APRIL 2004 L. RAINVILLE AND R. PINKEL 1

Observations of Energetic High-Wavenumber Internal Waves in the Kuroshio

Luc RAINVILLE AND ROBERT PINKEL
Marine Physical Laboratory, Scripps Institution of Oceanography.

(Manuscript received 10 March 2003, in final form February 2004)
ABSTRACT

Intense and spatially coherent shear layers were detected in and under the Kuroshio in an April 2000
(ASIAEX) survey in the East China Sea. The sloping layers, revealed by shipboard Doppler sonars
on the R/VRoger Revelleappeared to cross isopycnal surfaces. Except in a small region near the
Kuroshio shelf-break front, the rms finescale shear associated with the layers significantly exceeded the
geostrophic shear.

An April 2002 follow-on cruise was organized to establish whether these motions were propagating
internal waves. Both shipboard and lowered ADCPs were operated from thel&iMle. In addition

to CTD-sonar transects, a 30-h time series of currents and shear was obtained in the core of the Kuroshio
near the island of Kyushu, Japan.

The shear structures were indeed found to be propagating, with both up and down-going internal wave
motions present. Compared to the nearby open-ocean, the fineschf®(m) vertical shear variance

is increased by a factor of 3 in the Kuroshio, and by a factor of 6 in the region between the shelf break
and the Kuroshio. If energy dissipation indeed scales as shear variance squared (Gregg 1989), very
high values of dissipation (over 30 times the open-ocean value) can be anticipated in this region. We
conjecture that the geostrophic vorticity associated with the Kuroshio acts as a barrier, impeding the
seaward propagation of internal waves generated at the shelf-break onshore of the Kuroshio front.

1. Introduction was conducted in April 2002 to obtain time series in the

core of the Kuroshio. Observations of propagation are

The history of exploration of western boundary curpresented in section 4. A dynamical interpretation is
rents is intimately linked to the development of obsegiven in section 5.

vational sensors and methods. With each advance, fromrp o ea5ured shear, when recast in terms of in terms
ship-drift estimates through infrared satellite photogr?f scale dissipatiormsing’the Gregg (1989) parameteriza-
phy, new phgnomena are revealed. Here we report , suggests high levels of turbulent mixing shelfward
discovery of intense shear layers of 10-60 km horIZOIA'nd beneath the Kuroshio. The vertical component of

tal extent and 10-50 m vertical scale in and under trv%rticity associated with the Kuroshio is sufficient to af-

Kuroshio. At issue is the role that these newly d'SCO\fé'f:t the propagation of internal waves. For coastally gen-

ered structures might play in the larger scale dynamlcsg ated waves, this could lead to the observed energy/shear

bo_Ll_Jrr:dgr_);_crrrsnt sy_?tems. d ina th hi uild-up between the shelf and the core of the current, and
e initial observations were made using the new higiy,qjple trapping.

resolution Hydrographic Doppler Sonar System on the

RV Roger Revellewhile participating in the Asian Seas, paiq

International Acoustic Experiment (ASIAEX) in April

2000. Section 2 describes the cruises, instruments, andhe sites of the ASIAEX transect and the Subsequent

methods in more details. The spatially coherent finescagushu time series (and transect) are shown in Fig-

velocity and shear structures observed from transegi® 1a. Figure 1b shows the monthly mean sea-surface

across the Kuroshio during the ASIAEX 2000 cruise at@mperature in the area during April 2000, provided by

described in section 3. the National Center for Ocean Research (Taiwan). The
To determine if the shear features propagate verticalluroshio is seen as the warm water moving northward

a follow-on cruise (referred below as the Kyushu Cruisg)ong the shelf break of the East China Sea, though the

Tokara Strait, and along the East coast of Japan.
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E-mail: luc@mpl.ucsd.edu vey cruise of the ASIAEX field program in the East China
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Fic. 1. (a) Bathymetry of the East China Sea and near Japan (Smith and Sandwell 1997). Land is shown in black, the solid blue
line is the 200-m isobath and the blue dotted line is the 100-m isobath. Locations of the cruises are indicated. (b) April 2000
monthly mean of sea surface temperature, from satellite measurements. The Kuroshio is evident from the warm water flowing
along the continental shelf.

Sea. The focus of the ASIAEX cruise was on geophysictd over 1000 m in less than 15 km. In contrast to the East
observations on the continental shelf (Ramp et al. 200&)hina Sea, the barotropic tides in this region are weak.
However, two Doppler sonar transects from the shelf to The Kyushu cruise was organized as an all-student
middle of the Kuroshio were obtained, along with a seruise on the R/\Melville, funded by University of Cali-
ries of CTD stations. The bathymetry of the ASIAEXornia Ship Funds. The cruise started with a 200-km, 13-
region is dominated by a broad and shallow continentéfation, hydrographic transect across the Kuroshio. The
shelf (100 meter deep) and a step-like shelf break. Th@nsect was followed by a 30-h yoyo station in the core
Kuroshio flows parallel to the shelf break with velocitiesf the current, to detect vertical propagation of the shear
in excess of 1.5 m's'. Strong tidal currents are observedayers. Several stations were repeated around the frontal
on the continental shelf, with flow directed normal to theegion.
shelf edge and amplitude occasionally over 0.4Th s A self-contained 150 kHz narrowband Doppler sonar
Direct measurements of the water velocity were olfRDI) was used as a lowered acoustic Doppler current
tained using the Hydrographic Doppler Sonar Systeprofiler (LADCP). An internally recording CTD (SBE19)
(HDSS), a shipboard current profiler system designed awgs attached to the LADCP. At each station the instru-
built at the Marine Physical Laboratory at SIO. It conments were lowered at 1 nT§ to a depth of 1000 m.
sists of synchronized 140 kHz and 50 kHz sonars, eaElach station lasted about 40 minutes. The setup of the
with 4 beams directed 3@rom vertical. Repeat sequence_ ADCP is similar to that of Fischer and Visbeck (1993).
codes (Pinkel and Smith 1992) are transmitted from botthe ensemble interval was set to 3 sec. Two pings per
sonars. The 50 kHz sonar pings every 2 sec and haersemble were recorded in Earth coordinates. The length
vertical resolution of about 13 m. Profiles are obtainesf the acoustic pulse and the bin length were both 16m.
to depths of 600-800 m. The 140 kHz sonar transmihroughout the cast, the LADCP had a range of about
at 0.6-sec intervals. With a vertical resolution of 4.5 m200m.
depths of 200-300 m are achieved. Both sonars recordapsolute profiles of water velocity from the sur-
time ensembles every 2 min. face to 1200 m were obtained using the linear in-
In the April 2002 (Kyushu cruise) study area, theerse method of Visbeck (2002). We used soft-
Kuroshio has just exited the East China Sea (Figure Wjare available on the Web from Prof. M. Vis-
It is still constrained against topography and is relativelyeck. (www.ldeo.columbia.ediisbeck/ladcp/). Naviga-
narrow. The depth of the continental shelf along thion data, CTD measurements, and shipboard ADCP data
cross-shelf line of the cruise is nearly constant (100 najere included in the inversion. During each station, the
within 40 km from the coast. Then the bathymetry dropR/V Melville was allowed to slowly drift in the along-
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shelf direction in order to maintain a small wire anglenotion of 1000 m. High-wavenumber sonar-derived ve-
on the LADCP/CTD package. For the 30-h yoyo timeocity (1/150 nT! < k, < 1/60 nT') is represented by
series, the ship was repositioned every 6 hours or so, tfe black arrows, which follow the same convention as
ter making about 10 profiles and drifting 15 to 20 kmthe low-wavenumber velocity but are plotted at 5 m inter-
During repositioning, the LADCP was out of the watewals and are multiplied by a factor 5 for clarity. In Fig-
Velocity was also estimated by the shipboard 150 kHme 3b, the corresponding vertical shears (low wavenum-
ADCP, which provided data to depths of nearly 400m. ber, high wavenumber, and geostrophic) are presented.
min ensembles were recorded from the shipboard ADCRere, high-wavenumber shear is not multiply by the fac-
during the entire cruise. tor of 5, as in a). Note again the good agreement between

low-passed sonar-derived shear and the geostrophic shear
3. Spatially coherent shear structures: the ASIAEX from the CTD. Also note that the high-wavenumber shear
cruise is of the same order of magnitude as the low-wavenumber
hear.

S
Velocity and shear from two sections across the . .

: L . The absence of the high wavenumber shear in the

Kuroshio from the ASIAEX cruise in the East China Se ostrophic signal is significant, given that the vertical

are presented in Figure 2. The top four panels show d %éolution of the CTD is 5 m or better and that the lateral

during a continuous transit from the high-resolution 14 ;
. ; oherence scale of the shear is comparable to the CTD
kHz sonar, smoothed by 9 m in the vertical and by 2 k tion spacing. Following ASIAEX, we concluded that

in cross-shelf distance. Cross-shelf distance is calcula : ; .
: se shears are ageostrophic, perhaps associated with
from the shelf break. Following the offshore transect, t rsopagating waves.

ship repeated the section, stopping for CTD stations
it moved onshore. Data from the 50 kHz sonar collecte,
during this section, smoothed by 20 m in the vertical an
by 4 km in distance, are shown in Figures 2e,f. The loca- The goal of the Kyushu cruise in 2002 was to obtain a
tions of the CTD stations are marked on the upper axis @he series in the Kuroshio to study the evolution of the
each panel. For reference, objectively mapped potentidear structures. With only 3 days of ship time available,
density contours, spaced by 0.25 kg'nare plotted in a single cross-shore section of the Kuroshio was initially
Figure 2f. obtained. A 30-h depth-time series was then collected at
The Kuroshio clearly dominates the velocity, and is dthe maximum velocity point in the transect (nominally at
rected almost entirely in the along-shelf direction (Figurd0® 45°'N, 131° 45'E ). Velocity and shear data from the
2b, positive is towards northeast, into the page). Cros33-h yoyo station are shown in Figure 4, both smoothed
shelf velocities (Figure 2a, positive towards off-shord)y 1 h in time and 24 m in the vertical. The station con-
are small in comparison. The vertical shear (9-m diists of 4 separate deployments of the LADCP/CTD, each
ference of velocity in Figures 2c,d, and 20-m differenceith 10 to 12 profiles from the surface to 1000 m. The
in 2e,f) reveals a different picture. Alternating bands afeployments are separated by times when the ship reposi-
high shear can be found below the core of the Kuroshiions to its initial location (gaps in Figure 4). During each
(where the isopycnals are level, under 500m) and appeé®ployment the drift is almost exclusively in the along-
to cross isopycnal surfaces. The velocity profiles havesaelf direction, following the Kuroshio. The water depth
structure very similar to those obtained by Winkel et afemains more or less constant at 1700 m. Intense along-
(2002) in the Florida Strait and Toshihiro et al. (1994) ishore and cross-shore shear is again seen. There is a con-
the East China Sea, suggesting that high-wavenumber giglerable depth-time variability in the structure, presum-
locities and shears seen in ASIAEX are common featurably a mix of lateral advection and true time evolution.
of strong currents riding along the continental shelf. ~ Note the velocity signature of an apparent baroclinic 12

Representative sonar-derived profiles of velocity arfytide in the cross-shelf velocity.

shear from the core of the Kuroshio are compared with Rotary vertical wavenumber spectra of the shear in
density-derived estimates (based on the thermal witfte Kuroshio are presented in Figure 5. For linear near-
equation, Gill (1982) in Figure 3. The black arrow ornertial waves, clockwise rotation with increasing depth
the top of Figure 2e,f indicates the position of this stds associated with downward energy propagation (Lea-
tion, 46 km from the shelf break. The vectors in Figman and Sanford 1975). The spectra are computed from
ure 3a represent horizontal current in the cross) énd the 42 LADCP profiles obtained during the yoyo station.
along-shelf ¢-) directions. Currents are plotted at 25-igure 5a shows the vertical shear spectra in three depth
m intervals in depth, offset to the right with increasinganges: within the Kuroshio (0-400 m), around its base
depth. The gray arrows give low vertical wavenumbd@00-800 m), and under (800-1200 m). In Figure 5b,
sonar-derived currentg{ 1/200 nT!). The along-shelf the shear spectra are normalized by the mean buoyancy
component (dotted gray line), i.e. the component pdrequency squared to form a composite Froude spectrum
pendicular to the direction of the transect, is very sintblack lines).

ilar to the geostrophic current profile (thick gray line) The shape of the spectrum of Figure 5b is a good in-
derived from the density field, assuming a level of nddication of the vertical scales resolved by the LADCP.

Variation in time: the Kyushu cruise.



4 JOURNAL OF PHYSICAL OCEANOGRAPHY VOLUME

a) b)
- p——
— 50 — 50
E E
=100 =100
= 150 £ 150
o [=}
3 200 ' v 3 200
-10 0 10 20 30 40 50 60 -10 0 10 20 30 40 50 60
cross-shelf distance [km] hori . . cross-shelf distance [km]
orizontal velocity [m s7]
2 -1 0 +1 +2
c) d) : —
— 50 = 507
E = ~
=100 00 P N .
§ 20| %20 '\r T
e . 3 © . \ '-.'I.I S-.::L_é..- . .
-10 0 10 0 10 20 30 40 50 60
cross-shelf distance [km]
e) f)
0 0
100 100
200t 200+
T 300f E 300+
£ 400r £ 400+
j=B j=3
@ 1)
= 500t © 500+
600r 600 -
700t 700
10 0 10 20 30 40 50 60 -10 0 10 20 30 40 50 60
cross-shelf distance [km] cross-shelf distance [km]

vertical shear [s]

[
1.5 1 -05 0 +05 +1 +1.5 x10%

FiG. 2. Velocity and shear from two cross-shelf transects during ASIAEX. Panels a-d show data from the 140 kHz sonar during an
underway transect [17 April 2000], and the 50 kHz data from a CTD section [18 April 2000] are shown (e) and (f). (a) Cross-shelf
velocity. (b) Along-shelf velocity, in which the Kuroshio is evident. The corresponding vertical shears [(c) and (d)], and the deep
cross-shelf (e) and along-shelf (f) shears, show strong alternating bands in and under the Kuroshio. In (e) and (f), the locations of
the stations are shown on the top of each panel. For reference, rays for internal wave propagation in a quiescent medium are shown
in (e) for different internal wave frequencies. Isopycnals are shown as black contours in (§, Ba@4.0 contour is indicated

by the long-dashed line. The thick black line indicates the sea floor.

In the open ocean, shear (and Froude) spectra more-@navolution of the true velocity profile with a triangle of
less follow the empirical Garrett-Munk spectrum, labelebaseAz; + Az,.. During the processing, each 3-sec en-
here as GM (Garrett and Munk 1975; Gregg and Kunzemble is also interpolated to a fixed grid with spacing
1991). Although its low-wavenumber level seems to b&z, =16 m, equivalent to another series of convolutions.
higher than GM by about a factor of 2, the measured spélthe corrected vertical wavenumber spectrum is then:
trum rolls off at wavenumbers above 10m~!. Follow-

ing Polzin et al. (2002), the LADCP Froude spectrum can

be corrected for range averaging and interpolation. Since SO(k,) =
velocity measurements from Doppler sonars are effec- T(k.)’
tively averages over the lengths of the transmitted pulse

(Az) and the bin Az,), both 16 m, the net effect is a

1)

wherek, = A\ ! is the vertical wavenumber in cycle per
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meter (nT!), and to downward phase propagation is seen associated with
CW rotation (Figure 6b), with the reverse tendency in the

T(k,) = sin¢(k, Az)-sind (k. Az,)-siné(k, Az,). CCW record (Figure 6c). This suggests that a significant
(2) fraction of the shear variance is associated with internal

Because of differences in our processing, other corragaves whose intrinsic frequency is within a factor of two

tions described in Polzin et al. (2002) are not applieaf the effective inertial frequency, where polarization ef-

here. The corrected spectra are believed to be accurateféats become significant.

wavelength larger than 50 e < 2 x 1072 m~1). The

spectra apparently become noise dominated at smabemDiscussion: vorticity, wave refraction, and mixing

scales (Figure 5b). .
Confidence intervals for the spectra of Figure 5 are caI-Why are these energetic waves found beneath and

culated based on an estimate of effective number of garoreward of the Kuroshio? We suspect that variations
gree of freedom. Since sequential velocity profiles ald the vertical component of vorticity associated with the

: - f the strong geostrophic flow are refracting
not completely independent, the effective number of d resence of the st . _
gree of freedom are calculated from the autocorrelati ese waves significantly. Kunze (1985) derived the dis-

as function of wavenumber and lag in time (or spac rsion relation for low frequency internal waves prop-

(D’'Asaro and Perkins 1984). Systematic errors (such gating in gelostrophi.c shear ﬂ.O.W' finding that the b"’.‘Ck'
the ones due to the transmit pulse and bin lengths, c Ir_ound vorticity effectively modifies the planetary vortic-

rected above) are not represented in this error estimaté’
As seen in Figure 5, there is no dominance of clock- v oU vV oUu ouUov1Y?

wise (CW) relative to counter-clockwise (CCW) rotationfer = { fP+f <8 - 8)

with depth. For the 30-h yoyo station, the energy of the x Yy

component of CCW rotating shear represents 48% of to- 170V oU

tal energy. However, propagating waves become appar- =~ f o\or oy

=f+z.

. agat . or Oy
ent when looking at the individual components in the ()
depth-time domain (Figure 6). To obtain Figure 6, th@herel/ andV are the geostrophic velocities. The sim-
30-h mean is removed from both horizontal velocity conpilification comes from the approximation that the trans-
ponents, and the velocity perturbations are moved to g&rse sheargdU/dy| and|0V/dz|, and the strain com-
isopycnal-following frame (Alford and Pinkel 2000). Inponents,|0U/dx| and |0V/dy|, are much less tharf.
such a emphsemi-Lagrangian frame, the effect of veriunze suggests that trapping and amplification can oc-
cal advection is minimized. Because of noise problenggr in regions of negative vorticity, where internal waves
with the conductivity cell towards the end of the cruiseith intrinsic frequencies below the local planetary iner-
we use only temperature and the T-S relation to estimatgl frequency are confined. Similarly, regions of strong
density during the yoyo station. Differences betweggpsitive vorticity can act as barriers, reflecting internal
isopycnal- and isotherm-following coordinates are mifyaves of frequency < fef.
imal given that the T-S relation displayed little variation |t is instructive to examine a western boundary current
over the duration of the time series. in terms of its vorticity structure. Figures 7a,b show the

Vertical shear is then computed for each profile anglong-shelf velocity and along-shelf shear for the tran-
normalized by the 30 hr mean buoyancy frequency. Byect across the Kuroshio during the Kyushu cruise, with
choosing Fourier components corresponding to only tiige same smoothing as in Figure 2 (20 m in depth and 4
positive (or negative) wavenumbers B{s, + i s,), the km in lateral distance). Cross-shelf distance is calculated
Fourier transform in depth of complex shear for each prgrom the shallowest CTD station, located about 25 km
file, and performing an inverse Fourier transform, one okor the coast. For reference, the yoyo station described
tains a depth-time map of the component rotating CCW the last section was located at a cross-shelf distance
(or CW) with depth. of about 65 km (indicated by the arrow). As in Figure

This technique has been applied to the vertical sheardfcontours of potential density are plotted over the maps
Figure 4, independently for each of the 42 velocity pe(spaced by 0.25 kg ). The long-dashed line indicates
turbation profiles. To account for instrument responsghe o, = 24.0 contour. In contrast with ASIAEX (Fig-
only wavenumbers smaller than 1/50 fnare used. The ure 2), the Kuroshio is not directly against the continen-
Fourier components are corrected by the squared rootf shelf, but rather pushed offshore by a strong Eastward
the transfer function (Equation 2) prior to performing the

inverse Fourier transform. The result, smoothed by 1 h 1A reviewer suggested that an estimate of the intrinsic frequency of
’ ! the waves might be made from the ratio of shear to strain at each vertical

i[] time, is §hOWI’1 in FiQUfe 6. Alth(_)th horizontal adve_c\ivavenumber, based on linear internal wave theory. While this practice
tion complicates the picture significantly, the propagatiag widely accepted, power spectra of the time series of strain are seen
of the shear features with respect to the density field tishave a pronounced peak at near inertial (or perhaps the sub-harmonic

; _ AR e cinnifi f the semi diurnal tidal) frequency. (Pinkel et al. (1987), Figure 10)
clearly seen. The apparent time-continuity Is Slgmflca.rgince inherently non-linear effects dominate the strain spectrum (and

given that each of the vertical profiles is "polarization filprohably shear as well), interpreting shear-strain ratio from a linear per-
tered” independently. A modest excess of upward relatiggective is ill-advised.




6 JOURNAL OF PHYSICAL OCEANOGRAPHY VOLUME

surface current, possibly caused by the observed steady 101 m——+— g
winds from the west. Strong shears exist in the Kuroshio '
and in the region between the Kuroshio and the shelf _
break. &
A map of effective inertial frequencyfer = f +  ~
LoV /ox (here we assum8V/dz > 0U/dy, particu- 5
I2arly valid in the present case), is shown in Figure 7c. The—
horizontal gradient of along-shelf velocity is smoothed I * . .
over 5 km. The vertical component of geostrophic vor-  10-3 . L
ticity associated with the Kuroshio front creates a wall of 05f f 15f
positive vorticity. The effective inertial frequency reaches f
2f, (formally) sufficient to reflect the semi-diurnal baro- eff
clinic tide! > Some of the assumptions of Kunze (1985)
are clearly violated her&{’/0x ~ f) and it is unlikely
that the present definition of.s properly describes the FIG. 8. Scatter plot of the absolute value of the temperature
situation dynamically. However, the magnitude of thgradient as function of the effective in.ertial frequency, both av-
vorticity refraction must be very large in this region. Lowgraged in 5 km by 20 m bins. The solid black line indicates the
frequency internal waves generated either offshore or JAan temperature gradient. Small temperature gradients (high
shore of the "wall” will be back-reflected towards theirs'tra'n) seem to occur predominantly at smya.
source (unless they can sneak beneath it). There is there-
fore a potential for trapping shelf-generated waves in- o . _
shore of the walll. constant and very similar to the variance measured in the
Also apparent in Figure 7c are regions of intense negPen ocean (along the R/Melville’s previous transit
ative vorticity, wherefos is reduced to half its planetaryffom the Marshall Islands to Japan, for example). Within
value. The most intense regions are immediately bene8f}§ Kuroshio, shear variance is close to a factor of 3
the Kuroshio front and immediately offshore of the wallgréater than the open ocean values. Further onshore, the
To the extent that shear features appear to extent rigtio approaches a factor of 6. The build-up of shear

through these regions (7b), separate populations of griance between the Kuroshio and the shelf-break,
cally confined sub-inertial waves are unlikely. Is consistent with the vertical vorticity field of the

As a measure of energy contained in highKuroshio, which can trap shelf-generated waves onshore.

wavenumbers, the observed finescale (50, 400 The 5-m vertical temperature gradient profiles from 11
m ) shear variance (both components) is plotted as furfid-the Kyushu CTD stations are plotted over the effec-
tion of cross-shelf distance in Figure 7d, together withive inertial frequency map in Figure 7c. Both in the
the square of the observed mean (20 to 400-m ) sheddroshio and in the area between the shelf break and
and the square of the depth-averaged geostrophic sh#g. Kuroshio, the temperature and conductivity profiles
Quantities are calculated using all underway shipboa@fie dominated by stacking of high (negative) gradient re-
ADCP data from the Kyushu Cruise. Error bars for thgions (steps). The large gradient fluctuations indicate the
shear variance are calculated from the distribution Presence of large-amplitude, small-scale internal waves,
based on the effective number of degrees of freedotfhich deform the mean temperature profile. For refer-
(D'Asaro and Perkins 1984). The sonar-derived medice, the depth-average vertical gradients for all profiles
shear is seen to be co-located with the mean geostropiiighe Kuroshio and near the shelf are smaller than 0.04
shear. Peak observed values are larger than geostropHigdM. There is a suggestion in Figure 7c that temperature
in part due to the finite (10-15 km) spacing of the CTradient is correlated with effective inertial frequency.
stations. The observed shear variance increases frohis is shown in Figure 8, where the absolute value of the
offshore, where it approaches the open ocean levels,tégperature gradienfiT’/0z, is plotted against effective
onshore. Except in a small region near the Kuroshigertial frequency. The solid black line indicates the mean
front, the finescale shear variance is always greater tt@figdient, averaged both in depth and over all statiggs.
the mean shear squared. For offshore distances greétedveraged over bins of 5 km by 20 m centered around
than 100 km, fine scale shear variance is more or leg@tions where the gradient is measured. Small values of
temperature gradient correspond to large isotherm sepa-
2The ray paths plotted in Figure 2e ignore the effect of the spatightions (high strain) and predominantly occur in areas of
variations in geostrophic vorticity. The magnitude of the observed vafig\, effective inertial frequency. This is consistent with

ability is sufficient to make a M2 internal wave (= 1.9f) effectively . .
propagate at much shallower angles (e.g. along the path fer1.2f the trapping mechanism of Kunze (1985)'

if fer = 1.6). Spatially, the shear structures described here are rem-
3In comparing Figures 7b,c, it is clear that the horizontal scales fiiiscent of the strong, east-dipping acoustic scattering

the vorticity field are smaller or comparable to the wave scales. Tlpgyers observed from seismic reflection profiling in the
approximations made in the derivation of Equation 3 are clearly n

justified. However, we feel that the Kunze (1985) propagation modgrlOnt associated with the North Atlantic Current (Hol-
can still serve as a useful guide in interpreting the observations. ~ brook et al. 2003). These authors suggest that double
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diffusive processes are responsible for the scattering lay- 102
ers. Given the temperature and salinity profiles in both .
areas (salinity minimum around 400 m), double-diffusive _, inshore
processes are possible in the upper water column. These ¢
could possibly explain the temperature layering seen in o
the Kuroshio and between the Kuroshio and the shelf <10
(Figure 7c). However, the observed high temporal vari-
ability, the cross-isopycnal propagation, and the strong
shears seen in and beneath the Kuroshio are not sugges-
tive of a double diffusion source.

There are no direct measurements of dissipation during
either cruise. However a scale dissipation can be inferred
from sonar-derived estimates of finescale shear variance - <
(Gregg 1989; Polzin et al. 1995; Sun and Kunze 1999). e [T
The original Gregg (1989) parameterization requires that
shear be resolved to 10 m vertical scales.

Unfortunately, direct estimates of shear variance at
scales smaller than 50 m are not possible with lowered-
ADCPs (Polzin et al. 2002). ThMlelville's shipboard
sonar also appears to have poor resolution during t%e

offshore
1009

—
TS

e

==

Froude spectrum

-1 . . x
10°3 102 10° 10°
vertical wavenumber [m-1]

Kyushu cruise. This is demonstrated in Figure 9, whe G. 9. Froude spectra of vertical shear from 20 to 400 m. The

: ick gray lines are from the shipboard ADCP (RDI) during
vertical wavenumber Froude spectra are presented Kyushu cruise: inshore of the Kuroshio, in the Kuroshio,

stations offshore, within the Kuroshio, an_d between t%d offshore. The spectra in the Kuroshio during ASIAEX are
Kuroshio and the shelf. Data from the shipboard ADCEhown by the thin black lines: from the HDSS 50 kHz sonar in

in the depth range 20 to 400m were used. For compafie same depth range in solid, and from the 140 kHz in the range
son, Froude spectra within the Kuroshio are also shows to 210 m in dashed. The dotted line is the GM spectrum.
using the R/VRoger Revells 50 kHz sonar (20-400m)

and from the 140 kHz sonar (20 to 210 m). Here, the

c;f:w and C\r/‘V components, which srt\ow no significansreqq 10-m shear parameterization correctly predicts the
differences, have been summed. The GM spectrumdfserved value of dissipation. However, given the ab-
also shown. The shear variance build-up in and inshafgnce of ground truth direct dissipation measurements,
of the Kuroshio is evident, . we focus here on the spatial variability of the shear. If
The RDI shipboard ADCP used during the Kyushy} is assumed that dissipation varies as shear variance
cruise (thick lines) appears to underestimate verticgh ared, the factor of 2-3 increase in shear variance in
shear for vertical wavenumbers larger than 1/50°'m e Kuroshio relative to the open ocean suggests 4 to 9
During this cruise, the RD sonar transmitted a pulse fiyes more dissipation in the current than offshore. In
duration equal to the depth-average bive( = Az,). Ef- 6 grea between the Kuroshio front and the shelf break,
fectively, this smoothes the velocity profiles and reducegse ghserved build-up of shear leads to scale dissipation
high-wavenumber shear. The 50 and 140 kHz sonars @je|s 30-40 times greater than in the open ocean. The

the R/VRoger Revellese repeat sequence code and difsrect of these elevated dissipations on the dynamics of
ferent processing, resolving shear to higher wavenumie kuroshio warrants further study.

bers. Unfortunately the cross-shelf sections of the ASI-
AEX cruise do not extend fully across the Kuroshio. i

However, Polzin et al. (2002) find that 50-m shear meg-' Conclusions
sured by lowered-ADCP (with a response correction) canWe report the discovery of intense, spatially coherent
be used to infer dissipation to within a factor of 3-4 usshear layers extending from the shelf edge through and
ing an adjusted version of the Gregg (1989) parametd&reneath the Kuroshio. Initial observations (ASIAEX)
ization. For both the ASIAEX and the Kyushu cruisedndicated that the sonar-derived high-wavenumber rms
applying their implementation of Gregg (1989) on 50-mshear in the Kuroshio is of the same order of magni-
shear (from shipboard and lowered-ADCP) leads to scalele as the geostrophic, low-wavenumber shear, as cal-
dissipation levels between 0.5 and 1.5?10-8 Wk culated from both CTD stations separated by 10 km and
the Kuroshio. from shipboard Doppler sonar. Measurements from the

Winkel et al. (2002) present direct measurements fifllow-up Kyushu cruise suggested that the shear is as-
dissipation in the Florida Strait, where bands of high mixsociated with propagating low frequency internal waves.
ing are associated with bands of high shear. They r&he vertical component of geostrophic vorticity is of or-
port an increase in shear variance in the Florida Straiér f, with a distinct spatial signature. Vorticity variabil-
(1-4 times the open ocean counterpart) similar to the oity is sufficient to strongly refract low-frequency inter-
served increase in the Kuroshio. They also find that timal waves, perhaps trapping shelf-generated waves shore-
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ward of the Kuroshio. The vertical temperature profile i8'Asaro, E. and H. Perkins, 1984: A near-inertial internal wave spec-
"steppy”, with the most pronounced variability in regions  trum for the Sargasso Sea in late sumndeRhys. Oceanogrl4,

Ve i ; ; iyifi 489-505.
where the effective inertial frequendiy differs signifi- Egbert, G. and S. Erofeeva, 2002: Efficient inverse modeling of
cantly from f. barotropic ocean tided. Atmos. Oceanic Technol9, 183—204.

The near-shelf increase in shear variance correspor@grett, C. and W. Munk, 1975: Space-Time Scales of Internal Waves:
to an increase in dissipation of a factor of 40 relative A Progress Report. Gg"physbRe@églazg? bress. 662
to open ocean values, provided that the currently agl" ., 1982:Atmosphere-Ocean Dynamicacademic Press, 662 pp.
cepted parameterization linking microscale dissipatiattegg, M., 1989: Scaling turbulent dissipation in the thermocline.
and finescale shear (Gregg 1989) is valid. Geophys. Res94, 9686-9698. o _ _

The internal wave generation mechanisms are rféf99 M- g‘gﬁy‘g- Eggg' L9 Shear and strain in Santa Monica basin.
presently k_noyvn. Internal waves can be generatec! mflbrook, W., P. Iaram(;, S. Pearse, and W. Schmitt, 2003: Thermo-
the Kuroshio itself (geostrophic adjustment), by its in- haline fine structure in an oceanic front from seismic reflection
teraction with the coast, and by independent shelf prg- profiling. Science301 831-824. - .

B f the st y t P hi ticit P z%, E., ?985: Near-inertial wave propagation in geostrophic shear.

cesses. Because of the strong geostrophic vorticity, e J. Phys. Oceanogrl5, 544-565.
the semi-diurnal internal tide might become effectivelyeaman, K. and T. Sanford, 1975: Vertical energy propagation of iner-
near-inertial. In the East China Sea, the barotropic tide, tial waves: a vector spectral analysisGeophys. Res80, 1975
Interacmﬁ with theh Sh%lf’ .IS a “kely Sﬁwci of mtemall-%inkel, R.,.A. Plueddemann, and R. Williams, 1987: Internal waves ob-
waves. However the tide Is very small in the region of" " seryations from FLIP in MILDEXJ. Phys. Oceanogrl7, 1737—
the Kyushu cruise (TPXO models, Egbert and Erofeeva 1757.
(2002). Modeling efforts, combined with intensive, longdrinkel, R. and J. Smith, 1992: Repeat-Sequence Coding for Improved
duration observations, are needed to further identify wave Frecision of Doppler Sonar and Sodaitmos. Oceanic Technol.

. . - . . 9, 149-163.
generation mechanisms and quantify interactions with tBgizin k., E. Kunze, J. Hammond, and E. Firing, 2002: The finescale
larger scale flows. response of lowered ADCP velocity profiles. Atmos. Oceanic

Technol, 19, 205-224.

; ; ; + Polzin, K., J. Toole, and R. Schmitt, 1995: Finescale parameterizations
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FiG. 3. (a) Horizontal velocity vectors as function of depth at a station in the Kuroshio (whose location is shown in Figure 2). The
arrows represent horizontal currents (along-shelf and cross-shelf) offset to the right with increasing depth. The gray arrows show
low vertical wavenumber currenta{ >200 m), very similar to the geostrophic currents derived from the CTD data, plotted as the
thick gray line. In black are the high-wavenumber currents (¥58, > 60 m), multiplied here by a factor 5. (b) Vertical shear
profiles, plotted as in (a), showing the geostrophic (thick gray line), low-wavenumber (gray arrows), and high-wavenumber (black
arrow) shear.
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FIG. 4. Yoyo station in the core of the Kuroshio. (a) Cross-shelf velocity. (b) Along-shelf velocity. Velocity contours (separated

by 0.25 m/s) are shown in white, with the zero isotach made thicker. The vertical shear of the cross-shelf (c) and along-shelf (d)
velocity components is also shown. Here again, alternating bands of high shear are seen in and under the Kuroshio. The isopycnals
whose mean depths are separated by 100m are shown as black contours.
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FiG. 5. (a) Rotary shear spectra from the L-ADCP for three depth ranges. The CCW and CW components are shown by the solid
and dotted lines respectively. There is no clear dominance of one rotating component. All depths can be combined together when
computing the Froude spectrum (b). GM is shown as the thin dotted line. In (b), the spectrum with corrected response described
in the text is plotted in gray.
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FiG. 6. Depth-time maps of cross-shelf vertical shear for the 30-h yoyo station. (a) Cross-shelf shear fluctuations, normalized by
N and moved to an isopycnal frame. The components rotating CW (b) and CCW (c) with depth are separated by doing an inverse
Fourier transform on respectively the positive and negative wavenumbers of the rotary spectrum. The shear is nhormalized by the
buoyancy frequency and moved to isopycnal coordinates. While lateral advection is important, there is a dominance of upward
phase propagation in (b) and downwards in (c).
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FIG. 7. Section across the Kuroshio during the Kyushu cruise showing (a) the along-shelf velocity, (b) the along-shelf vertical
shear. The isopycnals are shown as black contours and the stations locations are indicated on the top panel (arrow shows yoyo
station). (c) Effective inertial frequency along with the temperature gradient profiles at the location of each station. (d) The black
line shows shear variance versus distance based on shipboard ADCP (20 to 400-m depth.raqds) m). The solid gray

line is the square of the observed mean along-shelf shear, and the dotted gray line is the square of the 25-400-m depth-averaged
geostrophic shear (computed between pairs of stations). Depth is plotted on the lower panel.



