
HAL Id: hal-04720386
https://hal.science/hal-04720386v1

Submitted on 4 Oct 2024

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License

Tidal Modulation of Energy Dissipation Routes in the Gulf
Stream

M. Contreras, L. Renault, P. Marchesiello

To cite this version:
M. Contreras, L. Renault, P. Marchesiello. Tidal Modulation of Energy Dissipation Routes in the Gulf Stream.
Geophysical Research Letters, 2023, ⟨10.1029/2023GL104946⟩. ⟨hal-04720386⟩

https://hal.science/hal-04720386v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


1.  Introduction
The Gulf Stream (GS) is a Western Boundary Current recognized as one of the most powerful oceanic currents. It 
originates in the Gulf of Mexico and the Antilles Current and transports warm water toward the pole along the U.S. 
East Coast from the Straits of Florida to Cape Hatteras. At Cape Hatteras, the current separates from the coast and 
turns northeastward. The linear Sverdrup theory predicts that the GS volume transport varies with  the  intensity of 
basin-scale wind stress curl. Numerous studies have analyzed the energy balance of this region, showing a more 
complex dynamic where topography and eddies exert a strong influence over a wide range of temporal and spatial 
scales (Chassignet & Marshall, 2008; Contreras et al., 2023b; Gula et al., 2015, 2016; Renault, Molemaker, Gula, 
et al., 2016; Spall, 1996; Özgökmen & Chassignet, 2002).

However, despite numerous international programs devoted to observation and modeling, our understanding of 
GS dynamics still has significant gaps. The GS separation from the coast has long been understood as the result 
of coastal curvature and the inertia required to overcome topographic steering (Debreu et al., 2022; Spall, 1996). 
Modeling studies of the last two decades have linked emblematic features of the GS to the resolution of mesos-
cale activity through eddy-mean flow interaction (McWilliams, 2008), suggesting spatial resolution of 1/10° as 
a minimum for accurately representing the GS separation (Bryan et al., 2007; Chassignet & Marshall, 2008). 
Paradoxically, while the increase in grid resolution considerably improved the representation of the GS, the 
simulated eddy energy has become excessive, leading to biases in the separation of the GS as well as in its pene-
tration of the North Atlantic basin (Chassignet & Xu, 2017; Chassignet et al., 2023; Renault, Molemaker, Gula, 
et al., 2016). This points to the need for a correct representation of the various energy sinks. How the energy is 
dissipated in the ocean has been one of the long unanswered questions. The recent literature shows that dissipa-
tion can be generated within turbulent boundary layers near the surface and bottom (Arbic et al., 2009; Ferrari & 
Wunsch, 2009; Renault, Molemaker, McWilliams, et al., 2016) or in the interior of the ocean (Capet et al., 2008; 
Contreras et al., 2023b; McWilliams, 2016; Molemaker et al., 2010).

Bottom drag represents the interaction between bottom currents and bathymetry. It is a major energy sink (Arbic 
et al., 2007, 2009; Nikurashin & Ferrari, 2010; Renault et al., 2023; Sen et al., 2008), controlling ocean dynam-
ics, for example, the strength of barotropic flow and eddy-mean flow interaction (Renault et al., 2023; Trossman 
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et al., 2017). This is particularly true in high-energy regions like the GS (Sen et al., 2008), where bottom drag 
nearly balances the energy input from the wind (Weatherly, 1984). However, other dissipation processes are at 
work and models that fail to represent them tend to show solutions that are overly sensitive to the bottom drag 
parameterization (Renault et al., 2023).

Top drag is associated with frictional dissipation at the ocean surface. It actually represents the dissipation 
caused by the interaction between surface currents and wind stress, known as current feedback (CFB) (Renault 
et al., 2019; Renault, Molemaker, McWilliams, et al., 2016). CFB causes a large energy sink from (sub)mesos-
cale eddies to the atmosphere, damping (sub)mesoscale activity by about 30% (Renault et al., 2018; Renault, 
Molemaker, Gula, et al., 2016). Over the GS, the reduction of mesoscale activity weakens the eddy-flow interac-
tion and stabilizes the mean flow, improving the representation of the GS dynamics (Renault et al., 2019).

Interior dissipation occurs with the loss of hydrostatic and geostrophic or gradient-wind momentum balances 
(large-scale balanced dynamics), allowing energy to be transferred to small scales (forward cascade) through 
to molecular dissipation (Brüggemann & Eden, 2015; Klein et al., 2008; Molemaker et al., 2010). The weak-
ening of geostrophic balance occurs at the submesoscale, which is characterized by motions of the order of 
0.1–10 km horizontally, 10–100 m vertically, and hours to days temporally (McWilliams, 2016). The associated 
mechanisms are: frontogenesis (Capet et al., 2008; Contreras et al., 2023b; Srinivasan et al., 2022); submesoscale 
quasigeostrophic instabilities at finite Rossby numbers (Capet et  al.,  2016); ageostrophic instabilities such as 
centrifugal, symmetric, gravitational, or Kelvin-Helmholtz instabilities (Contreras et al., 2019; Gula et al., 2016; 
Haine & Marshall, 1998; McWilliams, 2016; Thomas, 2012); and internal waves (Barkan et al., 2015; Bühler & 
McIntyre, 2005; Thomas, 2012). Using a 2-km resolution simulation, Contreras et al. (2023b) show that the most 
important energy sink for the GS is caused by top and bottom drags, and secondarily by the numerical dissipation 
of the model. The interior dissipation was an order of magnitude smaller than the other sinks. However, in their 
study, the potential effect of tides was neglected.

Internal waves can be forced by tides or winds (near-inertial waves, NIW), or generated by spontaneous emission 
through loss of balance, nonlinear wave-wave interactions, and lee-wave formation by geostrophic flow over 
sea-floor topography (Alford et al., 2016). Several studies have shown that internal waves extract energy from 
balanced motions, either from the mean flow or from mesoscale eddies or fronts (Barkan et al., 2015; Bühler & 
McIntyre, 2005; Shakespeare & Taylor, 2014; Thomas, 2012). Direct extraction is followed by wave-wave inter-
action, reinforcing the forward cascade (Alford et al., 2016).

Tides, more specifically, are a major source of energy for the ocean. They are caused by the gravitational forces 
exerted on the earth by the moon, and to a lesser extent, the sun (Stewart, 2008). The semi-diurnal M2 tide (period 
of 12.42 hr) is the most energetic component, accounting for around 2/3 of the energy produced by all constit-
uents (Le Provost & Lyard, 1997; Munk & Wunsch, 1998). Tides generate strong barotropic currents, particu-
larly in coastal waters, where around 70% of the barotropic tidal energy is dissipated by bottom drag (Egbert & 
Ray, 2000). The remaining 30% is transferred to internal tides in deep water over rough topography and under 
stratified conditions. Internal tides dissipate their energy by breaking, sometimes after traveling long distances 
(Garrett & Kunze, 2007). This is certainly true for semi-diurnal tides in the Atlantic, but diurnal tides are much 
weaker there and, because they are subinertial poleward of 30°, internal diurnal tides play only a minor role in this 
basin (Egbert & Ray, 2003). The transformation of internal tides during their propagation are similar to those of 
other internal waves: wave-wave interaction (MacKinnon & Winters, 2005); reflection, refraction and scattering 
by interaction with the mean flow (Duda et al., 2018; Kelly et al., 2016), or with mesoscale eddies (Rainville & 
Pinkel, 2006). These mechanisms suggest that internal tides can interact with the eddying wind-driven circulation 
and modify its energy budget, but a quantitative assessment for the entire GS system is not available. Barotropic 
tides, if strong enough, can also have an effect through an increase in nonlinear bottom drag, affecting both tidal 
and subtidal currents.

Recently, Barkan et al. (2021) has shown for a small area in the subpolar North Atlantic that internal tides tend 
to weaken the inverse energy cascade and strengthen the forward cascade (interior dissipation), thus reducing 
mesoscale kinetic energy (KE). They identify two main mechanisms: wave turbulence (the direct energy cascade 
of internal waves) and stimulated cascade (or imbalance), whereby internal waves trigger a transfer of energy 
from the mesoscale to the submesoscale. They also show that the tide-induced forward cascade is enhanced in 
summer, which they associate with greater M2 internal tide energy caused by increased stratification (Rocha 
et al., 2016). In winter, the forward cascade is stronger than in summer, but not because of internal tides, as 
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stratification is weakened by mixing due to winter winds and heat loss from the ocean, but because of submesos-
cale processes such as mixed layer instabilities that are favored by mixed layer deepening (Callies et al., 2015; 
Contreras et al., 2023b; Rocha et al., 2016; Schubert et al., 2020).

The main objective of this study is to analyze the effect of tides on the energy pathways of the wind-driven 
circulation of the GS. Firstly, we will assess the effect of tides on cross-scale KE fluxes and energy dissipation. 
Secondly, we will demonstrate the role of internal tides in modifying the forward cascade, but also that of surface 
tides in modifying bottom dissipation. A set of submesoscale-permitting simulations with tides (TD) and without 
tides (NTD) is analyzed for this purpose, and described in the next section.

2.  Model Configuration
NTD and TD are performed with Coastal and Regional Ocean Community (CROCO; Debreu et  al.,  2012; 
Shchepetkin & McWilliams, 2005) over the period 2005–2009. The simulations are carried out in the GS region 
with a horizontal resolution of 1/42° (∼2.2 km). The NTD configuration is described in Contreras et al. (2023b). 
TD is similar but is additionally forced by barotropic tides (height and currents) from the global tidal model 
TPXOv.7 (Egbert & Erofeeva, 2002), a global tidal model that best-fits the Laplace tidal equations and altim-
etry data. The 8 primary harmonic components of TPXO are prescribed at the open boundaries (Marchesiello 
et al., 2001). In addition, the tidal potential and the self-attraction and loading—due to redistribution of water 
masses over the solid earth (Hendershott, 1972)—are taken from GOT99.2b, which is a global ocean tide model 
based on TOPEX/Poseidon altimetry (Ray, 1999), and entered as a body force throughout the CROCO domain. 
For top drag, both TD and NTD simulations use a stress correction approach (Renault et al., 2020). Bottom drag 
is quadratic and parameterized through a logarithmic law of the wall with a roughness length of Z0b = 10 −2. In 
our analysis, 3-hr averaged output fields are used. Both NTD and TD are in good agreement with observations. 
This is shown for NTD in Contreras et al. (2023b) and for TD in Supporting Information S1 (SI), where we also 
discuss the possible effects of spatial and temporal resolution in our analysis.

3.  Cross-Scale Kinetic Energy Flux
The cross-scale KE flux (Π) indicates the direction and intensity of KE transfer at a given spatial scale: posi-
tive values represent a forward cascade of energy from larger to smaller scales, while negative values represent 
an inverse cascade from smaller to larger scales (Aluie et al., 2018; Scott & Wang, 2005). Π is estimated here 
from surface currents using the coarse-graining approach (Aluie et al., 2018). Unlike the spectral analysis, the 
coarse-graining technique does not assume a homogeneous and isotropic field and avoids windowing procedures. 
In addition, this approach allows us to describe the spatial patterns of cross-scale fluxes. We follow the method-
ology proposed in Aluie et al. (2018) (see also Contreras et al. (2023b)) and estimate the energy flux across the 
spatial scales of 9, 22, and 61 km. The 9-km scale is near the effective resolution of the simulation—defined in 
Soufflet et al. (2016) as the dissipation wavelength below which the model KE departs from the assumed regime; 
22-km marks roughly the transition between mesoscale and submesoscale in this region; and 61-km represents a 
peak in mesoscale activity.

Figures  1a–1c depicts the spatial average of Π in the GS region over the whole period (a), winter (b), and 
summer (c). The GS region is defined by the eddy kinetic energy (EKE) contour of 500 cm 2 s −2 estimated from 
AVISO dataset (Archiving, Validation and Interpretation of Oceanographic Satellite data (Ducet et al., 2000); 
area denoted by the black contour in Figure 2). TD, the model produces a systematic increase in the annual 
forward cascade at the 9- and 22-km scales compared with NTD (by 32% and 171%, respectively) and a decrease 
of the inverse cascade at 61 km by 42%, revealing that tides favor downscale energy transfer. Consistent with 
Rocha et al. (2016) and Barkan et al. (2021), the largest differences occur in summer (July–September, JAS). In 
summer, at 9 km, the forward cascade dominates in both simulations, but is more intense (by 148%) in TD than in 
NTD (Figure 1c). At the 22-km scale, the forward cascade is present only in TD, but not in NTD (where a weak 
inverse cascade is observed). At the 61-km scale, the inverse cascade dominates in both simulations, but is more 
intense in NTD than in TD (reduction of 78%). In winter (January–March, JFM), the differences are smaller but 
still present, reaching up to 15%, 44% and −26% at the 9, 22 and 61 km scales, respectively (Figure 1b).

In the following (and in subsequent analyses), the focus is on the summer period, that is, when the tidal influ-
ence is strongest. Similar results are obtained for the winter period or for the whole year. To better understand 
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the influence of tides on the forward and inverse cascades, the surface currents are decomposed into a balanced 
(rotational) component ur and an unbalanced (divergent) component ud (including waves), using the Helmholtz 
decomposition. Contreras et al. (2023b) show that the inverse cascade is mostly explained by balanced dynamics 
(Π(ur)), while the forward cascade results from unbalanced advection of balanced flow, computed as the cross-
term contribution ΠCT = Π − Π(ud) − Π(ur), where Π(ud) is the unbalanced advection of unbalanced flow. Π(ud) 
also contributes to the forward cascade, but by an order of magnitude less.

The spatial average over the GS region of the cross-scale KE flux estimated from balanced dynamics (Π(ur)) 
shows only a weak tidal effect on the inverse cascade at all scales analyzed (compare TD with NTD). In contrast, 
the two terms associated with the forward cascade, Π(ud) and ΠCT, increase significantly from NTD to TD at all 
scales analyzed (Figures 1e and 1f). However, as with NTD, the contribution of Π(ud) remains well below that 
of ΠCT (note that in Figure 1e, the y-axis is an order of magnitude smaller than in Figure 1f). The increase in ΠCT 
due to the tide is 91%, 189% and 270% at scales of 9, 22 and 61 km respectively. This means that the apparent 
reduction in the inverse cascade at 61 km and the increase in the forward cascade at 9 and 22 km are due to ageo-
strophic advection.

Maps of mean summer Π values in NTD and TD simulations at 9, 22, and 61 km scales are shown in Figures 2a–2c 
and 2d–2f, respectively. The intensification of the forward cascade in TD at all scales analyzed is produced at the 
GS North Wall, but mainly in the area around 40°N and 60°W, and around the Gulf of Maine (GoM). South of 
the GS, there is no significant change in cross-scale KE flux.

Although the GoM is not the focus here, it deserves attention because of its possible influence on the GS via tides. 
This region is dominated by the semi-diurnal M2 tide, greatly amplified by its unique shape, achieving one of the 
world's highest magnitudes. Energetic internal tides are generated by topographic interaction along the flanks of 
Georges Bank and propagate both onshore and offshore (Chen et al., 2011; Kelly et al., 2016). They vary with 
seasonal stratification changes and peak in summer, fueled by a robust pycnocline forming around 15 m deep due 
to solar radiation (Brown, 2011; Katavouta et al., 2016; Loder & Greenberg, 1986). The internal tides radiating 

Figure 1.  (a) Annual, (b) winter, and (c) summer mean cross-scale kinetic energy (KE) fluxes estimated from total surface 
currents in NTD and TD simulations. (d) Summer mean KE fluxes estimated from rotational currents, (e) divergent currents, 
and (f) the interaction of rotational and divergent currents (ΠCT). Note that the y-axis in (e) differs from the other graphs. 
In panels (a)–(f), results were spatially averaged over the Gulf Stream region defined by the black contour in Figure 2. The 
cross-scale fluxes are estimated at 9, 22, and 61 km. The error-bar shows the standard error estimated by the bootstrap 
method.
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Figure 2.  Maps of summer mean cross-scale kinetic energy (KE) fluxes estimated from total currents in NTD (a–c); in TD (d–f); low-frequency (>1 day) currents in 
NTD (LF NTD) (g–i); and in TD (LF TD) (j–l). The cross-scale fluxes are estimated at 9, 22, and 61 km. The black contour is the 500 cm 2 s −2 AVISO EKE contour 
and defines the Gulf Stream (GS) region. The green contour is the 200 m isobath. The purple dots indicate the geographic region of the Gulf of Maine, Scotian Shelf 
(ScS) and Grand Banks (GB). (m) Summer mean cross-scale KE fluxes estimated from TOTAL NTD (blue), TOTAL TD (orange), LF NTD (green) and LF TD (red), 
spatially averaged over the GS region. The error-bar in m shows the standard error estimated by the bootstrap method.
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offshore can experience strong reflection and refraction by the GS (Duda et al., 2018), and tidal scattering by 
the mean flow that promotes energy conversion to higher modes (Dunphy & Lamb, 2014; Kelly et al., 2016). 
Noteworthy, the region where the forward cascade is greatest in TD (around 40°N and 60°W), coincides with the 
location of GS-altered non-coherent internal tides reported by Kelly et al. (2016) (see their Figure 12).

4.  Role of Internal Tides
The increase of the forward KE cascade from NTD to TD simulations could be explained by the generation 
of internal tides. To verify this hypothesis, we decomposed the TD surface currents into their high-frequency 
and low-frequency components, assuming that high-frequency currents are associated with internal tides (off 
the shelf). To obtain the low-frequency component 𝐴𝐴 (𝐮̂𝐮) , we apply a temporal Butterworth low-pass filter with a 
cutoff period of 1-day. The high-frequency component is defined as 𝐴𝐴 𝐮𝐮

′′
= 𝐮𝐮 − 𝐮̂𝐮 . Comparison of the spectra indi-

cates that the filter effectively eliminates the tidal signal (not shown). However, one of the main caveats of this 
methodology is that it also suppresses waves generated by other mechanisms and probably some high-frequency 
submesoscale currents.

As in the previous section, our analysis focuses on summer. Using 𝐴𝐴 𝐮̂𝐮 from TD, we estimated the associated KE 
flux 𝐴𝐴 (Π(𝐮̂𝐮)) . 𝐴𝐴 Π(𝐮̂𝐮) shows a weaker forward cascade than the total flux Π (Figures 2d–2f), especially over the 
GoM and around 40°N and 60°W. Interestingly, the magnitude of 𝐴𝐴 Π(𝐮̂𝐮) in TD is comparable to Π in NTD at all 
scales (Figures 2a–2c). This confirms that the internal tides are responsible for the intensification of the forward 
cascade.

Comparison of filtered and unfiltered KE fluxes in TD shows that 𝐴𝐴 Π(𝐮̂𝐮) (Figure 2j) is reduced by 75% compared 
to Π (Figure 2d) at the 9 km scale. At the 22-km scale, the reduction is 101% (Figures 2e and 2k). At this scale, 
Π shows an intense forward cascade, which is higher than that at the 9 km scale, in stark contrast to 𝐴𝐴 Π(𝐮̂𝐮) which 
shows a weak inverse cascade.

Although the filtered KE flux in TD is similar to the total flux in NTD, as mentioned above, 𝐴𝐴 Π(𝐮̂𝐮) in TD (Figure 2j) 
is, however, 38% lower than Π in NTD at the 9 km scale (Figure 2a). At the 22 and 61 km scales, 𝐴𝐴 Π(𝐮̂𝐮) in TD 
also shows a reduction in the inverse cascade of 74% and 14% compared to NTD, respectively. This difference 
is explained by the removal of internal waves generated by non-tidal mechanisms, which are present in both TD 
and NTD. The contribution of non-tidal mechanisms can be revealed by calculating 𝐴𝐴 Π(𝐮̂𝐮) in NTD with the same 
filters. In summer, in the GS region, the forward cascade at 9-km scale given by 𝐴𝐴 Π(𝐮̂𝐮) in NTD is reduced by 62% 
compared to Π. At 22 and 61-km scales, the inverse cascade given by 𝐴𝐴 Π(𝐮̂𝐮) in NTD is increased by 299% and 20%, 
respectively. These results suggest that non-tidal waves contribute significantly to the forward cascade. However, 
note that some of the filtered high-frequency currents belong to submesoscale eddies rather than transient features 
such as wind-generated NIWs.

In summary, high-frequency currents are relevant to explain the forward cascade induced by tides. It seems that 
the intensification of the forward cascade around 40°N and 60°W results from the interaction between the inter-
nal tides generated in the GoM and the mean GS flow (see previous section). It should be noted that the forward 
cascade is also intensified by high-frequency currents in areas close to the Scotian Shelf and Grand Banks (indi-
cated in Figures 2a–2f). However, this enhancement is less significant than that observed around 40°N and 60°W, 
possibly due to weaker tides and currents.

5.  Energy Sink
Here, we evaluate the overall impact of tides on the energy sinks following the methodology proposed in Contreras 
et al. (2023b):

•	 �Dissipation of mesoscale currents by top drag can be estimated using the eddy geostrophic wind work 
𝐴𝐴 𝐴𝐴𝑒𝑒𝐾𝐾𝑒𝑒 = ⟨𝐮𝐮′

𝐠𝐠
𝜏𝜏
′⟩ − Π𝜏𝜏

22𝑘𝑘𝑘𝑘
 where 〈〉 and ′ operators indicate the average over 3-month and its fluctuation, respec-

tively, and 𝐴𝐴 Π𝜏𝜏
22𝑘𝑘𝑘𝑘

= 𝜏𝜏 ⋅ 𝐮𝐮𝐠𝐠 − 𝜏𝜏 ⋅ 𝐮𝐮𝐠𝐠 is the coarse-grained wind work at 22-km.
•	 �Dissipation by bottom drag is computed from the covariance of the bottom currents and bottom stress anom-

alies 𝐴𝐴 𝐴𝐴𝑏𝑏𝐾𝐾𝑏𝑏 = ⟨𝐮𝐮′

𝐛𝐛
𝜏𝜏
′

𝐛𝐛
⟩ .

•	 �Interior dissipation is defined as 𝐴𝐴 𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = − ∫
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

−100𝑚𝑚
Π9𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑 .
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•	 �We estimate numerical dissipation (from the fifth-order upstream scheme, UP5, used in the simulations) 
𝐴𝐴 𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = ∫

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝐮𝐮 ⋅ 𝐃𝐃𝑑𝑑𝑑𝑑 , where D is the horizontal momentum diffusion diagnosed from the difference 

between UP5 and a non-dissipative sixth-order centered scheme (Contreras et al., 2023b).

Negative values of these diagnostics indicate a dissipation of energy. Again, the energy sink terms are estimated 
for summer (similar results are found for the other seasons or the whole year).

The average over the GS region (and over the whole domain) reveals that the major contribution to energy dissi-
pation in TD and NTD is produced by top and bottom drag, followed by numerical dissipation (Figures 3a–3d). 
Consistent with Contreras et  al.  (2023b), the contribution of the interior dissipation is an order of magni-
tude smaller than the other energy sinks. Over the GS region, FbKb is reduced by 11% between NTD and TD 
(Figure 3a). A slight decrease of 6% in TD is also shown in both FeKe and HDiff. As expected from our previous 
results, including the tides leads to an increase of IDiss by 240% (stronger forward cascade; Figures 3a and 3b). 
However, IDiss remains an order of magnitude smaller than the other sinks.

One possible reason for the decrease in energy dissipation over the GS region in TD is the decrease in eddy KE 
(EKE; where perturbations are measured as deviations from the 3-month mean), in particular from Cape Hatteras 
to 60°W (Figure 3g). Paradoxically, the reduction of EKE is caused by increased dissipation by barotropic tides 
over the entire domain, which stabilizes the GS and thus reduces energy conversion to mesoscale eddies. We 
noted a 2.35% reduction in EKE over the entire domain (and a 0.23% reduction over the GS). Although these 
percentages seem small, a strong correspondence is found between the NTD-TD EKE difference (Figure 1g) and 
the NTD-TD FbKb difference (not shown). A positive difference in EKE translates into a negative difference in 
FbKb, with an estimated correlation coefficient of −0.6. Over the entire deep ocean domain (i.e., the area deeper 
than 200 m, corresponding to the thick dark green line in Figure 2), FbKb, HDiff, and IDiss increase by 11%, 15%, 
and 182%, respectively, when tides are present (TD).

6.  Discussion and Conclusion
In this study, we described the effects of tides on the KE pathway of the GS using two submesoscale permitting 
(2 km) ocean models, TD and NTD. We analyzed the cross-scale KE flux using a coarse-graining approach. 

Figure 3.  Summer mean kinetic energy dissipation computed from NTD (blue bar) and TD (orange bar) and spatially averaged over panels (a)–(b) the Gulf Stream 
region defined by the black outline in (e)–(g) and (c)–(d) the entire domain. Panels (b), (d) are zoom panels of panels (a) and (b) for IDiss. In each panel, the error-bar 
shows the standard error estimated by the bootstrap method. Panels (e)–(g) Summer mean EKE estimated from NTD, TD, and their difference. The green contour is the 
200 m isobath.
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Although significant throughout the year, the impact of tides on energy transfer seems to be greatest in summer, 
which is in line with Rocha et al. (2016), Barkan et al. (2021). In summer, over the GS region, the cross-scale KE 
flux from the tidal simulation shows a decrease in the inverse cascade and an increase in the forward cascade, 
which is explained by an increase in unbalanced (ageostrophic) advection.

A decomposition between high-frequency and low-frequency currents (≥1 day) shows that the intensification 
of the forward cascade in TD is mainly driven by internal tides. When the high-frequency currents are filtered 
out, the cross-scale KE flux in TD is much closer to that estimated in NTD. The remaining difference can be 
attributed  to non-tidal features (NIW and high-frequency range of submesoscale eddies) and possibly, to a lesser 
extent, to the residual tidal signals, imperfectly eliminated by the temporal filter.

Previous studies have suggested that wave-wave and wave-flow interactions can both produce a forward cascade 
(Alford et al., 2016). If we associate ΠCT (unbalanced advection of balanced flow) with wave-flow interaction 
and Π(ud) (unbalanced advection of unbalanced flow) with wave-wave interaction, and since ΠCT  ≫  Π(ud), 
we confirm here that wave-flow interaction has the greatest contribution to the forward cascade. This is also 
supported by the forward cascade intensification around 40°N and 60°W (Figure 2) where significant interaction 
between internal tides and the GS has been suggested by Kelly et al. (2016). The specific mechanisms involved 
in the wave-flow interaction are unclear, but ΠCT is consistent with the stimulated imbalance process proposed 
by Barkan et al. (2017), where externally forced internal waves stimulates a transfer of energy from mesoscale to 
submesoscale eddies. Future work should attempt to clarify this point.

In winter, the impact of the tides is the same as in summer, but less intense, that is, the intensification (weaken-
ing) of the forward (inverse) cascade is lower. The forward cascade without the contribution of internal waves 
(generated by both tides and winds) decreases by 47% and 26% at 9 and 22 km scales (where the forward cascade 
dominates). These numbers are lower than in summer, but are significant.

Early tidal models were decoupled to the wind-driven ocean general circulation (Hendershott,  1972; Hibiya 
et al., 2006; Simmons, 2008). It is now more common to use models that combine the two dynamics, such as 
CROCO (Barkan et  al.,  2021; Delpech et  al.,  2023; Renault & Marchesiello,  2022), Massachusetts Institute 
of Technology general circulation model (MITgcm; Rocha et al., 2016), and Hybrid Coordinate Ocean Model 
(HYCOM; Arbic et al., 2010). The inclusion of tides improves the representation of low-frequency ocean dynam-
ics (Arbic et al., 2012; Chavanne et al., 2010; Padman et al., 2006; Park & Watts, 2006), but regional ocean 
models often fail to accurately reproduce high-frequency observations (Kumar et al., 2019; Mazloff et al., 2020; 
Nelson et al., 2020; Siyanbola et al., 2023). Here too, internal tides and their effects may be under-represented. 
One possible improvement is to include the forcing of remotely generated internal tides in the open bound-
ary conditions (Nelson et al., 2020; Siyanbola et al., 2023). However, care must be taken when implementing 
the boundary conditions to avoid excessive reflection of internal waves from the interior, which would falsely 
increase the internal wave energy (Siyanbola et al., 2023).

Despite possible caveats in the methodology, the present results convincingly assess the role that tides would 
play in the energy balance of the GS circulation. They demonstrate a large change in the turbulent cascade, 
although the forward cascade as a dissipation pathway remains weaker than frictional dissipation near surface 
and bottom boundaries. Besides, bottom dissipation of the subtidal circulation is also increased by barotropic 
tides in the deep ocean, which may seem contradictory to the assumption that barotropic tides in the deep ocean 
decay mainly by conversion to baroclinic tides (Egbert & Ray,  2003). Overall, our results seem to confirm 
that the ocean's KE tends to dissipate mainly near its boundaries, and that ocean models should probably pay 
more attention to the treatment of bottom topography and friction, air-sea coupling processes and numerical 
dissipation.

Data Availability Statement
CROCO model is available at Auclair et al. (2022). The data to reproduce the figures are available at Contreras 
et al. (2023a).
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