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[1] Rough topography on the ocean floor is a source of ocean mixing which is of interest
to both physical oceanography and climate science. Most mixing has been attributed to
high slopes of the large-scale structures of the deep ocean floor such as seamounts,
continental margins, and mid-ocean ridge axes. In this paper, we show the small-scale
but ubiquitous abyssal hills and fracture zones dominate the global map of rough
topography. Much of this rugged seafloor occurs in the Southern Ocean on the flanks of
the Pacific-Antarctic Rise and Southwest Indian Ridge. We present our results as a
global map of the mean slope of the ocean floor, and as a global map of the ocean
floor above the M2 critical slope. We compare our results to multibeam and satellite
bathymetry data to show that satellite bathymetry is not a valid proxy for multibeam
measurements, but edited single-beam sonar data are adequate to provide a global
perspective on features with horizontal wavelengths as small as 2 km.
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1. Introduction

[2] In a classic paper, Munk [1966] assumed constant
upwelling and estimated the eddy diffusivity needed to
maintain the observed abyssal ocean stratification as well
as the amount of energy needed to mix the abyssal ocean.
The O(10�4 m2/sec) diffusivity [Munk, 1966] predicted was
not found experimentally [c.f. Osborn, 1980]. Eddy diffu-
sivity is difficult to measure, but with the semiempirical
methods of Osborn [Osborn, 1980; Osborn and Cox, 1972]
and Dillon [1982], reliable experimental results were
obtained. Recent measurements show that mixing is en-
hanced by orders of magnitude near rough topography
[Nash et al., 2007; Polzin et al., 1997; Toole et al., 1997].
Munk and Wunsch [1998] addressed the missing diffusivity
in the mid ocean and the increased mixing over rough
topography by proposing that tidal dissipation was a power
source of mixing and mixing preferentially occurred when
internal tides flowed across steep slopes. There is an
extensive body of experimental, theoretical, and numerical
research on the production of internal waves by the inter-
action of tidal currents with variable topography [cf. Garrett
and Kunze, 2007]. Baines [1982] examined the simple case
of horizontal tidal excursions impinging on a uniform
continental slope and found that for semidiurnal tides in a
stably stratified layer, there is a critical slope where con-
version of the barotropic tide is most efficient. In the deep
ocean where the stratification is low, this critical slope

ranges from 0.1 to 0.3 m/m so only very steep topography
can generate internal waves in this simplified model.
Llewellyn Smith and Young [2002] extended the model to
show the shape of the topographic spectrum determines the
amount of energy conversion in an ocean of finite depth
with arbitrary stratification.
[3] Satellite altimetry has been used to measure the

global barotropic tide [Kantha, 1995], as well as the
location and magnitude of its global dissipation [Egbert
and Ray, 2000, 2001, 2003]. The global dissipation studies
indicated that the approximately 1/3 of the semidiurnal
barotropic tidal dissipation occurs in the deep oceans,
apparently over the mid-ocean ridges (MOR) and sea-
mounts. However, the dissipation maps do not have suffi-
cient spatial resolution to provide a clear correlation with
seafloor structures [Egbert and Ray, 2003]. The lack
of resolution reflects the wide track spacing of TOPEX/
POSEIDON altimeter profiles (�150 km) as well as the
subtlety and difficulty of the measurements presented by
Egbert and Ray [2003].
[4] In this paper, we present the global spatial distribution

of seafloor slope and roughness in the abyss (depth >2000m).
In particular, we focus on abyssal hills and fracture zones
that extend over large parts of the ocean basins, especially
on the lightly sedimented flanks of the slower spreading
ridges. If, as proposed by Ledwell et al. [2000], most of the
tidal dissipation in the deep ocean occurs on abyssal hills,
mapping their global distribution is important. We also
show a significant fraction of seafloor (4.5%) has slope
greater than the M2 critical slope. Much of this super critical
seafloor occurs in the Southern Ocean on the flanks of the
Pacific-Antarctic Rise and Southwest Indian Ridge. These
high-slope facets have either not been detected before, or
have been grossly underestimated because satellite bathym-
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etry [Smith and Sandwell, 1997] does not resolve features
having horizontal scales less than 10 km.

2. Global Estimate of Critical Slope

[5] While we are considering a more complete spectral
analysis of the sounding data, a great deal can be learned
from a simple ‘‘critical slope’’ analysis. The internal tide
literature [Baines, 1982] describes topography as being
either super or sub critical. A well-known approximation
for the critical slope of the topography is [Baines, 1982]

a2 � tan2 qg
� �

¼ w2 � f 2ð Þ
N2 � w2ð Þ ; ð1Þ

where qg is the angle between the group velocity vector and
the horizon, w is the frequency of internal wave (radian/sec)
generated by the M2 tide, f is the inertial frequency and N is
the buoyancy frequency. For waves of given frequency
(always M2 in this paper) at given latitude the only
unknown is the buoyancy frequency which depends on
the density profile,
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where z is the vertical coordinate, c is the speed of sound, r
is the in situ density, rq the potential density, and g is the
acceleration of gravity (9.8 m/s2) [Knauss, 1997].
[6] A detailed global density profile is unavailable. We

calculate an approximate buoyancy frequency profile using
the CSIRO MATLAB routines [Morgan and Pender, 2003]
at every depth and location in the 1� World Ocean Atlas
(WOA) [Conkright et al., 2007]. Noise in the WOA values
of temperature and salinity made the calculated values of N2

noisy and occasionally negative. To stabilize our estimate of
N, we first removed negative values of N2 and other obvious
errors, and then followed St Laurent and Garrett [2002] by
fitting N to an exponential function of depth.

ln Nð Þ ¼ c0 þ c1z: ð3Þ

[7] For depths that exceed the maximum depth in the
WOA, we simply assumed N changes only slightly at
abyssal depths, and used the deepest WOA depth at that
location rather than extrapolate a fit to very noisy data. The
calculated critical slope has at least two significant sources
of error. First, the value of N is based on the WOA and
which is an empirical data set with the usual potential for
random and systematic errors. Second, our N is an empirical
fit to an exponential of depth [St. Laurent and Garrett,
2002]; the truth is substantially more complex. As a result,
our critical slope calculation is a semiqualitative result.
[8] To test the accuracy of our critical slope calculation

we compared it to CTD data from two WOCE cruises.
Appendix 1 is a comparison of our fit to the WOA data and
WOCE CTD data along a meridian at 150W between Alaska
and Antarctica. We find good agreement between the critical
slope estimates from these two independent data sets sug-
gesting that the WOA data is adequate for this global
analysis.

[9] The global map of critical slope based on work by
Conkright et al. [2007] is shown in Figure 1. The map
extends only to ±72�, so the M2 turning latitudes at 75� are
not visible. The latitudinal trend toward a critical slope of
zero at those turning latitudes is apparent, as is the general
decrease of N (increasing critical slope) with increasing
depth. Low critical slope occurs on the shallow continental
margins, the crests of seamounts such as the Hawaiian
ridge, and along the mid-ocean ridges with depths between
2000 and 3000 m. There is a prominent asymmetry between
the North and South Pacific, east-west asymmetries in the
South Atlantic, across the equatorial East Pacific Rise, and
across the Ninety-East Ridge in the Indian Ocean. This
asymmetry is also seen in the WOCE CTD analysis pro-
vided in Appendix A.

3. Satellite Bathymetry Greatly Underestimates
Seafloor Roughness

[10] The slope of the ocean floor depends on the length
scale of interest since, for example, individual pillow basalts
can have vertical sides. The critical slope theory assumes
that the length scale of the topography is greater than the
tidal excursions of �200 m [Garrett and Kunze, 2007]. A
typical single-beam echo sounder has a beam width of �15�
so in the deep ocean (4000 m) it insonofies a zone about
1000 m across. Higher resolution (�200 m) is possible with
modern multibeam systems but much of that data is col-
lected at transit velocities, which limits the resolution to
several hundred meters.
[11] Three types of measurement systems are used to map

the topography and roughness of the ocean floor. Single-
beam echo sounders, widely used since the 1960s, provide
profile of depth from thousands of research cruises
(Figure 2). While coverage is widespread, there are gaps
as large as 200 km by 200 km, especially in the Southern
Ocean. Multibeam echo sounding, available on most large
research vessels since the mid 1990s, map 5–20 km wide
swaths of seafloor at a horizontal resolution that depends on
the depth of the water; 200–500 m at 4 km depth depending
on ship speed and swath width. Ideally, the world’s oceans
should be exhaustively measured with multibeam bathym-
etry, but only a small percentage of the ocean floor has been
so measured [Smith and Sandwell, 2004]. The third ap-
proach combines the sparse ship soundings with dense
satellite-derived gravity anomalies to estimate depth and
roughness [Gille et al., 2000; Smith and Sandwell, 1997].
Satellite bathymetry can only resolve features with wave-
lengths between 20 and 160 km and misses most, if not all,
of the small-scale roughness associated with the abyssal
hill fabric. While none of these three measurement
systems provides global coverage at the scales of interest
(2–200 km), we show that the along-track analysis of the
single beam provides an acceptable compromise between
coverage and resolution if abyssal hills are assumed to be
smoothly varying in slope over distances greater than a few
hundred kilometers [Goff, 1991].
[12] To assess the accuracy and resolution capabilities of

each of the three systems, we compared multibeam, single-
beam, and satellite bathymetry along the track of an error-
free, but otherwise typical cruise near the Atlantis Transform
Fault on the Mid Atlantic Ridge (Figure 3). The multibeam
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data are from a 500-m grid provided by the Ridge Multi-
beam Synthesis project [Carbotte et al., 2004] and is
considered in this paper to represent the ‘‘true’’ depth.
The single-beam data were filtered and differentiated, as
discussed below, to best match the multibeam slopes.
Indeed the agreement between multibeam and single-beam
data is quite good for both depth and slope. In contrast the
satellite bathymetry does not capture the smaller-scale
topography associated with the abyssal hills. This is evident
in the slope comparison where the rms slope calculated from
satellite bathymetry (0.038 m/m rms) is much smaller than
the slope derived from the multibeam and single-beam
systems (0.095 and 0.111 m/m rms). The inability of
satellite bathymetry to accurately recover seafloor slope is
illustrated in Figure 4, which shows a cumulative histogram
of the absolute value of the slope for each of the three
systems along the entire track line. Both sonar systems
show that about 30% of the seafloor has slope greater than
0.1 m/m while the satellite bathymetry indicates only 2% of
the seafloor of slope is greater than 0.1 m/m. This deficiency
in the satellite bathymetry makes it unsuitable for quantify-
ing seafloor slope due to abyssal hills.
[13] To further assess the accuracy and resolution of the

single-beam data, we compared single-beam slopes of the
43 ship tracks in the Atlantis Fracture Zone area (Figure 2c)
to slopes derived from a multibeam grid available at 200 m,
500 m, and 1500 m spacing. As noted above the footprint of
a single-beam system in the deep ocean is �1000 m but the

along-track sampling is only 330 m at transit speed so the
true along-track resolution is probably somewhere between
these two values. These grids were compiled by the Ridge
Multibeam Synthesis Project [Carbotte et al., 2004] and
represent the best practices of the marine geology and
geophysics community. It should be noted that there is a
tradeoff between grid cell size and areal coverage so three
resolutions are provided. While the 200-m resolution grids
should provide the most accurate slope information, the
coverage is much less complete than the 500-m grid. The
1500-m grid has the most complete coverage at the expense
of lower resolution. To perform the slope comparison, the
gradient of the multibeam grid was sampled along the
trackline of the single-beam profile and the along-track
slope was computed as the dot product of this gradient
vector with the ship direction vector. The rms of the multi-
beam slope was 0.14, 0.12, and 0.10 m/m respectively,
clearly showing a loss of roughness as the grid resolution
increased from 200 m to 1500 m. In addition to rms, we
performed a robust regression analysis between colocated
single-beam profiles. A regression value greater than one
indicates that the single-beam slope is overestimating the
‘‘true’’ seafloor slope or the multibeam grid is over-
smoothed. The regression values for the 200-m and 500-m
grids are close to one (1.04 and 1.09, respectively). In
contrast, the slope of the single-beam data is 1.5 times
greater than the slope derived from the 1500-m grid
suggesting that the 1500-m grid is too smooth to fully

Figure 1. Critical slope derived from temperature and salinity data [Conkright et al., 2007] interpolated
and extrapolated to the bottom of the ocean. Black contour marks 3000 m depth. The WOCE P16 line
along 150�W is also shown.
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capture seafloor slope at a wavelength of 2 km. These
comparisons demonstrate that the along-track slope derived
from a single-beam profile is similar in amplitude to the best
multibeam grids at 200-m and 500-m resolution.
[14] While single-beam slope measurements are close to

the multibeam ‘‘truth,’’ they have not been analyzed previ-
ously because the archived data are contaminated by many
error sources. There are three main types of problems with
the single-beam measurements. First, the depth soundings
can be inaccurate owing to ‘‘blunders,’’ scale factor errors,
and poor along-track sampling [Smith, 1993]. Second, older
cruise data often contain large navigational errors that place
soundings in the wrong location. While this is an issue for
creating depth grids, navigation errors are not a problem for
computing spatially averaged along-track slopes. Third, the
coverage is nonuniform and the slope can only be computed
along the track line of the ship. Track density is generally
sparse in regions that are remote, have extreme weather, or
are topographically uninteresting (Figure 2a). In particular
the abyssal plains and hills, (far from ports, mid-ocean
ridges and other areas of geologic interest), are poorly
sampled. Since bathymetry derived from gravity data be-
came available in 1997, cruises have often been planned to
avoid areas of smooth topography. As a result, recent
sounding data have a potential sampling bias toward rough
seafloor that is difficult to quantify.

4. Method

[15] The most challenging issue related to the single-
beam data is that slope can only be estimated along the track

line of each cruise leg. In lightly sedimented areas, seafloor
fabric is dominated by abyssal hills (Figure 2c) that are
elongated in the direction of the fossil spreading ridge,
because they were formed by ridge-parallel normal
faulting and volcanism [Goff, 1991; Goff and Smith,
2003; Macdonald and Luyendyk, 1985; Macdonald et al.,
1996; Smith, 1998]. Because the abyssal hills have a
preferred orientation, a single-beam profile must be oriented
perpendicular to the hill to measure the full magnitude of
the seafloor gradient. This is illustrated in Figure 5 where
we have plotted the slope along the track line of many
cruises against the magnitude of the gradient vector derived
from a 500-m multibeam grid. Theoretically, the along-
track slope should be less than the gradient, but in this
example, there are deviations reflecting the inconsistencies
in the two types of data due to the inherent smoothing of
the measurement as well as the smoothing related to
gridding.
[16] While the single-beam profiles measure only the

along-track component of seafloor slope, their coverage is
much more complete than the coverage of the multibeam
swaths so they provide a better sampling of the global
seafloor slope. We can partly overcome the 1-D sampling
of a 2-D topography by projecting the statistical proper-
ties of the seafloor gradient to the statistical properties of
along track slope. Appendix B provides an analysis that
demonstrates the magnitude of the gradient of a patch of
seafloor is typically p/2 higher than the along-track slope
measured by a ship having a randomly oriented trackline.
The orientation of the ship tracks, with respect to the
abyssal fabric, is sometimes, but not always, random.

Figure 2a. Distribution of single-beam depth profiles from 4900 cruises collected over the past 40 years
and archived at the National Geophysical Data Center. We have hand-edited these data to remove
blunders and outliers.
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Seagoing expeditions not focused on seafloor geology, or
cruises in transit across the basins, sample the abyssal
fabric in an essentially random direction. However, a
cruise focused on geology and geophysics is typically

preferentially oriented perpendicular or parallel to the
abyssal fabric (e.g., Figure 2a, bottom). Because of this
possible sampling direction bias, we report mean slope

Figure 2b. Distribution of single-beam (black) and multibeam (red) echo soundings in the North
Atlantic. Gray box shows area where single-beam, multibeam, and satellite bathymetry measurements
were compared.

Figure 2c. Multibeam grid (500-m cell size) over the Mid-Atlantic Ridge and Atlantis Fracture Zone.
Track lines are the single-beam or center-beam coverage used to relate 2-D gradients to 1-D slopes.
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Figure 3. Seafloor (top) depth and (bottom) along-track slope along the trackline of a typical cruise near
the Mid-Atlantic Ridge (MAR). Multibeam data were sampled from a grid having 500-m cell spacing and
represent the ‘‘true’’ depth and slope. Single-beam data were filtered and processed along track to best
match the multibeam profile. This version of satellite bathymetry was not forced to agree with available
soundings so is representative of the accuracy in areas having no shipboard coverage. The rms differences
are: single-beam depth 48.4 m, satellite bathymetry 190.8 m, single-beam slope 0.066 m/m, and
multibeam slope 0.089 m/m.

Figure 4. Cumulative histograms of the absolute value of the seafloor slope along the trackline from the
three measurement systems. Thirty percent of the multibeam and single-beam slopes exceed 0.1 m/m,
while only 2% of satellite bathymetry slopes exceeds 0.1 m/m.
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