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Abstract

The intent of this note is to discuss the information content interpretation
of data obtained during the Brazil Basin Tracer Release Hxeat (BBTRE).
Two geologic features of the Mid-Atlantic Ridge figure promntly in this work:
abyssal hills and offset fractures. Abyssal hills dominte topographic slope
variance and therefore are central in internal tide geimerand internal wave scat-
tering issues. Offset fractures are important as they ses\e®nduits for deep flow
from mid-basin to ridge crest. The Smith-Sandwell sateliltimetry derived to-
pography is a band-passed representation of topographabildy and does not
resolve horizontal wavelengths smaller than 20-30 km. ésdaot resolve the to-
pographic slope or curvature of abyssal hills. Attempts biekirent et al. (2001)
and Thurnherr et al. (2005) to bin average vertical profileseld upon point wise
estimates of topographic slope and curvature in the Snatid®ell data set as off-
set fracture valleys, the sloping sides of offset fractumed adjacent regions are
not supported by shipboard data products. Consequentlgnfiber et al. (2005)'s
assertion that mixing over the sloping sides of the offsattiires exceeds that over
adjacent regions is not supported by the observations.

Sediment collects preferentially in the depths of the dffsectures. Thus the
fracture valley floors are significantly smoother than agljscegions and moored
data collected within a fracture valley as part of the BBTR&mot document the
same internal wave environment as above regions removettfre fracture valley
floors. Consideration of internal tide ray trajectoriesgeggs that only the shal-
lowest BBTRE current meters are representative of tidegogphy interactions
outside the fracture valleys. Thurnherr et al. (2005) nbtd subinertial energy
deep within the offset fracture valleys exceeds the intesa&e band energy and
this observation is used to rationalize larger dissipatatas on the offset fracture
sidewalls. However, Thurnherr et al. (2005)’s assumpttat the moored data
document the internal wave climate above the sloping sitievganot supported by
linear wave kinematics.

Thurnherr et al. (2005) note the proximity of an offset ftaetprofile having the
largest dissipation rates to a narrow sill cutting acrossatfiset fracture and view
the correspondence as being suggestive of a cause andreféginship between
the sill and the heightened dissipation. However, the appblarization of that
station’s velocity profile is inconsistent with the finegtiwre being associated with
sill flows.

Taken collectively, there is no evidence to support the@atdn of Thurnherr
et al. (2005) that sills processes are responsible for thedbhe observed diapy-
cnal mixing in the Brazil Basin.



1. Introduction

A basic description of the spatial variability of turbulenixing in the Brazil Basin based
upon the first of two cruises was presented in Polzin et aB{L9n that paper we argued that
enhanced mixing and turbulent dissipation above the Mid+#ic Ridge were associated with
internal waves, proposed that the energy source for thenatevavefield was barotropic tides
impinging on the rough bathymetry of the ridge and emphadizat the small scale structure of
the ocean bottom appears to be key. This latter issue is @diquantitatively in Polzin (2004).

Two features of mid-ocean ridges are of particular imparéammbyssal hills and offset frac-
tures. The Mid-Atlantic Ridge is cut by offset fractures,igfhare evident as rectilinear canyons
running normal to the ridge crest and extending across mtitthedoasin. Offset fracture val-
leys serve as conduits for deep flow from mid-basin to ridgsstcr(Thurnherr et al. 2005).
The Mid-Atlantic Ridge is also textured with abyssal hillsbyssal hills are anisotropic and
asymmetric features and are understood to be formed byrfgudhd volcanism at the ridge
crest. Their morphology is believed to depend upon basatesattributes of ridge processes
such as spreading rates and elastic thickness of the lileos@djacent to the ridge axis, e.qg.,
Goff (1991). Rms heights of 200 m and a distance between p##ksl0 km are typical of the
Mid-Atlantic Ridge. The topographic slope and curvaturdarece are dominated by abyssal
hills. As opposed to being isolated like offset fracturdsyssal hills are ubiquitous features,
filling in the areas in between the offset fractures. Aby$sldd are not well-represented in
global topographic data sets [e.g., GEBCO, ETOPO, or SmidhSandwell (1997)] as a multi-
beam echosounding system is required to map such smalksmademulti-beam coverage of
the world’s ocean is spotty (Becker and Sandwell 2006).

Significant effort was expended in Polzin (2004) in quatitiedy linking the 6-10 km wave-
length abyssal hills to corresponding vertical waveleadtirough internal wave kinematics,
assigning an amplitude to that wavefield by using an intetidal generation model and then
estimating the turbulence associated with that wavefielthbyking ideas of nonlinearity and
wave breaking. The evolution of that internal wave spectamd turbulent dissipation with
height above bottom was estimated using a radiation bakuieame. Internal wave shear spec-
tra are peaked and decay with increasing height above boun@iaat decay is sensibly con-
sistent with the observed decay of turbulent dissipatiah wicreasing height above boundary
being a result of nonlinearity and internal wave breaking.

There is room for improvement, however. First, the genenathodel tends to assign a
smaller vertical scale to the shear spectral peak than isrebd. That peak was interpreted as
representing a transition from the linear to advectivetsrm the generation problem, in which
the energy density of the internal tide changes from beinggmtional to the topographic slope
spectrum to proportional to the topographic height spattri possible reconciliation is that
the scattering of the internal tide should be viewed as simgihforcing the barotropic tidal
amplitude so that the peak in the shear spectrum appeargeit \@rtical wavelengths. Second,
there are indications of excess horizontal kinetic enemgé vertical wavenumber spectra at
large vertical wavelengths. Third, the idealized soluiaddressed in Polzin (2004) assign a
single expected value for internal wave frequency to intrfhe spectra and dissipation pro-
files. A better pattern match to the observations would beinbd if a lower frequency (lower
than semidiurnal) was used. Both these second and thirdsssauld be addressed by consid-
ering the contribution of a near-inertial field to the obsehspectra. This would presumably
result from the parametric subharmonic decay of the tidelubion of such a decay was be-
yond the scope of the nonlinear closure introduced in P¢2®94) for the purpose of studying
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the near-boundary decay process in a more strongly integastavefield. A complication in
Polzin (2004) is that the conductivity cell of the High Ragan Profiler's CTD was broken
for approximately half of the profiles being analyzed. Thawasequently was no independent
estimate of wave frequency from the ratio of kinetic to padrenergy.

In Ledwell et al. (2000) we recognized that the High ResoluRrofiler data are biased. The
bias results in part from sampling across spatial and teatp@nds in the underlying physical
variables associated with an internal tide generationlprbspatial gradients in the barotropic
tidal amplitude, a fortnightly modulation of the tidal aritpte, spatial gradients in stratification
and variability in the underlying topography. The samplsitategy also contributed to the
biasing issue: a priority in tracer sampling was to obtaatér free samples from beneath
the target isopycnal and this lead to most of the profiles deiotained within canyons or
distinct depressions apparent in the Smith-Sandwell taggdyy. In choosing station locations
a concerted effort was made to avoid possible sills cuttangss canyons. A third possible bias
issue is that it proved to be difficult to reliably terminabe tHRP profile above steep slopes,
especially for isolated stations. The peaks and troughbyssal hills were thus targeted rather
than their sloping sides.

The biasing issues can be interconnected and problematrmdXhe first cruise a series of
stations were occupied between 16\ABalong a ridge to the north of the injection site. The
near-bottom stratification for these stations is typichlilyher than the rest of the data set, and
efforts at characterizing the near-bottom dissipationeiased with the internal tide generation
problem would lead me to predict, all things being equalt these stations would have higher
near boundary dissipations and the dissipation profile vexhibit greater bottom trapping.
However, those stations were occupied over a period of 3/8 daring neap tide conditions in
which the barotropic tide is at a minimum. A set of stationswacupied along and adjacent
to the rift valley between 11 and 1%V during spring tide conditions during the second cruise.
Detailed bathymetry is required to interpret these dataoRs&tructing the bathymetry from the
(single beam) onboard record for these stations has beblepratic. A definitive interpretation
of these spatial survey data is unlikely.

Our initial investigation (Polzin et al. 1997) raised a vemgresting question about the mass
budget of the abyssal Brazil Basin. In a diapycnal advedtiffasion balance

po e N2 Jdl'e

g Op 0z
with diapycnal velocityw*, densityp and gravitational constagtin which the turbulent buoy-
ancy flux has been related to the rate of dissipation of teriiukinetic energy though an
efficiency factorl’, the sign ofw* is given by the sign of.¢ if I" is assumed to be constant. The
dramatic enhancement ebove rough topography implies downwelling and we hypotees
that the mass budget would be closed by upwelling within #re/ons rather than above rough
topography or the much smoother western half of the basinfowarded the conjecture that,
on a broad scale, the Mid-Atlantic Ridge could be viewed agmnpable, sloping boundary
with sinks for the densest waters in the Brazil Basin at thatlte of the canyon mouths and
sources of water at depths about the canyon heads. Unstatethe/back of the envelope cal-
culation implying substantial flow up the offset fracturése requirement of launderirgyx 10°
m? s~! of dense water through some 30 canyons in the abyssal BragihBhaving a charac-
teristic cross-sectional ar%;HW with height H = 700 m and widthi¥ = 20,000 m returns
an average velocity of 0.02 nTs Additional funding was obtained to deploy a mooring in the
offset fracture with the primary goal of documenting sucheamflow and the secondary goal
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of documenting temporal characteristics of the internalefiald. The back-of-the-envelope
calculation is in remarkable agreement with two-year ayedeestimates of flow in the canyon
(Thurnherr et al. 2005).

In positioning the mooring | used the Smith-Sandwell batbymnto select a site with rel-
atively contiguous northern and southern walls and a xaptiflat bottom. The later criterion
was invoked as | intended the upper, more closely spaceskrtuneters to babove the depth
at which semi-diurnal ray trajectories emanating from tbhehrern and southern canyon walls
would intersect. | made this choice as the HRP data indidhedurbulent dissipation profiles
obtained within canyon bottoms were not as strongly entéanéth depth as profiles obtained
above rough topography and | was attributing this to difiees in the internal tide generation
problem.

2. Commentary

More recently, Thurnherr et al. (2005) claim that mixingasated with subinertial flow
over sills within and on the sloping sides of offset fractaa@yons dominates that associated
with internal tides. They present a variety of circumst@ngvidence: (i) Horizontal density
gradients being greatest in the vicinity of sills (exstensiof abyssal hill crests) cutting across
the canyons, (ii) current meter records indicating sultialerariance dominating tidal variance
at a level 600 m above the canyon floor, (iii) Average ’cre'stgpe’ and 'valley’ dissipation
profiles presented in St.Laurent et al. (2001) suggestiagdissipation was weakest and least
depth enhanced for 'crest’ profiles, with the implicatioattthe 'crest’ profiles are representa-
tive of a relatively weak internal tide process, and (iv) gneximity of a station having large
dissipation rates to a canyon sills.

| have examined these claims in detail and find that the datt &om issue (i), do not
support their interpretation.

a. Binning with Smith-Sandwel

The average 'crest’, 'slope’ and 'valley’ profiles presehie St.Laurent et al. (2001) were
binned using an algorithm based upon topographic slope andgttre estimates from the
Smith-Sandwell bathymetry data set (Smith and Sandwelr19%he binning of these pro-
files evidently was not ground-truthed against shipboatbymaetric data products: their crest
profile is inconsistent with data presented in Fig. 3 of Rolti al. (1997), for which the cor-
responding dissipation profiles appear in Fig. 1, in whicis g@ipparent that the 'crest’ dissi-
pations are largest and most depth enhanced. In questiograaiping of seven profiles at the
21°32.5'S station. The binning of these seven profiles is significarthay will dominate an
average. The characterization of these seven profiles est"&tations is unambiguous when
the Smith-Sandwell Fig. 2 and multi-beam bathymetry aregamed, Fig. 3. See as well the
bathymetry in Fig. 1

In my work | have binned data simply with respect to the presam absence of abyssal hills
and used profiles from the first cruise wich | believe are regmeative of abyssal hill regimes.
| have averaged the northern most five stations in Fig.s 1 ethier data obtained to the east
along the ridge crest during the first Brazil Basin cruisg(F2 & 3 ) to arrive at the curve in
Fig. 4 and used in Polzin (2004). Including data from the sdocruise in this "abyssal hill’
average is unlikely to produce the 'crest’ curve appearmt.Laurent et al. (2001), Fig. 5.
Quantitative impacts on the zonal overturning estimatedyced in St.Laurent et al. (2001) are



likely.

b. Interpreting Moored Data

The second issue is interpreting the information contethefmoored data relative to in-
ternal tide generation and internal wave scattering psessbove rough topography. The
mooring was placed in a relatively flat canyon bottom, FiglnBormation about the character
of the bottom is carried along internal wave ray trajec®aad the transmitted information is
that of the kinematic bottom boundary condition of no norfitad as represented in the inter-
nal tide generation and internal wave scatttering problemsius the information lost due to
nonlinearity. Toole (2007) remarks that the bottom mostenirmeters - those at 5023, 4878,
4660 and 4635 m with anchor at 5115 m water depth - contaimrirdtion at tidal frequencies
of the relatively flat canyon bottom. Current meters at 4@¥80, 2959 and 2934 m water
depth contain information at tidal frequencies about rotagiography on the sloping walls of
the offset fractures. The information content is that, imlihear wave, infinitesimal amplitude
topography limit, the vertical wavenumber internal wavergy density is proportional to the
horizontal wavenumber topograpldope spectral density, Polzin (2004).

In an attempt to be slightly more quantitative | have, in vighthe two dimensional nature
of the topography, considered the topographic slope vegtaalong circles about the mooring,
Fig. 7. The radii of these circles corresponds to rays thatsect the current meters if those
rays were to originate at the mooring anchor depth (5115 mgrder to account for variations
of information associated with variations in stratificatid have buoyancy scaled the bottom
topography according to:
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with reference valueV, = 1 x 1073 s, | find that the buoyancy scaled topographic slope
variance(| V2’ |?) atthez = 4600, 4000 and 3000 m current meters is in the ratio 0.075.8.0

| view Thurnherr et al. (2005)’s finding that subinertial emedominates tidal energy at
4600 m as a confirmation that the offset fracture canyon flagg$lat and that the current meter
data at that level do not reveal information about the nedaiature of subinertial versus tidal
processes on the sidewalls of the offset fractures.

While ray trajectories originating from the sloping sidéiwaf the offset fractures do in-
tersect the 4000 m level at the mooring, it is evident thaptieponderance of the information
content is that of a relatively flat and weakly stratified effsacture canyon. The internal wave
climate documented by the mooring likely differs from thiabee rough topography.

c. Horizontal Polarization of a’sill’ station

Thurnherr et al. (2005) note that, of the HRP profiles obthaiaove the offset fracture floor
during the second cruise (the white filled squares in Figth®)pne ¢ 23 at14° 30'W ) having
the largest dissipation rates lies adjacent to a narrowdifing across the offset fracture valley.
Thurnherr et al. (2005) view the correspondence as beingestige of subinertial flow over the
sill being the cause of the heightened dissipation.

1The astute reader will note that the information contentheey the mooring is likely the topographic slope
variance in the radial direction along the intersectionhaf tay trajectory with the actual bathymetry. | simply
consider the total slope variance on the circle.



In the high frequency limit, the velocity trace of a singlamé wave is rectilinearly polarized
with horizontal velocity parallel to the horizontal waveter with the horizontal wavevector
being dictated by the topoography. The deep velocity fiel&taition 23 is polarized in the
cross-canyon direction, Fig. 8, inconsistent with genenaby either subinertial or tidal flows
impinging upon the sills.

3. Discussion

The buoyancy budget within the fracture zone valleys of s6rB2 m s up-canyon flow
across sloping isopycnals demands significant diapycaattormations in combination with
net upwelling. These transformations may very well be daased with sill processes such as
those documented within the Romanche Fracture Zone, Fetrah (1998). However, | have
not significantly changed my opinion put forward in (Polztraé 1997) about the importance
of tides and the detailed character of the bathymetry forikerpretation of the HRP data.
Those data are decidedly biased away from addressing teefdills in the canyon’s zonal
overturning circulation.

The conundrum posed by the inference of downwelling aboughidopography, i.e. av-
eraging dissipation profiles in a height-above-bottom domte system and equating that co-
ordinate in the context of a diapycnal advection-diffudi@hance (1), is probably misleading.
In Polzin (2008) | explore the consequences of averaginghieight above thenean boundary
coordinate system and predict a diapycnal velocity estrttadt is consistent with both tracer
observations of downwelling and a basin scale mass budgetatuires upwelling.
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FiG. 1. Profiles of average dissipation rates depth and latitude for a set of 6 stations during
BBTREL. Multibeam bathymetry is in black. Dissipation fbetshallowest station is largest
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FIG. 7. 2-D multi-beam map indicating the origin of semidiurfi@quency rays passing
through individual current meters. A cross marks the maptatation. Rings represent the
locus of points passing through current meters at the itelicdepths and originating at the
depth of the mooring anchor. Upper panel: Observed bathymébwer panel: Buoyancy
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FiGc. 8. Station 23 data (second Brazil Basin survey). Left pab&dsipation. Right panel:
Horizontal velocity rotated into across (thin line) andrajo(thick line) canyon coordinates.
Variability in across-canyon velocity coincides with enbad dissipation discussed by Thurn-
herr et al. (2005).

17



