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Ocean tides can drag the atmosphere and cause
tidal winds over broad continental shelves

Lionel Renault® 2% & Patrick Marchesiello’

Oceanic tides lead to some of the largest currents of the world ocean and have important
implications for oceanic circulation. In the last decade, the feedback effect of surface currents
on the overlying winds has been shown to strongly regulate the ocean circulation. Here we
present evidence, using coupled high-resolution ocean-atmosphere simulations and in situ
measurements, that ocean tides can drag the atmosphere above. The current-induced tidal
winds expand across the atmospheric boundary layer, while dissipating tidal energy. They are
likely present in many shelf regions of the world ocean, with an amplitude of about one-third
of the underlying tidal currents, i.e., up to 1.5 ms~'. Consideration of surface tidal winds can
have implications in areas ranging from climate modeling to wind farming.
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cean tides are mainly produced by the gravitational forces

of the Sun and Moon and represent one of the main

sources of energy of the world ocean!. By affecting dis-
sipation and mixing in the ocean, tides have a large effect on the
general circulation and represent a major topic for
oceanography!»2. The direct gravitational effect of the Moon,
characterized by a period of about 12.42 h, is the main tidal
constituent in many locations (see e.g., Fig. 1a, b). In the past
decades, satellite altimetry has been used to estimate the total rate
of work done by tidal force, which represents 2.4 TW for the M2
tide out of 3.5 TW for all eight major constituents®* How and
where ocean tides dissipate is an important question, and it is
now generally agreed that they dissipate primarily on continental
shelves by bottom friction and by the dispersion of surface tides
into internal waves by ocean topography>®.

Recently, air-sea interactions at the oceanic mesoscale (i.e.,
scales of 10~100 km and 10-100 days’~?) have received a growing
interest from the scientific community. In particular, the CFB
(Current FeedBack) effect expresses the influence of surface ocean
currents on the overlying atmosphere. CFB has two main direct
effects on ocean circulation. At large scales, by reducing the mean
energy input from the atmosphere to the ocean, it causes a
slowdown in the mean ocean circulation!®-12. Second, the
transfer of momentum from currents to winds also causes CFB to
act as an eddy Kkiller, reducing (sub)mesoscale activity by about
30%!3-18, As a result, CFB can reduce eddy-mean flow interac-
tions, and thus partly control very energetic current systems such
as western boundary currents!®20. Ref. 20 demonstrate that CFB
changes the usual conception of wind-driven currents. The wind
can no longer be considered only as a large-scale energy source
that triggers a turbulent cascade, as it can interact on a fine scale,
directly affecting the whole oceanic spectrum.

In essence, CFB acts as a top drag?!, which affects all spatial
and temporal scales. In particular, tides should also be affected
and some of their energy should be transferred to the atmosphere
instead of being dissipated in the ocean. Tidal currents can
interact with the overlying atmosphere, directly modifying surface
stress and low-level winds. But surprisingly, the amount of energy
that would be dissipated in this way and the effectiveness of this
process in generating tidal winds are questions that have never
been asked. Tidal winds are generally considered only as an S2
component in the upper atmosphere due to thermal heating
rather than gravitational forces?2, but never as a friction effect of
oceanic tides. However, as we will see here, it may explain a
diurnal frequency observed in surface observations such as over
the English Channel (Fig. 1c).

To examine these issues, coupled eddy-rich ocean-atmosphere
simulations are performed over the English Channel for the
period 2010. The simulation set consists of two twin experiments
that involve a control simulation with tides and CFB (CTRL) and
an identical simulation without CFB (NOCFB). The comparison
between the simulations will highlight the top drag effect on tides
and will demonstrate the existence of a regime of tidal winds
induced by tidal currents.

Results

The English Channel. The English Channel (Fig. 1a) separates
Southern England from Northern France and is home to some of
the strongest and most complex tides in the world. Figure 1b
shows a spectral description of the sea surface height at the
Bournemouth gauge (black star in Fig. 1a) compared to a regional
simulation using the ocean model CROCO fully coupled with the
atmospheric model WREF. Consistent with the literature, the
English Channel, both in the observation and in the model, is
affected by a wide range of tides, with M2 (12.42 h) being the

most energetic tidal constituent. CROCO shows good overall
agreement with the data. The amplitudes of the main diurnal
(K1), semi-diurnal (M2) and even nonlinear quarter- and sixth-
diurnal tides are well reproduced by the model (while higher-
frequency components of lesser importance appear over-
estimated). For tidal currents, the M2 component of the model
largely dominates the surface current spectrum as expected?3.
Tidal currents can reach more than 3 m s~! near the coast and
2 m s~! in the middle of the Channel (Fig. 2a).

Ocean drag on the atmosphere. Figure 2a shows a snapshot of
the zonal surface currents from CTRL, and Fig. 2b, a snapshot at
the same time of surface stress anomaly estimated as the surface
stress difference between CTRL and NOCFB, expressing the drag
of the ocean on the atmosphere. Note that focus is done on the
zonal component of the tidal current as it dominates the signal
over this region (See Supplementary Fig. 2). On this broad,
shallow continental shelf with little mesoscale ocean activity, the
essential difference between the two simulations can be attributed
to tides. The spatial pattern of the stress anomaly is very similar
to that of surface currents. In agreement with the CFB effect
found for lower frequency dynamics, tidal currents are anti-
correlated with the surface stress response: a negative zonal
current causes a positive surface stress anomaly and vice versa (a
similar result is found for the meridional current, See Supple-
mentary Fig. 2). The temporal correlation between zonal surface
stress anomaly and zonal surface current over the entire simu-
lation year reaches —0.8.

Further evidence for the influence of tides on surface stress is
revealed by analysis of the zonal stress spectrum in mid-Channel
in the year-long twin experiments (Fig. 3b). In CTRL, the surface
stress spectrum is characterized by a well-defined peak at the tidal
frequency M2. Similar results are found throughout the English
Channel, i.e., where tidal currents are strong (See Supplementary
Fig. 3).

A sink of tidal energy. To what extent do tides affect the
exchange of energy between the ocean and the atmosphere, i.e.,
the wind work? To investigate this question, the wind work (FK)
is estimated from the twin experiments as the product of the
surface oceanic currents (U, = (U,,, V,,)) and the surface stress

(t=(101) (FK = %) and is illustrated for June in Fig. 2d. In

NOCEFB, the wind work is positive as generally expected if the
atmosphere forces the ocean (See Supplementary Fig. 4). How-
ever, in CTRL over the English Channel, exactly at the locations
of strong tidal currents, the positive FK is overwhelmed by an
energy sink from the ocean to the atmosphere. Tides, through the
feedback of tidal currents, create a conduit of energy from the
ocean to the atmosphere. Part of the tidal energy in the ocean is
therefore not dissipated by the bottom drag or internal tides, but
by the top drag. To the best of our knowledge, this process is
mentioned for the first time here. To shed more light on this
energy sink, a co-spectral analysis of the wind work over a year is
estimated in the middle of the Channel (Fig. 3c), with similar
results over the English Channel (See Supplementary Fig. 3). The

co-spectrum is estimated as A = Re(T-U,*), where T is the

Fourier transform of the wind stress vector and I/J\o* is the con-
jugate of the Fourier transform of the surface current vector. Note
that a co-spectrum can have either positive or negative values as
the autocovariances can be both positive and negative.

In both simulations, FK shows a positive energy input in
almost the entire frequency range, which mainly represents
Ekman current generation. Since mesoscale activity is low in the
Channel, the currents are primarily wind-driven, explaining the
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Fig. 1 The English Channel is home to some of the strongest and most complex tides in the World. a Domain configuration: the red rectangle frames the
Channel and the region shown in Fig. 2; the black star (circle) highlights the location of the SSH (wind speed) measurement shown in b and ¢. b SSH
Spectrum from the observations (black, 23-year) and from CROCO (blue, CTRL over 1-year). € Spectrum of in situ wind speed using 31-year. The vertical
black lines highlight the M2 tidal frequency. A similar result can be found in other areas with high tides, for example in Alaska ("Drift River Terminal”

station, see Supplementary Fig. 1).

small difference in positive wind work between the two
simulations, even at mesoscale (100-day time scale). However,
consistent with the previous analysis, a large negative peak
appears in CTRL at M2, which can be unambiguously linked to
the tidal current feedback to the atmosphere.

Current-induced tidal winds. The energy sink through top drag
does not significantly affect the tidal currents (Fig. 3a for mid-
Channel but similar results were over the English Channel, see
Supplementary Fig. 2), which can be expected because it is

relatively small compared to the dissipation through bottom drag
(about 0.5%). However, tidal winds generated by this mechanism
are not negligible. To better understand this phenomenon, Fig. 2¢
presents a snapshot of the zonal wind anomaly estimated as the
difference between the twin experiments. It shows a spatial pat-
tern very similar to that of currents or surface stress anomaly: a
negative zonal current causes a positive zonal surface stress and a
negative wind work (energy input to the atmosphere), which in
turn causes a positive zonal tidal wind (similar result is found for
the meridional component but much weaker as the meridional
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Fig. 2 Tidal currents modify the surface stress, inducing an energy sink
and modifying the wind through the atmospheric boundary layer. The
maps of the English Channel region show snapshots of the zonal surface
currents and their effect on the surface airflow on 01/03/2020 at 15:30
UTC. Anomalies are estimated as the difference between CTRL and NOCFB.
a Zonal tidal currents. b Surface zonal stress anomaly (a negative tidal
current causes a positive surface stress anomaly). ¢ Wind work (FK) during
the month of June for CTRL; CFB causes a transfer of momentum from tidal
currents to the atmosphere. d 10 m zonal wind zonal anomaly due to tidal
current feedback (a negative tidal current causes a negative tidal wind); the
inset shows the vertical profile of zonal winds at mid-Channel and the
atmospheric boundary layer height indicated with a horizontal gray line.

current component is weaker, see Supplementary Fig. 2). The
depth of the atmospheric boundary layer is not affected by tides.
However, as shown in the vertical profile of wind anomaly (inset
in Fig. 2¢), the effect of tides can reach the top of the atmospheric

boundary layer (in the example shown, a stable layer of about
800 m) with a positive temporal correlation between currents and
winds (>0.7 over a week). Above the atmospheric boundary layer,
the correlation between currents and winds falls to insignificant
values. The wind response is attenuated with height, consistent
with a feedback effect acting at the air-sea interface and diffused
aloft by vertical mixing?4. This tidal-frequency wind is evidenced
by the temporal variations of wind anomaly. The correlation
between zonal current and wind anomalies is 0.7 over the entire
year and we found no time lag, indicating a rapid response of the
atmosphere (less than an hour) to ocean tides. Spectral analysis of
low-level winds in mid-Channel reveals a peak exactly at the M2
frequency in CTRL, not present in NOCFB (Fig. 3d). Similar
results are found elsewhere over the English Channel (See Sup-
plementary Fig. 3). These tidal winds can have amplitude greater
than 1 m s~1. At this frequency, the currents are a source of
energy for the wind and not the other way around.

In the literature, only two categories of atmospheric tides are
documented: the gravitational tides (similar to oceanic tides) and
the thermal tides, i.e., the effect of diurnal heating of air masses by
the sun2225, These atmospheric tides are shown to be an
important transport mechanism in the upper atmosphere2.
However, while they dominate the dynamics of the mesosphere
and lower thermosphere, they are very weak in the troposphere.
Yet their effect on pressure propagates to the surface and can add
(by an inverse barometric effect) about 1 cm of elevation
amplitude to the oceanic S2 tide—overall a small contribution to
the tides. We demonstrate here the existence, to the best of our
knowledge, of a new class of atmospheric tides induced by the
drag of ocean tides.

Reference!3 defined a coupling coefficient (s,,) between surface
currents and low-level winds to characterize the wind response to
mesoscale ocean eddies. Similarly, a statistical relationship can be
found for tidal winds. Here, the coupling between 10 m winds
and surface currents is evaluated by bin averaging the zonal
current and wind anomalies between CTRL and NOCFB over the
English Channel. Figure 4a shows the resulting scatterplot. It
reveals a clear positive linear relationship between tidal current
and wind, with s,, defined as the slope of the linear regression in
the scatterplot. s,, = 0.32, i.e., the tidal wind amplitude is about
32% of the surface current amplitude, and thus can reach a couple
of ms~1. Without the influence of the currents, the surface stress
anomalies have by definition a positive correlation with the wind
anomalies. In CTRL, CFB has a bottom-up effect?: a positive
current anomaly causes a negative surface stress that in turn
causes a positive wind anomaly. A similar result is found at
mesoscale in Ref. 2. The positive sign is therefore consistent with
a negative surface stress response and a tidal energy sink and
confirms that a positive zonal (meridional) tidal current causes a
positive zonal (meridional) wind. Interestingly, s,, is very similar
for the tides and the oceanic mesoscale (around 0.3 (Ref. 24)).

Discussion

The same tidal wind generation mechanism is likely to be present
around the global ocean for other tidal regimes and, in particular,
in regions with strong tides such as Canada or Alaska. Although
the current feedback effect must vary to some extent in space and
time, a simple estimate of the global friction-induced tidal winds
can be derived by factoring the M2 tidal currents from TPXO9-
v527 by the coupling coefficient s,,. Figure 4b presents a global
map of the estimated M2 tidal winds (similar results are found for
other main constituents). Not surprisingly, it reveals the presence
of tidal winds mainly in coastal areas with wide shelves, where
tidal currents are strongest. According to this estimate, M2 tidal
winds can reach up to 1.5 m s~! near the islands of Alaska,
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Fig. 3 Current feedback results in a tidal imprint on the surface stress, air-sea energy flux and wind spectra. Results from CTRL and NOCFB are shown
for mid-Channel (red star in Fig. 2a): a Zonal current; b zonal surface stress; ¢ co-spectrum (A) of the wind work. d 10 m zonal wind. In a, b, ¢, d a vertical

line highlights the M2 tidal frequency.

Argentina, Norway and the Amazon. Note that this estimate
based on a global tidal model probably underestimates the strong
locally generated tidal currents expected around small-scale
unresolved bathymetries.

The results presented in this study provide an opportunity to
understand how ocean tides can be dissipated and, overall, how
they interact with the atmosphere. M2 represents a total work rate
of 2.4 TW3. A simple estimate of the M2 tidal energy sink to the
atmosphere can be derived from this study. Here, the energy sink
corresponds to about 0.5% of the dissipation by the bottom drag.
Therefore, about 0.012 TW may be lost to the atmosphere by
ocean tides. Tidal winds represent a non-trivial high-frequency
wind regime. In an ocean-only model, they can be parameterized
using the stress or wind correction approach proposed inl7,
although these parameterizations must be tested specifically for
tidal frequencies.

In terms of scientific and societal impact, the expected reduc-
tion in wind biases associated with tidal winds over broad con-
tinental shelves should benefit climate modeling and weather
forecasting, with applications for regular shipping, search and
rescue services, and events such as regattas. It could also be
relevant to environmental issues (e.g., oil spills) and to renewable
energy from wind farms—wind power varying with the cube of
the wind speed. As an illustration, if we consider an average wind
speed of 6 ms™1, a tidal wind of 1 ms~! would result in a 10%
increase in offshore wind energy, a figure similar to the estimated
effect of climate change?8.

Methods

The Coastal and Regional Ocean Community model (CROCO). The oceanic
simulations were performed with CROCO??, developed around the kernel of the
Regional Oceanic Modeling System3). CROCO is a free-surface, terrain-following
coordinate model with split-explicit time stepping and Boussinesq and hydrostatic
approximations are used in this study. The grid is centered around England and
covers the English Channel, extending from 20°W to 8°E and from 43.3°N to 61°N;
the grid size is 586x586 points and grid resolution is 2.7 km to 4.0 km. The bathy-
metry is constructed from the Shuttle Radar Topography Mission (SRTM30 plus)
dataset (available at http://topex.ucsd.edu/WWW_html/srtm30_plus.html) based on
the 1-min3! global dataset and higher-resolution data where available. To avoid
aliasing and ensure smoothing of the topography at the grid scale, a Gaussian
smoothing kernel with a width of 4 times the topographic grid spacing is applied. In
addition, local topography smoothing (with r=0.2) is applied to avoid pressure
gradient errors induced by terrain-following coordinates on steep slopes®2. 50 vertical
levels are used with enhanced resolution at the surface, bottom and thermocline
provided by stretching parameters: 6, = 7, 6, = 2 and h;,e = 300 m. The model is
initialized using the daily averaged Global MERCATOR reanalysisGLORYS2V433;
and is spun up as an ocean-only model for 1 year, using surface forcing from the
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CFSR atmospheric reanalysis. It is then run as a coupled model for all of 2010 using
interannual oceanic boundary forcing from daily GLORYS reanalysis.

Tidal simulation with CROCO has been validated many times>4-3%, and tidal
forcing is invariably performed as follows. At open boundaries, tidal data (elevation
and barotropic currents) are interpolated from the Oregon State University global
model of ocean tides TPXO?’, and applied through Flather-type conditions as for
other barotropic currents?”. Because the computational domain covers a large
basin, tidal potential is also applied as a body force in the interior (including direct
astronomical contributions from the sun and moon, contributions from solid Earth
body tide, self-attraction of ocean tides and load tides). The bottom drag is
computed assuming a logarithmic law in the bottom boundary layer with a
roughness length Zy, = 1072 m. Finally, the K-profile parameterization (KPP)38 is
used for vertical mixing of tracers and momentum in the surface and bottom
boundary layers and in the interior.

The Weather Research and Forecast model (WRF). WRF>?, version 4.1, is
implemented on a slightly larger domain than CROCO to include it inside its
sponge layers 4 points?(. The grid has a spatial resolution of =6 km. Initial and
boundary conditions are derived from the Climate Forecast System Reanalysis*,
CFSR, which has a spatial resolution of about 40 km and is used for initialization
on January Ist, 2010 and boundary forcing for 1 year. For parameterizations
(boundary layer, convection, micro-physics, radiation etc), the reader is referred
to!?. In the boundary layer model, a bulk formula®! is used to compute the surface
turbulent heat, freshwater and momentum fluxes, which are subsequently provided
to CROCO. Note that to properly account for the impact of surface ocean currents
on the atmosphere, we must also modify the tridiagonal matrix system solved in
the vertical turbulent diffusion scheme??43,

Coupling experiments. Model data are exchanged hourly between CROCO and
WREF through the OASIS3 coupler:#4. In the control simulation (CTRL) of the twin
experiments, WRF provides CROCO with hourly averages of freshwater, heat, and
momentum fluxes, while CROCO returns the hourly average sea surface tem-
perature. Current feedback (CFB) is considered by estimating the surface stress
using the 10 m wind U, = (Uyy, U,,y) (which corresponds to the first vertical level in
WRE) relative to the moving ocean surface U, = (Uyy, Uay) (computed at the top
vertical level in CROCO):

U= Ua - Uo (1)
The surface stress is then estimated as
7 =p,Cp(U, = UyIU, — U,| = p,CpU|U|. (2

where p, is the surface air density and Cp, the surface drag.

A second experiment called NOCFB is similar to CTRL except for the absence
of current feedback to the atmosphere (CFB): the surface stress is estimated using
the absolute wind U, rather than the relative wind U and so:

7= pCpUalUal. )

Note that an additional experiment with CFB but without tide leads to similar
conclusions about friction-induced tidal winds.
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Data availability

The in situ data can be found on http://www.marineinsitu.eu/. Data used in the figures
are available in https:/figshare.com/articles/figure/Data_to_plot_Figures_from_
Renault_et_al_2022_CFB_Tides/19153280

Code availability
CROCO and WREF are free softwares distributed in https://www.croco-ocean.org/and
https://github.com/wrf-model/WRF.
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