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ABSTRACT

Subinertial flucuations having periods of 1-2 days, vetti@velengths of 250-400 m, horizontal wave-
lengths of 10-15 km, and peak-to-peak amplitudes of 0.T hrese observed at the base of the continen-
tal slope just north of Cape Hatteras. Evidence is preseantedggest that these fluctuations represent
the by-product of an instability of the larger scale and Iofrequency flow. The momentum, energy
and potential vorticity balances of this system are adébss

1. Introduction graphic edge waves (Rhines 1970).

The fine- and microstructure data presented here are

Abcorr:ﬁanlont_p?per_ (E'(I)'Itzm feft al., in greparatlon)td?ﬁterpreted as being associated with subinertiak{ f)
Scribes the spatial variability of fine- and mICrostructungy o 51 ywaves resulting from an instability process.
in a section across the continental slope and Gulf Stream

just north and downstream of Cape Hatteras. TurbE'SubinertiaI Finestructure
lent dissipation is enhanced at the boundary and weak

in the interior, despite the fact that the Gulf Stream is The TW ST (Turbulence and Waves above Irregu-
much more energetic t_han flows_ on the contlnenta_\l slopsgy, Sloping Topography) experiment was conceived un-
Turbulent dissipation is a maximum at the continentgler the hypothesis that the fine scale wavefield above to-
slopef/rise transition (Figure 1), at about 1200 m wat@pgraphic roughness would have the horizontal scale of
depth. ) that roughness superimposed upon it. Roughness in the
Data from a Moored Pr0f||.e|' (MP, DOherty etal. 199%rm of ridges and gu”eys running approximate|y on-
array deployed at the continental slope/rise transitioghore/off-shore is common on the continental slope and
demonstrates that temporal variability in turbulent dissjise in the Mid-Atlantic Bight. The roughness compli-
pation coincides with the presence of finestructure haviggtes issues of internal wave generation and scattering by
an intrinsic frequencw = o — ku < f, in whicho is  introducing smaller scales than typical of rise/slopefshe
the Eulerian frequency, the product between horizontgpology. A site just north of Cape Hatteras was selected
wavenumberk) and background velocityi represents hased upon the approximate uniformity of amplitude and
the Doppler shift andf is the Coriolis frequency. That is, roughness scale in the along-slope direction. Horizon-
the finestructure is not consistant with freely propagating| wavelengths of 2.5-3 km and amplitudes of less than
internal waves having > f. . _ 50 m characterize the upper slope (water depths less than
The forcing of subinertial motions by the diurnaboo m, Figure 2), while dominant wavelengths of about
tide has previously been invoked to explain enhancgd km and amplitudes in excess of 100 m characterize the
fine- and microstructure atop isolated seamounts (Kunzgntinental rise at about 2000 m water depth.
Toole, Codiga and Eriksef Brink-Chapman ). Topo-
graphic waves trapped to the seamountby the finite eXt%aniQQS This field program, described in greater de-
of the topographic waveguide have been invoked 10 €X5"in"2" companion paper (Polzin et al., in prepara-
?:Iﬁuned sucr;hobsehrvatmr}s (Ct:odlgadand E_rllk&e:[.Brllnkt— tion), utilized a variety of vertically profiling instru-
apman), though a vortex trapped near-iner 1al in erggentation including the freely falling High Resolution
wave (Kunze and Toole) appears to best explain the

servations in at least one case. The finestructure obserwrg"er (Schmitt et al. 1988) which obtains samples of

. . . e ocean’s temperature, salinity, and horizontal vejocit
here is not consistent with extant descriptions of ©OPGald as well as associated dissipation rates of turbulent
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Fic. 1. Averaged profiles of vertical diffusivity)(25¢/N?) from the reoccupied grids. The diffusivity estimates aietpd on
a logarithmic axis with a decadal color scheme. From lefidhtr the profiles represent the ‘C’ grid (the first four pres), the
‘L’ grid, ‘TS1’, ‘K’ and ‘N’. Dark shading represents topogphy within a valley. The solid black line represents theghebf
adjacent topographic ridges. Individual profiles in the ‘K’ and ‘N’ grids were obtained along isobaths, so that ttesiion
of the corresponding average vertical diffusivity profifelongitude corresponds to the western most profile of thiat gfhe
longitude of the eastern most station of a grid can be asoeddy drawing a horizontal line eastward, from the bottdrthe
vertical profile to beyond the intersection with the soliddi line. This figure gives the distinct impression that tlebt mixing
is greatest in the vicinity of the moored array. Care needietimken with this interpretation, though. The intensityhef turbulent
mixing was not constant in time. The fifth, seventh and eigtfiles (from left to right) are representative spatial aachporal
averages. In constrast, the first four profiles were obtaatdétde end of the experiment and the sixth profile was obtaateie
beginning. Data from the fifth and seventh profiles, whichehastter temporal resolution, indicate a maximum in tunbiheixing
during the middle portion of the field program. This tempamdiability in turbulent mixing can be linked to distinctaires in
the velocity field.UseI" = 0.20. Add isopycnals to figure

ment. Second, profiles were typically terminated 60-8Doherty et al. 1999)], which autonomously samples
above the bottom for most of the experiment. Finallypceanic finescale velocity, temperature and salinity vari-
the instrument uses and acoustic travel time current naility, was also deployed. Three moored profilers were
ter to sense relative velocity and estimates of oceanic \deployed in a closely spaced array, Figure 2. The MPs
locity are produced by using a dynamical model for theere set to simultaneously initiate a profile covering 15
response of the profiler to this relative flow. The dynanm off bottom to approximatly 90 m water depth once ev-
ical model integrates the relative velocity measuremené&y hour-and-a-half. The travel time took about one hour.
Thus, if the offsets (zeros) of the acoustic current m&hus samples at the top and bottom are separated in time
ter are not precisely determined, false linear trends dg either one-half-hour or two and one-half-hours. The
introduced into the estimates of the oceanic velocity preaw MP data were averaged into 2 m depth bins. Most of
file. These trends were minimized by adjusting the depthe figures below were prepared by first interpolating the
mean and linear trend to match those obtained with tBem data onto a 20 m by 1.5 hour grid. The time coordi-
ship board acoustic doppler current profiler. nate in this paper uniformly references the deployment of
] MP ‘A’ (Figure 2) as the origin.
The newly developed Moored Profiler [or MP,
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There are three primary limitations of these MP dataf rectilinear polarization does not agree well with a the
First, despite covering ovel0% of the water column, single topographic edge wave. Neither are the currents
only about 2/3 was covered if depth)(is streched as obviously bottom trapped, but one might hypothesize the
2/ = zN,/N(z) using buoyancy frequency (z) with existence of a drag that alters the typical velocity profile.
referencelV,. Our focus here is on the lower half of the The low-passed fields could represent a combination of
water column. Second, the deployments were only sfich waves, as a response to atmospheric forcing. In that
limited duration (16-19 days). Third, the moored arragase the observed vertical phase propagation could be an
does not resolve the entire slope. artifact of waves having little or no phase variation in the

Unless specifically noted, the velocity profile dataertical (such as a Kelvin wave) as they disperse from the
are analyzed and presented in a coordinate system source. The fields are not documented fully enough to be
tated counter-clockwise by2.4°. This rotation approx- decomposed into a sum of such waves.
imates the orientation of the 100 m isobath at the shelfl am strongly inclined towards interpreting the low-
break. The rotated coordinate system is referred to jpassed fields as a response to forcing. Several HRP casts
“along-" and “across-" (positive onshore) with the imwere obtained (one at 475 and one at 625 m water depth)
plicit recognition that roughness makes a local definprior to the loss of that instrument and the onset of a
tion of the orientation of the continental slope impreNor'easter. These casts document the transition between
cise. Aright hand coordinate systéniong, across,up) shelf (with salinities less than 33 psu) and slope waters
with velocity (u, v, w) and wavenumbek = (k,I,m), (having salinities in excess of 35 psu) lying at about 100
kn = (k2 + 12)1/2, is used. m on day -5. The moored data document this transition at

Inspection of the gridded data (Figure 3) suggested tagout 150 m on day 0. Upwelling of this transition is seen
density and velocity fields could be filtered into the folin the moored data (Fig. 4) as the disappearence of the

lowing bands delineated by peried= 27 /w: lightest density classes by day 6. On day one, HRP data
. . at 1300 and 1060 m water depth indicate that the tran-
e mean: average over mooring duration sition had relatively small slopes in the across direction.

This depression and presumed across transport of Shelf
Water may represent a response to that Nor'easter. Un-
e band-passed: 4.5 daysr < 18 hours fortunately, the limited sampling prior to this event ligit

us from saying anything of greater significance.

e low: 7 > 4.5 days

e tidal: 18 hours< 7 < 7.5 hours

in which the inertial period at 36.5 N is slightly more thar?' band-passed

20 hours. Near-inertial motions make little contribution The band-passed fields are dominated by fluctuations

to the variability below about 250 m. of one to two days having relatively small vertical scales,
Fig. 5. These fluctuations are also apparent in HRP pro-
a. low-passed files. All three fields appear to be dominated by upward

hase propagation, though instances of downward phase
ropagation are occasionally present.
" Two regimes are apparent in the band-passed fields.
(300 m). Upward phase propagation is apparent earl The upper part of the water column is dominated by

- P p propag PD Yillctuations in the along-velocity during the first half of

the record and preceeds the velocity maximum. A le e record. Fluctuations of across-velocity dominate the

robust downward phase propagation is apparent duri er portion of the water column during the middle
the second week. In contrast, the isopycnal field exihib art of the record. These latter features exhibit a nearly
straining between 150-500 m over days 1-5 that is mate,

consistant with a mode-like response. At depth, isopy8fi
nals are displaced by over 300 m (1/4 of the entire water
column!) during the initial week.

The low-passed across field exhibits higher frequen

The low-passed along field is dominated by a twa-
week period ocscillation having large vertical scal
Maximum velocities exceed -0.25 nT's at mid-depth

nochromatic, wavelike appearence and are the subject
nvestigation in the rest of the paper.

These high wavenumber band-passed features appear
at the time of maximum low-passed along current, Figure

content and smaller vertical scale than the along field: They subside as the low-passed along current reverses

There is a pronounced downward phase propagationégﬁglroiﬂ'thsehgehégrg'gher frequency content is apparent
the latter two-thirds of the record. Downward phase prop- Given the nearly r.nonochromatic nature of the fluctua-

agation at depths of 200-600 m over days 11-17 is alﬁ8ns, dominant wavelengths and periods were estimated

apparentis the isopycnal field. from lag coherences of the across velocity in the spatial
The observed phase propagation is strongly sugg%?

. . . id temporal domains. Relative minima and maxima of
tive of a wave-like response and the frequencies are su

cientlv hiah as to implv that tonoaraphic effects brovid e lag coherence function were interpreted in terms of a
y g Pl pograp P Elane wave of the formzp(i[kz + ly + mz — ot]). This

the dominant restoring force. Topographic edge wav 7 ;
[Rhines (1970)] exhibit phase propagation in the vert _?ocedure returns a wavenumber-frequency estimate of

cal (see appendix). On the other hand, the observed lacle k = 27 (-1/15 km, -1/10 km, 1/250 to 1/400 m)
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FiG. 2. A partial sampling plan for the TWIST (Turbulence&Waveger Irregularly Sloping Topography) field program.
Bathymetry is contoured in intervals of 50 m. The symbol aabbickey for the various instruments appears within theglot
Large symbols denote re-occuppied stations. The red batiyntontours denote water depths of 880, 1150 and 1670 ra. Th
HRP work was confined to these bathymetric contours for mioteofield program. The ‘L, ‘K’ and ‘N’ notation signifies gilis

of reoccupied stations on the 880, 1150 and 1670 m isobagectively. The ‘M’ notation denotes a repeated grid atiwMP
array, and ‘C’ denotes an across shelf grid in waters shalidhhan 800 m. Time series are depicted with the notation. TBé
moored data were obtained within the ‘M’ grid box with the miag positions denoted as circles. MP ‘A’ is to the northed3t

to the southeast and ‘C’ was deployed along a slightly shaltasobath to the west.

e 0 = 27/24 t02x/45 hours As with the low-passed data, the band-passed obser-
vations were compared with topographic edge waves de-

: . . cribed by Rhines (1970) using parameters for this data

for the time period day 4 - day 11 and depth interval 70§'et (see the Appendix). In short, this comparison does
1000 m. not return good agreement. Particularly glaring is the dis-

Thus the observed features do not have the horizQQ yancy hetween observed and predicted vertical struc-
tal scale of the local bathymetry (2.5-3 km wavelength),re -~ gych differences led us to consider a heirarchy of

imprinted upon them [though, notably, the topographifcreasingly complicated models: non-uniform topogra-
variability in somewhat deeper water (2000 m) on thgny giabatic effects, nonlinearity, combinations of wave
continental rise exhibits such horizontal scales]. Theggy modification of the waves by the presence of a mean
horizontal wavenumber estimates are also needed t0 £§, \While not unique, the most plausible explanation is
timate the intrinsic, or non-Doppler shifted, frequency,gjieved to be provided by considering the effects of the

w = o — ku, wherew is the low-pass along velocity. ,resence of the lower frequency flow field.
The wavenumber estimates returns a sub-inertial |ntr|P|-

sic frequency < f) with negative along (southward). tqq)

flow. Phase propagation in the across direction is toward

shallow water, i.e. westward in the sense of topographicAlong velocities are enhanced in the later part of the
Rossby wave dynamics. record and greater vertical coherence of the isopycnal dis-
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FiG. 3. Contours of 20 nx 1.5 hr binned Moored Profiler data plotted against time aedsure. Upper panel: Along velocity.
Middle Panel: Across velocity. Both panels feature a bolw z@ntour associated with a green background. Positiveegadre
displayed in red with a solid contour; negative values aseldied in blue with a dashed contour. Lower Panel: Poteissity

anomaly §4). The contour interval is 0.05 nT$ for velocity with zero values represented as a thick sotid nd 0.25 kg m®
for o < 27.00, 0.125 kg m 2 for gy > 27.00.

placement field is noted over days 12-18. Nash et atoccupy HRP grids about the moored array, Figure 2.
(2004) interpret data from this time period in terms dfinfortunately, this sampling scheme was interupted by
the scattering of an incident internal tide. the loss of HRP both prior to and during a time series
The tidal band estimates and this interpretation are digation (TS1). These grid surveys were further interupted
cussed further in Polzin (in preparation). for expendable surveys to the north of the moored array.
Despite these interuptions, there is a clear signature of

turbulent dissipatione] in the bottom half of the water
Throughout the field program attempts were made glumn being enhanced by an order of magnitude during

d. microstructure
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FiG. 4. Contours of low-passed (periods longer than 4.5 daysjrbtbProfiler velocity plotted against time and pressurepddp
panel: Along velocity. Middle Panel: Across velocity. Bgthnels feature a bold zero contour associated with a grexgtzaind.
Positive values are displayed in red with a solid contougatige values are displayed in blue with a dashed contowek®anel:
Potential density anomaly§). The contour interval is 0.02 nT'$ for velocity with zero values represented as a thick sofid li
and 0.05 kg m* for the potential density anomalffix upper left corner oty plot

the middle portion of the field program, Figure 7. Théu? + v2)'/2 andRi.. a critical Richardson number. Val-
increase in dissipation coincides with both the period ofes oféz = 10 m andRi. = 1/3 were used here. An
strongest flow and the appearence of the subinertial flugerease in dissipation during the first half of the record
tuations. is apparent, but the difference is largely an artifact of the
As the HRP data are somewhat gappy, a Richardsomior scheme. The average dissipation below 500 m is
number scheme (Polzin 1996) is used to fill in missingnly a factor of two larger in the first half of the deploy-
time periods with the MP data. Dissipation associatedent relative to the last.
with turbulent production via shear instability was esti- Not apparent in the pseudo-dissipation records are the

mated as: order of magnitude larger events in the fifsigrid and
5 secondK grid occupations. These large dissipations are
psends = 572 L76N" S LS 1 (1) coincident in time with very large amplitude and steep

96 Nz~ R—ic)(ﬁ a w/Ric) features in the moored density record (Fig. 9). These fea-
tures couple very weak stratification with positive shear

in which ¢z represents a first difference interval, = in the across direction during one half of the wave period.
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FiG. 5. Contours of band-passed (periods longer than 18 hotitedsthan 4.5 days) Moored Profiler velocity plotted agdinse
and pressure. Upper panel: Along velocity. Middle Paneto&s velocity. Both panels feature a bold zero contour &stsatwith

a green background. Positive values are displayed in rédangblid contour; negative values are displayed in blue aitlashed
contour. Note that these band passed velocity amplitudgsbmaliminshed both by the filtering (a 4-pole Butterworth lagzp
both forwards and backwards) and analyzing the data in @presoordinate system. Vertical advection of high wavdrem
variability typically Doppler shifts variance to highereffuency and biases the amplitudes to lower values. LoweslPlsopy-
cnal displacements estimated from the band-passed itdetisity anomalydy), divided by the low-passed potential density
anomaly gradient,d.o4). The contour interval is 0.02 nT$ for velocity with zero values represented as a thick sofig.liThe
displacement contours are 10 m with more closely spaceaamfor displacements smaller than 10 m.

The other half period is marked by a very abrupt flow tgaostive across direction (nominally on slope). Positive
wards shallower water accompanied by denser, stratifiadross-shear in the wavefield near the bottom tends to ad-
water. Such features at least superficially resemble intgect dense water over light, similar to swash receeding on
nal bores (ref to Sonya). a beach and encountering shoaling surface waves. Such
features are apparent in the HRP stations making dom-

~ The simplest description of this process is that the cofrant contributions to the largest grid averaged dissipa-
tinental slope represents an internal swash zone. Geostjgns in Fig. 7, Fig. 10.

phy implies that the southward low-passed flow is ac-
companied by isopycnals which slope downwards in the It may be a coincidence, but the two profiles having
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FIG. 6. Contours of tidal frequency (periods between 7.5 andol8d) Moored Profiler velocity plotted against time and poes.
Upper panel: Along velocity. Middle Panel: Across velocif§oth panels feature a bold zero contour associated witleengr
background. Positive values are displayed in red with alsantour; negative values are displayed in blue with a dasbatour.
The contour interval is 0.02 ms. Lower Panel: Isopycnal displacements estimated from treldpassed potential density
anomaly 64), divided by the sum of the low- and band-passed potentiaitieanomaly gradientsg{cs). Contours are as in the
previous figure.

the largest dissipation rates are located on the lee sRidBudgets
of the ridges. Since the moorings are located in the
center of a gully, this may explain some difference be- L .
tween the mooring derived pseudo-dissipation estima .SWave Propagation in Geostrophic Shear
and the HRP dissipation rates. Alternately, shear instabil g sy,dy was initiated as an attempt to understand the
f{tﬁ’ might ROt be the best description of wave breaking iggrces and evolution of subinertial finestructure and its
€ swash zone. connection to the coincident enhancement in dissipation.
My leading hypothesis is that the subinertial variabilgy i
related to the presence of the lower frequency flow field.
This then takes us into the quagmire of wave-mean inter-
Are overturns properly dealt with actions. The intent below is to draw upon only the most
in Figure 82 Probabl ey not. general results required to build an appreciation of how
the observationsiightbe interpreted. It is not the inten-
tion to offer adefinativeinterpretation.
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FiG. 7. Symbols denote the average dissipation below 500 dinétividual occupations of the grids or time series stations i
Figure 1. The low-passed along-slope (positive northwandlent below 500 db at the MP array is given by the dashed Tihe
horizontal axis is time in days since the deployment of therimg whose data is plotted in Figure 10. Each dissipatitimase

is an average over 6 or more HRP profiles. The vertical pro@ifesrrbulent diffusivity (¢, = 0.25¢/N?) for the entire field
program appear in Figure 1. Due to sampling constraintsptbgles for all but the last two data points are terminatedtstut
80 m above the bottom. The profiles contributing to the lastdata points terminate at about 20 m above the bottom. Ghen t
observed bottom enhancement of the turbulent dissipdfigare 1, the earlier data are likely biased low.

The point of departure is to note that the wavenumbeiith S =z, and{ =7, — @,.
and frequency estimates indicate the presence of a criti- : .
cal layer at a depth of 500-700 m, Fig. 11. Depending N(Q)ndlernsmnal parameters are Froude nuriber-
on the estimate of Eulerian frequenay){ estimates of v U + V2/N and (Rossby numbef}, = (V. —U,)/[.
intrinsic frequency approach zero & 21/24 hours) or BOth the low-passed, and £, are not small. Day 2 is
change signd = 2/45 hours) in the vertical for days characterized by > 1at 1100 m. Days 3-10 and 11-16
2-11. During this time period, the band-passed currer‘i’l%e characterized by, < —1 above 200 m and at depths
exhibit a relative minimum in energy at 700 m, Fig. 1207 400-900 m, respectively. Consequently there are sign
The critical layer is taken to coincide with this energetigeversals of potential vorticity at various vertical level
minimum. uring r}wch OI th? f||eld ayq?ra}m. Theﬁexlst?nci of a]:s|gn

If one assumes advective effects are minkr reversal In potential vortiCity 1S a Sulficient criteria tor
(0,1,m)], the issue of wave-mean interactions for ;:pa]'symmetnc_ instability [(Hoskins 1974), (Ooyama 1966)]
allel [ = 7(y, )] geostrophically balanced backgroun@nd thus instability of the low-passed flow field should
flow becomes much simpler. In this case, freely propgdtot Pe surprising.
ing internal waves have a lower bound (Hoskins 1974) However, the presence of a critical layer implies that
given by: advective effects are not small. The stability criteria for

o2 = fQ/N? (2) the general case (boktand! non-zero) (e.g. McWilliams

. . . . . ._et al. 2001) are ill-defined and the interpretation of the
in which @ is the geostrophic version of Ertel IOOtem'agubinertial variability in terms of a specific instability

vorticity g: tenuous. What can be said, though, is that the observa-
F+Vxu tions document forcing of the wave as it propagates away

qg=—Vp from the critical layer (subsection b below) and there is an

P abrupt change in sign of the momentum flux divergence

Q=N?(f+¢)—fS? (3) at alevel corresponding to highly sheared flow near the
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FI1G. 8. Pseudo-dissipation record using data from mooring 'B’.

tops of the topographic roughness. The Eliassen-Palm flux can be thought of agaeral re-
lationshiplinking both internal gravity waveand plan-
b. Momentum etary waves to the structure of the background that pro-

The usual context for considering wave or eddy inteeEdes their restoring force. The Eliassen-Palm flux, for a

actions with a mean flow is some form of residual th _actl_<gro_und flowg = wu(y, z)] in the §-plane approxi-
ory, consisting of [a basic statdy, z) is again assumed] ation, I
equations for:

the residual mean momenturh

po_lF = [0 ) ﬂzvl—pl/pOZ_Wa (f—ﬂy)’vl—p//poz—u'u}/]
5

b (Eliassen and Palm 1961). At small amplitude, the

- =t _ 1 X .

u — [l = p, V-F+ 2 (4) Eliassen-Palm flux represents the flux of pseudo-
momentum,

f is the Coriolis parametef;' an ageostrophic resid- F_C kE 6

ual normal tow , @, indicates the tendancy of the e (6)

background velocity field,FF the Eliassen-Palm flux

(Eliassen and Palm 1961), arda mean drag associated

with non-wavelike stresses. Here there has been N0 @5 est i mat es: be sure to incl ude

sumption about the size @i, or F’., only that the back- | ,53nd- passed @, u. gradients.

ground is in geostrophic balance, and no assumptiofyn' t t r ust tyhe estimate of

about small amplitude fluctuations has been made. vertical velocity in estimating
The residual’ is defined so that steady linear nontt he vertical EP flux bel ow 800

dissipative waves, for whicl - F = 0, cannot resultin |m f or mporings ‘B or ‘C as

a mean accelerationi; = 7' = 0; the Charney-Drazin | hori zont al gradi ents are not

non-acceleration theorem (Charney and Drazin 1961).|wel | resolved in the array bel ow
The Eliassen-Palm flux represents a radiation stressgshat depth. Does uw make nuch

sociated with inviscid waves in a stratified rotating fluid.cont ri buti on to the fl ux?
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FiG. 9. Densely contoured density field from mooring '@dd boxes at days 4 and 6-8 to mark large amplitude waves.sAdju
the time axis on this plot! What is contouring interval?

The band-passed estimates of the vertical flik,are 3 — 4 x 107° m? s=2 at 1100 m. An increasing vertical
near zero above 700 m and decrease towards to valuefwf with height above bottom is in the sense of providing
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a positive (forthward) acceleration to the negative lows, as S(o)E, S(o) & f

pass along velocity. The deepest two moorings indicate

a reversing trend so that near bottom values are close to

zero. This decreasing flux with height is in the sense of

providing a negative (Southward) acceration to the nega-

tive low-pass along velocity. KE/PE = 1. but note difference

The band-passed horizontal fluxes are negative at 48 th APE - tilted isopycs.
m and positive at 1000 m.
The horizontal fluxes associated with the low-passed
records are typically larger than the band-passed fluxg:sPotential Vorticity
by an order of magnitude. However, it is not clear how to
interpret averages over what may be only a fraction of an

event. Do Ageostrophic version of PV
for band-passed field. Also
c. Energy | ow passed.

Consider an energy equation consistent with the resid-
ual formalism:

oF |Di scuss PV figures
E—i—ﬂ-VE—i—V-p’u/ = (FYuy+F*u,)+S,—S;+N.L.
(7

In order of appearance the terms are: [1] energy teiiy, F = pv f1 :
dancy, [2] advection, [3] energy flux, [4&5] the rate o :D\ISI’OXi mat i Onux II—EWQSbout in
work done by the radiation stress on the background, [§]aner al 2 '
sources, [7] sinks and [8] nonlinearity. '

Here direct estimates of [1] the tendency, [4&5] the ) _ .
rate of work (given as the product of the momentum A central construct of Geophysical Fluid Dynamics is
flux and gradients in the background) and [7] dissipatid¥Ptential vorticity dynamics. In the quasi geostrophic
(S; = (1+ Ry)e, with R; = 0.2 expressing the partition 2PProximation, the E-P flux divergence is equal to the
of turbulent production into dissipatiom)(and a buoy- Potential vorticity flux. ‘Here, the vertical E-P flux gra-
ancy flux) are available. Vertical flux divergences [2]&[3fli€nt isO(10~7) m s7%, or O(10"*) m s * when nor-
are assumed to be zero at both the lower boundary and fi@lized by the quasi-geostrophic potential vorticityfof
critical layer so that the depth mean (1200-700 m) is zerbe Ertel potential vorticity flux i)(10~" ) m s, or
Horizontal flux divergences are not robust as the moorit¢{10” ") m S when normalized by the Ertel potential

array is not sufficiently extensive. vorticity of f N2,
Direct estimates of the subinertial source and nonlin-
earity are not available. 4. Summary

These observations are obvious fodder for further the-

oretical and numerical work and call for further field pro-

‘ grams to explore the phenomena.

High wavenumber fluctuations appear with mean flow.

Their identityvis sub- and super-inertial dynamics is ob-
scure because of time dependence and large gradients as-
sociated with the mean flow. The background fields are

‘ not documented well enough to permit a definative com-

parison to any simple analytic construct.

One characterization of these data is in terms of
strongly stratified rotating turbulence. This characgeriz
tion is supported by the observations of the low-passed
‘ [Dissipation <O(-1x 1078 Wkg] ‘ flow havingR,,, F,. ~ O(1) ) and sign reversals of poten-

tial vorticity, a parameter range characteristic of stigng
stratified, rotating turbulence (REF). This characteriza-
tion could be appropriate for the upper part of the water
column, in which the subinertial variability lacked appre-

[ Source of O(+5x10~% Wkg] required ciable spatial and temporal coherence.
to bal ance. This paper focussed upon subinertial variability in the

‘[Tendency O(£2 x 1072 W kg]

[[Vork O(=5x10"% Wkg]
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lower part of the water column which was characterized
by coherent phase relations. An interpretation in terms of
a nearly monochromatic wave structure and critical layer
phenomena was pursued.

This system is seriously complicated and a description
in terms of small parameter expansions and weak nonlin-
earity is seriously strained. Thus the discussion focused
upon qualitative exposition rather than quantitative pre-
diction. | feel that the later is premature given uncergaint
in our dynamical understanding of the sytstem’s behav-
ior. Thus even this attempt at describing the possible be-
haviour of the system might be a useful foil for further
theoretical studies.

The field program was intended to investigate quasi-
stationary internal lee waves set up in response to flow
over roughness superimposed upon the continental slope.
Quasi-stationarity would imply that the internal wave-
field would evolve with Eulerian frequencies of the
geostrophic field. This was not found. Rather, the time
dependence was much stronger. The observed finestruc-
ture was interpreted as the result of an instability asso-
ciated with the highly sheared flow field. Why was this
flow so highly sheared? An immediate answer is that the
lee wave field had sufficient amplitude to break immedi-
ately next to the boundary, providing an initial drag that
set up the shear, which in turn produced the instability.

The resulting momentum flux profile set up by wave
dynamics provides a boundary layer structure that ex-
tends hundreds of meters away from the boundary. This is
far in excess of the height scale typically associated with
viscous stresses above a planar boundary. An additional
complication is that the effective bottom boundary con-
ditions for the low-passed flow field may be significantly
altered as well.

In terms of energetics, the work done by the waves
against the background flow likely participates in a dom-
inant balance with forcing by the instability. The en-
ergy tendency and dissipation are small in comparison.
Growth rates of the instability are inferred to O¢ ).

Band-passed Ertel potential vorticity fluxes are 0.01
f N2, significantly larger tha®, F' = 0.001 f. The quasi-
geostrophic potential vorticity flux is expected to be equal
to the E-P flux divergence.

13
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FiGc. 10. HRP profile from the first occupation of the 'L’ grid. Theofile is terminated about 60 m above the bottdincould
be worth while resorting the velocity and density profildgr calculating the shear instability production termshvéorted
gradients.



OCTOBERZ2005 15

w=0-ku (t;z=500,600,700 m)

0=21145 hours

intrinsic frequency (s_l)
o

_4 -
_6 -
-8 0=21724 hours
— | | | | | | |
f 0 2 4 6 8 10 12 14 16 18

time (days)

FIG. 11. Time series of intrinsic frequency = o — ku for two estimates of the dominant Eulerian frequenacgnd low passed
currents at 500, 600 and 700 m depth. The estimates boundiline afw = 0 for days 4-11 and thereby indicate the presence of
a critical layer at that depth.
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FiG. 12. Estimates of band-passed kindfi¢ and potentialF, energy averaged over days 4-11. Note the presence of areénerg
minimum at 600 m, the depth of the critical layer identifiedtie previous figure.
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FiG. 13. Time-depth series of across shear, /N |, along sheaf @./N |, Froude numbe(z? + @2)'/2/N, vorticity 7./ f,

—uy/f and andv, — uy)/f estimated from the low-passed velocity and density fields.
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FiG. 15. Estimates of band-passed kindiig and potentialE,, energy averaged over 600-1100 m depth. Note the presence of a
energetic maximum on day 10.
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FiG. 19. Time series of band-passed potential vorticity fluicdid by fN2.
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Acknowledgementslike many oceanographic instru-with o > 0, S = N/ f, N is the buoyancy frequency and
ments, the High Resolution Profiler is one-of-a-kind. Odrthe Coriolis frequency. The following properties of this
cruise preparations were complicated by an explosisnlution are apparent:
within its pressure case, apparently triggered by a faultye The motions are rectilinearly polarized in the di-
battery. After the battery blew up on April 23, it was notection asu = (u1,0,0). The highest possible frequency
clear that the HRP could be repaired, let alone repairedge wave igr = +N sin(«) (¢ = 7/2), for which the
in time to meet the May 10 departure schedule. That telocities are aligned in the across direction and decay in
cruise took place as scheduled is due to the dedication dhd normal direction. This highest frequency may well be
experience of many people in the greater WHOI commiarger thanf.
nity. Significant engineering support and assistance ine The motions are trapped in the direction normal to
testing were contributed by Marshall Swartz, Steve Lilihe slope forx > 0. For small topographic slopes and
eratore, Dick Koehler and Al Fougere. Assembly assistrong stratification, the decay scale relative to the nbrma
tance and spare parts were obtained from Karlen Wanne@venumber is given by /k; = —1/Sa cos(¢).

Jim Valdes'’s group and Craig Taylor. John Toole's ef- ¢ From (A2), k, has the same sign as

forts with the MP development and data analysis wesgn[sin(«)sin(¢)], so that the phase propagates
invaluable. Raffaele Ferrari demonstrated the utility aflong an isobath with shallow water to the right. The
residual-mean theory to the author. Finally, | gratefullgroup velocity is in the same sense.

acknowledge the support and patience of ONR during theThe ratio of horizontal kinetic to available potential en-

acquisition and analysis of these data. ergy,HK E/APE, for a single topographic edge wave is
simply:
APPENDIX A UKE 52 P
Appendix APE - N2 tZa cos” asin” ¢ (A4)

Discuss apparent character of subinertial motions and
a. Topographic Waves compare to the simple predictions delineated above.
. . topographic slope, lambda H, vs x and p N, etc. go
The simplest model geometry for topographic _edqsrggr r?ersppectiveri)n topography - ? P 9
waves in a rotating stratified fluid consists of a infinite Could get elliptical polarization fr.om tWo waves

planar slope. The situation is highly idealized, of course, The waves characterized by (A1-A3) are simply buoy-
when it comes to discussing the oceanic observations
fi g

A . ; oscillations. If the topography is non-uniform, for
such a model neglects variations in topographic slope y : ’
the presence ofgthe sea surface. BEt Eéuc% a sin?pli mple a non-planar geometry in an unbounded ocean

del : it out | basic feat f simply an ocean of finite depth, the variable topog-
MOdE! Serves 0_ point out several basic eatures ot € ?}hy acts as an additional restoring force through vor-
waves, such as: (1) rectilinear polarization of the way

i 2\ ph d i 3)th Bix stretching. For such waves, the polarization relations
motions, (2) phase and group propagation, (3) the evangge jishersion relation change. The coupled (stratifica-
cent nature of the topographic waves, and (4) provide

; . , : . f i6n plus variable topography) problem does not admit to
dispersion relation. The discussion below directly fo such simple analysis as that presented above (see, for ex-

lows that in Rhines (1970). ample, Wang and Moores). However, it appears that the
Consider a planar slope inclined at an angléo the  5310ge of westward phase propagation and trapping to

y—axis such that the plane is given by= y tan(a). Af- e gloping boundary are retained.

ter rotating the_(x, y, z) coordinate system into this plane  Note: Oscillatory response not apparent unigss

and then rotating about the nevaxis by an angle (pos- | o, which| ks | / | & |= Sacos(¢), with a < 1. If

itive clockwise), solutions having the spatial depe_nden%(’eg T2 | ks |/ |k |= Ssm(za)(ﬁ/é — ¢), which is

of exp|(—r + iks)xs + i(koxz — ot)] can be obtained, not oscillatory. That is, fluctuations towards the highest

in which (z1, 2, x3) is the new coordinate system Withsermitted frequencies are simply bottom trapped.
x3 normal to the plane and the velocity in the andzg

directions vanishes, i.e.; = us = 0. For this solution,

o = =N sin(a)sin(¢) (AL)

K S[1—sin®(a)sin®(¢)] o N
ky cos?(ar) + 52 sin(a) cos?(d) sgn[sin(a) sin(¢)] = S
(A2)
k:g o

k3 (1 — S?)sin(2a)cos(p) . —aS?

1
ks 2cos?(a) + S%sin’(a)cos?(¢) 1+ S22
(A3)
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Fic. Al. Along averaged profile of bathymetry vs across distafite vertical lines delimite the position &f? profiles in Figure
A2. Add in moored array and C’s? Shelf break origin?
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Note that only the penultimate step involves dividing by
a quantity that might possibly be zer@)(for stably strat-
ified flows at mid-latitudes.
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