) of +33.2% in AMJ and of +7.4% in ASO between runs with
643  and without tides. In the subsurface, above the thermocline (<120 m), the IT and tides induce
644  a stronger cooling than on the surface of about ~ -1.2 °C and an associated warming of about
645  ~+1.2 °C under the thermocline (>120 m to 300 m).

646 By increasing the atmosphere to ocean net heat flux (Qt), the IT and tides might reduce

647  the cloud convection in the atmosphere, as we are in an intertropical convergence zone (ITCZ).
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648  Impact on overall atmospheric circulation and precipitation is expected to be significant, as
649  previously shown in other regions such as Indonesia (Tidal induced cooling of -0.3 °C can
650  reduce precipitation by -20%, see Koch-Larrouy et al., 2010).

651 Therefore, it becomes important to note that the interannual or even climatic scale
652  evolution of internal tidal waves activity must be considered to better understand the future
653  evolution of the global climate. Especially since thanks to the CanESMS5 global climate model,
654  Yadidya and Rao (2022) have just shown that in the Andaman Sea and Bay of Bengal, towards
655  the end of this century, for both optimistic and pessimistic SSP scenarios, the increase in depth-
656  averaged stratification will result in an increase in IT activity in these two regions. Knowing
657  that the continental slope of northern Brazil is a place of high generation of IT, which therefore
658  depends on stratification, it is hereby critical to understand how IT activity will evolve in the
659  coming decades in order to better anticipate the climate, and thus better adapt public policies
660  at national and international levels to the global context of climate change.

661 Another objective of our study was to understand the processes responsible for these
662  temperature changes. For this, we analyzed the trend terms of the temperature evolution
663  equation. Where IT dissipate their energy, there is an intense vertical mixing that generates
664  vertical diffusion of temperature (ZDF) (-0.4 °C.day ') according to pathway A and to a lesser
665  extent according to pathway B, stronger at shore than offshore during AMJ and inverse during
666  ASO. The ZDF is the only process that reaches the surface layer, and then appears in first
667  approximation to be the main process contributing to the surface cooling observed on SST. The
668  atmospheric heat flux terms (FORz) could also modify this SST but was not highlighted in this
669  study. The mixing takes place up to about 800 km off the slope following A, and 300 km
670  following B. It is also responsible on a seasonal scale, but also daily for a negative average
671  variation (cooling) of temperature of about -0.4 °C.day ! above the thermocline, and a warming
672  of +0.4 °C.day ' below 350 m and decreasing to +0.1 °C.day ' around 500 m depth.

673 IT propagation induce vertical advection of water masses around the thermocline level,
674  which has the effect of producing a subsurface mean temperature cooling (~ -0.8 °C.day™) at
675  adepth varying between 20-200 m AMJ and 60-250 m in ASO, with three extreme values off
676  the coast spaced approximately 120—150 km along of the pathway A, which seem to follow the
677  dissipation patterns, and thus correspond to the horizontal scale of the mode-1 propagation of
678  IT. Other processes such as zonal and meridional advection of temperature also induce

679  temperature change in subsurface and deeper layers. Finally, the horizontal (zonal and
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680  meridional) advection of temperature in this region is more related to the general circulation
681  (NBC, mesoscale) but is increased by tides and IT.

682 Thus, it is the combination of these different processes that explains the temperature
683  change in the water column in this region. Furthermore, in order to explain the cooling of the
684  SST at the surface, Neto et al. (2014) indicated that the northward transport of water masses by
685  the constant circulation of the NBC was compensated by a vertical advection of colder water
686 masses towards the surface. We now know that this vertical advection process fails to modify

1
. 9 688  advection of temperature (which form horizontal advection). It should be remembered that

687  the SS is rather limited below the mixing layer. The same is true for zonal and meridional

689  vertical diffusion extends from the surface, through the mixing layer, into the deep layers. It is
690 therefore possible that water masses cooled by both vertical and horizontal advection below
691 the mixing layer can be recovered and transported vertically to the surface by the effect of
692  vertical mixing. The change in SST and temperature above the mixing layer then comes from
693 (i) vertical diffusion of temperature and (ii) a combination of this vertical diffusion and the
694  advection (vertical and horizontal) of temperature that takes place below the mixing layer.
695 This study focuses on temperature, but other analyses we have done on salinity show
696  that IT also affects the haline structure of the ocean in this region. A future work would be to
697  look at the impact on salinity, which is also a key parameter in the functioning of the ocean as
698  in exchanges with the atmosphere, and thus can play a role on the climate. In addition, internal
699  waves can also influence the biogeochemical cycles of elements and the entire marine
700  ecosystem, since they can induce nutrient uptake and thus participate in structuring the spatial
701  distribution of phytoplankton and zooplankton, and in consequence of the rest of the food chain
702  that depends on them.

703 It would also be important to compare the results of our model with fields observations.
704  Two high frequency PIRATA anchorages have been installed offshore at the extremity of our
705  region between 35°W-38°W and 0°N—-5°N (see Bourles et al. 2019) and could be used for this
706  purpose. In addition, recently, the “AMAZOMIX” campaign entirely dedicated to IT (27 August
707  and 8 October 2021) will provide a better understanding of the impact of IT on the marine
708  environment in this region. In the meantime, a coupled physical/biogeochemistry simulation
709  (NEMOY/PISCES), currently under analysis, will begin to answer these crucial questions of the

710  impact of internal waves on biogeochemistry.
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711 Finally, in this first part, we have focused on describing the effects of internal tidal
712  waves on temperature variation on a seasonal scale, while the remainder of this work will

713 address temperature changes on finer time scales, notably on the tidal scale.

714
715
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tidef generation sites (A* B* C* D* E* and F*) along the high slope (blue) of the shelf
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1114 Figure 2: M2 tides (coherent) characteristics. Barotropic sea surface height for FES2014 (a)
1115 and model (b), depth-integrated energy conversion rate (CVR) (color shading) for FES2014
1116  (c¢) and model (d) with barotropic energy flux black arrows, model depth-integrated baroclinic
1117 energy flux black (e) arrows with transect lines along A (blue) and B (red) IT’s pathways,
1118  model depth-integrated baroclinic energy dissipation (f), and baroclinic sea surface height

1119  from observation (Zaron, 2019) (g) and model (h).
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1137 Figure 3: Mean SST for the period 2013 to 2015 from TMI SST (a) with a black coastal mask,
1138 the model’s tidal simulation (b), the model’s non-tidal simulation (c), seasonal cycle of the SST
1139 of the three products averaged inside the dotted line box (covering IT pathways emanating
1140 from the main generation sites A and B) with shelf masked over the 200 m isobath, the bands
1141  give the variability according to standard deviation (d). The lower panels present the SST
1142 averaged for the ASO (August-September-October) season over the years 2013-2015 for TMI
1143 SST (e) with a white coastal mask, the model’s tidal simulation (f) and the model’s non-tidal
1144 simulation (g), with the white thin lines representing the temperature contours. The black tin

1145 lines stand for the 200 m and 2000 m isobaths.
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ticker dot-dashed lines are respectively thermocline and mixed layer depths. The yellow and

cyan ticker dot-dashed lines in the lower panel are the thermocline depth respectively for tidal

and non-tidal simulations.
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Authors state earlier
that paths A and B are
similar, but they look
very different here,
especially in panel (b).

Figure 6: The vertical diffusion of temperature (ZDF) for both seasons, respectively AMJ (left
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1182  panel) and ASO (right panel). Vertical mean between 2—20 m for AMJ season in tidal (a) and
1183  non-tidal (c) simulation, then for ASO season in tidal (b) and non-tidal (d) simulations. Black
1184  thin contours are, from the coast to open ocean, 200 m and 2000 m isobaths. Vertical section
1185  following A for AMJ season in tidal (e) and non-tidal (g) simulations, then for ASO season in
1186  tidal (f) and no-tidal (h) simulation. The black and magenta ticker dot-dashed lines are
1187  respectively thermocline depth and mixed layer depth. Thin black contours are for density
1188  anomaly
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1204
1205  Figure 7: same as figure 6, but for the vertical advection of temperature (z—ADYV).
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Figure 8: same as figure 6 but for the horizontal advection of temperature (h-ADV = x—ADV
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