AN ABSTRACT OF THE THESIS OF

Stephen D. Pierce for thegtee of Doctor of Philosogtin Oceanograpppresented on May 6,

1998. Title: Equatorard Jets and Pal@rd Undercurrents Along the Eastern Boundary of the

Mid-Latitude North Rcific.

Abstract appreed:

Robert L. Smith

We darpen our vie of an eastern boundary current region during the upwelling season
through the analysis of wa&ral data setsWe focus on the mesoscalevidield of of northern
California, obsergd during the Coastal Transition Zone (CTZ) experiment of 1988. First, we
estimate tidal currents in thegien by least-squares harmonic analysis of both shipboard acous-
tic Doppler current profiler (ADCP) and moored data. The tide is predominaptbnvaries
from 1-4 cm/s across the region, consistent witlvipus tidal studies. Next, we use detided
ADCP together with conductivity-temperature-depth data to infer absolute geostrophic veloci-
ties during each of the fvaurveys in luly-August 1988. Referencing geostrgpiith the
ADCP reveals a stronger equatorward jet than previously reported; satdhwlume transport
from 0-500 m through a 200 km onshoréshbre line is as high as 8A0°m3s™?, with a mean
over the five aurveys of 63+1.3x10°m3s ™. The jet was about 50 km wide, with core velocities
> 0.6 m/s. During a two-week period in July 1988, horizontdbeity shears were sufficient to
shift the effectie local inertial frequenc10% higher on the cold (inshore) side and 5% lower
on the warm (offshore) side of the jet. Observed near-inertial currarésanalified energy in
the region with lower effeate inertial frequeny, consistent with theoretical predictions. Next,
the basic instability mechanism leading to a meandering CTZ jet is analyzed using a linear

guasi-geostrophic model applied to observed basic state velocity prdfilegiet is subject to



both barotropic and baroclinic instability processes, and mearalafewgths of 260-265 km

are the fastest gnong. Growth periods of 7-11 days and along-jet phase speeds of 4-8 km/d
are predicted. Finallythe polevard undercurrent which was observed during the 1988 CTZ
experiment is also iestigated with a series of shipboard ADCP sections collected from
33-51°N during July-August 1995. Subsurface pe#ed flow occurred in 91% of the sections,
with a mean undercurrent core velocity ot17cm/s and transport in a 140-325 m layer of

0.9+0.1x10°m3s ™. One portion of the undercurrent is continuousr@ 440 km length.
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Equatorward Jets and Poleward Undercurrents Along the
Eastem Boundary of the Mid-Latitude North Pacific

|. General introduction

The mesoscale flofields of oceanic eastern boundary curregiores are complex, with
significant time-dependence and spatial structure (Wooster and Reid, 2&6®ugh the Cali-
fornia Current system has been the best-oleseand most studied of all eastern boundary cur-
rent regions, mankinematic and dynamic issues remain unrestlvOneoutstanding question
involves the nature of the jets or filaments which are frequently seen in satellite imagery in the
region just offshore of the continental shelf, the coastal transition Zoneng the upwelling
season, the coastal transition zone separatesveblatiarm offshore water from cool freshly
upwelled water Satellite sea-surface temperature has shown tongues of abel extending
offshore across this zone (Bernstetral, 1977; Flamentt al, 1985; Ikeda and Emery984).
Mesoscale sueys of the region hae confirmed that the cold tongues are associated with nar-
row and intense currents (Rienecladral, 1985; Kosro and Huyed986; Rienecker and Moo-
ers, 1989).To better understand these features in a regibofaforthern California, the Coastal
Transition Zone (CTZ) programas launched in the late 1980s by the Office ofaNBesearch

(Brink and Cowles, 1991).

The 1987 CTZ field programag designed to study the seasonal occurrence of jets in the
region from about 37-4AN and 60-150 km dshore. Bur physical/biological sueys were
conducted in FebruarMarch, May and June 1987. The results sh@a dramatic seasonal
change (Kosreet al, 1991). Duringthe winter sureys, no obvious jets or coherentviigat-
terns were present. The spring |y howeve show a drong, meandering, equatorward jet

with significant volume transport (2-8.0°m3s™). Thejet forms along the boundary between



freshly upwelled cooler and more saline water inshore and warmer and fresher water offshore.

The CTZ program continued in 1988 withdiguccessie sirveys from mid-June to early
August, in a rgion from 37-39N and 200 km dkhore. Theseénesoscale grids observed an
evdving coastal transition zone jev@ 3 months during the summer upwelling season (Huyer
et al, 1991). Thel988 experiment also included an array of 3 current meter moorings which

effectively captured time-series of the jet core velocity.

The set of initial results from the CTZ program is contained in a special issuelJofithe
nal of Geophysical Resedry Brink and Cowles (1991) pvide a good introduction to the set of

papers andwerview of the findings. The present study builds directly upon these results.

In Chapter Il, we imestigate tidal currents in the CTZ regiorf abrthern California.We
apply least-squares harmonic analysis to estimate tidal currents from both historical current
meter data and the CTZ 1988 current meter and shipboard acoustic Doppler current profiler
(ADCP) data. The tide is dominated by the semi-diuMal constituent, which contains 83%
of the tidal ariance. TheM?2 tidal ellipses hae £mi-major axes which vary from 1-4 cm/s
across the region, largesten the continental slopeThe tidal component of the flofield has
the potential to contaminate our wief the subtidal CTZ jet; part of the medtion for this

study is to remee the tidal part of the fle from our measurements.

In Chapter Ill, we hild upon the initial presentation of the hydrographic and shipboard
ADCP data from the fizr 1988 sureys found in Huyeret al. (1991). W estimate absolutely
referenced geostrophic currents throughout the three-dimensmoalesenclosed by each sur-
vey gid, by combining detided shipboard ADCP and hydrographic data and assuming quasi-
geostropl and mass conseation. Thecombination of ADCP and CTD data sharpens our
view of the strong equatorward velocity jet, breaking the constraint yofeud-of-no-motion

assumption. Théget volume transport is larger than previously reported, with as much as 8.0



x10Pm3s™? equatorvard transport from 0-500 mWe dso derve vatical velocity w assuming
no cross-isopychal fla and we obser 10-20 m/dw in patches of 20-30 km size, consistent

with previous isolated observations and modeling studies.

In Chapter 1Y we focus on near-inertial oscillations within the CTZ jet, as measured by
the moored current meter arraMear-inertial amplitudes are about 15 cm/s close to the surface
and 5 cm/s at 450 m depthVe find enhancement of neiertial energy along the warm flank

of the jet, where the effeut inertial frequeng is shifted down by 5%.

Chapter V (Piercet al, 1991) explores the basic instability process of a CTZ jet in detail.
The tendeng for such a jet to delop a meander and become unstable \issitigated using a
six-layer linear quasi-geostrophic modé&\We dtain observed velocity profiles from the 1987
CTZ experiment and test them for both barotropic and baroclinic instabiitgng-jet
wavelengths of 260-265 km are found to be the most unstable, and barotropic and baroclinic

instability processes are both important.

Finally, Chapter VI (submitted publication) describes some more recent ADCP observa-
tions of another prominent mesoscale feature seen during the CTZ #tedyolevard under-
current @er the continental slope. These July-August 1995 ols@mns are unusually exten-
sive, a ®ries of sections across the shelf break from 385t ebout 18 km meridional spac-
ing, and thg complement the inteng CTZ experiment within the smaller 37-39 regon.
Subsuréice polavard flow occurred in 91% of the sections, with a mean undercurrent core
velocity of 171 cm/s and transport in a 140-325 m layer of+0.9x10°m3s™. These data
confirm the ubiquity of the paleard undercurrent along the eastern boundary of the mid-Ilati-
tude north Rcific. Besidedeing important aspects of eastern boundary current systems, the

continuity and significant transports which we obeemply that polevard undercurrents may

be important oceanic features in a global circulation context.
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Il. Tidal currents off northern California

1.1 Abstract

We estimate barotropic tidal currents in @ien of northern California using an empirical
model fit to a combination of moored current meter and shipboard acoustic Doppler current pro-
filer (ADCP) measurementsThe data set includes regional historical current meter records
from the last fv decades as well as the 1988 Coastal Transition Zone experiment moorings and
shipboard ADCP A least-squares harmonic method is applied, where the tidal parameters are
fit in time and also allowed toawy spatially through polynomial surface trend interpolation.
Both the relatiely accurate current meter data at scattered locations and the less accurate ship-
board data with wide spatial waage are important to the solution. The tide is dominated by
the M, constituent, which contains 83% of the tidatiance. The Mtidal ellipses hae £mi-
major axes which vary from 1-4 cm/s across thgiorg largest wer the continental slope.
Ellipse orientation is roughly alongshore, rotation counter-clockwise, andgrdiphase speed

is 130:30 ms?, consistent with previous coarser studies.



1.2 Introduction

Although tidal elgations are well-measured along the coasnofthern California, direct
obsenations of tidal currents are reladly sparse, particularly &fhore of the continental shelf.
Even where current metersuweabeen deplged, estimates of tidal ellipse parametergehat

always been made, since the primary interest of the field study was usually the subtidal signal.

Tidal currents offshore kia keen inferred using seavig and bottom pressure measure-
ments and models of hwothe tide propagates along the coast. Menlal. (1970) modeled
diurnal and semi-diurnal barotropic tides in a large regiérCeafifornia as a combination of
Kelvin, Poincare, and forced coastahwes. The fit the unknown amplitudes and phases of the
free waves to mastal sea el and an ofshore pressure record. Thpredicted polevard propa-
gaion of the tide and located an amphidrome in the northeast Pacific at abdkt 23].

Diurnal currents were found to be about 1 cm/s and the semi-diurnal about 2 cm/s, with ellipses
oriented approximately alongshor®arious global numerical tide modelsvearoughly repro-
duced the features of Murét al.(1970), and Iristet al. (1971) provided a g deep-sea pres-

sure and current measurements which confirmed the model.

Battisti and Clark (1982) provided a relatly straightforward impreed method of esti-
mating barotropic tidal currents in the vicinity of the coasteryisea level data. Thg devd-
oped a first-order analytic model to explaimta barotropic Kelvin vaveis modified by vary-
ing bottom topographin the direction normal to the coast and by friction on the continental
shelf; the latter is only significant for wide shedv Ina mordinate system with thg-axis
alongshore, the onshowevelocity tends to be proportional tdH and the alongshorecompo-
nent proportional tf/H, wherex is distance to the coasdt,is the Coriolis parameteand H is
the local bottom depth. Thepply the method to predict Midal currents along the coast from

33-45N and up to 300 km d$hore. Thg find good agreement with current meter



obsenations, with comparisons made abtgtes close to San Diego and one siteodOregon.

The results of the Coastal Ocean Dynamics Experiment (CODE) includgusiies, the
first ones to focus on tidal analysis of current meter obtiens in the region 6bf Northern
California. Nobleet al.(1987) analyze records at four locationsvead of the shelf break, and
Rosenfeld and Beard$l€1987) focus on the shelf (Figure 11.1). Nofdeal. (1987) find that
the slope and basin tidal currents are mostjy With semi-major axes 2-4 cm/s. The axes tend
to be aligned with the local topographThey find reasonable agreement with the Battisti and
Clarke (1982) prediction, supporting the assumption that theifié travels predominantly as a

barotropic Kelvin vave Rosenfeld and Beardsi€1987) obtain similar results in general, but
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also find significant alongshore variations in the size of the barotropitd® current. These
variations are attributed to small capes along the coast which can cause perturbations in the
Kelvin wave amplitude. Theperturbations decay fshore with a length scale similar to the

alongshore size of the bump in the coastline.

The present study is to some degree a sequel to Mbhlg(1987), which was based on a
sparser data sete estimate the barotropic tide with additional historical current meter records
as well as data from the 1988 CoastariBition Zone (CTZ)xperiment. V& dso use a differ-
ent method; rather than analyze moorings separately and maiparisons, we use a least-

squares harmonic method where all data are included in a single calculation.

The method fits to the tidal frequencies in time and to a polynomial surface in space, with
a normalization which tends t@¥o a Battisti and Clark (1982) type solution. This is a minor
variation on the method of Candedt al. (1992). W find the Candela method to be effeeti
and flxible, in that time series data collected from a platform whickes\in ace, such as

shipboard ADCPcan be readily included within an analysis of fixed current meter data.

Pat of the motvation for estimating tidal currents in this region is for the subsequent sub-
traction of the tide from the shipboard ADCEhapter Il of the thesis mak use of this
detided ADCP for referencing geostrophic calculations. The detiding will help sharpen our

view of the subtidal mesoscale jet velocity structure.

11.3 Data

We aather together historical data from different years aretl decades (Table 11.1) and
corvert to a common time base, time increment (hourly), and spatial lrisl.a good assump-

tion that ag long-period variations in the tidal signal aréremely small compared to the,M



Table 1.1 Data sets

Name Location Instrument depths(m) Time Period Data source

LLWOD-10 127.70W 150,615,1250,3000,3800 23-SeptB2 [1]
39.46N 1-Sep-83

LLWOD-11 127.70W 200,600,1250,3800,4200 5-SepiB3 [1]
39.46N 27-Dec-83

LLWOD-6 126.76W 2930,3750,4140 5-Sep-8d [1]
39.48N 9-Jul-82

LLWOD-7 126.41W 2950,3740,4260 3-Sep-8d [1]
38.58N 23-Sep-82

LLWOD-3 127.40W 2910,3800,4200 27-Jun-80 [1]
39.11N 13-Mar-81

LLWOD-8 127.40W 3000 4-Sep-810 [1]
39.11N 21-Sep-82

OPTOMA M-1 125.00W 175,375,1220,3250 27-Sep-84 to 2]
38.95N 11-Feb-85

OPTOMA M-2 124.41W 145,340,800,1190,3560 3-Oct-84 to [2]
38.19N 12-Jul-85

OPTOMA M-3 125.59wW 350,800,1185,3810 28-Sep-84 to 2]
38.21N 8-Mar-85

OBS Il 124.91W 3902 24-May-66 to [3]
38.15N 6-Jul-66

RR(USGS) 123.96W 1931 18-Sep-8@ [4]
38.41N 12-Oct-81

NCCCS C4 123.64W 300 29-May-88 to [5]
38.50N 6-Sep-88

NCCCS v4 123.99W 300 29-May-88 [5]
39.62N 11-Sep-88

CODE2 N4 123.99w 10,20,35,55,70,90,110,1225-Mar-82 to [6]
38.51N 20-Aug-82

CODE2 14 123.99wW 10,20,53 11-Mar-82 to [6]
38.51N 5-Aug-82

CTZ D4/5 125.15W 785 26-Jun-88 to [7]
38.46N 27-Jul-88

CTZ D5/6 125.00wW 447 26-Jun-88 to [7]
38.27N 27-Jul-88

CTZ D6/7 124.87W 434 26-Jun-88 to [7]
38.09N 27-Jul-88

CTZ D7/8 124.74W 459 26-Jun-88 to [7]
37.92N 27-Jul-88

CTZ shipboard 126.59-123.37W 100-200 20-Jun-88 to [7]

ADCP 36.99-39.63N 5-Aug-88

[1] Heathet al.(1984), [2] Smithet al.(1986), [3] Fliegel and Nowroozi (1970), [4] Noldeal.
(1987), [5] Magnelkt al.(1991), [6] Limeburner (1985), [7] Huyet al.(1991)
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constituent, so we are free to combine data frorferdift eras. Hourly & data are used

throughout.

In preparation for the tidal analysis, if a mooring has fairly good vertical sampling of the
water column, we combine allvalable depths using trapezoidal integration Rosenfeld and
Beardslg (1987). Thissingle depth-aeraged record is then used in the least-squares harmonic
analysis. Vith sufiicient resolution in the vertical and withveeal simplifying assumptions,
theory indicates that this method should eliminate most of the internal tide signal. The
OPTOMA M-2 (Table II.1) is an example of a mooring where this method should be \edffecti
eliminating the baroclinic tide. If, hower, a nooring does not sample a good portion of the
water column, we tadkthe deepestvailable record as being our best estimate of barotropic flow
at that location.The CTZ D5/6 mooring is an example of the latter case, since the deggiest a

able record is at 450 m but ocean depth is 3800 m.

All available shipboard ADCP from the 1988 CTZ experiment was filtered to hourly and
aveaged from 100-200 m. Aa priori information for the least-squares technique, we use
uncertainties of1 cm/s for an hourly moored current measurementighdm/s for an hourly
shipboard ADCP alue. Thes&alues are incorporated into the least-squares fitting method and

used to help deré lution uncertainties.

1.4 Method

A least-squares harmonic method was first used in a tidal estimation problem by Horn
(1960), using a room-sized comput&y now duch methods applied to stationary current meter

data are routine. The method represents the tide in the form:
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Ut) = o+ (b, cos@at) + ¢ sinit)] ®
=
whereaw; is the frequengof theiy, tidal constituent. Obseed currents are then regressed onto
(1) using least-squares methods to find the coefficlgrasdc; which minimize the residuals.
The other component(t), is treated similarly We use the 5 primary tidal constituentd 5

in (1)]: My, S5, K1, O and N. A few runs using up to 21 constituents were tried; differences

between these and the 5 constituent results were negligible.

Candelaet al. (1992) recognized the inherentxilaility of least-squares methods when
they suggested thal;, ¢; in (1) need not be constant§idal spatial variability can be modeled
by allowingb;, ¢; to be spatially-varying functions, whose unknown coefficients are determined
by regression onto the observations, as before. The specific form of the functions might reflect
some dynamical knowledge of iudhe tidal currents vary in space, orythmight be sets of
arbitrary functions which will hopefully do well at fitting themsedvto the spatial structure at
hand. Candelat al.(1992) successfully use a combination of theseduproaches, since they
make use of arbitrary polynomials and splines butythlso normalize by M, whereH(X, y) is
a local bottom depth. This normalization is appropriate in the sh&ist China Sea and Ama-
zon Basin (thg also estimate the subtidal mean background,femall in their case, by simul-
taneous least-squares fitting to spatial functions with no time dependence; we do not attempt

this since it is inappropriate for our region).

We take a smilar approach but normaliaeby x./H andv by x. f/H, wherex. is the x-
distance from the observation to the coast andythris points taards 330T, goproximately
alongshore. The Battiséind Clarle (1982) model solutions far andv contain these terms as
well. We ae not applying the Battisti and ClaK1982) model directly (it makes use of sea
level; we only use velocity data here), but we predispose our least-squares solutiva teeha

form predicted by their model.
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The surface-fitting polynomials takhe form:
My + MyX + Mgy + MyXy + Msx2 + mgy? + . ... 2)

We expandb;, ¢; in these and then s@\1) for each velocity componentandv. Tidal ellipse
parameters are then calculated franv using standard methods, e.g. Rosenfeld (1987). The
number of terms of (2) which can be included and successfully determined will in general vary
depending on the structure and quality of the d&lta. se the machinery of the singular value
decomposition (SVD) to determinevaanary unknown terms we able to savor (e.g. Presst
al., 1992). Inour case, we use only the first four terms of the sequence (2),fand/lonly the
first term for the other constituents. Experimentation with adding higher degree terms led to
non-plysical solutions which were also fiiult for the solution machinery to produce (solution

was rank-deficient).

I1.5 Results

The M, solution dominates the tidal signal, with 83% of the tidaliance. M semi-
major axes vary from 1-4 cm/s across the region, ellipse orientations roughly foko
bathymetry and rotation sense is CCWbnsistent with previous studies (Figure 11.2). Uncer-
tainties in the semi-major and minor axes vary from 0.2-0.4 cm/s. Other tidal constituents (no

spatially varying solutions attempted) alvBaemi-major axes less than 1 cm/s (Table 11.2).

We dso find good agreement with estimates of palel phase speed of the,NMde up the
coast Nobleet al. (1987). calculate phase speed of 140 m/s from coastal sed tata; Munk
et al. (1970) report a similar speede b a linear fit to our phase values at the coast (Figure
11.2), weighted according to our confidence ity particular phase value, obtaining ¥2® m/s

(95%). Thisagreement is useful as an independent check, sirfeeedif data sets arevimived.



13

40 40
Semi-major Semi-minor
axis (cm/s) \_ axis (cm/s)
0
| -/ 2 ] 33
239 J 39
Py
e}
2
S
- 38t 38 -
37 ‘ : : 37
-127 -126 -125 -124 -123 -122 -127 -126 -125 -124 -123 -122
40 40
Ellipse Phase
orientation (° increasing
(°CW from in direction
=39 r alongshore, 1 39 r \10\ of rotation) 1
e 330°T) \
()
g \ 0
—38 1 °( 38 - \
,-\e \
0\
N
37 1 1 1 37 1 1 1
-127 -126 -125 -124 -123 -122 127 -126 -125 -124 -123 -122
Longitude (°W
gitude (“W) 20
Phase
uncertainty
(95%)
= 39 S
Py
e}
2
T
—-38F
37 1 1
-127 -126 -125 -124 -123 -122

Longitude (°W)

Fig. 1.2 M, barotropic tidal ellipse parameters estimated using combined CTZ shipboard and
moored data and historical moored data.
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Table 11.2
Name Period Semi-major(minor) Orient  Phase
(hours) axes(cm/s)*
S2 12.00 0.9(0.1) 5 4
K1 23.93 0.7(0.1) 34 55
o1 25.82 0.5(0.1) 33 -61
N2 12.66 0.6(0.0) 22 -1

* rotation is CCW for all constituents
We dso analyzed the moored data iable 1.1 separatelygpplying corventional har-
monic tidal analysis to each mooringhese results are the gray ones of Figure 11.3, while the
black ellipses are from the combined fit results using all of the ddittnout exception on this

figure, the okious disagreements are at locations where good vertical resolution of the water
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Fig. 11.3. Separate harmonic Midal analysis at each mooring (gray) and combined analysis
results at the mooring locations (black). Bottom topogyapimeters.
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column was notailable from the mooring. This serves as a a warniragresg attempts to esti-
mate the true barotropic tidal current from a single mooring which doesveoslificient verti-
cal resolution. The smaller differences in ellipse orientation are probably caused by inaccurate

knowledge of bottom topographance orientation tends to folllocal bottom contours.

Finally, a reminder that although we V& resoled the barotropic tidal currents, internal
tides can be significant as weHkdlowing remaal of the barotropic solution, ceantional har-
monic analysis applied to the CTZ moored data, divided ingotifive periods of six days each,
reveals an M internal signal of 5-10 cm/s (Figure 11.4). The compl®rizontal and vertical

spatial structure and time variability of the, Miternal tide is related to the m@mment of strong

Mooring D5/6 Mooring D6/7 Mooring D7/8
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Fig. 11.4. M, internal tide semi-major axes from least-squares harmonic analysis of the CTZ
moored array during five cnsecutie ime periods of six days each. The estimated M
barotropic tide was subtracted from each record prior to analysis.
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density gradients associated with the CTZ mesoscale jet, as it flows and meanders past the
mooring locations.We b not have sufficient quantities of CTZ shipboard data to attempt to

estimate this varying internal tide across the entire region.

1.6 Summary

We successfully estimate the barotropic tide in a regidmofthern California using an
empirical fit to seeral velocity data sets, including shipboard ADCP collected during the 1988
CTZ experiment. Theide is dominated by the Mconstituent, which contains 83% of the tidal
variance. The M tidal ellipses hee £mi-major axes which vary from 1-4 cm/s across the
region, largest eer the continental slope. Ellipse orientation is roughly alongshore, rotation
counterclockwise, and poleard phase speed is 1880 ms?!, consistent with previous, less-

detailed studies.
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lll. Absolute Geostrophic Flov in a Coastal Transition Zone

I11.1 Abstract

The coastal transition zone program in July-August 1988 repeatedly sampled a region off
northern California, collecting shipboard acoustic Doppler current profiler and conductivity-
temperature-depth data at stations 25 km apart on alongshore sections spaced 40 km apart.
After gridding the fields using objeet aalysis, we devie @solute referenced geostrophic
flow for each surey through a tw sep method: least-squares fitting of depth-ranges of ADCP
to the geostrophic velocity profiles, and adjustment to venmoise in the form of diergence.

The resulting field is in geostrophic balance and conserves rmasscombination of ADCP
and CTD data sharpens ourwief the strong equatorward velocity jet, breaking the constraint
of ary levd-of-no-motion assumption. Mean equatorward volume transport through an

onshore-dshore line oer the five aurveys was 6.31.3 x10Pm3s™.

We dso derve vatical
velocity w assuming no cross-isopychalviicend we obsery 10-20 m/dw in patches of 20-30

km size, consistent with previous isolated observations and modeling studies.
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I11.2 Introduction

During the summer upwelling season, compdad energetic mesoscale idields can
form in oceanic eastern boundargians. Of northern California, within the past decade or so,
several sets of obseations hae $iown intense, meandering, equatorward-tending jets with core
velocities >0.5 ms' and widths >50 km (Huyeet al, 1998). Oneof the observational pro-
grams designed to study these features was the Coeataltion Zone (CTZ) program of 1988.
In a region from 37-39and extending 200 km offshore, diaiccessie aurveys were under-
taken from mid-June to early August (Brink andwdes, 1991). These mesoscale sysv
included continuous acoustic Doppler current profiler (ADCP) data and conductivity-tempera-

ture-depth (CTD) data at standard stations at 25(40) km spacing alongshore(offshore).

Initial results from these fevdandard 1988 sueys ae reported by (Huyeet al, 1991)
and other papers in the same issue. All of theesarshowed a strong baroclinic equatorward
jet with core surface velocities >0.5 thsdecreasing to about 0.1 msat 200 m. The width of
the jet was 50-75 km and transport refatb 500 dbar was about 410°m3s™. The jet flowed
along a front separating rehaly cool and recently upwelled produei water from warmer

offshore water.

Although Huyeret al. (1991) include some geostrophielacity calculations relate ©
500 m, no study to date has combined the 1988 hydrographic and ADCP data sets to yield abso-
lute referenced geostrophielacities. V¢ devdop and apply a method for combining these

data throughout the three-dimensional synolume.

Walstadet al. (1991) used the 1987 CTZ May and June hydrographic/ADCR\suhia
in a quasi-geostrophic data assimilation stu@llyey apply ADCP data at singleVels to refer-
ence geostroph and the assimilate these fields into a quasi-geostrophic model of a portion of

the 1987 grid.One of their important results is that inclusion of the ADCP data helpal the
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true nature and vertical extent of the CTZ jet; at 500 m a clear jet signature of abouf’0.2 ms
exists. Thesuccess of the Walstad al. (1991) study helps matite the present work with the

1988 data set.

In a different rgion, of southern California, Chereskin and Trunnell (1996yehdso
combined hydrographic and ADCP seyvata to determine absolute quasi-geostrophic stream-
function. Theg aso find substantial departures from a 500 m Irther examples of combin-
ing hydrographic and shipboard ADCP data to estimate absolute geostrophic fields in a three-
dimensional sumy redon include Pollard and Regier (1992), Allen and Smeed (1996), Shear-

manet al.(1998), and Rudnick (1996).

The method here is closest to the one used by Rudnick (1996), althaetgpee inde-
pendently In both cases, a depth range of ADCP data are used to reference geostrophic veloci-
ties throughout the grid, nonw@rgence is enforced on this result to sofur streamfunction at

a reference depth, and then absolute geostrophic streamfunction is determined at all depths.

111.3 Observations

From mid-June to early August, a standard grid of CTD statidnsoathern California
was cccupied five imes (Figure 111.1). The station spacin@sv25 km, focusing on six along-
shore sections 40 km apart (AfHgure 111.1), and the maximum sampling depth was 500 m.
CTD measurements were made with Neil Brown Instrument System CTDs [see diwler

(1991) for more details].

An RD Instruments shipboard ADCP operated continuously during therfilses. The
20-27 June and 29 July - 3 August sys/by he R/VWecomaused a 307-kHz transducer with

a bin width of 8 m and nominal depth range of 240 m, while the 6-12, 13-18, and 22-26 July
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Fig. lll.1. The station grid for the July-August 1988 CT¥periment. Soliccircles are loca-
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note offshore-onshore linegriangles represent the D-line current meter moorings, and squares
are the NDBC meteorological bym The100, 200, 500, 1000, 2000, 3000, and 4000m iso-

baths are shown.
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suneys by he R/VPt. Surused a 150-kHz transducer with a bin width of 4 m and a range of
350 m. The depth range of consistently good data was 25-200 m in both cases. LORAN-C
navigation was wailable, and Huyeeet al. (1991) do careful processing using the methods of
Kosro (1985), resulting in absolute currents with rms errors of 0.05, fosv-pass filtered to
suppress signals with periods less than 30 rinirthe present study we use hourly ADCP from
25-200 m interpolated to 25 m intervals, similar to the 12.5 km spatiathaged data pre-

sented in Huyeet al.(1991).

The CTZ 1988 three primary current meter moorings were gegl@1-26 June and
recovered 27-29 July One mooring (D6/7) had Aanderaa currents meters at hominal 90, 140,
190, and 430 m depthstwo moorings (D5/6 and D7/8) had 307 kHz upward-looking RDI
ADCPs at about 120 m (20-115 m range) and Aanderaas at 120, 150, 200, and 450 m. Here we
make wse of low-pass filtered (Kaiser wingdowith half-power at 35 h) ersions of the time

series, as in Huyest al. (1991).

Hourly wind measurements were made by Wkeomaand by the National Data Buoy
Center (NDBC) bugs of Pt. Arena and Bodg Bay (Figure 111.2). TheWeoma series
includes the 2-23 July time period, when the ship was making repeated microstructure/ADCP
sections up and down the D-line (not discussed here but thoroughly analyzed in ddekey
(1991) ). The wind data were low-pass filtered (hali4poat 40 h) to rem@ durnal and
shorterperiod signals, and wind stress was calculated using the formulaege dad Pond

(1981). Wind stress was upwellinge¥arable wer most of the time period.

I11.4 Methods
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Fig. Ill.2. Low-passed (<0.6 cpd) six-hourlhgator time series of wind stress measured from
NDBC bug at R. Arena (46014 at 39.2Rl, 123.97W, rotated to 341T), from the R/VWeco-

ma (rotated to 341T), and from NDBC buy at Bodega Bay (46013 at 38.28l, 123.30W, ro-
tated to 316T).
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l11.4.1 Detidingthe ADCP

Barotropic tidal currents in the region are estimated using an empirical model and then
removed from the ADCP The tidal estimation is eered in detail in Chapter II; we summarize
here. Aleast-squares harmonic method similar to Candekll. (1992) is used, where the,M
tidal parameters are allowed to vary spatially using polynomial surface trend interpolation. The
fit is normalized at each location by H, wherex is distance offshore and is bottom depth.
The smaller § K4, O, and N, tidal constituents (with no spatial variation) are also determined
from the analysis, but the Mlominates (83% of total tidalaviance). BothCTZ 1988 data
(shipboard ADCP and moored current meters) and historical current meter data are combined in
a dngle calculation, yielding impred tidal estimates. The historical data include selected

moored current meter records from the OPTOMAWN@D, NCCCS, and CODE experiments.

The estimated Mtide ellipses hae £mi-major axes varying from 1-4 cm/s across the
region, lagest wer the slope. Uncertainties in the semi-major/minor axes vary from 0.2-0.4
cm/s (95% leel). Ellipse orientation is roughly alongshore, rotation is counter-clockwise, and
the alongshore phase speed of this wald-moving tide is 13830 m/s (95%). All of these
results are consistent with previougiomal tidal studies (Munlet al, 1970; Nobleet al,

1987).

We d not have a @od estimate of the baroclinic tide throughout the region, but at the
CTZ moorings the M baroclinic tidal currentsary from 5-10 cm/s (Chapter 2, Figure I1.4).
The presence of this unknown baroclinic tide migtéafour maps of the geostrophicwilo
Unlike the barotropic current which we rewed, however, the baroclinic signal is also present

in the hydrographic dataThus we do not expect the baroclinic tide to significantly affect the
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fitting of the geostrophic to the ADCP profiles (Figure 111.3). Other portions of the baroclinic

tide will be remeed through the process of removinyeigence (Eq. 3).

[11.4.2 Objective analysis

Prior to combining the hydrographic and ADCP data for each of teefiveys, we grid
the data horizontally to a rectangular 5 km grid using a Barnes objestlysis (OA) scheme
(e.g. Dalg, 1991). TheBarnes @ is a auccessie @rrections Gaussian weightedeeaging
method that has long been used within the applied meteorology commaénityeration will
retain features from the previous onet Will add a correction based on Gaussian smoothing of
the differences between the observations and the analysis at the data lo€allomsng some
of the recommendations of Kodt al. (1983) and Barnes (1994), we settle on a three-pass
Barnes scheme which uses sucassinoothing length scales of 30, 26, and 22 km. Scales
smaller than these will be suppressed, while scales larger than these are freely. aDarOA
method allavs smaller scales to suvei the gridding process, compared to methods used in pre-
vious studies with similar data sets. As part of the statistiéam®@thod used by Walstazt al.
(1991) andKosroet al. (1991), for example, a Gaussian decay scale of 50 km is applied. Our
choices are based on both the CTirographic station sampling plan and the length scales
expected in mesoscale dynamics Kathal. (1983). recommendsonsideration of thevarage
nearest-neighbor distance in choosing the smallest smoothing r&dhile the most frequent
nearest-neighbor distanceeoall is 25 km, a fair number of 22 km spacings are also present.
The internal Rossby radii of deformation calculated from historical dat dsaverage of 25
km but range from 19-28 km within the CTZ region (Chekoml, 1998). Theresults are not
extremely sensitie © the choice of the Barnes radii. The choice for the first-pass radius was

also analyzed (with 0/500 dynamic height) using cre@dslation. The crossalidation score
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had a broad minimum for length scales from 25-30 km, another indication that the appropriate

choice should be somewhere in this range.

From the hydrographic data, dynamic heights nadatti 500 m at 25 m increments in the
vertical are interpolated horizontally onto the 5 km rectangular grid, using the Batneddp-
izontal grid points outside the ogx hull of data locations are not used. The detided ADCP
velocitiesu andv from 25-200 m at 25 m increments are gridded separatelysing the same
Barnes parameters. Allen and Smeed (1996) apply similar methods at this stage, although they
use only a single-pass Gaussian interpolation for initial gridding of density and ADCP data.
The multiple correction passes of the Barnes method wephe gridding quality (interpola-

tions from the final grid to the data locations are in closer agreement with the data themselves).

[11.4.3 Refeencing geostrophy

Our aim nev is to combine the fidrographic and ADCP data sets using the simplest
dynamics: weassume the velocity field is horizontally nonaigent and in geostrophic bal-
ance. Undethe quasi-geostrophic assumption (e.g. Walstaal, 1991), the gridded dynamic

heights can be directly related to streamfunction:

Wasoo = ¢ (8D~ <AD>) | 1)
where northward geostrophic velocityvg ;500 = dyw/dx, eastward geostrophic velocity
Ug,zs00 = —Oyldy, g is the acceleration of gravityfy is the local constant Coriolis parameter,
subscriptz/500 means value at relative o 500 m, and the angle brackets denote the horizontal
spatial aerage. Theapproach is to first use a depth range of ADCP velocities at each horizontal
location to reference the corresponding geostrophic velocity profile, minimizing at each hori-

zontal grid point:
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22
> [(Ug,—u)? + (Vg - V)7 (2)
=7
whereug ; = Ug 500+ Ug 25000 Vg.z = Vg,500 + Vg, zi500 aNd U, v are the @ mapped ADCP veloci-
ties. Thisleast-squares fit of the ADCP profile to the geostrophic shear determines the deviation

from the Inm assumptionu spo Vg,500 ) at €ach grid point. Then, non-girgence is enforced

at 500 m by solving for the streamfunctiogy, from ug 500

DPs0o = 0% Ugsoo (3

The boundary conditions for (3) can be an important issue. Wsdigectly at the edges
of the analysis gion, the simplest approach (eg., Pollard and Ret®2; Allen and Smeed,
1996), amounts to assuming that the boundary already diergenceless and can introduce
noise into the solutionWe wse the version Il method of Hawkins and Rosenthal (1965), who
were interpolating scattered wind observations, introduced to the oceanographic community by
Carter and Robinson (1987). This approacholires a prior step of solving for velocity poten-
tial, forced by the field of gergence calculated from, with a boundary condition of zero on
all sides. The result is used solely to add a correction term to the boundary conditions for (3).
This approach has thefeft of maximizing the amount of kinetic energy which ends up in the
resulting streamfunction field. In awetests we found 10% increases in kinetic energy after

applications of the method.

We wse second-order-accurate finite-differences on a 5 km rectangular grid éa3olv
and we also apply the condition of no-normaWfliirough our northeastern boundary along the
continental slopeWe wse the Poisson solverwdtoped by Cummins andaMis (1994), which

handles irregular boundary conditions.

Absolute geostrophic streamfunctign can nev be figured at all leels, using the refer-
enceysgo determined by (3). Thedérgence remeed by lving (3) is assumed to be noise due

to internal tides, lack of synopticjitADCP errors, etc. In our application of the method to each
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of the five aurveys, the diergence fields remad have rms values of 0.03-0.05 s By
removing this dvergence, we are adjusting thewvildield in order to maintain conservation of
mass. Thesadjustments are similar in size to the rms uncertainties in abseloigty inher-

ent in the ADCP data (0.05 i3, so we are remaining within our original measured velocity

bounds.

Although deeloped independently and with notationalfeliénces, our approach is simi-
lar to the method in section 2 of Rudnick (1996), who applied it to a set of SeaSoar/ADCP sur-
veys of the Azores front. Some d@rences: heises both density and ADCP data in the depth
range 16-264 m, while we use density data in the range 0-500 m and ADCP data from 75-200
m; we use a different method of solving the Poisson equation for the streamfunction, as dis-

cussed abe.

l1.4.4 ADCPdepth range

We lriefly explore the issue of choosirgg, in (2), the range of ADCP to use. While
near-surhice ADCP will begin to be affected by ageostrophic phenomena which violate our
guasi-geostrophic assumptions, this consideration must be balanced against the advantage of
including more data in gnleast-squares calculation. Inertial oscillations can contaminate the
ADCP even at ceep leels (see Chapter 1V). Rudnick (1996) neskthe unusual choice of using
the entire 16-264 m depth range of ADCP; most studies choose a fairly deep sigldtie

decreasing data quality with depth of shipboard ADCP can also be a concewverhowe

To help guide our choice, we inspect the individual fits of profiles at selected grid points;
Figure 111.3 is an example for an onshoréshbre section across the first seyvgid. Inertial
motions and other effects can be seen in the 25-200 m ADCP profiles, not present in the

smoother geostrophic profiles dexd from the density data. This is typicadBacon (1994) for
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example shows marsuch comparisons, with similar characteristidhie 25 m ADCP is clearly
within the surface Ekman laydeading to frequent deviationgvay from the geostrophic pro-
file. The50 m and deepervels are not so obviously fatcted. Theoverall profile fit residuals
(Figure I11.4) for \arious 50-200 m depth range choices do not vary much, 0.01-0.63mss

We ettle onz; = 200 m andz, = 75 m as a@asonable compromise which maximizes the quan-

tity of ADCP data wailable while aoiding near-surface effects.

1.5 Absolute geostrophic velocities

Applying the method to each of the CTZ 1988 hydrographic/ADCRegsirwe infer sig-
nificant © 0.1 ms?) flow & 500 m (Figure 111.5 upper panelsp central feature common to all
five aurveys is a egon of polevard flow, usually adjacent to the continental slope. This is a
good example of an oceanic featureepded by our method of combining the ADCP and hydro-

graphic data.

After solving (3) for the diergenceless fl, subtracting this from the originalgsgg
yields the residual, which contains all of theedgence. Theesidual flov is smaller (about
0.03-0.05 ms' rms) and lacks much of a pattern (Figure I11.5 lower panels). The maxima seen
among the residuals in the vicinity of the slope could be due to internal tides, which can be
about this size close to the slope @rfimson and Hicky, 1979). Lackof synopticity during the
suneys (which each took about 5 days to complete) can also easily account for residuals, partic-
ularly close to the core of the main jet, which wewro be ®metimes translating and rotating
spatially at smaller time scales (Dewatyal, 1991). Our dvergenceless fla field solution will

aveage out these undulations.
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[11.5.1 Horizontal maps

The absolute surface geostrophioafl¢Figure 111.6 lover panels) consistently shows a
strengthened CTZ jet compared to the 500 m Inm fields (Figure 111.6 upper panels). The equa-
torward jet is the dominant feature throughout the sequence eofafiveys over six weeks.

During the first three sueys (Figure Ill.6a,b,c), the jet position and strength is retiticon-

sistent, entering close to the northeast corner of the grid as a southward current and exiting the
offshore side of the grid as a significantly stronger west-southwest Blaring the fourth and

fifth surveys (Figure 111.6d,e), as it enters the region the jet has a weélojged meandeonly

partially resolved by our grid. It exits the grid as a roughly southward and wider flo

In addition to shwing the true strength of the jet, the absolutely referenced fields are bet-

ter able to resolvthe meandering patiDuring the 13-18 July suey (Figure Ill.6c) for exam-

ple, we see a narrower jet with a moredligped meander in thewer panel. The path of the

jet is also more consistent with the change in orientation addeatthe D-line by both the
moorings and the repeated microstructure sections at about this time @tlal,et991; Dewey

et al, 1991). TheADCP data sets ka both better along-track resolution and the ability to pro-
vide along-track as well as cross-traeitocities, compared with geostrophic velocities from the
hydrographic sampling alone. The ADCP information is thuvigdinog greater spatial resolu-

tion, in addition to providing the reference velocity at 500 m.

The absolute geostrophic flcat 200 m (Figure 111.7 lower panels) also has the equator-
ward jet as a primary feature, moving analging throughout the susy quence in a manner
similar to the surface fla In addition, all five surveys show a regon of polevard flow inshore

of the equatorward jet. At thisud, the base of the equataavd CTZ jet is interacting with the
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upper portion of the poleard undercurrent, in a complenanner at timesThe undercurrent is
usually inshore of the CTZ jet, but during the 29 July - 3 Augusegutbifurcates of of Pt.

Arena (Figure 1ll.7e).Most of the flov veers offshore and then continues north, coincident with
the CTZ jet which is xperiencing a sharp meander to the north at this point (Figure 111.6e),
while a smaller portion continues north along the slope. This interaction and separation of most
of the undercurrentveay from the slope is consistent with maps of water mass properties, which
shaw typical relatvely warm and salty undercurrentater avay from the slope (Huyeet al,

1991).

111.5.2 \ertical sections

As the jet enters our swey regon at about 39\, initially it appears in grtical cross-sec-
tion as a strong equatorward jet about 50 km wide, 0% wetocity at the surce, with a trans-
port of 2.8x10°m°s™ (Figure 111.8). During the next suey (6-12 July), the jet widens and
increases its transport to 3x10°m3s™, in combination with a strengthening palard under-
current hugging the slopézrom 13-18 Julythe undercurrent and jet can no longer be clearly

distinguished and are crossing. After this time, the jet is no longer well edsojvthis section.

The strongest jet observed is at thistodre F line, as it exits the region during the 6-12
July suney (Figure 111.9). At this time the jet is nearly normal to the section, 100 km wide, and
has 0.6 mg core velocity at the suaEe. Thetransport of 7.2x10°m3s™ represents a 70%

increase wer the value relatie o 500 m (4.2x10°m3s™).

It is not surprising that a jet with such large horizontal and vertical shears becomes
increasingly unstable after this sayv As with the idealized instability processes studied in

Pierceet al.(1991) (Chapter V) and Alleet al.(1991), a small perturbation can be sufficient to
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Fig. 111.9 Vertical cross-sections of absolute geostrophic velocity (cm/s, south-southwest shad-
ed) at line Fthe offshore boundary of the grid.
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cause the greth of a large jet meandefhe perturbation which caused the mid-July shift in jet
orientation might hee keen the relaxation seen in the wind stress on July 12 at Pt. Arena and

July 13 in théNecomarecord (Figure 111.2).

The offshore-onshore line 5 ses/well for looking at the jet structure during the last two
suneys dter the mid-July shift, when the jet core is oriented nearly north-south (Figure 111.10).
The first panel of Figure 111.10, the 20-27 June case, is remarkably similar to the athmantw
els, although the jet was crossing the section a bit obliquely (Figure IIM&gn jet transport

across line 5 for all fiw surveys was 6.30.9 x10Pm3s™ (60% greater than the 500 m Inm

value).
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Fig. 111.10 Vertical cross-sections of absolute geostrophic velocity (cm/s, equatbshaded)
across offshore-onshore line 5, in the middle of the grid at aboliN38.4



51

[11.5.3 D-line moored array

The moored array along the D-line (Figure Ill.1) measured currents that are consistent
with results from the fig hydrographic/ADCP sueys. Thecore of the jet comes closest to
mooring D5/6 most of the time; maximum velocities are found here. The translation and rota-
tion of the meandering jet past the fixed mooring leads to significant variatwhtgve (Fig-
ure 111.11). In general, a strong (about 60 cm/s at thease)fsouthwestward jet crosses the D-
line from June to early JulyBetween July 12 and 17, the predominant direction of the current
changes to roughly north-south (Huyaral, 1991). Notethat the signature of the jet is still

evident at 450 m, with speeds of about 5 cm/s.

The gray vectors in Figure 111.11 are the absolute geostrogicities from the analysis
of shipboard ADCP and CTD data from theefmurveys. Theagreement with the moored data
is reasonably good, especially considering the variability present in the moored record and the
length of time spent completing each syrvJet strengths are comparable at each dept, le
and the moored data provide independent confirmation of our finding that the jet signal is pre-
sent at depth and that a 500 m Inm is not appropriate. The directional change of the jet is also

remarkably consistent between the mooring and theeguesgults (Figure 111.11).

I11.6 V ertical velocities

One of the intriguing results of the CTZ prograraswthe disceery by several indepen-
dent methods that vertical velocities were larger thepeeted. In particularsubduction by
0O(10) m/d downward elocities within the jet produced anomalies at depth of hydrographic

variables, chlorophyll, and radon, as summarized by Brink and Cowles (1991).
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Dewey et al. (1991), using high-resolution repeated ADCP and microstructure sections
along the D-line from 2-16 July when the jeswelatiely stable, made estimates of each of the
three terms which can contributewo They estimated that contritions to the mean vertical
velocity were 80-90% along sloping isopycnals, 10-20% fromyispal displacements, and

0-10% from diapycnal mixing.

Assuming flev along isopycnals, we interpolate absolute geostroptiato an isopycnal
surface §, = 25.8). Thenpy simple kinematics, vertical velocity on this surface is:
w = -ullz, 4)
where z is the depth of the isopycnal surface (e.g. one of the methods used by Leach, 1987).
The resulting maps aoff are consistent with previous CTZ studies in showing 10-20 m/d vertical
velocities (Figure 111.12). But theaso reveal the spatial patterns @f, not available from the

isolated studies of Dewest al.(1991), Kadkeet al.(1991), andWashburnet al.(1991).

The occurrence ofv in 10—-20 m/d patches of 20-30 km size is consistent with the short
wavelength frontal instability mechanism identified by Barth (19%imilar patterns ofv were
also obtained in a primite equation modeling study of the CTZ region by Haidvogehl.
(1991). Thenet vertical subduction of a particle within the jet at 100 m depth (calculated by
integrating changes in andw along the 100 m isoline on tlg=25.8 surface) can be as large
as 90 m (Figure 111.13). As pointed out by Shearratal. (1998), the contradiction of follow-
ing a water parcel at an assumed 100 m constant depth while discussergaés excursion is
consistent with the quasi-geostrophic approximation, and appropriate in thistcomnte
upwelling trend observed as we falldhe 100 m streamline during the 6-12 July syr{Figure
[11.13) is consistent with the large scale anti-cyclonic bend which the jgpésiencing during
this surey (Figure 111.12); potential vorticity conservation implies that upwelling should be

associated with an antjxclonic change in relate vorticity. Corversely, the sharp downwelling
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initially observed in the 22-26 July case is associated with the stymhanic bend which the
jet is &periencing as it enters the seyvgid. Duringthe 29 July - 3 August susy, dong the
offshore flank of the nearly straight jet, we obsgeavsnaller but persistent downwelling ten-

deng which leads to the largest net vertical subduction (Figure 111.13).

Similar results were obtained by Hofmagtnal. (1991), who studied simulated subsurface
drifter tracks within the primitie equation model of Haidvogeit al.(1991). Ower the course of
the 30-day simulation, the drifters released at a depth of 98perienced vertical displace-
ments of as much as 75 m upward and 120 m danchwOurresults are similawith a range

of 70 m upward and 90 m downward (Figure 111.13).

Our vertical velocity results are also in good general agreement with Sheatrraan
(1998), who performed a careful diagnosis of vertiebeity using the Q-vector form of the
quasi-geostrophic equation. THhanalyze high-resolution SeaSoar/ADCP data from the 1993

EBC program, at a location within a strong jet just offshore of our F line. Details tiffeve
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both find maximumw of about 40 m/d, a background pattern consistent with potential vorticity
conseration, and smaller sca(@ 10-20 m/d patchesWe assumed thatv is due only to advec-
tion along isopycnals (Eq. 4), while Shearnedral. (1998) do not.We interpret our agreement

with them as additional evidence that advection along isopycnals is a reasonable assumption.

.7 Summary

We have combined shipboard ADCP and CTD seywvhta to determine absolute quasi-
geostrophic and mass-conserving horizongdbeities from 0-500 m depth. This method, simi-
lar to the one used by Rudnick (1996), significantly impsahe description of the flo field
off northern California during the June-August 1988 Ckgeziment. Mean equatoesd vol-
ume transport of the mesoscale je¢rcthe five surveys was 6.31.3 x10°m3s™, and the maxi-
mum observed was 810°m3st. The strength and deep (450 m) signature of the jet is con-
firmed by the CTZ moored arrayWe derive vatical velocity fields directly from the
geostrophic horizontal velocities, assuming advection alongdsapsuréces. ¥rtical veloci-
ties within the jet can be as large as 40 m/d, characterized by both 10-20 m/d patches of size

20-30 km and larger scale patterns.
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IV. Near-inertial oscillations in an easten boundary current jet

IV.1 Abstract

The 1988 Coastalrainsition Zone experiment observed a strong mesoscale equatorward
jet in an eastern boundary current system. This jet was about 50 km wide, with core velocities >
0.7 m$?, and extended down to b&lo500 m. From 2-16 July 1988, the jet was relaly sta-
ble and headed south-southwest across a moored current meter Repmated shipboard
ADCP sections were also made along the line of moorings. v&age during this ta week
period, the southern mooring was in the cold flank of the)pgréencing strong cyclonic shear,
while the mooring 50 km north was on the warm side of the jet experiencing anticyclonic shear.
The effectve inertial frequencyfg = f + y/2, wherey is local horizontal sheawas shifted up
to 1.1f on the cold side and down to 00%n the varm side of the jet. Analysis of band-
passed near-inertial currents measured by the mooringggeamplified inertial energy in the
region with lower fo, consistent with the trapping and amplification of inertial oscillations pre-
dicted for such mgions. Seeral near-inertial packets of energy connected with wind stress
events appear to tra@l downward slowly to at least 200 m depth. Observed inertial amplitudes

are about 15 cm/s at the surface and 5 cm/s at 450 m.
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IV.2 Introduction

In this note, we examine current meter data for evidence that inertial oscillations within an
eastern boundary current jet are affected by interaction with tlsevggticity y; the effectve
inertial frequeng due to this interaction will bd.¢ = f + y/2 ( Kunze, 1985). The 2-16 July
mean jet crossed nearly normal to the D-line and the array of three moorings was well situated
to capture the jet (Figure IAa). Thismean jet velocity sectionag calculated from 16 repeated
ADCP sections up and down the D-line, as thoroughly analyzed by Deve¢y1991). Values
of fo calculated from this mean jet (Figure IV.1b) shdearly that mooring D5/6 is within a

region of low f.¢, while D7/8 is experiencing highy.

IV.3 Data

Low-passed (<0.6 cpd) six-hourlheetor time series of wind stress were calculated from
R/V Wecoma2-23 July meteorological measurements, using the formulae gélard Pond

(1981). TheWecomawas geaming up and down the D-line during this period.

The CTZ 1988 three primary current meter moorings were gegl@1-26 June and
recovered 27-29 July One mooring (D6/7) had Aanderaa currents meters at hominal 90, 140,
190, and 430 m depthstwo moorings (D5/6 and D7/8) had 307 kHz upward-looking RDI
ADCPs at about 120 m (20-115 m range) and Aanderaas at 120, 150, 200, and 450 m. Low-

pass filtered versions of the time series are in Deway.(1991) or Huyeet al.(1991).

Here our interest is in the near-inertial frequeband. © proceed, we apply a time
domain band-pass filteWe require a particularly sharp filtesince the local inertial period
(19.3 h) is particularly close to the nearest diurnal tidal peakatk3.9 h. We dso wish to

allow for shifted inertial frequencies, notamting to suppress them; this requires s&ene



61

distance (km)
0 50 100 150
0 \ \

D5/6 D6/7 D7/8

AR N
i j@

200 a.

Depth (m)
[
o
o
|

D5/6 D6/7 D7/8

g/ Q;’/

™

]
200 . ! . N /? b.

T T T T T T

385 38.0 375
Latitude (°N)

e
7

Depth (m)
H
o
o
|

Fig. IV.1 The 2-16 July mean cross-track jetocity from repeated shipboard ADCP (a) and
correspondindg ¢ calculated from it (b).
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sharper transition.

We design a bandpass finite impulse response filter usingattis-R1cClellan equiripple
method (Figure \2). Thismethod, in common use by electrical engineers for years, is more
effective than cowmentional window-based filter designs in producing a desired frequency
response with minimum filter length (Parks and Burrus, 19Bffmum filter length is partic-
ularly important in this case, to minimize losses at the ends of ouveBlahort record.We
design a filter with amplitude response within 1% of unity from 0.9541,.%hile K; and all

other bands are sufficiently suppressed (Figur@)IViotal filter length was 120 h.

Application of the filter reeals near-inertial currents within the jet@f15 cm/s at the sur-
face (Figures IV.3, ). Amplitudesdecrease with depth, but can still be as large as 5 cm/s at

200 m.

IV.4 Discussion

The largest wind stressvanmt at around 18 July is clearly associated with the surface
paclet of near-inertial motion at D5/6, whichwi¥ops with about a one day lag behind the
wind. D5/6 at the surface appears to respond teersé wind stress vents throughout the
period. AtD7/8, howeer, the response is reducedhis pattern of enhanced response at D5/6
and reduced at D7/8 is consistent with trapping of near-inertiageirethe trough of lowf

and exclusion from the peak of hidk; (Kunze, 1985 ).

Over the 2-16 July period, the mean clockwise-rotating amplitude alswsséghance-
ment at D5/6 (Figure 18a.). The neainertial frequeng peaks (which we locate by maximiz-
ing the clockwise component amplitude) at D7/8vslam increase up to 1.G4at the surface

(Figure IV.5¢), which is not as large aspected from the background shear (Figure 1V.1b).
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Uncertainties in the frequeyndetermination are large, howe (Figure 1V.5d).

Finally, this note was partially matited by interest in the effects of near-inertial energy as
a noisecomponent from the point of wieof mesoscale studies such as ChapterFdr exam-
ple, when making use of ADCP measurements to reference gegstrappackets seen in Fig-
ures 1V.3,4 remind us that the ADCP may bieeted by unknown inertial signaléds Rudnick
(1996) mentions, choosing a deepeel®f data is not necessarily a better choice for reducing
noise, and we see evidence of this in the similar sizes of inertial packets from 100 to 450 m
(Figure IV3). The adantage of using ADCPver a range of depths is that the inertial packets

eventually will lack vertical coherence, so will tend tesage out.
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V.1 Abstract

The linear stability of a coastal transition zone (CTZ) jet is analyzed using a six-layer
guasi-geostrophic model with obsedvbasic state velocity profiles. The velocity profiles are
obtained from objectely analyzed hydrographic and acoustic Doppler data from the 1987 CTZ
pilot experiment. Along-jeperturbation \@avdengths of 260-265 km are found to be the most
unstable, withe-folding growth periods of 7-11 days and along-jet phase speeds of 4-8 km/d
downstream. Engy transformation terms and energy budgets are discussed. Both barotropic

and baroclinic instability processes are important.
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V.1 Introduction

The dynamics of the transition zones between open ocean and upwadimgsralong
eastern ocean boundaries are not well understdbd.northern California example of a coastal
transition zone (CTZ), with its intriguing filaments or jets, has recently been the subject of a
major observational effort (CTZ Group, 1988). In the late spring and summer of 1987, two
hydrographic and shipboard acoustic Doppler current profiler (ADCPewurevealed an
intense equatorward jet along the boundary between cool and saline upwatkd awd
warmer, fresher offshore ater (Kosroet al, 1991) The presence of this mesoscale jet with
enegetic meanders anywhere from 100 to 400 km in size is Wyanaxpected feature of this
region and season (Strudi al, 1991; Huyeret al, 1991). Someof the dynamical questions
suggested by these observationslive the nature and structure of these jet meanders. Why
does a meander g"@ Whatdetermines its avdength? Ifthe growth can be explained as an
instability, what source of energy feeds the instabilififfese questions may be approached in a

variety of ways.

Walstadet al. (1991) tale advantage of the combination of hydrographic and ADCP data
from the 1987 eperiment to perform quasi-geostrophic data assimilation studies. Initial condi-
tions are specified by objeati analysis of the May 22 data set. The model is time-stepped for-
ward to June 12 using boundary conditions obtained by linear interpolation between the May 22
and June 12 obsetions. The foudimensional field estimate of thewilas obtained by vary-
ing the objectie analysis parameters until the final June 12 quasi-geostrophic solution is in best
agreement with the observed June 12 field. The agreemeaitlysgood [see Walstadt al.

(1991) for details]. The structure and energetics of the solution are then analyzed.

The present study (part 1)geeds a jet meander as a possible linear instability of a quasi-

geostrophic basic state flo We cmonsider two-dimensionalelocity sections of the jet extracted
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from the objectiely analyzed May 22 and June 12, 1987, data sets as the basic states for the sta-
bility analyses. The formulation allows for both barotropic and baroclinic instability processes.
We dbtain phase speeds, growth rates, and modal structure of the perturbations as a function of
along-jet vavdength. Inaddition, we examine the transformation of kinetic and potential
enegy to the perturbations, presenting integrated energy budgets and maps oivéné tesles

in the quasi-geostrophic energy balance.

In part 2, Allenet al.(1991) continue the stability study byagmining the nonlineafinite
amplitude behavior of the CTZ jet. One of the basic state profiles we analyze here in part 1 is
used as an initial condition for a time-dependent, nonlinear quasi-geostrophic model in a peri-
odic f plane channelThe jet structure is perturbed and thweletion of the stream function,
vertical velocity vorticity, and potential vorticity fields isxamined. Somef the results pre-
sented in part 2 use the most unstable linear mode found in part 1 to perturb the nonlinear
model. The contribitions of different terms to the kinetic and potential energy balances are also

assessed in part 2.

Although the literature wolving studies of the stability of meanis is extensie, histor-
ically the majority of it concentrates on one-dimensional cases, i.e., either pure baroclinic or
pure barotropic instabilitiesThis is not surprising since the two-dimensional case is difficult
analytically [ Pedlosk (1987) section 7.15]; the normal-mode equation is nonsepardlitb.
increasing computer capabilities, hase numerical solutions hee tecome viable. Important
idealized studies of the mixed stability problem include Hart (1974) and Holland and Haidvogel
(1980), which each explore parameter space using specific two-layer idealized mean state pro-
files. Killworth (1980) ofers a less in-depth but broaderexview of the mixed stability of
mary different idealized profiles. The present work in sonagszbuilds upon Haidvogel and

Holland (1978), who analyze the mixed stability of profiles obtained from general circulation
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model output; we extend their dWlayer model to an arbitrary number of layers (six for our

standard case).

The emphasis of the present study is on the use of specific observed basic state profiles to
produce results refant to the CTZ rgion. Although John$1988) does not treat the mixed
stability case, his pure baroclinic study of Gulf Stream meanders using actual data is similar to
our approach. Beckmann (1988), who treats the mixed instability case for jet modes in the

eastern North Atlantic, also uses methods similar to the present study.

V.2 Obserwed jet

Kosro et al. (1991) proide a complete description of the late spring and summer (May
18-27 and June 9-19) 1987 seys; only a brief gerview of the data relant to this study is
given here. Thenominal station grid for the sugys consists of tw dongshore lines about 90
and 150 km from the coast, connected by four cross-shore lines to form three subgrids with
approximately 15-km station spacinglydrographic data to at least 495 m depth were collected
at 76 stations for each seyy and good quality acoustic Doppler current profiler (ADCP) data

were collected continuously along the shiptrack.

ADCP data at 121 m are used Wyalstadet al.(1991) to reference the hydrographic mea-
surements, thus determining the absolute geostrophicfiidd for the upper 500 m along the
station grid. We uilize the objectie analysis of this combined data set as presented by Walstad
et al. (1991). Thismethod includes extrapolation of both the density and the velocity fields
below 500 m using historical data and the first baroclinic moéer. each of the sumys, the
correlation function for the objegg analysis is assumed independent of time and an estimate of

the density and velocity fields is made for the midpoint of the crivsg. 22 and June 12. The
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reader is referred to Walstad al. (1991) for the details and approximations inherent in these
techniques. Exampled the resulting stream function fields, at 50 m depth, are shown in Figure

V.1.

For the purpose of our stability analysis, wdract one two-dimensional vertical section
of the flaw field from each supy and use this as our basic stafiéhe locations of these sections
(Figure V.1) are chosen subjedly, with an eye tward catching the jet where it is least
affected by other phenomena such as eddies. Ideatlyant to choose a place where the jet
does not seem to be part of a mature meandés debatable within linear stability theory
whether it is more appropriate to use "snapshots" such as these or some type of observational
mean for the basic state profiles. Although some sonasfige might seem more reémt than
a local calculation at one point in the jet, thigrage will not necessarily be related to the theo-
retical unperturbed form of the flo As dscussed by Pedlogk1987), ag real time aerage
will be affected by the very perturbations which we seek to st@dy choice is to maka kest
guess at the structure of a fluctuation-free jet and to use this as our "mean" state. The paradigm
of this flav field as a mean jet plus a perturbation seems justified a posteriori by nonlinear
results from part 2, which veal a jet retaining much the same form as the unperturbed flow

even through the course of large meanders.

We examine the stability of the observed jet profilesra flat bottom, without complicat-
ing effects from bottom topograph Although the CTZ rgion is located adjacent to the conti-
nental slope, where bottom topogrgphay affect the dynamics, observations of the jet location
during 1987 indicate that the core of the jet was mostly foufstiaie of the continental slope
Kosroet al. (1991). Wthin the analysis region used by Wals&tdal. (1991), the northeastern
corner of the grid does include a navretrip of the outer continental slopegien. Yet the

remainder of the region does not contain substantial topogr&oice the time-dependent jet is
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Fig. V.1. Streanfunction at 50 m from objeatt analysis of combined hydrographic and ADCP
data from the late spring and summer 1987 eysr(Valstadet al, 1991). Thecontour interval
is equvalent to 2 dynamic cm. The twlines dravn between small circles indicate locations of

the vertical sections extracted for the stability analyses.
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constantly altering its orientation with respect to the local bottom topograph difficult to
specify an appropriate mean relatiposition. In addition, recall that we do not V& CTZ
obsenrations aailable belav 500 m depth. The stream function values beldhis point are
obtained using extrapolation anda#able historical data and are consequently not well deter-
mined. W feel that these uncertainties preclude the specification of bottom toppgnaah

meaningful mannerThus we assume a flat bottom for this initial analysis.

V.3 Linear stability model

V3.1 Formulation

The linear stability model follows the w#opment by Haidvogel and Holland (1978)
extended to an arbitrary number of layers. Consider a quasi-geostrophic modul hajytérs of
constant density, and undisturbed layer thicknessg¢g wheren=1,2, ... ,N(n=1is the
surface layer). The subscript+ 1/ 2denotes a variable defined at the interface between layers
abore aad n+1 below. The stream function for each layer ¢ =¢,(x,y,t) and the
geostrophic velocity components are

Up==¥ny,  Vn=¥nx, D
where §, y) are Cartesian coordinatesis time, and subscriptg,(y t) denote partial differenti-
ation. Considethe inviscid quasi-geostrophiosticity and density equations, on aplane, in

terms of the stream functien, for layersn =1, N:

D2t + IWn, 0%%y) + fo Hy ™ (Whiay2 = Wngs2) =0, @)
(‘//n - ‘/jn+1)t = J(‘//n - ‘/’n+1v ‘/’n+1/2) - 9’q+1/2 fo_ 1Wn+1/2 , (3)
Hpe H,
where Wrryo = Loy + o1 s (4)

Hn+Hn+l Hn+Hn+1
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and H, is layer thickness (total depth = Hy+ Hy+---Hy), Qw12 = 9(ons1 — on) 0o is reduced
gravity, fy is the Coriolis parameteand J is the Jacobian operato¥ertical boundary condi-

tions arew;;, = Wyn+y,,=0az=0,-H .

Combine (2) and (3) to form equations for potentiatticity conservation; for the top

layer,
D H
E’t { D%, + He Fal¥, -#q]} =0, (53)
forn=2,(N-1):
Dy 2 H =
Dt { U, + H [Fn(‘/jn+1 _wn) - I:n—l(l'[jn _‘/jn—l)]} =0, (5b)
n
and for the bottom layer,
D H
Bt {O¥n — - Fraldy —¥naall =0, (50)

where F, = fé/gy,H and % = % +Up aix +V,, aay .

To dmplify the stability problem to a tractable one, we assume that the basic staie flo
two-dimensional and independent of tim€onsider a channel of width with coordinates
(%, y) dong-channel and cross-channel, respelgti and ¢,, as the basic mean statg(y) plus
a gnall perturbatiorny ¢,(x,y,1), i.e. ¥, =W, (Y) + ¥y ¢n(X, ¥, 1), wherey < 1. Linearize (b)

about the basic state in the usual way:

0 0 H
(a +Up &){ D2¢n + Ho [Fn(@ni1 = @n) = Frn-1(on — on-2)1}
n
H
- ¢nx{Unyy + He [Fn(Uns —Up) —Fpa(Un—Up9)l} =0, (6)
n

whereU, = -W¥, . Equations (&) and (&) are linearized in similardshion. In subsequent
equations, the range of=1, N and the simplified formulations for the= 1 and n = N cases

will be implicit.
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We onsider solutions to (6) of the form
¢n = Re[p,(y)e ], )
where the wavenumberk is taken to be real, but and ¢, are complg. Substitutioninto (6)

yields
- s~ H - - I
(Un—cX Pryy ~ k@, + H. [Fn(@n+1 = @n) = Fne1(@n — @n-0)1}
~ H
- ¢7n{Unyy+ H- [FrUn+1 =Up) =Fr1(Un —Up)]} =0. 8
For the domain 0 < < L, the boundary conditions for (8) ag(0) = ¢,(L) =0, forming an

eigervalue problem forg, with eigewvalue c. For ¢ = ¢, +ic;, solutions withc; >0 indicate

temporal instability with exponential growth rdte.

Using a centered second-order finitefediénce approximation iy, we olve the abee
problem numerically Defining g?)n’j asg of thenth layer at thejth grid point iny, we form the
generalized compleeigenvalue problem,

CAp=Bg, C)
whereg is the eigemector composed 0f,-; . j=1,m @andA andB are NM x NM matrices of
coeficients. Equatior(9) can be solved using an algorithm by Kaufman (1975), or a slightly
modified IMSL version (routingvccg. For a gven basic state filov, we ek solutions for the
eigervalue ¢ and eigemector structurep over a range of vavenumbersk. The algorithm was
verified through reproduction of stability results from Kitirth (1980) and Holland and Haid-
vogel (1980)

Walstadet al. (1991) choose a six-layer scheme to resde \ertical; we use the same
for consisteny, dthough we later ivestigate the déct of increasing the number of layers (see
section 6). Both the May 22 and June 12 standard six-layer basic states use thalisesrferv

layer depths and reduced gravities (Table V.1 and Figue Whe modelN? profile is also
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shavn (Figure V.2), N2 = gi1//(Z, — Zns1), Wherez, is the mid-depth of layen. The two
basic states in Figure.2/are similarathough the June 12 jet is more intense than the May 22
one, with maximum speeds0. 9m s rather thar= 0. 5m s. The two cases provide a use-
ful range within which most examples of a jet would probablyVi& mncentrate on the results
from the May 22 case since the smallalues of horizontal and vertical shear are less likely to

give oveestimates of instability processes for the jet in general.

Local Rossby numbetd,/f calculated across the jet reach maximums of about 0.2; this
is within the range where quasi-geostrophic dynamics remains a useful approxirmagdirst
baroclinic Rossby radius of deformation calculated from the six-layer observed jet is
Ry =24.6km. To estimate cross-jet length scales, we fit a Gaussian analytical form
U = Uy exp(-y?/L?) to the horizontal profiles (Figures \W2and V.zZ, dashed lines) and obtain
an estimate of. =29+ 1 km (half width). Since the rati®&y/L ~ O(1), parameter studies such

as Killworth (1980) predict the possibility of mixed instability.

The linear stability analysis uses 175 km for the model channel widlglures V.2, V.12,
and V.14 indicate this 175-km-wide channel. Figures V.6-V.9vshfiet centered within a wider
350-km rgion. Thewider channel is shown for clarity and for consistenith the presenta-
tion of some of the finite amplitude results of part 2; all of our results in part 1 are calculated
using a 175-km channel widtiModel grid spacing across the channel is 5 km, resulting in 36
grid points in the across-channel coordingteThe tails of the velocity profiles (10-15 km in
length) at they boundaries were smoothed exponentially to zero. Experimentation with dou-
bling the horizontal resolution indid not change the results substantially; results for the maxi-
mum gravth rate of the fluctuation were within 1% of the basic ca#e.dso investigated the

effects of using a full 350-km-wide channel for selected cases, and the results were not
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Fig. V.2. Standaraix-layer basic state profilesa)(layer thicknesses arid? profile, which are
the same for both caseb) May 22 and €) June 12 elocity profiles versus cross-jet distance
for layers 1-6; andd) velocity profiles vs. depth at the core of the jet 85 km). The dashed
lines which nearly coincide with the layer 1 profiles in Figureb¥@d V.Z are Gaussian fits
to the horizontal jetThese are examples of the fits used to estimate a cross-jet length scale (half

width) of L =29+ 1 km.
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Table V1. Six-LayerBasic State Characteristics

Layer Thickness, m gl ol pg, M S 2
1 (surface) 100

1.0655% 1072
2 100

3.3704x 1072
3 100

3.6904x 1072
4 400

4.6926x 10
5 800

3.9488x 1073
6 (bottom) 1672

The Rossby radius for the first baroclinic moRg,= 24. 6 km.

qualitatvely different. Asexpected [e.g Beckmann (1988). ], the increased cross-jet scale
allowed for slightly £5%) larger growth rates. For simplicity and computational effigiewe

retain our choice of the 175-km-wide region.

V.3.2 Enegsdics

The energetics gerning the growth of a perturbation in a current with baghtigal and
horizontal shearas in he present case, are especially interesting. The energy transformations
of both barotropic and baroclinic instability processes are occurring simultaneousiythe

signs of the energy terms will be uncertain a priori, as discussed by BedIB8K).

We ckerive the quasi-geostrophic kinetic eggrbalance for the perturbations by multiply-

ing (6) by-¢,H, and rearranging terms to yield

1 1
> H,(Ogn [Men)y = HO HenOeny) + Hnwnyé (Oon Men)x

= Hn@nu@nyWhyy + HaO O=@nWhy(Ogn)x + (/’n¢nqunyyjA]

= fo Wn-1/2 @n-1/2+ fo Wniw/2 @nias2
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H, H,
+[fo HaH W1y 2(@n= @ne1) +1o H+H W1/ 2(@n-1— @n)] - (10)
n n+l n n-1

The potential energy equation is ded in a similar fashion. Multiplying (3) by

folen — @n+1) @nd rearranging terms, at ther 1/ 2th interface we obtain

L5 gl = 21 (gm0
2 %+1/2 n n+l) It 2 %+1/2 n n+l) 1x T'n+l/2y
g
- (@n = @ns1)(Wn = Wret)y ez x = FoWney o(@h — @nea) - (11)
Gh+1/2

In Table V.2 we briefly interpret and label symbolically the terms in theggrmlances
(10) and (11), following for the most part the notation of Pinardi and Robinson (198@.
consider an integralver a wavdength 27/k in x and the width of the channglin y, seveal
terms in the energy balance taken together integrate to zero (these are denoted with asterisks in
Table V.2). Thesderms represent redistribution of energy in the fielddo not contribute to

the growth of the perturbation.

The remaining terms represent either advectr pressure work processes whiclves
interactions between the growing perturbation and either the horizonteftmal/shear of the
basic state (Table.®). Thesderms indicate the relat szes and characteristic structure of the
enegy transformations leading to the gih of the perturbation. The spatial patterns of these
terms will develop asymmetries. Ingration wer 2777k in x and the channel width in y pro-

vides a box model type summary of enetransformations (e.g. Haidvogel and Holland, 1978).

We will later find it corvenient to use the folleing notation for integration and summa-

tion operations:

L 2m/k
<KP, >= J J KP,dxdy, (12)
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Table V.2. Perturbatiofitnergy Equation Terms

Symbol Plysical Meaning Term

Km time rate of change of kinetic energy % H, (D@, M)
AF! * horizontal pressure worktrgence iwolving acceleration H,,0 Hg,0@n)
KP, conversion from basic stat,, to perturbatiork , —H, @nx@nyWnyy
AFen* horizontal advection of kinetic energy Hnwny% (D@, Men)x
AFZ, * horizontal pressure workwrgence iwolving momentum transport

HpU [[_(an"ny(ljfpn)x + (Pn(/’nxq'}nyyﬂ

ofm transfer ofk , out of layern into layersn—1 andn + 1
~ foWn-1/20h-1/2+ foWns1/20n412

-by, conversion fromA,,,,,, andA,_;,, to K,
n Hn
o Ho+H. Wh12(@n = @ne1) + o Ho+H.. W1/ 2(@n-1 = @n)
At at time rate of change o¥ailable potential engyy [E o (@0 — ns) T
+1/2
AP0 corversion from basic staté,;,, to perturbation&m,2
fé
- (@n = Gne)(Wh - qJn+1)y€0n+1/2 X
Gh+1/2
AyFapsro * horizontal advection ofvailable potential energy
1 £
[5 Gorrra (on = (ﬂn+1)2]xlpn+1/2y
l5n+1/2 corversion fromRn and Kn+1 to An+1/2 —foWn+1/2(#n = @ne1)

*does not contribute to a net eggrcorversion when integratedver a wavdength 27/k
and the width of the channel yn

KP}= 5 <KP, >, (130)

n=1
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N-1
{AP}= 3 < APp.y,>. (13Db)

n=1

V.4 Basic stability results

Before presenting the results of the stability analysis, we consider thenteldecessary
conditions for instability gien our basic state fls. One of the necessary conditions for the
instability of an iwiscid, zonal flomJ(y, 2) is that the potential vorticity gradient must be posi-
tive within some subregion of the,(2 plane and ngdive in others. V¢ define the quasi-

geostrophic potential vorticity of the basic state

Qu==Uny * - [Fo(¥n = W) = Foa(Wn-g = ¥ (14)
The first term on the right-hand side of (14) is the portio@gfdue to the horizontal shear
alone, while the remaining terms of (14) are referred to as thexaregching terms. An
examination of the potential vorticity and potential vorticity gradiedg,f of the basic state
(shavn for the May 22 jet in Figure V.3) indicates ripe possibilities for both barotropic and
baroclinic instability processes. The componentQgfandQ,,, due to horizontal shear alone
and those due to vorestretching alone are also plotted in Figure 3y, within each layer
changes sign at least twice across the jet, raising the possibility of barotropic inst&hjjity.
also changes sign along most vertical profiles through the jet, indichtpossible baroclinic
instability. The complexity of the structure @, for this mixed instability case witb(y, 2)
from observations makes prediction of the details of the stability characteridimdltgliprior to

actually carrying out the calculation.

We turn nav to our primary stability results using the standard six-layer basic state pro-

files (Figure \2). Equation(9) is solved wer a range of alues for the @wvenumberk. We find
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Fig. V.3. Potentialorticity Q (left) and potential erticity gradientQ, (right) for the May 22
basic state; top panels are for layer 1, secondfoo layer 2, etc. The bold line is the to@l
andQy for each layerthe lighter line is th€ andQ,, due solely to the horizontal sheand the
dashed line is th@ andQy from the vertical vortestretching terms.
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both the May 22 and June 12 profiles to be unstable to perturbations across a wide spectrum of
along-jet vavdengths (Figure M). Althoughthe magnitudes of the growth ratds;} differ,

the two profiles taken from dférent locations and at separate times are surprisingly similar in
their kg versus 2r/k structure. V& rnote a prominent maximum kg at wavdengths of 260 km

for May 22 and 265 km for June 12, wighfolding growth periods of 11 days and 7 days
respectiely. Local maximums in th&c versus 27/k curve dso occur at about 70, 130, and 180

km. The grevth rates diminish gradually for scales larger than the maximum at 260-265 km.
The calculations were continued out to a maximuavdength of 800 km (not shn). The
maximum growth rate decreases smoothly for the May 22 case from 0D&7 400 km to

0.023 d* at 800 km.

Growing perturbations propagate with phase sp@egdshich are almost wlays positve,
i.e., downstream (Figure.4). TheJune 12 case exhibits the largest phase speeds (0.34-0.35
m s 1) between 110 and 130 kmawdengths. TheMay 22 case has a similargien of maxi-
mum phase speed (0.12-0.13 Th$rom 105-150 km. In general the phase speed results seem
organized into distinct rgions, with steps between them. These same regions can be identified
in the kg plots with the local maximums mentioned previousht the wavdengths corre-
sponding to the most unstable modes for June 12 and May 22 (260-265 km), phase speeds are
0.09 and 0.05 m'$ respectiely. With increasing \avdength from this pointc, gradually
decreases. Thenly substantial region where we segatiwe phase speeds is from 50 to 85 km
in the May 22 case. The June 12 case, hewexhibits moderate posite \alues (0.22 m$)
within this same range ofavdengths. Notehat all of the phase speed results, both pesiti
and ngative, lie within the \elocity range of the basic state (Figure V.2), gzeted. Br the
reasons stated in section 3, we concentrate on the May 22 profile and present additional results

for this case. The June 12 results are similar.
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The wavdength 27/k for which k¢ is a maximum yields the along-jet scale of the most
unstable modeln this normal mode approximation, the implication is that this mode will prob-
ably be the first one to emerge from a background mixture of small-amplitude disturbances. It
is plausible, howeer, that prominent modes other than the most unstable one will be seen as
well (see part 2).For this reason we seek to better understand the nature of the instability not
only for the growth rate maximum at 260 kurt lalso for large local maxima at 135 and 185 km
for the May 22 case. Figure V.5 presekts results for the six most unstable modes at each
2n/k value rather than only the most unstable molteis apparent that the shape of the
curve in Hgure V.4 is a result of the superposition ofesal different growth rate curves which
are present throughout a wide range av@umbers but takturns in being the most unstable
mode. Thesuspicion that these modes of instability are qualéigtidifferent from one another

will be confirmed shortly upon examination of the eiggetor structure.

The solution to the linear stability problem pides no information gearding the actual
magnitude of the perturbatiorelocities. Neertheless, it is helpful to impose an arbitrary size
for a perturbation @ocity in order to illustrate the structure of the instability and in anticipation
of the mwae D finite amplitude. For this reason we arbitrarily set a size for the perturbation,
choosing the maximum velocity of in the surface layer perturbation to be 1/3 of the corre-
sponding basic state velocltl at the same value. Thesame scaling is used throughout; the
relative gructure of the perturbation in éfent parts of the fie is unchanged. This arbitrary

scaling of the perturbation will remain constant for all results presented in this study.

The maps of perturbation stream functigg(x, y) (Figure V.@&) show a dharacteristic
shape where the center of the disturbance is displaced upstreave teltie flanks (termed the
"banana" shape by Holland and Haidel [1980]). This slant of the perturbation streamlines

into the horizontal shear of the basic state (Figu®),\iving the impression that it is
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Fig. V.4. Phase speeds (top) and grath rateskc, (bottom) versus along-jetavdength 27/k
of the perturbation for the May 22 (bold line) and June 12 (lighter line) cases.

Fig. V.5. Grawth rates versus along-jetawdength for the six fastest growing modes at each
2n/k value, May 22 case.
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attempting to decelerate it, is indic&id a barotropic instability process [Pedlgsk1987),
section 7.3]. Figure VI&showsy g, (X, y) added back into the basic sté#g(y). This presenta-
tion is somewhat artificial, since the maps will change dependingvembahoose the strength
of the perturbation. It is useful, howes, to gain some understanding of what form the com-

plete flav field might tale and to easily see where the peaks and troughs of the meander occur.

The perturbation vertical velocitieg,.,,, (Figure V.7) are most intense at the core of the
jet, with the largest magnitudes found about hajfbetween the locations of the crests and
troughs in the flev field of Figure V.®. The vertical velocities exhibit a characteristic structure
that involves positve(negdive) W, for fluid motion from(to) troughs and to(from) crests.
This structure of thev,.,,, field is consistent with the form of the perturbation vorticity field
O%¢, (Figure V.1). Thevortex stretching term in equation (2) implies thevdlepment of pos-
itive vorticity in the troughs of the perturbation andyaéve vorticity in the crests, as seen in the
center of the jet in the perturbation vorticity field. The oppositely sigoetitity at the flanks
of the jet reflects perturbations innticity associated with growth in amplitude of the unstable

wave.

We dso extract wertical sections from our results and plot contours of modal structure
(Figure \8) in the y, 2 plane, as Beckmann (1988) and others do. This presentation helps
clarify the \ertical structure of the different modes corresponding to the local maxik@ in
seen at along-jet avdengths of about 140, 180, and 260 ke show both the fastest and the
second-&stest graing modes at these thre@wvdengths. Referringo Figure V.5, note that the
second mode at 180 km appears to be part of the same branch that becomes the first mode at
260 km, and viceersa. Examinatiorof the structure of the modes at madifferent
wavelengths verifies this crosger. The efect can be seen in Figure V.8; mode 1 at 180 km is

similar to mode 2 at 260 km, while mode 2 at 180 km is similar to mode 1 at 260 km. The
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Fig. V.6. Mapsof (a) perturbation stream function anf)(basic state + perturbation stream
function, for the May 22 case (260 km along-jetvdength). Solid/bold/dashdihes indicate
positive/zero/ngative cwontours.
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former pair shows a surface-intensified amplitude field while the phase has more depth indepen-
dence and a maximum value at depth. The latter pdibés more depth independence in
amplitude. Mode2 at 40 km and mode 1 at 180 km are also simil@ihe structure of the

phase of mode 1 at 260 km has thgéat vertical change of those presented; the perturbation
leads from the bottom (also apparent in Figure).ihdicating baroclinic corersion of energy

from the basic state to the perturbation.

V.5 Energetics

Examination of the variation df¢; with along-jet vavdength and the modal structure of
the perturbation does not by itselfeal the balance of engy sources for the mixed instability,
although we hae roted indications of both barotropic and baroclinic instability procesaks.
now investigate the relatie $zes and structure of these energy transformations. Frombe de
opment in section 3, we are able to calculate maps of themeterms in the kinetic and poten-
tial energy balances. The characteristic patterns seen in the maps of gatienean be use-

fully compared to similar maps from the nonlinear finite amplitude studies of part 2.

We focus initially on the May 22 case for thawdength of maximunkg (260 km). Fig-
ure V.9 displays maps of all the terms from the kinetic and potentiagyeeguations which
represent net transformations of perturbation ggn&om one form to anotherather than sim-
ply a redistribution of engy within the same field (refer to Table2y. Thetime rate of change
of both perturbation kinetic erggr and &ailable potential energy is posit (columns 1 and 2
of Figure \/9). The compleity of the structure oK, and A,y iS due to the combination of
different enggy transformation processes taking place, displayed in the remairengpliinnns

of Figure V.9.
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Fig. V.7. Mapsof (a) perturbation vertical velocityv and ) perturbation vorticity for the
fastest growing mode from the May 22 case (260 km alongged@ngth). Solid/bold/dashed
lines indicate positie/zero/ngative cntours.
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The termKP,, is the Reynolds stress source term for barotropic instab#ipresenting
the cross-jet component of theveigence in the advection of kinetic enerdycontains the per-
turbation momentum fluxi,v, which interacts with the horizontal shear of the basic state,
yielding a measure of the transformation of basic state kinetic enKrgytq perturbation
kinetic energy K,,). KP,, develops into cross-jet pairs, periodic with xawdength half of 2r/k,
concentrated wherel,| is geatest (column 3 of Figure.9j. Theasymmetries in values of
highs and lows, with the higtaiues dominating, indicates a net transformatiok pfo K. A
small asymmetry is also apparent in the cross-jet sense; the more intense patterns along the bot-
tom flank of the jet correspond with the asymmetry of the basic state, which has larger horizon-

tal shear on this side. Layers 1 and 4 exhibit the most intRgactivity.

The AP, is the analogous source term for baroclinic instabilitglicating the transfor-
mation of basic statevalable potential energy A,+,/2) to perturbation wailable potential
enegy (Anys). APh., represents the rate of work accomplished by the Reynolds heat flux
(@0 — Pn+1) P12 x @CRINSt the cross-jet gradient of basic state dendMy,,.,» (column 4 of
Figure V.9) is centered along the jet axis where the basic stdtieaV shear is greatest. The
asymmetries which delop imply a net coversion of Ay, to Ay, The asymmetries and

thus cowersions at interfaces 1.5 and 4.5 are particularly strong.

Columns 5 and 6 of Figure V.9 presenbtwews of the buoyancwork energy flux. This
is the comersion process internal to the perturbation which allows its kinetic energy to increase
at the @&pense of its ailable potential energyr vice-versa. Theb,.,,, fields at interfaces 4.5
and 5.5 indicate the largest amountsAgf,,, being lost toK,,. The maps of-b, in turn indi-
cate that layers 4, 5, and 6 are the beneficiaries of tpestaamounts olf(n from this cower-
sion process. The patterns of buoyanork seem toehibit a less symmetrical cross-jet struc-

ture among the lower layers as opposed to the upper ones.
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Fig. V.8. \krtical sections of perturbation stream function amplitude and phase at three selected
along-jet vavdengths, showing the modal structure of the fastest growing modes, all for the

May 22 case. Contour interval for amplitude plots is arbitrary but does not ch@ogtur in-

terval for phase plots is 1%solid/bold/dashed lines indicate posifzero/ng@aive wntours).

Fig. V.9. Mapsof the energy transformation terms (see text and Table V.2 for definitions) for
the 260-km along-jet awdength May 22 case (solid/bold/dashed lines indicate pekit-

ro/nggative wntours).
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The rightmost column of Figure V.9 maps the vertical pressure Workdé;;m This rep-
resents the camrsion ofK, from one layer to anothefThe patterns of f,, are periodic at half
of 2m/k rather than a full wvdength. Layerl exhibits the most intense highs and lows,

although it is not clear that much net transfer in or out of layer 1 occurs.

By integrating each of these terms across the channelvanch gerturbation vavdength
2mlk, we dbdtain a sense of theverall importance of different energy transformations. The
absolute alues of the resulting numbers willvearo meaning but their relate szes provide a
corvenient summary of the relag importance of the different emggrtransformations. Figures
V.10a-10c follow in the tradition dating back to Phillips (1956) in presenting a box model view
of the intgrated energy fluxes KP,, >, < APy, >, < 6n+1,2 >, and <51€,,n >, Thevalues are
arbitrarily normalized such that the e@rsion KP, = 1. 00. The thickness of an amois pro-
portional to the indicated energy transf@apital letters inside rectangles are used to represent

the basic state, while lowercase letters withidsymbolize the perturbation.

The enegy summary for the maximum growth rate (Figure ¥)1@onfirms at a glance
what we hge dready guessed at; both barotropic and baroclinic energy transformations are
important to the growth of the perturbation. Figure ¥.pBovides a synopsis of the same infor-
mation contained in Figure.% Boththe <KP,, > and the <AP,,,, > terms are feeding the
perturbation at all kels. Thedominant transfers are from the mean to perturbation kinetic
enegy in layers 1 and 4 and the mean to perturbation potential energy at interfaces 4.5 and 5.5;

the other energy fluxes are insignificant.

From thekg versus vavdength characteristics (Figures4vand V.5), the phase speed
behaior (Figure V.4), as well as the modal structure (Figure V.8), it appears as if the local
growth rate maximums observed at about 130 and 180 km are associated with perturbations that

are distinct features, different in nature from those at 260\ resent the global energetics
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Fig. V.10. Graphicapresentation of the integrated energy fluxeapi80 km, ) 180 km, and

(c) 260 km along-jet wvdength (27/k) for May 22 case. The thickness of the shaft of an arrow

is proportional to the rela sze of the indicated energy transfethich is also gien a rumeri-

cal value. The engy fluxes are normalized such that the transformation of basic state kinetic
enegy to perturbation kinetic energy in layer 1 is 1.00. Capital labels inside rectangles symbol-
ize the basic state; lowercase labels insigisasymbolize the perturbation.
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at 130 and 180 km in Figures Vd@nd V.10, and the qualitatie dfferences between these

features are again clear.

At 130 km (Figure V.18), the barotropic instability processes are dominant, especially
within layers 1 and 4. Interestinglihe potential energy of the perturbation is actually flowing
in the "wrong" sense, back into the mean. Haidvogel and Holland (1978) also present such a
case in one of their linear stability analyses. yrbeggest that as the perturbation grows to
finite amplitude, the sign of this transfer will change back to the "right" direction [also discussed
by Veronis (1981) ]. Finite amplitude resultydving this behavior are found in part 2. The
other notable feature of the global egetics at 130 km is the tendgrfor kinetic energy in the
perturbation to be transferred down into the lower layers through (ﬂfemo terms, especially
within layers 1-4. Much of the energy coming from &ié, process is actually flowing down

the water column and supplying lower layers.

At 180 km (Figure V.1D), barotropic instability processes are still dominant within layers
1 and 4. The cowersion in layer 4 is no the largest, rather than that in layerThe baroclinic
processes are nearly neutral, contributing little in either sense. The vertical transfer of kinetic

energy downward via éf,m > is even dronger in this case than at 130 km.

As a measure of theverall volume-integrated importance of baroclinic versus barotropic
instability processes for the perturbation we consider the{raBd/{KP}, using the notation of
(13). FigureV.11 shows the ratigAP}{KP} over the range of along-jet avdengths. For
wavelengths less thar90 km, the instabilities are almost entirely barotropic in nature. From
=110-190 km, barotropic instability processes still dominate; thetine values off AP}{KP}
are due tdAP} <0 and{KP} > 0. The flowv of potential enagy is from perturbation to mean,
but the barotropic corersion process is lge enough to maintain the instabilitioth the 130

and 180-km cases discussed previously fall into this category.
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Fig. V.11. Theratio of the relatie importance of baroclinic/barotropic instability processes
({APH{KP}) for the standard May 22 case, as a function of alongge#@ngth. Neative val-
ues of{f APH{KP} are due tdAP} < 0 (enegy flow from perturbation to mean) afP} > 0.

With wavdength increasing frors200 km, both baroclinic and barotropic instability pro-
cesses contribute significantly to the growth of the perturba#ogradual tendenctowad a
more baroclinic instability occurs with increasingwdength. Themost unstable mode (at 260
km) is characterized byAP}{KP} =0.90. Thus baroclinic and barotropic instability pro-

cesses are of nearly equal importance for the fastest growing mode.

V.6. Variations

V6.1 Inceased vertical resolution
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One of the points made by Beckmann (1988) as well as others is the importance of using
sufiicient layers in the ertical to &oid the well-known short-avdength cutof often noted in
idealized studiesThis effect is seen, for example, among the two-layer idealized jet linear sta-
bility results of Holland and Haidvogel (1980); their @tb rates go rapidly to zero with
decreasing avdength from about 200 kmWalstad et al. (1991) irvestigate the use of a
12-layer model and conclude that the six-layer model is sufficient for gignreWe test the
use of the same 12-layer model, which is eglant to our six-layer May 22 basic case (Figure
V.2b) except for the increased vertical resolutiofhe 12-layer basic state is described in Table
V.3 and Figure V.1D. In addition, we create a nine-layer eggient case by combining the bot-
tom six layers of the 12-layer model into three laydise nine-layer basic state is described by

Table V.4 and Figure V.12

Table V.3. Nine-LayemBasic State Characteristics

Layer Thickness, m glplpg, M S2
1 (surface) 48

6.0443x 1073
2 60

7.0874x 1072
3 &4

3.2294x 1072
4 102

2.0391x 1072
5 138

2.0421x 1072
6 176

3.0625x 102
7 528

3.2539x 1072
8 896

2.5541x 1072

9 (bottom) 1138




Table V.4. Twelve-Layer Basic State Characteristics
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Layer Thickness, m gl plpg, M S2
1 (surface) 48

.0443x 1073
2 60

.0874x 1073
3 &4

.2294x 1073
4 102

.0391x 10°3
5 138

.0422x 1073
6 176

.0965x 1073
7 232

. 7234x 1073
8 296

.6041x 10°3
9 392

.5863x 1073
10 504

.3437x 1073
11 572

.0390x 10°3
12 (bottom) 566

Table V5. PureBaroclinic Model

Layer BasicState Velocities, m™s
1 (surface) 0.24
2 0.17
3 0.14
4 0.10
5 0.04
6 (bottom) -0.01

Layer thicknesses argl values are listed in Table V.1.
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The growth rates and phase speeds for thevaquat six, nine, and 12 layer models are
quite similar (Figure M.3). Thekc, maximum for the 12-layer casewaccurs at 250 km
rather than 260 km for the six-layer caskhe nine-layer case splits the difference between
them fairly neatly From roughly 170 to 250 km, notice that with decreasing numbers of layers,
the kg, cune dnifts slightly to the right. This is the extent of the shoavdength cutaff phe-
nomenon in this case, and the differences are minahe 12-layer case, the local maximum in
growth rate at=180 km is no longer present, but the magnitude of the growth rate here is com-
parable to the six-layer cas&he differences among the curves farl2< 170 km are not too
substantial but more dii€ult to interpret. In the 130-km region, the 12-layer local maximum in
kg is about 30% smaller than the six-layer case. The three curvesgmegan with decreas-
ing wavdength from this point.For simplicity and for consistencwith Walstadet al. (1991)

and part 2, we use the six-layer model for our primary results and interpretation.

V6.2 One-dimensional cases

As another approach to the question of the importance of barotropic versus baroclinic pro-
cesses in this region, we thought it would be instvach investigate the corresponding one-
dimensional cases/Ne aeate a pure baroclinic model, with strictly vertical shbgraveraging
the May 22 horizontal jet profilever y while retaining the same layer structure in the vertical
(resulting velocity profile listed in Table3). Similarly we aeate a pure barotropic case, with
only horizontal sheaby averaging (weighted by layer thickness) all six layers vertically into a
single layer model (Figure.14). Theasymmetry of the basic state (which hagags been pre-
sent) is particularly\ddent in Figure V14. Thestability analysis is accomplished using almost
exactly the same methods as\poaisly outlined, with straightforward simplifications of the for-

mulas.
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Fig. V.12. Basicstate profiles for theaj nine-layer case and) 12-layer case, both from May
22.

Fig. V.13. Phasspeeds and growth rates for the 12-layer case (bold line), nine-layer case (nor-
mal line), and standard six-layer case (dashed line), all from May 22.
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The results (Figure .¥5) are satisfying in that theffer additional clues as to the struc-
ture of the mixed stability case. The pure barotropic case exhikitsraaximum at 110 km,
while the pure baroclinic has maximukg at 285 km. Results far, are similar for all cases
except for a 105-195 km region where the mixed case perturbation ptepagughly twice as
fast as the othersFor wavdengths smaller thar170 km, the pure barotropic and the fully
mixed cases are similadthough the mied case is usually more unstabkor wavdengths
larger than=170 km, the pure baroclinic results are close to theddnes, although less unsta-
ble for shorter \avdengths and more unstable for longer ones. The mixed case is substantially
more unstable than the pure barotropic one at largedengths. Theseesults are consistent
with some findings of Song (1971), who performs similar comparisons fmietyof idealized
situations. Fronthe point of viev of a barotropic jet, the addition ofewvtical shear tends to
destabilize at all avdengths. Ifhorizontal shear is added to a pure baroclinic problem, on the
other hand, it has a destabilizing effect for shortevdengths but a stabilizing fefct at longer
ones. Notein general, that the multiple peaks in growth rate seen in the mixed stability case are
not present in the one-dimensional cases; the complexity of the mixed cekeidlye related

to the combination of different instability mechanisms occurring simultaneously.

The one-dimensional results are consistent with our analysis of tlgetoenf the mixed
case (section 5)We found that the instability at 260 kmas characterized by nearly equal con-
tributions from barotropic and baroclinic processes. Figure V.15 indicates that purely barotropic
and baroclinic instability mechanisms produce roughly comparablettymates. The domi-
nance of barotropic energy transformations around the secondary maximum at 180 km (Figure
V.11) also agrees with these results, since at thisdength the pure baroclinic case has very
small kg, The pure baroclinic case illustrates well the duabfshort wavdengths mentioned

above. In Fgure V.15, the increasing relad importance of baroclinic processes as weero
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Fig. V.14. Basicstate profile for the May 22 pure barotropic, single-layer case.

Fig. V.15. Phasespeeds and growth rates for the pure baroclinic instability case (bold line), the
pure barotropic instability case (normal line), and the standard six-layer mixed instability case
(dashed line), all from May 22.
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longer wavdengths is also consistent with the energy analysis of thedhtase; at 260 km the
{AP}{KP} ratio from the global energetics is 0.90, while at 400 km this ratio has increased to

1.18 (Figure V.11).

V6.3 Non-zonatases and the beta effect

The linear stability model was d#oped on arf plane, for simplicity and also for consis-
teny with part 2 of the study We alculate for layer 1 the dimensionless parameter
B =BLUg =0.029 B=1.8x10 " ms? Uy=0.53m s?, L =29 km), which is small,
so the beta effect is probably mindtor this type of analysis, hower, the extension to the beta
plane and to arbitrary basic state orientation (for the two-dimensional parallel nveavhfti
we consider here) turns out to be straightforward numerically ( Robinson and McWilliams,
1974). Whilemaintaining the coordinate system aligned with the mean state orientation, we
now define both a8 = f, and ag® = f,. Adding these terms to our\dgopment, (8) now

takes the form (dimensional)
N s~ H - N A
(Un-o) Gnyy ~ k Ont H. [Fn((pn+1 - (an) - Fn—l((Pn - (pn—l)]}
n

~ H
—(ﬂn{Unyy— IB(y) + H [Fn(Un+1 - Un) - I:n—l(un - Un—l)]}

n
LI (15)
k ¢ny,8 - 1

and may be solved as before. The resulting differences in growth rates and phase speeds for our
standard May 22 case are simofor three choices of basic state orientation (Figut®)V east-
ward (B =0, gW = p), equatorward g = g, sV =0), and westwardg* =0, g =- p),
whereg=1.8x 10 m™ s, For an equatorard flav, which is the general orientation of the
CTZ jet, the most unstable mode has amrise growth rate of 11.4 days rather than the 11.0

days in the case without the betéeef. Thebeta effect is slightly stabilizing in all cases except



104

for a westward tending meanwvlpwhere it is slightly destabilizing. If we choose a mean flow
aimed directly to the west, theverse grovth rate of the most unstableaweis 10.0 days rather
than the 11.0 days of the case without the bééxtef Theresults for all of the cases in Figure
V.16 are qualitately similar. We conclude that the betafett has a relately minor influence

on the linear stability of the jet profiles.

V.7 Summary

We take advantage of the combinedythrographic and ADCP data from the 1987 CTZ
experiment to perform a quasi-geostrophic linear stability analysis of a CTZ jet using observed
profiles. Thebasic state flo fields are somewhat idealized, butytlietain much of the com-
plexity of the real ocean and yield richly structured resut&e primarily apply well-tested lin-
ear stability analysis techniques to the coastal transition zgimnreAdditional motvation for
the linear analysis is to provide necessary information for the finite amplitude nonlinear study in

part 2.

We treat the fully mixed linear stability problem (with both horizontal and vertical shear),
with relatively fine resolution in botly and z, using basic state profiles from objeety ana-
lyzed data.We examine the behavior of the growth rates, phase speeds, andeetgestruc-
ture as a function of along-jetawdength. W dso analyze the engetics to determine the
degree to which baroclinic and barotropic instability processes are important and the structure of
the energy transfers. The application of similar techniques to the extd88B CTZ data set is

currently being explored.

One of our major results is the identification of the fastest growing instability with an

along-jet vavdength of=260 km. The characteristicvierse gravth rate of this meander is 7-11
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Fig. V.16. Phasepeeds and growth rates for the May 22 case with the beta effect for a west-
ward flowing jet (bold line), eastward flowing jet (big dashes), and southward flowing jet (nor-
mal line), compared to the standdrghlane case (small dashes).

Fig. V.17. ADq50d9 (M), the dynamic height of the sea surface nedath 500 dbars, normal-
ized byg, over the complete sury gid for the 1987 summer cruise (Kosbal, 1991). The
dashed line is drawn to help neak ough estimate of a meandeawdength, which is=250

km.
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days, and the propagation speed of the perturbation is 0.05-0.09dmsstream, using the
differences between our May 22 and June 12 results as a measure of uncaiairtympari-
son of these results to actual meanders seen in either modeling oratbeerwill alvays be
problematic; the linearized theory is onlglid for infinitesimally small-amplitude perturba-
tions. Itis remarkable ha fruitful the linear theory has been, hax#e and even mature fluctu-
ations will often be approximatelkplained well past the formal limits of the theory [Pedlosky

(1987) section 7.3].

With the preceding eaat, then, consider the flofield of Figure V.17 from Kosret al.
(1991). Thisis the complete June s dynamic height field.We aly considered the south-
ern half of the array pwiously (Figure V.1), following Walstadt al.(1991). Alook now at the
full survey reveals a large meander extending from aboud®® to 41°N. Although irregular
in shape, the length of this feature is stiklfy well defined. If we consider th&D =0. 9 con-
tour and drev a graight line such that the line is bisected by the conteerdtain a rough esti-
mate of 250t 20 km for the vavdength. Thepersistent maximum seen at awdength of
=260 km throughout our linear stability results is consistent with the size of this ethseean-

der.

The phase speed results of the model imply a 4-8 km/d propagation of a perturbation
downstream. This propadgion of the jet meander is difficult to identifyea qualitatively from
the observations, ggn the aailable data and the complexity of theviidield. Inthe northern
region of the 1987 CTZ experiment,faff Cape Mendocino, phase propagation is not clearly
evident (see e.g., Kosret al.[1991]). Inthe southern region of the Walstatlal. (1991) grid
(south of about 38N, our Figure V.1), the jet features do appear to translate roughly 50 km
downstream from May 22 to June 1Zhe linear stability results predict a larger shift of 80-160

km over this same time periodThe results from part 2, howe, indicate that the propagation
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velocities of finite amplitude meanders are, &ttf generally smaller than the linear stability

values.

Finally, our analysis of the engetics of the meander growth verifies that the instability is
a mixed one, with coversions from both the basic state kinetic gyesind basic state potential
energy We go on to povide detailed engly balance information. The primary result is that
unstable solutionsver a range of vavdengths from 200 to 400 km are all characterized by sub-
stantial contribtions from both barotropic and baroclinic instability processes, and these two

sources of energy are of nearly equal importance for the fastest growing fluctuation.
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VI.1 Abstract

Several recent data sets imw® aur view of the polevard undercurrent of the California
Current system. As part of a triennial National Marine Fisheries Service (NMFSystrv
Paific whiting, a series of shipboard acoustic Doppler current profiler (ADCP) velocity sections
across the shelf break from 33-Bllat dbout 18 km meridional spacing were collected July-
August 1995. Significant (> 0.05 it} subsurface poleard flow occurred in 91% of the sec-
tions, with a mean paleard undercurrent core velocity of 0AF.01 ms®. A mean cross-shelf
section using the entire data set has statistical significavealing an undercurrent core >0.1
ms ! from 175-320 m depth 20-25 kmfaohe shelf break The mean polgard volume trans-
port in a 140-325 m layer is @9.2x10°m3s™t. We focus particular attention on the Cape
Blanco to Cape Mendocinogi®n, and we compare with shipboard ADCP results three weeks
later from a study of coastal upwelling processes near Cape Blanco. ADCP streamfunction
maps are dered and strongly suggest one portion ofifics continuous @er the 440 km merid-
ional extent of the analysisgien. Otherportions of the flv show evidence of offshore turn-
ing, separation, and the formation of anti-cyclonic eddi#e.dso note that isopycnic potential
vorticity from alongslope CTD stations during the NMFS syris a good tracer for the pole-

ward flow, providing additional indirect evidence of the undercurgeneridional continuity.
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V1.2 Introduction

Subsuréce polavard flow occurs along all fig major oceanic eastern boundaries. At mid-
latitudes, this polsard flow opposes the equatorward subtropical eastern boundary current flow
at the surice. Duringthe coastal upwelling season, the paal flow also opposes intense
equatorvard surface-intensified upwelling jet¥hese undercurrents are usually foundrdhe
continental slope and Y& typical alongshore speeds of 0.1-0.3 trend depth range 100-300
m (Neshybaet al, 1989; Warren, 1990). Since thbave vdume transports of O(R10Pm?3s™?,
they may be significant oceanic features in a global circulation context, besides being important

aspects of eastern boundary regions.

Although the polevard undercurrent in the California Current system has been the best-
obsered and most studied of ynseveal basic dynamic and kinematic issues remain unre-
solved (eg. Warren, 1990)Some of the outstanding kinematic questions concern the undercur-
rent’s continuity in both space and timd/Jost historical observations Y& wnsisted of individ-
ual cross-shoreylrographic sections and reladiy short current meter records. Some of the
most interesting recent obsations of the polsard undercurrent he been Lagrangian mea-
surements using subsurface RAFOS drifters (Cofiired, 1996b). Theseneasurements unam-
biguously demonstrate the continuity of the pael flow at dout 140 m depthwer a 500 km

path from 37.8-418\.

The 1995 triennial sury by the National Marine Fisheries Service (NMFS), to assess the
alundance and distniion of Pacific whiting, included shipboard acoustic Doppler current pro-
filer (ADCP) velocities which we examine here. The syré@ampled the entire mid-latitude
eastern Rcific slope in July-August 1995, with cross-slope transects running nominally from 50
m to 1500 m isobaths at 18 km meridional spacing (Figure VI.1). Although the cruise plan was

largely determined from fisheries considerations, the data set is also well-suited to studying the
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poleward undercurrent.

Significant quantities of Pacific whiting were detected froriN3& 51°N. Relatvely
dense agggations of fish were located near Pt. Arena, Cape Mendocino, centrgbrQrand
off southern and northern Vancavisland. As in previous sugys, the size composition of
Pacific whiting generally increased with latitude. The mean daytime fish depth was 195 m, and
fish were found within poleard flow about 80% of the time (Wilson and Guttormsen, 1997).

We db not discuss the biological results here.

The meridional extent of the NMFS ADCP data allows us to address issues of spatial con-
tinuity and latitudinal ariation. Alsoin August 1995, three weeks after the NMFS syrv
passed Oregon, an intevsiS2aSoar/ADCP suey gudied upwelling processes at Cape Blanco
(Barth et al, 1998; Barth and Smith, 1998)Ve present some results from this seyvwhich
obsered strong interaction between the pwed undercurrent and a separating coastal

upwelling jet abge.

In the presence of tidal currents and inertial oscillations, and with little concurrent cross-
shore hydrographic data, we seek to detect the subtidal anddglatable and geostrophic
poleward undercurrent.We acomplish this primarily using twmethods: aeraging together
mary cross-shore sections to reduce the "noise", and deriving streamfunction andi¢hlisge

the divergenceless geostrophic velocity field.

VI.3 Data and methods

Sunweys to asess the abundance and distidn of Pacific whiting hee keen conducted
evey 3 years since 1977 by the NMFS. The syrin 1995 was by th&/V Miller Freemanand

included acoustic echo measurements at fs@quencies (38 and 120 kHz) using a Simrad
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EK500 system, as well as trawlovk. The complete 1 July — 1 September 1995 syrv
included a &st run down to the southern end from Seattle at the beginning and additional tran-
sects from 52-53 off the Queen Charlotte Islands at the eRésults here use data from 7

July — 28 August between 33- (Figure VI.1). Nominal meridional spacing of these 105
mostly east-west lines was 18 km, and the mean length of a transect was baksects gen-

erally ran mid-shelf to mid-slope, between the 50 m and 1500 m isobaths, sometimes extending
to deeper ater depending on real-time biological scattering results. CTD casts were made at
selected trawl! sites and atdwer three locations alongvery second or third transect, down to
depths of about 500 mkor the first time, this &cific whiting surey dso included acoustic

Doppler current profiler (ADCP) velocity measurements.

The CTD data are used to compute "spiciness" as defined by Flament (1986). Spiciness is
approximately perpendicular , in a T-S diagram and avks well in the California Current
system becausererage T-S cures lie roughly orthogonal to isopycnals (Tiblig41). High
spiciness corresponds to high temperature or high salinity whilesdiziness corresponds to
low temperature or l@ salinity. Temperature and salinjtiience spiciness, on subsurface isopy-

chals can be assumed to be consemati

An RD Instruments 153.6-kHz naweband, hull-mounted ADCP measured currents
throughout the suey. We wsed a vertical bin width of 8 m, pulse length of 8 m, and an ensem-
ble averaging time of 2.5 minPings per ensemble varied from 66-101, and the depth range of
good data (good pings >30%pwtypically 22—-326 m. Details of ADCP data processing gener-
ally follow the methods used for tfV Wecom&ape Blanco study (Bar#t al, 1998), which
are contained in the data report Pieztal.(1997a); we summarize herBata were required to
pass tests of sufficient return signal, acceptable secongttles of u, v, and w with respect to

depth, and reasonable err@lacities, as recommended by Firiagal. (1995) and Zedel and
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Church (1987). The ADCP as slaed to the EK500 biological instrument tov@d interfer-
ence. Pre-cruiséests rgealed no interference between theotimstruments when the ADCP
obtained ship velocity from navigation alonéhe ADCP bottom-tracking feature, hoveg
which puts more energy into the watesas found to cause an artificial signal on the EK500.
For this reason, bottom-tracking wasveeenabled throughout the sy GPS P-code (mili-
tary-type) navigation was used for position and gyrocompass for heading, to determine absolute
velocities. The ADCP/navigtion/gyrocompass systemasg calibrated by e@riability between
currents and ship velocity (Kosro, 1985; Pollard and Read, 1988¢ale factor of 2% and a
calibration error which varied linearly in time from 0.1-OXvere detected and renwml.
Remaining calibration uncertainty implies an unknown bias of “0.02 imsbsolute velocities.
Raw reference layer velocities were low-pass filtered with a 20-min Blackman wri(feldng

et al, 1995). Short-terminherent random errors for an ensemble are at most 0.2 and the

estimated rms error in absolute reference layer velocity was 004 ms

Vertical sections of ADCP were contoured using a Barnes obgeatalysis (OA) scheme
(eg. Daley, 1991) with succesgé lorizontal(\ertical) smoothing scales of 15(50), 10.6(35.4),
and 7.5(25) km(m)We cefine the alongshore direction to be 3B the region south of Cape
Mendocino and O north of Cape MendocinoFor maps of ADCP vectors, component values
and locations are 5 km spatiaeeages, and in cases where the cruise traeltays itself, mea-

surements from different times ans=ged together.

To derive greamfunction from the ADCPelocities, the diergent portion of the velocity
field must be remad. First,the two components of velocity are gridded using a four-pass
Barnes @ (Barnes, 1994).The initial smoothing length scale is 30 km, while the 4th pass one
is 10 km. In the case of the Cape Blanco study (Figure V1.7), with its better spatial resolution,

we used an initial scale of 15 kriVe determine streamfunctiorver this gridded velocity field
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using the version Ill method of Hawkins and Rosenthal (1965), introduced to the oceanographic
community by Carter and Robinson (1987A. Poisson equation for the velocity potential,
forced by the observed field ofvdigence (calculated for each grid box), is solved with a
boundary condition of zero on all sides. The resultialpaity potential is then used to add a
correction to the boundary conditions for the Poisson equation for the streamfunction, forced by
the relatve vorticity field. This approach has the effect of maximizing the amount of kinetic
enegy in the resulting streamfunction fielVe use the MUDRCK (Adams, 1989) routine to

solve the Poisson equations, subject to the condition of no normalrto the coast. Attempt-

ing to use the observed velocity field directly as a boundary condition for the streamfunction
calculation, the simplest approach (eg. Pollard and Ret®?2; Allen and Smeed, 1996),
implicitly assumes that the obsed/field along the boundary is nomgigent, which may not be

true given measurement noise. @rgenceless vectors are dexd from the gridded streamfunc-

tion and then interpolated back to their original locations using wegrakima bvariate inter-

polation (Akima, 1996).

V1.4 Results

The full set of 105 alongshore velocity sections from the NMFSegume available for
viewing in an on-line data report (Pierce, 1997blere we present a representatample of
16 sections (Figure VI.2). Asxpected during the summer upwelling season, surface equator-
ward flow is frequently present. Significant surface-intensified equatchjets associated with
upwelling can be seen at 488 42.97N, 42.14N, and 40.14. Consistent with historical
obserations and satellite imagery (Smith, 1995), the upwelling jets to the north ¢iN42.8
(Cape Blanco, Oregon) appear to be confined inshore of the continental shelflbreadtions

to the south of 42°%8, the upwelling flows are found seard of the shelf break. The
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separation which occurs as an upwelling jet passes through this region can be seen by compar-
ing the 42.97N and 42.14N sections. Obsention of the details of this separation process was

the motvation for the Cape Blanco study (Figure VI.7; Badhal. (1998)). Outsideof this

region, the absence of maross-shore hydrographic observations to complement the NMFS
ADCP makes further interpretation of the sied flows dificult. In this paper we focus on the

subsurface poleard flow.

The ubiquity of polevard flow throughout the 5400 km of cross-shore trackline is striking.
Individual sections slwa complex poleward current patterns (Figure VI.2Barotropic tidal cur-
rents, baroclinic tidal currents, and inertial oscillations are probably all presemnt pardicular
section, a 0.05-0.10 miscontritution (Togrimson and Hicky, 1979) which confuses the view

of the subtidal signal.

As one method of summarizing thisdardata set, we consider a subsurface demh-a
aged layer (Figure VI.1)The upper limit of this layer is an estimated depth ofa¢he 26. 4
surface, and the lower limit is at 325 m, the typical range of good ADCP Wéacktermine
the depth of ther, = 26. 4 level using selected NMFS CTDs, and it varies from 120-161 m
with a mean of 138 m (Figure 8a contourgye chose this layer definition as a reasonable one
to focus our attention on the subsurface watd undercurrent.The definition is particularly
useful in the southern California bightgien, to separate the undercurrent signal from a sur-
face-intensified pol@ard flow which blends with it (eg. 34.2R Figure VI1.2), sometimes called

the Southern California countercurrent (Higk1979).

Depth-aeraged polevard flow within this subsudce layer appears as black shading in
Figure VI.1. In 96 out of 105 sections, maximum pael layer \elocity is at least 0.05 ms
over a 5 km width. Themean of these core layeelacities seen at each section is @101

ms 1.
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V1.4.1 Mean structure

One approach to the problem of separating out the undercurrent signal from other pro-
cesses is to formvarages. The écts of tides, inertial oscillations, and other phenomenon will
decrease as sections aweraged. V& havesuficient realizations and the undercurrent core is
stable enough to render meaningful such a meridional mean section (Figure Vh8antire
NMFS ADCP data set (including connectingdebetween transects) is regridded (using 5 km
grid spacing) onto an B§helf-break coordinate system, then contoured (Figure VI.3a). Stan-
dard errors (assuming = 105 independent points) are figured for each grid point, and these are
at most about 0.02 s Values less than the standard error are omitted from the plot. The
mean cross-shelf sectionveals a polevard undercurrent core > 0.10 mswith thickness
175-320 m, 20-25 km bthe shelf break (Figure VI.3a). The mean pa&e volume transport

belowo, = 26. 4is 0.9:0.2x1Pm3s ™.

In addition to this @idence of the alongshore continuity of the undercurrent, recent results
from an array of moorings prale evidence of its continuity in time: the Eastern Boundary
Current moored array at 38N measured currents for 22 months at 5 cross-shore locations
extending from the inner slope (410 m) to the abyssal plane (3650 m), at 14 km spacing (Kosro
et al, 1994). Mean polward flow was observed at depths > 100 m, with the maximum pole-
ward flow at the innermost mooring at about 175 m (Figure VI.3B%ing the 3 slope moorings
and integrating from about 100-600 m (the shadgibmneof Figure VI.3b) yields a pohard
transport of 0.&10°m3s™, consistent with the Figure VI.3a spatial mean transport o @2
x10°m3s™t. The two views of the undercurrent are also similar in that the > 0.10 awse is

centered roughly alve the 800 m isobath in both cases. The spatial mean has maximum
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poleward flow awvay from the slope (Figure VI.3a), while the moored array shows maximum
flow hugging the slope (Figure VI.3b), but thisfdience is probably due to the coarser cross-

slope resolution of the moored array.

From a single current meter at 350 m depth located the 800 m isobath bPt. Sur a
relatively long (6 year) time series isvalable (Collinset al, 1996a). Agin, the 0.08 mg
polevard flow from the moored instrument at 350 m agrees well with our 0.09 msan at

325 m.

VI.4.2 Latitudinal trends

Both the subsurface pe¥ard maximum layer velocities and the layer transports for indi-
vidual sections st significant scatter (Figure VI.4). This is not surprising/egithe presence
of unresolved tidal, inertial, and other contaminam# initially determined a statistically sig-
nificant large-scale trend with latitude in both characteristics, by classical least-squares fits
(dashed lines of Figure V1.4), as in Piesteal. (1996). Boththe core elocities and the trans-

ports decrease moving polard.

Although these fits are significant, yhare not necessarily the appropriate model in this
case. W moticed first by eye, particularly in the transport, gioa 43-47N with reduced val-
ues. V¢ then experimented with the variable blosleraging (VBA) filter of, Havell (1995) a
type of adaptie fiter specifically designed to identify sharp boundaries in gesopal data.
The VBA algorithm uses information obtained by applying the Haar transform (a memiti
wavelet) on a fixed scale and at all possible positions within the data retbedsolution is the
one with the greatest skill, among all possible solutions which could be constructed using any

number of blocks of size = 18 or geater.
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The VBA confirms a transition located just north of Cape Blanco, in both core velocity
and transport. The location of this transition is consistent with the location of the equatorward
surface jet separation in the Cape Blanco region (Bzirtl, 1998). Anticipatingthe results of
the net section as seen in Figure VI.7, and discussed in detail in, (8aalh 1998) a separat-
ing coastal jet can strengthen and deepen to the point where it interacts significantly with the
poleward undercurrent. During the NMFS sew three weeks prior to the intemsi Cape
Blanco studythe polevard flow appears to bifurcate bdf Coos Bay (Figure VI.6), perhaps as a
result of a small upwelling jet abe 43.47N Figure VI.2). With the aid of the VB method,
however, we do know that to the north of £N, core elocity and transport are similar to what
they were to the south of Cape Blanco. Excluding 43N 7ve see only a small decrease in the

core velocity and transport of about 1% per degree of latitude.

The characteristic width of the undercurrent (defined as the width at half-maximum veloc-
ity) and its change with latitude arevealed by forming three mean sections (Figure VI.5).
Using two 5° latitudinal bands to the south of Cape Blanco and 6rimAd to the north, a nar-
rowing of the undercurrent to pelerd is evident. Consistenwith the undercurrent hugging the
slope, the core nves doser to the slope as it naws. Thefirst-baroclinic Rossby radii of
deformation for these latitude bands, as calculated by Chefitain(1998) from climatological
1° gridded lydrographic data, are 24.3, 21.8, and 15.5 km (Figure VI.5, horizontal lines). The
widths of the poleard flow are consistent with the Rossby radii, which has also been noted in
the case of the Peru undercurrent (HugeB80). Thechange in width is not connected with a

change in bottom slope, which does not change systematically with latitude.
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V1.5 Cape Mendocino to Cape Blanco

We focus nav on the Cape Mendocino to Cape Blanco region (Figure V1.8#.choose
this area to apply our method of démg streamfunction from the ADCP data. This area is of
particular interest since Cape Blanco appears to be the northernmost point whexreeaesuré-
torward jet separates from the coast. (Bathal, 1998) It is also a region where the NMFS
transects fortunately extended furthefisbbre than usual (Figure VI1.1), beyond the 2000 m iso-

bath, allowing us to resadvsome of the flav field along the offshore edge of the undercurrent.

The original 5 km NMFS ADCP vectors for the subsurface layer (belpw?26. 4 down
to 325 m) clearly she poleward flow, but the presence of other oceanic phenomena is also
obvious (Figure VI.6a). The Barnes @ smoothing and the enforcement of noragence
reduces the aliasing effects of tidal and inertial signals, retaining thevgpol@ndercurrent
(Figure VI.6b). The streamfunction plotted underneath has contouratgererresponding to

0.1x10°m3s ™ in transport.

At least 0.2x10°m3s™ of the transport unambiguously transits the 440 km length of our
region, entering close to the inshore end of our southernmost transectitamgl @dose to the
offshore end of the northernmost one. Additional transport is probably continuous throughout
the region, but not quite resolved by our tracklines. Although a portion of thesflontinu-
ous, we also see meandering and eddy format#dart1°N, for example, part of the undercur-
rent is turning offshore, and this appears to be part of an anticyclonic eddy which is just about to
break avay. Just to the north of St. George Reef M2 is a large westward meandarhich
might be an early stage an eddy formation process. AtM2 of Coos Baythe \eering off-
shore of 0.3x10°m%s™ is consistent with the general decrease of transport in the 43M6-47

region seen in Figure VI.4.



121

This vienv of the undercurrent, as a combination of some continuousifishore and
another portion offshore prone to instabilities and anticylconic eddy formation, is consistent
with recent Lagrangian measurements using subsurface RAFOS drifters (EbHinslo96b;
Garfieldet al, 1998). Boththeir floats #5 and #1X%perience an acceleration and a veering off-
shore in the vicinity of Cape Mendocino, followed by a deceleration and gradual return onshore
to the north, similar to our streamlines. Float #19 then drifts westward to the north of Cape
Mendocino in similardshion to the fie we e at 4IN. Float#5 traces a path through most of
the region quite similar to our continuous streamlines, remaining in the undercurrent hugging
the coast until just south of St. George Reef. At this point it hedslsooé and gets caught in
an anticyclonic eddy of about 35 km diametentered at about 125\, 42.3°N. The mean-
der which we see just north of St. George Reef could easily béeeedif stage of a process
leading to such an eddyHuyeret al. (1998) in the Eastern Boundary Current experiment also
describe dshore subsurface anticyclonic lenses of redfitispicy (warm and salty) water mass

which were presumed to form from the undercurrent in this manner and then drift to the west.

The deceleration to the north of Cape Mendocino is alstelet from moored data. The
two bold arrows at 393N and 40.85N in Figure VI.6b represent 150-300 m, mean currents
from moorings Feb-Oct 1989 at the 400 m isobath. (Lasfied, 1993) The speeds of 0.13
ms* to the south of the Cape and 0.05 hts the north are quite consistent with our measure-

ments.

About three weeks after the large-scale eur{d7-27 August 1995), an intemsi SLa-
Soar/ADCP surey d the Cape Blanco region took place (Figure VI.7a; Batthl. (1998)).
Again there appears to be about ®12°m3s* which is continuous poteard through the region
(Figure VI1.7b). A significant difference, howesr, is that a large portion of the undercurrent

which enters from the south turndsifore. Thids due to interaction with a strong equatorward
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upwelling jet which separates from the coa$tQdpe Blanco, strengthens, and deepens to the
point where it is interacting with the top of the peded undercurrent. Bartlet al. (1998)
examine this interaction in detail. Reladly spicy undercurrent water can be seen interacting
with and becoming part of the equatorward surface jet (their Figure VIlt8ee weeks previ-
ously (the NMFS sumey mssed through the gmn 25-30 July 1995), a smaller separated
upwelling jet existed (Figure VI.2, 42.94), but this did not interact significantly with the
undercurrent. Thénteraction with a strong separating surface jetvali® another mechanism

for a portion of the undercurrent to be tomweg from the slope.

V1.6 Alongslopehydrography

As part of the NMFS suey, CTD casts were made atavor three locations alongvery
second or third transect, down to depths of about 500V lected the 31 stations out of the
total of 65 which were\@r the slope (bottom depths 245-1830 m) to characterize the merid-
ional water mass properties of the undercurrdrite core of spig water at 100-250 m at the
southern end of the suay gpreads to poleard and is still detectable as a spiciness maximum in
the vertical at the northern end of the synat 150-225 m depth (Figure VI.8a). B®al exam-
ples of this type of indirect evidence for psbed undercurrent fl@ can be found in Neshylet

al. (1989).

The Cape Blanco study made a cross-slope CTD section &N43t2 FM line (Figure
VI.9a). Herethe down-warped isopycnals belay = 26. 4close to the slope indicate the pres-
ence of polward geostrophic fl@, and the spiciness maximum confirms the southern source of
this undercurrent fls. Our choice of ther, = 26. 4 surkce as the upper boundary for the pole-

ward undercurrent layer was guided by inspection of sections such as this.
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Also shown on Figure V1.8a (small triangles) is the depth of the center of mass of pole-
ward flow from ADCP This is calculated as,g = > vz/> v over the subsurface layewrhere v
is a rav poleward ADCP velocity and z is the depth of that measurementjding a good indi-
cation of the core undercurrent depte mote that g, ranges from 150-250 m, consistent
with historical estimates of undercurrent depth (Nestgtba,, 1989). In Pierceet al. (1996),
we noted a slight poleard deepening of g, but in that case we included polard flow shal-
lower than thes, = 26. 4 level. In particulay the southern California bightg®n has signifi-
cant polevard flow shallower than 26.4, sometimes called the Southern California countercur-
rent, which led to the conclusion of pal¥d deepening. Excluding this flowhich is probably
a dfferent dynamical phenomenon,,zhas no apparent trend with latitude (Figure VI.8a).
Given the expected poleard shallowing of isopycnals, we note a general trend of the undercur-
rent core fromo, “26.6 water at 38N to g, "26.7 at 50N. Thisis consistent with an undercur-

rent which mixes with slightly denser water downslope and offshore.

Isopycnic potential vorticity defined aps= p ' f9,0/0z, where f is the Coriolis parameter,
calculated from hydrographic data in the manner of Ygll®©88), can be a useful tracer of
oceanic circulation.We alculateq using Ap increments of 0.05 (Figures VI.8b and VI.9b).
Shallaver than thes, = 26. 3 level, we note strong meridionakviability in g (Figure V1.8c).

At the g, = 26. 6 level and deeperthe variance of) drops dramatically close to zero, and we
note a broad region of reducqdvariability centered abouy = 1.5x 10 *?cm™*s™. This level

of qis atg, = 26. 6at the southern end amg = 26. 7at the northern end, consistent with, z

as well as the spreading core of spiciness (Figure VI.8a). dhppears to be a good tracer for
the polevard undercurrent fl@. In our cross-slope section as well (Figure V1.9b), we see that
the polevard undercurrent fl coincides with the broad region @f=1.5x 10 2cm1s?

between 26.6-26.7.
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This should not be surprising, since if we badisome part of the undercurrent to be con-
tinuous w@er this great a range of latitude, it mustveaome mechanism for conserving its
potential vorticity in the dce of the significant change in planetary vortidity The way the
undercurrent conservegis by a slight thickning, a poleard increase i\z between isopyc-
nals, to counteract increasirig Although we hge nedected the effects of relas vorticity, we
expect this to be a possibly important term in the undercurrent only in a local sense (thus per-
haps explaining the small undulations in the 1. 5contour), not affecting the utility af as a

tracer of undercurrent flo

VI.7 Summary

From this extense %t of NMFS ADCP data, with supportingidence from the inteng
Cape Blanco stugyan improved view of the polevard undercurrent emges. The undercurrent
is present along almost the entire mid-latitude eastern boundary of the North Pacific, with mean
core velocity of 0.17 m$, core depth 150-250 m, location 20-25 krhtbe shelf break, width
of about a Rossby radius, and transpowmi®o 325 m of 0.80.2 x1°m3s™>. ADCP stream-
function maps devied from velocity observations between Cape Blanco, Oregon and Cape
Mendocino, California shva some continuity of the undercurrenten this 440 km long region.
In other portions of the fl@ undercurrent \ater appears to lea the slope, thus breaking conti-
nuity on scales greater than about 300 km, in the form of anticyclonic eddies or as a portion of a
separated equatoand jet in the vicinity of Cape Blanco. Analysis of alongshore hydrographic
data provides additionalviglence of continuityparticularly at leels below g, = 26. 6-26. 7.
Potential wrticity in the range 1-%10*?2cm™*s™ appears to be a good tracer of the yete

flow.
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Fig. V1.1 ADCP transects across the shelf break during the NMFS Pacific whitirgy,siuly-
August 1995. Depthwaraged subsurface alongshorewflbetweeno, = 26. 4 (about 140 m)
and 325 m is plotted normal to the ship track, with watd flow shaded. Th&00 m isobath is

shown.
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Fig. V1.2 Selected ADCP vertical sections of alongshone {lum/s). Polward flow is shaded.
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Fig. VI.3 (a) Spatial mean section of alongshore fizing all NMFS ADCP data, after trans-
formation into an off-shelf coordinate system, using distance from the 150 m isobath. (b) 22
month temporal mean section of alongshore floom the three innermost moorings of the
Eastern Boundary Current moored slope array afB8.5
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Fig. VI.4 Maximum polevard V ( x ) and the total subsurface layer transpejt for
each NMFS ADCP sectionLight and bold solid lines skovariable block gerages

for the maximunV and transport respeetly. Light and bold dashed lines are least

squares fits.
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Fig. VI.5 Spatial mean sections for three different latitudinal ban@éues less than

the standard error of the mean are béahkut. The horizontal line just b&loeach
section indicates the first baroclinic Rosshy radius of deformation length, calculated
from climatology within the same latitudinal band (from Chekoal, 1998).
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VIl. Summary

We darpen our vie of an eastern boundary current region during the upwelling season
through the analysis of we&ral data setsWe focus on providing an impved description of the
mesoscale flo field of of northern California, observed during the Coastan§ition Zone
(CTZ) experiment of 1988. First, we estimate tidal currents in the region by least-squares har-
monic analysis of both shipboard acoustic Doppler current profiler (ADCP) and moored data.
The tide is predominantly Mand varies from 1-4 cm/s across thgioe, consistent with previ-
ous tidal studies. Next, we use detided ADCP together with CTD data to infer absolute
geostrophic &locities during each of the &varveys in lly-August 1988. Referencing
geostropk with the ADCP rgeals a stronger equatoand jet than previously reported; south-
ward volume transport from 0-500 m through a 200 km onshdskark line is as high as 8.0

x10°m3s7!, with a mean wver the five aurveys of 6.3+1.3x10Pm3s™.

Vertical velocities are

0O(10) m/d and regions of upward or downwardvfiend to occur in patches of 20-30 km in
diameter The jet was about 50 km wide, with core velocities > 0.7 m/s. During a two-week
period in July 1988, horizontal velocity shears weréicaht to shift the effectie local inertial
frequeny 10% higher on the cold (inshore) side and 5% lower on the warm (offshore) side of
the jet. Observed near-inertial currentgdhanplified energy in the region with lower effedi

inertial frequeny, consistent with theoretical predictions. Xtethe basic instability mechanism
leading to a meandering CTZ jet is analyzed using a linear quasi-geostrophic model applied to
obsered snapshots of the jet. The jet is subject to both barotropic and baroclinic instability
processes, and meandeawdengths of 260-265 km are the fastestwgry. Grawth periods of

7-11 days and along-jet phase speeds of 4-8 km/d are also predicted., Eieafiplevard

undercurrent which as observed during the 1988 CTZ experiment is alssstigated with a
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series of shipboard ADCP sections collected from 3N5during July-August 1995. Subsur-
face polevard flow occurred in 91% of the sections, with a mean undercurrent core velocity of
17+1 cm/s and transport in a 140-325 m layer of0.9x10°m3s™. One portion of the under-

current flav is continuous wer a 440 km length.

The five eparate studies which comprise the thesis focus on different aspects of the mid-
latitude north Pacific eastern boundary current system during the upwelling season, when winds
blow alongshore tward the equator Our results contribute to an increasing body of evidence
that the classical we of an equatorvard California Current which is quite broad (>1000 km)
and weak (10 cm/s) is misleading (Huwtral, 1998). Althoughthe classical vie probably
remains correct in a large-scale and annual mean sense, during the upwelling season the flow
field is qualitatvely different. Intensamesoscale equatorward-tending surface jets can form
along the boundary between freshly upwelled near-shore and warfsieorefwater Nearly
ubiquitous subsurface palard flow close to the slope is another important feature in this
revised viav of eastern boundary current systems. Most studies caotitiip to the new
paradigm hee focused on the north Pacific example, since this is the best-ebisbmt these
results are also ralant to the eastern boundary current systenfighaf west coast of South
America, the coasts of northwest and southwest Africa, and the western edge of the Iberian

peninsula.
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