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[1] Internal tide driven mixing plays a key role in sustaining the deep ocean stratification
and meridional overturning circulation. Internal tides can be generated by topographic
horizontal scales ranging from hundreds of meters to tens of kilometers. State of the art
topographic products barely resolve scales smaller than ~10 km in the deep ocean. On these
scales abyssal hills dominate ocean floor roughness. The impact of abyssal hill roughness on
internal-tide generation is evaluated in this study. The conversion of M, barotropic to
baroclinic tidal energy is calculated based on linear wave theory both in real and spectral
space using the Shuttle Radar Topography Mission SRTM30_PLUS bathymetric product at
1/120° resolution with and without the addition of synthetic abyssal hill roughness. Internal
tide generation by abyssal hills integrates to 0.1 TW globally or 0.03 TW when the energy
flux is empirically corrected for supercritical slope (i.e., ~10% of the energy flux due to
larger topographic scales resolved in standard products in both cases). The abyssal hill
driven energy conversion is dominated by mid-ocean ridges, where abyssal hill roughness is
large. Focusing on two regions located over the Mid-Atlantic Ridge and the East Pacific
Rise, it is shown that regionally linear theory predicts an increase of the energy flux due to
abyssal hills of up to 100% or 60% when an empirical correction for supercritical slopes is
attempted. Therefore, abyssal hills, unresolved in state of the art topographic products, can
have a strong impact on internal tide generation, especially over mid-ocean ridges.
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1. Introduction

[2] Turbulent mixing across density surfaces is thought
to be the primary driver of the abyssal limb of the meridio-
nal overturning circulation and associated deep stratifica-
tion [Munk and Wunsch, 1998 ; Nikurashin and Ferrari,
2013; Talley, 2013]. The additional contribution to the
upper limb of the overturning circulation and the mid-depth
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stratification comes from the wind-induced upwelling in
the Southern Ocean [Toggweiler and Samuels, 1995; Gna-
nadesikan, 1999 ; Marshall and Speer, 2012]. In the ocean
interior, diapycnal mixing is mainly sustained by breaking
internal waves [Garrett and Kunze, 2007]. Among the dif-
ferent classes of internal waves, internal tides are especially
important: it has been estimated that their breaking pro-
vides around 1 terawatts (TW, 1 TW = 10'> W) out of the
3 £ 1 TW of energy dissipation needed in the ocean interior
to maintain the deep ocean stratification [e.g., Munk and
Wunsch, 1998 ; Egbert and Ray, 2001; Jayne and St. Lau-
rent, 2001; St. Laurent and Simmons, 2006]. Internal-tide
driven mixing, parameterized in most recent AR5 IPCC-
class climate models with a semiempirical parameterization
[St. Laurent et al., 2002], has been shown to impact the
large-scale ocean circulation and improve climate simula-
tions [e.g., Simmons et al., 2004a; Saenko and Merryfield,
2005; Jayne, 2009]. Therefore, understanding energy con-
version from the barotropic tides into internal tides and the
corresponding distribution of turbulent mixing in the ocean
remains a key issue for accurate simulations of ocean circu-
lation and climate.

[3] Internal tides are internal waves generated by the
interaction of barotropic tides with rough topography hav-
ing horizontal scales from a few hundreds of meters to a
few tens of kilometers [e.g., Bell, 1975a]. The internal tide
generation problem has been addressed in several theoreti-
cal, inverse and modeling studies. From astronomical
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observations, it is known that energy dissipation of the M,
tidal constituent accounts for 2.4 TW, about 2/3 of the dis-
sipation over all constituents [Munk, 1997]. This dissipa-
tion is due to both bottom friction, a process especially
important in shallow seas, and internal tide generation over
rough topography. Through inverse calculations using
altimeter data, Egbert and Ray [2000, 2001] inferred that
about 25-30% of the tidal energy dissipation occurs in the
deep ocean, where internal tide generation is thought to be
the dominant process for energy dissipation. High levels of
mixing were observed in the Brazil Basin several thousands
of meters above rough topography [Polzin et al., 1997] and
were indeed likely due to the breaking of locally generated
internal tides. However, the spatial resolution of such
inverse estimates is low. Hence, they do not resolve the
fine-scale distribution of the energy conversion, which
appears to be patchy, reflecting the patchiness of topo-
graphic roughness. Spatial resolution is also a limiting fac-
tor for the study of the energy conversion from barotropic
to internal tides using numerical global baroclinic tide
models. Another limitation of early numerical global baro-
clinic tide models [e.g., Arbic et al., 2004 ; Simmons et al.,
2004b] is their employment of a horizontally uniform strat-
ification due to the lack of atmospheric forcing necessary
to sustain a realistic horizontally varying stratification.

[4] The energy conversion into internal tides can also be
calculated analytically. A linear wave theory was devel-
oped by Bell [1975a, 1975b], with refinements provided for
instance by Llewellyn Smith and Young [2002] and Khati-
wala [2003] to relax assumptions of an infinite depth ocean
and uniform stratification. While in an infinite-depth ocean
internal tides can radiate from all scales of topography
(e.g., Bell [1975a, 1975b]), it was found that the main
effect of the finite depth of the ocean is that the conversion
by topographic wavelengths longer than the horizontal
wavelength of the first internal wave mode (i.e., tens of
kilometers) is suppressed [Llewellyn Smith and Young,
2002].

[s] The best topographic products currently available
over the global ocean are given on a grid at 1/120° (<1
km) (e.g., GEBCO_08 [/OC, [HO and BODC, 2003],
SRTM30_PLUS [Becker et al., 2009; Sandwell and Smith,
2009]). Two different types of data are merged within these
products: estimates of the bathymetry derived from satel-
lite gravity data, and acoustic soundings performed from
ships. The resolution of satellite derived bathymetry is lim-
ited to scales larger than 10 km in the deep ocean [Smith
and Sandwell, 1997], whereas singlebeam and multibeam
acoustic soundings can resolve topographic scales of
O(100) m. While more accurate, multibeam acoustic
soundings only cover a small fraction of the global ocean
(~10%, Charette and Smith [2010]), with most observed
regions lying in coastal zones. Therefore, in most of the
deep ocean (where acoustic soundings are not available),
the effective feature resolution of the best currently avail-
able bathymetric product is closer to 10 km than to 1/120°
(~1 km). At scales smaller than 10 km, abyssal hills are the
dominant roughness fabric over much of the ocean floor
[e.g., Macdonald et al., 1996]. Formed at mid-ocean ridge
spreading centers by volcanism and tectonics, they are
rafted away by plate spreading and modified through time
by mass wasting and sedimentation. Abyssal hills typically

have heights of order 50 m and horizontal scales of order
1-10 km. Therefore, abyssal hill roughness is very poorly
represented in standard bathymetric products.

[6] The importance of small-scale topographic rough-
ness for internal tide generation has been suggested in ear-
lier studies. Using linear theory, Nycander [2005]
highlighted significant contribution to the energy flux from
barotropic to internal tides over the global ocean from
scales near the resolution limit of bathymetric data sets
(i.e., near scales of 10 km). This implies that a larger flux is
likely to be obtained from a topographic data set that
includes abyssal hills. Carter et al. [2008] showed that
increasing the resolution of their internal tide model from 4
to 1 km results in 20% larger barotropic-to-baroclinic tidal
energy conversion. In a recent process oriented study, Iwa-
mae and Hibiya [2012] showed that the energy conversion
from the barotropic to baroclinic tide is enhanced by 70%
in the Brazil Basin when small-scale topography (between
250 and 2 km) is taken into account. Recent theoretical
[Muller and Biihler, 2009; Polzin, 2009] and numerical
[Nikurashin and Legg, 2011] studies also suggest that the
local breaking of internal waves and hence mixing are sus-
tained primarily by internal tides radiated from abyssal
hills.

[71 The present study aims at evaluating the impact of
small-scale topographic roughness due to abyssal hills on
internal tide generation using direct calculations based on
linear wave theory. Although direct observations of abyssal
hills are not available on a global scale, it is possible to pre-
dict the statistical parameters of abyssal hill roughness
world-wide via relationships between the average statistical
properties of abyssal hills and the seafloor spreading rate
and direction [Goff and Arbic, 2010, hereafter GA]. GA
modified these roughness parameters to account for sedi-
ment thickness. Using the Shuttle Radar Topography Mis-
sion SRTM30_PLUS bathymetric product with and
without the addition of synthetic abyssal hill roughness (as
described in section 2), we use direct calculations based on
linear theory to evaluate the impact of abyssal hills on
internal-tide generation for the M, tidal component. In sec-
tion 3, calculations are first performed in real space over
two regions having different topographic roughness,
located over the Mid-Atlantic Ridge (MAR) and East
Pacific Rise (EPR). These calculations allow us to test our
methodology and provide some insight on the contribution
to the energy flux from different topographic scales. An
assessment of the energy flux due to supercritical slopes,
where linear theory is not formally valid, is also provided
regionally. A correction is then attempted for the overpre-
diction of the energy flux at supercritical slopes. Global
calculations are then performed in both real and spectral
spaces to assess the impact of abyssal hill roughness on
internal-tide generation over the global ocean (section 4).

2. Methodology

2.1.

[8] In this study, we use a synthetic realization of the
abyssal hill distribution in real space inferred from the pre-
diction of their statistical parameters (GA). The synthetic
abyssal hills are overlaid on a standard topographic product
in real space. However, the calculation of the energy

Linear Theory
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conversion into internal tides, £y is traditionally done in
spectral space [e.g., Bell, 1975b; St. Laurent and Garrett,
2002]. Moreover, since synthetic abyssal hill topography
represents a single realization of the abyssal hill spectrum,
we complement the energy flux calculation into A, internal
tides in the real space with a similar calculation in spectral
space.

2.1.1. Calculation in Real Space

[o] The calculation of the energy flux Ej into internal
tides at the fundamental M, frequency in real space is
based on the formulation provided by Nycander [2005]. It
is given by the sum of the contributions E]T , due to the tidal
velocity along the major axis of the tidal ellipse and E,,
due to the tidal velocity along the minor axis of the tidal
ellipse:

R IR Y PR L) P

where pg is a reference density for seawater, o is the M,
tidal frequency, U, is the amplitude of the semimajor axis
of the barotropic M, tidal velocity, and the x axis has been
chosen to lie along the major axis of the tidal ellipse. Nj is
the buoyancy frequency at the sea floor and f'is the Coriolis
parameter. / is the bottom topography, and the root mean
square of / defines the topographic roughness. g, is a high-
pass filter whose definition and necessity are described in
the following paragraph. r and r’ are vectors in the tidal
ellipse coordinates space (r =x e, +y e,, with e, and e,
being, respectively, the unit vectors along the major and
minor axes of the tidal ellipse). The double integral is a
spatial integral over the ocean. E; is in units of W m >
E; is given by a similar expression with U, replaced by
U_ and x by y, with U_ the amplitude of the semiminor
axis of the barotropic M, tidal velocity (which is along the
y axis).

[10] The convolution integral in equation (1) expresses
the fact that wave generation is a nonlocal process where
the energy flux at a point depends on the topography in a
region around that point. Since only topographic horizontal
scales that are shorter than the horizontal wavelength of the
first internal tide mode can radiate internal tides in an ocean
of finite depth [Llewellyn Smith and Young, 2002],
Nycander [2005] used a Gaussian high-pass filter, g,(r), to
suppress the radiation from long topographic scales. The
cutoff length of the filter, a, is given by:

7L ’ zZ)dz
a= n\/wz——ﬁJ_DN( )dz. )

[11] In equation (2), N is the buoyancy frequency, D is
the local depth of the ocean, and f§ is a nondimensional
parameter set to 1.45. The cutoff length a is proportional to
the horizontal wavelength of the first internal wave mode,
and has typical values of O(10) km. Note that for the actual
calculation, an equivalent of equation (1) involving a par-
tial integration is used (see Nycander [2005] for more
details) and the equation has been transformed to the
longitude-latitude coordinate system. Moreover, the finite
difference scheme used in this study has been improved

compared to Nycander [2005] according to the work of
Green and Nycander [2013].

2.1.2. Calculation in Spectral Space

[12] The calculation of the energy flux E; into internal
tides in spectral space is based on Bell [1975b]’s theory,
with vertical scales longer than the local ocean depth being
removed:

N2—n w? (nzwz—fz)]]/2

" 3)
27124 12 21172
1J2< (ViU Z] ) O(K)dkdl.

[13] In equation (3), J, is the Bessel function of the first
kind of order n. k = (k, l? is the wavenumber of the topog-
raphy and x = (K+ ) 2, ®(k) is the spectrum of the
topography. The integral over the wavenumber of the
topography starts from (ko, o), the smallest topographic
wavenumber involved in the generation of internal waves
in a finite depth ocean. Note that in this study, the square
root of the integral of the topographic spectrum in the
abyssal hills wavenumber range defines the abyssal hill
roughness in spectral space. The index n corresponds to
tidal harmonics, with the maximum harmonic ny being the
largest integer less than N/ (the frequency must fall in
the range f'<n w < Np for internal tides to propagate). In
the following calculations of the energy flux into internal
tides based on equation (3), the spectrum of the topography
®(k) corresponds to abyssal hills only, and is computed
from the Goff and Jordan [1988] formulation using the GA
parameters of abyssal hill statistics, given on a 1/4° grid.
Therefore, the spectrum of the bathymetry changes every
1/4° and the resolution of the spectrally computed energy
flux is 1/4°.

[14] The calculations of the energy flux into internal tides
in real space (1) and spectral space (3) are not strictly equiv-
alent. Differences in the calculations involve the treatment
of higher harmonics (small tidal excursion approximation
used in equation (1)) and of the ocean finite-depth. More-
over, in the real space calculation the conversion of tidal
energy by abyssal hills is estimated by the difference in the
energy flux with abyssal hills added to the bathymetric prod-
uct and the flux without the addition of abyssal hills. In con-
trast, in the spectral calculation, the conversion due to
abyssal hills is estimated from the spectra of the abyssal hill
topography only. Despite these minor differences, the esti-
mates of energy conversion by abyssal hills should be rea-
sonably consistent between the two calculations.

2.1.3. Regimes of Linear Theory Validity

[15] Two parameters of dynamical interest for the gener-
ation of internal tides are the tidal excursion and the steep-
ness parameters. The tidal excursion parameter, denoted by
{ hereafter, is the ratio of the tidal excursion amplitude, U/
o, to the horizontal scale of the bathymetry, L:

=L @)

wL

where Uy=[U?+U? ]'/2 is the amplitude of the barotropic
tidal velocity.
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[16] Internal tides are radiated in both the up- and down-
stream directions mainly at the fundamental frequency of
the tide, w, if { <1 (small tidal excursion, acoustic limit),
and at its harmonics nw if { > 1. If the tidal excursion
largely exceeds the length scale of the bathymetry ({ >>
1), the generated internal waves only propagate in the
upstream direction with frequencies —xU,, with x the
amplitude of the wavenumber of the topography. The
quasi-steady approximation is valid in this regime and the
problem reduces to the generation of steady lee waves. In
the open ocean, the tidal excursion rarely exceeds 500 m
[Nycander, 2005]. The resolution of our bathymetric prod-
uct is 1/120°, i.e., ~1 km at the equator, reaching 500 m at
57° in latitude. Therefore, we are in the acoustic regime
and the small tidal excursion approximation made in equa-
tion (1) is valid in most parts of the ocean. This assumption
is further validated in section 4.2.

[17] The steepness parameter, Y, is the ratio of the topo-
graphic slope to the slope of a radiated tidal beam:

®)

[18] This parameter also allows us to distinguish two dif-
ferent regimes. When Y > 1, the topography is referred to
as “supercritical”. When Y < 1, the topography is referred
to as “subcritical”. For the linear theory to be valid, the
topography must be subcritical. Our results are therefore
strictly valid only for regions where Y < I. In section 3,
the contribution of regions with supercritical bathymetric
slopes to the energy flux into internal tides is evaluated.

2.2. Data sets

2.2.1. Bathymetric Products

[19] In the real space calculation, we use two bathymet-
ric products. The first one is the SRTM30_PLUS bathymet-
ric data set at a resolution of 1/120° [Becker et al., 2009;
Sandwell and Smith, 2009]. Since bathymetry in the deep
ocean is mainly estimated from satellite gravity data, this
bathymetric data set does not resolve abyssal hills, except
in a few locations where bathymetry was derived from
actual acoustic soundings (as indicated by the Survey Iden-
tification Data (SID) included in SRTM30_PLUS).

[20] The second bathymetric data set is a blend of the
SRTM30_PLUS bathymetry with a synthetic realization of
seafloor roughness due to abyssal hills. The synthetic
abyssal hill map was produced with the methodology
described in GA at a resolution of 1/120° to match
SRTM30_PLUS. The merging of abyssal hill roughness
with SRTM30_PLUS is described in Timko et al. [2009]
and Timko et al. (in preparation, 2013). A system of
weights based on the SID data is used to prevent the addi-
tion of a synthetic roughness field to the SRTM30_PLUS
product in locations where high resolution acoustic sound-
ing data, which resolve abyssal hills, were used to derive
the depth of the ocean in SRTM30_PLUS. Hereafter, the
bathymetric product in which synthetic abyssal hill rough-
ness is overlaid on SRTM30_PLUS is referred to as SSG.
An illustration of the bathymetric products is given in Fig-
ure 1 for the two regions located over the Mid-Atlantic

Ridge (MAR) and East Pacific Rise (EPR) studied in sec-
tion 3. The synthetic abyssal hill roughness used in this
study is shown in Figure 2. Abyssal hills are morphological
indicators of mid-ocean ridge spreading rates and direc-
tions. They are linear features, parallel to the ridge at the
time of formation, and their heights and widths are inver-
sely correlated to the spreading rate [e.g., Goff, 1991; Small
and Sandwell, 1992 ; Goff et al., 1997]. Therefore, abyssal
hills are anisotropic (Figure 1) and have different statistical
properties in the parallel and normal to the ridge directions
[e.g., Goff and Jordan, 1988; Goff and Arbic, 2010]. In
particular, although the overall roughness does not change
with direction, characteristic scales will be shortest and
slopes steepest in the normal-to-ridge direction, and vice
versa in the parallel-to-ridge direction. This anisotropy is
taken into account in the GA product and in the energy flux
calculations (equations (1) and (3)). The larger abyssal hill
topography is associated with regions having lower seafloor
spreading rates and less sediment cover, such as the Mid-
Atlantic Ridge, the Southwest Indian Ridge and the Central
Indian Ridge regions. Abyssal hills are added to deep oce-
anic regions, largely between 2000 and 6000 m depth (Fig-
ure 3). For more details on the abyssal hill roughness
realization and distribution, the reader is referred to Goff
and Arbic [2010].

2.2.2. Stratification and Tidal Velocities

[21] The bottom and depth-integrated buoyancy frequen-
cies as well as the barotropic M, tidal velocities are needed
in equations (1-3). The buoyancy frequencies are com-
puted from the World Ocean Circulation Experiment
(WOCE) hydrographic atlas [Gouretski and Koltermann,
2004], which is provided on a 1/2° grid and 44 vertical lev-
els. The buoyancy frequencies were interpolated onto the
1/120° bathymetric grid using the method of Akima [1970].
The barotropic M, tidal velocities are provided by the
TPXO.6.1 model with a resolution of 1/4° [Egbert and Ero-
feeva, 2002] and are linearly interpolated onto the 1/120°
bathymetric grid.

3. Results: Regional Estimates

[22] We first focus on two different regions in order to
evaluate the impact of different abyssal hill morphologies
on internal tide generation and assess the contribution of
different spatial scales of bathymetry. An assessment of the
energy flux contribution due to supercritical slopes is also
provided regionally, and a correction is attempted for the
overprediction of the energy flux at supercritical slopes.

[23] The first region studied here is located over the
Mid-Atlantic Ridge (MAR), and the second region is
located over the East Pacific Rise (EPR). The MAR and
EPR represent contrasted cases of mid-ocean ridge topogra-
phy. The EPR is one of the fastest spreading centers
(spreading rate larger than 5 cm/yr), while the MAR is a
slow spreading center (spreading rate in the range of 0.5 to
4 cm/yr). Consequently, topographic roughness over the
MAR has larger vertical scales and smaller horizontal
scales than roughness over the EPR. In the MAR and EPR
regions, the crest of the mid-ocean ridge is approximately
oriented meridionally (Figure 1). Abyssal hills therefore
also tend to be aligned meriodionally.
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Figure 1. Bathymetric products. Illustration of the merged bathymetry (SSG, top) for which the
SRTM30_PLUS product (top middle) is overlaid with synthetic abyssal hill roughness (GA, bottom mid-
dle) over the Mid-Atlantic Ridge (MAR, left) and East Pacific Rise (EPR, right) regions used in this
study (located by the black boxes). Units are in meters. (bottom) The nondimensional weights, based on
the availability of acoustic soundings, used in the merging. Red colors indicate high acoustic data cover-
age. The regions outside the MAR or EPR boxes represent buffer zones needed for the computation of
the convolution in the calculation of the energy flux in real space.

[24] The EPR region studied here extends from 7°N to
13°N, and from 102°W to 108°W. Twenty-five percent of
its area (mostly over the ridge) is covered by multibeam
data (Figure 1). The MAR region extends from 32°S to
22°S, and from 8°W to 20°W. This region has been the
focus of several previous studies related to internal-tide

generation and dissipation [St. Laurent and Garrett,
2002; Polzin, 2009] since it is one of the few regions
where multibeam data provide high resolution bathymet-
ric data in the deep ocean. Twelve percent of its area
(mostly over the ridge) is covered by multibeam data
(Figure 1).
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i

W
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180W

Figure 2. Abyssal hill roughness. Root mean square differences between the SRTM30_PLUS and SSG
bathymetric products (in meters) on a 1/4° grid (computed with an area weighted mean from the 1/120°
grid). The purple boxes locate the EPR and MAR regions where regional estimates of energy flux are
calculated. Oceanic regions with no values (white regions) are regions where no abyssal hill statistical
parameters were available. Areas with small abyssal hill roughness (compared to its surroundings) over
midocean ridges are areas where abyssal hills are captured by acoustic data in SRTM30_PLUS.

3.1.

[25] Bathymetric spectra along the zonal direction for
the SRTM30_PLUS, GA, and SSG products over the MAR
and EPR regions are shown in Figure 4. In both regions,
there is more spectral power density at large horizontal
wavelengths (>10-30km) in the SRTM30_PLUS product
than in abyssal hills (Figure 4). At these scales, mid-ocean
ridges, fracture zones, and seamounts are the dominant
topography. These large features are easily captured by the
satellite topography (Figure 1). At smaller horizontal wave-
lengths (<10-30km), there is more spectral power density
in the synthetic abyssal hills product than in
SRTM30_PLUS, reflecting the fact that abyssal hills are
the dominant topographic roughness fabric at these scales.

[26] There is not, however, a perfect scale separation
between the SRTM30_PLUS and the abyssal hill spectra.
The SRTM30_PLUS topography has spectral power den-
sity at scales smaller than O(10) km: Outside areas covered
by high-resolution acoustic soundings data, the
SRTM30_PLUS bathymetry at the limiting scales is a fil-
tered version of the combined effects of small-scale relief
(primarily abyssal hills) and altimetric noise. The abyssal
hill realization also has spectral power density at scales
larger than O(10) km, due to the von Karman spectral
model used to represent the abyssal hill statistical behavior
in GA. The von Karman model is a band-limited fractal
model: it has a power-law form at high wavenumbers, and
has a flat “white” spectrum at low wavenumbers (as seen
in Figure 4), meaning that all wavenumbers have equal
amplitude. The flat spectrum at low wavenumber is neces-
sary because abyssal hill morphology is aperiodic [Goff
and Jordan, 1988]. The two spectra therefore overlap, and
contribute a small amount of extra power at both high and
low wavenumbers. The overlap may be advantageous,
however, in the intermediate scales (O(10-100) km), where
spectral power is likely underrepresented by both spectra.

Bathymetric Spectra

[27] As expected from the different spreading rates of
the MAR and EPR, small-scale topographic roughness is
larger in the MAR region than in the EPR region, as shown
in real space in Figure 1 and by the higher power spectral
density in the right plot of Figure 4. Therefore, we expect
the M, tide energy conversion into internal tides to be more
impacted by abyssal hill roughness in MAR than in EPR.

3.2. Energy Conversion

[28] The impact of the addition of synthetic abyssal hill
roughness on the energy flux into internal tides is shown in
Figure 5 for MAR and EPR. Clearly, abyssal hill roughness
strongly influences regional tidal energy conversion. Over
the EPR region, the total energy flux into M, internal tides
is 0.78 GW for the SRTM30_PLUS bathymetry, and 0.95
GW for SSG, which corresponds to an increase of 23% in
the tidal energy conversion. As expected (section 3.1), the
impact of abyssal hills is much greater in the MAR region,
where the total energy flux increases from 4.5 GW with the
SRTM30_PLUS bathymetry to 85 GW in SSG (an
increase of 89%). Note that these values may underestimate
the true effect of abyssal hills because portions of the
SRTM30_PLUS topography in these regions are derived
from acoustic data and hence also resolve abyssal hills.

[29] The conversion of tidal energy over the MAR region
with the standard bathymetric product (SRTM30_PLUYS) is
consistent with the previous estimate by St. Laurent and
Garrett [2002] of 3.8 £ 1.7 GW, made using the Smith and
Sandwell [1997] bathymetry. It can also be noted that
although the energy flux in the MAR with SRTM30_PLUS
is much smoother than with SSG, small-scale energy flux
patterns can be spotted even with SRTM30_PLUS in places
where multibeam data are included in SRTM30_PLUS
(Figure 1, see around 26°S 14°W and 30-34°S 14°W in the
MAR region). When abyssal hill roughness is added to
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SRTM30_PLUS, much more small-scale features are evi-
dent in the energy flux map (Figure 5).

3.3. Contribution of Different Topographic Scales

[30] Since the SRTM30_PLUS product sparsely resolves
abyssal hills, the SRTM30_PLUS results shown in this
paper do include some abyssal hill contributions. In order
to isolate the abyssal hill contributions more effectively in
our estimates, we compare the energy flux from the SSG
bathymetry and from a version of this bathymetry where
abyssal hills are gradually filtered out. More generally,
using smoothed SRTM30_PLUS and SSG bathymetries
with an increasing filtering window length (from 0 to 20
km) allows us to assess the contribution of different topo-
graphic scales to the energy flux. The bathymetric spectra
over the MAR region after the filtering of the SSG bathy-
metric product are shown in Figure 6. The energy conver-
sions calculated with the filtered bathymetries and
integrated over the EPR and MAR regions are shown in
Figures 7a and 7b. As expected, the energy conversion
decreases when the topography is smoothed, indicating that
the energy flux is increased when smaller scales of topogra-
phy are resolved (Figure 5). While this is true for both the
SSG and SRTM30_PLUS bathymetric products, the

decrease in the energy flux as the bathymetry is smoothed
is larger for SSG (Figures 7a and 7b, continuous lines) than
for SRTM30_PLUS (Figures 7a and 7b, dashed lines) due
to the addition of abyssal hills in SSG. When the cutoff
length of the low pass filter is longer, the abyssal hills tend
to be filtered out, the two bathymetric products become
similar and the energy fluxes given by the two bathymetric
products converge (Figures 7a and 7b).

[31] Therefore, small-scale topography dominated by
abyssal hills clearly impacts the energy conversion from
barotropic to internal tides over the MAR and EPR. In
these two regions, the small excursion approximation is
valid (using a typical topographic length of 1 km, which
roughly corresponds to the bathymetric grid size at the
equator, and to the lower bound of typical abyssal hills hor-
izontal length). However, the linear theory is strictly valid
for subcritical slopes only, and abyssal hills might be domi-
nated by supercritical slopes regionally.

3.4. Contribution of Subcritical/Supercritical Slopes

[32] Internal tide generation in the acoustic regime
({ <1, see equation (4)) over supercritical topography is
still an open question and an area of active research
[Nycander, 2006; Petrelis et al., 2006; Zhang et al., 2007 ;
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Figure 4. Bathymetric spectra in the east-west direction for the (left) EPR and (right) MAR regions for
the SRTM30_PLUS (in blue), the synthetic abyssal hills (in red), and the combined SSG (in green) prod-
ucts. The vertical dotted lines correspond to the wavelength values labeled on the upper x axis.

Legg and Klymak, 2008; Balmforth and Peacock, 2009].
Linear (i.e., subcritical) theory predicts an energy conver-
sion proportional to Y?. The scaling in the supercritical
regime is unknown, but Nycander [2006] argued that the
energy conversion saturates when the slope becomes super-
critical. Some support for this is given by numerical simu-
lations [Khatiwala, 2003] and analytical calculations using
a periodic topography [Balmforth and Peacock, 2009].
Inspired by the hypothesis of Nycander [2006], we will per-
form a crude correction for supercriticality by dividing the
energy flux by Y? in supercritical regions, while keeping
the energy flux unchanged in subcritical regions. Critical
slopes are here defined by Y=1. A similar correction has
been used for the energy flux into atmospheric gravity
waves [Eckermann et al., 2010], and for the energy flux
into oceanic internal lee waves [Nikurashin and Ferrari,
2010, 2011; Scott et al., 2011]. However, it should be rec-
ognized that even if the hypotheses of saturation in the
supercritical regime is correct, this method cannot be quan-
titatively accurate since the correction is performed locally,
while the internal tide generation is a nonlocal process.

[33] In the MAR region, applying this correction for
supercritical slopes makes the energy flux converge when
smaller scales of the topography are resolved with both
SRTM30_PLUS and SSG (Figure 7a, grey lines). The
increase of the conversion achieved by resolving the small-
est scales of the topography in SSG (<O(10) km, compare
the black lines in Figure 7a) is partially cancelled by the
correction for supercritical slopes (Figure 7a, compare the
black and grey continuous lines). This can be explained by

the fact that abyssal hills are responsible for a significant
part of the energy conversion in MAR, but a significant
fraction of abyssal hills are supercritical in this region (Fig-
ure 7c). The increase in the energy flux over the MAR
region due to abyssal hills is 2.3 GW (or 64%) when the
correction is applied, compared to 4.0 GW (or 89%) with-
out the correction.

[34] In the EPR region, the correction for supercriticality
also decreases the energy conversion by the resolved topog-
raphy in both SRTM30_PLUS and SSG, as seen in Figure
7b (compare the continuous lines together and the dashed
lines together). On the other hand, the contribution to the
energy conversion from the abyssal hills is almost unaf-
fected by this correction, as the difference between the
energy fluxes from the SSG and SRTM30_PLUS bathyme-
tries is similar with and without the correction for supercrit-
ical slopes. This is because abyssal hills over the EPR
generally have subcritical slopes (Figure 7d, compare the
two lines). As a result, the increase in the energy flux over
the EPR region due to abyssal hills is 0.16 GW (or 30%)
when the correction is applied, compared to 0.17 GW (or
23%) without the correction. Therefore, the sparse super-
critical slopes in the EPR contribute to a significant fraction
of the total energy flux in both SRTM30_PLUS and SSG
since they are not largely found over abyssal hills.

[35] All in all, the regional calculations show that
although the contribution from the abyssal hills to the total
energy flux decreases when the correction for supercritical-
ity is applied, the abyssal hills can still strongly increase
the energy conversion from the M, barotropic tide to
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Figure 5. Regional energy fluxes. Energy flux into M, internal tides (in log;o W m™~2) for the (top)
EPR and (bottom) MAR regions with the (left) SRTM30_PLUS and (right) SSG bathymetries. Total
fluxes are given in the titles. Acoustic data cover 25% of the EPR region and 12% of the MAR region,

and are mainly located over the ridges (see Figure 1).

internal tides, especially over the Mid-Atlantic Ridge. The
impact is less pronounced over the EPR, but might be
stronger over the Southwest Indian Ridge and the Central
Indian Ridge where abyssal hill roughness is the largest
(Figure 2) and tidal velocities are large.

4. Results: Global Calculation
4.1.

[36] In this section, global calculations are performed to
assess the global effect of abyssal hill roughness on internal
tide generation. The global conversion of the M, barotropic
tidal energy into internal tides based on the real-space cal-
culation (1) with the SRTM30_PLUS bathymetry is shown
in Figure 8a. The global energy flux is in good agreement
with that computed by Nycander [2005] (see his Figure 5)
using the same methodology but a coarser standard bathy-
metric product (SS97, Smith and Sandwell [1997]). Internal
tides are mostly generated over continental slopes, mid-
ocean ridges, and island arcs (Figure 8a). This is consistent
with early estimates by Morozov [1995] who found that
subsurface ridges, if normal to the tidal flow, can cause the

Calculation in Real Space

generation of large internal waves. The energy flux associ-
ated with mid-ocean ridges can exceed those generated at
the coast line, which is typically parallel to the tidal flow.
While the spatial distribution and levels of internal tide
generation are consistent with Nycander [2005], it should
be noted that the energy flux can reach large, unrealistic
values over a few points of the ocean, especially in regions
shallower than 500 m depth, or over supercritical slopes,
and mostly in the Indonesian seas. In Nycander [2005],
most of these shallow regions were excluded because of the
lack of hydrographic data. The calculation of internal tide
generation in shallow water is rather unreliable for three
reasons: (1) the tidal velocity is larger and hence the tidal
excursion is longer in shallow water region, and therefore
the acoustic approximation is not valid, (2) the wave char-
acteristics are more likely to have flatter slopes because of
the stronger stratification in the thermocline, which implies
that the topography is more likely to be supercritical, and
(3) the tidal velocity field is less reliable in shallow water.
In our estimates of the M, tidal energy conversion, we first
use a capping of the energy flux to I W m ™2 for the loca-
tions where the energy flux exceeds that value. The global
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Figure 6. Spectra of the bathymetry (SSG product) in the
east-west direction over the MAR region using a low-pass
Hann (also known as Hanning) filter with increasing cutoff
length (L., in km). A window length of 0 km denotes no fil-
tering. When the filtering window length is 2.4 km, only
the scales smaller than 2.4 km are removed. As the filter
length increases, larger scales are removed. The vertical
dashed line indicates a horizontal wavelength of 12 km
(roughly the resolution of satellite-based topography), and
the vertical dotted lines correspond to the wavelength val-
ues labeled on the upper x axis.

rate of the M, tidal energy conversion is then 1.0 TW of
which 0.8 TW occurs below 500 m depth (Figure 9a).
These global rates of the M, tidal energy conversion com-
pare well with the estimate of 1.2 TW over the global ocean
[Nycander, 2005] and of 0.6-0.8 TW in regions deeper
than 500 m [e.g., Green and Nycander, 2013].

[37] The impact of abyssal hill roughness on the genera-
tion of internal tides is illustrated in Figure 8b as the differ-
ence in the global rate of the M, tidal energy conversion
inferred from the SSG and SRTM30_PLUS bathymetric
products. The global rate of the M, tidal energy conversion
by abyssal hills is 0.08 = 0.01 TW (Figures 8b and 9b), and
is dominated by mid-ocean ridges in the Atlantic and
Indian oceans, where internal tide generation due to larger
topographic scales is large (Figure 8a) and abyssal hill
roughness is high (Figure 2). The distribution of the global
conversion rate due to abyssal hills as a function of sea
floor depth (Figure 9b) reflects the distribution of abyssal
hills over depth (Figure 3). Note that the results are not
very sensitive to the value used for the capping of the
energy flux (the choice of the capping value affects the

global conversion rate due to abyssal hills by no more than
8 GW).

[38] The energy flux into M, internal tides was then esti-
mated with SRTM30_PLUS and SSG using the correction for
supercritical slopes introduced in section 3.4. Indeed, com-
pared to Nycander [2005], the higher resolution of the bathy-
metric products used in the present study makes it more likely
for the topography to be supercritical, and for the energy flux
to be overestimated. When the energy flux is weighted by the
steepness parameter squared and no extra capping is used, the
global rate of the M, tidal energy conversion using
SRTM30_PLUS is 1.0 TW, of which 0.4 TW occurs below
500 m depth. Note that only a very few subcritical locations
exhibit an energy flux larger than 1 W m™? in the ocean
deeper than 500 m, and these locations do not coincide with
large abyssal hill roughness. With the correction for supercriti-
cal slope, the estimated conversion of the M, tidal energy by
abyssal hills is 0.03 TW globally (~8% of the global energy
flux corrected for supercritical slope below 500m depth).

[39] Although the rate of M, tidal energy conversion by
abyssal hills only represents a small, yet sizable, fraction of
M, tidal energy conversion by larger topographic scales
(~10%), the impact of abyssal hill synthetic roughness on
internal tide generation can be important at regional scales,
especially over mid-ocean ridges. This is especially seen in
section 3 and Figures 8b and 8c.

4.2. Calculation in Spectral Space

[40] To check the robustness of our results in real space
obtained from a single realization of synthetic abyssal hill
topography, the energy flux from the M, tide into internal
waves was also computed in spectral space. The global
energy conversion by abyssal hills is shown in Figure 10a,
and integrates to 0.08 TW. It is dominated by the Mid-
Atlantic Ridge and the mid-ocean ridges in the Indian
Ocean. These results are in very good agreement with those
from the real space calculation (section 4.1) both in terms
of the amplitude of the energy flux due to abyssal hills and
of its spatial distribution (compare Figures 8b and 10a).
Moreover, higher harmonics neglected in the real space cal-
culation due to the small excursion approximation account
for a minor fraction of the energy conversion in the spectral
calculation, up to 5-10% regionally (Figure 10b).

[41] Note that the energy flux due to different topographies
can only be added to obtain the total energy flux if the topo-
graphic features have disjoint domains in the spectral space.
Indeed, the energy flux does not depend linearly on the topo-
graphic roughness (it is a quadratic function of the topo-
graphic slope). Abyssal hills added to SRTM30_PLUS and
topographic features already resolved in SRTM30_PLUS
roughly have distinct spatial scales or domains in the spectral
space (Figure 4). Therefore, calculating the energy flux due
to abyssal hills from abyssal hills alone (as done in our spec-
tral space calculation) is not necessarily equivalent but is
expected to be reasonably consistent with the subtraction of
the energy fluxes inferred from the SSG and SRTM30_PLUS
bathymetries (as done in our real space calculation).

5. Conclusions and Discussion

[42] Quantifying the magnitude and spatial distribution
of energy conversion from barotropic tides to internal tides
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(top) Contribution of different topographic scales to regional energy fluxes. Energy conver-

sion (in GW) from the M, tide to internal waves over (a) the MAR and (b) the EPR regions as a function
of the cutoff length of the low-pass filter applied on the bathymetry. Results are shown for both the
SRTM30_PLUS (dashed lines) and SSG (continuous lines) bathymetric products, without (black lines)
and with (grey lines) the correction for supercritical slopes. (bottom) Percentage of the (c) MAR and (d)
EPR regions seafloor area covered by supercritical slopes (in %) as a function of the cutoff length of the
low-pass filter applied to the bathymetry. Results from the SRTM30_PLUS product are shown in dashed
lines, while results from the SSG product are shown in continuous lines. Note the different vertical axis
for the MAR and EPR regions in both the top and bottom plots.

is of importance since the dissipation of internal tide
energy is a major source of mixing in the deep ocean.
Internal tides are generated through the interaction of the
barotropic tides with rough ocean floor topography. The
relevant spatial scales of the topography for internal tide
generation range from O(100) m to O(10) km. However,
deep ocean bathymetry in state of the art topographic
products is based primarily on satellite altimetry, which
cannot resolve horizontal scales below ~10 km in the
deep ocean. Previous studies of the energy conversion
from the barotropic to internal tides at global scales were
therefore limited by the resolution of the topographic

product used, and hinted that the energy conversion by
unresolved topographic scales could be substantial [e.g.,
Nycander, 2005].

[43] At scales smaller than 10 km, abyssal hills are the
dominant sea floor roughness fabric. Since acoustic sound-
ing data resolving abyssal hills are not available for most of
the deep ocean, synthetic maps of abyssal hill roughness
have been produced based on relationships for the average
statistical properties of abyssal hills as a function of sea
floor spreading rate and direction. Such a map can be used
as an overlay on standard coarser effective resolution topo-
graphic products.
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Figure 8. (a) Global energy flux from the M, tide into internal tides (in log;o, W m ™ ?) using the
SRTM30_PLUS bathymetric product, and averaged on a 1/4° grid using an area weighted mean. (b)
Abyssal hills contribution to the energy flux. Differences in the energy flux from the M, tide into internal
tides (in log;o, W m %) from the linear theory using the SSG and the SRTM30_PLUS bathymetric prod-
ucts (with a capping at I W m™?), and put on a 1/4° grid. (c) Global map of the increase in the energy
flux due to abyssal hills in percentage in log; scale computed from the 1/4° global maps of energy con-
version based on SRTM30_PLUS and SSG (i.e., 10g10 [100 X (EfSSG - E/SRTMEKO? PLUS)/EfSRTM307
pLus])- A doubling of the energy flux (increase of 100%) corresponds to a value of 2 in the colorbar.
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(a) Distribution of the global energy flux as a function of seafloor depth from the calculation

using SRTM30_PLUS using a capping at 1 (black), 2 (red), 5 (green), and 10 (blue) W m~ 2 for the
energy flux. (b) Distribution of the differences between the global energy fluxes calculated using SSG
and SRTM30_PLUS as a function of seafloor depth using a capping at 1 W m 2.

[44] In this study, we evaluate the impact of abyssal hill
roughness on the energy conversion from barotropic to
internal tides using linear wave theory and focusing on the
M, tidal component. Calculations were performed both in
real and spectral spaces, providing complementary infor-
mation on the contribution of abyssal hills to the energy
conversion. On the one hand, the calculation in real space
gives an energy flux at the same resolution as the bathyme-
try. Calculations in real space were performed based on
two global bathymetric products at a resolution of 1/120°:
a state of the art product (SRTM30_PLUS) with and with-
out the addition of a map of synthetic abyssal hill rough-
ness. The high resolution of the bathymetric product and of
the energy flux allows us to discern small-scale features in
the M, tidal energy conversion due to the abyssal hill con-
tribution. On the other hand, the calculation in spectral
space is directly based on the spectrum of the abyssal hill
bathymetry. Hence, it does not depend on a particular sta-
tistical realization of abyssal hill roughness, as the real
space calculation does. Moreover, the contribution from
higher harmonics can easily be computed in the spectral
space.

[45] We show that the contribution of abyssal hills to the
global energy flux into internal tides is 0.1 TW, with good
agreement between results based on linear theory in both
real and spectral spaces. Although the calculation in real

space at the global scale uses an arbitrary capping of the
energy flux at 1 W m™ 2, we believe that our results on the
M, tidal energy conversion by abyssal hills are robust since
there is only a small sensitivity to the value of the capping
value (Figure 9), and the real and spectral space estimates
are consistent. In addition, locations where the highest
energy flux occurs are not in regions of large abyssal hill
roughness. Thus, the capping affects the total level of
energy conversion, but does not substantially affect the
contribution from abyssal hills.

[46] Therefore, the linear theory estimate of the abyssal
hills contribution to the conversion of the M, barotropic
tides into internal tides (~0.08—0.10 TW) represents ~10%
of the 0.6-0.8 TW conversion in regions deeper than 500 m
by larger topographic scales [e.g., Green and Nycander,
2013]. The energy conversion due to abyssal hills is domi-
nated by mid-ocean ridge regions in the Atlantic and Indian
oceans, where both abyssal hill roughness and barotropic
tidal velocities are large. Focusing on two regions located
over the Mid-Atlantic Ridge and the East Pacific Rise, we
show that regionally abyssal hills can increase the energy
flux into internal tides by up to 100%. Using a low-pass fil-
ter on the bathymetry, we show that the contribution of the
smallest scales of the topography (mainly abyssal hills) is
significant. However, these results are only strictly valid of
the topography were subcritical. Since the linear theory
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due to abyssal hills and calculated in spectral space. (bottom) Global energy conversion into higher
M, harmonics (n > 1) normalized by the energy conversion into the fundamental M, frequency. Units

are in %.

tends to overestimate the energy conversion over supercriti-
cal slopes, an attempt was made to correct for the contribu-
tion of supercritical slopes by normalizing the energy flux
by the square of the steepness parameter to mimic energy
flux saturation at supercritical slopes. With this correction,
the local increase of the energy flux due to abyssal hills is
in the range of 30-60% for the two regions studied here,
and the abyssal hills contribution to the conversion of the
M, barotropic tides into internal tides globally integrates to
0.03 TW.

[47] The uncertainty related to the contribution of super-
critical bathymetric slopes to the energy conversion prob-
ably is the largest in this study, and more research is
desirable to properly predict the energy flux into internal
tides at supercritical slopes. Another source of uncertainty
comes from the use of the traditional WKB approximation
with the linear theory. This approximation yields an energy
flux proportional to the buoyancy frequency at the ocean
bottom. While this approximation holds for the high inter-
nal modes, it might not be valid for the lowest internal tide
modes, where it tends to underestimate the conversion sub-

stantially [Zarroug et al., 2010]. On the other hand, this
will mainly affect the conversion by the resolved topogra-
phy, but not that by the abyssal hills which mainly generate
high modes. The synthetic realization of abyssal hill rough-
ness used in this study provides another source of uncer-
tainty. Notably, the map of abyssal hill roughness might be
incomplete spatially (see Goff [2010] for another estimate
of abyssal hill roughness with a global coverage), so that
the contribution of abyssal hill roughness to internal tide
generation might be underestimated in this study. More-
over, since abyssal hills are captured in a few regions by
acoustic data included in SRTM30_PLUS (note areas with
no synthetic abyssal hill roughness over mid-ocean ridges
in Figure 2), the calculation in real space focuses on the
impact of synthetic abyssal hill roughness on internal-tide
generation. While this can make our estimate of the contri-
bution from synthetic abyssal hill roughness different from
the contribution from the actual abyssal hill roughness
locally, we believe it will only have a small impact on the
global energy conversion since acoustic data are sparse.
Finally, it should be noted that the linear theory used in this
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study does not allow feedback from the tidal energy con-
version on the barotropic tidal velocities. In the ocean, the
energy conversion into internal tides and the subsequent
divergence of their momentum stresses would impact the
barotropic tide. However, this is not a serious issue in our
diagnostic calculation to the extent that the TPXO baro-
tropic tidal velocity represents the observed tidal flows in
the ocean. While global numerical tidal models would
include these feedbacks, and therefore not suffer from a
need to cap global dissipation rates as done here in our real
space calculations, the limited horizontal resolution of such
models is another limitation in studying the impact of
abyssal hill roughness on internal tide generation. In a
related paper, Timko et al. (in preparation, 2013) show that
changes of the barotropic kinetic energies induced by the
addition of abyssal hills remain small. Their results concur
with ours in that the impact of abyssal hill roughness on
internal-tide generation is small at the global scale (~5% in
their study), but is responsible for a large increase of the
energy flux over mid-ocean ridges (up to about 25%).
Therefore, although both methodologies (linear wave
theory in this study, global numerical tidal model in Timko
et al. (in preparation, 2013)) have known strengths and
weaknesses, their qualitative agreement on the impact of
abyssal hill roughness on internal tide generation gives
confidence in the presented results.
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