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ABSTRACT

Fine horizontal-scale surveys performed during the Kum&xtension System Study deploy-
ment cruise in May 2004 provide near-synoptic ADCP and CTia ddong cross-jet transects
just up-stream of the first meander trough of the KuroshioeEsion. An array of Current
and Pressure-recording Inverted Echo Sounders (CPIESQydepduring this cruise over a
~600x600 km region centered on the first meander trough at»adae time series of bottom
pressure and currents as well as acoustic travel time nmexasuts {), which are converted
via the Gravest Empirical Mode method to profiles of tempeagmtsalinity, and specific vol-
ume anomaly. This combination allows calculation of ab®o{barotropic plus baroclinic) geo-
strophic velocity profiles, and all data are mapped via ogttimterpolation to a higher resolution
grid covering the entire array area. The datasets from thegsl and the CPIES are used here
to analyze the mean and time-varying velocity, hydrograpéand potential vorticity structure of
the Kuroshio Extension in its “weakly meandering” state str@am-coordinate system, which

avoids the lateral smearing of the jet structure that woesaiit from an Eulerian approach.

Stream-coordinate analysis reveals a canonical baroghnistructure, with isotachs sloping
downwards from the cyclonic side of the jet across the cora sabsurface maximum on the
anticyclonic side and cross-stream gradients of dowrastireelocity that are stronger on the cy-
clonic side. Maximum surface down-stream velocities rang® 1-2 m/s, averaging around 1.4
m/s. Down-stream velocities extend to the bottom just sofithe core with average magnitudes
of 1-5 cm/s, but vary in magnitude and direction dependingnupe presence of deep barotropic
eddies. Cross-stream velocities vary in the mean with r#¢pdocation along the meander pat-
tern. In the first meander crest, the mean cross-stream fliaxerds the cyclonic side, while
entering the trough it is towards the anticyclonic side. ldeer, these cross-stream flows appear
to be event-driven, with fluctuations in steepness of thenadeapattern due to the passage of

frontal waves a probable driving mechanism. Relative gibyti(¢) is found in the mean from



the surveys to make contributions as high as 72% oh the cyclonic side and -41% gfon
the anticyclonic side, while the “twisting” term due to veal shear and horizontal density gra-
dients reaches a maximum in the mean of 45% pfst north of the core. The lower horizontal
resolution of the CPIES dataset produces valuesanfd the twisting term that are about 50 and
75% weaker than in the surveys, respectively. However, eoisgn of the structure at various
phases of the meander pattern reveals differences in thriéodion of relative vorticity across
the core. Both datasets suggest the presence of four isaipgotential vorticity gradient lay-
ers, where strong cross-stream gradients represent aeifydorcross-stream flow. These layers
include, in order of decreasing cross-jet gradients, thdeneater, the main thermocline, the
lower thermocline/North Pacific Intermediate Water comag a relatively homogeneous deep
layer. Comparison of the Kuroshio Extension to the Gulf &mesuggests that although the
two possess many qualitative structural similarities, megocities and gradients are generally
about 30% weaker in the Kuroshio Extension, and the strongtijecture penetrates to about

25% greater depths in the Gulf Stream.
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PREFACE

Rather than using the traditional division of the thesi® iohapters, this thesis is written in
“manuscript” style. The main text is written in a manner aygpiate for submission to a scien-
tific journal and is followed by three appendices which pdevadditional details about instru-

mentation, data processing, and the analysis techniqupkwed in the manuscript.
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MANUSCRIPT 1

The Stable Meander Regime

1.1 Introduction

The Kuroshio Current is the major western boundary currétiteoPacific basin. It breaks away
from the coast of Japan around°B§ where it becomes the eastward-flowing zonal jet known
as the Kuroshio Extension (KE). Observations have showinttieeKE fluctuates between two
patterns of flow; the weakly meandering state is charaeerig a series of quasi-stationary me-
anders and a strong, zonally-elongated recirculation,gyhdle the strongly meandering state
comprises an increase in eddy activity and ring formatiott arweakened recirculation gyre
[Mizuno and White1983;Qiu and Chen2005]. This oscillation between dynamic states has
been seen both in observatiofi and Chen2005] and numerical studie$dguchi et al. 2005]

to coincide with changes in wind-stress curl in the centmithl Pacific, which induce baroclinic
Rossby waves that impact the Kuroshio Extension either bging a shift in up-stream position

or by altering the jet structure.

The KE acts as a boundary between the warm, salty waters bfdite Pacific Subtropical Gyre

to its south and the cold, fresh subpolar waters of the Ogastont to its north. Water crosses
this frontal zone within the surface wind-forced Ekman layemeander crests and troughs, and
within warm- or cold-core ringsTjalley et al, 1995;Yasuda et a].1996;Joyce et al.2001], and
such cross-frontal exchange and mixing are important ifidimeation of North Pacific Interme-
diate Water (NPIW)Talley and Yuj2000] have investigated the mixing processes across the KE
that lead to the formation of NPIW, arlbyce et al[2001] found that cross-frontal flux varies
as a function of location in the meander crest versus the degdrough. A set of two papers by
Kouketsu, Yasuda, and Hirg2005; 2007], used data from a towed conductivity-tempeeat

depth (CTD) system to describe the structure of frontal wau®pagating along the KE and



the intrusion of a salinity minimum southward across therenirin the trough of the frontal
wave. Studies within the Gulf Stream system indicate thagsifrontal potential vorticity (PV)
gradients influence the possibility of cross-frontal exad® strong surface PV fronts inhibit
exchange (‘barrier’); weaker PV fronts at intermediatesls\allow partial exchange (‘stirring’);
and the lack of a PV gradient at deeper levels results in meded water properties (‘blender’)
[Bower et al, 1985]. The meander structure itself has also been showmeiGulf Stream to
impact cross-frontal motion of water parcels within the yeith troughs (crests) inducing equa-

torward (poleward) flowBower and Rosshy989;Bower, 1991].

Despite the above-mentioned advances in understandifitaiege and mixing processes in the
KE region, in contrast to the Gulf Stream system, little pesg has thus far been made in charac-
terizing the mean synoptic structure of the KE. The methoithwhas become widely accepted
as the preferred alternative to Eulerian, geographicaidinates in describing the synoptic struc-
ture of a baroclinic jet is the “stream-coordinates” methindvhich coordinate axes point in the
instantaneous down- and cross-stream directions and-st@ssn location is defined relative to
some characteristic of the current. In 198&ll used a single current meter mooring to deter-
mine an average stream-coordinates velocity cross-secfithe KE at 32N, 152E, using the
temperature at 350 dbar to define cross-stream positiornitie current and velocity shear to
define the down-stream direction. A mean transport of the I4E also calculated, but data were
not available to generate hydrographic cross-sectionsdomapany the current meter data. This
study aims to partially fill the gap in the KE knowledge basedeyermining the mean down-
and cross-stream velocity, hydrographic, and potentidiocity (PV) structure of the KE in a
stream-coordinate system during the weakly meanderirig; sddatermining how this structure
varies between meander crest and trough; and identifyidgcharacterizing regions of possible
cross-frontal exchange evidenced by PV gradients, endagross-stream velocities, and water
property transport. A comparison of these structural aspgfche KE and Gulf Stream systems

is also presented.



The data for this investigation come from the Kuroshio Egien System Study (KESS), which
is a multi-institutional investigation into the dynamiasdavariability of the KE and its recircu-
lation gyres. Observational instruments deployed in May42idicluded an array of 46 Current-
and Pressure-recording Inverted Echo Sounders (CPIE&redron the first meander crest and
trough, which provide a three-dimensional time series efdinculation. During deployment of
the CPIES, fine horizontal-scale ‘feature surveys,’ cdimgsof continuous Acoustic Doppler
Current Profiler (ADCP) data and 15-km spaced CTD casts, s@nducted across the KE to
obtain near-synoptic snapshots of the current structuhe KIE was in its weakly meandering
state for the first 5.5 months (1 June - 16 November) of theyear- CPIES mission before
transitioning to the strongly meandering state for the liadex of the study, providing a unique

opportunity for future studies to compare the characiesgif the two meander states.

In the next section, details of the synoptic survey and CRIEBsets are provided, and the
methods and calculations used to create stream-coorgisatgions of velocity, hydrography,
and PV from both the surveys and the CPIES are discussedioi®edt3 and 1.4 describe the
KE structure as obtained from the surveys and the CPIES suiadsbciated time-variability. The
velocity structure displays many of the typical charastés$ of a baroclinic jet, with maximum
surface down-stream velocities ranging between 1-2 m/saaodss-jet structure at shallow
depths in the center of the jet that is relatively invariamthviocation in the meander pattern.
Cross-stream velocities occasionally reach magnitudesséf0 cm/s and appear to be event-
driven, with fluctuations in steepness of the meander pattee to the passage of frontal waves
a probable driving mechanism. The implications of the P\Mdtire for cross-frontal exchange
are also discussed, and four distinct PV-gradient layersdamtified at the depths of the mode
water, the main thermocline, the lower thermocline/NPIWe¢and below. In section 1.5, a
comparison is made to previous observations of the GulB8trshowing that the KE in general
has about 30% weaker maximum magnitudes of velocities aadiggts and about 25% less
depth penetration. Section 1.6 provides a summary of thenfysdf this study and suggestions

for future work in which these findings may prove invaluable.



1.2 Data and Methods

1.2.1 Synoptic Surveys

ADCP/CTD Data A 75 kHz RD Instruments Ocean Surveyor hull-mounted ADCHhectdd
upper-ocean velocity data down to about 700 meters thraughe KESS deployment cruise
aboardR/V Thomas G. Thompsdrom 25 April to 1 June, 2004. Data were collected every
second over 16-m depth bins and processed using the CODASsggveloped at the Univer-
sity of Hawai'i (see Appendix A for details). Although thealowest bin was contaminated
by acoustic ringing, performance was excellent over theareimg depth range. Data were av-
eraged to five-minute time intervals for storage in the CORKagbase and were then further
averaged to approximately ten-minute time increments 20an depth bins in the datasets used
for this study. Feature surveys consisting of CTD castgtiegcl200 to 1500 dbar at horizontal
intervals of approximately 15 km were conducted along emssent tracks of about 200 km
length. Their locations are shown superimposed over meatswegace height contours from
AVISO Rio05 for the time of the deployment cruise in Figur&.1Four such crossings were
performed in and just up-stream of the first meander trough aperiod of about 5 days, mov-
ing progressively down-stream from Crossing 1 to Crossinghdee additional crossings of the
current took place in the trough area without accompanyim® Qata, with Crossing 5 occur-
ring one day prior to Crossing 1, Crossing 6 several days @ftessing 4, and Crossing 8 about
two weeks later. Crossing 7 was performed at the top of therfisander crest, also without
CTD data. Table 1.1 lists the dates, locations relative émtieander pattern, and availability of
CTD data for each crossing. These transects provide a peapfic representation of the cross-
stream structure of the KE during the weakly meandering statwhich the current remained

throughout the deployment cruise.

Rotation of ADCP and CTD Data to Stream-Coordinate System

The use of stream-coordinate rotation in this study is @dest with previous similar analyses of

baroclinic jets such as the Gulf Streahtglkin and Rosshy1985;Rossby and Zhan@001] and



the Subantarctic FronMeinen et al. 2003], among others. The need for the stream-coordinates
approach arises from the meandering of the current systdmnchveauses geographical shifts
in the instantaneous location of the high-velocity corehef jet as well as in the instantaneous
orientation of down-stream flow. These shifts lead to a temiverage in Eulerian coordinates
that does not properly represent the synoptic structureeottrrent. For example, the meander-
ing current will always appear broader and weaker in an Ereverage, and cross-stream gra-
dients will be biased low. Figure 1.2 demonstrates the bsnaffiadopting a stream-coordinate
system in the KE. Panel shows the latitudinal average of zonal velocity data fromsSings
1-4, while paneb shows the average of these data as a function of distancedinoafentified
core. Improvement in the resolution of the velocity core loaiseen to some extent between pan-
elsa andb, but in panelk, where the data are rotated into the stream-coordinaterayshe jet
structure is clearly more robust, displaying 39% greatéwory magnitudes at and surrounding
the core as well as increased cross-stream velocity gtadiBg comparison, simply rotating the
zonal velocity core into the mean down-stream direction38f produces only a 29% increase

in magnitude at the velocity coi@ /cos(39°) = 1.29).

Rotation into stream coordinates is achieved by first if@ntj the location of the origin, ozore,
and then determining the direction of down-stream flow. &the feature survey data are already
in the form of cross-current transects, they are then sipmjected onto the cross-stream line
and velocities are rotated into down- and cross-stream oasrgs. The methods used for each
of these steps are discussed below. The stream-coordiystasin this study is defined with
the positiveY -axis as the instantaneous down-stream direction andtagis as cross-stream,
with positive to the right oft”. For the purposes of the following discussion, “southwaadti
“equatorward” shall be used interchangeably to mean “inpihgtive cross-stream direction.”

Positive values of cross-stream velocity therefore indi¢aouthward” cross-stream flow.

Determining Core Position Traditionally, hydrographic data have been used to defiaedne
of a jet current. For the Gulf Strearklalkin and Rossby1985] cite several possible means of

determining core position according to the locations atclliertain isotherms cross a particu-



lar depth, ultimately choosing to define the core as the feglfpoint between where the 42
isotherm crosses 400 and 600 Mizuno and Whitg1983] choose to define the mean path of
the Kuroshio as the location at which the°@isotherm crosses 300 m, which they note typ-
ically falls at or close to the center of the temperature tfiarall seasons throughout the KE.
Hall [1989] uses temperature at 350 dbar to determine crosmastpesition of her current me-
ter mooring within the meandering current, assuming a fimariant cross-stream temperature
structure. However, in an ADCP study of the Gulf StreamRmssby and Gottlie[l998], the
core of the current is defined simply as the location of theimam velocity vector. Similarly,

in an ADCP and Expendable Bathythermograph (XBT) studRbgsby and Zhang@001], the
stream-coordinate system is defined with the origin at tbation of the velocity maximum of

the Gulf Stream at 52 m depth.

After examination and comparison of various hydrographid selocity-based methods (see
Appendix B for details), the final choice for core locatiorfidigion with the KESS dataset was
to use the location of the maximum velocity from the ADCP dsftar averaging over the 100-
300 m depth range and gridding the data to a 5-km horizonigl grdeeper average was chosen
over a shallower average or a single depth in order to redwecmtluence of noise in the data or
of near-surface wind-induced submesoscale currents diahescillations. The hydrographic
data, a sample of which can be seen in Figure 1.3, show sorhevéigical wavenumber vari-
ability in the temperatures on lateral scales reaching U tem, most likely due to the-15 km
spacing between CTD casts, which suggest that the ADCP datdeia more reliable means of
locating the core than the hydrography. The verticallyraged cross-stream velocities (sample
shown in Figure 1.4) appear to introduc® km lateral ambiguity in core position. Furthermore,
several crossings of the current were made that did notdecfine-scale CTD surveys, so a
definition that does not rely on CTD data was preferable irotd incorporate those crossings

into the complete data set using consistent methods.

Determining Core Direction Once the core has been identified, the down-stream direction

of the current must be defined. With data from a current metesring, Hall [1989] uses the



direction of the velocity shear between 500 and 1200 dbaeterchine down-stream direction in
the KE. In the Gulf Streamjohns et al[1995] use a similar method with data from the SYNOP
mooring array, but in some situations near the edge of theeufnot applicable here, as the
shear method is not used and a single down-stream direatiimed near the center of the jet is
applied here to the entire transect) they substitute ardiffemethod, defining down-stream as
tangent to the contour of the 92 isotherm crossing 400 niRossby and Zhan@001] use the
direction of the maximum velocity at 52 m depth to define a da@tveam direction of the Gulf
Stream at their site of study for each crossing, whildkin and Rossby1985] use an average
of the direction of the three central maximum transport eextor each of their Gulf Stream
transects. In the present study, a unique down-streamtidingis defined for each crossing of
the KE using the horizontal vector-average of the threeorsatentered on the core, vertically
averaged over 100-300 m. Various other methods were exdni®ppendix B), but differences
in both rotation angles to obtain the new cross-stream lirteratation of currents with depth
from the defined down-stream direction were minimal amorgydifinition methods, with a
maximum difference between the best methods of abouf irP&ansect line rotation for any

one crossing.

Projecting and Rotating Data onto Stream-Coordinate Axes The ADCP data, originally

obtained in the standard east-north coordinate systenlinaaaly interpolated to an even 10-
minute temporal grid and then regridded with nearest neightierpolation to 5-km horizontal

spacing (approximately 16-minute intervals when travglat 10 knots) along a straight line
between the first and last CTD stations of the survey. If no @afa are available, the locations
of the first and last ADCP vectors for the crossing are used.attual ship track is close enough
to a straight line that the projection of the velocity vestanto that line is not considered a
significant source of error; maximum on-station drift dgrisa CTD cast is about 10 km and is
primarily in the down-stream direction. In the verticaletbata are averaged into 20-m bins,
with a weighted average value given at the center of eachTlia.cross-streani{) and down-

stream {) velocity component values are then calculated along theméated cross-stream



line according to

U =u sin(¢) — v cos(¢) (1.1a)
V = cos(p) + v sin(¢), (1.1b)

where {1, v) are the east-north velocity components from the ADCP@&izdthe defined down-
stream direction (witld pointing due east). This amounts to a clockwise rotatioh®@gast-north
coordinate system by — ¢, where¢ is negative heading into a trough and positive approaching
a crest. Figures 1.4 and 1.5 provide a graphical demorwtrati this process. After projec-
tion along the down-stream axis onto the cross-stream higeretation into stream-coordinate
components, the velocity data are once again interpolat&ekin horizontal grid-spacing using

linear interpolation.

Errors in the orientation of the down-stream axis induce imar errors in cross-stream ve-
locity magnitudes where the overall current speed is a maxinTaking the maximum absolute
velocity of the current to be about 2 m/s, the resulting maximerror due to a 1.25down-
stream offset is about 4.5 cm/s in the cross-stream directiominating the possible error due
to the instrument<£1 cm/s, see Appendix A). On the other hand, the errors in dewaam
velocity magnitude due to a 1.28own-stream direction error are negligibly smahl(2 mm/s))
compared to the possible instrument error. Propagatingument error and down-stream angle
error through Equations 1.1a and b suggests maximum erfdr2@m/s in down-stream ve-
locities and 4-5 cm/s in cross-stream velocities for indlinail measurements at the high-speed
velocity core. The magnitude of these errors, particularlyhe cross-stream component, de-
creases with the magnitude of the total velocity. For examiolr absolute velocity magnitudes
around 0.6 m/s, down-stream velocity magnitude errors memaout 1 cm/s due to instrument

error, but cross-stream velocity error magnitudes areaedito about 1.5-2 cm/s.

In order to put the CTD data into the same stream-coordineaters as the ADCP data, they are
first projected along a line perpendicular to the ship traddo @ straight line between the first

and last stations of the crossing and then along the dowasstidirection for that transecy ¢



axis) onto the rotated cross-stream line. Projection dmanew cross-stream line is equivalent
to compression of the inter-station distances by a factepeft,. ), whered, is the rotation an-
gle between the original ship-track line and the crossastréne, with positive (negative) values
representing counterclockwise (clockwise) rotation. eAthis projection, the data are linearly
interpolated from their spacing along the cross-stream (ieduced from the originat15-km

spacing bycos(6,.)) to the same 5-km spacing of the ADCP data.

1.2.2 KESS CPIES Array

Inverted Echo Sounders were deployed at forty-six locationan array centered on the first
guasi-stationary meander trough of the KE east of Japamoaasin Figure 1.6, with horizontal
spacing of about 84 km and diagonal spacing of about 94 krm ffone 2004 to June 2006.
CPIES were equipped with both Paroscientific bottom pressansors and Aanderaa acoustic
Doppler current meters (RCM-11s) moored 50 m above the fmotdthough some instruments
had only the pressure sensor (PIES). Eight tall mooringse(btars) included upward-looking
ADCPs at 250 m, McLane moored profilers between 250-1500 chdaep current meters at
1500, 2000, 3500, and 5000 m. Solid black lines in the figuectlze Generalized Digital En-
vironmental Model mean surface dynamic height contoursymamn referenced to 1000 dbar
from Teague et al[1990]. The 2000 and 4000-m isobaths are shaded dark aridgligip, re-
spectively. Eddy kinetic energy determined from satebiéa surface height anomaly 0.18
and 0.24 ms~? is color shaded yellow and orange, respectively. Data fioenRIES included
round-trip bottom-to-surface acoustic travel tim®, (bottom pressure, and bottom temperature,
with the CPIES also recording current velocity 50 m abovehibttom. After suitable low-pass
filtering and tide removal, resulting data time series wettgsampled at half-day intervals for
use in this study. Early battery failure and shorts in theemirmeter cables caused some in-
struments to stop recording prematurely, but nearly fullecage of the array is available for
the first sixteen months of deployment. The KE remained inwbakly meandering state for

approximately the first 5.5 months of CPIES data collection.



Through a compilation of historical hydrographic data fréme region and calibration CTD
casts performed during KESS, a look-up table called the éstezmpirical Mode (GEM) is cre-
ated to define the empirical relationship between the \adrtmund-trip acoustic travel time)

of a pulse emitted from the CPIES and temperatiifeand salinity §). A GEM relatingr and
specific volume anomalyy) can also be defined sinéedepends only o, S, and pressure.
These empirical relationships allowto serve as a proxy for the hydrographic measurements,
and therefore allow the creation of time series of profile§'ofS, andd at each CPIES site.
The GEM technique has been shown to work well in strong bemocturrent regions, where
T and S variability across the front may be significant but ordenhdanay include persistent
features that correspond to uniquevalues Bun and Wat{s2001]. Values off obtained from
the GEM can be integrated over the water column, effectimekingr a proxy for geopotential
height. Baroclinic shears can therefore be determinededatgophy, and addition of the CPIES
deep pressure and current measurements provides a refdrent which to obtain absolute
(barotropic + baroclinic) geostrophic velocity profilé3onohue et al[2008] details the optimal
interpolation (Ol) methods used to map the velocities dverarea of the full array. Appendix C

summarizes standard post-processing procedures andone &sociated with the CPIES data.

Since the absolute CPIES velocities are derived via ggusyrand measured bottom currents
and pressure, the high wavenumber near-surface effedtpribduced uncertainty in defining
the core of the current with the ADCP data are not a problera.hEherefore, transects across
the current in stream coordinates are obtained from the &@iped CPIES data by first defining
the core as the location of the maximum absohuigacevelocity along a line of longitude; the
down-stream direction is then defined by the direction of thaximum velocity vector. The ve-
locity andT" and.S maps from the Ol products are then linearly interpolated?atdur intervals
to the new cross-stream line (perpendicular to the dowaastirdirection), and average down-
and cross-stream velocity profiles are calculated overelawaint portion of the time series. Al-
though horizontal resolution is coarser when using the GRi&ta instead of the ADCP data

from the feature surveys, the longer time series and gregegraphical range of the CPIES
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puts the synoptic surveys into a broader context that sgangutl water-column and defines

how the structure changes along-stream and with time.

1.2.3 Stream-Coordinate Vorticity

Since potential vorticity (PV) is theoretically consenieda fluid parcel in the absence of ex-
ternal torques and neglecting dissipative effects, PVcaire can serve as a dynamic tracer.
Because PV gradients resist cross-gradient displacemerpraduce wave motions, regions of
a baroclinic jet such as the KE with strong cross-current Padignts may act as barriers to
cross-frontal exchange, while weak PV gradients suggestaeased possibility of exchange,
and absence of PV gradient allows free exchange, calledtbeder’ effect as peBower et al.
[1985]. To calculate total PV across the current for theueasurveys, the gridded CTD data
are used in conjunction with the ADCP data, which are extetpd to the surface by repeating
the shallowest measurement. Beginning with Ertel’'s PV idan

% <C:L . %) =0, (1.2)
scale analysis and translation into the stream-coordisygem ¥ down-stream and cross-
stream, positive to the right) produces the following egumator use with the feature survey

transectsBower, 1989;Rajamony et a).2001;Logoutov et al.2001]:

_ 10poV 1dp ov
Q= anaz—FpaZ(f—l-aX—i—/iV). (1.3)

From left to right, these four terms represent the “twistingrticity due to cross-frontal density
shear and vertical velocity shear, the planetary or “thédai vorticity, and the relative vorticity
expressed in natural coordinates £ —%—K + V) with g—)‘g = —%—K the cross-stream shear
component anéV’ the component from the curvature of the meander itself. Bszthe vertical
resolution of the CTD data is much higher than that of the ARfak (2-m bins as compared
to 20-m bins), a fourth-order Butterworth filter with a cdtifequency of 40 m is applied to the
CTD data in the vertical before calculating the total PV. T data are then subsampled every
20 m and cropped at the maximum depth of the available ADC® fdatthe purposes of this

calculation. Curvature of the meander is determined byriigdine curvature of the sea-surface
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height (SSH) contours from AVISO Rio05 during the time of tweveys (which preceded the

CPIES array) according to

2 2
o — Ly Ly + ZyZm B Zny(ny + Zy:c)’ (1.4)
(Z2+ 22
where Z represents a slightly smoothed SSH surface and subseriptel y indicate spatial
differentiation in the east-west and north-south dimeamsioespectively \Vatts et al. 1995].

Positive values of indicate cyclonic curvature.

In contrast to the feature surveys, the CPIES provide a sigtbwee-dimensional array of data,
so PV calculations from the CPIES dataset can include th&ibation to the relative vorticity
from theg—g term in place of the curvature terrei{). Relative vorticity values are obtained
in two different ways, the first of which involves finding theoss-stream velocities at sections
exactly 10 km up- and down-stream of the location in questiod dividing the difference in
cross-stream velocities on these two sections at equas-stosam distances from the core by
the down-stream distance between each pair of points (20Kinig results in a value (% that
represents the along-stream gradient of the cross-stretuity and can be compared in mag-
nitude Withg—)‘g to determine its relative significance. The second methadicllating relative
vorticity obtains values ogg — g—z over the entire array (whene/v andy /v refer to the standard
east-north coordinate system) and then interpolates tortgs-stream line. The two methods
serve as a consistency check and produce satisfyinglyasimgbults. The stream-coordinates

PV equation used for the CPIES is therefore

1 opov 10p ov  oU
Q“;a_XE+;£<f+<a_X_a_Y>>’ (1.5)

where the( is expressed in Cartesian rather than natural coordindgaperature and salinity

profiles are vertically smoothed with a 100-m low-pass 4tteo Butterworth filter, which is

large enough to remove noise without compromising the igabs Values ofN? (= 3%) are
pdz

calculated every 12 hours from these smoothed fields ovewvliaée array and then interpolated

to the cross-stream line.
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1.3 Feature Survey Results and Discussion

1.3.1 Velocity and Hydrographic Structure

The down-stream velocity sections for all crossings shawilar characteristics to those ob-
served extensively in the Gulf StrearHdlkin and Rosshy1985; Rossby and Zhand001;
Johns et al. 1995, among others]. As expected in a baroclinic jet, tightvielocity core tilts
downwards across the front towards the subtropical gyréece@®n average, as can be seen in
Figure 1.7, the maximum velocity at 70 m is between 1.8 andri{®®and occurs about 10 km
north of the core, while by 400 m depth the maximum velocitip@ated about 20 km south of
the core. On the anticyclonic side of the jet, little or notiead shear is present in the top 400 m,
with some points even exhibiting a subsurface maximum agtitshegative shear towards the
surface. This velocity shear structure is a direct resuthiethermal wind equations, which state
that vertical gradients in velocity are proportional toikontal gradients in density. A glance
at the available hydrographic data reveals that the stairfg®izontal density gradients shift in
the positive cross-stream direction with depth (Figurg,laBd the slight negative thermal wind
shear south of the core is attributable to a core of warm seifaters advected northwards from
lower latitudes (Figure 1.3). Mean velocities at varioupttie are presented in Figure 1.9, which
provides an alternative visualization of the above-metibfeatures and errorbars indicating es-
timates of the standard error of the mean of the four trassestandard error is calculated as
o/v/'N — 1, whereN has a different value at each location along the transectsepting the
number of crossings with a measurement at each locationalBecthere is likely to be some
degree of correlation between the individual surveys,dbtsnate of the standard error is prob-
ably biased low. The standard error is undefined in placesevth&ta from only one crossing
were available. Barotropic tides have not been removed thensurvey velocity measurements.
However, residuals between hourly and 72-hour low-pasgditt bottom pressure records from

the CPIES indicate that tidal currents in the survey regrenypically less than 3 cm/s.

Although the same general pattern of the core velocity siracappears in each crossing, ad-
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ditional varying velocity features are visible to eithedesiof the jet in the individual transects.
Since these features change from crossing to crossingatieeyost likely indicative of eddies

peeling off or passing by rather than part of the mean jetsira. These features are visible in
the CTD data largely as temperature anomalies other thafetlygening thermocline. For exam-
ple, the lateral advection of warmer near-surface watera fower latitudes is often apparent in
the high-speed core of the jet on the anticyclonic side anduyares a weak subsurface velocity

maximum south of the core (Figures 1.10 and 1.11).

Also visible in the CTD data is the apparent advection of a-gahnity (<34 psu) intrusion
in the NPIW layer across the current from north to south owercourse of the four feature sur-
veys, indicating that southward cross-frontal flux is tagkhace. In Crossing 1, this low-salinity
feature reaches only 40 km south of the core, whereas by i6go4st extends to about 90 km
south of the core (Figure 1.12). Examination of the crossast velocity profiles from the cor-
responding crossings (Figure 1.13) reveals southward-drostal flow increasing in the deeper
anticyclonic portions of Crossings 1-3 which would help eéchthis low-salinity anomaly across
the jet. Although the magnitude of the error associated thighcross-stream velocities at these
locations is relatively large(§(0.02 m/s)) compared to the observed cross-stream veloeity
nitudes at most locations near the core, by Crossing 3 atosam velocities of magnitude 0.04
- >0.08 m/s exist between 350 and 550 m depth south of the caggesting the existence of a

significant southward cross-stream advection.

Although in situ SSH or geopotential anomaly data are not available for the of the sur-
veys, as the CPIES had not yet begun recording, NASAs Tabitainfall Measuring Mission
(TRMM) satellite’s Microwave Imager (TMI) provides acctea3-day averaged through-cloud
SST maps. The passage of frontal waves through the KESShregiobe tracked by examining
the daily deviation of an SST contour representing the Klatffoom its mean location over a
6-month time series. Figure 1.24 shows the daily locatidrthe 17.8C SST contour and the

survey crossings superimposed over the mean SST map ancedre1#.8C contour. This re-
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veals the apparent passage of a frontal wave through thenrezausing an enhanced steepness
of the meander trough at the time of the feature surveys whij have served as a mechanism

for the observed southward cross-frontal transport meatiabove Kouketsu et a).2005].

The high-resolution ADCP surveys produce a robust pictdréh® down-stream component
of the velocity structure. However, due to the fact that systseam structure appears to evolve
with time and along-stream progression (Figure 1.13, the $orveys do not provide a reliable
picture of cross-stream fluxes in the trough in the mean. gar€il.14 shows, the magnitude of
the mean cross-stream velocity is of the same order as theitndg of the standard error of the
mean (calculated in the same manner as for the down-strelagities) throughout the majority
of the mean transect, since the standard error is reflectomy-stream variation. Figure 1.15
presents the mean cross-stream velocities at varioussjegpitn errorbars indicating the stan-
dard error of the mean, and shows again that other than reeautface, where slight confluence
around the core is apparent, the errorbars do not show thesméahe cross-stream flow to be

statistically different from zero across the core.

1.3.2 Potential Vorticity Structure

Although the velocity profiles only marginally indicate ssafrontal flow structure, examination
of the potential vorticity structure can be helpful in idéyihg regions where such exchange
may be more or less likely to occur. Using Equation 1.3, pidémorticity cross-sections are

calculated for each of the four feature survey transectsaamgtan section is produced by av-
eraging the four as a function of cross-stream distanceur€&ifj.16 shows the mean total PV
structure, in which a band of relatively high PV can be seezxtend from north to south of the

core along deepening isopycnals. Also of note is the largiemeof low-PV mode water south of

the core between isopycnatg = 25.1 and 25.5 kg/ At shallow depths north of the core, the
total PV reaches values of the ordé@® m~!s~!, but it remainsO(10~'° m~'s~!) throughout

the rest of the region.
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Breaking the PV into its four component terms reveals theontgmce of relative vorticity in
generating the observed total PV structure (Figures 1.118 4nd 1.19). Thickness vorticity
(Figure 1.20) plays a major role throughout, with a sigratilvat defines the overall structural
shape of the total PV. However, in the region just north ofdbee at shallow depths and ex-
tending downwards across the core to about 500 m, both hgistirticity and the cross-stream
shear portion of’ contribute significant increases to the total PV. The catesam shear also
adds some negative vorticity at shallow depths south of tine, @ecreasing the total PV in this
location. The maximum of the mean contribution from craseasn shear is about 72% ¢f or
about 46% of the total PV, on the cyclonic side of the core, @146 of f on the anticyclonic
side (Figure 1.21). Twisting vorticity reaches a maximurd®¥ of f, or about 25% of the total
PV, around 100 m depth just north of the core. Curvature adtisasmall positive vorticity
over most of the profile due to the slight positive curvaturthe meander at this location. Neg-
ative values of curvature vorticity on the north edge of thefife are due to up-stream-directed

velocities and on the south edge to the negative curvatutteeakcirculation gyre.

Looking at cross-stream PV as a functionogfrather than depth (Figure 1.22) is helpful in as-
sessing PV gradients along isopycnals, which can serve iasligator of potential cross-stream
flow behavior as described in Section 1.2.3. The KESS sura&y sliggest the presence of four
distinct PV-gradient regions correlating with the modeeavathe main thermocline, the lower-
thermocline/NPIW core, and a deep layer. At the mode watet,|lbetweerry ~ 25.1 and 25.5
kg/m?, a strong gradient exists across the core in the thicknesisitywand is enhanced on both
sides of the core by the cross-stream shear and twisting g, which add positive vorticity
to the north of the core and negative to the south. Total P\ahasgative gradient ap (10~
m~2s~1) from the cyclonic to the anticyclonic side of the core. Aggested byBower et al.
[1985], this can be thought of as a “barrier” to cross-frbetachange, since water parcels tend to
conserve PV. In the main thermocline, betwegn~ 25.5 and 26.4 kg/f a weaker gradient in
the thickness vorticity is again enhanced on both sideseottine by the combination of cross-

stream shear and twisting vorticity, resulting in less st PV gradients(§(10~1°> m=2s71))
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across the front which suggest increased possibility ohamge. Betweeny ~ 26.4 and 26.8
kg/m?, at the base of the thermocline, the PV gradient is very wédk(~'® m~2s!)) and has
reversed sign across the core compared to the layers abdtieslightly weaker PV values to
the north of the core and slightly stronger values to thersoDespite this very slight gradient,
this layer likely marks the beginning of the “blender” ragjavhere free exchange is possible as
cross-stream PV gradients become negligibly small contiparéhe planetary effect. Although
the survey data do not extend deep enough to fully resolvioitest layer, it appears that below
op ~ 27.1 kg/n?, virtually no PV gradient persists and the blender regionticoies. This will

be discussed further with reference to the CPIES data.

While they by no means provide conclusive evidence of thetence of cross-stream flow within
different density layers, the following two examples arterasting when considered in conjunc-
tion with the structure of the PV gradients. Returning toufégl.12, note that the low-salinity
anomaly is located below thg) = 26.4 contour, placing it within the “blender” region and sup-
porting the theory that cross-stream exchange occurs lraliver than above this density level.
Figure 1.23 shows the cross-stream velocity transect featufe survey Crossing 5, which oc-
curred at the same location as Crossing 1 and one day pritough CTD data are not available
for this transect, its proximity in time and space to Crogsifi-4 suggests that their mean density
field may represent a reasonable rough estimate of the ddietdt during Crossing 5. Super-
imposing thesy = 26.4 contour from the survey mean potential density onto the £ings5
cross-stream velocities reveals that the strong southfi@sds occurring only below this den-
sity level, again within the “blender” region suggested g PV gradient structure. Above this

density layer, cross-stream velocities are confluent arde core.

1.4 CPIES Results and Discussion

The presence of the frontal wave during the feature survegsribed in Section 1.3.1 prompts

further investigation of frontal waves in the KESS regioma \i2-hour maps of geopotential
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anomaly at the surface, referenced to 0 at 5300 dbar, gedefraim the CPIES array. These
maps indicate the time-varying shape of the first meandet aered trough. Figure 1.25 shows
several snapshots of surface geopotential anomaly overdinse of a week in July and re-
veals the passage of another frontal wave through the redemonstrating that even during
the weakly meandering period a considerable amount ofhisityaexists in the shape and ex-
tremity of the meander pattern. This combined with the imbasive nature of the small sample
of cross-stream velocity profiles provided by the featunweys motivates examination of the
longer time series available in the CPIES data. Althoughhitrézontal resolution is consider-
ably less than that of the surveys, with CPIES instrumendpprtoximately 88 km spacings, the
broader picture provided by this dataset is invaluable eratterizing the weakly meandering
state as a whole. The CPIES provide time series of data ogduthwater column and across
greater lateral distances from the core, as well as alloionggomparison of the structure at

different along-stream positions with respect to the meapdttern.

1.4.1 Full Water-Column Velocity Structure

The CPIES array provides the necessary data to calcul@ansicoordinates velocity profiles
along an extended section of the first meander crest andhirdnghe following section, several
full water-column transects at various locations alongrtteander pattern will be discussed in
depth, followed by an overview of the surface and bottomuiesst of the full array region. Errors
in mean values are presented as standard errors, calcuktepa time interval of 19 days be-
tween measurements to contribute each additional degfeseaom. This value was determined
from autocorrelations of surface and bottom down- and estr&am velocities across the central
part of the jet at a range of phases of the meander patterg aginocedure outlined iBendat
and Piersol[2000, p. 173]. Figure 1.26 shows the range of required tmwrvals across the jet
along the mean transect entering the trough. Although trenmequired time interval for one
additional degree of freedom was considerably shorter 18ahays, this conservative value was

chosen to ensure that the significance of bottom crosshstvetocities was not overestimated.
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Meander Trough

Although longitude 14%E was representative of the up-stream edge of the meandemhtidur-
ing the time of the feature surveys, the trough locationedhsignificantly over the course of the
5.5-month CPIES time series from the weakly meanderinggefiherefore, rather than choose
a fixed longitude to represent the trough, which has the uradds effect of contaminating the
perceived trough structure with that from other phases efntteander pattern, the up-stream
edge of the trough (about halfway between the inflectiontdmitween crest and trough and the
trough minimum) was visually tracked through the entiredtiseries via geopotential anomaly
maps produced from the CPIES array, and its longitude wasded at each point in the time
series. The mean stream-coordinate structure enterintgaihgh was then determined from the
time series of stream-coordinates transects at the smktifigitudes. The mean longitude of

the up-stream edge of the trough was found to be about 1B@ding this method.

Figure 1.27 shows mean down- and cross-stream velocity i@gs entering the trough, ap-
proximately co-located with the feature surveys relatveghe meander pattern. Figure 1.28
shows a close-up of the core down-stream velocities. Thdignbaroclinic jet structure is
evident in the down-stream velocities in the top 1500m, withwidth of the jet at the surface
between the 0.1 m/s contours matching almost exactly tkeat isethe surveys~190-200 km).
Cross-stream gradients of down-stream veloﬁig}g), however, are weaker due to the more
evenly dispersed isotachs across the core resulting fremeitiuced horizontal sampling reso-
lution in the CPIES data. The magnitude of the core veloatgtiout 20% lower in the CPIES
mean than in the surveys, at a maximum of 1.4-1.5 m/s as cedpath 1.8-1.9 m/s. Figure
1.29 shows the standard error of the mean for the down-stuedmaities entering the trough,
indicating that the mean core and surrounding jet strucitgeelatively steady and robust, while
the mean approaching the northern end of the ‘transect’tikmmwn within significant bounds.
The time series of surface down-stream velocities at the ¢or= 0) (Figure 1.30) shows vari-
ation between about 1-2 m/s, suggesting that the KE was iroaggr-than-average flow state

during the time of the surveys. The region shaded in grayerfitiure reflects the errors asso-
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ciated with east-north, v estimations from the CPIES array as well as the resultargrnaioty
in the down-stream direction, all of which are propagateduph the down-stream velocity ro-

tation calculation.

Cross-stream velocities are zero by definition at the coteeasurface. The mean field shown
in Figure 1.27 (lower panel), in which the white zero contexiends down to about 550 m just
north of the core, suggests that in the mean, no cross-friakatakes place in the upper 550
m, as expected given the existence of the strong PV gradiserved in the surveys. A slight
northward flow is seen near the surface north of the corepwadih error estimates (Figure 1.29)
suggest that this may not be significant. Beneath the PVedrampion, however, southward
cross-stream flow dominates all the way down to the bottonthodigh the magnitude of this

cross-stream component lies between 0.5 and 3.5 cm/s ¢igandgnitude of the possible error,
it does appear to be a significantly southward rather thathward flow. This agrees with pre-

vious studies which found a tendency for southward cramstéit flow entering meander troughs

in the Gulf StreamBower and Rosshy989] and in the KEKouketsu et a).2005].

Also apparent in the CPIES data entering the meander trauglmiean barotropic down-stream
component of magnitude 5 cm/s extending all the way to theobgtwhere it persists across
a 50-km wide region just south of the core. Down-stream tiicedlow at the bottom spans a
total width of ~ 200 km, but the weaker down-stream flows to either side of ttr@/s contours
likely represent regions where down-stream flow is augnielyethe recirculation gyres, whose
signatures can be seen in the down-stream velocity profleslatively weak @(10 cm/s)) up-
stream directed flows to either side of the jet. The southeciraulation gyre shows stronger
near-surface velocities than the northern, reaching ammami of 0.2-0.3+ 0.04 m/s up-stream

velocity between the surface ardb00 m depth.

The blue lines in Figure 1.30 show the time series of down-caosis-stream bottom velocities at

the core X = 0), again with the gray areas indicating errors associatéit egist-northu, v esti-
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mation from CPIES as well as resultant down- and cross+st@eectional errors. Down-stream
velocities vary between about -2 cm/s and 15 cm/s, with aooakperiods of up-stream rather
than down-stream directed flow. These reversals may béwtd to both deep eddy activity
and the fact that the maximum down-stream velocity shiftglssard with depth and is located

slightly south of the surface core in the mean at the bottom.

Cross-stream velocities also exhibit considerable vditigbwith southward flow dominating
in the mean but northward flow present at times, particularlghe first half of the time series.
This fluctuation between southward and northward flow agpeacorrelate with changes in the
shape of the meander trough, which at some times is very atekpt others almost flat, due to
the passage of frontal waves through the region. In gengrale the KE is primarily a zonal
jet, the steeper the trough, the greater the deviation ofitefrom due east. Thus, the ratio
of eastward to total flow at the surface can serve as a scalay pneasurement for the steep-
ness or angle of the meander. Using this proxy to investitieteaelationship between bottom
cross-stream velocities at the core and the angle of dokgasstflow reveals a linear correlation
coefficient ofr = —0.68. Although this is not an extremely high correlation, a hyyasis test
as outlined in Chapter 4 @dendat and Piersdl000] shows it to be significant, with 95% con-
fidence bounds 0f0.85 < r < —0.37. The negative sign arises from the fact that a decreasing
ratio of eastward to total surface flow implies a steepenirtgetrough, while southward cross-
stream velocities have positive values in our coordinagtesy. An anticorrelation between the
two therefore suggests that southward velocities incredisesteepening of the trough, again
in agreement with the aforementioned studies of the Gu#feBirand KE Bower and Rosshy

1989;Kouketsu et a).2005].

Figure 1.31 shows the mean down- and cross-stream bottoocitves entering the trough,
as derived from the mapped bottom current meter data, andsteciated uncertainty of the
mean expressed as a standard error. These error estimateagdete the significance of the

off-centered mean down-stream flow at the bottom as well esdithward cross-stream flow
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spanning most of the central jet region.

While noting the correlation of the direction of cross-atreflow with the extremity of the me-
ander pattern entering the trough, it is also interestingpte the apparent trend shift around day
238 in the time series of cross-stream bottom velocitiesiriguhe first part of the record, cross-
stream flow seems to be predominantly northward, but aftedtite, southward flow dominates.
Day 238 also marks the time when a warm-core eddy approaétingthe northeast begins to
be absorbed into the jet at the down-stream edge of the firshdee crest. This eddy interacts
with the jet for about a month before being released backrdswhe northeast. Though it by no

means indicates causation, the coincidence of these é@gentgguing.

Meander Crest

The three-dimensional nature of the velocity and densitgidi'om the CPIES array allows us to
compare the structure described above, which is reprdasentd the region of the jet at the up-
stream edge of the first meander trough, with that at the westige of the array in the middle
of the first meander crest. Since the crest feature remdmts/edy fixed in longitude space for
the duration of the time series, longitude 143EF%s chosen to represent the approximate mean
peak of the meander crest. Averaging stream-coordinatsdcis over the 5.5-month weakly
meandering period produces the profiles shown in Figure, V8B standard errors shown in
Figure 1.33. A similar down-stream baroclinic jet struetis seen at the surface near the core,
but the width between 0.1 m/s contours is greater here, gmgmmore than 250 kmLiu and
Rosshyf1993] saw some evidence of narrowing of the jet in a trougfiore of the Gulf Stream
as compared to a crest, which they suggest may be due to @agecn the pressure gradient
required to balance both the Coriolis term and the centiftgrm introduced by the meander.
The mean velocity magnitude at the core in the crest is alserlthan that seen in the trough,
but this discrepancy is primarily due to the fact that oucekiltions of geostrophic velocities do
not account for the curvature of the meander. It is commomdedge that simple geostrophic

velocity calculations tend to overestimate velocities egions of cyclonic curvature (trough)
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and underestimate them in regions of anticyclonic cureafarest) Holton, 1992]. Using the
surface geopotential anomaly contours to calculate cureaiver the entire array area according
to Equation 1.4, and using the calculated down-stream iglsansects for,, adjusted down-
stream velocity transects including curvature effectséasally the gradient wind balance) can

be estimated by solving the quadratic equation:
Kv? + fu — fvg=0. (1.6)

This adjustment reduces mean core velocities enteringrdligh from 1.4-1.5 m/s to 1.3-1.4
m/s and increases those in the crest from 1.2-1.3 m/s t0.4.81s, eliminating the apparent
difference in maximum surface flow between the two regiortgs Tontinuity in velocity struc-
ture along the stream suggests that the KE possesses aessiffsimilar to that documented by
Rossby and Zhanf001] in the Gulf Stream, which they correctly predictedulbalso be a

prominent feature of the KE.

Mean cross-stream velocities near the surface in the drégtire 1.32, lower panel) seem to
display a slight confluence from both sides of the core, aljhathe errors associated with this
mean suggest that only the southward surface flow less tHakrfiGhorth of the core is signifi-
cantly different from zero. Although diffluence would be egped entering a crest, the apparent
confluence here is not surprising as the 143z7kne tends to represent the peak of the crest or
just down-stream of the peak. The most significant featumote here, however, is the deep-
penetrating northward velocities across the jet of ord&r20cm/s, which reveal a tendency for
northward flux and upwelling in the crest in contrast to thatkward flux and downwelling
which were observed entering the trough. This represeatsjor difference between the crest
and trough and again verifies previous results in both thé &r¢am and the KEHower, 1991;

Kouketsu et a).2005].

The down-stream deep velocities cover an even wider swathwlas seen in the trough, span-
ning >300 km between zero contours, but they are weaker througheutegion, with mag-

nitudes<5 cm/s below 2000 m. The contour pattern suggests less dimméetween the jet
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and the bottom at this location, where the maximum deep dsiveam velocities south of the
core are likely due to summation of the KE jet flow with the dfleg of the southern recircu-

lation gyre. The increase in the lateral span of the zerootmatat the surface in comparison
to the trough transect can also be explained by the presdribe southern recirculation gyre,
whose down-stream flow at the surface augments down-streanwithin the jet in this region.

The southern recirculation gyre at this location showdhlljgstronger up-stream directed flows,
reaching 0.3-0.4 m/s, which cover a slightly greater distarange from the core (250-450 km)
than at the up-stream edge of the trough (250-400 km). Theeror recirculation gyre does not

extend this far wesiQiu et al, 2008].

The time series (not shown) of down-stream velocities attte (X = 0) again reveal variabil-
ity between 1 and 2 m/s at the surface and between about -2acmd/40 cm/s at the bottom.
As in the trough, down-stream flow dominates at the core abtitom but is occasionally re-
placed by weak up-stream flows. Cross-stream bottom viEsagain show variability between
northward and southward flow, with northward dominatingha trest. Figure 1.34 shows the
mean down- and cross-stream bottom velocities in the aaektilated from the mapped bottom
current meter and pressure data, with errorbars indicéiegtandard error of the mean, calcu-
lated in the same manner as in the trough. This reveals thédisance of the mean northward
cross-stream bottom flow around the core and the mean doeanstbottom flow at and south
of the core, as well as the off-centered nature of the doweast bottom flow. The presence of
the southern recirculation gyre is again clear, centeredrar 300 km south of the core, with
bottom along-stream flows directed up-stream and crossasstiflows not statistically different

from zero.

Trough to Crest

Looking at a transect at 1485, which represents on average about halfway between the firs
meander trough and second meander crest, reveals even boortetlze along-stream evolution

of the velocity structure. Maximum core velocities are agbetween 1.3-1.4 m/s, as found
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in the adjusted velocity profiles in the crest and trough. éBse curvature is virtually zero at
the inflection point between trough and crest, no adjustnsamécessary here. Although stream
width between the 0.1 m/s contours at the surface remairig €é@nstant between the trough and
the trough-to-crest locations-(90-200 km), down-stream flow at the bottom is significanghy r
duced beyond the trough (Figure 1.35), where the width batvweero contours at the bottom is
only ~50 km, and mean bottom velocities near the core reach onlyctn/2 as opposed to the
>5 cm/s seen entering the trough. This maximum velocity reggagain off-centered towards
the south. Itis possible that the summation of flows in thafet the southern recirculation gyre
in the more up-stream transects is responsible for thisrappaeduction in down-stream flow
at the easternmost transect. In contrast to the more ugRstsections, this easternmost tran-
sect shows stronger near-surface velocities in the narttemirculation gyre than the southern
(Figure 1.35,X ~ —150), as expected given our knowledge of the locations of thgeesdQiu

etal, 2008].

The profile of cross-stream velocity shows very small magistvelocities ofO(1 cm/s) sur-

rounding the core region at all depths. The standard erréhedimean cross-stream velocity
(Figure 1.36) is in some places larger than the mean veldsilf, suggesting that in fact there
is very little cross-stream flux here in the mean. This is &afied by examining the mean
bottom cross-stream velocities as calculated from the edppttom current meters, shown in
Figure 1.37, whose errorbars reveal them to be not statlistidifferent from zero at and sur-

rounding the core.

The time series (not shown) of surface down- and crossratkegdocities at the core again show
variation at the surface from 1 m/s up to 2 m/s in the downastrelirection and down-stream
bottom velocities varying between about -2 to 12 cm/s (dooas periods of weak up-stream
flow). Bottom cross-stream velocities vary between nortioveand southward flows, with neither

direction dominating, as discussed above.
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Full Array

A plan view schematic of surface and bottom velocities plbtbver mean SSH for the weakly
meandering period provides context for the three sectissugsed above (Figure 1.38). In
order to create this schematic, mean absolute velocitiesfasction of distance from the core
along the cross-stream line are calculated from the tiniesef stream-coordinate transects at
any given phase in the meander pattern. These mean seatahena superimposed on the mean
meander pattern by effectively co-locating each transeatmean stream-coordinate system, in
which the mean core location is defined as the mean latitutl IGengitude, for the trough) of
all cores in the time series, and the mean down-stream wineist the direction of the mean
absolute velocity at the core. (see Figure 1.39 for an iftigtn of this procedure). In order to
be included in the schematic in Figure 1.38, a time seriesaibae point is required to have
sufficient data for five or more degrees of freedom ar#00 bad points out of a possible 337
data points. These restrictions result in significant ciagpf the transects beyond the central

jet.

This schematic representation of the data (Figure 1.38eseas a summary of some of the
points discussed above, showing the tendency for rotaticheovelocity vectors with depth
as a function of location in the meander pattern. Locatiohere the rotation with depth is
significant beyond the bounds of maximum possible direeti@nror in the measurements are
marked by orange circles. In the up-stream section at ttst itre velocity vectors “veer” (rotate
counterclockwise) with depth, so that deeper velocitiesdaected northwards across the jet in
comparison to the surface flolBower and Rossbjl989] have shown in the Gulf Stream that
this implies northward cross-stream transport and upmgellin the middle section entering the
trough, currents “back” (rotate clockwise) with depth, igipg southward cross-stream trans-
port and downwelling, and in the easternmost section, otg@e very nearly vertically aligned,
suggesting little cross-stream flow. These observatioreeagith others made §ouketsu et al.
[2005], who linked the intensity of southward transport obk; fresh Oyashio water across the

KE to backing with depth in meander troughs. In further suppbthese conclusions, the low-
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salinity intrusion seen during the KESS feature surveyst{@e 1.3.1) was observed to move
southward across the front entering the meander troughs sdiematic diagram also provides
a visualization in the trough transect of the peeling-ofaime of the down-stream flow into the

southern recirculation gyre.

As was mentioned previously, the position of the meandergiowas tracked over the time
series in order to produce the mean cross-section entdrngydugh. If instead a fixed lon-
gitude of 146.4E is used to represent the mean location of the up-streamadge trough,

the clockwise rotation with depth in the trough seen in Feglr38 is all but eliminated. This
is due to the fact that although the mean longitude entetiegrough is 146. 2, it is rarely

actually found in that position during the 5.5-month timeegand moves significantly over a
wide longitudinal range. This observation provides furthgpport for the idea that it is the me-

ander trough itself (or troughs of frontal waves) that isicidg the southward cross-stream flow.

Examining surface and bottom velocities along the full tangf the meander pattern in plan
view provides a more continuous overview of the along-streariation in velocity structure.
Figures 1.40 and 1.41 show the mean surface and bottom tietogiong cross-stream transects
at %th-degree longitudinal separation. The same basic averggougdure and data quality cri-
teria described above are used, except each transect pegearts a fixed longitude rather than
a phase in the meander pattern. Although these illustmtoa quite cluttered, several important
features can be discerned. The surface velocities cldaoly the jet following the meander pat-
tern of the SSH contours and the southern recirculation ggneath the first meander crest and
trough. The bottom velocities also display a meander paitethe first crest to trough area, but
the pattern is suggestive of a steeper meander, with iredlez®ss-stream displacement to the
north in the crest and to the south in the trough. This behasim keeping with the kinematic
exchange mechanism proposedBgwer[1991], whereby water parcels with lower zona) (
velocities (that is, parcels near the edges of the jet or edtgr depths) exhibit a greater am-

plitude of cross-stream motion in a meandering jet whosenalerapattern propagates at some
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eastward phase speed< u. Also evident in the bottom velocities is the mean preserice o
deep cyclonic eddy at the up-stream northern edge of therfgander trough, centered at (450,
450) km in Figure 1.41. This feature is likely responsibledome of the up-stream flows seen in
the time series of bottom velocities at the core enterindrthegh (Figure 1.30) and accounts for
the mean up-stream velocity north of the core at this loogffagure 1.31). It is unclear whether
this eddy forms part of the northern recirculation gyre, ibappears to be on a smaller spatial
scale than the mean gyre as a whole as proposed by othersstQdliect al.[2008] have found

the northern recirculation to extend as far aSM0156’E at 1500 m from a multiyear mean of
profiling float data. However, inspection of the 1500 dbagaimfunction from the KESS CPIES
data does not reveal a larger recirculatiin R. Wattspersonal communication), so it is pos-

sible that the shorter averaging period in KESS is contiriguto this different picture of the gyre.

Contour plots of down- and cross-stream velocities at thfase and bottom generated from
the individual transects described above provide anothlems of examining the along-stream
evolution of the velocity structure. Figure 1.42 shows mdawn-stream velocities at the sur-
face and their standard error. Here again is evidence ofatsiarrowing of the zero contours
spanning the jet between crest and trough, with the excetdth wi the crest largely attributable
to the 0-0.2 m/s range south of the core and most likely reptexy summation with the south-
ern recirculation gyre. Also of note here is the apparentmpeasence of “jet streaks,” regions
of increased down-stream velocity observed to developar@hlf Stream near inflection points
between meander crests and troughewWden and Wat{s1999]. Figure 1.43 shows that bottom
down-stream velocities extend further north in the crestfanther south in the trough than the
surface zero contour, as expected given the meander ps#tenrin the velocity vectors in Figure
1.41. Also apparent is the extreme narrowing of the doweastrbottom flow in the jet between
the first crest and trough (around zonal distance = 350 knefigure). This may be in part due
to the southern recirculation gyre but is also suggestive d@écrease in the vertical penetration
of the jet structure with down-stream progression. Thellotaximum of down-stream bot-

tom velocity near the inflection region between crest andginomay correspond to the nearby

28



surface “jet streak,” though it is slightly offset to the HouHowever, as these plots represent
the time-mean structure rather than a time-varying evayiit is difficult to determine whether
these features are in fact linked and analogous to the @lkstrseen in the Gulf Stream. Further
investigation of the time series at these locations coubdige a better indication of the nature
of these local maxima. Cross-stream bottom velocitiesyshn Figure 1.44, again confirm our
expectation over the whole array region of northward caissam flow heading into meander
crests and southward flow heading into troughs. Northwamd feEssumes again on the down-
stream edge of the trough. In the center panel of this figuegsawhere the magnitude of the
cross-stream flow is less than the magnitude of the assdatdadard error have been masked
out to indicate the regions where cross-stream flow is mgsifgiant. The apparent up-stream
offset of the strongest southward flows from the meandegtranay be due to the longitudinal
variation in trough location over the course of the timeesriStandard errors for the bottom
mean down- and cross-stream velocities are also shown imdsgl.43 and 1.44. The error
maps show that, as previously noted, mean bottom veloditib®th down- and cross-stream

directions are small but significant.

1.4.2 Potential Vorticity Structure

The basic features of the mean PV structure obtained frorf@HES dataset entering the trough
closely resemble those seen in the ADCP surveys, with diffezs arising from the coarser hor-
izontal resolution and smoothing due to the assumptionraft S§EM behavior. Figure 1.45 is
very similar to Figure 1.16, displaying the same high-PVdfmlowing isopycnals down across
the core, low-PV mode water, and high-PV surface waters as ggen in the surveys, with PV
values of0(1071°-10~? m~!s~!). We can again distinguish the four isopycnal layers of vayyi
PV gradients at the mode water depth, the main thermocliedptver thermocline/NPIW core,
and the deep layer, where we find that the gradient acros®thescofO (101" m=2s71), or <
1% of% in most locations (Figure 1.46). Slightly lower values dbid?V are seen in the CPIES
data than in the surveys in the thermocline region crossiagtre, from about 150 m depth 20

km north of the core down te-500 m depth 45 km south of the core. The reduced magnitude
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of the portion north of the core can be attributed to the rédogén magnitude of both the shear
(Figure 1.47) and twisting (Figure 1.48) vorticity termsocdated from the CPIES dataset, while
the portion south of the core is attributable to changeseérlisting and thickness (Figure 1.49)
terms. These differences are due to the low resolution o€fRK=S data, which results in a re-
duction of maximum values 034 9V and4¥ over those in the survey data by factors of about
two, four, and three, respectively, as well as to the GEM wtlwvhich causes smoothing of all
these quantities and é¥2 and does not attempt to resolve the surface mixed layerfichatly
high values ofV? at the surface in the CPIES dataset cause the increasedrtatizange of the

shear vorticity term{) and increased total PV at the surface.

Although the reduced resolution of the CPIES data does itngeculations of PV by weak-
ening gradients, other aspects of the dataset make it siviun further examining the PV
structure of the KE. The first of these benefits is that the totarm can be calculated, including
the 85 term rather than the curvature() term, which could not be obtained from the survey
data. As described in Section 1.2% is calculated from the CPIES both in stream coordinates
as the along-stream gradient of the cross-stream vel@ity,as part O% — g—z from the full
array, wheree-y andu-v refer to the standard east-north coordinate system. Cangpidne two
methods shows that both produce similar results for thételaive vorticity. Using the stream-
coordinates method, the relative magnitudes ofgjléeand 9U terms can be compared. They
are shown for the transect entering the trough in Figure as5fercentages g As expected,
the cross-stream shear of down-stream velo(:%) makes a significantly larger contribution,
averaging 24-28% of at its maximum near the surface in the region of cyclonic stedzout
25 to 50 km north of the core. South of the core, in the weakteyarionic shearZ¥ reaches a
maximum of -16 to -20% of . The along-stream gradient of cross-stream velc(cggl) makes a
smaller but non-negligible contribution, averaging -1216% of f near the surface at and north
of the core, with mean small negative contributions acrbesentral jet region. The addition of
the—a—U term strengthens the relative vorticity on the cycloniesidithe jet, bringing it up to a

maximum of 40% off near the surface while weakening it very slightly on theaionic side.
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As with the velocity structure, the CPIES dataset also alow to examine along-stream dif-
ferences in PV structure. Using the 143 F5ection again to represent the down-stream edge
of the meander crest, several differences between theamdghe trough can be observed. To-
tal PV (Figure 1.51) shows a very similar pattern in both tares on the northern side of the
jet, although high PV appears to reach to slightly deeparyisaals in the mean entering the
trough. South of the core, the low-PV mode water shows upnagiiundoy ~ 25.1 kg/m?

but obtains even lower PV in the crest than was seen in thghtagaching down below zero
around 200 km south of the core. Upon breaking the total P& iilstcomponents, we see that
this is attributable to a lower thickness vorticity in the aeovater region (Figure 1.52) than was
seen entering the trough. Total PV is also slightly lowehatdrest along the isopycnals of the
main thermocline south of the core. This difference is n@&t tuthickness vorticity but to the in-
creased strength of tlieterm on the anticyclonic side of the crest. The ratio of thessfstream
gradient of down-stream velocity gb( g—)‘g /f ) is almost symmetrical about the core in the crest
and weaker on both sides than entering the trough, an@—gﬁhterm in this location serves to
strengthen the shear vorticity on the anticyclonic sidgFe 1.53), since the crest is a region
of anticyclonic curvature. As a result, the contributiortlod ¢ term to the total PV south of the
core is significantly more negative in the crest than engetire trough, reaching -20 to -24%
of f as compared to -16% entering the trough, while the contabutorth of the core is much

weaker, reaching a maximum of only 20% fo&s opposed to 40% entering the trough.

Down-stream of the trough, at 148K, the total PV profile (Figure 1.54) is again very simi-
lar to that entering the trough, north of and at the core. I5ofithe core, the mode water has the
same PV value as at the trough, but the PV along the isopyoh#tie main thermocline is even
further reduced than it was in the crest, reaching only hefialues seen entering the trough at
some locations. Figure 1.55 shows that the asymmetry ogj{hdaerm is retained and slightly
increased over that entering the trough, with slightly tgegalues otg—}/(/f on the cyclonic side

and slightly lower values on the ancticyclonic side. Howeﬂeg—g term here tends to decrease
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the asymmetry, leading to a total shear term that is only8lidarger on the cyclonic side, at a

maximum of 24-28% off compared to -20 to -24% ¢f on the anticyclonic side.

The time series from the CPIES provides an opportunity toréxa the variability of the PV
structure within the weakly meandering period. Returnimghie trough transects, the time se-
ries of total PV shows that while the overall shape of the RMcstire remains nearly constant,
its location along the cross-stream axis shifts with respethe core (see Figure 1.56Raja-
mony et al[2001] observed similar behavior of PV structure acrosdritrd in the Gulf Stream,
which they linked during an isopycnal RAFOS float study tossrstream motion of the floats,
suggesting that despite the barrier imposed by the PV graitigelf, cross-stream motion is pos-
sible in the center of the jet near the surface to the extentthie PV structure shifts across the
front. Although float data are not available for this studytted KE to verify the cross-stream
motion of water parcels, the shifting PV structure obserireth the CPIES suggests that the

same mechanism may be at work here.

1.5 Comparison with the Gulf Stream

Mention of the Gulf Stream and its shared characteristi¢h thie KE has been made at various
times throughout the above discussion. Many similaritieseaxpected between the two, as both
are western boundary currents of large ocean basins. Isébison, a brief statistical summary

and comparison of the two currents is provided.

The average strength of the down-stream component of ¥elocthe Gulf Stream has been
found in multiple studies to exceed that observed in the K& .TAble 1.2 showdialkin and
Rossby1985] found an average maximum down-stream velocity d® inés in the Gulf Stream,
at a location relatively further up-stream than the KES$ared_iu and Rossby1993], Rossby
and Gottlieb[1998], andRossby and Zhan@001] all found average maxima of 2 m/s or greater.
Johns et al[1995] also found an average maximum down-stream velo¢ifroost 2 m/s from

the SYNOP central array data, which was a comparable expatito KESS in location and
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instrumentation, although a recent revisit of this dataseduced a slightly reduced estimate of
1.6-1.8 m/s Meinen et al. 2008]. The combination of these studies suggests a rarige max-
imum strength of the down-stream component of the Gulf trjgd of 1.5-2.5 m/s. In contrast,
the present study has found an average maximum down-strefatity in the KE of about 1.4
m/s, with a range of 1.0-2.0 m/s. A mooring studyhgll [1989] also suggested that maximum
down-stream velocities in the Gulf Stream exceed thosesoKth, although surface values were
not available in her study. In addition, the strong jet stuee of the Gulf Stream appears to
penetrate to greater depths than that of the KE, with maxirdown-stream velocities of 60-80
cm/s seen at 700 ndphns et al. 1995; Meinen et al. 2008] compared to 45 cm/s in the KE
(Figure 1.28).

Although the mean total PV cross-section in the Gulf Strea®s & similar structure to that
observed here in the KE, with PV values@f10~'?), several differences can quickly be identi-
fied. The mean stream-coordinates PV section founilléyen et al[2008] in the Gulf Stream
shows the low-PV mode water region south of the core reaathimgn to 600 dbar~{ 594 m),
whereas in the KE the mode water extends only to 4-500 m déjid PV following the isopy-
cnals of the main thermocline in the Gulf Stream is also ab0@t less at and south of the core
than that in the KE. These differences simply reflect thek#hiand deeper mode water signature
in the Gulf Stream and suggest a stronger density front, wifiermal wind indicates is consis-
tent with the stronger maximum velocities noted above. Alosistent with a sharper front in
the Gulf Stream is the observation of stronger lateral stiedicity components on both sides
of the jet. Liu and Rosshy1993] found cross-stream shear of down-stream velo((gy) on

the cyclonic side of the Gulf Stream ranging from 80t@20% of f, with anticyclonic shear
sometimes exceeding -40% ¢f The survey data from the KE, however, show a maximum of
~ 72% of f north of the core and -41% of to the south. Neither of these sets of values rep-
resents a long-term mean, but a comparison of the KESS CPHaSurements with the PIES
measurements from the SYNOP data discussédamen et al[2008] may also be considered.

The Gulf Stream data sho% reaching a maximum of 40% gfon the cyclonic side of the jet
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and -28% off on the anticyclonic side, as compared with 20-24% and -12@86-of f in the
KE. Values ofg—g in the section of the Gulf Stream discussedMbinen et al[2008] reach up to
12% of f, while the KE shows mean values of up to -16%faéntering the trough and only 4%
of f in the crest. Combining these terms, the rati@ ¢d f in the Gulf Stream shows a cyclonic
maximum of 32% and a deeper negative maximum on the antiwgcgide of -28%. In the KE
entering the trough, the cyclonic maximum is 40%fofith a deeper negative maximum on the
anticyclonic side of -16 to -20% of. In the crest, however, the cyclonic maximum is only 20%
of f, with the deeper maximum on the anticyclonic side reach2@ge -24% off. The SYNOP
data were not specific to a crest or trough in the Gulf Streaah tlae resulting value faf/ f on

the cyclonic side lies in between the values found in thetened trough of the KE.

Although the general similarity of the structures of the texorents has been mentioned and
only minor differences of magnitude of certain of their adweristics have been discussed, it
should be remembered that this refers only to the KE whileritains in its weakly meandering
state. The oscillation of the KE between weakly and stromgéandering states represents a
significant difference between the two currents, and it ssfie that it is when the KE enters
the strongly meandering state that more striking diffeesnmetween its structure and that of the

Gulf Stream may emerge.

1.6 Conclusion

In May of 2004, during the deployment of an array of 46 CPIES tbrmed part of KESS, four

fine horizontal-scale ADCP/CTD surveys of the KE were penfed just up-stream of the first
meander trough to determine the synoptic structure of thewtat this location. These sections
were analyzed in a stream-coordinate system, whose otigiedre) was defined by the location

of the maximum velocity vector after averaging over 100-80@ reduce the effects of noise
and surface wind-induced flow and then gridding to 5-km lasrial spacing. The down-stream
axis was oriented in the direction of the vector average efttinee vertically-averaged ADCP

vectors centered on the core. This method was chosen overtraditional, hydrography-based
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methods because of small-scale variability observed imyideography and the existence in the

dataset of several additional ADCP cross-sections that wetr accompanied by CTD data.

This analysis produced a picture of the KE velocity struetiiat includes many of the canonical
features of a baroclinic jet. The velocity maximum, locaddut 10 km north of the core at the
surface, shifts southward with depth, reaching 20 km sofithedcore at 400 m. In addition, a
slight subsurface velocity maximum exists on the antiayidside of the jet. The cross-stream
velocity shear exhibits an asymmetry similar to that seestinlies of the Gulf Stream, with

larger shear on the northern, cyclonic side of the jet.

Despite the coarser horizontal resolution, producingastreoordinates sections from the CPIES
data provides further indication of the long-term mean aidfater-column structure, as well as
evidence of along-stream variability. The 5.5-month tirmges during the weakly meandering
state reveals surface down-stream core velocities aveydgé m/s and varying between 1 and 2
m/s and down-stream velocities around 5 cm/s extendingetbdktom at times, depending upon
the location of deep barotropic eddies. A slight narrowifighe down-stream flow with east-
ward progression along the meander is apparent, but mds ekcess flow in up-stream regions
likely constitutes the summation of the jet with the southezcirculation gyre. Down-stream
flow at the bottom also grows significantly narrower and weakth along-stream progression.
Mean cross-stream flow patterns indicate northward trabhspa upwelling in the first mean-
der crest and southward transport and downwelling appnegdhe first meander trough, with
cross-stream velocities across the core of the order 1ttt are relatively depth-independent
below~550 m. Despite these mean tendencies, cross-stream iegdaniboth crest and trough
alternate between northward and southward flows with réspdhe jet axis and reach magni-
tudes>10 cm/s, suggesting an event-driven process which is signifiy correlated with the
slope of the meander pattern<£ 0.68) in the trough but may also be attributable to other mech-

anisms.
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Calculations of PV from the surveys and the CPIES producendasi picture of its structure
across the front. Low-PV mode water is evident in all sectibetween about 200 and 500
m depth beginning about 50 km south of the core. At these tiesisaboutry ~ 25.1 to 25.5
kg/m?, a strong PV gradient exists across the front, acting asreéinao cross-frontal exchange.
A pattern of slightly higher PV can be seen to follow isopyisrdown through the thermocline,
betweervy ~ 25.5 and 26.4 kg/fh where a slightly weaker PV gradient exists across the jet. A
the base of the thermocline, between~ 26.4 and 27.1 kg/m) a reversal occurs in the sign of
the PV gradient. PV values are slightly lower to the northhaf tore here than to the south, but
the gradient is very weak, suggesting the beginning of ttentter’ region where free exchange
is possible. Below the thermocline, or belaw ~ 27.1 kg/n¥, the blender region continues,
and the PV gradient across the front is less than 1@% @h most locations. The time series of
the PV structure entering the trough reveals that whileriegally maintains its basic shape, the
structure as a whole shifts in time laterally across thetfwaith respect to the coreRajamony
et al. [2001] observed in a Lagrangian float study that similartsigfof PV gradients in the
Gulf Stream serves to transport water parcels across the despite the apparent PV barrier.
Rough calculations reveal that this shifting can reach édgé (%) of O(10-20 cm/s), which

is significantly greater than mean cross-stream velocitgmtades but agrees on the lower end

with the maximum cross-stream flows@{10-12 cm/s) seen in the time series.

Finally, comparing the KE to the Gulf Stream reveals thattiixe share the same basic struc-
ture of a baroclinic jet, but the Gulf Stream attains greataximum surface currents, ranging
between 1.5 and 2.5 m/s, and shows a deeper expression afthedtocity jet structure. Al-
though both systems display the asymmetric lateral sheactste, both cyclonic and anticy-
clonic shears are in general stronger in the Gulf Stream.sf liifferences are suggestive of
a stronger, deeper density front in the Gulf Stream. As wdalcexpected given these obser-
vations, PV gradients across the jet appear to be somewbagst in the Gulf Stream, but a

similar division into four isopycnal ‘barrier/blender’yiars can still be made.
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Beyond the simple benefit of providing a picture of the gelnstaucture of the KE current,
which has heretofore been missing from the literature, @lsalts of this study will be of value as
a basis for future work in various areas. Knowledge of themstaucture of the KE will aid in
the identification and quantification of regions of crosmfal exchange, which is critical in the
formation of NPIW and mode water and plays a significant mlagat and nutrient flux in the
larger North Pacific. In addition, the physical model of thE kKsulting from this work can be
used in future theoretical studies to assess the stabiliheaurrent. The values of the structural
properties of the current observed and calculated here tsaya of use as quantitative metrics

with which to assess the performance of complex numericaeaiso
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Table 1.1

Dates and Locations in Meander Pattern of Feature Survessinys

Crossing No. | Date in 2004 [mon/day] Location CTD Data
1 5/1-5/2 trough Y
2 5/2 - 5/3 trough Y
3 5/3 - 5/5 trough Y
4 5/5 - 5/6 trough Y
5 5/1 trough N
6 5/7 crest to trough N
7 5/18 crest N
8 5/28 trough N
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Table 1.2

Comparison of Various Characteristics of Gulf Stream and KE

Attribute Gulf Stream Kuroshio Extension
Down-stream ~ 2 -> 2 m/s?345; 1.4 m/s
Max. Velocity Average 1.6 - 1.8 m/s-¢
Down-stream 1.5 - 2.5 m/g?:34,56 1.0-2.0m/s
Max. Velocity Range
Max. Down-stream 0.6 - 0.8 m/s*¢ 0.4-0.5m/s
Velocity at 700 m
Ratio of 2% to f 80-120%(-40%, 72%(-41%),
as percentage 40%(-28%)° 20-24%(-16 to -20%)
Ratio of 2Z to f 12%°5 trough: -16%,
as percentage crest: 4%
Ratio of ( to f 32%(-28%)° trough: 40%(-16 to -20%),
as percentage crest: 20%(-20 to -24%)

Note.Percentages in parentheses refer to anticyclonic side.
'Halkin and Rossbj1985], 2Liu and Rossby1993], 2Rossby and Gottlie[1998], “Rossby and
Zhang[2001], °Johns et al[1995], “Meinen et al[2008]
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KESS Deployment Cruise
4/25/2004 - 6/1/2004
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Figure 1.1: Mean SSH over the period of the deployment crinisaeters referenced to 1500
dbar from AVISO Rio05. Black and gray lines are feature sym@ssings. Crossings 5-8 were
not accompanied by CTD casts.
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a) Latitudinally Averaged Zonal Velocity
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Figure 1.2: Data from crossings 1-4 (see Figure 1.1a) coetbin three different ways with
the same color-scale. (a) Zonal velocities from original @®data gridded to .05atitude
increments and averaged. (b) Zonal velocities from orighiaCP data gridded to 5 km along
actual ship track lines and averaged according to distanoce the core. (c) Data rotated into
the stream-coordinate system, gridded to 5 km along the atated transect line, and averaged
according to distance from the core. Note the increased iuagnof velocities and gradients in
the stream-coordinate system.
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Figure 1.3: Potential temperature and salinity from Crugs (see Figure 1.1). High vertical
wavenumber variability apparent in the temperature dateodirages the use of hydrography in
defining the stream-coordinates core, as it may introduc® U km lateral ambiguity in core
location. Also visible are warm surface waters that havenlztvected within the core on the
southern side from lower latitudes, resulting in surfacéengon the southern edge of the jet that
are actually warmer than the surface waters further souttis dreates negative thermal wind
shear on the anticyclonic side of the core.
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Figure 1.4: Sample transect showing 100-300 m averaged-anddridded velocities and 5-km
gridded CTD data points. Core and surrounding two vectaghkligihted in red are averaged to
define down-stream direction. Red line indicates resultaogs-stream line. CTD and ADCP
data are then projected along the down-stream directiom thet cross-stream line. See Figure
1.5 for diagram of rotation procedure.
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Figure 1.5: Diagram of rotation procedure to translate AD@M®cities into stream-coordinate
down- and cross-stream componenégsis the sample down-stream direction, measured from
0 pointing due east. Gray axes indicate original east-nootbrdinate system. Orange axes
indicate the orientation of the stream coordinate systetated clockwise from east-north by

5 — ¢, where in this case < 0. The origin is centered at each 5-km gridded output velocity
from the ADCP. The solid blue vector represents one such ABi@®lute velocity, which has
dashed black east-north componenisy) and dashed red cross-stream and down-stream com-
ponents U/, V) in the stream-coordinate system. The transformation éetveoordinate system
components is performed according to Equations 1.1a and b.
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KESS Observing Array
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Figure 1.6: KESS instrument array. 46 PIES and CPIES (rematias) at horizontal spacings
of 84 km and diagonal spacings of 94 km. Eight tall moorings€lstars) included upward-
looking ADCPs at 250 m, McLane moored profilers between 25081m, and deep current
meters at 1500, 2000, 3500, and 5000 m. Solid black linesarfifure are the Generalized
Digital Environmental Model mean surface dynamic heighttoars in dyn-cm referenced to
1000 dbar fronTeague et al[1990]. The 2000 and 4000-m isobaths are shaded dark artd ligh
gray, respectively. Eddy kinetic energy determined froielste sea surface height anomaty
0.18 and 0.24 s~ 2 is color shaded yellow and orange, respectively.
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Feature Surveys
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Figure 1.7: (top) Mean down-stream velocities from featwnerey Crossings 1-4. White contour
indicates zero down-stream velocity. The location of theimam velocity shifts downward to
the right, and a subsurface maximum is seen south of the ndreéd by the negative ther-
mal wind shear to the right of the warm near-surface corettghy) Standard error of mean
down-stream velocities. White contours indicate 0, 0.5.%, and 1.8 m/s mean down-stream
velocities from top panel for context.
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Figure 1.8: Mean potential density for feature survey dragsl-4. A region of negative thermal
wind shear is apparent south of the core due to advectiorinttib core of warm surface waters
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Feature Surveys
Mean Down-stream Velocity
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Figure 1.9: Mean down-stream velocities at depths indicéte the key. Errorbars indicate
standard error.
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Crossing 1 Crossing 2
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Figure 1.10: Potential temperature for individual featsuevey Crossings 1-4. All plots have
the same aspect ratio. Black circles indicate locationsTdd Casts. Dashed black lines indicate
location of core. Note the presence of warm surface wateamatsouth of the core and the
reversal of the horizontal temperature gradient in somatioas both north and south of the
core.
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Crossing 1 Crossing 2
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Figure 1.11: Down-stream velocities for individual feawsurvey Crossings 1-4. All plots have
the same aspect ratio. Black circles indicate locationsTdd Casts. Dashed black lines indicate
location of core. Solid black lines are zero contours. Nb&local velocity maxima south of

the core in Crossings 1, 2, and 4 corresponding with the savef the horizontal temperature
gradient in these locations (Figure 1.10).
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Crossing 1 Crossing 2
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Figure 1.12: Salinity for individual feature survey Croggs 1-4. All plots have the same aspect
ratio. Black circles indicate locations of CTD casts. Dasbéack lines indicate location of
core and extent of low-salinity intrusive layer. Note thegmession of the low-salinity intrusion
along the pycnocline towards the south side of the core. Retbars indicate they =26.4 and
27.1 contours.
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Crossing 1 Crossing 2
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Figure 1.13: Cross-stream velocities for individual featsurvey Crossings 1-4. All plots have
the same aspect ratio. Black circles indicate locationsTd €Casts. Shades of blue (red) indi-
cate northward (southward) cross-stream flow. Heavy bla€ls lare zero cross-stream velocity
magnitude. Dashed gray lines indicate location of core andhsvard extent of low-salinity
intrusion. Note the apparent confluence around the core asstrg 1 and the progression of
southward cross-stream velocities towards the anticycleide of the core in Crossings 2-4
(pink patches between 300 and 700 m).

52



100

200

w
o
o

Depth [m]
N
o
o

a
o
o

600

700

100

200

Depth [m]
IN w
o o
o o

[
o
o

2]
o
o

700

Figure 1.14: (top) Mean cross-stream velocities from feaiwrvey Crossings 1-4. Black con-
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Figure 1.15: Mean cross-stream velocities at depths itetictr feature survey Crossings 1-4.
Errorbars indicate generous estimates of standard egetést). Slight confluence on both sides
of the core is apparent near the surface, with deeper meanities not statistically different
from zero. Note that positive velocity values indicate bouard flow.
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Total PV
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Figure 1.16: Mean total potential vorticity (top) and stardlerror (bottom) for feature survey
Crossings 1-4. Colors indicafel” + 10'° and black contour lines are potential density)(with

contour intervals of 0.2 kg/f White contours are, = 25.1, 25.5, 26.4, and 26.8, outlining
the four major regions mentioned in the text. Note high-P¥doaunning along isopycnals from

north to south of core and low-PV mode water between 150 afdSouth of core.
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Cross—Stream Shear Vorticity
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Figure 1.17: Mean cross-stream shear vorticity (top) aaddsrd error (bottom) for feature

survey Crossings 1-4. Colors indical®d” « 10'° and black contour lines are potential density
(o) With contour intervals of 0.2 kg/f White contours arey = 25.1, 25.5, 26.4, and 26.8,

outlining the four major regions mentioned in the text. Nstng contributions from shear

component at shallow depths north of the core, descendirupsthe core with isopycnals, as
well as fairly strong negative vorticity at shallow deptlosith of the core.
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Curvature Vorticity (v*N%g) [107° m™1s™
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Figure 1.18: Mean curvature vorticity (top) and standardrgbottom) for feature survey Cross-
ings 1-4. Colors indicaté’V * 10'° and black contour lines are potential density)(with
contour intervals of 0.2 kg/Mm White contours arey = 25.1, 25.5, 26.4, and 26.8, outlining
the four major regions mentioned in the text. Curvature aldery small positive vorticity
throughout most of the region due to the cyclonic curvatdthetrough.
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Twisting Vorticity
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Figure 1.19: Mean twisting vorticity (top) and standardefibottom) for feature survey Cross-
ings 1-4. Colors indicaté’V x 10'° and black contour lines are potential density)(with
contour intervals of 0.2 kg/f White contours are, = 25.1, 25.5, 26.4, and 26.8, outlining
the four major regions mentioned in the text. Twisting \@ityi makes strong contributions at
shallow depths north of the core, descending across theagtirésopycnals.
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Figure 1.20: Mean thickness vorticity (top) and standardrebottom) for feature survey Cross-
ings 1-4. Colors indicaté’V x 10' and black contour lines are potential density)(with
contour intervals of 0.2 kg/fm White contours arey = 25.1, 25.5, 26.4, and 26.8, outlining
the four major regions mentioned in the text. The thicknesspgonent defines the background
structure of the total PV.
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Figure 1.21: Mean Rossby numbej/ () for feature survey Crossings 1-4. Colors indicate
Rossby number and black contour lines are potential de(sjiywith contour intervals of 0.2
kg/m?. White contours arey = 25.1, 25.5, 26.4, and 26.8, outlining the four major regions
mentioned in the text. Rossby numbers rea€h7 at shallow depths north of the core and about
-0.4 south of the core.
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Feature Surveys
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Figure 1.22: (top) Mean total PV as a functionmf from feature survey Crossings 1-4. Black
lines indicatesy = 25.1, 25.5, 26.4, and 26.8, and delineate the mode watdrthraimocline,
lower-thermocline/NPIW, and deep PV gradient regimes ioeat in the text. (bottom) Total
PV averaged over the first three layers identified in the tohas indicated by the key.
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Crossing 5
V (Down-stream velocity) [m/s]

100

200

300

400

Depth [m]

500

-100 -80 -60 -40 -20 0 20 40 60 80 100

100

200

300

400

Depth [m]

500

600

700

| 1
-100 -80 -60 -40 =20 0 20 40 60 80 100
Distance from core [km, positive is south]

Figure 1.23: Down- (top) and cross-stream (bottom) velkegitor feature survey Crossing 5.
Black contours indicate zero velocity. Gray contours aramygotential density from Crossings
1-4, with theoy = 26.4 contour accentuated to show the depth extent of the strom)és
gradients. Southward flow crossing the core occurs onlywbéhis density level, and confluent
flow around the core occurs only above it.
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Figure 1.24: Frontal wave passage during feature surviexsgridted via TMI SST data. Background color is mean SST av@month period,
with the mean 17.8C contour shown in black. White contour is the IC&ontour for the specified date, with the feature surveysimgsplotted
and numbered in black. The deviation of the daily 2Z&ontours from the mean suggests a steepening of the meamggh during this time
which may represent a mechanism for cross-stream transport
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Figure 1.25: Maps of surface geopotential anomaly refer@mnc 0 at 5300 dbar from CPIES reveal considerable varialoilithe meander pattern
even during the weakly meandering period. This series shiosvpassage of a frontal wave. Black dots indicate CPIE®umsnt locations.



Time Intervals Required Between Data Points
for One Additional Degree of Freedom
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Figure 1.26: Time intervals required between mapped CPHiRities to obtain one additional

degree of freedom. Values shown here are calculated frotmtleeseries of the transect entering
the meander trough. Although mean values are considerabigr] a conservative time interval

of 19 days was chosen to ensure that the significance of battoss-stream velocities was not
overestimated.
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Entering Trough
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Figure 1.27: Mean down- and cross-stream velocity trassiEotn mapped CPIES entering
trough. See text for a comparison between these profiles lawk tobserved in the feature
surveys (Figure 1.7). Contour intervals are 0.1 m/s excepalzeled. White contours indicate
zero velocity.
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Figure 1.28: Close-up of near-surface core down-streaocitiels from mapped CPIES entering trough. Contour interaee 0.1 m/s except as
labeled. White contours indicate zero velocity. Companestocities from ADCP transects in Figure 1.7. Both figuregehthe same aspect ratio.



Standard Error of Mean Down-stream Velocity [m/s]
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Figure 1.29: Standard error of mean down- and cross-stredatity transects (Figure 1.27)
from mapped CPIES entering trough.
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Down-stream Surface and Bottom Velocities Entering Trough
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Figure 1.30: Down- and cross-stream surface and bottoncityekime series at corez£0) from
mapped CPIES entering trough. Red indicates surface ardbltom velocities. Surface cross-
stream core velocities are zero by definition and are thexedmitted. Gray shading indicates
error in each measurement including errorajm values from the CPIES as well as the resultant
potential down-stream direction error. Note apparentt siritund Day 238 from northward-
dominated to southward-dominated cross-stream flows.
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Deep Mapped Fields Entering Trough
6/1/2004 to 11/16/2004
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Figure 1.31: Mean down- (top) and cross-stream (bottontphotelocities from mapped deep
currents entering trough. Errorbars indicate standamt efrthe mean calculated with the re-
quired time interval of 19 days for one additional degreereéflom. Time series with fewer
than five degrees of freedom or more than 200 bad data pomtsoaishown.

70



In Crest
Mean Down-stream Velocity [m/s]
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Figure 1.32: Mean down- (top) and cross-stream (bottomdcigl transects from mapped
CPIES in crest (143.7%). Contour intervals are 0.1 m/s except as labeled. Whitgocwos
indicate zero velocity. See text for comparison of thesestats with those observed entering
the trough. Note that although axes differ between theds plud Figure 1.27, the aspect ratios

are the same.
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Standard Error of Mean Down-stream Velocity [m/s]
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Figure 1.33: Standard error of mean down- (top) and crassust (bottom) velocity transects
from mapped CPIES in crest (1437E.
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Deep Mapped Fields In Crest
6/1/2004 to 11/16/2004
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Figure 1.34: Mean down- (top) and cross-stream (bottontphotelocities from mapped deep
currents in crest (143.7&). Errorbars indicate standard error of the mean calalilaiéh the
required time interval of 19 days for one additional degrefreedom. Time series with fewer
than five degrees of freedom or more than 200 bad data pomtsoaishown.
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Trough-to—Crest
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Figure 1.35: Mean down- (top) and cross-stream (bottomdcigl transects from mapped
CPIES between trough and second crest (148.5Contour intervals are 0.1 m/s except as la-
beled. White contours indicate zero velocity. See text funparison of these transects with
those observed entering the trough and in the crest at 148.Again, the aspect ratio here
matches that of Figures 1.27 and 1.32.
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Standard Error of Mean Down-stream Velocity [m/s]
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Figure 1.36: Standard error of mean down- and cross-stredatity transects from mapped
CPIES between trough and second crest (148.5
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Figure 1.37: Mean down- (top) and cross-stream (bottontpbotelocities from mapped deep
currents between trough and second crest (245.5=rrorbars indicate standard error of the
mean calculated with the required time interval of 19 daysofte additional degree of free-
dom. Time series with fewer than five degrees of freedom orentivan 200 bad data points
are not shown. Cross-stream bottom velocities are statistinot different from zero at and
surrounding the core.
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Mean Absolute Velocities In Increments of 15 km from the Core
2004/06/01 to 2004/11/16
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Figure 1.38: Plan view of surface and bottom velocities aedtcross-stream transects in the
first meander crest, trough, and between the first trough ecachsl crest, over mean SSH con-
tours from AVISO Rio05 for weakly meandering period. Creg®am lines (thin gray) represent
mean cross-stream direction calculated as the perpeadicuthe direction of the mean velocity
at the core. Orange circles indicate locations where therigiwith depth is significant beyond
the bounds of the maximum potential directional error inrtteeasurements. Note counterclock-
wise rotation of bottom (blue) vectors from surface (red)@istream (crest) section, clockwise
rotation at middle (trough) section, and near verticalratignt at easternmost section; also note
evidence of southern and northern recirculation gyres. I[®hgitudinal range of this plot is
141.5-152E; latitudinal range is 31-382Bl. SSH contours are in 0.2 m intervals.
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Figure 1.39: Demonstration of plan view schematic avegagirocedure entering the trough.
Panelsa and b show cross-stream transects superimposed on SSH from twgarsecutive
days (to illustrate time-variability). In each of these &gsthe longitude of the up-stream edge
of the trough has been determined via visual inspection. ldbation of the core has been
determined by finding the maximum absolute surface veladiiyng this line of longitude. The
cross-stream direction has been defined as perpendiculiue teurface velocity at the core,
and absolute surface (red) and bottom (blue) velocities baen interpolated from the mapped
CPIES grid to the cross-stream line. Panshows the mean of the data shown in paredsd

b. Absolute surface and bottom velocities from the two dagsaaeraged as a function of cross-
stream distance. The mean core location is defined as the afdha lat/lon coordinates of
the core on the two individual days, and the cross-streaatiilin is perpendicular to the mean
surface velocity at the core. The average surface and bot&docities are then plotted along
this mean cross-stream line. This identical procedure ésl iis the crest and trough-to-crest
sections, except that those transects use a fixed longitadaljle latitude) rather than tracking
the location of the meander phase, since the longitudessétfeatures remain relatively fixed.
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Mean Absolute Surface Velocities In Increments of 15 km from the Core
2004/06/01 to 2004/11/16
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Figure 1.40: As in Figure 1.38 but for surface velocitiesypat fixed %th-degree longitudinal
spacing. Note tendency of down-stream velocities to pdehtd southern recirculation gyre
south of first meander crest and trough.
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Mean Bottom Velocities In Increments of 15 km from the Core
2004/06/01 to 2004/11/16
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Figure 1.41: As in Figure 1.40 but for bottom velocities. &lotoss-stream stretching of mean-
der pattern at depth compared to the surface pattern betvedinst crest and trough. Also note
mean presence of deep eddy on northern side of first meaodeghtr
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Figure 1.42: (left) Plan view of mean down-stream surfadecity magnitude contoured froréth-degree longitudinal-spaced cross-stream
transects. Heavy black contours indicate zero down-stredotity magnitude. (right) Standard error of down-streamface velocity magnitude.
White contours indicate surface down-stream velocity ritage, provided for context. Note the apparent existencgebttreaks” in the surface
down-stream velocity, as observed lHgwden and Wattgl999] in the Gulf Stream.
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Mean Down-Stream Bottom Velocity Magnitude [m/s]
2004/06/01 to 2004/11/16
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Figure 1.43: As in Figure 1.42 but colors indicate mean detveam bottom velocity magnitude and associated standeod &lack contours
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Figure 1.44: As in Figure 1.43 but colors indicate mean esbsam bottom velocity magnitude and associated staratend In paneh the full
field is shown, as in Figure 1.43, with gray contours indimgtzero cross-stream velocity magnitude. In pdnefelocities with magnitudes less
than the value of the standard error (parjdhave been masked out. Surface down-stream contours afidgutan all three for context, indicated
in black in panel& andb and white in panet. Note that positive (negative) velocities imply southwémdrthward) flow.



Entering Trough, 6-1-2004 to 11-16-2004
Mean Total PV (q = —1p dp/dx dv/dz + (f + dv/dx — du/dy)*N?/g) [1072° m™s™}]
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Figure 1.45: Mean total PV and error from mapped CPIES emgerough. Compare to ba-
sic structure from the survey mean in Figure 1.16. See textliszussion of similarities and
differences between the two. White contours indieate 25.1, 25.5, 26.4, and 27.1.
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Entering Trough
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Figure 1.46: (top) Mean total PV as a functionogffrom mapped CPIES entering trough. Black
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same mode water, mid-thermocline, lower-thermocline¥MRInd deep PV-gradient regimes are

evident. (bottom) Total PV averaged over the four layerstified in the top panel, as indicated

by the key.
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Entering Trough, 6-1-2004 to 11-16-2004
-1.-1
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Figure 1.47: Mean horizontal shear vorticity and errorsrfnmapped CPIES entering trough.
Compare to shear vorticity from surveys in Figure 1.17. Wldbntours indicatey = 25.1,
25.5, 26.4, and 27.1.
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Entering Trough, 6-1-2004 to 11-16-2004
Mean Twisting Vorticity (-1p dp/dx dv/dz) [10_10 mls 1]
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Figure 1.48: Mean twisting vorticity and errors from mapggélES entering trough. Compare
to twisting vorticity from surveys in Figure 1.19. White doars indicatery = 25.1, 25.5, 26.4,
and 27.1.
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Entering Trough, 6-1-2004 to 11-16-2004
Mean Planetary Vorticity f*N%/g [107° m s}
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Figure 1.49: Mean planetary vorticity and errors from map@®IES entering trough. Compare
to planetary vorticity from surveys in Figure 1.20. Whitentmurs indicatery = 25.1, 25.5, 26.4,
and 27.1.
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Figure 1.50: Mearg—;, g_Z' and( as percentages gfand associated errors from mapped CPIES
entering trough. Dotted contours indicate negative valBedd contour is zero. Horizontal and
vertical range have been reduced from the available datiglttight only the relevant jet region.
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Crest, 6-1-2004 to 11-16-2004
Mean Total PV (q = —1p dp/dx dv/dz + (f + dv/dx — du/dy)*N?/g) [1072° m™s™}]
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Figure 1.51: Mean total PV and errors from mapped CPIES istd!3.75E). See text for
discussion of similarities and differences between credtteough. White contours indicatg
=25.1, 25,5, 26.4, and 27.1.
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Crest, 6-1-2004 to 11-16-2004
Mean Planetary Vorticity f*N%/g [107° m s}
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Figure 1.52: Mean thickness vorticity and errors from mab@®IES in crest (143.7k). See
text for discussion. White contours indicatg = 25.1, 25.5, 26.4, and 27.1.
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Trough-to—Crest, 6-1-2004 to 11-16-2004
Mean Total PV (q = —1p dp/dx dv/dz + (f + dv/dx — du/dy)*N?/g) [1072° m™s7Y]
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Figure 1.54: Mean total PV and errors from mapped CPIES tmtvieough and second crest
(148.5E). See text for discussion of similarities and differenbetween this location and
trough. White contours indicate, = 25.1, 25.5, 26.4, and 27.1.
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APPENDIX A
ADCP Processing and Error Estimates

The Acoustic Doppler Current Profiler (ADCP) makes use ofDoppler effect to measure ra-
dial velocities parallel to the four acoustic beams of theG¥Dtransducer. Acoustic pulses from
each transducer beam reflect off scatterers in the watemenlsuch as plankton and other pas-
sive patrticles that do not self-propel and hence move atahespeed as the surrounding water.
By measuring the Doppler shift of the echos of these transcthipulses, the radial velocity of
the scatterers relative to the ADCP is determined. Usingetlaicoustic beams allows calcula-
tion of three orthogonal components of velocity, and ad@ifigurth beam produces a redundant
estimate of vertical velocity, which can be compared toasrterpart to determine the amount
of random error in the measurements. The value resulting ftos comparison is referred to
as the error velocity. Range-gating the reflected pulsesvaltalculation of a velocity profile,
as reflections from greater distances take longer to retuthe transducer. Regularly-spaced
depth “bins” are specified prior to deployment of the instemty and the resulting velocities re-
ported by the ADCP represent center-weighted averagestlwaeange of each depth bin. The
angle of the transducer beams (typically 20-8@m vertical) combined with the range-gating
process results in overlap between successive depth birishwauses a correlation of about
15% between them. This value varies depending on the ratlteddize of the bins to the length
of the transmitted sound pulse. Random error and noise aceratiuced by the process of
“ensemble averaging,” in which single ping profiles are seetveraged into groups before data
transmission to the storage device occurs. Typical avegageriods are anywhere from 1 to 10
minutes. The data are then corrected for pitch, roll, andmtigle of the transducer, and heading
data from the ship’s gyrocompass, ideally corrected wittlitewhal GPS navigation such as the
Position and Orientation System for Marine Vessels (POS PAAshtek, are used to rotate the
velocities into earth coordinates. Finally, ship motioguigalent to ADCP motion, is subtracted

from the profiles to give absolute earth-referenced cunrelatcities. These resultant profiles are
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then processed and checked by the user for possible ermrstarferences using standard post-
processing software. For more details concerning the byidgrprinciples of ADCP operation,

seeRDI [1996].

Although ADCP data has come to be regarded as a relativépleloceanographic data source,
a considerable amount of post-processing is required hglirito this point. The popularity of
ADCPs in a wide range of oceanographic contexts promptedehelopment by scientists at the
University of Hawai'i of a standardized software packag@eoform the necessary processing
procedures. This package is referred to as the Common OcaianAacess System (CODAS),
and consists of a set of scripts that can be tailored by theafiee dataset in question to perform
all steps from scanning the raw data files for completenedgeadability to producing vector
and contour plots of the resultant velocity profiles. A surmyra CODAS processing will be
provided here; an in-depth description is available froen ¢heators themselvesifing et al.,

1995].

Before loading the raw data files into the CODAS databasehinvivhich all processing pro-
cedures occur, a scanning process can be run to examinenlgata for readability and gaps or
other acquisition problems. At this time, any necessaryeations can be made to the recorded
profile times, which are most often inaccurate due to problesith the clock on the PC to which
the data were transmitted. Once these corrections havepeetmmed, the data are loaded into
the CODAS database. Before examining individual profilles,dataset as a whole can be eval-
uated by calculating and plotting some general statistich &s the signal strength, the percent
good pings, the error velocity, the vertical velocity, ahd vertical first difference of the hori-
zontal velocity components. Comparing these variablesih bn-station and underway periods
can be helpful in determining the influence of the ship’s motn the dataset. Individual pro-
files are then evaluated via an automated system which fldggss/eor each variable that do not
lie within certain thresholds, which have default settitiggt can be user-modified if desired.

The user is then presented with graphical representatioine @rofiles that contain the flagged
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values and asked to determine by visual inspection and-es@mination with other details of
the cruise environment whether to accept or reject the fthggkies. This editing procedure is
primarily intended to detect bottom interference or irdesghce from fish or other scattering lay-
ers, physical intrusion of winch wires or other objects itite path of one or more of the beams,
and random instrument or data acquisition system failuraaamnsistencies in configuration.
The next step corrects for possible misalignment of the AD@isducer by calibrating with the
gyrocompass, which is first corrected for bias and long-t8oiiler oscillations by comparison
with GPS heading data, if available. In relatively shalloater, the ADCP’s bottom track mode
can be used for this calibration, by comparing the ship'skiras determined from the ADCP
with that shown by the navigation records. Alternativelydieep water as in the KESS region,
a “water-track” assessment can be done to determine heading by comparing on-station
and underway readings. Finally, the absolute water vedscire determined by subtracting the
ship’s velocity from the relative velocity profiles, agaising navigation data. If sound speed
corrections at the transducer need to be made to alter tbe ff@m the nominal speed (1470
m/s) assumed by the RD Instruments ADCP, this is also dorfesatimme. The data are now in

an appropriate format for plotting and analysis.

The RD Instruments Ocean Surveyor 75 kHz model used durindaployment cruise of KESS
penetrates to a nominal depth of 700 ROI, 1996]. Bin sizes were set to 16 m during the
time of the feature surveys in order to reduce random erroutih vertical averaging, resulting
in a total of 50 depth bins. The primary heading source wasliigs gyrocompass, with the
POS MV providing satellite corrections to the gyro. Wataek assessment of heading accu-
racy during the KESS deployment cruise suggests an erra0dl’, which results in<1 cm/s
error in the velocities when traveling at 10 knots. In addifithe water-track calibration deter-
mined a scale factor offset error of 1.0232, the cause offisicnknown. Ensemble averaging
was performed over 5-minute intervals. The shallowest kas wontaminated by acoustic ring-
ing, but performance was good throughout the rest of thehdepige, with good data reaching

consistently down to 650-750 nfeene et al.2004].
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APPENDIX B

Stream Coordinates Definition Methods

As is discussed in the main text, various methods have beshinpast studies to define stream-
coordinate systems from which to perform structural analggbaroclinic jets. Of course, the
type of data available in any one study in large part detesmitne methods which may be
employed for analysis. In general, three steps are reqtoredll datasets; however, the order
of the second and third steps changes depending on the tygetapin use. The first step is
always to define the origin of the coordinate system, whitéroforresponds to the high-velocity
coreof the current. If the dataset includes fine horizontalecabss-sectional measurements of
velocity, as in KESS, the second step is to determine the ekim@am direction, and the final
step is to project the data points onto the normal line tordete cross-stream distance from
the core. If, on the other hand, the velocity data come fromglesmooring or are spread out on
coarser horizontal scales in a 2-D mooring array, as in the[#Astudy byMeinen and Luther
[2003] (hereinafter referred to as MLO03), the SYNOP stuthigdohns et al[1995] andMeinen

et al.[2008], and the KE study bidall [1989], the distance of each measurement from the core
may be determined before the down-stream direction is difimethe following, some methods
commonly employed for each of these steps are describedhairdaipplication to the KESS

dataset is discussed.

Core Location Identification MLO3, in their comparison of stream-coordinate definitioethn
ods for the Subantarctic Front (SAF), suggest that the besheds are those that make the
fewest a priori assumptions about the current structurepahticular, they refer to the “frozen
field” method that has been used in studies involving data fvery few moorings, in which a
time-invariant cross-stream baroclinic structure is assat Under this assumption, the cross-
stream pycnocline structure remains constant, so thenasfghe stream-coordinate system need

not be located at the center of the current. MLO3 show, howévat the baroclinic structure of
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the SAF, and presumably of other such jets, is in fact styotigle-dependentand that a highly
erroneous picture having qualitatively the wrong shape beagpbtained under the frozen-field
assumption. The preferred alternative is to determine eachkexistic of the structure that is rep-
resentative of the center of the jet and to use its locatiahefae the location of the core as a
function of time. In many studies in which fine horizontallc ADCP transects are not avail-
able, this is done by finding the location of a particularhgom crossing some pressure surface
or depth, or the midpoint between where an isotherm crosgeslifferent pressure surfaces or
depths Halkin and Rosshy1985]. As ML03 describe, the appropriate isotherm shoeldhmn-
sen by determining the most common temperature at the défiite maximum vertical gradient
of temperature in the thermocline, and the appropriateais@r depth) should lie at the central
minimum of a bi-modal distribution of pressures (or deptifsthe isotherm. Thermal wind and
geostrophy suggest that in most cases this location is @euivto the location of the maximum
velocity, so our decision in the KESS study to define the caréha location of the maximum
velocity averaged over 100-300 m depth in the surveys, attteagurface in the CPIES data, is
consistent with these methods. To assure the reader thas 809, a comparison of resultant core

locations using several different methods is presenteld thvé KESS feature survey data.

The hydrographic core definition method tested here is theesas that used bylizuno and
White[1983]: the location at which the 1€ isotherm crosses 300 m. For each of the survey
crossings, the CTD data are interpolated along the shiig &ad used to identify this location
to define the core. This method is compared with several ti@m&on the maximum velocity
method, using the maximum current velocity at a single depttb0 m and the maximum af-
ter averaging over the depth intervals 100-200 m, 100-30@rd,100-400 m. Core locations
are calculated with each of these methods both before aadgftiding the ADCP and CTD
data to an even 5-km horizontal grid. The method of definirgdbre has little effect on the
resulting core location, particularly after gridding theta For all cases in the gridded data, the
maximum difference in core locations among the differenthoés is about 5 km, or one grid-

spacing, which represents a difference of about 1.5 104miaveraging intervals for the ADCP
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data. Typically, averaging over 100-300 and 100-400 m mesduhe same core location coor-
dinates. Using the shallower average of 100-200 m or thdesiti0 m maximum sometimes
produces the same core location as the deeper averagesmetinses results in a core that is
slightly further to the northeast. For Crossing 3, the slvadir maximum speed methods produce
a core further to the southwest than the deeper averagesitéugridding, all four ADCP meth-
ods produce the same core location. Using the hydrogragficition results in a core location
that sometimes agrees with the shallower ADCP-defined @rdsometimes with the deeper
ones. Table B.1 gives the core coordinates before and aiteliigg for each of the core location
methods, and the results are displayed graphically in Eigut. The chosen method appears to

produce the smoothest zonal variations in core positions.

Cross-stream Distance MLO3 discuss the use of mooring arrays rather than fine hotdto
scale velocity transects for creating stream-coordinategions and must therefore bin each
individual velocity measurement at each mooring as a fanctf distance from the core to
produce a mean cross-section. They determine cross-suledamce for each measurement
by finding the perpendicular distance of each mooring on eaghfrom the contour defining
the core, and they show that this method produces a sigrifjaaore accurate result than the
frozen field method, in which cross-stream location is deieed simply by finding the depth
of a certain isotherm at each mooring site on each day. Siesaesynoptic ADCP transects are
available from the KESS dataset, as well as a large CPIES fima which daily geostrophic
velocity transects can be optimally interpolated, crdssasn distance is simply determinafier
defining the down-stream direction by projecting the davaglthe down-stream direction onto
the cross-stream line, or by interpolating from the arrathtocross-stream line in the case of

the CPIES. See Figure 1.4 in the main text for an illustratibthis procedure for the surveys.

Down-stream Direction Definition Again, because the datasets discussed by ML03 do not
contain fine horizontal-scale synoptic transects, dowsast direction cannot be determined di-
rectly from the velocities at the core but must be estimataéproxy. Two such proxy methods

that are commonly used are to define down-stream as the taiogbe contour defining the cur-

106



rent core (where some isotherm crosses some isobar), ofite deas the direction of the local
maximum of vertical shear of horizontal velocities. MLOZgent various reasons for preferring
the former. The KESS shipboard ADCP surveys and mapped C#dESets, however, include
measurements of velocity at the core for all transects, egetitan be used as a whole-transect
representation of down-stream flow direction. Variousigatiand horizontal averages of current
vectors at and surrounding the core were investigated WEHIESS data as possible methods
for determining down-stream direction and were evaluateing to the amount of rotation
required to rotate the original line between the first and @GED casts of the crossing onto
the X -axis of the new coordinate system (the cross-stream am@}tee amount of directional
variation of the velocity vectors with depth from the dowtream direction. Methods examined
included using only the vectors at the core averaged oveaugadepth ranges, as well as taking
the horizontal average of three and five central vectors,alsraged over various depth ranges.
Differences in rotation angles for the CTD line and in theation of currents with depth from
the defined down-stream direction were minimal among thenitiefi methods, with a maxi-
mum difference between methods of about2dCTD line rotation for any one crossing (see
Table B.2). However, the first method, which performs noigaltaveraging, produces results
for Crossings 2-4 that are inconsistent with the resultbefother four methods. As described in
the main text, the remaining four methods have maximummdiffees in down-stream direction
of about 1.28, which would result in maximum errors ef4.5 cm/s in the cross-stream veloci-
ties at times when absolute velocities reach 2 m/s. Givesithgarity among these remaining
methods, the ultimate choice of method represents thesdegirerform some averaging in order
to reduce the possibility of biasing the down-stream dioectvith an anomalous current vec-
tor, without averaging so much that the down- and crossustrow structure is significantly

smoothed.
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Table B.1

Latitude/Longitude Coordinates of Core from Various Cooxdtion Methods Before

(top) and After (bottom) Gridding to 5 km Horizontal Grid

Method

Crossing 1

Crossing 2

Crossing 3

Crossing 4

12°C Isotherm

34.71,145.94

34.65,146.16

34.57,146.46

34.63,146.85

ADCP 150m

34.71,145.93

34.69,146.19

34.61,146.52

34.63,146.84

ADCP 100-200m

34.73,145.95

34.67,146.18

34.61,146.52

34.60,146.83

ADCP 100-300m

34.69,145.91

34.64,146.17

34.66,146.54

34.60,146.84

ADCP 100-400m

34.69,145.92

34.64,146.17

34.66,146.54

34.60,146.84

Method

Crossing 1

Crossing 2

Crossing 3

Crossing 4

12°C Isotherm

34.71,145.90

34.65,146.14

34.57,146.45

34.62,146.83

ADCP 150m

34.75,145.93

34.69,146.16

34.61,146.47

34.62,146.83

ADCP 100-200m

34.75,145.93

34.69,146.16

34.61,146.47

34.62,146.83

ADCP 100-300m**

34.71,145.90

34.65,146.14

34.61,146.47

34.62,146.83

ADCP 100-400m

34.71,145.90

34.65,146.14

34.61,146.47

34.58,146.81

Note.Method names indicate the hydrographic method or one obilmeADCP methods, which
used a current velocity maximum at a single depth of 150 meniaximum velocity averaged

over one of several depth ranges, as indicated by the spkdégth values.
**Indicates the final choice of method.
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Table B.2

Down-stream Angle (top) and Rotation Angles of CTD Linet¢o} for Each Crossing
from Various Down-stream Direction Definition Methods

Method Crossing 1| Crossing 2| Crossing 3| Crossing 4
150m 5 pt. Avg. -46.63 -42.80 -38.72 -30.42
100-300m Single -48.02 -41.63 -39.92 -29.46
100-300m 3 pt. Avg.**| -47.07 -40.42 -40.14 -29.67
100-300m 5 pt. Avg. -46.76 -40.53 -40.19 -29.65
100-400m 5 pt. Avg. -46.90 -40.46 -40.66 -29.48
Method Crossing 1| Crossing 2| Crossing 3| Crossing 4
150m 5 pt. Avg. -19.66 -15.84 -12.77 -4.49
100-300m Single -21.05 -14.67 -13.97 -3.53
100-300m 3 pt. Avg.**| -20.10 -13.46 -14.19 -3.74
100-300m 5 pt. Avg. -19.79 -13.57 -14.24 -3.72
100-400m 5 pt. Avg. -19.93 -13.50 -14.71 -3.55

Note. Angles are in degrees, with negative values signifyinglaldse rotation from O pointing
due east. Method names indicate depths over which ADCP datavaraged and number of
points included in horizontal average. “3 pt. Avg.” implias average of the vector at the core
with the vectors one grid-space to the north and south ofdhe tilence a 10 km lateral average.
Similarly, “5 pt. Avg.” implies a 20 km lateral average.

**Indicates final choice of method.
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a) Core Locations Before Gridding
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Figure B.1: Map of core locations identified using the fiveeclmcation methods described in
the text and listed in Table 1 both a) before, and b) afterdinigl the data to the 5 km grid.
Light blue lines represent the four successive fine-scaleglcrossings, Crossing 1 being the
furthest west. Each symbol represents the location of the ae defined by the corresponding
method given in the legend. Green triangles represent takdimice of method, the location of
the maximum velocity after averaging the velocities oved-B00 m depth. Dashed green lines
connect the cores as located with the chosen method, sh@mogth geographical variation
with longitude following the meander shape.
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APPENDIX C
CPIES Processing and Error Estimates

The KESS CPIES instruments consisted of bottom-mooredteweecho sounders measuring
round-trip acoustic travel time between the sea floor anfhseiras well as Paroscientific Digi-

guartz sensors measuring near-bottom pressure and teémpeffar calibration purposes) and

Aanderaa acoustic Doppler current meters measuring dwspeed and direction, tilt, and tem-

perature 50 m above the moored instrumé&#R[, 2006]. This combination of instruments and
sensors produced a set of three types of measurements whielpvocessed according to stan-
dard CPIES post-processing procedures for use as one cexintbtaset. The basic processing
steps and associated errors are outlined here. For furghaits] seédonohue et al[2008], URI

[2006], Kennelly et al]J2007], andKennelly et al[2008].

The CPIES emitted twenty-four 12-kHz acoustic pings perhwetich were scheduled to occur
in 4-ping bursts every 10 minutes after the hour. A modifiedrtjie method Kennelly et al.
2007] was performed on this raw time series in order to ekiitze hourly signal from the
estimates, which are scattered due to sea surface roughressnethod produced hourly travel
time estimates which were then 72-hour low-pass filteretd with-order Butterworth filter and

subsampled at half-day intervals.

The measured values resulting from the initial post-processing procedur,,,) are not yet

in a form appropriate for use in the GEM. In order to conveenthto this form, referred to as
Tindex» Mass-loading contributions to variationirmust first be removed, as the hydrographic
measurements used to create the GEM represent only starcciB&hges. Next, a so-called
“dynamic7” is calculated, which removes the effects of the latitutlodgpendence qf. The dy-
namict records are then de-seasoned over the upper 250 dbar. Tdwiptindexrefers to the

fact that the measuredvalues come from instruments deployed at a variety of degthshey
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must therefore be indexed to some specified depth vig-a;,.4.. relationship. To accomplish
this, all ~ time series are calibrated with CTD casts to 4000 dbar, aggkthre then converted to
T0—1400 = Tindex, Via a fitted polynomial relationship betweei 4000 andrg_1400. TheSET;dex
values are finally ready for use in the GEM lookup table. Caninlgj all contributing sources of
error related to the data produces an estimate of standard deviation,ja,. of 1.02 ms. For

more processing details skennelly et al[2008].

Bottom pressure measurements were also recorded everynuesiand were averaged to cre-
ate hourly estimates. These hourly values were detided) uilal response analysisMunk
and Cartwright 1966]. Although preconditioning of the pressure sensb080 dbar for 1-2
months prior to deployment was performed to consideraldyee the amount of drift occurring
during the mission, pressure records still required dighalyi which was performed visually as a
first approximation. The records were then detided a secdorelto refine the estimate. In order
to remove any remaining drift from the records, a new tealmigas used in which mismatch is
minimized between 31-day low-pass filtered streamfunstiderived from the pressure records
and the bottom current meters. Real ocean signals of longdoean thereby be distinguished
from instrument drift, and pressure drift is removed witearaccuracy; this process also results
in leveling of the dedrifted pressures. A final detiding wasnt performed, and the resulting
pressure time series were de-meaned and subjected to ther@anour low-pass 4th-order But-
terworth filter as ther measurements and subsampled at half-day intervals. Thalloggor
associated with the bottom pressure measurements at tliESGRES is estimated to have stan-

dard deviation 0.74 cm.

The bottom current meters recorded zonal and meridionalciteds every 20 minutes. After

converting these measurements to speed and directiom, ¢breections were performed. The
first was to adjust for local magnetic declination at each. stbecond was a speed of sound
correction, applied for each instrument according to itstldlewhich was required as the near-

bottom speed of sound in the KESS region varies by about 48/6%om the 1500 m/s nominal
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speed of sound used by the current meters. Finally, the spgede multiplied by a factor of
1.1, in accordance with a study Ihyogg and Frye2007] which showed that RCM-11 current
meter speeds are biased low. Once these corrections hadrzekn the measurements were
converted back to zonal and meridional components and gegiaourly. The time series were
72-hour low-pass 4th-order Butterworth filtered and suljgachat half-day intervals. The over-
all estimated standard deviation error associated witlbditdm current meter measurements at

the CPIES sites is 1.6 cm/s.

The method described in Section 1.2.2 for determining aibsolelocities from CPIES mea-
surements (summing baroclinic shears derived from geapiateheight difference and deep
barotropic velocities from the combined pressure and atimeeter mapped velocities) incor-
porates error from various sources including scatter inGlEV field and error in the deep
current measurements, as well as that due to assumptiorosirgghic flow. Propagating these
individually estimated errors through to produce a singtereestimate for the CPIES-derived
velocity profiles produces a result in good agreement widh tibtained via a simple compari-
son between the direct velocity measurements made by theeohpoofilers and the co-located
CPIES measurements (locations shown in Figure 1.6). Theémmuaxx RMS differences from

this profiler-CPIES comparison were found to range betwé&eantl 26 cm/s, some of which is
due to the fact that the profilers provide actual point messents while the CPIES velocities

represent a geostrophic average over 80-90 km betweennmetis.

The Ol mapping also mentioned in Section 1.2.2 has its owocesged errorsPonohue et al.

2008], which increase the farther one moves from actual GPiEasurement locations. During
the first year of the KESS CPIES mission, that is, during thelelof the weakly meandering
period which is under scrutiny in this study, the CPIES & Bi8 failed to record any data, leav-
ing a hole in the array which was partially compensated by @ppmng. Figure C.1 provides
maps of sample surface and bottom velocity errors from thepmeé CPIES- and pressure mea-

surements and bottom current meters. The mapped bottorityedorors are of the order 2 cm/s
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over most of the array and remain about the same magnitudeghout the weakly meandering
period. Mapped surface velocity errors reach close to 3@ amthe high-velocity jet region and

vary only slightly over the time series.
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Figure C.1: Error maps for U and V components of surface anibimovelocities from CPIES

7 measurements and bottom current meters. Black and whigeiniditate location of CPIES
instruments. Note gap in array where instrument ‘D3’ failédaps shown here are from 18
August, 2004, in the middle of the weakly meandering periddttom errors remain about the
same magnitude throughout the weakly meandering periatdsanfiace errors vary only slightly,

maintaining a fairly constant geographical distribution.
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