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same pariad the shear below 10 s was much smaller. The average currents duniag the CMD drift veer 10
the right of the wind stress with aagular displacement increasing with depth. Time series of the velocity
difference betwoen 25 and 5.5 m compare very well with 8w x "' In (5.5/2.5). where 6() is the wind
direction vector (of unit magnitude). u, = (wind stress/p)'? is the fnction velocity in water, and x = 0.4 is
von Karman's constant. On the other hand, a similar comparison of the velocity difference between 5.5
and 8.5 m to G x ' In (8.5/5.5) is much poorer with observed velocity difference being much larger,
possibly due 10 stable stratification effects. Possible errors in the measurements have been considered and
estimated as less than the observed veloaty differences. Near-surface shears as large a3 the observed are
very important in closing the momentum budget for the aceanic boundary layer.
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A layered model of the steady circulation in the South Pacific Ocean is constructed ajlong the lines of Luyten,
Pedlosky and Stommel, and dnven by the mean ansual wind stress distnibutions computed by Hellerman and
Rosenstern. The results of the model agree quite well with published maps of topography of density surfaces
and arculation. Best agreement ts found in the deeper layers. The decpest modeled layer, of density range 26.90
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formod in the shelter of New Zealand, where the submerged layer loses direct contact with the wind dnving,
and where uniform potential vorticity is postulated. The modeled circulation in the shallowest layer in tropical
repoas is considerably weaker than the observed circulation.

Transport in the New Zealand western boundary current is determined by the necessity to achieve the same
pressure in each layer at the northern end of the islands as at the southern. Similar considerations applied to
the landmass of Australia and Papus-New Guinea, regarded as isolated from Southeast Asia, suggest a considerable
net northward transport between Australia and South America, which can only escape through the Indooesian
passages. The distnbutioo of this transport among layers is set in the model by the input conditions at the
southern boundary (where much of it must be in the deeper layers), after which it canoot change because of
mass conservation within each layer (i.c., no cross-isopycnal flux is allowed). This modeling assumption is too
stnct and may be the reason for the prediction of shallow circulations much weaker than observed.
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at 320 m depth 10 2 m at 430 m. The relaticaship proposed by Kelley (1984), relating layer height to
(N?), <(R,>. and molecular propertics of the fluid. overestimates the mean layer thickness by about a
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be steady state, but in general be slowly evolving from previous perturbations. Heat fluxes estimated
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in agreement with the molocular heat fluxes through the maximum interfacial temperature gradients
There are no interfaces where the kinetic energy dissipation rate (averaged over 0.5 m) exceeds the lower
limit for diapycnal mixing. 24.5vN 2.
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Imaging fault slip using teleseismic waveforms:
analysis of a typical incomplete tomography problem
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Summary. Several importane geophssical imuging problems can be cast i the
torm of the classic tomography problem, in which a tunction of two variables
s reconstructed from s projection along o set of stragght lines. However,
ceophysical mgmg problems tend o be incomplete: some ot the straight
Iines projection paths are missing trom the data. A typical example is the
problem ot mmagmg the shp ate as o tunction of position and time along
fong . thin taalt plane, The tar niekd seismie pubse shuape is g projection of the
et shp rare tancreen However o complere suite of L field observations
does notspar the complere set ot possthle projection lines, Consequenthy | the
exact Shporare tanctien camet be recovered from the datas At bests only
tiltered verstons ot can beeconstiucted This tilter s not completely deter-
mimed v the mathemacios o1 the problem, and can theretore be optimized

toviehd imazes ot the sporate that have sood tesolution

[ntroduction

Fomaography s the process of reconstiucting mmages (e tunctions ot several variables) trom
Jata which aee related 1o the images by e weerals. The simplest tomography problem
occurs when the image s a0 2-D tunction ey, v and the Ime integrals are along straight
fines The data dare then related to the mmage by the so-called Radon transtorm:

dis, 1y = s con® sy siné 4 cos ) Jdu (1)
where each datum s indexed according to the intercept. s and angle # ot ns conesponding
projection ine, The Radon transtorm is known to have a umque mverse, as long ds every
possible (5. ) pun is measured (see, for example. Herman 1979 chapter 2).

In actual practice. only a finite nimber of (s, #) pairs can he measured. This linmutation
presents no special problem as fong as s and 6 can be sampled evenly over the ranges for
which (s, #) is non-zero. In this case there is a simple relationship hetween the sumpling
density und the sharpness of the reconstructed image. A much more serious problem arnes
when d(s, 83 can be sampled only within some limited range ot s or 4. Then some infor-
mation about the image is lost_regardless of how fine the sampling density might he.
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This kind of incomplete tomography problem arises in geophysics for several reasons.
Sometimes the incompleteness is due to poor experimental geometry. For example. the
seismic velocity in the Earth can be imaged by using the travel times ot seismic waves. The
line integrals in the tomography problem then have the interpretation of travel-time integrals
along ray-paths, which may be approximately straight lines. Since it may be impossible to
place seismographs in some areas (under the oceans, deep within the Earth, etc.), some rav-
paths may not be measured. Sometimes the incompleteness is more fundamental. and arises
as 3 consequence of the physics of the problem. The problem of imaging slip on a fault is
one example. which we will analyse in detail below.

Two possible actions can be taken when the data needed to construct an image are
incomplete. One possible approach is to assume ‘reasonable’ values for the missing infor-
mation (see, for example. Sesan & Stark 1984: Menke 19%84a), While the addition ot this
so-called prior information enables one to reconstruct the imuge. the image may contain
artefacts it the assumptions are in error. A different approach is only 1o try te construct a
filtered verston ot the image, where the filter is designed to remove from the imuage any
information that cannot be ohserved. This is the approach that is recommended by Backus &
Gilbert (1970), who pointed out that it has the advantage of producing a unique recon-
struction, However, 1t 1s often difticult to tind a filter that excludes a1l unmeasured infor-
matton while not completely scrambling the image. As shall be shown helow. in some
icomplete tomography problems 1t is possible 1o find filters that lead to images with
reasonably good resolution,

In this paper we concentrate on the simplest incomplete tomography problem: one where
some range of projection line slopes s missing from the data. As we shall see. this problem
has 4 simple mterpretanion in terms ot the properties of the Radon transtorm. Furthermore,
since the ray coverage is spatially thut not azimuthaliyy umtorm. the resolving power of the
maging procedure will not be 4 tuncnon ot position i the image. Mare compheated types
ot meompleteness occus. but generally must be explored by purely numernical methods (~ee.
torexample. Bisler New & Culderone 1952 Menke 1954h)

Imaging fault slip as a tomography problem

We consider the problem ot determuming the ship rate on a fault asing tar tield seismie wave-
forms. Many authors have recognized that this mverse problem i incomplete see. tor
istance. Akt & Richards 19500 chapter 14 1) Recently severul authors have noted that
tocorresponds toa tamography problem (Spudich & Frazer 19830 Rutt 19s3). The most
general form ot this imagimg problem 18 3.D; two spatial dimensions on the fault plane and
time. However, we will simphty the problem to two dimenstons. by assuming that the tault
v long and thin This simphiticanion s muade so that the essential rdeas ot the problem cun
be presented without the muthemanical complications that anise 1n the planar fault prohlem
Nevertheless. the two problems we completely analogous and sutfer the same kind o
mcempieteness, except. as noted hetow 1t s somewhat worse 1ot the planar tault case than
tor the hinear one

That this mmaging problem i tomographic m nature can be seen from the equation
relating hip rate picx, 1) on the tault plane (the image) as a function of position, x and time.
r 1o the tar nield (Fraunhoter approximation) pulse shape d(o. 7) as a function ol receiver
angle. o and time. 7 (AK1 & Richards 1980 chapter 1.4.1),

o . 7y= [ mix. .t ry et C0s9 )y (]
tault
plane
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O far field
/  observer

/o
Lo

fault - - m -
rupture direction, x

Figure [. Geometry of the tault shp probient Shp on the faalt induces senme w nes that are vbserved &
g distance roound angle @ from the tault plane. The miaging problem s to revonstrunt the tault shp rate o«

dfunction of posttion and iere from tar teld wavetorm obhservations

- >

far field pulse

distance, x

Figure 2. Dhe shiporate o che tault s contonred as o tuncteen o divanee vand e 1 This tunaen

constitutes the amage 0 the Somographes proddem The Qe teld prdse shape s the proteciion of the \hip

sate abeny poodilcl poorec e hnes whose slope tocentroled Bythe angle o0 chaenvation soand the selsmi
selicity ¢ Nete th

AL [N 1§ (e 1\‘11 ol aopve cbseny il s Chiet EISER RSNt TN Nepe ot thie Lo ot \ TN I ey That Ty
seleaty cnvp } t t hen th Nt | the p ten it ] than tf

1 rhe seboory ot tupure propaeation cdashed Tiner v slower thun the propagation
Sopival trends mothe imuage. Tmace tecensttu tten s theret se ditftioul

where ro iy the distunce between the tault and observer and o s the propagdation veioany m
the medium (Fig 1), The pulse shape s related o the shp rate by o line inteeeal wiong o
straght hine. 1o o Radon tramstorm (Fig 2y The antercept ot the projection line i given
by o r=r oy coand ity Slope by o drdy = costo) ¢ While all possible aintercepty can he

medsured by suitable choosing of the observation tipe .+ oniv some slopes can be measured
Posdrde < 1 (RY!

The imaging problem v theretore mcomplete. Note that i this tommulation we fave assumed
that the pulse shape has been corrected tor geometncal spreading and other propagation
ettects that mayv be encountered in g realisnie earth. We have also neglected the eftect of
velocity gradients (espectally near the tault) thar can distort the antegration paths m
equation (2) so that they are no Jonger exactlv stragght lines, Spudich & Frazer c19%3) have
given some attention to thiy problem,
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Wavenumber domain representation

The signiticance ot the nusstug progection hines (those with stopes outside the unge ot
equation 3y can be seen by the appheation ot the projection or contral slice theorem tsee. 1o
example, Herman 1079 chaprer 2y This theorem aelates o 1D Fourer transtorm ot the
Radon trunstorm to the 20 Foune: transtorm ot the onginal tunction (Fig 3).

J O, espt nShds cmth =N cost AL S N iy, ()
Here &, and Ay reter 1o waverimicer The hionnied range ot sopes avaidable through efe-

cenmite wavelornm ohsenvations mmplies that only gsecton i the (A Ay = o) plane ot the ~lip

rate o knewn gwhere we have wdentmied A wath temporal teguenay oo Figs 40 Some

y  Pprojection K

u, lines
\\
\\ f’s /’S
N Vid P
Ny e P
-7 e Pad B
- ;—x - /{ - k X
\\ /,’
' AN -7
\ P
\
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\
\
bagure 4 N i LR o " P It
[ ' L P PRI ' RSN [ et e 1

Fugure 3, Die ot o0 nd cnrpietennes Che e apbs g ooiblen b wenambess wirhim the shded

st ot the ok phine i Bedesemned
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motons of the tault do not yadiste energy into the tar field tee AR & Richuards 1980,
chapter 14.1). Note that the complete 3-D (planar fault) problem has an even lurge degree ot
incompleteness. In this problem there are two spatial coordinates on the tault plane. say
(x;. xs) oand theretore two spatial wavenumbers (A, A o) The transtorm ot the ship
function can be messured anly moa small cone w the th Ay A = w) solume centied on
the A = w axis. The 3:D problem must theretore be approached with inare caution than tie
2D one.

Incompleteness and fan filtering

I order to mwert the th LAy = @y representation ot the shp rate to the (v, 7)) doman, one
must deal with the sectors of the th ok plane which dack data. One way to handle these
areas i tomvert g tiltered sersion o the image FA  Reymtk A where £oasa tidter whneh
v zero e the sectors that Jack data. The recovered mmage can then he mterpreted as o
convalution ot the true inage and an (x, 1y domam filter, Itns Dlter as reasonablv spiky .
then the recovered mage will be a good approximation to the true one. (This procedure is
andlogous 1o the 1D problem ot choosing appropnate window functions when estinating
the spectia of tme series.) The sumplest tilter o the so-called tan tilter, which takes on the
value ot wmty e the sectors that have data, and is zero evervwhere else. Untortunately . this
flter has very poor properties i the (vo 7y domam. as can be seen by computing s (x, 1)

representation
Frapty. = ‘ ‘ Foamth o Arenptih o s ihon Jh, da,

L R AN A

= ‘ . NN S EUTNT STV S/

Yrangn
. . ()
Trangdy o
where the sector with data ae bounded by the ancle i Fovs ) Bas twe lines ot singu-
Livsties extendimg tronr the cnmo o the (2 2 drdrection tre it bus large sidelobesy, and
v theretere doaeny poor tilter The recovered image will be a very distorted version ot the

frue niage

Designing an optimum filter

Fhe problem of poor reselution can be araamvented, at east 1o degree. by choosng a
better tilter than Ay This nlter muost sull be zero outside the observed sectors of the
(A Ay planies bur takes vadues dutterent than anity within the ohsernved sector Seme ot the
poor properties of fegestem trom the sharp change trom unity tozero gt the boundary ot
the observed revion By properly tapenine the tilter, we can substantably reduce the side
fobes  Untortunatels . this tapenmg has the effect ol throwing away some ol the intor
mation that was cotlected, The mage will tend 1o have fewer mtetacts than the tan Nltered
e, but be somewhat more blurred.

Weassime that the optimum tlter, say Fopeois e ontade the known sectors and s
real tunction within the observed sectors We alo assume 11 possesses niior symmetn
ahaut the Ay and A aves The optimtim flter s the ong which sotisties these constranis
and which mimmizes some medsiie of the spread of the resolunion. We nuninize the
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varianee of its width in the (x, 1) plane, since the resulting filter tends o have small side-

lobes:

+ X St x
minimize: J J (X + et Fopelx, D dedr. ()
Note that we have chosen the time-distance scaling tactor to be the propagation velocity. ¢
The observable sector of the (k. k. = w) plane the subtends an angle of 437 Finually . we
note that i order to complete the specitication of the prohlem we must add some normah-
sation. Two reasonable chaices are that optimum filter have unit ares or unit energy

PP

‘ Fopelx, 1ydx dr =1 ("1
ar
' Fiatx, ndx de =1, ("h)

There are a variely of wavs to amplement this opumization problem, [t one uses the
normalization detined by equation (7by, one cun generalize the approach that Papoulis
¢1ON3) has used for 1-D tfilters. This procedure involves using the caleulus ot varations
o find an Buler Lagrange equation tor Fooe. Parseval’s theorem cun be used to show that
equations (o) and (7h) are equivalent to:
minimise H (A F ako® + COF A | dk (dw

R

et to, “ Faky andhy do =1 (N
o R

where the region R v that part ot the (k. k= w) plane m which Fip cun be non-zera. In
realistic experiments the region R will have finite area, since the limited sampling interval o1
the seismometers will hmit the data to a dise centred on the ongin ot the (k. Kk, = w) plane.
The Euler Lagrange equation is then the Helmhaoltz equation:
Bt LAtk
v o8 EN=0 191

Ak, 7w
where N s a Lagrange mulupher. This equation is to be solved with the boundan condition
that # =0 on the boundary ot R While there are an infinuy of "modes’ that satisty this
equation. the desired one is the fowest order mode, I has the least amount of fluctuation
over R

The Fuler Lagrange approach assumes that the data are known continuoushy over the
regton R, In practice. they will be known only ai discrete pomnts within R, since the sesmic
waves trom the faalt are sampled at discrete times. While the optimum filter solving equation
(4 can easily be discretized and then apphed to the data. another approach is also possible,
in which the filter is assumed to be discrete from the very sturt of the derivation. By substi-
tuting the fimte Fourier transtorm representation, Fivp. 1) =.‘_’,\' r ‘,’a,,\ exp(lmip A+
2mikq ‘M) into equations (6) and (7). and then minimizing (e ditterentiating) equation (0)
with respect to the finite number of coctticients g, . we obtam 4 matnx equation for the
ajx- This alternate approach to determining F,p, is particularly usetulaf the seismographs
observing the rupturing fault are poorly distributed. leading to large gaps in the coverage of
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Ky Ky

0.0 0.0

Figure 5. Teoit. the wasenumber representation ot the discretized tan filter. which s zero every where
aatside the tae opposing sectors of the (o Ao plane. The filter s ahw zeio outade o dise ventred on the
orngn. retlecting the Nimte sampling rate of The recording ot the oricinal wavetorms, Rghts the wanve-
number representarion ot the aptimized tilter Note that it has been tapered sieniticantly when compuared
toothe fun filter

X

Figure 6, Contour plots ot the v, ri representation of the tan et and optimum anght) tiliters ot Fag S
{aree positive and negative are shaded sohd and stuppled. respectively Note that the fun tilter has much
larger sidelobes than the optimum tilter. While not apparent trom this figure. the central peak of the
optimum filter s about four times wider than the centrai peak of the fan filter The sharpness of the
tilter has been reduced in order to minimize iy sidelobes

the (ky. &, = w). These missing points can simply he left out ot the finite Fourier
transform. which in effect changes the shape of R to accommudate’the data gaps.

We have computed the optimal tilter for the fault slip problem. using the second
approach and normalization (7a). We constrain the filter to be zero outside some disc
centred on the origin of the (k. ky = w) plane. thus modelling the fact that the pulse
shapes are recorded at a finite sumphhg intervai in time. The resuiting tilter is very tapered
compared to the fan tilter (Fig. 5). in the {x, 1) domain, however, the optimum filter has
only very small sidefobes, compared to pronounced ridges tor the fan filter (Fig. 6).
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Conclusions

It one uses all the imformation that 1 collected i an incomplete tamography probiem,
then the recovered image has undergone the least mmount of fltenng compwed to the tiue
tmage. However, this tihering may have a large distorting ettect on the muage. and mayv be
equivalent o convolving the true image with a function possessing large sidelobes. The
solution iy 1o find a filter that weights the available duty unevenly | with the goal of reducing
the sidelobes. The price paid is that the recoverad image will be rather bluried. When this
process iy applied o the problem of imaging tault slip rate using tefeseismic wavetorm daty.
the width ot the central peak in the tifter Fop ity rhinereases by a factor of about 4 com-
pared to the evenly weighting tan filter Fratxo 00 but the undesiteble sidelobes are glmost

completely removed.
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EFFECT OF HETEROGENEITIES IN D" ON THE DECAY RATE QF P

DIFF

Willinm Menke

College of Oceanography, Oregon State University, Corvallis

Abstract. We use physical models to examine
the effect of scatterers in the D" region of
the mantle on the decay rate of the Py;fs phase
in the core shadow. Scatterers are in the size
range 7.5-81 km, and measurements of the decay
rate are made in the period range 3-60 s. We
find that the presence of scatterers in D" can
change the decay rate of Pgjrf by as much as
50%. The heterogeneity does not affect the
decay rate for periods greater than about 10-
20 s. At shorter periods, the decay rate can
be either lower or higher than the laterally
homogeneous case, depending on the scatterer
geometry. We find that a layer of small (7.5
km) scatterers can decrease the decay rate,
while layers of larger scatterers (41-81 km)
mainly increase it. We did not identify any
major effect of scatterer aspect ratio on the
decay rate in the one relevant test that we
performed (dikes and sills on the core-mantle
boundary).

Introduction

The structure of the lowermost 200 km
of the mantle (often called the D" region) is
of interest not only to seismologists studying
the earth’s seismic structure but also to the
wider geophysical community because of its
bearing on the thermal evolution of the earth
1f the whole mantle is convecting and if the
earth’'s core is a sufficiently important source
of heat, simple thermodynamic considerations
predict that its laterally averaged temperature
gradient would be approximately adiabatic,
except for two thin boundary layers, one at the
top of the mantle (that is, the lithosphere)
and one at the bottom. Seismological evidence
supports the existence of some type of
anomalous structure in the lowermost mantle,
although there is as yet uncertainty as to its
nature and to whether it can be explained by a
temperature anomaly (that is, a thermal
boundary layer) or whether some compositional
change must be invoked.

Not only is there uncertainty about the
laterally averaged structure of D", but there
i{s also substantial evidence that the structure
is layerally heterogeneous. Lateral
heterogeneity is consistant with the thermal
boundary layer interprets~ion, since zones of
upwelling and downwellir, and other dynamically
supported structures are to be expected in a
convecting system. However, very little is at
present known about the scale lengths and
velocity contrasts of these heterogeneities.

Copyright 1986 by the American Geophysical Union.

Paper number 5B5654.
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The decay rate of the core-diffracted
compressional wave P3iff is sensitive to the
structure of D". Several authors have used
observed decay rate data to derive estimates of
the velocity structure in D", and in particular
the velocity gradient just above the
core-mantle boundary, by fitting these data to
theoretical estimates [e.g., Doornbos and
Mondt, 1979b; Mula, 1981; Ruff and Helmburger,
1982; Doormbos 1983; Schlittenhardt et al.,
1985]. Since the theoretical predictions are
based on a laterally homogeneous earth, the
velocity estimates may be biased if significant
lateral heterogeneity is present.

The way in which these hypothetical mantle
heterogeneities affect the decay rate of Pgy;¢¢
is difficult to analyze theoretically. Simple
estimates based on the Born approximation
predict that heterogeneities will have little
effect [Doornbos and Mondt, 1979a], but since
the Born approximation is valid only for very
weak, single scattering, these predictions
cannot be taken as definitive. Analysis of the
effect of multiple scattering based on the work
of Biot [1968] indicates that this mechanism
can lead to significant changes in wave
propagation near boundaries. We evaluate this
possibility and perform a sequence of model
experiments that exactly account for the
scattering interactions that occur in a
laterally heterogeneous, two-dimensional,
idealized earth. The purpose of these
experiments is to gauge the severity of the
influence of the scatterers on the decay rate
of the diffraction when these scatterers are
near the core-mantle boundary. While the model
decay rates cannot be directly compared to

w

o scatterers

@

3

@ 2
Fig. 1. Schematic diagram of model earth,

which consists of a thin aluminum plate that
represents a homogeneous mantle. The effect of
a layer of scatterers just above the
core-mantle interface on the recay rate of the
core-d! “fracted compressional wave P3iff is
studied. Ultrasonic sources and receivers are
used to produce and detect the waves. The
surface Rayleigh wave R i3 used as a
calibration, since its amplitude is independent
of range and unaffected by the presence of
scatterers in the lower mantle.
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Experimental Destign

we mode]l the mantle as a two-dimensional
redium with curved upper and lower edges. This
rant le is homogeneous. except tor certain areas
Lto which we introduce scatterers

No atrempt

is made to model the core: the lower boundarv

is a free surface However, since P.j .

olves prazing incidence interactions with
core, verv little energy is transmitred

to the core. and this approximation is nnt

unreasonable. A thin metal plate is used as an
analogue to the mantle, since at wavelengths
long compared to the plate thickness,
compressional waves propagate through the plate
as 1f it were two-dimensiomal. The
compressional waves have frequencies in the
0.05-1.0 MHz range and wavelengths of several
centimeters. A plate 2 m in diameter (Figure
1) can, therefore, model what would correspond
to periods of between 3 and 60 s in the earth
(Table 1). This is the band in which many
observations of Pgjrf are made. The model P
waves are in fact the lowest-order
compressional mode of a thin plate and have
phase velocities that are dispersive.
Seismograms therefore contain dispersed wave
trains rather than sharp pulses (Figure 2).
While the dispersion is unaesthetic., it does
not affect measurement of the decay rate of the
diffraction (Figure 3).

We generate and receive the waves using
plezoelectric transducers (Panametrics Model
V101 source and Model V110 receiver), and
record them with a digital oscilloscope
(Analogic Model D6000/630) with an effective
dvnamic range of about 12 bits. The digital
seismograms are collected for both the Pg,fs
phase anrd the lowest-mode Rayleigh wave. The
Ravleigh mode's energy is confined to the
upper, laterally homogeneous part of the mantle
and therefore provides an internal standard
that permits veryv precise (1.0%) measurements
of relative amplitude. Spectral analysis is
then performed on the digital seismograms to
produce plots of the decay rate of Pqiff as a
funciion of period. The decay curve for a
hoimogeneous mantle with no core is a smooth
ronotonically decreasing function c¢f peried and
is veasonably close in character to the decay
curve for a homogeneous mantle with a solid
hrass core (Figure 4). The technology of model
experiments is described turther by other
authors [e.g.. Oliver et al.. 1954: Daintv and
Toksoz, 1975; Menke and Richards., 19837.

Scatterer Geomet ries

We examine three classes of scatterers near
the cove-mantle boundary (Figure 5).

A thick layer of small circular voids. Here
we place a 128-km-thick layer just above the

Fig. 3.

function of range, for tnree sclaocted periods, T.
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The spectral amplitude of the Paifs waves of Figure [ 15 plotted as a

Note that the ampiitude decays

exponentially with Zdistance into the shadow at a rate that decreases with period. The
decay rates were measured by fitting o straight line to the data brtwesn ranges of

114° and 125°%,  The leveling off that ooours

interforonce Dy another sepsmic phase,

AL ranges greater than 1,7° is due to
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TABLE 1.

Scaling Factors Used in Modeling

Actual Units

Scaled Units

General
Diameter 1000 mm 6371 km
Aluminum 5.47 km/s 13.64 km/s
Brass 3.93 km/s 9.33 km/s
Observable wavelengths 6-60 mm 38-380 km
Observable periods 1-20 microseconds 3-60 s
Distance L0 shadow 114° 114°
Wavelengths in path 20-300 20-300
Thick layer of small
circular scatterers
Diameter of scatterers 1.18 mm 7.5 km
Thickness of 20 mm 128 km
scattering layer -2 _
Maximum concentration 0.054 mm 0.00136 km 2
of scatterers
Homogeneous layer
Thickness 11 mm 70 km
Thin layer of large
circular scatterers
Height above core 12.7 mm 81 km
Mean distance between 57 mm 365 km
scatterers
Diameter of scatterers
6.25 mm 41 km
9.53 mm 61 km
12.7 mm 81 km
Dikes and sills
Short dimension 3.5 mm 22 km
Long dimension 9.0 mm 57 km
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Fig. 4.

The decay rate as a function of period

for (curve A) the homogeneous mantle with no
core, and (curve B) the homogeneous mantle with
a golid brass core (compressional velocity

ratio of 13.64

in the real earth).

9.33, compared to 13.64 : 8.1
Note that the decay rate

of the diftraction is not strongly dependent
upon the properties of the core.

Fig. 5. Classes of heterogeneities placed at
the core mantle boundary. (a) A 128 km thick
layer of small (7.5 km) voids, (b) A layer of
large (41-81 km) circular void or slow velocity
inclusions, (c¢) Slow velocity dikes on the
core-mantle boundary, (d) Slow velocity sills
on the core-mantle boundary.
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Fig. 6. The decay rate of Pyjff as a function of period for edrth models that contain

a thick layer of small circular scatteri

ng voids. (a) In the absence of scatterers,

the decay rate monotonically decreases with period. (b-e) As the concentration of
scatterers is increased in steps of 3,Ux107? km™ %, the decay r4te changes. The
presence of scatterers leads Lo a much more complicdated benavisr than the
nonscattering case., The smooth curves are three-pcint running averages ol tne data

and are used in subsequent figures.

core-mantle boundary. The layer contains a
random (white) distribution of circular voids,
each 7.5 km in diameter. Of course, any
individual scatterer in the real earth is not
as strong as one of these model scatterers, but
the overall effect of the layer of scatterers
can be made similar by adjusting the number of
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Fig. 7. Residual decay rates as a function of
period for earth models that contain a thick
layer of small circular scattering voids. The
residuals are computed relative to the smoothed
homogeneous earth data (Figure 5a)., The
concentration of scatterers is increased in
steps of 3.4x107?! km™? for curves A through D.
Note that the residuals are small at long
periods, indicating that these long wavelengths
are not influenced by the layer of scatterers,
At shorter periods the residuals can be either
strongly positive or strongly regative,
depending upon the concentration of scatterers.
The strong minimum that occurs at a period of
about 10 s {3 due to a resonance in the
scattering layer. At the very longest
wavelengths, the layer of scatterers emulates a
homogeneous, slow-velocity layer.

scatterers. We perform a set of five
measurements in which the number of scatterers
per unit area is slowly increased.

A thin laver of large scatterers. We place
a row of larger scatterers 80 km above the
core-mantle boundary. The scatterers have
diameters that range from 41-81 km, and their
spacing, while random, averages 364 km. Two
types of scatterers are examined, voids, and
scatterers filled with a material (brass) that
is about 30% slower than the velocity of the
surrounding mantle.

Sills and dikes. We place a row of sills

and dikes just above the core-mantle boundary.
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Fig. 8. Residual decay rates for a
homogeneous, slow-layer {(compressional velocity
9.33 km/s) thickness of 70 km, The sequence of
minima and maxima in the decay rate is caused
by resonances in the layer. The longest-period
minimum corresponds to a wavelength of twice
the layer thickness, Note that this pattern
differs qualitatively from the one observed for
the layer of scatterers: the scattering case
has only a single, long-period minimum (Figure
7.
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Fig. 9. Residual decay rates for a thin layer of large circular scatterers, The
left, middle, and right plots are for scatterer diameters of 41, 61, and 81 km,
respectively. In each plot, curve A is for circular voids, and curve B is for
circular solid inclusions (with a compressional velocity 30% below the surrounding

mantle).

These scatterers measure 57 by 22 km and have
an average horizontal spacing of 364 km. The
scatterers are made of a material (brass) that
is about 30% slower than the surrounding
mantle. Two orientations of the scatterers are
examined, one with the long dimension vertical
(dikes) and the other with it horizontal
(sills). These cases can be combined with one
from the thin layer of large scatterers to
yield a sequence of scatterers, all with the
same velocity contrast and mass but with a
sequence of aspect ratiouns: vertical dikes,
circular inclusions, and horizontal sills.

Results
A thick layer of small circular voids. The

decay rate for the model with no scatterers
smoothly increases with frequency (Figure 6a).
When a layer of randomly distributed scatterers
is placed just above the core-mantle interface,
the decay rate is reduced compared to the no
scatterer case, except at the very lowest
frequencies, where it is unchanged (Figures 6b
and 7, Curve A). The very lowest frequencies,
corresponding to wavelengths 5-10 times the
layer thickness and 50-100 times the scatterer
diameter, apparently are completely unaffected
by the scatterers. On the other hand, the
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Fig. 10. Residual decay rates for a thin layer
of large circular scatterers. These are the
same data as in Figure 8, now rearranged to
emphasize the change in decay rate assoclated
with changing the diameter of the scatterers
from 41 to 61 to 81 km (curves A-C,
respectively). Circular voids are plotted to
the left; circular solid inclusions are plotted
to the right.

decay rate of the higher frequencies is reduced
by about 20%.

This pattern changes somewhat as the number
of scatterers is increased. The lowest
frequencles are still completely unaffected by
the scatterers. The decay rate of the
intermediate frequencies remains less than the
homogeneous case, and a pronounced minimum
develops at a period of about 10 s. This
minimum is associated with a resonance within
the layer of scatterers, The layer of
scatterers acts like a homogeneous, slow-
velocity layer at these relatively long
periods. The decay rate of the shortest
periods now becomes faster than the homogeneous
case. The period bounding these two regimes
increases as the number of scatterers is
increased.

Although the layer of scatterers acts like a
homogeneous, slow-velocity layer at longer
periods, its behavior at shorter periods 1is
distinctly different. To demonstrate this
difference, we have measured Paifs In a model
earth consisting of a homogeneous aluminum
mantle with a thin brass layer (thickness of 11
mm, or 70 km in the real earth) at the
core-mantle interface. This layer is slower
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Fig. 11, Residual decay rates for {(curve A)
hor{zontal sills, (curve B) circular solid
inclusions, and (curve C) vertical dikes.

These three scatterer types vary only in their
shape. Each has the same mass and material
properties. Note that the pattern of residuals
for dikes and sills is broadly similar,
suggesting that scatterer orlientation may not
strongly influence the decay rate.




1932 Menke: Decay Rate of P

le )

D

R

o

=l

O

o

> | a Mula (1981)

8 L a Doornbos (1983)

o L PREM
10 100

Period, s

Fig. 12. Observed decay rate as a function of
period, as observed by Mula [1981] (triangles)
and Doornbos [1983] (squares). The solid line
is a prediction of laterally homogeneous model,
PREM.

than the surrounding mantle (compressional
velocity of 9.33 km/s compared to 13.64). The
decay rate (Figure 8) shows a sequence strong
minima associated with the effect of multiple
reverberations in the layer, which are not
observed in the case of the layer of
scatterers. The decay curve oscillates about
the decay curve for the homogeneous mantle, in
contrast to the scatterer case where it
systematically departs from it at the shorter
periods. These differences may be useful in
descriminating between laterally homogeneous
and randomly varying structures near the
core-mantle boundary.

A _thin layer of large scatterers. Like the
layer of small circular voids, the layer of
large voids has little effect on the decay rate
at the longest periods (>20 s) (Figures 9 and
10, Curve A). Unlike the layer of small voids,
there is a decay rate maximum at intermediate
periods (~10 s) where the scatterer diameter is
about a half wavelength. This maximum
increases in period and amplitude as the
diameter of the scatterers is increased (Figure
10, Curve A). While the small scatterers
decrease the decay rate at some frequencies,
the large scatterers seem mainly to increase
it. They seem to be scattering energy out of
the diffraction and thus increasing its decay
rate. Large, solid, slow-velocity (9.33 km/s)
inclusions (Figure 10, Curve B) have an effect
on the decay rate that is grossly similar to
the effect of the voids, except for the
smallest diameter tested, where the maximum is
not evident and a distinct minimum occurs.
This case may represent a case intermediate
between the small scatterers of the previous
session, where resonances in the average layer
caused a minimum in the decay rate and the
large scatterers where scattering acts only to
increase the decay rate. At shorter periods
the decay rate is faster than for the
homogeneous mantle. In the elastic inclusion
case there is some hint of short-period (~3.5
and 5 s) maxima, which may be associated with
short period resonances in the inclusions.

catte of d rent e ratios. The

and Mantle Heterogeneities

decay rate curves for dikes and sills just
above the core-mantle boundary are remarkably
similar to one another (Figure 11)

The decay rate is higher than the
homogeneous case for intermediate periods (5-
30 s) and lower than the homogeneous case for
periods greater than 30 s or less than 5 s.
These two curves differ markedly from the curve
for the circular inclusions. The difference is
probably due to the difference in depth of the
scatterers rather than to difference in their
shape. The sills and dikes are located just
above the core-mantle boundary, and the
circular inclusions are about 81 km above it.

Conclusions

There is considerable evidence that the D"
region of the mantle contains significant
lateral heterogeneity. Analysis of diverse
data sets, including core phases such as PKP
and PKIKP [e.g., Sacks and Snoke, 1977; Haddon
and Cleary, 1974], diffracted waves [Ruff and
Lettvin, 1984} and mantle P waves [Clayton and
Cramer, 1983] all provide some evidence for
heterogeneity. However, there is not yet
agreement regarding the velocity contrast or
scale lengths of these heterogeneities, which
is in part due to the fact that the different
techniques have different resolving powers and
have been applied to different portions of the
core-mantle boundary.

Our model data demonstrate that lowermost
mantle heterogeneities have a significant
effect on the decay rate of diffracted waves,
an effect that is at some periods distinct from
the effect of laterally homogeneous structure.
Variations in the decay rate of up to 50% are
observed. Available data for the real earth
consist of measurements of the decay rate in
the 10-60 s period range {Mula, 1981; Doornbos,
1983] and at about 1 s [Ruff and Helmburger,
1982; Ruff and Lettvin, 1984]). The 10-60 s
data (Figure 12) are very smooth and can be fit
fairly well by a laterally homogeneous earth.
This result is in agreement with our model
experiments, which show little variation in the
longest-period decay rates between models with
different amounts of lateral heterogeneity. On
the other hand, the shorter period data of Ruff
and Lettvin [1984) reveal significant
differences in the position of the edge of the
shadow zone and decay rate for different
patches on the core-mantle boundary. At these
shorter periods our model shows that the decay
rate curves are very complex, containing minima
and maxima associated with strong excitation
of, or scattering from, the diffraction.
However, Ruff and Lettvin’'s [1984) data are
relatively narrow band, so that the detailed
way in which decay rate varies with frequency
is not yet known. These limitations stress the
importance of making broad band observations of
Paiff, and of measuring its decay rate for
periods shorter than 10 s.
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Semidiurnal Internal Tide in JASIN:
Observations and Simulation

L. M. pEWrIrT, M. D. LEVINE, C. A PAULSON, AND W. V. BURT
Caollege of Oceanography. Oregon State Unirersity, Corvallis

Temperature was observed in the upper 80 m by moored thermistor chains at three locations in
Rockall Channel west of Scotland. Isotherms were mterpolated. and a 1-week peniod of exceptionally
energetic tidal oscilations was analyzed. The moored array (hortzontal separations runging from 6 to 20
km) was used as an antenna to determine the dominant hortzontal wavelength and direction of propaga-
tion of the internal tide within the array. Rockall Bank,. 100 km to the southeast. was identtied as the
source of the internal tide. The semidiurnal internal tide generated by the interacuon of the surface tide
with Rockall Bank was simulated by use of a model due 10 Prinsenberg and Rattray. The moder predicts
generation of the internal tide at the shell break and propagation seaward as energetic beams which lie
along internal wave characteristics. Some energy s trapped near the surface n assactation with the
pycnocline. There is substantial structure in the velocity and vertueal displacement fields. Most of the
total energy of the internal tide 1s 1n the first vertical mode. However, at particular depths. vertical modes
as high as 4 thorizontal wavelengths of 25 km) donunate. The high degree of spatial vanability 1o the
modeled internal tide illustrates the potential for error when basiag a description of the ude on sparse
observations. There is good agreement between the modeled vertical displacements and the T-weck
period of energetic oscillations of ssotherm depth obsersed at the moornings. In addiuon. there v good
agreement between the model and the tidal velocity vanance measured during the same week at depths
ranging from 10 to 1000 m and distances ranging from S0 to 130 km from Raockall Bank. Richardson

numbers assoviated with the vertical shear of the modeled imternal tide range down 1o vialues less than 2

1. INTRODUCTION

It is now generally accepted that the internal tide 1s gener-
ated by the interaction of the surface tide with bottom topog-
raphy [e.g.. Hendershotr. 19817, However. observations of the
internal tide in deep water have seldom been unequivocally
identified with generation at a particular topographic feature.
Regal and Wunsch [1973] found that the internal tide south of
Cape Cod was intensified and coherent near the surface. They
attributed the intensification to generation on the continental
slope about 60 km away and subsequent propagation of
energy along internal wave characteristics which approached
the surface at the point of observation. Hendry [1977] ana-
lyzed moored measurements of temperature and velocity in
the western North Atlantic and concluded that the Blake Es-
carpment 700 km away was a4 major generation area for the
abserved internal tide. There have also been measurements on
the continental slope [ Torgrimson and Hickey, 1979] which
demonstrate generation on the slope and propagation along
characteristics.

Theoretical models of the genecration of the internal tide
over topography have grown in sophistication over the past
2% decades. The carliest models describe generation in a two-
layer fluid [e.g.. Rattray, 1960]. The limitations of a two-layer
fluid were overcome by Rattray et al. | 1969]. vho investigated
generation on a step continental shelf in an ocean having
constant buoyancy frequency N. This work was continued by
Prinsenbery et al. [1974] for the case of a sloping continental
shell and further extended for variable N by Prinsenbery and
Rattray [1975). Baines {1973, 1974] has developed a model
for generation of the internal tide in an ocean with nearly
arbitrary bottom topography and density stratification. The
models predict strong generation of the internal tide at the
shelf break where the bottom slope is greater than or equal to
the stope of the local internal wave characteristic. The internal
tide generated at the shelf break propagates seaward along

Copyright 1986 by the American Geophysical Union.
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characteristics as energetic beams. Comprehensine reviews of
the theories and obsersvations of the internal tide have been
given by Waunsch [1975] and Hendershort [19%1]

In this paper we analyze observations of the internal tde
and compare them to a model. The analyais s concentrated
on a l-week period of exceptionally energetic oscllations ob-
served west of Scotland during the Jomnt Air-Sea Interaction
{JASIN) experiment. The topographic source of the observed
internal tide is identified. and the generation and propagation
from this source are simulated with a model due to Prinsen-
herg and Rartray [1975] The model has a step shelf and
depth-dependent buovancy frequency. Predicted vertical dis-
placements and udal velocity varances are compared with
observations. The spatial variabihty of the internal tide s de-
scribed, and its contribution to shear-induced miving is evalu-
ated.

2. OBSERVATIONS

As part of the JASIN experiment [Pollurd or al. 19¥3].
observations of temperature were taken from late July to early
September 1978 by use of thermistor chatns moored in Rock-
all Channel about 3 km west of Scotland. Thermistor
chains. manufactured by Aanderaa. were attached to surface
moorings at four locations. B1. B2, B and B4, shown n
Figure 1. Moorings Bl. B2, and B2 were part of the Fixed
Intensive Array (FIA) a cluster of many moorings within
6-km square (Figure 1). Measurements at B3 were unrehable
and have been e¢veluded. Thermistors  were  distributed
throughout the upper 81.5 m of the water column at each
moaring and sampled at 10-min intersals. The observations
analyzed in this paper come primarily from thermistors S m
apart at depths ranging from 36.5 to &1.5 m. This range of
depths encompasses the maximum in the buoyancy frequency
{Figure 2). Isotherms were lincarly interpolated between adja-
cent temperature measurcments.

Temperature observations were also taken during JASIN
with a towed thermistor chain [Baumann et al., 1980]. The
chain was towed at a speed of 3 m s around a 15-km square
which contained the FIA moonngs (Figure 1), The chain had
thermistors installed at 2-m intervals from approximately 20

2581
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to 70 m depth. Pressure was measured at three locations on
the chain. The temperature observations were averaged over
sequential 30-s antervals to filter the etfects of ship motion.
Isotherm depths were hin.arly interpolated.

The ume sertes of sotherm depths from the B moorings
were divided inte segments of 1024 points (nearly | week: see
Fable 1) and spectra were computed. Spectra of isotherm dis-
placement at a4 mean depth of 50 m are shown in Figure 3.
Fhe spectral level at mooring B4 s higher on average than the
fevel at BT or B but levels are similar at the frequency of the
seimidiurnal tide (0.0805 ¢ph). The udal peak s the most
pronunent feature in the spectra and is Jarger than the spectral
estimate at the anertial frequency (00714 0.0716 cph) by a
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Segment Diste Ul Date SN}
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2 Aug 8 150¢) Aug. 1S 1730

2 Aug 1S 1740 Aug. 22 2010

4 Aug 22 2020 Aug 29 2250

S Aug. Y 2300 Sept. 6 0130
factor of 4 or more at all three moorings. At frequencies

higher than the semidiurnal tide the spectra decrease with a
slope of about ¢ ' except for a small peak at twice the semu-
duwirnal frequency. A general discussion of internal waves ob-
served during JASEN is given by Levine ef al. [ 1983,

L he spectral levels and coherences in the semidiurnal tidal
band calculated over nearlv week-long segments during the
experiment are shown in F.gure 4. For each segment. three
raw spectril estimates were averaged in the frequency band
extending from 0.0732 to 0.0908 cph. The temporal vanation
of variance in the udal band (Figure 4a) was similar at moor-
ings Bl and B2 The variance at all moorings was the greatest
during segment 4 High hornizontal coherence wuas observed
between moorings Bl and B2 during segment 4 at all depths,
and coherence decreased as the variance fell during segment §
(Iigure 4h). The maximum variance at mooring B4 was larger
than at the other two moorings. but coherence at the larger
horizontal separations (B1-B4 and B2-B4) fell shightly dunng
segment 4. The high variance in the udal band during segment
4 was also accompanied by very ligh vertical coherence for all
vertical separations at all three moonings. Frgure dc illustrates
this for mooring B2, Note that the low coherence during seg-
ment 3 1s not necessarily representative of moorings Bl and
B4 but that the high coherences during segment 4 oceurred to
the same extent at all three moorings
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Fig. 3 Isotherm displacement spectra for wotherms with 4 mean
depth of 50 m. The ordinate scale applies to the spectrum from moor-
g B2 Spectra from moonings B and B4 are offset by one decade
upward and downward. respectively. The <pectra are ensemble
averaged over four or live segments. No band averaging was per-
formed at frequencies below 0118 cph, smoothing was performed
above 0115 ¢ph by band averaging into 1S nonoverlapping bands per
decade. Light Imes are 95 . confidence intervals
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varance of isotherm displacement at about 50 m depth. (h) Honzon-
tal coherence between sotherms at each moorning. () Verucal coher-
ence at mooring B2 for isotherms which have vanious vertical separa-
tions, regardless of actual mean depth. All coherences i Figure 4¢ are
significantly different than sero at the 9 . fevel Time segments are
defined in Table 1

In the section that tollows we analyze segment 4, the 1-week
perniod dunng which the tidal vanance observed at the B
moorings was exceptionally high.

3 DIRECTIONAT WavE SPFCTRA

The horizontal array of moorings, Bl, B2, and B4 (Figure
I}, was used as an antenna to determine the dominant hori-
rontal wavelength and direction of propagation of the internal
tide during segment 4. The technique used to estimate the
wave number spectrum is called the beam-forming method
[Capon, 1969]. This method is easy to implement. and the
resolution in wave number space is as good as in more sophis-
ticated methods. provided the observed wavelengths are of the
order of the largest sensor separation [Darvis and Regier,
1977]. The applicability of the beam-forming method to the
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Fig. S Time series of 2-hour moving averages of sotherm depth
with a mean of 50 m during segment 4 (solid curve). The modeled
plane wave (equation (3)) 1s shown as a dashed curve. The isotherms
are 108 C at B1. 106 C at B2. and 100 C at B4,

TABLE 2. Observed and Modeled Phase Differences at
Semidiurnal Frequency at About 50 m Depth During
Segment 4

Observed Phase Modeled Phase

Mooring Separation, Difference, Difference.
Pair km deg deg
B1-B2 S8 -25 -22
Bl-B4 19.2 166 - 167
B2-B4 19.7 — 141 — 145

Modeled phase differences are from  Prinsenbery and Rattray
[1975].

scales encountered in this study is demonstrated by examina-
tion of Figure 5. Time series of 2-hour moving averages of
isotherm depth at about 50 m calculated once an hour during
segment 4 are shown for all three moorings. The internal tide
at mooring B4 is about 180 out of phase with observations at
mooring Bl. and the phase difference between observations at
moorings Bl and B2 is always small (Table 2). These phase
diflerences suggest that the internal tide during segment 4 was
traveling in a direction close to north to south, with a wave-
length approximately twice the largest sensor separation, or
about 40 km.

The estimate of the wave number spectrum by the beam-
forming method at horizontal wave number k and frequency
o1, Is given by [Capon, 1969]

. 1 ¥ Lol 20) )

g e — kg 0T k) . —
Stk. o) = (ot o] exp [i2nk « (x, = x,)]

th

where {18 the cross spectrum at frequency i, between obser-
vations at sensors p and ¢. M 1s the number of sensors in the
array. and x, 1s the location of the pth sensor. The wave
number window for this estimator. called the beam pattern
(Figure 6) of the array. depends only on sensor separations
and 1~ given by
v
3 expli2nk - (x, ~ x,)) 2

FR
‘ rq-1

Bik) -

Instead of using a conventional estimator of the cross spec-
trum /. we follow the example of Hendry [1977] and use the
“raw” Fourier coeflicients at tidal frequency. that 1s

Trg = AX*(X,)

where :(xp) is the Fourier transform of vertical displacement at
location x,. This is a modification of the beam-forming
method in that one assumes that the internal tide can be
modeled as a deterministic rather than a random process. It
can then be shown that for any noncolinear array of three
points the wave number spectrum (1) will be exactly the beam
pattern (2) reproduced with its center at k. where k, is the
average wave number of the tide.

The calculated wave number spectrum at tidal frequency for
segment 4 is shown in Figure 6. The most probable wave
solutions occur at peaks in the wave number spectrum: a peak
at wave number (k,. k) represents a wave of wavelength
[1tk,? + k%' 1] traveling in a direction defined by a vector
drawn from the peak toward the origin. For example. the peak
closest to the origin in the southwest quadrant of the wave
number spectrum (Figure 6) is interpreted as a wave with an
average wavelength of 36 km traveling in the direction of the
arrow, about 25 to the east of north. The uncertainty in this
estimate is indicated by the broadness of the peak in the beam
pattern. The peak in the northwest quadrant that is closest to
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Fig. 6 Beam pattern and wave number spectrum at tidal frequency during segment 4. The peaks 1in these figures are

the large ovals. and the troughs are smaller teardrop-shaped

regions. Contouring 15 10 3-dBantervals down from the peaks

Circles in the wave number spectrum represent wave numbers of the first five internal wave modes, and the arrow 1s the
direction of propagation indicated by the peak closest to the ongin in the lower left-hand quadrant

the origin also represents a wave with a wavelength near 36
km but traveling toward the southeast. about 1S5 to the east
of north. These twoe peaks closest to the origin are the most
likely solutions. ANl peaks farther from the origin are interpre-
ted as aliases of the main peaks. These aliases occur because
there may be integral multiples of waves between the moor-
mngs 1 addwion to the fracuonal waves associated with the
peaks closest to the origin. The wavelengths associated with
the aliased peaks are short, 12 km or less. The true spectral
density at these wavelengths is likely to be less than the den-
sity at longer wavelengths, because we expect that the longer
wirves will be more energetic at the point of generation and
that they will be less casily dissipated. Hence locally at a depth
of 50 m. the vertuical displacement J during this time can be
reasonably represented as a plane wave of the form

S=dcos [2mhk N+ kv + o) + o) 3)

where (AL k) are determined from the beam-forming analysis
and @ s the absolute phase. Vaiues of (k. k)) at all peaks in
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Fig 7 Comparison between isotherm depth from the towed ther-
mistor chain (see Figure 1 for tow track) and plane wave solutions (3)
from the two directions indicated by the two peaks in the wave
number spectrum (Figure 6). Solid curves are the observed horizontal
profiles of 1sotherm depth for (¢ and b two time periods (August 28§,
1620 1740 and 2145 2245 UT) of east-to-west tracks and (¢ and d)
two time periods (August 27, 1332 1452 and 1902 2022 UT) of north-
to-south tracks. Plus ssgns represent the model plane wave solutions
for an internal wave propagating from Rockall Bank. Dashed curves
represent the plane wave solutions from a direction 25 to the west of
north Start times for the model are the same as for Figure §

the wave number spectrum (Figure 6) give the same solution
for [ at the three moorings. Comparison of this representation
with the data for 4 = 10 m. oy, = 1 12.2 ¢ph taverage of M,
and S.) s shown in Figure 5 The agreement 15 good in both
amplitude and phase cxcept for the last few days at B2 and
B4.

One may determine which of the two peaks closest to the
origin (Figure 6) is the most hikely solution from the location
of possible topographic internal wave generators. If the arrow
drawn from the peak in the southeast quadrant of the wave
number spectrum is superimposed on the topography 1n
Figure 1. it points directly from Rockall Bank toward the FIA
Weigand et af. [1969] showed that internal waves propagate
normal to bathymetric contours regardiess of the angle of
incidence of the barotropic wave. This is consistent with gen-
eration at Rockall Bank. An arrow drawn in the direction
indicated by the peak in the northwest quadrant of the wave
number spectrum does not lead directly from any topographic
feature.

The local spatial variation of isotherm depth provides an-
other means of distinguishing between the two most likely
solutions given by the wave number spectrum (Figure 6). Iso-
therms were constructed from observations by a thermistor
chain towed around the moorings (dotted line. Figure 1) for
two time periods during segment 4 [see Baumann et al.. 1980].
Isotherm depths from a pair of repeated east-to-west transects
on August 25 are shown in Figures 7a and 7h:a similar pair
of 1sotherm profiles from a north-to-south track on August 27
are shown in Figures 7¢ and 7d. The isotherms were smoothed
to eliminate small-wavelength oscillations. The plane wave
solution (3) derived from the wave number spectrum is com-
pared with the observed horizontal profiles of isotherm depth
(Figure 7). Tht predicted displacements for the two plane
waves with about 36-km wavelengths, one propagating from
the northwest and one from the southwest. are plotted. For
the east-to-west tracks the observations agree with a wave
propagating from Rockall Bank better than with a wave from
the northwest. The time interval between repeated tracks is
about 6 hours or about one-half the tidal period. and the
tracks nearly coincide with the times of maximum (Figure 7a)
and minimum (Figure 7h) tidal displacement. The agreement
of observed displacement with the plane wave propagating
from Rockall Bank is also better for the north-to-south tracks.
although for the first track (Figure 7¢) there is not much to
distinguish between the two solutions. Most of the 16 tran-
sects that were compared in this manner indicated either a
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better fit to the wave from Rockall Bank or not enough differ-
ence in the two solutions to choose a better fit. Hence the data
from the towed thermistor chain support the conclusion that
the tide can be described locally as a plane wave propagating
from the southwest.

4. GENERATION MODEL AND COMPARISON
WITH OBSERVATIONS

While the internal tide may appear as a planc wave on
small spatial scales, on larger scales we expect that the corre-
lated modes generated by interaction of the barotropic tide
with topography will produce a modulated. beamlike pattern.
Topographic features were examined to determine their ef-
fectiveness as generators. The internal tide propagates along
characteristics with slope given by

25KS

The most effective generator is one with slope equal to or
greater than the slope of the characteristic [Buaines. 1974].
Slopes of three topographic features near the mooring array
are shown in Figure 8, and the corresponding section lines are
drawn in Figure 1. Also shown is the slope of the tidal charac-
teristic calculated from (4) by use of the JASIN mean buoy-
ancy profile (Figure 2). The slope of Rockall Bank (profile A)
is approximately egual to or steeper than the slope of the
characteristic over depths ranging from 350 m to 1400 m.
which indicates that it may be an effective generator. Lousy
Bank to the north of the array (profile C) has onc of the least
steep slopes in the arca and is therefore not an effective gener-
ator. George Bligh Bank, located directly to the west (profile
B), and the remaining topographic features, located to the east
of the moored array (Figure 1), have slopes favorable for the
generation of an internal tide. but the wave number spectrum
indicates a low probability that the observed internal tide
propagated from the west or east during segment 4.

The internal tide generated by Rockall Bank was calculated
by use of a model due to Prinsenherg and Rattray [1975]. The
model consists of a steplike shelf tregion 1) of depth H, and
width [ and a deep ocean (region 1) of depth H, (Figure 9).
The solution in cach region is the sum of a surface standing
wave (barotropic tide) and a set of progressive internal waves
propagating away from the shell break. Internal waves trav-
cling up the shelf can be reflected at the coast but are not
capected to return as far as the shelf break [Prinsenberyg et al..
1974]. The N profile is taken to be a function of depth only.
and the internal waves in cach region are represented as a sum
of horizontally propagating. vertically standing modes. The
vertical wave functions ¢, and horizontal wave numbers x,
corresponding to mode n arc determined by solving the
boundary value problem

d= m? = ,‘I 12 ‘12(}) N ;\2 _ ”2
— =\l = 4) s+ k| —5—7 )0 =0 (5)
dx <.‘\" - w') l dz" ((v)' -/ ¢
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Fig. 9 Model topography theavy sohd hiner. Rockall Bank (hight solid hine), and internal wave characteristics (dashed

curves caleulated from (4) in the deep ocean tregion 1)
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First tive internal wave modes calculated from (5) at a frequency of 112.2 cph. The velocity modes are the

derivative of the sertical displacement modes divided by the wave number (Table 3). Units on the abscissa are nondimen-

sional.

with ¢ = 0 at the surface and bottom. The first five modes for
vertical displacement and velocity in region I are shown in
Figure 10, and wavelengths. wave numbers. and phase speeds
are given in Table 3. The vertical displacement n regions |
and Il is then given by [Prinsenberg and Rattray, 1975, equa-
tions 12 and 13]

n' = {4,,'( 1 - H;> cos kplx + L)
N y

+ Y 4 exp(— lh‘,,‘.i‘)d’,,l(:}}t’ b (6a)
n-1

+ Y A4 exp (ip\,,",\‘w,,"(:)}e e (6h)
a1

where 4,, and k, are the amplitudes and wave numbers of the
barotropic tide and 4, is the amplitude of mode n. The pa-
rameter x,, shifts the phase of the barotropic wave in region 11
to match the horizontal and vertical velocities of the barotro-
pic wave in region [ at the shelf break. Relationships between
the barotropic and baroclinic amplitudes are obtained by
matching the total vertical displacement and horizontal veloc-
ity above the shelf break. These relationships are coupled
matrix equations containing sums over an infinite number of
modes but can be solved approximately for 4,' and 4," in
terms of 4,' by using a finite number of modes. The higher
modes mainly contribute fine structure to the solutions and in
general have smaller amplitudes than the lower modes. In
particular. for the case of constant N the contribution of the
nth mode is proportional to (1 n) sin (nnH, H,) [Rattray et
al., 1969). The amplitude thus decreases roughly proportion-
ally to mode number but has scros at integer values of n#f,

TABLE 3} Wuave Numbers. Wavelengths, and Phase Speeds of the
First Five Internal Wave Moades at 1.12.2 cph
Wave Number. Wavelength, Phase Speed.
Moaode rad m km cm’s
| 745 « 10 ° X4 4 192.
2 1.24 < 10 4 S0.6 11s.
3 186 < 10 * 37 16.7
4 283 < (0 * 248 56.5
5 314 < 10 ¢ 200 45.6

H,. For realistic stratitication the mode shapes are no longer
sinusoidal. and the relative contribution of each mode is more
complicated than but qualitatively similar to the case of con-
stant N. The model of the internal tide generated at Rockall
Bank was obtained by increasing the number of modes in the
sums (6a) and (6h) until the solution for the amplitudes of the
first 10 modes was not significantly changed by the addition of
more modes. Thirty modes were used. This approach was vali-
dated by comparing the simulation for constant N with the
exact solution,

One expects internal waves generated at Rockall Bank to
propagate away from the shelf brcak along internal wave
characteristics. forming beams of internal wave energy. The
position of the beams and the amplitude of the internal tide
are determined by the stratitication. the frequency and ampli-
tude of the barotropic tide. and the dimensions of the topogra-
phy. If the shelf depth is small. reflection from the surface
occurs near the shelf break. and the two beams emanating
from the break combine into a single beam [e.g.. Rattray et al.,
1969]. In the present analysis, Rockall Bank is approximated
by a steplike shelf with constant depth on each side. The
actual topography is compared to this approximation in
Figure 9. A sharp discontinuity in depth eliminates the gener-
ation from internal waves along the slope between the shelfl
break and the ocean floor. The effect of the weak generation
along the slope 1s a broadening of the beams [ Prinsenberg and
Rattray. 19757, The depth at which Rockall Bank becomes
steeper than the slope of the internal wave characteristics,
about 350 m. was used as the shelf depth H,. The depth of the
shelf determines the tangent point of the characteristics to the
topography. affecting the horizontal position of the beams.
The shelf width controls the phase of the barotropic standing
wave in region | over the shelf break and sets the amplitude of
the barochnic tide relative to the barotropic, while leaving the
details of the solution relatively unaffected. A standing wave
over a shelf may not be the best representation of the barotro-
pic tide. because there is no true coast, although Rockall
Island surfaces about 50 km to the south of the shelf break.
Rather than a detailed modeling of the local modification of
the barotropic tide by the surrounding topography, the model
shelf width was treated as a free parameter. The need to adjust
the shelf width is an artifact of approximating the topography
of Rockall Bank by a step shell. Given a surface tide with an
amplitude of about | m in deep water [Cartwright et al.
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Fig. 11, Vertical displacement as a function of horizontal distance
from Rockall Bank calculated from (61 using the model of Prinsenberg
and Rattray [1975] with a frequency of 1 12.2 ¢ph. a shelf depth of
350 m. and a shelf width of 350 km. Superimposed are internal wave
charactenistics calculated from (4). The envelope of vertical displace-
ment (dashed curves) is shown at depths of 50, 200. 600, 1000, and
1400 m together with vertical displacement at four tmes separated by
one-eighth the ndal period. A vertical displacement of 1 m s repre-
sented by S moon the ordinate.

1980]. a shelf width of 350 km was chosen to yield modeled
amplitudes in agreement with the observed internal tide dis-
placements at the R moorings.

The stratification and the frequency of the barotropic tide
affect the width and horizontal position of the beam by con-
trolling the slope of the characteristics given by (4). In the
present analysis we choose a frequency of 1 12.2 cph (average
of M, and S,). in agreement with the data (Figure S). The
dominant components of the barotropic tide are M, and §,.
and the amplitude of S, is 38", of M, [Cartwright et al.
1980]. The N profile (Figure 2) is taken to be horizontally
uniform. Horizontal variation of N can affect the position of
the characteristics [ Torgrimson and Hickey, 1979]. However,
the effect of the horizontal variation of N could not be as-
sessed. because N was not well sampled in the vicinity of
Rockall Bank during JASIN.

The spatial variability in vertical displacement associated
with the modeled internal tide is illustrated in Figure 11. On
the large scale, regions of high vertical displacement tend to
follow the characteristics to form beams of internal wave
energy. Maximum values of vertical displacement exceed 25 m
in the beams. The internal tide at the depth of the B moorings
(50 m) has wavelengths of about 40 km. However, at 1000 m
the dominant horizontal wavelengths are 70 km and longer.

The modeled horizontal velocity field is shown in Figure 12.
There is large spatial variation with amplitudes ranging from
zero to 25 cm/s. Velocity contours tend to be parallel to the
internal wave characteristics, and the highest velocities are

found in the beams, near the surface. and near the bottom
where the beams cross and reflect. The beamlike structure
becomes more tenuous with increasing distance from the
source. The high-velocity region around 50 m depth is associ-
ated with the pycnocline and the peak in mode 2 (Figure 10).
The phase of the horizontal velocity is shown in Figure 12h.
Lines of constant phase tend to parallel the beams, and phase
changes most rapidly perpendicular to the beams. Amphi-
dromes occur at locations of vanishing velocity amplitude.

The vertical structure of the modeled internal tide is further
lustrated in Figure 13. which shows the horizontal wave
number composition of vertical displacement (Figure 13b) and
horizontal velocity (Figure 13a) at various depths. The contri-
bution from each of the modes is a strong function of depth.
varying over an order of magnitude or more at wavelengths
corresponding to each of the first 10 modes. At a given depth.
mode | is not always dominant. At depths of 200 and 1400 m
the dominant contributions to the variance of vertical dis-
placement are from mode 4. The dominant contribution to the
tidal velocity variance at a depth of 1000 m comes from mode
3. Even when the first mode is dominant, there are often sig-
nificant contributions from mode 2. 3, or 4.

The modeled vertical displacement associated with the in-
ternal tide is compared with observed isotherm displacement
at the B moorings in Figure 14. The start uime for the model.
which fixes the absolute phase of the tide, was chosen to fit the
data. Even with the large horizontal and vertical variability
predicted by the model. the relative phases at the three moor-
ings are in good agreement during segment 4 (Table 2). al-
though the observed amplitude of vertical displacement at
moorings B1 and B2 is slightly higher than the modeled am-
plitude.

The modeled vertical displacement can also be compared to
observed horizontal profiles of isotherm depth from the towed
thermistor chain (Figure 7). Using the same start time and
depth as in Figure 14, vertical displacement was calculated for
each of the 16 tow transects for a tide propagating 25 to the
east of north. Two pairs of transects are shown in Figure 15,
with Figure 15¢ included as a worst case. Most of the model
transects are in reasonable agreement in average depth with
the tows, considering that the higher wave number oscillations
evident in some of the tow tracks may not be associated with
the tide. The model also assumes that there is no along-shelf
vatiation and that wave crests are always parallel to the shelfl.
Curvature of the wave crests is not taken into account.

The large spatial variability evident in the modeled velocity
field was also seen in the velocity measured in the JASIN area.
The amplitude of the component of the tidal velocity perpen-
dicular to Rockall Bank measured from the W and I moorings
[Tarbell et al.. 1979] during segment 4 is compared to the
velocity amplitudes predicted by the model in Figure 12a. The
measured and modeled amplitudes are tabulated in Table 4.
The differences betvscen the amplitudes are less than 2 cm s at
nine out of the 11 locations. Even though the diftferences arc
usually small, measured amplitudes exceed modeled ampli-
tudes at all except two locations. The measured amplitudes
may be overestimates because of the presence of cnergy from
other sources in the tidal frequency band. Some of the
measurements were at locations where the model predicts
strong gradients in amplitude (Figure [24). Relatively minor
shifts in position of strong gradients by processes neglected in
the model would cause differences between the measurements
and the model. Given the uncertainties in the measurements
and the complexity of the velocity field generated by an ideal-
ized model. the agreement between observations and theory is
good.
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Fig. 12 (@) The amplitude of horizontal veloaty (barochinic plus barotropict and (h) phase of horizontal velocity
generated by interaction of the barotropic ude with Rockall Bank (model of Prinsenberg und Rattray { 1975]) as a function
of horizontal distance from Rockall Bank. The amphtude of honzontal veloaity perpendicular to Rockall Bank at tidal
frequency from current meters at moonngs 13, Wi, W2 and [4 during segment 4 is superimposed {circles) on contours of
the model veloaty. Model parameters are given i connection with Figure 11 Contour intervals are 1 cm s, Areas of no
shading are regions where velocities are Jess than 5 ¢cm s, of medium shading 5 7 em s, and of dark shading greater than 7
em s The shading at each instrument 1s on the same scale and indcates the amount of energy in the ndal band (Table 4

S IISCUSSION

The analysis (section 3) of the encrgetic oscillations of 1so-
therm displacement observed at the B moornings showed that
the internal tide had a horizontal wavelength of 36 km at a
depth of 50 m within the moored array. This wavelength may
he compared with the wavelengths associated with the vertical
mode solutions (6} for horizontally propagating free waves.
The wave numbers. wavelengths. and phase speeds of the first
tive vertical modes at tidal [requency are given in Table 3, and
circles have been drawn on the wave number spectrum (Figure
6) to represent the wave number of cach mode. The mode 3
arcle nearly intersects the center of cach of the two peaks in
the wave number spectrum which are closest to the origin.
Hence within the FIA at a depth of 50 m the vertical displace-
ment appears to have the wavelength of a mode 3 plane wave.
This result may not be valid in other regions because of the
beamlike nature of the internal tde (Figure 11).

The modeled spatial variability of semidiurnal tidal ampli-
tude and wavelength (Frgures 11 and 12) illustrates the poten-
tal for error when describing the internal tide based on sparse
measurements. We observed a winvelength characteristic of
mode 3 at a depth of 30 m within the B moored array. This
wavelength s consistent with the model at the B moorings
(Frgure 14 and Table 21 but it is impossible to generalize to
other depths and locations because of the spatial vanability
expected an the basis of the model (Figures 11 and 12). At S0
m depth. mode 2 1s dominant in the model (Figure 13). but the
dominant wivelength measured in g particular region may not
be charactenstic of mode 2, eg. within the B array. If the B
moorings had been located SO km closer to Rockall Bank. the
model predicts  that the measured honzontal wavelength
would have been much longer than 36 km (Figure 11). Al-
though mode 1is dominant in the aggregate, modes as high as
4 may dominate at a particular depth (Figure 13).

Independent estimates of the horizontal wavelength of the
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g, 12
internal tide were made during JASIN by Pollard [1983h].
Fhese observations were made | week after segment 4, 10 30
km west of the FIA at depths of 14 42 m from a drifting spar
buoy. Pollard reported that the internal tide had o horizontal
winelength of 25 30 km. corresponding to mode * or 4. con-
sistent with analysis of the B moorings.

I'he inconsistencies in previous descriptions of the internal
tide mayv have been caused by the attempt to generalize from
sparse measurements, In the deep ocean far fron, laree topo-
graphic features. such as continental shelves, the internal tide
is traditionally thought to be composed of a few surviving low
modes which have become uncorreliuted Using this assump-
tion an the analysis of data from Mid-Ocean Dynamics Fxper
iment IMODE). Hendry [1977] found most energy in mode 1.

He dentitied Blake Plateau 700 km to the west as the source

of the 160-km wavelength tide. In contrast. mid-occan obser-
vations in the Pacific from the Pole experiment (35 N 158 W)
[ Sempson and Paulson. 1979 and the Mixed Layver Fxperi-
ment (MILEY 150 N 145 W) [Daris et af., 19817 indicate that
mades higher than 1 were probably presemt. because 10-m
vertical displacements were found in the upper 100 m at sen-
diurnal frequency I the vertical structure were entirely mode
1. this would imply & mavmum amphtude at middepth of at

tcontinued}

least 40 mio which may be unrealistically large From measure-
ments of horizontal coherence 1n the mid-Pacitic by Burnert
and Bernstein [1975]. Simpson and Paulson [1979] estimate a
horizontal wavelength of 35 Lm. corresponding to a wave of
order mode 3. One explunation for the differences among
these midocean determinations of the structure of the internal
tde may be differences in sampling. Hendry [1977] may not
have found significant encrgy 1n modes higher than 1. because
he lacked data in the upper 400 m where higher modes may
dominate. The spatial complexity of the modeled internal tide
(Figures 11 and 12) illustrates the difficulty of determining the
characteristics of the tide from sparse measurements.

I'he sampling problem is further compounded by temporal
variamlity. Large temporal variation in the internal tide was
observed at the B moorings (Figure 4). Kerzler [19837 also
found significant variation in the amplitude of the semidiurnal
tide on time scales of i week during JASIN. The observations
comsisted of horizontal velocity measured from July 18 to
Augast 28 at six depths at the K1 mooring (Figure 1) in the
F1A The depths ranged from 70 to 980 m. The variation
ohserved at 70 m depth is gqualitatively similar to the vanation
in the variance of vertical displacement shown in Figure 4. In
purticular. there was an increase by a factor of 3 in the amplhi-
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Fig. 13 Modal composihon of (a) horizontal velocity and (b) vertical displacement for the first 10 internal wave modes
in the deep ocean from the model of Prinsenery and Rattray [1975] (see Figure 11 for model parameters).

tude of the semidiurnal tide at 70 m during the week (August
22 29) when the variance of vertical displacement was also
high (Figure 4). The vertical varation of semidiurnal tidal
amplitude during this week was gualitatively similar to the
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Fig. 14, Time series of 2-hour moving averages of isotherm depth
with 4 mean of 50 m during segment 4 (solid curve). The modeled
plane wave [Prinsenbery and Rattray. 1975} is shown as a dashed
curve. {See Figure 11 for model parameters.) The isotherms are 108 C
at Bl 106 C at B2, and 10.0 C at B4,

maodeled vertical variation (Figure 12} at the location of the
K1 mooring {(Figure 1), The observed amplitude was a maxi-
mum near the surface (10 cm s at 70 m) and decreased to low
values (2 4 em sy at depths of 480 m and below. These ampli-
tudes and their vanation compare favorably with the mea-
sured and modeled amplitudes (Table 4 and Figure 12) at the
W1 and W2 moorings, which were less than 5 km away from
K1 iFigure 1), The results of Ketzler's analysis are consistent
with ours and provide additional support for the model.

The I-week period of tidal osallations which we analyzed
appears to be unusually energetic (Figure 4). In his review
paper. Wuns i {1975] remarks ©. .. the most common obser-
vation is that the internal tides tend to come and go. ie. they
appear to be intermiitent.” There are several possible causes of
intermittency. The generation process may be affected by van-
ations in the magnitude of the surface tide and fluctuations of
density and velocity in the region of generation [ Baines, 1982]
Once generated, the high-energy beams may be refracted. re-
flected. or trapped by fluctuations of density and velocity
along the paths of propagation [c.g.. Mooers, 1975]. In JASIN
the 1-week cnergetic period nearly coincides with a maximum
in the surface tide {Cartwright et al, 1980]. However, the
amplitude of the surface tide changes slowly and by no more
than 30°. during the S weeks of observations. It is more likely
that the intermittency is caused by shifting of the beams of
internal wave energy due to fluctuations in density and veloci-
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and 1902 2022 UT) of north-to-south tracks. Plus signs represent the
maodel solution for an internal wave generated at Rockall Bank and
propagating toward 25 1o the east of north. Start times for the model
are the same as for Digure 14

ty assoctated with mesoscale eddies tdescribed by Pollard
[1983a]) in the JASIN arca.

The temporal variation of the udal velocity amplitude at
the KI moorning (Ketzler [1983], described above) is consis-
tent with a horizontal shifting of beams of internal wave
energy. During the I-week period analyzed here the tidal ve-
locity amplitude at 70. 170, and 270 m depth at K1 was high,
a factor of 2 3 times higher than during the first month of
observation. The amplitude at 980 m during the same week.
however, was low, 4 8 times lower than during the previous
weeks. From Figure 12a.,if the beam reached the surface after
its first reflection just slightly closer to Rockall Bank. then the
pattern of high and low velocities measured with depth at the
FIA would be entirely different. The shallow sensors would be
located in a region of low velocity, and the deeper ones in a
region of higher velocities. This may have been the case during
the last few weeks in July at K.

There is indirect evidence that changes in the magnitude of
the internal tide during JASIN may have been associated with
changes in the eddy field. The velocity near the thermistor
chain moorings changed direction {northwest to southwest)
from August 20 to 22 [Weller and Halpern, 19837, just before
the onset of the large-amplitude tidal oscillations. This nearly
simultaneous occurrence may have been fortuitous. There is
probably not enough information to determine a cause and
effect relationship. In any case, an investigation of the eflects

of the eddy field on the internal tide s beyond the scope of
this paper.

Little is known about the role of the internal tide in miving
the interior [Hendershott, 1981 ], although Bumes [1974] sug-
gests that mixing driven by tidal shear s casily achiered The
model predicts large velocity shear in the beams and near the
surface (Figure 124¢) which may contnbute to mmang A mea-
sure of the potential for overturning 1s the Richardson number
N2(¢u) ¢2)2. where u is the honzontal veloaty of the internal
tide. Contours of a mimmum Richardson number over a tudal
cycle are shown in Figure 16, The contours tend to parallel
internal wave charactenstics, with lower Richardson numbers
occurring along the beamy which emanate from the shelf
break. The greatest potential for the internal tide to contribute
to mixing exists near the surfuce where Richardson numbers
less than 2 are found. Even though a Richardson number of 2
is not subcritical, the addition of shear from other sources o1
fine structure in the vertical density profile could cause miving
The model neglects nonhnear processes which could also con-
tribute to mixng

6. SUMMARY

We have presented the results of an imvesngation of the
mternal tde The investigition included an analysis of obser-
vations in the Rockall Channel during the JASEN experniment.
simulation of the generation and propagation of the mternal
tide by use of & model [ Prinsenbery and Ratrray. 1978) and
comparison of the model with observations

I he internal tde was exceptionally energetic in the upper X
m during the t-week period chosen for analysis (higure 34y
Analysis of vertical displacement of isotherms observed by an
array of three moored thermistor chains (bwgure 1) and a
towed thermistor chain showed that the internal tide at o
depth of S0 m within the array propagited from the direction
of Rockall Bank, about 100 km away  Because of 1ts location
and favorable topography (Figure 810 Rockall Bank was iden-
tified as the source of the observed internal tide

The mternal tide generated by the interacuion of the baro-
tropic tide with Rochall Bank was simulated by use of a
model due to Prinsenbery and Ratiray [1978) which has a
step shelf and a depth-dependent buovaney frequeney. The
modeled internal ude exhibits a large degree of spatial vana-
bility (Figures 11120 and 13 which s associated with beams
propagating from the shelf break along mternal wave charac-
teristics (Figure W) Tadal energy s also concentrated near the
surface. in assoctation with the seasonal pyenochne In the
aggregite most of the modeled tdal energy s n the hrst
modc. but at particular depths, modes as high as 4 (wave:
lengths of 25 kmi contiam most of the energy (Figure 131 The
spatial variability i the modeled amphtudes and wavelengths
illustrates the potenual for error when drawing conclusions
about the structure of the mternal tide from sparse observa-

TABLE 4. Amplitude of Hortzontal Tidal Velocity Perpendicular to Rockall Bank Measured at
Current Meters Shown in Frgure 1

istance
From Depth. m
Rockall
Mooring Bank. km 10 100 200 0 600 100K)
[R] s2 4.2(24) e 959}
Wi 107 8.5 (14.0y 7.5 (6.0) 7.2 14.6) 45132
w2 109 178 (16.5)
4 130 6.514.8) 61 (49 ST7e

Amplitudes are in centimeters per second. Data from moorings [3. WL and W2 are averaged over a
7-day penod from August 22 to 29 (segment 4) and from mooring 14 over a S4-day penod starting from
August 22 Amplitudes in parentheses are from the model (Figure 11),
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Fiz. 16 Mimmum Richardson number (N (0] CoF ) over a tidal
cyele caleulated from the velocity field,

tnons. Calculaton of the field of a minimum Richardson
number associated with the model (Figure 16) shows that the
mternal tide can contribute to mixing near the surface where
beams of tidal energy are reflected.

There is good agreement between the modeled internal tide
and the 1-weck period of encrgetic displacements observed at
the B moorings 100 km from Rockall Bank (Figure 14). In
addivon, tidal velocity variance measured during the same
week it depths ranging from 10 to 1000 m also agrees with the
model (Figure 12a and Table 4). We conclude that a relatively
simple theory [ Prinsenbery and  Rattray. 1975] can. under
sone conditions, successfully simulate the internal tide at dis-
tiunces up to 100 km from the point of generation.
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ABSTRACT

Subsurface temperature data and surface meteorological data are analyzed from thermistor chain moorings
deployed near 50°N, 140°W during the Storm Transfer and Response Experiment (STREX). The upper-ocean
heat and potential energy (PE) contents to 90 m are examined for an 18-day period and their changes compared
to the sources and sinks of heat and turbulent kinetic energy (TKE). Heat and TKE do not balance in the
vertical dimension alone. The heat content change, for example, averages —200 W m~? while the net cooling
at the surface. estimated from bulk formulas for latent and sensible heat fluxes and radiation measurements,
averaged only —86 W m~2, Advection of heat and PE, in either the vertical or horizontal, play major roles in
the budgets of this area. We describe a method for using the large-scale wind stress and SST data around the
site to compute the advection in the Ekman layer and close the heat (to 23%) and TKE (to 24%) budgets.

Though the heat and PE contents exhibit long-term trends, there are two marked events associated with
storms on 15 and 27 November {980 that account for much of the overall cooling and PE change. The advection
estimates mimic the episodic character of the heat and PE contents and are clearly important on the short,
storm time scale. The relative contributions of horizontal and vertical advection are quite different for the two
storms, showing that the upper-ocean response very much depends on the proximity and orientation of the
storm as it moves past the observational site.

The TKE budget is complex, and some terms can only be estimated by uncertain parameterizations so that
the relative importance of surface production. shear production, and advection is unclear. Still, the fact emerges

that mixed layer deepening is dominated by wind-forcing even during the season of significant cooling.

1. Introduction

In this paper we attempt to close the budgets of heat
and turbulent kinetic energy for the upper ocean at the
site, near 50°N, 140°W. of thermistor chain moorings
deploved as part of the Storm Transfer and Response
Experiment (STREX) in the North Pacific during
Novemer 1980. The turbulent kinetic energy balance
can be used to relate changes of potential energy of the
water column to sources (wind stirring. convection)
and sinks (dissipation) of kinetic energy. The nature
of these relations is at the heart of mixed layer dy-
namics.

The sources of data are as follows:

(1) Thermistor chain time series of temperature at
many depths between the surface and 143 m and used
to calculate heat and potential energy changes of the
water column:

(i1) High quality surface meteorological data from
a surface buoy and from two research vessels operating
in the area, used to estimate components of heat flux,
radhation, surface wind stress. and production of kinetic
energy by wind stirring and convection;

(1ii) Lesser quality surface meteorological data.
mainly of sea level pressure and air and sea tempera-
ture, obtained from a network of ships of opportunity

¢ 1986 Amencan Meteorological Society

and other platforms and used to estimate surface tem-
perature gradients and the horizontal distribution of
surface wind stress. More details on the data sources
and processing are given in Section 2.

Tully and Giovando (1963) and Tabata (1965) ex-
amined the average annual heat budget of the upper
ocean at Ocean Weather Station P, very near the site
of the present experiment, and concluded that over an
average year there should be a net heat gain of 32 W
m~? resulting, mainly. from the winter months when
only 50% of the observed heat loss is accounted for by
the surface heat flux. Since secular warming of the water
column is not observed and the apparent net heating
is less than 20% of the maximum flux estimates, this
disparity is arguably within the experimental certainty
of the heat transfer estimates. It is also. however. qual-
itatively consistent with the idea of equatorward export
of heat by wind dnift in the surface layer. In the past.
emphasis has been placed on one-dimensional models
that neglect the influence of advection processes. Camp
and Elsberry (1978) concluded that both vertical and
horizontal advection of heat could be neglected for
most of the weather ship data that they investigated.
Denman and Miyake (1973) and Davis et al. (1981a)
discounted the importance of horizontal advection in
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the summer heat budget near Station P, and other in-
vestigators (Gili and Niiler, 1973; Emery, 1976, Stev-
enson and Niiler, 1983) concluded that it plays a minor
role in the seasonal changes of heat content in the
northeastern Pacific Ocean.

Kraus and Turner (1967) produced a theory of the
ocean mixed layer based on the heat balance and cer-
tain parameterizations of the source and sink terms in
the turbulent kinetic energy budget. Denman and Mi-
yake (1973) applied this theory to an analysis of a
month-long series of bathythermograph profiles at Sta-
tion P and obtained what they considered agreement,
although this has been criticized (Thompson, 1976).

Elsberry and Camp (1978) give evidence showing
that the seasonal changes in mixed layer temperatures
and thicknesses are mostly the result of episodic storms.
Price et al. (1978) achieved success in modeling data
from the Gulf of Mexico on the response of the mixed
layer. on the several-day time-scale, to a hurricane; they
assumed heat and momentum balance and a critical
bulk Richardson number for the inertial oscillations
in the mixed layer, following Pollard er al. (1973). In
a simple laboratory experiment on turbulent convec-
tion. Deardorff er al. (1969) used the assumption of
heat balance to relate entrainment of a boundary layer
heated from below to the driving heat flux. Moore and
Long (1971)and Kato and Phillips (1969) used similar
tactics to relate entrainment to surface shear stress.
Davis ef al. (1981a,b) also verified, aithough working
with field data during late summer from a mooring
near Station P, a kind of one-dimensional heat bal-
ance—modified by vertical advection of cold water
from below—before comparing changes in potential
energy to parameterizations of wind stirring. Niiler and
Kraus (1977) reviewed theories of the bulk mixed layer
and showed how they all, including ad hoc critical
Richardson number models. amounted in physical
terms 10 statements about the turbulent kinetic energy
balance.

In Section 3 we examine the heat balance during
the deployment of our thermistor chain array in late
autumn. We estimate the effect of advection in this
balance and argue that it makes a very important con-
tribution that comes in episodes associated with storms,
In Section 4, analogously, we examine the turbulent
kinetic energy balance from our data set, again paying
close attention to the effect of advection.

2. The experiment

The Storm Transfer and Response Experiment
(STREX) was a joint meteorological-oceanographic
experiment carried out in the northeastern Pacific
Ocean during November and December 1980 in order
to examine the response of the atmospheric and oceanic
boundary layers to the passage of storms (Fleagle ef
al., 1982). In this study we have drawn on data acquired

and analyses carried out as part of STREX. We shall
briefly summarize these here.

a. Thermistor chain moorings

Four surface moorings were deployed by the NOAA
ship Oceanographer near 50°N, 140°W. Figure 1 shows
the location and configuration of the mooring array.
We refer to the moorings by the letter codes A. B, C.
and D as shown in the figure. Each mooring consisted
of a 2.4 m toroid surface float anchored tautly in about
4600 m of water. As the figure indicates. three of the
moorings, A, B, and C, supported two subsurface
thermistor chains with thermistors every 10 m between
10 and 110 m. and every 3 m between 113 and 143
m. The thermistor chains contained Aanderaa model
TR-1 recorders that recorded temperature internally
on magnetic tape every 1200 s. Mooring D supported
only a shallow chain between 10 and 110 m with
thermistors every 10 m. but it was also equipped witk
meteorological instruments that measured air temper-
ature and vector-averaged wind velocity 3.4 m above
the surface and sea surface temperature (Reynolds.
1982). The data were subsampled every 1200 s to match
with the subsurface ten.peratures. Figure 1 shows the
time span of the data return for each component of
the moorning instruments. For example. mooring B
supported the longest shatlow temperature chain record
extending for approximately 19 dayvs over Julian days
315 10 333 (10-28 November),

Figure 2 shows the time series from the shailow
thermistor chain at mooring B. This was the data set
we chose to compute the heat content and potential
energy time series. described in Sections 3 and 4. he-
cause it contains the longest continuous records and it
best covers the two major storm events of the experi-
ment. The curves in Fig. 2 have been offset in the ver-
tical so that the upper trace is the temperature of the
10 m thermistor, the next one down is the 20 m therm-
istor, etc. Above 60 m there is a definite cooling trend
over the 18 days shown in the tigure. but the temper-
atures are nearly isothermal at any given time. Bencath
this well-mixed layer is the seasonal thermocline be-
tween 60 and 90 m. The thermochne shows up in the
time series as the region of high frequency and high
amplitude vanability attributed to internal waves
within a region of large temperature gradient. A small
temperature change with depth below the thermocline
produced the low amplitude variability that can be seen
in the deeper (90~110 m) time series.

Two relatively abrupt cooling events are visible in
Fig. 2. The first one occurred on day 320 (15 Novem-
ber). On that date, the mixed laver thickened to ov-
ertake the 60 m thermistor as evidenced by the slight
decrease in mean temperature and the cessation of the
high frequency variability in the 60 m trace. A similar
event occurred on day 332 (27 November). Again the
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thermochne deepened on the order of 10 m. while the
nuxed laver temperature tell by almost 0.5°C within
several hours. These short time. mixed-layer decpening
events can also be seen in Fig. 3 where we have plotted
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layer depth with noticeably large decreases on days 320
and 332. The air temperature was almost always lower
than the sea surface temperature, indicating that sen-
sible heat flux accounted for part of the observed cool-
ing trend and that the air just above the water surface
was always unstably stratified.

b. Surtace meteorology

The experiment was carried out with the aid of two
vessels: the Canadian weather ship CCGS I'ancouver
stationed at Ocean Weather Station P (50°N, [45°W)
and the NOAA ship Oceanographer, which operated
in the vicinity of the surface moorings. Both ships made
measurements of standard surface meteorological pa-
rameters including wind velocity, air pressure. and air.
wet bulb, dew point and sea surface temperatures. In
addition. measurements of the longwave and shortwave
radiation fluxes were made from both ships (Gautier
and Katsaros. 1984: Anonymous, 1981: Katsaros and
Lind. 1985) and CTD casts were taken from the
Oceanographier (Toole et al.. 1980).

Duplicate meteorological measurements from the
two ships and mooring D allowed companson and ver-
ification of some of the surface data. Air temperature
measurements from both ships and the mooring agreed
very well with no obvious biases. The same was true
for comparisons of the mooring sea surface temperature
with those from the Vancouver. The Oceanographer,
however. reported surface temperature, measured at
engine-room intake. that was nearly 0.5°C higher than
at the surface buoyv. This difference is attributed to the
well-known positive bias of engine-room intake tem-
peratures above true surface sea temperatures (Saur,
1963). Reynolds (1982) compared wind velocities from
Oceanographer and moorning D and found that they
agree quite well.

We used the air-sea temperature difference and the
wind speed at mooring D to calculate the surface wind
stress shown in Fig. 4. The wind speeds were adjusted
to 10 m, and the stress was calculated using the bulk
aerodynamic formulae of Large and Pond (1981). Sev-
eral strong wind events are evident in the time series,
especially the two storms on days 320 and 332 when
wind stress magnitudes reached 0.9 and 1.3 Pa. re-
spectively.

We used the meteorological data from mooring D
and the ships to calculate the surface fluxes of sensible
and latent heat from bulk formulae (Large and Pond,
1982). Figure 5 shows the computed heat fluxes to-
gether with estimates of the radiation flux component.
Humidity data from Vancouver was used during
Oceanographer’s absence from the site, days 326 to
334. The net radiation fluxes shown in the figure are
the daily averages of the sum of shortwave incoming,
shortwave outgoing, longwave incoming, and longwave
outgoing fluxes. The data comes from measurements
taken on the Oceanographer when available (Katsaros
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and Lind, (985) and on the Vuncouver otherwise
(Anonymous, 1981). Over the period from day 316
through 333, the net surface heat flux averaged —86
W m % The latent heat flux alone averaged —49 W
m %; this is twice as large as the net radiation flux,
longwave plus shortwave (—26 W m ?), and far larger
than the sensible heat flux (=11 W m ?). The latent
heat flux contains isolated periods of large positive val-
ues due to warm, saturated air moving into the area
and warming the ocean through condensation.

It is interesting to note the contrast between the
storms on days 320 and 332 in terms of their associated
heat fluxes. The day-320 storm produced an obvious
feature in the heat flux curves of Fig. 5. The day-332
storm, however, created no outstanding features in the
heat flux curves even though this storm coincided with
the most outstanding changes in the sea surface tem-
perature and mixed layer depth and had the strongest
winds. Figure 6a. b shows the surface pressure analyses
for the two days (Reed and Mulien. {981). There are
obvious differences between the two storm systems.
The day-320 storm was a diffus~ elongated low pres-
sure system with a strong north-south frontal structure.
while the day-332 storm was more ncarly radially sym-
metric and very intense. The spatial scales of the two
storms were similar. The effects they had at the exper-
iment site were, however, quite different. The peak
winds for day 320 were southerly, but for day 332 they
were westerly. Other contrasts between the way the two
storms affected the ocean at the moorings will emerge
as we examine the heat and energy budgets in the fol-
lowing sections.

¢. Surfuce analvsis of wind stresy and sea surface tem-
perature

The large-scale wind stress field during STREX was
computed using planetary boundary layer modecls
(Brown and Liu. 1982) applied to the available synoptic
data. We used data interpolated to a 100 km grid sur-
rounding the STREX region (Lindsay and Brown. per-
sonal communication. 1983).

Sea surface temperatures on a similar gnd. denved
from 3-day averaged analyses by the Canadian Weather
Service, were used to prepare the maps in Fig. 7a-f.
The contour maps exhibit, individually. the WSW to
ENE slope of surface isotherms in the region and. col-
lectively as a time series, the cooling trend over the
STREX period. This data was used to estimate hori-
zontal temperawre gradients needed to calculate the
advective contributions to the local heat and energy
budgets at the thermistor chain mooring site (Sections
3and 4).

3. The heat budget

In this section we investigate the heat budget of the
upper ocean during STREX. We shall see that the heat
content decrease measured at the thermistor chains is
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FiG. 4. Wind stress (upper panel) and direction from which the wind blew (lower panel) at
moonng D.

more than twice as large as the total surface heat loss.  is reasonably successful. [t turns out that there are two
We attempt to reconcile this imbalance by estimating  advective events in the STREX data record that ac-
the advective contributions to the budget. This attempt  count for the heat content-surface exchange imbalance.
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FiG. S Surface fluxes of sensible and latent heat at mooring D smoothed with a 12.4 hour
filter. daily averages of the net radiative heat flux onboard the Oceanographer and Vancouver
(days 326 to 334). and the algebraic total of all three components. Note the sharp frontal structure
indicated by the sensible and latent heat flux curves on day 320.
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F1G. 6. Surface pressure isobars for (a) 1200 GMT on day 320 and (b) 0000 GMT on
day 332 (Reed and Mullen, 1981). Dots indicate locations of data reports used to construct
the pressure fields including the two ships involved with STREX, ships of opportunity,
and five stationary NDBO buoys. The experiment site is approximately S0°N, 140°W.
The dashed box indicates the area used to calculate average wind stress curl with this data.

The establishment of an approximate heat balance is L
I{(f. D) = poC f[ Td: (3 l)
D

a prerequisite for estimating potential energy changes
and relating them to turbulent kinetic energy produc-
tion changes 1n Section 4. where po and ¢ are average seawater density and heat

The heat content between the surface and fixed depth  capacity at constant pressure. respectively. The heat
D is defined by balance of the water column is given by
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calculate honizontal temperature gradients.

OH =14+ Qy (3.2)

where

{0
4= ‘V'[)()('J. Tud: + /)()('T pwW op (33)
D

is the vertically integrated divergence of heat advection
and
Q() = _[)()('“‘,;r’(()) - q(()) (3.4)
is the total heat flux just below the water surface. com-
posed of sensible heat plus radiant flux ¢(0). Our no-
tation follows that of Davis ¢r ¢/, (1981a). which may
be consulted for the derivation of (3.2). It has been
assumed that w(0) = 0 and that D is sufficiently deep
so that the turbulent and radiative fluxes vanish there.
We examined the heat balance for 7 = 90 m. a depth
well below the mixed laver and within that part of the
upper water column covered by our instruments.
One of the three components in the heat balance.
the total surface flux. Q. was described in Section 2

PADUAN AND R. A. DESZOEKE 31

and is shown in Fig. 5. The heat content. H, was cal-
culated from the thermistor chain records using a trap-
ezoidal integration of the discrete temperature mea-
surements. The changes in heat content we observed
averaged —200 W m * for the period from Julian day
316 to 333. This is twice as large as the cooling at the
surface described in Section 2, although it is consistent
with Tabata’s (1965) findings of an average 70 W m *
deficit in surface cooling for this season between 1956
and 1961. This discrepancy in the one-dimenstonal
balance puts a premium on estimating the other com-
ponent in the heat budget, namely advection.

Advection has traditionally been the most elusive
part of the heat budget. To our knowledge. no synoptic
measurements of temperature and velocity with depth
have ever been made that would allow direct calcula-
tion of A in (3.3). We are forced to estimate the ad-
vective contribution indirectly. Various methods have
been employed in the past ranging from a neglect of .1
on the basis of historical current and temperature data
(Denman and Miyake, 1973) to approximating the
vertical contribution only. and neglecting horizontal
effects, based on spatial measurements of |V 77| (Davis
¢t al.. 1981a). Each of the arguments for the neglect of
advection or some part of it is based on averaged gra-
dients and velocities appropriate to seasonal time scale
changes in mixed layver properties. Though these ar-
guments appear valid ex post facto from success of the
closures of the heat budget achieved by making them.
our data indicate that the situation is quite different
during the fall stormy season at midlatitudes. We find
that storms can produce pulses in the advection terms
on time scales of several days that can be significant
in the heat budget averaged over several weeks.

The advective contribution consists of two parts:
horizontal advection by surface geostrophic currents
that are nearly horizontally nondivergent. and advec-
tion by directly wind-driven surface currents that can
be composed of both a nondivergent part giving rise
to horizontal transport and a divergent part giving rise
to vertical transport. Thomson (1971) showed that
geostrophic currents in this region are. on the average.
in the east-northeast direction at 1 cm s~ ! and are nearly
parallel to the surface temperature isotherms. Although
the CTD surveys conducted during STREX were not
sufficiently dense in time or space to give good estimates
of geostrophic current. the data that exists confirm
Thomson's estimate of | cm s ' for surface currents
relative to 1500 db. These currents tend to be aligned
across the temperature gradient and hence are ineffec-
tive in transportling heat.

Tabata (1965) calculated the average temperature
change at Station P for 1956-61 due to geostrophic
transports and found it to be 0.26°C per month. He
found the geostrophic advection to be higher during
summer than winter. He also found the wind-forced
Ekman contribution to advection to be largest during
winter. On this basis. we shall neglect the advection of
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heat due to geostrophic currents for the 18-day winter
period of STREX.
We propose to estimate surface Ekman transport by

Ji udz = —z2 X (;)%O—f)

where u, is the surface Ekman velocity, 7o is the surface
wind stress, and A is the mixed layer depth; horizontal
stress at the base of the mixed layer has been assumed
to be negligible. If the Ekman transport is divergent,
it leads to an upwelling velocity at the mixed layer

base.
To
wW_y, = z-curl(—) .
’ Pof

Accelerations are neglected in deriving (3.5) and
(3.6). Their inclusion leads to inertial oscillations about
the longer period Ekman velocity fields. One may show
(see the Appendix) that averaging the time-dependent
inertial solutions over a pendulum-day yields Egs. (3.5)
and (3.6) again. where u,, w_, 1o are now pendulum-
day average quantities. Hence the use of the “steady™
equations (3.5). (3.6), to estimate Ekman currents, even
for synoptic wind events. is well justified. N

By identifying [ Tudz = T [ u.d- where T is the
vertically-averaged temperature of the surface layer,

(3.5)

(3.6)

and w , = w_,, Eq. (3.3) can be written
q = Ay + .41[ (373)
where i
A= ((T D T)Z‘CUI"(T()/_/‘) (37b)
(3.7¢)

A/[ = ('l'TU/f‘X Vf

Were there no horizontal temperature gradient, the
nonzero term .1;- would represent the export of heat
due to upwelling of cold water. On the other hand,
were the mixed layer motion nondivergent, the term
A would represent advection of heat by horizontal
flow across the temperature gradient. The terms in (3.7)
were calculated using the wind stress and temperature
fields described in Section 2. Temperature gradient V7
was approximated by V7, where 7(x. 3, 1) was the sea
surface temperature obtained from the large-scale grid
(Fig. 7a-f). Even though the data coverage for the large-
scale analyses was sparse (see the data points in Fig.
6a.b), the SST gradients were robust enough to produce
consistent pictures on the scale of a few hundred ki-
lometers. In contrast to this, the 20 km separation be-
tween thermistor chain moorings at the experiment
site was not enough to reliably determine the SST gra-
dients beyond instrument noise levels.

The total advective contribution was calculated ac-
cording to (3.7a) (after rearranging terms), and the ver-
tical component according to (3.7b). The horizontal
component was calculated by difference, ie., 4y = A
— Ay-. The required horizontal vector fields then appear
only in the form of curls. These were evaluated from
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the large-scale data by application of Stokes’ circulation
theorem

ff z-curl(ry/f)dS = f(fo/f)- dc (3.8)
S <

where S is some suitable averaging area and c is its
perimeter. The right side of (3.8) is evaluated from an
obvious finite-grid rule of integration. We chose S to
be a 600 km square (i.e., 6 X 6 grid points centered on
the mooring site). We experimented with smaller grids
(4 X 4, 2 X 2), but this larger one seemed a sensible
compromise between the ideal of S — 0 and having a
large enough number of points on the circumference
of Sto effect some averaging of atmcspheric mesoscale
noise. Large er al. (1985) suggest that the synoptic scale
in this area is a few hundred kilometers, based on data
from drifting thermistor chains, so it is likely that our
large averaging square underestimates curl at a point.
The size of the averaging square is indicated in Fig. 6a.
b and 7a-f by the dashed box.

Figure 8a shows the time series of heat advection
components: horizontal (dot—dashed), vertical (dotted).
and their sum (dashed). Figure 8b shows the heat con-
tent of the upper 90 m at thermistor chain mooring B
(solid line). the cumulative surface heat flux. [* Qudr
(upper dashed line). cumulative advection. f’ Adt
(lower dashed line), and their sum (dot-dashed line).
The starting value of each quantity on the ordinate is
arbitrary: the curves agree if their slopes match. Table
1 gives a summary of daily-averaged surface heat flux,
advection, and heat content change for the STREX
period. The most striking features in Fig. 8a is the ad-
vective peaks associated with the storms on days 320
and 332. Except for these two days, the total advection
is small and changes sign often. producing a negligible
contribution to the overall budget. But with the inclu-
sion of these tremendous peaks. the mean advection
over 18 days is —68 W m~' which, when combined
with the average heat flux at the surface, balances the
mean changes in heat content 1o within 23% (see Table
1). The average advection is 80% of the average of the
total surface flux: this is almost entirely due to the con-
tribution from two individual days' Figure 8b shows
the roughly equal importance of advection and surface
flux in the heat balance over 18 days. and the episodic
character of advection, coming in two marked events,
in contrast with the fairly steady surface heat flux. Only
the episodes of advgction can account for the episodic
heat content changes.

Comparison of Fig. 8a with the synoptic analyses of
Fig. 6 gives some insight into the nature of the advec-
tion itself. The advective partitioning between vertical
and horizontal components is different for the two
storms. The day-320 peak is made up of nearly all ver-
tical advection, that is, Ekman suction of cold water
from below z = —D. The day-332 peak. however, is
composed of approximately equal amounts of Ekman
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FiGi. 8. (a) Daily estimates of the vertical, 4., and horizontal, 4y,
advection of heat and their algebraic sum. .4, and (b) the time history
of the cumulative surface heat flux. f Qodt, cumulative heat advection.
J Ad. their algebraic sum, f (Qo + A). and the daily averaged
vertical integral of heat content 10 90 m, H. The cumulative and
vertically integrated curves in panel (b) are relative to an arbitrary
reference level: it is the slopes of these curves that are important.
Note the large advective peaks on days 320 and 332 and how they
are responsible for making the estimated total cumulative curve more
closely match the observed vertically integrated heat content.

suction and horizontal advection due to net horizontal
movement of surface water across isotherms. The dif-
ferent advective characters of the two storms is reflected
in their synoptic structure relative to the experiment
site. Peak winds for the day-320 storm were southerly
shifting abruptly to northerly with the passage of the
front (Fig. 4). This produced a net Ekman transport
to the east and then west, nearly parallel to the surface
isotherms (Fig. 7b), and therefore contributed little to
the horizontal advection. In contrast. the day-332 peak
winds were southwesterly and produced a net Ekman
transport parallel to the mean oceanic temperature
gradient (Fig. 7¢) and so made a large contribution to
the horizontal advection of heat. This contrast shows
that the horizontal advection at a particular location
depends on having cross-isotherm Ekman transport
produced by alongisotherm wind. This condition is
sensitive to the structure of a storm and the proximity
of its passage (see Fig. 6a, b) so that points separated
by only a few hundred kilometers may experience quite
different advection.

Vertical advection, too, makes an important con-
tribution to the heat budget. It depends on a surface
wind pattern favorable to producing upwelling. Despite
several peaks in the wind stress magnitude in Fig. 4,
Fig. 8a shows only two events that had local wind stress
curl large enough to produce significant upwelling.

Large et al. (1986) suggest a rule of thumb for un-
certainty of 10 W m™? per component of the surface
heat flux, which gives an additive uncertainty of 30 W
m' 2 for the net surface flux, Qp. This error grows for
the cumulative surface heat flux: after ten days the error
amounts to about 0.25 X 10® J m™?(25% of one division
in Fig. 8b) and after 18 days to nearly 0.50 X 10% J
m 2 (50% of one division in Fig. 8b). The discrepancy
in the heat budget is within this uncertainty.

Large ¢r al. (1986) also investigated the advective
contributions to the heat budget with drifting therm-
istor chain buoys in an area 500 km southwest of our
moorings. They inferred water movements from the
buoy tracks and relative velocities from the shape of
the subsurface thermistor and pressure sensor chains.
Their conclusions contrast with ours. They find that
horizontal advection in the mixed layer was not a sig-
nificant part of the heat budget for their region. Their
buoys, however, tended to drift along the surface iso-
therms, thereby diminishing the effect of horizontal
advection. Also, they form their balance estimates over
a long time period so that they do not discern episodic
synoptic events. They also make the point that vertical
advection from below about 120 m, within the per-
manent halocline, would bring up water that is too
salty to be cancelled by the 0.005 X 10~ %/month di-
lution attributed to the mean excess of precipitation
over evaporation. This means that the upwelling water

TABLE 1. Daily average surface heat flux. {J, and change in heat
content. df/dr. and the 0000 GMT estimate of heat advection. A.
The units are W m 2.

Julian day O E| dH/di
316 -35.8 7.7 -99.2
37 -77.2 19.7 49.6
38 -109.4 - 18.8 1818
319 -364 134 2149
320 -8.6 8.7 - 1323
32 -974 - 5826 - 2315
R -495 -99.5 -165.3
3 -85.3 - 1401 264.3
324 -36.3 56.7 —148.8
325 -129.6 67.5 - 148 8
326 v -89 26.4 -16.5
327 ~113.1 598 -49.6
328 -99.4 10.3 -264.5
329 -68.6 =325 2811
330 -120.2 —16.0 -396.8
M -60.% 9.9 ~628.3
332 -141.4 ~565.6 -677.9
333 - 1842 -25.7 ~165.3

| 8-day means: ~85.7 ~68.3 —199.3

A e
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below the mixed layver and above the halocline must
be moving along nearly horizontal trajectories as it is
entrained.

4. Turbulent kinetic energy

When the sea surface is cooled or agitated by the
wind. turbulent kinetic energy is produced by flucuat-
ing buovancy forces working with vertical motions or
by turbulent stress working on the sheared motion.
The part of this turbulent kinetic energy that is not
dissipated is available for increasing the potential en-
ergy of the surface laver by entraining dense water from
below and. in effect, raising its center of mass by mixing
it into the surface water. The production terms of tur-
bulent kinetic energy. and its dissipation, are difficult
to measure with accuracy. instead, parameterizations
of these terms, supported by theorcucal and dimen-
sional arguments relating them 1o bulk parameters that
characterize the inputs. are relied on (Kraus and
Turner. 1967: Niiler and Kraus. 1977). Often the pa-
rameterizations can be checked in laboratory experi-
ments (e.g., Turner and Kraus, 1967: Kato and Phillips.
1969: Moore and long. 1971 Kantha ¢ «f.. 1977;
Deardortt ¢r af.. 1969) in which changes in potential
energy are compared 1o the proposed dependence on
the bulk parameters and used to estimate unknown
coethicients,

In principle. this can be done also with suitable tield
experimems. The dithculty with this approach lies in
the impossibility, contrasted with the laboratory. of
control of external conditions: oceanic vanability and
complexity on all scales lead to statistically imprecise
estimates of the desired terms. Also. some important
contributing terms, especially advection. that are absent
in controlled laboratory experiments can only be cs-
timated indirectly as we have already seen with the
heat balance. The advantage of the field expenments
is their obvious direct relevance to mixed laver dvnam-
ics: unlike laboratory experiments, they are conducted
at the appropriate Revnolds and Peclet numbers and
are not susceptible to “infection™ by secondary circu-
lations as in the all too finite laboratory vesscls.

Davis ¢r al. (1981b) expounded the theory of the
turbulent kinetic energy (TKE) balance necessary for
relating rate of change of potential energy of the upper
ocean water column to kinetic energy generation and
dissipation and their parameterizauons. We need not
repeat this here, except to emphasize that the rate of
turbulent working of buoyant flucuations against grav-
ity. or buovancy flux gp'w’. is estimated from the ver-
tically integrated heat balance and assumption of a sta-
ble 7-S relationship: hence the establishment of an at
least approximate heat budget is a necessary require-
ment for the strategy to succeed.

The potential energy of the water column above -
= —]), given by

)
P, D)= gf (z + D)pd:. 4.1)
I8

where p,. = p — po is the excess density above a reference
density, is related to sources and sinks by

OP=B+Ap+ Gy + S — E. 4.2)
where

y 0
B= “T‘ [—Q(,D + f q(:)d::| ) (4.3)
D

() ()
Ap = —gV f p(z + Dyd:z + "”f povdz. (4.4
D D

(I.() = _'\\',[[7’ + pn(u"u’ + \\":)/2](). (45)

0
S = —f P - duds, (4.6)

n

{)
L= f ped:z. 4.7
1

Term B in (4.2) represents the effect on potential
energy of surface heating or cooling and penetratne
radiation: when cooling (Q, < 0). a part of - (ag/)QuD
is the cnergy supplied by convection. This term s
readily calculated from the net surtace heat flux. (.
described in Section 2 and from ¢(2) parameterized by

gtzy  g(O[0.77 expiz/1.59]
+ {1 077 evpz/14.0)]) (4.8)

for - 1in meters, measured negatively downwards (Paul-
son and Simpson. 1977). The term {, represents the
advection of potential energy. The term (, is the sur-
face flux of turbulent kinetic energy. which is held to
be proportional 1o pplty . where 1, is the surface friction
velocity lr7o/py''~ (Kraus and Turner. 1967: Davis ¢
al.. 1981b). Term § is the shear production integrated
verticallv. Lacking current profile measurements. we
are unable o estimate 1t directly. We proceed by pro-
visionally neglecting it: but we shall return to this point
later.

As noted. convective production du¢ to surface
cooling is already a parnt of B. For a homogeneous
mixed laver this production term amounts 10

¢ =200 - Q. (4.9)
4¢

Term F is the vertical integral of kinetic energy dissi-
pation. We hold that it acts to suppress a fixed fraction
of the energy produced by the dominant turbulent ki-
netic energy production mechanisms. Hence it is pro-
portional to € or (G, in (4.2). whichever is dominant.
and the potential energy evolution is given by

OP=B+ 4p+ G — mC (4.10)

it

where

(18‘ = m(){)()lﬁl . (4] 1)

The measurements reported by Davis et al. (1981b)

e — e et A —— e e
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suggest m, = 0.5, while Deardorff er al’s (1969) lab-
oratory measurements give m,. = 0.83.

Advection -, is calculated in a fashion analogous
to the corresponding term in the heat balance. We as-
sume that horizontal velocity is uniform in the mixed
laver, of depth Ah. and given by the Ekman formula
(3.5): horizontal velocity is neglected below the mixed
laver. The corresponding vertical velocity grows linearly
from zero at the surface to the base of the mixed laver
where it is given by (3.6). Bevond the base it remains
approximately constant. These assumptions of slab-
hike mixed layer velooity are more stringent than were
required for the heat balance. where only the vertical
integral of honizontal velocity mattered. because tem-
perature 1s so nearly uniform in the mixed laver. The
quantity 4, can be separated into horizontal and ver-
tical components gy, -4p. analogous to the heat ad-
vection terms [Eq. (3.7)] except for an additional de-
pendence on the mixed layer depth that enters because
of the factor = in (4.1). We shall save space by not
writing them down here.

The quantities in the potential energy balance are
correctly written in terms of density p(7T, S). To le-
termine this salinity is required as well as temperature.
This 1s not available from the thermistor chains. How-
ever, CTD profiles taken during November and De-
cember 1980, in the vicinity of the experiment location
from the Qceanographer exhibit a quite stable and tight
relationship between temperature and salinity above
90 m depth. Figure 9 shows the envelope for the 7-S
curves from 32 CTD casts taken between Julian days
311 and 337. Above 6.5°C (90 m) salinity is well rep-
resented by a linear function of temperature. A best fit
hne through the 7-5 envelope in this region was used
to represent that function. This was then used to infer
density from the thermistor chain temperature time
SCTICS.

Fi; 9. -8 relations from 32 CTD casts taken onboard the
Oceanographer between Juhan days 311 and 337, The hnear relation
hetween S and /7 above 6.5°C (~90 m) was used to predict § from
I' for this temperature (depth) range.
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TaBLE 2. Daily average surface production 6§ . net buoyancy flux
B'. and change in PE, dP/dt. and the 0000 GMT estimate of PE

advection, A,. The units are mW/m -,

Julian day o3 A, B dPrdr
e 0.6 0.t 0.2 24
37 0.7 0.3 1.7 0.4
318 09 03 23 1.0
RIL] 1.3 0.0 0.X 4.6
320 4.6 .2 0.4 1l
324 1.2 7.2 1.9 3s
322 1.7 1.5 1.6 37
323 23 09 | X X
324 .2 (+d 1.3 21
RRN 0.8 1.1 R 2%
126 0.5 0.1 22 4.1
127 1.5 02 20 S9
2% .1 04 25 h
329 29 (1.8 [ 7.7
330 1.6 08 24 139
331 HY [ 1) 127
R 7.3 9.3 26 R
RRR) 0.6 0.6 3.7 iR

18-day means: 21 1.3 20 7

Each of the terms on both sides of (4.10) can be
computed from the STREX data and compared. Table
2 gives a summary of the dailv-averaged values of
G3 . B’ (the net buovancy production. =B - m.C).
potential energy advection. .4, and the change in P.
Figure 10a shows the time senes of the advection es-
timates. The features are very similar to the heat ad-
vection estimates in Fig. 8a: the advection is small ex-
cept on two occasions associated with storms on days
320 and 332. The day-320 event is a result of mostly
vertical advection, while the day-332 event is composed
of nearly equal amounts of vertical and horizontal ad-
vection. Note that though heat and turbulent mechan-
ical energy terms have the same units, the latter is five
orders of magnitude smaller than the former.

Figure 10b shows the potential energy of the upper
90 m at the thermistor chain (solid line). the cumulative
surface production of TKE [_l" GEdr (using my = 0.5)].
the cumulative advecton ( l" Apdn). and the cumulative
net buovancy production [ [* B'dr (using i, = 0.83)].
The last term 1s the difference between the total cu-
mulative buovancy production (upper dotted line) and
the dissipation, taken to be proportional to that pro-
duction. (lower dotted line). The beginning positions
on the ordinate of traces on this figure are arbitrary:
the curves have been offset in the vertical for clarity.
A successful closure of the TKE budget is obtained
when the slope of the total cumulative production curve
(dot-dashed) matches that of the vertically integrated
potential cnergy curve. This figure shows a reasonable
closure of the TKE budget over 18 days. particularly
for the periods prior to the day-320 storm and after
the dav-332 storm. The storms create large. episodic
increases in the vertically integrated potential energy
that are not totally reproduced by the estimated pro-
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320 325 330
Jutign Date, 1980

FiG. 10, (a) Daily estimates of the vertical, 4z, . and honzontal.
Apy. advection of potential energy and their algebraic sum, .1,, and
(b) the time history of the cumulative surface wind stirring,
f' (dt. cumulative potential energy advection, J" Apdt, cumulative
buoyancy production, f' B'dt, —composed of the production due to
surface cooling and penetraiing radiation {upper dotted line) minus
the dissipation proportional to that production (lower dotted line)- -

their algebraic sum. [*(GF + A, + B')di. and the vertical integral of

potential energy 10 90 m. . The cumulative and vertically integrated
curves in panel (b) are relative to an arbitrary reference level: it is
changes in these curves that are impertant. Note how peaks in ad-
vection and wind stirring combine to produce the jumps in the es-
timated total cumulative curve which mimic the jumps in P on days
320 and 332,

duction terms, particularly for the day-332 storm where
only one half of the increase observed in the density
record is accounted for by the TKE production terms
included in the budget. The figure also shows the dif-
ference between the three production terms. Both the
surface wind stirring and advection terms exhibit im-
pulsive jumps associated with the two storms but the
buoyancy flux term—composed mainly of the net sur-
face cooling—is a fairly steady function. Advection and
wind stirring are. in some combination. necessary to
reproduce the episodic increases observed in the verti-
cally integrated potential energy associated with the
two storms. However, the advection terms cannot be
estimated with sufficient accuracy to attempt improved
estimates of either m, or m,. From the viewpoint of
modeling. it is still remarkable that potential encrgy

changes may be no less due to advection than to tur-
bulent production of TKE.

An uncertainty in the excess density can be estimated
from uncertainties in the thermistor temperatures and
in the salinity derived from the best-fit linear 7-S re-
lationship above 90 m. The spread in the 7-S diagram
of Fig. 9 suggests an uncertainty of about 0.08 X 107}
in inferring salinity from temperature. This, together
with the thermistor errors, leads to an uncertainty of
0.07 kg m > for the excess density, and about 2.80
X 10* J m~2 (2.8 divisions in Fig. 10b) for the vertically
integrated potential energy. The discrepancy in the
TKE budget is within this uncertainty. The closure of
the TKE budget is poorest for the time periods asso-
ciated with the two major storms, paticularly the sec-
ond, day-332, storm. Ignoring the potential energy un-
certainties, the buoyancy flux term B’ is a very steady.
nonepisodic component of the budget and as such is
not a good candidate to explain the excess in the ob-
served vertically integrated potential energy jumps over
the predicted increases. The discrepancies are more
likely the result of underestimating either the advection
or the wind stirring terms, or both, because each of
these terms exhibits episodic increases during the storm
periods.

There is one important, additional component of
the TKE budget that could explain the discrepancies
in the balance. It is the neglected shear production term
(4.8). Sheared currents in the water column contribute
to the TKE of the layer. particularly inertial currents
with shear concentrated at the base of the mixed layer.
Shear production would be episodic in character and
very likely associated with storms. D'Asaro (1985) ex-
amined and modeled the inertial current structure from
expendable current profiler drops taken from the
Oceanographer during STREX. paving close attention
to the day-320 storm. That storm acted to change the
current shear at the mixed laver base by 30 cm s ', but
the preexisting currents were such that the overall shear
was actually reduced. Hence. shear production of TKE
was not a factor in the day-320 storm. Current profiles
were not available for the day-332 storm, so it is not
possible 1o assess what role shear production played in
the TKE budget during that period. The poor closure
of TKE on that day may indicate an overlooked energy
source such as shear production.

5. Summary

In this paper. we outlined and demonstrated a
method for incorporating large-scale wind stress data
and estimates of sea surface temperature gradients into
the local budgets of upper-ocean heat and TKE through
advection terms. We obtained a reasonable balance for
the heat and TKE budgets of the upper 90 m of the
water column at the site of thermistor chain moorings
in the northeast Pacific Ocean. The rate of change of
heat content averaged —200 W m “ aver 18 days. while
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the net surface heat flux averaged —86 W m™%. We
were able to form estimates of the large-scale advection
that we found to be significant during two strong
storms. The 18-day average advection was —68 W m ™7,
which contributes 10 balance the budget within 23%.
Our findings confirm Tabata's (1965) observations
about the winter heat balance at Station P.

The changes observed in the vertically integrated
heat content and potential energy are very episodic.
For the heat budget this episodic character can only
be explained by advection. The turbulent kinetic energy
budget contains source terms from the vertical buoy-
ancy flux, the wind stirring at the surface, and current-
shear production. The last two of these are episodic in
character. Our data show that advection and wind stir-
ring are necessary 1o account for the episodic changes
in the vertically integrated potential energy associated
with the storms. The role of shear production is un-
certain. D'Asaro (1985) determined that the current
structure before day-320 was such that the storm on
that day acted to decrease the current shear so that
shear production was not a factor for that storm. No
data exist to determine the role of shear production for
the second. day-332, storm.

The calculations described here illustrate the im-
portance of advection to understanding the response
of the upper ocean to atmospheric forcing. The advec-
tion estimates we have made are quite rudimentary:
they could be improved by better estimates of surface
wind distribution on synoptic and mesoscales. and
better estimates of temperature gradients. The potential
energy storage estimates could be greatly improved by
time series measurements of salinity (conductivity) as
well as temperature. Salinity effects on density can be
significant, and should be monitored. and the budget
of salt could be independently checked.
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APPENDIX
The Quasi-steady Ekman Approximation

Consider the time-dependent momentum and mass
conservation equations for a slab layer of thickness h
driven by a wind stress r(x, ):

3Q + ifQ = po '(+* + i), (A1)
w., = Re(d, — i9,)Q. (A2)

where
Q= hu + ihv. (A3)

The general solutions of (A1), (A2) are easily written
(Phillips, 1966):

i
Q=0 f () + e’ dr, (Ad)

!
Woh = po 'Ref @, ~ @)Y+ i) e,
(AS)

If these expressions are averaged over n pendulum days
between times 1 — 2xn/f and 1. we obtain:

T+ ihe = Q = (ifp) "7 + i) = (= 1)(ifpo)

T . dl
X f dlw)e ' ™ sincllw — finw/l) 7—w (A6)
] -7

=|

. z-vx(L“;) — Re(=1)(ifpo) '

Po.
’ gy o . L dw
b e w(w)‘, tudl ""”SlnC[(u.' _ / )'11(// ] "_ . (A7)
i REg

where $(w) is the direct Fourier transform of 7'(1)
+ (.

. d
i = f Plwte = = (AZ)
' -

Uw) = (3, ~ id,)dlw). (A9)

The first terms on the right of (A6). {A7) are the usual
“steady” forms for the Ekman transport and diver-
gence. although here they are replaced by time-averaged
quantities. The remaining time-dependent contribu-
tions consist of flucuations driven by a frequency band
of the rotary wind of width //n centered on the (clock-
wise) inertial frequency /. this is the effect of the sinc[(w
— nn/f] spectral window. These can be reduced by
increasing 7, which reduces the bandwidth of admitted
wind-driven near-inertial flucuations. They are in any
case small if subinertial vanance of the wind dominates
near-inertial variance.
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The biological and acoustical structure of sound scattering layers
off Oregon
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Abstract  Four discrete acoustical treguencies were used to determine the depths of migratorny
and pon-migratory seattering livers Lavers were insoniticd with o broad-band, Tow trequeney (1
Rz acoustic source and sampled with @ 100 m7 tope tawl with five openimg and closing
\ codends
\ The predommans ishes with gas-illed swimbladders caught modeep (1ss 230 my) day tme
Livers were Protomyvetophum crockert and I thompyenie. whereas Protonycophiaon spp - and
Thaphus the were the most comintan species ar deep (1252225 ) might-nme Iiners. The
\ common ishes with gas-filled swimbladders i shallow (6080 my might-tme lvers were Do,
\ Stenobrachuss levcopsarus (<33 mm). Tarleronbeania crenvlares. Symbolophorus californiensis
and Fnerardn morday

Arcer estimates ob distributions of bubble radn were simlar tor deep day and deep night
saattening Lavers, but a wider range of bubble sizes existed in shallow might-tme kavers than in
deep dav and deep mght lasers.

A mode! which considered species-specttic parameters af morphology - physiology and beha-
vior provided estimations of the distributions of swimbladder radin that most closely matched the
acoustically estimated distributions of bubble radii. Comprarisons of acoustic data and net catch
data mdicate that myctophids with gas-filled swimbladders may mamtam swimbladder volume w
alevel hedose that cequired tor neatral buorancy. Furthermore . there s some evidenee suggesting
that Liree myvctophids manntain g constant swimbladder volume during vertical migrations, but at
volumes that resalt in negative buovaney s smaller myvetophids may mantain s constant swimblad-

1 der mass during vertical migration.

INTRODUCTTON

Tin composition of sound scattering lavers in many geographical regions has been
documented utiiizing both acoustical and biological sampling methods. Many studies
have estimated the depths of sonic scattering lavers (SSL's) by means of single frequency
echosounders and sampled SSLs using opening and closing nets (Foxion, 1963: Egriing
etal. 1971 Piekwert eral . 1971 Krpckser and Gisis, 19720 Bapcocok and Mergi 11,
1976: Pearcy et al . {977 Frivon et al.. 19772 Sasteore, 1982 and others).

Few studies have emploved multiple-frequency sound scattering technigues in con-
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junction with biological sampling. Utilizing an explosive acoustic source HoLLIDAY (1972)
found that the low-frequency structure of the echoes from single-species schools could be
correlated with resonant scattering from swimbladders. Partial collection of the targets
(northern anchovy schools) made it possible to predict scattering spectra based on
models of sound scattering from swimbladder fishes. L ter studies by BaTzier ef al.
(1973). BatzLer et al. (1975) and Love (1975, 1977) attempted to predict sound
scattering intensities based on trawl collections and models of sound scattering.

Hotuipay (1977), Jorinson (1977) and GreenLaw and Jounson (1983) presented
solutions to the opposite problem, involving the prediction of sound scattering layer
composition based on multiple-frequency acoustic data. Jonnson (1977) found some
agreement between the abundance of fishes with swimbladders and abundance from fish
catch data. HoiLipay (1976, 1978, 1980) found good agreement between relative
abundance with size estimated acoustically and from net collections.

Biological studies of scattering layers off Oregon indicate that at least five species of
myctophids with gas-filled swimbladders commonly occur in the upper mesopelagic zone
(PEArCY and LAurs, 1966; PEArRCY and MESECAR, 1971; PEARCY et al., 1977). KLECKNER
and GiBBs (1972) noted the importance of understanding species composition in acoustic
studies of scattering layers because of species-specific differences in swimbladder size and
shape. Studies by KanwisHer and EBELING (1957), MaRsHALL (1960), Capren (1967).
ZAaHurRANEC and Pucs (1971), ButLer and Pearcy (1972), KLeckNER and Gisss (1972),
Brooks (1976, 1977), Jounson (1979) and NEejcHBORs and NarpakTITIs (1982) have
considered the relationship between fish species and swimbladder size of midwater fishes.
These studies acknowledge the importance of swimbladder size in acoustical studies and,
concomitantly, buoyancy regulation for understanding acoustical observations. There-
fore. a thorough understanding of scattering layers based on acoustical studies requires
knowledge of species composition and buoyancy regulation in the midwater environ-
ment.

In this paper we present data from multiple-frequency acoustical measurements and
concurrent trawl samples and describe correlations between the acoustical and biological
structure of migratory and non-migratory sound scattering layers off Oregon.

METHODS

Data were collected from the F.V. Pat San Marie from 10 to 19 September 1941 in an
area between 44°25'N and 44°41'N and between 125°49'W and 126°05'W . approximately
100 km west of Newport, Oregon. Water depths were approximately 2800 m.

Two acoustical sampling techniques were used on this cruise. (1) An arcer (HoLLIDAY,
1978, 1980) served as a broad-band (1-30 kHz) acoustic source. The arcer consisted of
three components: a bank of storage capacitors (60 kJ capacity) which was charged to
approximately 7500 V through a step-up transformer. an air-gap switch or control
section which fired the arcer, and an electrode assembly. Arcer electrodes and an
omnidirectional hydrophone were lowered to a specific depth above the scattering layer.
The arcer and hydrophone cables were separated by 15 m on the ship. Based on the
experimental geometry and sample durations, insonified volumes were calculated to be
ellipsoidal shells of approximately 19,000 m* effective volume. Firing of the arcer was
controlled on board the ship. Echoes were displayed in real time and only those echoes
which displayed high signal-to-noise ratios were analyzed. Echoes were recorded as
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voltage vs time on a digital computer. For acoustic data collections all ship power was
turned off and acoustic equipment was powered by two 110 V diesel generators placed
on deck to reduce ship’s radiated noise. However. platform-associated noise. specitically
wave slap on the ship’s hull and vibration from the gencrators, was stll a sigmificant
problem at low frequencies.

(2) Two transducers mounted in an Endeco V-Fin and suspended from a boom o a
depth of 3-5 m were used to obtain quantitative data on scattering strength vs depth at
four discrete frequencies (13, 20, 25 and 30 kHz). Discrete frequency data were collected
before and atter cach arcer cast and during net tows.

Biological collections were made with a rope trawl. mouth arca of about 100 m-.
equipped with a Multiple Plankton Sampler (MPS) with tive opening and closing codend
nets [see Prarey er al. (1977) for a description of the MPS]. The trawl was lined with
19 mm stretch mesh: MPS nets were 6 mm mesh with 0.505 mm Nitex codend nets. The
depth of the trawl was monitored either by an Institute of Oceanographic Sciences (108)
acoustical net monitoring svstem (Baker er al.. 1973) or a Furuno netsonde. Net tows
were made in full davlight or during the night to avoid the dawn and dusk periods of most
active vertical migration. Davtime tows were positioned near the migratory sound
scattering fayer which was centered at a depth of 235 m. Shallow (0-80 m) and deep
{125-255 m) night-time tows sampled migratory and non-nugratory scattering lavers.
respectively. Towing speed was 1.5-2.0 kn (2.8-3.7 km h '), Volumes filtered were
estimated by multiplving the distance traveled by the ship (based on LORAN-C fixes)
times the mouth arca of the trawl. A total of 33 collections were made tfrom 8 tows
{Table 1).

Collections were frozen or preserved in 10% buffered Formalin and scawater,

dicronekton were sorted to major groups (hshes, squid. shrimp and cuphausiids ).
Fishes were transferred to 207, and then 3024 isopropyl aleohol and identitied. counted
and measured (standard length).

Data analvsis

Algorithms for estimating the biological composition of scattering lavers based on
acoustic data are discussed 10 Hortioay (1977). Joussos (1977) and Greestaw and
Jonnson (1983). Estimates of the size and abundance of gas bubbles. presumably
swimbladders of fishes. were obtained from the arcer data by imversion of the following
set of equations (GriENtAw and Jonsson, [U83),

L. Yy = [0 R(f. a)N {a)da.

* EARE)
where /7 is the scattered intensity at a time £ after transmission and frequency £ R a) s
a coefficient for a scatterer of size w and N (a) represents the number ot scatterers ot size
a in the insonified volume. In cases where the number ot scatterers is not large enough to
assume a continuous distribution of sizes or where the size distribution s discontinuous
we can apply the summation

1. N = 1) X Nya)R(S. a,).
[

where s represents the number of size classes. Applying this cquation to cach of the
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Seund seattening lavers off Orepan H33

trequencies sampled we obtain a set of equations

00 = MaRU L ag) + NWORU a0 NaR(f . a)
P = NMNaRUca)) + NWORU S a0 ¢ NaaRU a)
Y = N R ay) - NaIRU cws)y + 0+ NGRS, ay).

Fhe abundunce ot difterent sizes of gas-tilled swimbladder radii can he estimated trom
the solution of this set ot equations. A constraimed Teast-squares alparithm (NNLS:
Eoawsosand Hiasson 1974 was applied o the areer data. The coetticients R(/. a,). i this
case tor hishes wath gastilled swimbladders. were estimated using the model of
ANDREPV Y CE904) s moditied by Wisron (1veT),

Imal estimates for the solumes of was-itled swimbladders ot tishes captared with the
I muidwater trawd were obtmed trom a neutral buosaney modet, Subsequent
vartattons ot this model are considered i the resulis secnhon

RESNU LTS
/)'IH/HQ\
The average bontiss ot allbnicronckton caught m the deep 0025 235 g night-time net
tows was whmost nine times that cancht i deep 0SS 230 ) daviime tows, and

mictonchton bronss captared meoshallow (0 S0 my meht-ume tows was almost 307,
greater than that mydeep nisht-time tows cLable 23 Much of the bromuass was attiibutahle
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636 J. M. KaLisi et al.

to Euphausia pacifica (deep daytime and shallow night-time) and myctophid fishes (deep
night-time). Biomass estimates of cuphausiids (approximately 2 ¢cm in total length) and
small fishes are underestimates of true biomass because of escape through the net mesh
of the trawl. However, large relative differences in biomass between net collections
indicate real variations. In the deep daytime scattering layer. fishes with and without gas-
fitlled swimbladders contributed cqually to the total biomass. The large difference
between deep daytime and deep night-time biomass estimates was due to the evening
ascent of fishes without gas-filled swimbladders (primarily Stenobrachius leucopsarus
>35 mm) into the deep night-time depth range. Myctophids with gas-filled swimbladders
dominated the shallow night-time collections (Table 2).

Based on our examinations of fresh specimens at sea and frozen specimens in the
laboratary. six species of myctophids generally had thin-walled (an indicator of a deflated
gas-filled swimbladder) and/or gas-filled swimbladders. and were. therefore. assumed to
be the predominant low-frequency sound scatterers. These were S, leucopsarus
(<35 mm). Protomyctophum crockeri, P. thompsoni, Symbolophorus californiensis,
Tarletonbeania crenularis and Diaphus theta (Table 3). The northern anchovy (Engraulis
mordax). which has a gas-filled swimbladder. was present in two shallow night-time net
collections. Other tishes with gas-filled swimbladders occurred in insignaificant numbers
and are not considered in the analysis.

Burier and Pearcy (1972) reported both thin-walled. gas-filled swimbladders and
small. reduced swimbladders in large D. theta and T. crenularis. NeiGisors and
NAFPakTITIS (1982) did not find gas in any of the large D. theta they examined. All of the
33 fresh D. thera (36-73 mm SL) and 7 of 9 fresh T. crenudaris (34-81 mm) examined for
this study had thin-walled or gas-filled swimbladders. For subsequent calculations all D.
theta and T. crenuldaris were assumed to possess gas-filled swimbladders.

Physonect siphonophores may make a significant contribution to resonant sound
scattering at low frequencices (Barnanm, 1963: PickwELL e al.. 1964), but it was difficult to
determine the abundance of these animals since they fragment and may be extruded
through the meshes of the net. We found very few floats from physonect siphonophores
in the samples. Floats collected were smaller than 6 by 2 mm and only the codend mesh
of the MPS was small enough to retain them.

Acoustics

Volume scattering strength profiles at four discrete frequencies (15,20, 25 and 30 kHz)
provide evidence for depth and frequency-dependent sound scattering (Fig. 1). Differ-
ences in volume scattering strength between day and night profiles are evident at all
depths. A daytime vertical profile (Fig. 1A) was characterized by a distinct scattering
layer at 235 m and reduced scattering at shallower depths. Volume scattering strength at
depths of <75 m could not be determined accurately with the towed acoustic array
because of surface reverberation. Volume scattering during the night (Fig. 1B) was more
uniform with depth: however, peak volume scattering occurred at 235 m as in the
daytime profile. .

Biomass estimates of all micronckton from net collections made within the main
scattering layer indicate that night-time biomass (Table 2) is almost 9 times higher than
davtime biomass. Based on biomass collected in nets, the night-time volume scattering
at 235 m should be approximately 10 dB higher than daytime scattering at  this
depth, rather than the observed § dB lower volume scattering (Figs 1A and B). This
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Sound scattering lavers off Oregon 639

discrepancy in biomass estimates between acoustic and net collections may be a result of

more etfective avoidance of the trawl during the davtime. changes in the orientation
and scattering characteristics of the species present. or changes in species composition
during the day and night.

Frequency-dependent variations in backscattering at a particular depth permit esti-
mates of the size of resonant bubbles. Peak volume scattering at the lowest (15 kHz) or
highest (30 kHz) discrete frequency makes it possible to estimate the minimum and
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Fig. 2. Data from a deep davtime (235 m, [600- 1618 h) arcer cast. (A) Scattering spectrum.,

Points are mean volume scattering strengths determined from multiple firings of the arcer

Curves are based on the caleulation of the scattering spectrum from the acoustical abundance

estimates of bubble radii. (B) Acoustically estimated abundance of bubble radii. The total
estimated number of gas bubbles was 1.5/1000 m*.
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navamum tesenant bubble sizes respectivedy s assuming that peak scattering is catsed
pubblos Peak seatterme at the mtermediate diserete frequencies (20 and 25 Kz
provides o estimate ot the true resonant bubble size. Using a resonance trequenay
sohaenshp OW g stos s 19T s estimated that the predaminant resonant bubbles at
T ot smabler than oos mme i radins during both the day and nicht. Diserete
negaenay data collected durnmg an evenimg ascent ot the scatterning lasver (bigs 10

aidicated that resonant bubbles at 2535 mowere between 0.5 and 1.0 mm.
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Arcer scattering strength spectra and estimated abundance ot habble ridin required 1o
produce these spectra are shown n Figs 25 The curnves are bused on the caleulation ot
the scattering spectra from the acoustical abundance estimates ot bubble radin. The wotal
estimated numbers of gas bubbles were 15 wnd 21 por 1000 m”™ tor deep davome (Fie.
2B and deep night-time (Fre 3By Laverss respectin ey The number of bubblesin shallow
night-time spectrawere 23 and O80 per 100t at 34 and 40 mrespecinedy chres 48 and
SBY These abundance estimates are high when compared with values obtaned trom net

collections off Orevor (Prawey ecal 0 1977 this papen)
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Scatrerme spectra at mght-ume depths of <30 m indicated the presence of o wide
cf ubhle sizes with a peak swinibladder abundance at a radius between approxi-
e 25 and 0 minae 34 and 0 morespectively (Figs 4B and SB). The range of
Cicrees swas narrower at depths of 2002250 min both the davtime and the night-time
b peak abundance at 0.60 mm radius (Figs 2B and 3B). Greater numbers of small
wore present i surface waters at night than in deeper waters during cither
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Sound scattering lavers oft Oregon 643

Broad-bund acoustical records were made during an evening ascent period of o sound
scattering laver to investigate whether midwater fishes were regulating the volume of
gases in their swimbladders or if the mass of swimbladder gases was kept constant. The
collection of acoustic data during the evening ascent required that the arcer electrodes be
placed within the migrating scattering laver as it moved upwards. However, the complex
interaction of numerous migratory and non-migratory lavers at a single location made it
difticult to track a single discrete laver during vertical migration (Fig. 1). Furthermore.
the wide range of acoustically estimated swimbladder radii at all five depths (Fig. 6)
before. during and after sertical migration of the laver made it ditficult to distinguish
whether or nota single assemblage of fishes was being monitored or different fishes trom
other depths were moving within the runge of the arcer. However. the occurrence ot
many size classes of ssimbladder radin without sigmiticant changes in abundance through-
cut the verteal nugration period was most consistent with constant solume mugrations
(Fig. 6).

A log-log plot of the peak resonance frequency against the scattening laver depth plus
10 m. makes it possible to detect svstematic changes i swimbladder inflation with depth
durnng the migration peniod (B 7y By selecting the Towest frequeney where a peak in
scattering oceurred at cach depthy we assumed that a single assemblage of Bishes was
being tollowed in the course of o vertical mugration. thereby making possible the
detection of any systematic changes in swaimbladder flatnon with depth The nature of
the pomts plotted on Figs 7 can be illustrated by Jooking at the data sets used o
determine these pomts. The pomt at 30 m corresponds to g trequeney of 2 35 kHz This
point was obtianed trom the scattermg spectrum tahen at 40 m (kg 3y The pomt at
245 m (kg 7) relates to the Tow trequency peak scattenng ocaurming at o freguency ol
4.3 KHZzat 235 m (kg 200 In both cases the trequencs was the Towest peak frequenes at
that particular depth. Howeseroat 44 mothe fowest freguency of peak scattenmg 11 0 Ky
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Fig 60 Acoustically estimated abundance ot ditterent bubble radu at fne dateeent dopibis
Acoustical measurements were made dunng an cvening aseent penod The widih ot the kg
diagrame s anin nor of the abundance of 4 particular radios ot bubble on o sl
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646 1. M. KALISH ¢f ol

between the shallow night-time net catches and the shallow night-time arcer data sets
may be the result of net avoidance by larger swimbladder fishes in surface waters during
the night.

Because it is unlikely that all midwater fishes in the net collections were neutrally
buoyant at all times. alternative models were considered for estimating the sizes of gas-
filled swimbladders. Bubble radii distributions obtained from the neutral buoyancy
assumption were adjusted by multiplying the radii by coefficients (u) ranging from 0.1 to
1.35. These distributions were correlated with the acoustically estimated bubble radii to
determine the values of alpha that resulted in the best match of acoustical and biological
data at similar depths and times of day. At a depth of 200-250 m, swimbladders filled to
3.9% (S.D. = 0.02) and 22.5% (S.D. = 1.4) of the volume required for neutral
buovancy gave the best fit for daytime and night-time periods. respectively. Correlations
between shallow night-time arcer data and swimbladder distributions derived from
shallow night-time trawl collections indicate that swimbladders were filled to 8.4%
(§.D. = 0.6) and 13.4% (S.D. = 1.5) of the volume required for neutral buoyancy at 34
and 40 m. respectively. These results suggest that swimbladders were usually inflated to
only a fraction of the volume required for neutral buoyancy.

The neutral buoyvancy model. both with and without coefficients, assumes that all
species regulate swimbladder volume in a similar manner. However. species-specific
differences in body and swimbladder morphology. lipid and water contents. and migra-
tory behavior suggest that similar rules regarding swimbladder inflation may not apply to
all migratory midwater fishes with gas-filled swimbladders. Therefore. the abundance of
swimbladder sizes from shallow night. deep night and deep daytime net collections was
estimated taking into consideration the factors listed in Table 4 pertinent to buovancy
and vertical distribution.

Because Protomyctophum spp. are basically non-migratory we assumed that they
maintain their swimbladders at a volume near that required for neutral buoyancy. and
require minimal regulation to maintain necutral buoyancy. The remaining four species
with gas-filled swimbladders all undertake diel vertical migrations into the upper 50 m at
night (Prarcy et al.. 1977). However, buovancy control mechanisms may be somewhat
different among these fishes.

NeiGrsors and Narpaxriis (1982) found that 7. crenularis and Protomyctophiem spp.
both have low lipid and water contents and therefore are negatively buoyant exclusive of
the swimbladder. However. Protomyvctophum spp. is non-migratory. whereas T. crenue-
luris undergoes vertical migration. The relatively narrow body. narrow caudal peduncle
and large pectoral fins of T. crenularis are indicative of a fast swimming, active fish
(Bove. 1973). These factors led us to conclude that T. crenularis probably depends on
hydrodynamic lift to maintain neutral buovancy.

The remaining three myctophids with gas-filled swimbladders. S. leucopsarus
(<35 mm). S. californiensis and D. theta have high lipid and low water conents (BUrier
and Prarcy, 1972; Nrigupors and NAFPakTITIS, 1983). Stenobrachius leucopsarus larger
than 35 mm achieve neutral buoyancy through the deposition of wax esters (NEVENZEL ef
al., 1969 Butter and Prarcy, 1972). However, in small S. leucopsarus the swimbladder
probably helps achieve hydrostatic equilibrium. The swimbladder probably serves a
similar hydrostatic function in both S. californiensis and D. theta. Stenobrachius leucop-
sarus and Triphoturus mexicanu were both observed hanging motionless at day depths in
the water column (Bakuam, 14 7"). These fish have lipid contents, water contents and
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body morphologies sinular 1w those ot D dhera and So caltfornenses . Therefore. we
conclude that they are almost neutratly buovant and mamtan therr swimbladders at a
comtant volume dutig verucal migration

The swimbiadders of all species: with the exeeption ot {0 crenadares e the deep
collections . were modeted as berne mtheted 1o 8009 times the radius ot the bubble regquired
to mamtan neutral buovaney (727 of the neutral buovaney volume) (kg 9y We chose
swimbladder volumes bodow the neutral buovanes solume o allow tor potentially rapad
apward movements dutime tecdmye or predator evasion withouat loss ot control due o

—“:”.. o

positive buovaney Assuming constant mass. fishes with swimbladders inilated o
the peutrad huovanay solume at depths of 2335 mowould be neutrally buosant wt 1604 m
and those at 4m would be neatrally baovant at 24 m- Weassumied that swimbladderns ot
[crcnadarn were mtlated o o0 3 mes the tadias o the bubbie required to maimtan
noutad buovanay ot the neattal buovanaoy volume s hence atishat 235 mwould be
teutrally Baov ot at e surbace 1 made s constant mass nugration

Histogtams of abandanee of varieas sizes of swimbladders based on net collections and
the ahonve model have taneesan the deep danvtme and nieht-time tows ¢hies 9N and B
il to thor e ot the acoustie ostinates chies 2B and S8y Howeser. abundance peak-
s ot depdictime aned decp gt trme data occur at b oss iy tor acoushie data and
Sotwe e e gt e o e meddded ner canch data Peak abamdance occais at o
canntloabder rodoes or 1 oomme o the modelod net catch data tram deep meht-timg
Codiccnions The undance poaks from modeled net datactor both the deep day and deep

et Canchos are attnbatablc ro Y romnvctopdionr sppowineh e assamed 1o be nein

totral buoa ey v o The Lzest acoustical by estimated sswombladders i the deep
Poctine b TRy e deep mieht tme b 3By measurements are attributed 1o 8
coteic s and aeconnt Tor the Laeest modoled sswombladder sizes s Fres 98 and B
Nocan i e tecaitnes smabior than 3 i S oacconnt tor ssoambladders smatlern than
s mng e the deop iy deop mehe mededs Both 10 den and D crendarisy have

oo b oo s e deep don and decp nieht o< chable Srand s voncomitantly
e b caade danec ot comaaad ssamibbadder sizos i the modelds

P medorcd aistabation o ssambiaddons based o shallow mght-time data (b 9O
g nee 0 swanbbeddon tadi sembar ro that e the deep day and deep might data
Flowonor the cnoatcs abundance of hshes with sswambladders aond the Tack ot i distimt
atuidanee poak destineosh the shodlow mght tme net data e oo other net cotlections
SwamibLddors o tados sodler thar 0 s mme are attnibuted o0 S lewcopsanes i the
model and 10 o and 1o orendaro show aowarde ranee of swimbladder sizes Lagrandin
oty and S caditorens basad on the model have the Ligest ssambladders ot the
tishos coliccted e the shalloa mght nme nets The northam anchosies were caollected i
tworot ton shallow ment time nets where they caomprised 1070 ot the cateh ot iishes with
vos flled sswimibladders and were represented by sswambladder radine ot s S 3mmoan
Fre 9C The manimion acousticlly cstinrated swimbladder sizes agrec with the swime
Bladder sizes measured tor northern anchovy by Hlori sy 19720 197600 19N

Pilbse LN sioN
Potential ditterences m o acoustical and et collection data include the range ol

estimated bubble sizess the total number ot hubbles detected or collected and the
abundance of bubbles ot g particular size class. The ramee of estimated bubble sizes was
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similar as measured by the two methods. The total number of bubbles was greater in the
acoustical measurements than in the net collections. although the relative numbers were
similar at different depths and times of day using both techniques. The most significant
differences between acoustical and net collection measurements were in the relative
number of bubbles of a particular size class.

Differences in acoustical and biological measurements result from: (1) Jifferences in
the depths sampled with the arcer and with the trawl. and (2) measurement or collection
of different targets at similar depths.

Errors in comparisons of acoustical and biological data can result from discrepancizs
between the depths sampled with the arcer and with the trawl. If biological collections
are made at a depth different from that of the arcer data, the size of the fishes in the net
collections may be ditferent from the size of the fishes in the insonified water volume.
Our data show that acoustical estimates of swimbladder abundances and size distribu-
tions from two shallow night-time arcer casts at 34 and 40 m were appreciably different
(Figs 4B and 5B). The radius abundance peak was smaller at 34 m than at 40 m. This is
probably due to differences in the sizes of fishes (D theta and S. lewcopsarus) at these two
depths, with the smaller animals migrating to a shallower night-time depth than larger
animals. This supports conclusions of Wittis and Prarcy (1980) regarding vertical size
segregation in certan species of myctophids.

Differences in the number of bubbles of particular size detected acousticallv and with
nets may result from the measurement or collection of different organisms at a similar
depth. Acoustical data and net collection data were not obtained concurrently and there
was some spatial and temporal separation between the collection of the two data sets
(Table ). Crarwr (1973) and Praroy er @f. (1979) found that not all individuals of a
population of myctophids migrate to shallower night-time depths cach diel period.
Studices of sound scattering lavers oft Oregon (Prarcey ef al.. 1977: Wias and Praroy,
1980 clearly demonstrate both inter-. and intraspecific differences in the extent of
vertical migrations. Migrations of individuals must overlap to some degree. resulting in
consohidation and mixing of scattering laver constituents.

Itas generadly assumed that midwater fishes with swimbladders are neutrally buovant at
some point in their vertical range (Marsiact, 19600 Arexaxper, 19720 Vit and
Pickwiri . 1977). However, results of this study suggest that some myctophids may not
achieve neutral buovaney with gas-filled swimbladders. For example. Protomyctophum
spp which are collected from depths of >200 m do not float in scawater and they do not
have everted stomachs or enlarged swimbladders. Possibly swimbladders rupture during
ascent. gases are removed from the swimbladder by physiological mechanisms or the
swimbladders are not inflated to the neutral buovancy volume at depth. Microscopic
examination of fresh specimens at sca. however, revealed no obviously ruptured
swimbladders. although this docs not discount the possibility of {osses via gas diffusion
or small leaks. Morphological and physiological studies (Marstatt, 1960, 1972
ALEXANDER, 971 19720 Buner and Prarey, 1972) indicated that myctophids do not
possess the capability to release swimbladder gases rapidly  furing a forced ascent,
although they can probably resorb gases rapidly enough to migrate vertically without
becoming positively buovant (Marshar . 1960). Furthermore. death of fishes during
trawling would significantly reduce or end further resorption (but not diffusion) of
swimbladder gases.

Bonk (1973) concluded that several species of myctophids. including T. crenuldaris. are
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negatively buoyant even though they possess functional swimbladders. He also showed
that the pectoral fins of Protomyctophum spp.. T. crenularis and S. californiensis arc
relatively long when compared with other myctophids (Table 4). These relatively long
pectoral fins may be used to generate hydrodynamic lift to maintain equilibrium. thereby
reducing the need for buoyancy generated by a gas-filled swimbladder.

Correlations between the abundance distributicn of bubble radii as derived both
acoustically and from the neutral buoyancy model suggest that swimbladders were filled
to volumes below that required to maintain ncutral buoyancy both at daytime and night-
time depths. These correlations are most applicable to the more abundanit fishes with
medium sized swimbladders. Initial interpretation of scattering spectra indicated that an
abundance peak at a bubble radius of (.6 mm in both deep daytime and deep night-time
arcer casts (Figs 2B and 3B) was attributable to non-migratory P. thompsoni and P.
crockeri (Figs 8A and B). The peak bubble sizes of both the acoustic data and the
modeled net data coincide if we assume that the swimbladders of Protomyctophum spp.
were inflated to approximately 15% of the volume required to maintain neutral buoyaney
(u = 0.53).

Results suggest that the myctophids with medium sized swimbladders migrated with
their swimbladders at a constant mass. Correlations between deep dayvtime net and arcer
data indicate that swimbladders were filled to 3.9% (« = 0.34) of the volume required
for neutral buovancy at depths of 200-250 m. A constant mass migration by these fishes
to 40 m would result in expansion of their swimbladders to 18.3% (« = (0.57) of the
volume required for neutral buovancy. Further migration to within 1 m of the surface
would expand their swimbladders to 83.3% (a = (.94} of the neutral buovancy volume.
Based on correlations between data from the shallow night-time arcer and net data, we
estimate that swimbladders were filled to 13.4% (u = 0.51) of the neutral buovancy
volume at 40 m. Constant mass migration to a depth of 1 m would expand these
swimbladders to 60.9% (« = (1.85) of the neutral buovancy volume. slightly less than the
predicted swimbladder size of fishes migrating from 225 to 1 m. Furthermore. correla-
tions with decp night-time arcer data showed that swimbladders were slightly larger

22.5% of the neutral buoyancy volume, « = 0.61) than in deep davtiime correlations.
This may result because fishes not vertically migrating on a particular evening may pump
up their swimbladders so that they are closer to neutral buovancy. Also. it may be due to
fishes with swimbladders migrating from deeper depths to about 235 m.

Analysis of acoustic and biological data indicate that the swimbladders of some
myctophid fishes off Oregon may be inflated to a volume less than is required to maintain
ncutral buoyancy. Furthermore. these fishes may not achieve hydrostatic equilibrium at
any point in their depth ranges. These results infer that some myctophids of the upper
mesopelagic zone regulate swimbladder gases such that they are alwayvs shightly nega-
tively buovant.

Several strategies are suggested for vertical migrations by myctophids. Based on
acoustical evidence we conclude that some of the larger nivctophids migrated with the
swimbladder maintained at a constant volume. Correlations between acoustical and
biological data sets indicates that medium sized fishes migrated with swimbladders
maintain at a constant mass. Swimbladder regulation in the smaller myctophids was not
considered because these fishes were not sampled in the deeper collections.
Acknowledgements— Ne would like to thank the crew of the F.V. Puat San Marie, Marc Willis and Rick Brodeur
for assistance ut sea. Tins study was funded by the Office of Naval Research under contract NOOOT4-79-C-0004
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The Australian Coastal Experiment: A Search for Coastal-Trapped Waves
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ABSTRACT

The Nustraban Coastal Expenmment cANCE Y was conducted mthe coastal waters of New Soath Wogdes o
September S9N o March 19N The data cbtamed allow o detaicd cvanmunation ot the ds naemres of s o
the cont nental sheit and slope and o particulas allos g descnption ot coastal Trapped was e modes propagat

within the coastal wanepude

Phe trapped wave signad ss contamunated by energy trom the Fast Nastiaaa s nrent eddses approos hing i

comtraental slope Hewever the data dooadlow v dear separahian o the bist thiee coastn Trappaed w0 s
Aer the tanie o frequenowes appropriate 1o the weather toraimg band Thocaet that Seguens s rane the pliase
speecd s compated and an emprncal dispersion telation determned bor vt maode Tho mypuroae dispersy e
fetations compare seth with the theoretical relanons indicatime that it fractin of the canee 0 e
ceton s on the continenttal shel? can be accranted e by coanal apped aave thooe

MWand torome ot rapped waves isatse consndered and evidence prosented that ceothe NCE e e e i

andemimated By the propagation of tree wases throaets the e

1 Introduction

Hamon c1an2 tases showed that the low treguenos
part of sea-level vanations glong the castern coast ot
Austrgha was substantiaily nomisestatic burthermuore
the adiusted sea-leve! time senes at ditterent sites vad
nited te remos e the isostabic 1esponse To atmuospherig
prossute Huctuationsy showed a detimite tendenoy 1o
propagate phase northwards . Robinson (1964 sup-
posted that the nomsostatic part o sea-level and s
propagation northwards were due 1o the existence of
4 tvpe of barotropie topographic Rossby wave trapped
i acontimental shettand slope waseguide Adams and
Buchwald 119649) showed that the wind stress, rather
than atmospheric pressure. was the domimant generator
of shelt waves: Gl and Schumann (1974 showed that
the pressure amphitude of cach long shelt-wave mode
satistied g simple torced. hrst-order wave cquation
Clarke (1977 showed that this latter result was apph-
cable not only 10 barotropie continental shelt waves
(CSW o) which depend onfy on the topography but also
to the generalized type of wave moton. including the

The paper was compiled by the iirst author with contributions
from the co-authors  The co-authors are hsted 1n alphabetical order
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** Dept. of Occanograph - Flonda State Univeraty, Tallahassee,
FI 2306

! College of Oceanography, Oregon State Univeraty, Convallis, OR
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cocts of stratnthcatior known s Coastal trappad
waves o WG

Tt was shown by Bonk and Alen tid " and Boo
CTONDY that the torced iest-order wane cquations for
the mhmite st of wave modes are coupled By tncton
Recenthv, Clarke and Van Gordes (1986 reevanmined
the tnictional leng-wave problem and suggested a means
tor calculating the response of a coastal oceantc tegion
toa general waind-stress held

A review article by Mysak i Tusen histed pumcrous
observations ot sea-lesel and longshore current per-
turbations which show apparent pattern propagation
speeds roughly compatnble with the speeds predicted
by CTW theory Detanls aside, st does appear that cur-
rent fluctuations do oceur on most of the continental
shelves of the world which can be aterpreted 1o be
some sort of topographic Rossby wave CTWs have
been aserbed an importent role 10 causing or sup-
pressing upv-elhing (Crépon and Richesz. 1983)and with
widespread effects on tishenies and weataer tO'Bnien et
al. 19811 Despite therr reputed importance. there has
been hittie systematie field effort to venty that the dy-
namics of the perturbations are those appropriate to
torced coastal trapped wave theory . All of tae previous
expermental studies of CTWs have had to use data
collected prmarily to study other phenomena such as
tides or upwelling, Because of this Mysak (1980) wrote
that “there 1s a pressing need for a CSW -designed ield
expertment, which has never been carred out in the
past.” It was specifically to respond to this “pressing
need” that the Australian Coastal Experiment. or ACE,
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was designed and carmed out off the coast of New South
Woales reastern Austrahiany between Cape Howe and
Neweastle tsee big Dy dJunng the penod September
1983 1o March 19sd

Lo carny out this experniment we needed a coast that
Prwas aceesstble. 20 had fluctuanons i sea lesel and
selodits at adetectable ievell 3was tree of comphicating
and obtuscating tactors such as tronts, large topographic
JAdnpes of capid chanees i stratiiication. and 4 was
oy enough tor propagation 1o be evident The ex-
periment should not be cartied out i a regron donn-

dated Beogree mean tlows, so that the evolution of

Bncar. and 0was considered desirable
vt wves beoat feast partially generated within the
<t eea Wath these limntations and constriants, the
Noa Soath Wogles coast seemed 1o be a reasonable can-

BUCRNAL NN B A "L

Sodate
Voungue daspect of this eaperiment s that prior to
the toconery of the expenimentdd Greday . a paper was
)

published by Clarke and Thompson (19545 that made
specitie predictrons ahout the behavior of currents in
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the ACE area. The predictions were based on a fric-
tionless theory which we will summarize here.

The usual guasi-geostrophic equations of motion for
a stratified Boussinesq ocean are written down and
separable sotutions sought of the form

r

R Y RS T N G A X (1

nol

ply v ooy =

The tunctions /v, ) are the CTW eigenfunctions,
depend on the oftshore coordinate (v) and depth (o).
and are solutions of an eigenvalue problem

‘ /-
F.+l—=F.] =0 2
) o

with approprate boundary conditions. In (2) N and ¢
are the Brunt-Viisidld frequency and the Corohs pa-
rameter, respectively. The eigenvalues for this problem
are the long-wave phase speeds and emerge through
the boundary conditions.

The functions ¢, 1. 1) which describe the longshore
evolution of the coastal trapped waves and the tume
variability satisty a forced first-order wave equation

)

- },%Jr%% =By n (3
where ¢, are the cigenvalues of the equation for £, (.
o). v 1s the longshore coordinate. 7 1s the longshore
component of wind-stress. and the numbers B, arc
coupling coefficients between the wind-stress and the
modal eigenfunctions F,. Using Eq. (3) the longshare
cvolution of currents in a coastal waveguide can be
described if the initial current distribution can be -
panded in a sum using the eigenfunctions /.

This 1s in principle a straightforward operation 1t
we write the longshore component of velocity at a par-
ticular line of moorings as v{x. 1. z. 7) then we can
expand velocities as

A UL I O R NS Sy
T
and derive the relationship between /(v Svand o
C)as
I at

(l,(\. -) }
[ RY

For the ACE region. Clarke and Thoamps
that the observations of Hamon - o <
condition ¢,40. 0 - O since he
nearly ivostatic at bdenesee b 0 1 0
the ACF arca would be dJomimaicd v o
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make specific predictions about the behavior of cur-
rents:

1) Qutside the surface and bottom Ekman layers, the
low-frequency fluctuating wind-driven currents should
be nearly alongshore and satisfy v = (1/po)p//-

2) The alongshore current amplitude should de:
crease monotonically from the coast. For 1 dyn em ™~
longshore wind-stress amplitude. typical longshore
current amplitudes at lines 2 and 3 (sce Fig. 1) should
be 10-20 cm s™'. Significant longshore current ampli-
tudes should be confined to the shelf and upper slope.

3) Longshore currents and adjusted sea levels should
propagate northward along the coastat 4-5ms '. Up-
ward phase propagation should also be observed.

4) For the lower frequencies of the “weather™ fre-
quency band (2w/few days-2x/few weeks) longshore
current and adjusted sea-level amplitudes should in-
crease northward from line | (y = 0).

5) The wind-driven current and sea-level fluctua-
tions should be small at the Cape Howe, or line 1.
section, This prediction results from an analysis of
Hamon’s (1966) data.

In this paper we will attempt a synthesis of the prin-
cipal results from ACE that pertain to the propagation
of coastal trapped waves. In doing this we will also
draw on some results from more specific papers by
Church et al. (1986). Church et al. (personal com-
munication. 1986) and Forbes (personal communi-
cation, 1985).
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In section 2 of this paper we will describe the de-
ployment of equipment in the ACE experimental array,
and comment on the data return and instrument fail-
ures. In section 3 we will describe some elementary
observations of the general behavior of the current
fluctuations, and we will empirically establish the like-
lihood of free waves. In section 4 we will decompose
the current fluctuations into three coastal-trapped wave
modes and | eddy mode at each of the three principal
lines of moorings. The evolution of the modes from
one line to another will allow us to compute empirical
dispersion relations for the dynamical modes. In the
final section we will discuss the implications of the pre-
vious analysis regarding the predictability of coastal
current systems and discuss the possible origins of the
energy fluxes observed.

2. The experiment

ACE was conducted off the cast coast of New South
Wales (Figs. 1. 2) for a six-month period between Sep-
tember 1983 and March 1984. The experiment in-
cluded an array of current meters with three main lines
with five moorings each, repeated CTD and XBT sur-
veys. meteorological measurements from moored
buoys and coastal stations, sea level measurements at
coastal tide gauges. and bottom pressure measurements
at a few sites. Several other types of data were also
acquired as part of ACE but none of these will be ex-
plicitly discussed in this paper: satellite infrared images
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FIG. 2. A perspective view of the instrument array deploved in the
intensive ACE area along the New South Walces coastline.
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for determining the location of East Australia Current
(EAC) eddies and meanders; AXBT profiles acquired
by the Royal Australian Air Force; and satellite-tracked
drifter buoys drogued at 200 m that were seeded into
the EAC eddies and used to keep track of their move-
ment (Wells and Cresswell, 1985).

a. The moored array

The current meter array consisted of three lines of
moorings (Figs. 1 and 2) off Cape Howe in the south
{line 1), Stanwell Park near Sydney (line 2). and New-
castle in the north (line 3). Two additional moorings
were deployed. one off Evan’s Head near Coff"s Har-
bour at 29°S (line 4) and one off Maria Island off the
east coast of Tasmania at 42°S (line 0). Each of the
three principal lines was arranged perpendicular to the
local coastline, was nominally identical with each other,
and consisted of 15 Aanderaa current meters on 5
moorings (Table 1). Some of the moorings also carried
Applied Microsystems tide gauges. Since we will want
to refer to specific moorings in the array we have
adopted a simple code: a mooring referred to as 23 will
be on Line 2. and be the third mooring out from the
coast. We identify individual current meters by adding
a slash to the mooring designation and appending the
depth of the specific current meter, e.g.. 34/1000 is the
current meter at 1000 m depth on Line 3, fourth
mooring from the coast. A prefix letter “f™ indicates
a time series that has been low-pass filtered (<0.6 cpd)
to remove tides and other high frequency signals, and
the inclusion of the letter *'p’ indicates a bottom pres-
sure record. e.g.. fp11 is the low-pass filtered pressure
record from the bottom of mooring !1.

Data from the current meter array have been sum-
marizod by Freeland et al. (1985). The current meter
arrays returned about 70% of total possible data. Some
moorings were lost due to commercial fishing and oth-
ers from unexpectedly large currents (a meander in the
EAC) hitting the northern line of moorings late in the
experiment. These large currents (with a maximum
speed of 168 cm s ! at current meter 34/450) caused
large vertical excursions of the tops of two moorings
and caused four steel-sphere buoys to implode. Backup
bu. yancy farther down ensnired that some useful data

TABIE . The depths of current meters and total water depths for
the nominal arrays depioyed on lines 1. 2 and 3. For lines 0 and 4
only mooning number 2 was deployed.

Water depth Instrument depths
Moorning {m) (m)
1 140 75.125
2 200 75,125,190
3 500 125. 190, 450
4 1200y 190. 450. 650, 1000
h 2000 450, 1000, 1900
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were recorded from these moorings even after the im-
plosions.

b. CTD surveys

A total of 602 CTD stations were completed on six
different cruises, one each month from September 1983
through February 1984 (data report in preparation).
Most of these were acquired along the principal moor-
ing lines and have been used in this paper to define the
Brunt-Viisili frequency profile in order to compute
local shapes of the CTW eigenfunctions from Eq. (2).
The CTD surveys were also used to keep track of the
positions of the EAC eddies which had been known to
occur in this region (Nilsson and Cresswell, 1981). The
CTD surveys showed that eddies occurred very near
the continental slope in late September and again in
January and February. The eddies are interesting in
their own right and will be described elsewhere. but in
this paper they are treated as an undesirable source of
noise.

¢. Mcteorological data

A number of Metspar meteorological buoys were
deployed to measure the oceanic wind field, but for a
variety of reasons the buoys did not report large
amounts of data. Good quality wind data were obtained
from a number of shore-based meteorological stations
by the Australian Bureau of Meteorology. Some of
these stations show evidence of topographic steering
and could not be considered to represent the marine
wind field: however, other stations compared well with
the short time-series obtained from the Metspar buoys
(Forbes. 1985). Figure 3 shows the time series of filtered
alongshore wind speed measured at two Metspar buoyvs
and at the shore-based stations closest to these stations.
The Metspar time series are shown dotted overlaving
the shore-based time series; the time series are clearly
well correlated. The speed series correlate at * = (.76
and 1.75 at Stanwell Park and Norah Head. respec-
tively. Similar time series for wind stress yield corre-
lations of .67 and 0.66. On the basis of this compar-
ison. we decided to use data from seven shore-based
wind stations: Gabo Island. Green Cape. Montagu
Island, Wollongong (Port Kembla). Norah Head.
Smokey Cape and Coft’s Harbour (Fig. 1).

d. Botom pressure and coastal sea level data

Bottom pressure ‘was measured on Line | using Ap-
plied Microsystems pressure gauges moored on the
bottom near moorings {1 and 13: both returned 100
data of excellent quality. Another bottom pressure
gauge was moored at the bottom of mooring 31. but
the data from this gauge may have been contaminated
by mooring motion. Sea level data from coastal tide
gauges at Eden, Jervis Bay. Port Kembla. Camp Cove
in Sydney Harbour and Port Stephens (Fig. 1) were
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FIG. 3. The longshore component of wind speed measured at two METDATA buoys (dotted
lines) plotted against time and supenmposed on equivalent plots from nearby coastal wind stations.

obtained from the Maritime Services Board, Public
Works Department of New South Wales. These data
were adjusted for the “inverted barometer effect”™ using
atmospheric pressure observations from nearby me-
teorological stations. A data report on the total pressure
measurement array is in preparation.

3. Results
a. The velocity field

In Fig. 4 we show plots of current velocity vectors
at two sites on cach of the three principal hines and one
series from the Maria Island. {ine 0. mooring. It is clear
that there 1s some similarity among longshore current
components between adjacent lines. particularly at the
inshore locations. The currents between adjacent lines
show greatest similanity when the more southerly cur-
rents are lagged somewhat in time. This implies north-
ward propagation of current signals as expected.

The inshore currents shown on Fig. 4 clearly show
considerable energy at ,eriods appropriate to weather
forcing. The same signals are also visible in the currents
at sites offshore. but there is a distinet bias towards
lower frequencies at those sites. This is probably due
to the presence of EAC eddies in the ACE region.

Rather more startling are the general energy levels.
The expectation of much lower energy levels at line 1,
compared with the other two lines, is not supported
by the observations. Also, though the energy levels off-
shore are lower than those over the shelf. the difference
is not impressive; clearly there are signals in these time
series hesides the CTW activity.

For each current meter site the longshore component
of velocity was Fourier transformed in 25 day blocks.
In Fig. 5 we have contoured the variance along cach
line in the (v, =; on-offsho' ~ and depth) plane for three
periods. 25, 122 and 6% aays. In the magnitude of the
vartances, the three lines are remarkably similar. except
for line 3 at a period of 25 days. In that case line 3
appears to have very much more energy than either of
the other two lines. Only for two of the nine plots shown
in the prediction, number 2. of Clarke and Thompson
(1984) satisfied. that amplitudes should decrease

monotonically from inshore to offshore. Prediction 5.
that wind-driven currents be small at line 1 fares no
better: at a period of 6Ys days the distribution of vani-
ance, and actual magnitudes. arc extremely similar at
lines 1 and 3. and vanances are substantially lower at
line 2. The most notable difference between lines | and
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F16. 4. Current vectors measured at two locations on cach of the
three principal lines of moorings. one site shalfow and one site deep
and one from the single moonng off Mana Istand. The currents have
been Jow-pass hltered using a 1anczos cosine filter having a half-
power point of 40 h and subsampled at 12 hntervals. The currents
plotted here are rotated so that the prncipal ans of vanance i directed
up and down the page. Very closely this corresponds to the longshore
direction, with the direction NNF up the page
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Line 1

Period. 12%d

Period: 6%4d.

Line: 2

Period 122 d

Line 2

Period 6%d.

Line 3

Period 25d

Period 122 d

Period 6% d

Fii. 5. Variance distribution along cach of the three principal mouoring lines
at three frequencies in (cm s '),

3 at 6% days is the shift of the position of maximum
variance from close inshore at line | to the shelf edge
atline 3. At periods of 12": days and 25 days the general
pattern of variance distribution is very similar at cach
of the three lines, magnitudes are similar at lines ! and
2. but substantially greater at line 3. Clearly, compared
with the other two lines. it is not at all obvious that
line | 1s quiescent and 1t appears that we must reject
this prediction of Clarke and Thompson also.

b Sea-level observations

We consider the sea level and bottom pressure ob-
servations from two points of view: [} Are they con-
sistent with Clarke and Thompson's prediction S and
Hamon's (1966) sea level data? 2) Is there evidence of
northward propagation in the subsurface pressure (ad-
justed sea level) signal?

Clarke and Thompson based their prediction S (that
wind-driven sea level and current fluctuations should
be small at Line 1) on “the analysis by Hamon (1966)
that sea levels at Hobart are isostatic and at Eden very
nearly so” (Clarke and Thompson, 1984, p. 340). Cor-
relation and regression coefficients between pairs of
ACF sea level and atmospheric pressure observations
(Table 2) are in substantial agreement with Hamon's

where both exist, except that the ACE regression coef-
ficients have much larger error bars. This difference
arises because we estimate the integral time scale
(Lumley and Panofsky, 1964) to be about § days (sce
Fig. 6). while Hamon apparently assumed each daily
value represented an independent sample, i.e., Hamon
overestimated the number of degrees of freedom by as
much as a factor of five. and hence significantly
underestimated his errors. It appears then that the
ACE sca level data are in substantial agreement with
Hamon’s. vet the ACE current measurements contra-

Tasit 2. Sea level adjustment staustics. Correlation and regression
coefficients between measured sea-level and local atmospheric pres-
sure. Frror bars are 957 confidence intervals.

Regression Duration
coefficient Currelation of data
Site (cm/mb) coethicient (days)
fpll 1.03 + 0.31 -0.74 189"
Eden 129 + 043 0.70 208
Jervis Bay 0.58 + (.51 -0.42 143
Port Kembla 0.35 + 0.8 0.18 119
Camp Cove 065 + 048 0.40 2041
fpil 1.02 + 067 0.47 176
Port Stephens 0.61 + 0.50 0.37 04"
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FI1G. 6. The autocovariance function (/) and its integral /(¢) for
the Eden tide gauge time series. The raw data were filtered to remove
tides and other high frequency information and then subsampled at
0.5 day intervals. The function J(1) approaches an asymptote, as !
becomes large. which we identify as being close to a period of 5 days.

dict the prediction based on them. How does this dis-
crepancy arise?

Consider the sea level. 4, at a particular location.
It may be decomposed into an isostatic portion. 4.
another signal of interest (e.g.. the CTW signal). Aq.
and noise. €. i.e.. b, = i1, + hy + ¢. By definition, the
isostatic portion. A,. is proportional to the changing
atmospheric pressure, p,: A, = byp,. where by = —0.99
cm mb™'. Then. &, = bgp, + ho + €. For the coastal
tide gauge stations. /1, was measured directly: for the
bottom pressure gauges it was estimated as (p, — p.).
The linear correlation (r°) and regression (b) coefficients
(Table 1) were calculated between £, and p, using the
simple regression model. A, = a + bp, + ¢,. Note that
the noise ¢, in this regression equation implicitly in-
cludes any signals. /. which are either out of phase or
incoherent with the atmospheric pressure. To interpret
results from this regression model, we must consider
both the correlation and regression coefficients. If r* is
near 1, then ¢, is small and /4, is small, i.e.. there are
no other interesting signals that are out of phase with
the pressure: if r” is near 1. and b = —1. we can infer
that CTW signals in the sea level must be small (but
note that higher mode CTWs, which have little surface
expression. may still be present). This seems to be the
case at Hobart, where Hamon found r° to be 0.87 and
b to be ~1.07 = 0.11: even treating these error bars as
overly optimistic, we would conclude that at Hobart
r* = land b = —1, i.e.. that the shelf-wave signal must
be wenk or absent at Hobart. This result is also sup-
ported by the ACE current observations: current fluc-
tuations off Maria Island (Fig. 1). near Hobart. are rel-
atively small compared to those farther north (Fig. 4).

If the correlation coefficient r° of the regression
model is significantly smaller than onc (but still greater
than zero). then ¢, is not small and probably includes
some interesting signals. /. which may be either in-
coherent with the atmosphenic pressure or simply out
of phase with it. If 7> < 1 and b = — 1. then we have a
local isostatic response in the presence of other inter-
esting signals. such as CTWs. This appears to be the
case at Eden, where Hamon found r* = 0.26 and b
= -0.71 +0.23in 1957.and r* = 0.56 and b = —0.87
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+ 0.20 in 1960; ACE results show r? = 0.49 and
b = —1.29 + 0.43 at the coastal tide gauge, and r?
=0.56 and b = —1.03 = 0.31 at mooring 1 |. Correct-
ing for the over-optimism in Hamon's error bars.
we clearly cannot reject the hypothesis that r2 < | and
b = —1 at Eden. Thus, Clarke and Thompson (1984)
should not have ruled out the possibility of CTW signals
at Eden.

An important part of Hamon's observations dealt
with the apparent propagation of phase of the adjusted
sea level northwards along the east Australian coast.
Using the ACE adjusted sea level (h = A,. — h,) or sub-
surface pressure data to compute lagged cross-corre-
lation functions, we found that observations at more
northerly stations typically lag those at southerly ones.
A contour plot (Fig. 7) of the lagged correlations of
each station against Eden shows a distinct tendency
for phase to propagate northwards. A linear regression
of the time lag at the maximum of each cross-corre-
lation function (small squares in Fig. 7) against long-
shore displacement indicates a “'best fit”" phase speed
of 3.34 ms™', which is slightly lower than that of Clarke
and Thompson. We conclude then that we probably
do have CTW-like signals propagating through the ACE
area that warrant more detailed analysis.

¢. The wind field

Wind measurements with good exposure were avail-
able at seven sites: Gabo Island. Green Cape, Montagu
Island. Wollongong, Norah Head. Smokey Cape and
Coff’s Harbour., listed from south to north. The largest

1921 Stephens
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FiG. 7. Contours of equal correlation plotted in i plane of time
lag. in days. and distance north of Cape Howe. All time series are
correlated against Fden as the reterence site. The square symols
indicate the positions for speciic displacements of the local maxima
in the cross-correlation functions. The dotted line 18 a least-squares
fit through those points indicating the probable northward patiern

propagation rate of 3.3 ms '
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separation between any adjacent pair of these sites was
only 250 km (between Norah Head and Smokey Cape).
Figure 8 shows a plot of wind stress vectors for the
ACE experimental period from three locations in the
ACE area. Two important properties of the wind field
are apparent from this figure. First, the variance in the
wind stress field decays rapidly with distance north
from Cape Howe. Second. the variability in wind
stresses measured at widely separated positions is very
similar. Coherence calculations indicate that though
the amplitudes of fluctuations do decay northwards
the shape remains remarkably invariant. They also in-
dicate that the phase of the longshore wind stress field
propagates northwards nondispersively. Specifically in
the range of periods 3 to 20 days the phase difference
between Montagu Island and Smokey Cape 15 0.69 days
(+0.15) and coherence is well above the 95% confidence
interval. The longshore separation of these two stations
is about 680 km implying a northward phase speed of
(1.4 ms"' Between Montagu Island and Norah Head
the phase difference is 0.38 days (£0.02) implying (for
x = 350 km) a phase speed of 10.7 ms '. These values
for the wind stress phase speed are very close to the
value of [1.5 m s™! used by Claike and Thompson
(1984) in their model of the response of the ACE area.

We conclude. therefore. that the wind systems are
propagating phase northwards much more rapidly than
oceanographic signals. The wind stress phase speed.
about Il m s ' is well separated from the speed at
which sea-level signals are propagating, about 3.5 m
s !. The properties of the ACE wind field will be dis-
cussed at greater length by Forbes (personal commu-
nication, 1985).
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d. A transfer function calculation

Contrary to our expectations shelf wave activity is
large at the southern end of the experiment. This is
consistent with the present obscrvations of sca-level
and also with Hamon's observations. The implication
is that large amplitude CTWs are entering the southern
end of the experimental region and may be propagating
through the entire array. Presumably the CTWs ex-
perience some modification as they pass through the
array, however. we now have to consider the possibility
that the free waves may dominate, whereas it was orig-
inally expected that the forced waves would dominate.
Based on the expectation that the forced waves would
dominate, predictions 3 and 4 of Clarke and Thompson
(1984) were made. The expected phase speed of 4-3
ms 'isbased on a particular distribution of amplitude
among the dominant modes that need not occur if the
dominant waves are not forced locally. The expectation
of upward phase propagation at the more northerh
lines is similarly the result of analvzing the pure forced
problem. as is the prediction that amplitudes should
increase northwards. In the total absence of forcing
one would expect a slow decline in amplitude due to
dissipation by bottom friction or scattering into other
wave modes.

Having found that the forced shelf wave seems to
be less important than expected. it 1s appropriate to try
to quantify the relative importance of free propagation
and forcing. Let us represent the longshore component
of current at the northern site then as

AY 17
A = Noabr—iAn v N bt rAD (6

0 (N1}

where 1, and 17 represent time series of alongshore
component of current at the northern and southern
sites respectively. the ssmbol — represents an estimate.
7(7Y is the wind stress observed at an intermediate lo-
cation. Az is the samphing interval (12 hours in all results
to be quoted here) and «. and b, are weights to be de-
termined. We then constrain the system (6) to find the
combination of weights «. and h, that represent 1, 1n
the best (least-square sense) way. Various models can
be tnied by varving the lengths of the filters. te. vanving
Nand M above. or by arbitranly setting one set of
weights dentically equal to zero and so tnving a it
using only the «, or onlv the A, type of weights, The
method of solution is simple in prinaiple, but not so
i practice. By way of illustration let us consider the
simple case of b, - 0 tor all «. (the extension including
the 1, will be obvious).

Formally the problem reduces 1o the standard least-
squares problem of mimmimizing 77 where

\
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and the overbar indicates an average over time. The
solution can be expressed in matrix form:

x = Cy (8)

where the vectorx = {x,} andy = | y,} and the elements
are of the form x, = 1,1(t — /A and v, = «,. The
matrix C is a symmetnc, positive definite matrix with
elements (', = P (r — (AN (1 — jArn). Formally we ex-
press the solution of this problem as y = C 'x. How-
ever. the matrix C generally has a large condition
number (ratio of largest to smallest eigenvalue) and so
the inverse can be unstable. We proceed. therefore, to
solve the problem by singular value decomposition
(described in detail in appendix A).

Now let us consider some specific examples of this
kind of transfer-function calculation. In the following
we will look at the transformation of longshore current
components from lines | 10 2 by representing 1°(¢) and
() in Eq. (6) by £21/125 and f11/125, respectively.

Model 1: Pure current transformation: N = 5. 4,
=0 forall i Cisa6 x 6 matrix and the solution is
stable at yy (see Appendix). the best it of 1, on 1,
accounts for 43.5% of' the variance in 1, i.e., the “'pre-
dicted™ currents correlate with 17, at r = 0.67. The
weight distribution shows a clear maximum indicating
that 17, lags behind 1. A parabolic it around the
maximum suggests a best estimate of the lag of about
I day.

Model 2: Pure current transformation: N = 12, b,
=0foralli Cisa 13 X 13 matrix and the last stable
solution is y;o: the best fit of 1", on 17, accounts for
51 of the variance. with a correlation coethicient of
0.7. The list of weights extends to greater lags than for
model | and indicates two peaks at lags of 1.03 and
3.5 days. This suggests that two signals propagate from
line | toline 2 at speeds of 3.9 and 1.2 ms . However,
it is interesting to note that increasing the length of the
transfer function from six weights to 13 weights results
in increasing the amount of varance accounted for in
the model by only a few percent. In that sense model
2 seems rather inefhicient.

Model 3. Current transformation and winds: N
= M = 5. This is essentially model 1 modified to include
winds. The winds are renormalized so that they have
the same vanance as the current time series and so that
the ¢, and b, all remain dimensionless. Cisa 12 x {2
matrix and the last stable solution is y;. For this model
winds at Montagu Isfand were used for several reasons:
the site is roughly half-way between lines | and 2: it is
the best exposed of all our wind stations and is likely
to be a good representatton of the marnine wind feld:
the instrumentation used to record winds was of a rel-
atively high quality. The distribution of weights pro-
duced surprising results: the values of ¢, were almost
exactly the same as in modei [ and accounted for 45 47
of the output vanance: the A, coethicients accounted
tor only another 4.8% of the output variance. The total
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vanance accounted for is, of course, larger than that
in model | because we have increased the information
content of the fit, but the increase is not dramatic. We
now account for 51.2% of the variance in (). a larger
amount than in models 1 or 2. For this model the best
fit to ¥,(r) correlates with 1°(¢) at r = 0.70.

The significant result from these calculations is the
clear indication that the CTW signal appears to prop-
agate from line | to 2 with little modification by the
winds. The addition of winds barely increases our abil-
ity to forecast the modification of currents from one
line 10 another. Using variance accounted for as a
measure, we are almost 10 times as successful at fore-
casting the output currents using input currents com-
pared with using winds. We repeated the calculations
for model 3 using different wind stations to find which
wind station performed best. in the sense of accounting
for as much of the total output variance as possible.
The best result was obtained from Wollongong (the
point on shore closest to line 2) which accounted for
8.6% of the output vaniance while the g, terms ac-
counted for 40.1%. Wollongong Head would not be
the site of preference for describing the transformation
of currents from line 1 to line 2 since it lies very close
10 line 2: an intermediate site like Montagu Island
would be preferred. We conclude then that winds are
not of great importance in describing the modification
of the currents from one site to another and we should
pursue the analysis of the currents into free shelf-wave
modes.

4. A modal description of the velocity field
a. The mode shapes

Figure 9 shows a plot of the shapes of the first three
CTW eigenfunctions computed separately for the
longshore component of velocity at each of the three
principal lines of moorings. The eigenfunctions are the
solutions G, x. 2) of Eq. (5). computed simultaneously
with the eigenvalues ¢, which correspond to the phase
speed of each wave. In the long-wave limit the waves
are nondispersive and so phase and group velocities
are identical. The wave speeds are also entered on Fig.
9. The values of N3(2) used in Eq. (2) to compute the
modes displaved in the figure were calculated from
CTD casts along each line of moorings averaged over
the entire duration of ACE, i.c.. the detailed distribu-
tion of A'*(2) varigs from one line to another. The bot-
tom topographyv also varies. These differences do not
appear to have a large effect on the structure of the
eigenfunctions but do cause significant variation in the
wave speeds. (Varation about the mean is about 200,
13% and 12% for modes 1. 2 and 3. respectively.)

In all nine cases shown in Fig. 9 the [argest modal
amplitude occurs close inshore and both modes 2 and
3 have nodal hines not far from the shelf edge. Quah-
tatively the modal shapes are very similar from one
line 1o another. Given these simple observations it is
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Fi1G; 9. The first three theoretical CTW mode shapes at each of the 3 principal lines of moorings
and the phase speeds associated with cach mode. The small dots represent the actual sites where
current meter data were acquired on each of the principal lines. The contours are not labeled
since the modes can be renormalized without affecting the least-squares computation of modal

amplitudes.

difhicult to see how anyv plausible superposition of these
modes could vield the variance distributions shown in
Fig. S which show the largest amplitudes tvpically at

the shelf edge and in some cases seaward of the shelf

edge. The conclusion to be drawn s that we are seeing
contamination of the shelf-wave signal by the presence
of energy from the EAC and its eddy field. Satellite
photographs verified that arge eddies shed from the
current were indeed passing through the ACE region
during parts of the experiment. Given the obvious mis-
match between the distnibution of variance in the ex-
perimental array and the shape of the cigenfunctions
1tis important to examine wavs in which the wave field
might be decontaminated from the eddy held.

Two methods suggest themsehves. The first 1s to
entify periods at each line that are obvioush con-
tamimated by eddy activity and excise those parts from
the overall record. This approach suffers from a number
ol problems. 1t 15 often not clear when a current meter

record s influenced by an EAC eddy; the excising of
parts ot the data base will inevitably remove part of

the CTW signature 1tselt: and the excising operation
will inevitably involve some rather subjective judg-
ments. A more objective approach. that removes the
eddy activaty while leaving the individual time senes
otherwise intact would be preferred. This turns out to
be possible by defining a fourth mode. which we called

an eddyv mode. that descnibed the shape of the eddy
field.

Examination of detailed EAC events. those that were
unambiguously associated with eddies because of the
presence of corroborating evidence. clearly showed that
these large current events were largely restrnicted to the
continental slope region. In contrast. the CTW modes
(Fig. 9) all have their largest signals on the continental
shelf. Since current meters fm371000 on cach line
(m - 1. 2.3 contain predomimantly eddy signals. we
assumed that 1in any particular hine the signal at any
current meter that s correlated with the currents at
fm S/ 1000 1s the eddy part of the total signal at that
site and so could be removed. 1 et us wnte the longshore
component of velocity at fm3/1000 as T, (). 1.e.L the
“eddy T component of veloaity at that site. Then along
the hine m find the value of i o) that minmizes a
mean-square coror [ where

EoVev oo abny)

and the overbar indicates a time average. The values
of at v, 2) detine then the shape of an eddy mode. Figure
10 shows a plot of the eddy mode computed along line
3. This was chosen as the best ine to define an eddy
mode since we had good reason to behieve that the
cddy ficld was most intense there, and only at hine 3
do we have a substantial quantity of data available at
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F1G. 10. The “eddy mode™ defined as the regression coefficient at
each current meter site along line 3 with £35/1000. This mode was
used in the subsequent data reduction to absorb signals due to the
EAC eddy field.

every site along the line. At both lines 1 and 2. data
are issing for almost the entire deployment period at
one mooring site each.

The mode shown in Fig. 10 is quite ditferent from
the coastal trapped wave modes shown in Fig. 9. In
the former the most intense velocities occur seaward
of the shelf edge. as one might intuitively expect from
an oceanic eddy moving towards the shore. [n contrast.
at the sites 131775 and £31/125 the modal amplitudes
are extremely small, and this jusufies the use of the
inshore moorings for exploration for longshore phase
propagation. I thus seems reasonable to use the mode
shown i Fig. 10 1o absorb some of the eddy energy
and so optimize our chances of extracting amplitudes
ot the CTW modes.

b The miodal decomposition

For cach mooring line we will espand the observa-
trons into three wase modes and one eddy mode. et
(1) be the longshore component of velocity at site
(current meter) number 0 We break the time series
Lt into seven time blocks of 24 days and compute
the Fourier transtorm ol the time sertes tor cach block.
This vields. at cach site and for cach time block, a
series of compley numbers T (w) where w s 2 divided
by 7. the period of the Fourier component being ex-
amined. For cach frequency we detine a complex re-
stduai 1, where:

F - l-, (;|(I-]/ (;l(l':‘ coe (},,,(f,,,,

'

and minimize £ where

h’ - -
E=73 EE*

J=1
In the above, m = 4 is the total number of modes being
examined and N is the number of observations V. The
values G, are the values of the ith velocity mode at
instrument number J, and 4, is the complex amplitude
of the ith mode. Throughout this section any complex
number will be indicated by use of the caret symbol,
and its complex conjugate will be denoted by an as-
terisk. The solution for the complex amplitudes is given
by the solution of the complex matrix equation:

> G,y
z(".lll‘}/‘l
ZGnV
SGG, S 6Ll e E(;,,G,,,,?(zirj
- 2 UGy Y GGy e Y GGy, ‘}ﬁ
: : o
DO CI (IS S I ¢SS Y CAN ¢ J‘u‘d
(9)

which we write in the vector form b = Ca. As before.
the inverse of the real symmetric matrix C exists, how-
ever. the matnx € 1s badly conditioned and we chose
to extract the solution by singular value decomposition,
see appendices A and B. In the following analysis we
will use a single set of the CTW eigenfunctions com-
puted for the Stanwell Park line of moorings. line 2,
and will use the first three of the dynamical modes. In
addition we will use the eddy mode as defined above
at line 3 but only after renormalization so that its sum
of squares does not dominate over the dynamical
maodes. A single set of modes is used here since we
want, as a first approach at least. to examine the sim-
plest problem of the evolution of the amplitude of a
simple set of wave modes in the alongshore direction.
We chose line 2 to define the dynamical modes because
1t is the intermediate site. We chose line 3 to define the
cddy mode because we expected it to have the largest
amplitude there and. turthermore, only at hine 3 do
long time serics exist at all current meter sites so al-
lowing the mode 10 be defined at all cross-shelf loca-
tons.

. The dispersion relation

From the four time serics determined independentiy
at each of the three lines we can examine one mode at
a time and look at the coherence and phase between
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any pair of lines. With three lines to analyze we find
four different alongshore displacements. specifically
these are Ay = 0 km (for lines -1, 2-2 and 3-3) Ay
= 160 km (for lines 2-3) Ay = 360 km (for lines 1-2)
and Ay = 520 km (for lines 1-3). The phase differences
are not all independent. since propagation from line |
to 2 and from 2 to 3 implies propagation from 1 to 3
provided that the coherences are large. Accepting all
of the positive longshore displacements therefore in-
troduces some degree of redundancy among the various
phase differences. In order to form an unbiased estimate
of longshore propagation rate we decided to include
all of the redundancy in the system and include esti-
mates of the phase differences for negative displace-
ments. A simple pattern then occurs since a phase dif-
ference of A# between lines / to j implies — Ad between
lines / to 7.

Figure 11 shows the phase differences observed plot-
ted against displacement alongshore for three frequen-
cies and for the three dynamical modes. The points
entered with negative displacements are shown with
open symbols as these are wholly redundant. For the
fourth (eddy) mode few significant coherences were
observed. however, when phases were picked off for
the fourth mode regardless of the coherence level a
random scattering of phases was abserved with no ob-
vious sense of organization. At a period of 8 days a
tight sequence of phase differences emerges for all pos-
sible combinations of lines for mode 1. The phase dif-
ferences suggest a northward propagation speed of

a Displacement (km x 100) b Displacement {km x 100} c Displacement (km x 100}
: e A2, 0 4 bl b 2,02 .4 6

H 1

around 5 m s '; the entered value of 4.35 m s ' is
derived from the principal axis of the phase differences
against displacement. In all other cases, phase speeds
indicated on Fig. 11 are derived from a principal axis
calculation. Also at 8 days. we see that modes 2 and 3
show a definite tendency for northward phase propa-
gation though the scatter of points about the fitted line
is large for mode 2. The fits do indicate that mode 2
propagates slower than mode 1 and that mode 3 prop-
agates slower than mode 2. A striking result of this
analysis is that though the speeds for a given mode will
be seen to vary quite sharply with frequency in no case
do we find that the phase speed for mode 3 exceeds
that for mode 2 nor that for mode 2 exceeds the phase
speed for mode 1.

At a 6 day period (Fig. 1 1b) the fastest mode. mode
1. shows a large scatter of phase observations about
the fitted line, mode 2 shows a tight collection of points
and mode 3 a wide scatter. The phase speeds indicated
for modes 2 and 3 are very close and. given the wide
scatter in the distribution of points for the maode 3 plot.
the difference in phase speed is not significant. That
we still observe (> > 'y must be considered fortuitous.

For mode 1 at a period of 4 davs (Fig. 11a) we see
that though coherence was large enough to estimate
phase differences between lines | and 2 and between
lines 1 and 3. it was too low between lines 2 and 3. the
closest pair of hines! The coherences corresponding to
the other phase estimates for mode 1 are relatively low
but do suggest that a propagating signal exists despite

2
-2 ~21
g0 2 0; z
3 3 | 3
2, 2 ,Mode2 2
3
-4 44 T-a
1 1
21 24 ~
4
V] O '8
B 4 /71,3
24 o {Mode 3
y
4 4 4‘1
Period 4 days Peniod 6 days | Period 8days
P 11 Phase difference of complex amplitudes for the three dynamical modes at tiree different frequencies plotted agaist displacement

alongshore. Where an expected entry is missing. the coherence was too low 1o provide a stable phase estimate, The open symbals represent
points that are wholly redundant. The sohd ssmbols carry some degree of redundances since for large coherences wive propagation trom
line | to 2 and from hne 2 10 3 imphes propagation from | to 3. For small coherence vatues this s not true and all points with positine
displacements become independent. The solid lines indicate the phase speed estimated by the major avis of the principal ellipse through the
cntered points
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the scatter among the phases. There is rather less scatter
in the phase differences for mode 2. Once again mode
2 is slightly, but not significantly, slower than the
observed speed for mode | and the ordering with
', > (, must be considered fortuitous.

The phase observations are all. of course. cyclic over
360°, orin Fig. 11a. cvclic over a time delay of 4 days
and. thus, each phase estimate has an inherent ambi-
guity of (in the case of Fig. 1ta) 4 days. The particular
choice of points shown in Fig. I 1a was adopted for two
reasons. First, we do have physical reasons for expecting
northward phase propagation. and second. any other
reasonable alternative produces a very wide scatter of
phase differences, almost circular. that barely allows a
preterred sense of propagation to be estimated. How-
ever, for this particular case there s clearly some sub-
jectivity in the interpretation of the phase diagram.
The problem of subjectivity gets worse at shorter pe-
riods and so we decided that phase diagrams for periods
less than 4 days should not be used. The subjectivity
problem arose on only two occasions for results that
will be quoted here. in both cases for mode 3. at periods
of 4 and 4.8 davs.

Table 3 show a list of the abserved phase speeds
(m s ") for cach of the three dyvnamical modes. Also
listed are the estimated wavenumbers computed as A,
= w/C, where A, and C are the estimated wasenumber
and phase speed tor mode 1 From this table we can
produce the dispersion diagrams shown in Figs, 12u.
band c. On Fig. 12 we enter for cach mode separately
the esumated wasvenumber plotted against the fre-
quency of the spectralb hine under examination. The
crror bars shown for cach point entered represent the
tfrequency bandwidth. The frequencies examined are
low ¢nough that the fong wave approvimation is good:
at a pertod of 4 duss (w// )y = 004 On cach of the
plotsin Fig. 12 the solid Line is the expected dispersion
relatton based on the long—wave approvmmation for
codsial trapped wases, Specihicalls, a mean theoretical
phase speed hus been estimated tor the enure ACH arran
using the phase speeds hsted on Fag 9 and for amy
individual mode computing the harmonme mean:

Panrt & Phase speeds estimiate! at discrate peniods for cach of
the three wave modes. and the assooniicd savenumber estimates
The phuse speeds sere estimatad from the Jirection o the e
avis et the prnopat elipse ot the varous phase ditterences plotted
agannst displacement

Phuse speeds W e numbers

(ms ) m 10
Poriod
tdave ( ¢ - [ A 4 i
24 47" e (96 006 ()23 03k
N LRV [ b 11 1Ng RSN 0346
~ PIRE X2 ] us 020 [EIRREN {454
t 48K 20 1 84 0263 0dn~ 06
S [ a2 AR [JRE (130 I 12T
4 611 S N3 [ (1.2ux [IRIN 106
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The dashed lines show the average dispersion relation
defined by the empirical observations. The shaded arca
on the right hand side of each plot designates an area
where the length of the array exceeds the wavelength
of any fitted wave. This is effectively (but not quite) a
Nyquist wavelength for the array and we cannot reliably
estimate any wavenumbers in that region. In fact. as
was discussed carlier, some degrece of subjectivity arises
before we enter that region and the two points at periods
of 4 and 4.8 days for mode 3 (Fig. 12¢) should be in-
terpreted with some caution.

Figure 12a shows a plot of trequency versus wave-
number for mode | at six frequencies. All but one of

the points lie above the theoretical long-wave speed of

3.78 m s ' an increase in the theoretical wave speed
of 1 ms ' would produce a good fit. However, with
the exception of one point, at a period of 4.8 davs. the
experimental dispersion relation is approximately lin-
ear as i1s expected theoreucally.

Figure 12b shows the dispersion charactenstics tor
mode 2 at the same six frequencies as in Fig. 12a. and
with the exception of a single outlier, the empirical
dispersion relation is once again a good approximation
of a straight line. Also. as in Fig. 12a. the experimental
dispersion points are at systematically higher phase
speeds than theory predicts with only one point below
the theoretical curve. An increase of only 0.3 ms 'in
the theoretical speed would produce good agreement.

Figure 12¢ shows the same plot for mode 3. Once
again the experimental data show a bias towards wave
speeds higher than theory predicts. An increase of 0.5
m s " would. as in Fig. 12b. produce good agreement.
The scatter about lincarity appears to be rather greater
tor mode 3 than tor the first two modes, but that is
probably not an uneapected result. Indeed. in hindsight
1t seems quite remarkable that we have been able to
make a reasonably convineing fit to three wave modes.

Figure 13 displavs the vanance in cach mode plotted
against frequency tor cach of the three principal hines
of current meters. We define the variance of mode 1 as
a” = d,d* where d, is the complex amplitude derived
from Eqg. (9). The variance is averaged over time and
defined separately at cach line. Since cach mode. the
three dyvnamical modes and the empinical eddy mode.
15 normalized duferently, only himited comparisons
between modes can be made on this plot. On g, 13
we see that the spectra of each mode are generally red.
1.0.. there s generally more energy at lower trequencies
than higher. (Note that these plots are lincar in fre-
queney and energy and so are variance conserving
plots.) However, at ine 1 we see that the spectra peak
at a period of X dayvs tor eiach of the three dynamical
modes. The fourth mode for cach line shows the most
pronounced red spectra. Rather surprisinghy it appears
that the second line carvies less vanance. in the dynam-
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Mode 4. vddy mode

Freo 13 Foergs spectra tor cach of the modes extracted
plotted tor comparison between cach line

wcal modes. than does line 1, whereas lines 1 and 3 are
very similar in their energy levels. Since some moorings
on line 3 were damaged by eddies it should come as
no surprise to see, i Fig. 130 that the energy levels in
mode 4 are vers much greater at line 3 than at aither
of the other two lines.

In summary, Fig. 12 indicates that the dispersion
characteristics computed from the ACE moored array
are a reasonable approximation 1o the theoretical dis-
persion curves for the first three coastal trapped wave
maodes. In cach case the theorcticaliv predicted wave
speed 1s systematically less than the experimentally de-
termined wave speeds by 0.5 to [ m's ', or about 257
of the theoretical wave speeds. These results suggest
that after the extrancous eddy signal is removed from
the data the physics of coastal trapped waves 1s a good
descriptor of the motions on the continental shelf
However. some of the coherences used in constructing
the phase plots of Fig. o are fairly low. indicating that
a simple model of lincar phase propagation at a con-
stant speed may not necessarily account for a large
fraction of the total vanance at any frequency. Fur-

thermore, Fig. 11 also shows g substantial amount of

scatter of the nme lags about the lincar phase propa-
gation speed imdicating that sull more varance s not
accounted tor by a simple coastal trapped wave model
In order to explore to what extent the theors of trapped
wares can account for the vamabihty observed at any
one Tocation a different approach s needed.
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d. Analysis in the time domain

The expansion of current observations into modal
amplitudes as described in an earlier section can be
executed at individual times, rather than for Fourier
coeflicients, producing explicit time series of ampli-
tudes for each mode. For the three dynamical modes
the evolution alongshore can then be compared with
the predictions of forced CTW theory. The methods
used are described by Clarke and Van Gorder (1986).
Since a detailed description of the specific procedures
used and the results obtained will be described else-
where (J. A. Church. 1986). we will restrict ourselves
here to an overview of some of the results pertinent to
a synthesis of the Australian Coastal Experiment.

We represent pressure as a sum of modes as in Eq.
(1) where the functions F,(x. 2) are solutions of an
cigenvalue problem. Eq. (2). The amplitudes of the
modes are described by a set of forced wave equations
that are coupled by frictional coetheients

_lae do '

= B Db Y g, (10)

oo ar =

1o

As before the longshore velocities are expanded in a
series (Eq. (4)] with on-offshore modes related to the
eigenfunctions of Eq. (2) by the geostrophic relation.
Eq. (5). These equations then can be used (J. A, Church,
1985) to expand the velocities observed at line 1 in the
3 local dvnamical and one local eddy mode so pro-
ducing the amplitudes ¢,. ¢, and o, at one value of
the alongshore coordinate v, say, at v - 0 Equation
(10) then can be used to torecast the values of . ¢»
and ¢, at the two northerly lines and compare the pre-
dictions with observations.

The eddy mode cannot. of course. be descrnibed by
Eg. (1. so 1n making a comparison between the pre-
dictions from theory and observations it is important
to compare only the inherently predictable parts of the
current field. From the vbserved currents at any par-
ticular ine we detine two new fields that differ shightiy
from cach other. After analvsis into the four modes we
detine the reconstructed currents (1) as the sum of
the first three (dynamical) modes. e, the CTW part
of the signal. The de-eddied currents 1 are detined as
the observed currents minus the eddy signal. Specifi-
cally. at any line we compute ¢, by minimizing I where

N
L=z n - Y Gl )
V]
then

Valx, 2.0 = 2 G, D)ol
[T

P, oo 0) = Flvs ooy = (gl Z)dall) j

.
‘ |
I
]
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These time series are not identical. Both attempt in

some sense to represent the dynamical signal but 1,
includes the velocity signal that is not fitted by the
least-squares procedure. Over line 1 the gross correla-
tion coefficient between I, and !y is about 0.9. This
represents how well the least-squares procedure is
working. Since the decomposition is good only 10 a
correlation level of about (.9 we cannot expect a fore-
cast to do as well.

Table 4 summanzes the results of using the modal
amplitudes that result from an analysis of line | and
Eq. (10) to forecast the modal amplitudes at line 2.
The “observed variances™ are of the reconstructed cur-
rents at line 2 (i.e.. the CTW part of the current ficld)
and the “predicted variances' result from the modal
amplitudes forecast by Eg. (10). The energy levels have
been predicted accurately: the predicted and observed
variances averaged over line 2 are 36.7 and 41.6 cm’
s ?, respectively. These are much closer to each other
than to the equivalent figure for line 1.90.7 cm”s 7

The correlation coethcients listed in Table 4 indicate
that comparison between predicted and observed cur-
rent fields is significant at high confidence levels. At
the inshore sites the correlations are significantly dif-
ferent from zero at the 99.99% confidence level. (As
before we assume 1 degree of freedom is accumulated
every 5 davs.) A stronger null hypothesis would be the
equivalent of the meteorological persistence forecast.
i.c.. that conditions do not change along the shelf Using
the reconstructed velocities. defined carlier. the cor-
relation coetheient between f11/7S and £21/751s0.25:
the equivalent correlation in Table 415 0.62. very much
higher. Furthermore. a system with population corre-
lation of 0.25 and 36 degrees of treedom has an upper
957 confidence level of 0,48, less than the 0.62 ob-
served which differs from the population at the 99K
wvel,

Fasre 4 Vanances at fine 2 forecast trom an analvas of hine |
and the dynannes of CTW s the predicted vanancesr. and the recan-
structed tobservedy varance tor companson . The correlation coet
ficients between the two helds s also Tisted Vananees aoc i em s

Observed Predicted
Meter varinee varangee ¢ orrelation
£21.75 1194 100 2 6l
f2r72s 136 6 [1su [N
22760 [ AR R 06l
22010 70 6.6 unl
227178 (R S0.8 (1 85
237125 "3 3 020
237190 LR 0.6 0 36
£23/450 AT R .00
£24/208 138 14.6 023
1247465 1R 14.9 0.01
247630 9.4 113 [IIRE?
12471000 74 6.4 0.51
257250 7 8.3 0.10
f25/800) LR} 13 042
£25/1700 167 AT nn
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Earlier in this paper we examined a general rela-
tionship between currents separated by distance along-
shore and extracted empirical relationships of the form

N M
Vi = T abr—iAn+ I b — iAn.

12 [

The best model yielded an estimate 17, that correlated
with 1, at the level r = 0.71.

The linear predictor (6) is essentially the optimal
linear predictor and vields an estimate 1, that correlates
with I, atr = 0.71: 1t does do better than the dvnamical
model but not very much better. The optimal predictor
must, by definition. perform better than any other lin-
ear predictor including a linear dvnamical theory but
1t 1s satisfving that the dvnamical models do almost as
well. Finally we note that the dvnamical correlation
tor inshore currents of 0.62 carries 95 bounds of 0.45
and 0.77. and so is not different from the optimal linear
estimator at the 95% confdence level.

5. Discussion

In the free wave analvsis we have demonstrated that
waves pass through the experimental array and exhibit
dispersion characteristics that are strongly indicative
of coastal trapped waves. One of the more significant
observations from this section is that the empirical dis-
persion relation suggests that the waves propagate
rather faster than theory would lead us to expect. The
discrepancy is too large. and of the wrong sign. to be
accounted for by mean field advection. We suggest that
it might be accounted for by contamination of the free
wave by the presence of a relatively small forced wave.

Clarke and Thompson (1984) looked at a pure forced
wave problem and found the ocean response to wind
torcing. for only one mode. to be of the torm

Py oD = AR D) cos[];(/ fw/o) w/jl

<sinft! w/on/2l

In Eq. (11) Fy(x. 2} is the shape of the first CTW mode
(pressure ficld). ¢, is the longshore phase speed and /
is the longshore wavenumber of the wind forcing. Thus
patterns propagate along the coast at a speed ¢,y de-
fined by

. . w
(pan W+ w/ep

Sofen Ve (12)

. ]
Cpant

tol —

The pattern speed is the harmonic mean of the free
wave speed and the speed of propagation of wind sys-
tems in the fongshore direction. Since in our case ¢,
and ¢, are both northwards, at 11 and 3.78 m s !, re-
spectively, the pattern speed s greater than, but in the
same direction as, the tree wave speed.

The forced wave pattern speed computed from (12)
is 5.63 m s ' and is greater than the free wave speed
and greater than the observed pattern speed. see Fig.
(12a). Furthermore, we know from the analysis of sec-
tion (3d) that we are dealing with neither forced nor
free waves. In that section we estimated the ratio of
velocity variance in the forced wave/variance in the
free wave to be about 0. 1. This implies a ratio of signal
amplitudes of about Vo.1 = 0.3, Thus it seems reason-
able to expect that the resulting pattern speed will be
intermediate between the free and forced wave speeds.
as actually observed.

However, detailed analysis shows a strong depen-
dence on the phase relationship between the free and
forced wave components. The actual pattern speed
predicted tor ACE can even be less than the free wave
speed depending on the initial phase difference at line
1. A simple relationship that conforms fairly well o
observations can result if the initial phase difference s
near zero. Some evidence exists, see later discussion,
that a significant part of the free wave energy 1s gen-
erated in Bass Strait. so it mas be reasonable to expect
the free and forced waves to be almost in phase at Eden.

The analysis of the forced waves in the ime domain
indicates quite clearly that we do have predictuve skall
1 the sense that we can use the dynamies of foreed
topographic waves to torecast future conditions some
distance along the coastline. However. the amount of
vanance accounted for in the forecast 1s not impressive
The correlation coettic’ 'ats inshore reach highs ot 0.6
indicating that we can account for only about 307, ot
the observed vaniance with a trapped wave model
Though this does not sound impressive. the best sta-
tstical predictor between hine 1 and hine 2 inshore cur-
rents. performs only margimally better and accounts
for about S0 of the vanance, We conclude Gaat oot
all of the energy in the weather forcing b Ld s desenbed
by coastal trapped waves

We now turn to the question of the source of the
CTW energy observed in ACE Ciarkhe and Thompson
(1984) assumed there would be acghgible CTW cnergy
at Cape Howe (hine by and tiat wind forcing in the
region northward from there vould generate ¢ TW 0
be observed at hines 2 and 3. 1 has been pointed out.
CTW energy 18 alreads large at hine 1 and the CTW
energy at hone 2 s fargely th - propagation of CTW<
northward from Cape Howe ¢ free wanves. The evper-
tation of Clarke and Thomp,on (1984) and the as-
sumption in designing ACE being wrong, we are forced
to consider possinle sources of the CTW energy at Cape
Howe. The bathymetry and meteorological conditions
off southern and southeastern Austraha allow for ses-
eral (speculative) possibalities tor generating CTWS that
are observable at Cape Howe.

One. of course, is that the CTWS have come a ven
long way. The winds in the Great Australian Bight are
strong and the existence of CTWs there has been dis-
cussed by Krause and Radok (1976). The possibility
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that CTWs could be generated in the Great Australian
Bight, travel in the continental-margin waveguide that
bends south, and then north, around Tasmania, exists.
(This would assume the shallow (<100 m) but wide
aperture caused by Bass Strait would not affect the long
CTW:s and that the wave energy is not dissipated in
that distance.) However, this possibility is not sup-
ported by the current meter observations. Although
there is significant coherence (at the 95% confidence
level) between the alongshore component of the current
off Maria Island (f02/125) and off Cape Howe (f11/
125). the phase difference is negligible. Furthermore,
the variance in the coherent band is nearly an order
of magnitude less off Maria Island than oft Cape Howe.
Currents off Maria Island and Cape Howe show some
coherence with the Gabo Island wind. All this suggests
that forcing of CTWs by winds off southeastern Aus-
tralia is more plausible than propagation around Tas-
mania from the Great Australian Bight. We can pursue
this possibility by estimating the energy flux at line |
and comparing it with the rate of working by the Gabo
Island wind stress.

Let us first estimate the CTW flux at Cape Howe.
The analysis of Clarke and Battisti (1983) shows that
the energy flux through a vertical plane perpendicular
to the coast is

Py — ' L 6/1
| 1~,1-,—| i
2’ L:‘ / ¢ (b, ¢ IAY B ht\)‘ '

where the overbar indicates a time average. Using the
orthogonality property of the eigenfunctions:

f‘ o gﬁ
O ’ l(').\'

this becomes

dv = 6.\,
R/ AN

) ~ S
J o 'I;“) :‘ hoN,.
Rl
t 'sing the modal amplitudes calculated tor Cape Howe
1 section 4d, we get

F= 18~ 108W,

The three dynamical modes used respectively contrib-
ute 30.5% . 49% and 20.57 to this total.

We can estimate the energy generated by the wind
between the western end of Bass Strait and Cape Howe
bv tollowing the argument of Gill and Clarke (1974):
Bass Strait has an average depth of about 60 m and is
about 250 km wide. The barotropic radius of detor-
mation is small (Vgh)/—/ = 260 km), so the Strait is
about one Rossby radius wide. For a Kelvin wave the
fraction of the total wave cnergy between the coastline
and | Rossby radius is (I - ¢ °) = 0.86. As a first
approximation, let us assume that Bass Strait is 410
km long. infinitely wide and of constant depth (60 m),
and that no energy enters the western end of Bass Strait.

By an analysis along the lines of Gill and Clarke (1974),
it is possible to work out an analytic solution for the
wind forced motion and hence estimate an energy flux
of

F=30x100W.

Reducing this by 8% to allow for fi.ction and a further
14% because Bass Strait is not infinitely wide. we can
estimate

F=24x100W.

This is greater than the energy found at Cape Howe
and. in view of the high coherence and the small phase
lead of the winds at Gabo Island with respect to the
currents at Cape Howe, it seems that wind forcing over
Bass Strait is a possible source of the energy at Cape
Howe.

Could the wind stress over the ocean east of Bass
Strait be sufficient to generate CTWs of the magnitude
observed” Results to be presented later (J. A. Church
et al.. personal communication) indicate that a sub-
stantial flux of energy is possible. Solving the CTW
equation (1) for the 150 km of shelf between the eastern
end of Bass Strait and Cape Howe, assuming coupling
coeflicients appropriate for Cape Howe, and assuming
that ¢,(r) = 0. for all / and 1. 150 km to the west. the
resulting flux at Cape Howe would be

F=34x10W

with the three dvnamical modes contributing. respec-
tively, 46%. 46% and 8% to this total. This flux is about
one-fifth of the measured flux at Cape Howe but the
correlation between the “predicted’ and observed cur-
rent at the inshore sites is surprisingly high: it is 0.68
at meter f11/125. The correlations drop away very
quickly as we move offshore (the predicted currents
are much less than the measured currents) but in view
of the simplistic approach taken and the short fetch
(150 km. compared to the 410 km fetch in the previous
estimate). this model does surprisingly well.

In view of these calculations. there would seem to
be sufhicient sources of energy to the south and west
of Cape Howe to explain the observed CTW energy
flux off Cape Howe.
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APPENDIX A
Singular Value Decomposition

In several places in this paper it was necessary to
solve a least-squares problem. equation (7), for ¢x-
ample. Formally, least-squares problems always reduce
to the problem of finding a vector y when a vector x
and a covariance matrix C are known, and when x, C
and y are related by

x = Cy. (A1)

In the wranster function calculations of section (3d) the
vector X = 1y, ' is of the form x, = (O (1 — iAn).
and y = |y, where 1, = ¢,. The covariance matrix
C = () 1isof the form €, = V(s — iAny (1 — jAn.
Formally we write the solution y to problem (Al) as
y = C 'x. However, tor the problems of interest in this
paper C generally has a large condition number (ratio
of largest 1o smallest eigenvalue) and so the inverse can
be unstable. In such a case the solution y varies greatly
with small variations in the data. We proceed, therefore,
to solve the problem by singular value decomposition.
Let the NV cigenvalues and eigenvectors of the N
x N matnx € be A, and e,. respectively. Since € is a
covanance matnx (i.c.. symmetnc and having elements
satisfying the Schwartz inequality ' ;AC,C ) < 1) the
eigenvalues are all real and positive. It N cigenvalues
are exactly zero then the rank ot Cis N - N\, In prac-
tice, since we are dealing with noisy data. any eigen-
value that lies within the sampling noise level is effec-
tively zero. 5
Let us expdnd the vectors x and y in terms of the
cigenvectors, viz.
Al N
Xx= 2 ae, and y = > de,. (A2)
i [}

The coefhicients ¢, are casily determined using the or-
thogonality property of the eigenvectors
N
X'€ = 2 e e = q,. (A3)
-1
We can then determine the coethicients g, in terms of
the «, expansion (A2) in Eq. (A1) and remembering
that Ce, = \e,:
N A
XxX= Y ae=C=CJ e
-1 [

t

A v

2 BCe) = X BAe,.

[ AN

i

Hence. we find in general that 3, = «, /A, and. using
(A3) and (A2), express the general solution to (A1) as.

A x-e
y© (~)e (Ad)
1 A'

Assuming that the eigenvalues are ordered so that X,
> A2 > -+« > Ay let us write an approximate solution

yr foryas
R
X-e,
- X&),
)R l:ZI( /\/ )

where R is an assumed rank of C, R < M. Specifically
R is chosen so that any eigenvalues that fie within the
noise level are neglected.

APPENDIX B
Estimation of Modal Amplitudes

The amplitudes 4 of the three dynamical and one
empirical modes discussed in section (4b) are found
by the solution of a complex matrix equation (9). The
solution is found, as in appendix A. by singular value
decomposition of the covariance matrix C. A compli-
cation. however, is that the marix € varies from one
line to another due to data loss from various instru-
ments at different times. Hence. even on one line the
contributions 10 C vary with time. The vanations in
C are. however, relatively small,

The modal covariance matrix for the nominal dis-
tribution of current meters is

0.273 -0.294 -0.138 0.4027
~0.294 0470  0.318 -0.261
-0.138 0.318 0404  0.055

0.402 -0.261 0.055 1.000

The eigenvalues of C are (1.353, 0.707. 0.069 and
0.017) and these eigenvalues contribute, respectively.
(63%, 33%, 3.2% and 0.8%) to the trace of C. As the
matrix C changes slightly, with instrument failure, etc..
the eigenvalues take other discrete values near each of
the values listed for the nominal array. Since the matrix
C is varied by fairly small amounts, i.e.. the sampling
array is not changed dramatically. instead of finding
four eigenvalues distributed as above, we find four
groups of eigenvalues centered near 63%, 33%. etc. We
will call these groups type-a. b, ¢ and type-d eigenvalues
respectively. The covariance matrix C changes by suf-
ficiently small amounts that the smallest a-type eigen-
value is never smaller than the largest b-type. and so
on; i.e.. the four groups are all well separated and do
not overlap.

The variance averaged over all current meters de-
ploved thrc ughout the ACE array is 208 cm® s™°. The
resolution of an Aanderaa current meter is about 1.5
cm s ', and if we use this value as an estimate of the
noise level in our current meter array we find the ratio
100% X (noise level)’/mean variance 1o be about 1.
So with this primitive argument we see that the smallest
eigenvalue of the covariance matrix is too small; it lies
below the effective noise level of the system., and should
be neglected. Specifically then. we will compute the
vector 4 by singular value decomposition [see appendix

c:
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A) and reject contributions from any eigenvalue that
constitutes less than some critical percentage of the
trace of the matrix C. Hence, from Eq. (9) we can find
the set of four modal amplitudes, complex numbers
denoting amplitude and phase, for each block of time
at one line of moorings and then repeat the expansion
at each of the other two lines of moorings. Thus we
find four short time series of modal amplitudes (using
24 day long blocks we get seven distinct observations
of the modal amplitudes during the ACE period)] at
each line, and we can examine the coherences between
each line for each mode and search for phase propa-
gation,

First. consider the modal separation for the 3 main
lines at a period of 12 days. the second harmonic of
the block length of 24 days. The value = X F E* s
the so-called reduced variance (Aa?) the amount of
vanance not accounted for by the best modal fit. Let
us compute this as a fraction of the signal variance o,
= N I'1*_and average Ac” and o," over the seven
time blocks and the three lines. We also define the
model variance o, = > 4,4¥. and average that also
over the seven time blocks and three lines. Let us as-
sume that in the process of computing the complex
modal amplitudes 4, we accept contributions from the
covarniance matrix C corresponding 1o all eigenvalues
exceeding a cutoff value \,. and examine the variation

of the normalized residual variance (Ao?/ay%) and the
model variance (o,,2/0,02) where o,4° = 0,,° at A,. Fig-
ure 14 shows a plot of the normalized reduced variance
and the model variance as a function of the eigenvalue
cutoff A\y. Along the abscissa short lines indicate where
actual eigenvalues of the slowly varying matrix C occur.
These are, as discussed carlier, separated into four dis-
tinct groups. Figure 14 shows that if the cutoff is set
at, say. 8% so that contributions from the a-type and
b-type eigenvalues are accepted. and none from the ¢-
and d-type, then the best fit modal amplitudes account
for all but 26% of the total variance. If we set the cutoft
at 1.5%. so that we include contributions from a-.
b- and all c¢-type eigenvalues. then the model fit is
improved. but only marginally. accounting for only
another 2% of the observed variance. Meanwhile the
variance in the best fit modal amplitudes increases by
about 10%. If we now sct the cutoff at any value less
than 0.5%. so that all cigenvalues are used. all but the
last 19% of the observed vartance is accounted for. This
is not a dramatic improvement. and is achieved at the
cost of increasing the variance in the modal amplitudes
by about a factor of 6. This rapid increase in the vari-
ance in the model represents a type of instability as
discussed in appendix A. Between cutoff values of 27
and 2.2% there is a substantial drop in the average
model vanance and an associated sharp rise in the re-

0.34
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g T 1 [
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Eigenvalue cut-off as percent of trace

Fici. 14, Response ol the least-squares fit mode! to the inclusion of vanous eigenvalues in a singular value decomposition.
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sidual variance, marked on Fig. 14 by the dotted line.
This sharp change occurs as a result of the loss from
the array of one instrument on line 2 and affects only
one time block. Seen individually it represents a rather
severe instability though the averaging involved in Fig.
14 tends to disguise 1ts severity.

Based on the rough guide outhned above, using the
noise level of the instruments, we look then to place
our eigenvalue cutoff near the boundary between the
d- and c-type cigenvalues. The detailed behavior of the
model vanance and the residual vanance plots suggests
that the appropnate cutoff value is 2.2 and that value
was used in the subsequent analysis.
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Deep-Sea Currents off Northern California

Puyrris J. STABENO AND ROBERT L. SMITH

College of Oceanography. Oregon Stare University, Corvallis

Current meter records from 14 moorings in the deep-sea basin (3000 -4500 m deep) south of the
Mendocino Fracture Zone are analvzed. All moorings had current meters between 200 m and 500 m
above the bottom. and some extended to within 150 m of the surface. There were high vertical corre-
lations between measurements on the same mooring within 1500 m of the bottom and within 800 m of
the surface but almost no significant correlation in the horizontal In the basin the presence of eddies
appears strongest at depths below 1200 m Several of the records exceed 3 years in length. and one
extended for § vears. Spectral analysis of these shows that most of the kinetic energy below 3000 m 1 in
the temporal mesoscale (periods of 31 1o 120 days), while the spectral estimates in the upper 1000 m are
dominated by longer tme scales. Only in the deep records is there a significant southward mean Aow
Neither a mean California Current nor a poleward undercurrent is apparent in the shallower data (above
1250 my. The currents in the upper 500 m nearest the continental margin are influenced by the presence

of cold tilaments ongimating near Point Arena.

1. IN1TRODE CHION

Repeited measurements of the currents over the continental
shelt off the west coast of North America have provided a
baste description of the flow tield on the shelf [Freeland et al..
1984 Strub et al. 1986, Winant ot al. 1986]. In contrast,
current measurements 1n the deep sea adjacent to the conu-
nental margin are consmiderably rarer. One exception is 1n the
relatively tlat basin 100 to 400 km off the northern Califorma
coast between the Mendocino Fracture Zone (40 N) and the
Lititude of San Francsco (38 Ny In this region (Figure 1), 14
current meter moorings were deployed in water deeper than
3400 m at varnous times from 1979 through 1985, as part of
o experniments: the Low-Level Water Ocean Disposal pro-
gram (LEWOD) [Heath et al.. 1984] and the Occan Predic-
tion Through Observation. Modelling and Analysis program
LOPTOMAL [ Mooers and Robinson, 1984]. The individual re-
cords are long (5 to 13 months): all 14 moorings obtained
measurements within 500 m of the bottom, eight, near 1200 m.
and five within 400 m of the surface.

Five years of data. August 1979 to September 1984, were
obtained at one location (the W-9 site in Figure 1), where six
moonngs were deployed consecutively. During the first three
vears there were current measurements at 1250, 3000, 3800,
and 4200 m. and dunng the last 2 vears there were also
measurements at 150 and 600 m. This resulted in a record
over S vears in length at 3800 m. nearly 3 years (although not
concurrent) at 1250, 3000, and 4200 m. and almost 2 years at
150 m. The length of these records is comparable to similar
measurements in the deep western North Pacific [Imawaki and
Tahano, 1982].

For over a year, starting in September 1981, the main
L.LWOD horizontal array of five moorings. each with current
meters at 3000 and 3800 m depth, and 40 m above the bottom.
wis in place (W-S. 6. 7. K. and 9 in Figure 1). As part of
OPTOMA. a smaller horizontal array of three moorings (M-1.
2 and 3 in Figure 1) was deployed in September 1984 and
recovered in July 1985, Each M mooring had five current
meters, nominally at 150, 350, 800. and 1250 m below the
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surface and at 200 m above the bottom. The details. including
statistical parameters, location, depth. and record length, of
the resulting time series are listed in Table |

The purpose of this paper is to present a summary and
synthesis of the current measurements made from moorings in
the deep occan adjacent to northern Califormia, with emphasis
on the mean currents and the low-frequency variability (below
0.1 cpd). Previous knowledge of the subsurface currents in this
region was nferred mainky from hydrographic observations
[ Wivllie, 1966, Chelton, 1984 ] although satelhte-tracked dnift-
ers have provided a few direct measurements of the surface
current [ MeNally et ol 1983 ROE. Thomson and J. E. Papa-
dakis. unpublished munuscript. 1986]. This 15 a region where
the California Current should be apparent [ Hickev, 1979].
and 1t s directly offshore from the Coastal Ocean Dynamics
Experiment. in which the continental shell was heavily instru-
mented with current meters 1n 1981 and 1982 [Winant et al.
1986]). Tt is also a region where cold “filaments.” extending
seaward from the continental shell. are frequently observed in
infrared satellite images [Bernstein o1 al. 1977 Kelly, 1985
Kosro and Huyer. 1986].

Since we are most interested in the low-frequency variability
of currents, the time series are low-pass filtered thalf-amplitude
at 40 hours and half-power at 346.6 hours). The records that
are formed using two or more moorings are first bridged. if the
gap is less than 3 davs, and then the complete series is low-
pass tiltered. An analysis of diurnal and semidiurnal tidal cur-
rents in some of the records is given by Nohle et al. [ 1986a].

2 T Dvre-Ska Frow

The most extensive current measurements are at depths be-
tween 3000 m and the bottom. Flow at these depths is blocked
from the north by the Mendocine Fracture Zone, which ex-
tends from the coast to about 135 W_and 1o the cast by the
continental margin. The sill depth along the escarpment is less
than 2800 m until west of the longitude of W-S, the mooring
furthest from the coast. Data from the mooring deployments
shown in Figure 1 (September 1981 to September 1982 W-§,
6. 7. 8. ard 9 and Scptember 1984 to July 1985 M-1. 2, and 3}
provide a picture of the deep flow over much of the region
tFigure 2). Maost of the measurements shown n Figure 2 were
made near 3800 m. and all were between 200 and SO0 above
the bottom The stabistical parameters are caleulated vsing the
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27

130° 129° 28° e

02'6'

260 125° 24° 23

Fig 1. Bottom topography and the location of the current meter moonngs for LLWOD (W moonngs) and
OPTOMA (M moornmngs) programs  The five LEWOD moonngs shown were i place from September 1981 untl Septem-
ber 1982 and the three OPTOMA moonngs from September 1984 until July 1985 The W-9 moorning was part of a S-year
sequence of moorings at the same locatton tW-1. 23,9 10, and 1

entire record (Table 1), Except for W-8 (6 months) and M-3 (S
months). cach record 1s at least 9 months in length.

The total length of the principal (major) axes in Figure 2
represents one standard deviation. Except at the furthest off-
shore location. W-S, the mean velocities are less than one
standard deviation. Nevertheless. there is a suggestion of a
How pattern influenced by the large-scale bathymetry. The
deep water south of the Mendocine Escarpment can only
enter or leave through sector W-SW-S-SE. The quasi-synoptic
measurements scaward of the 4000-m isobath suggest just
that: castward flow into the basin that turns southward within
the basin.

Although W-7 and M-3 are from different years, therc is a
similarity in the eccentnaty and orientation of their principal
axes. and both appear to be parallel to the local bathymetry.
I'he remaiming two OPTOMA moorings (M-1 and M-2) are
closer to the coast and show markedly reduced means and
vanance, suggesting a “boundary™ effect due to the proximity
of the continental slope.

I'he measurements at 3800 m. shown in Figure 2, are repre-
sentative of the flow 1n the bottom 15X m of the basin, sea-
ward of the 4000-m isobath. On each W mooring. current
measurements are available from above (at 3000 mj and below
(at 40 m above the bottom) those at 3800 m: the depth of the
deepest istrument vaned between 4180 and 4370 m. Exami-
nation of the current records at each W mooring shows that
the currents at the three deepest instruments are very similar
and highly rotary in nature. Because of the rotary behavior of
the low -[requency current fluctuations, the use of complex cor-
relation coefficients [ Kumdu, 1976] is necessary. These corre-

fation coefficients ¢hsted in Table 21 were calculiated and show
very high correlations (well above 999 - significance fevel)
hetween the currents measured at 3000- and 3800-m depths
and 40 m above the bottom. On cach of the OPTOMA moor-
ings there was only one deep mstrument (200 m abose the
bottom). and their records are not correlated with the currents
at 1200 m. the depth of the next deepest instrument.

The ellipses and mean yvelooties shown in Figure 2 do not
fully reveal the strong eddylike behavior that donunates the
deep basin. This behavior s evident in the vector time senies
plots of the records (Figures 3a and 3h) Strong rotary behan -
ior can be seen in several of the records, most notably W6
and W-9. Only at W-5S does a mean current stand out from
the mesoscale eddies that dominate elsewhere in the hasin
The mean current at W-51x northeastward (the W-S vectors in
Figure lu have been rotated 45 ) I the mean selocity s re-
moved. however, the residual currents at W-S are very similar
to those elsewhere 1n the basin. The vector time series at M-3
is not unhke that at the W-moornngs The currents at M-I and
M-20 which are nearer to the continental margin. are signihi-
cantly weaker, in both the mean and vanance, and have short-
er time scales than the currents measured at the W moorings
and at M-13

Rotary spectral analysis (Figuies 4o and 4b) contirms the
mmpressions gained from vector timie series (Figures e and
3h). The deep currents at W-5, W6, and W9 have significant
rotary behavior at lower frequencies, with most of the cnergy
at WasS and W-9 clockwise and at W6 anticlockwise The
rotary behavior is strongest at W-9 at periods of ¥ to 60 dayvs
The currents at W7 are more rectilinear, and the evidence for




v

STABENO AND SMITH DEpp-SEA CURRENTS OFF NORTHERN CALIFORNIA 787
TABLF The Statisties From Fach Record. Including the Mean Mendional Velocity (r). the Mean Zonal Veloaty (u), Mean Temperature
(1), and Their Standard Deviations (ai
Time
Depth. Start End Length, Scale, u, a. T a. T, a.
Moonng  Latitude  Longitude m Time Time days days ems ' ecms ' cms ' oems C C
Wl Q2PN 12741 2W 3050 Aug. 14, 1979 June 25, 1980 316 6.7 0.22 214 1.56 2.52 1.62 0011
3850 Aug. 14,1979 June 25, 1980 316 8.3 0.02 2.04 -1.51 1.84 1.49 0.007
4260  Aug. 14. 1979 June 25, 1980 316 83 —-009 1.83 —1.38 222 1.51 0.003
W2 W2TIN R27 W0OW 1255 June 28, 19RO March 8, 1981 254 79 —0RS 287 0.19 214 299 0058
300 June 28, 1980 March 8, 1981 254 82 -006 1.49 —-0.11 145 1.61 0.010
IR00  June 28, 1980 March 8, 1981 254 118 0.38 1.27 -0.24 1.24 1.49 0.003
4200  June 28, 1980  March 8, 198] 254 5.7 0.3t 083 -008 092
W-3 WOTIN 127 251W 2910 June 27, 1980 March 13, 1981 260 9.6 -0.50 1.63 -160 1.63 164 0014
IRO0 June 27, 1980 March 13, 1981 260 77 0.66 1.71 1.73 1.84 1.50 0.007
4200 June 27. 1980  March 13, 1981 260 69 -0.39 1.87 -213 193  1.51 0.00]
W4 W 2TIN 127426 W 1250 March 35, 1981 July 26, 1981 133 52 -081 304 —1.27 247
3000 March 15, 1981 Aug. 28, 1981 166 5.6 -022 1.69 - 2.10 1.5 1.61 0.008
IR0 March 15, 1981 Aug. 28, 1981 166 64 0.28 1.68 ~-2.04 1.79  1.50 0.005
4200  March 15, 1981 Aug. 28, 1981 166 6.3 0.32 181 -2.26 1.78 1.52 0.002
W-S§ 39 284N 128 46.5W 2970 Aug. 30, 198t Sept. 18. 1982 385 49 1.74 1.35 0.96 117 1.62 0008
3770 Aug. 30, 1981 Sept. 18, 1982 I8S 93 134 1.64 1.39 1.08 1.50 0.008
4200 Aug. 30, 1981 Sept. 18, 1982 385 93 395 1.79 1.86 116 152 0002
W6 9 RSN 126 457W 2930 Sept. S, 1981 Sept. 21, 1982 382 107 —-083 253 -087 254 163 0016
3750 Sept. S, 1981 July 9, 1982 308 7.1 -1.18 357 —-1.75 350 1.50 0.012
4140 Sept. 5, 1981 Sept. 21, 1982 382 73 —-109 166 - 133 379 1.52 0.004
W7 IR ASON 126 248N 2950 Sept. 3, 1981 Sept. 22, 1982 38S 14.3 042 214 -038 202 164 0015
1740 Sept. 3, 1981 Sept. 22, 1982 385 139 1.02 2.39 0.79 2.87 1.52 0013
4260  Sept. 3. 1981 Sept. 22, 1982 385 12.6 1.50 278 —-074 339 153 0.005
WK OSSN 127 230W 3000 Sept. 4, 1981 Sept. 21, 1982 183 13.1 -0.72 2.74 —2.89 3.87 1.63 0.013
K20 Sept. 4, 1981 March 13, 1982 191 149 —084 2.65 - 347 4.60
4330  Sept. 4. 1981 Oct. 22, 1981 48 5.1 —2.30 27 — 561 4.64
W9 TN 2T AHRW 1210 Sept. 1, 198) Sept. 19, 1982 kYT 18.0 0.60 319 0.33 290 306 0.076
2980 Sept. 1. 1981 April 28, 1982 240 9.0 042 234 -0.24 2.18 1.62 0.005
3770 Sept 1, 1981 Sept. 19, 1982 384 118 0.77 1.64 -0.34 1.56 1.50 0.004
4i6t  Sept. 1. 1981 Sept. 19, 1982 384 13 0.72 1.61 0.35 1.67 1.50 0.004
Wot 39 284N 127 J09W 150 Sept. 23, 1982 Sept. 1, 1983 344 189 -050 443 022 675 846 0.580
600 Sept. 231982 Sept. 1, 1983 344 228 -0 215 ~040 293 480 0.122
615 Sept. 23, 1982 Sept. 1. 1983 343 228 -0.26 1.77 -0.39 265 464 0117
1250 Sept. 23. 1982  Sept. 1. 1983 344 1t4 -090 240 —-083 320 325 0067
3000 Sept. 23, 1982 Sept. 1, 1983 344 103 -0.28 2.77 —-0.78 2.98 1.62 0.008
3800 Sept. 23, 1982 Sept. I, 1983 44 88 -003 1.99 -096 243 149 0.006
Vol 39 296N 127411 W 200 Sept. 5. 1983 June 15, 1984 285 26.2 138 29§ 3159 639 742 0187
&0 Sept. S, 1983 Dec. 27, 19813 114 144 2.28 3.01 1.04 5.24 445 0.040
1250 Sept S, 1983 Aug. 15, 1984 346 105 -047 437 1.58 396 292 0072
KOO Sept. S, 1983 Sept. 26, 1984 388 89 0.27 245 -0.72 2.73 1.49 0.01!
4200 Sept. 5, 1983 Sept. 26, 1984 388 8.6 043 205 - 041 238 1.50 0.002
M-1 WWSATN 124 SORW 175 Sept. 27. 1984 July 15, 1985 292 95 —-263 4.83 ~2.27 6.66 8.53 0443
375 Sept. 27. 1984 July 15, 1985 292 145 —-103 256 -1.05 308 632 0238
1220 Sept. 27. 1984  Feb. 11, 1985 138 8.0 0.83 1.28 016 112 311 0.033
3250 Sept. 27. (984 July 1, 1985 278 34 Q.31 1.28 043 148 1.58 0.006
M2 WILeN 124 47W 145 Ocu 3, 1984 July 12, 198RS 283 137 - 143 3194 1.22 877 847 0445
340 Sept. 2%, 1984  July 12. 1985 288 181  —-096  2.69 165 535 629 0332
RBOO  Sept. 28. 1984  July 12, 1985 288 190 -053 1 87 1.21 260 425 0.100
1190 Sept. 28. 1984  July 12, 1985 288 17.4 - 0.07 1.50 070  1.73 367 0.049
1560  Sept. 28, 1984 July 12, 1985 288 o 002 087 -0.36 106 1.55 0006
M- WAZSN 1288w 350 Sept. 28,1984 July 14, 1985 290 18.3 -358 462 ~-0.67 428 633 037
ROO  Sept 28 1984  July 14, 198§ 290 204 240 345 -016 231 426 0122
1185 Sept. 28, 1984  July 14, {985 290 2001 —1.68 266 -083 248 325 0078
810 Sept. 28, 1984 March 8. 1985 162 49 —0.18 221 0.26 R PA) 1.51 0011

The integral tme scales are calculated using. (Ar'2)y Y, ,C,C,*. where C, is the lagg.d biased correlation coefficient and N + | the number

of points in ther series

eddies is less. Although the current at M-2 has more energy in
the clockwise spectra than at M- 1. the energy levels at the two
locations are similar. The shapes of the spectra of the currents
at M-f and M-2 differ from those found in the basin and at
M-3 It 1s not so much that there is a peak of energy at 10

days but rather that there is less energy at longer periods at
the M-1 and M-2 moorings than at the moorings further off
shore. The spectra {rom the moorings in deeper water show a
general increase of encrgy with decreasing frequency. At the
lowest frequencies the energy levels at the deeper moorings are
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Fig. 2. The standard deviation ellipses and vector mean velocities of the currents at 3800 m for LLWOD and at 200 m
above the bottom for OPTOMA. The length of the major axis is one standard deviation.

at feast an order of magnitude higher than those found at M-1
and M-2. although at a period of 10 days the energy level is
similar at M-1 and W-6, and at M-2 and W-7. The entire
spectrum from M-3 is similar is shape and magnitude to those
from W-7 and W-8_ its nearest offshore neighbors.

Although the vector time series presented in Figure 3 have a
“generic” similarity, they are not obviously correlated. Com-
plex correlations were computed between the quasi-synoptic
records at 3800 m and are presented in Table 3. There are no
significant correlations at the 99°; level. This is not totally
unexpected. since the baroclinic Rossby radius of deformation
in this region is approximately 25 km and the moorings are
separated by at least 50 km. The highest correlations among
the LIL.LWOD array were found between W-8 and W-9 and
between W-5 and W-8. The current record at 3800 m at W-§
is only half the mooring deployment length, owing to failure
of the current meter, but the record at 3000 m lasted for the
entire period. Since the deep currents at W-8 are very highly
correlated in the vertical (Table 2) the horizontal correlations
were recomputed using the longer 3000-m record at W-8. It
was then found that correlations between W-8 and W-9 and
between W-8 and W-5, were significant at the 99%, level (listed
in Table 3). In both cases the currents at W-8 lag the current
measured at the neighboring instrument by several days. in
the sense consistent with the mean flow. An examination of
the rotary spectral coherence, however, shows no bands of
high horizontal coherence between W moorings. The most
significant correlations among all the horizontal pairs were
between M-1 and M-2. This pair is correlated at well above
the 999", level. The rotary spectral coherence shows two
bands of high coherence. one from 7 to 15 days and the other

centered at 35 days: the coherences are strongest in the clock-
wise but also significant in the anticlockwise direction. The
scalar coherence between the meridional components is also
significant in the 7- to 15-day band with negligible phase dif-
ference. and at 35 days where the phase difference is nearly
180 .

3. TEMPORAL VARIABILITY

As mentioned in the introduction, the mooring site W-9 was
instrumented for 5 vears with six sequential moorings (W-1, 2,
4, 9. 10, and 1), producing continuous time series records

TABLE 2. Vertical Complex Correlations

Rotation 99"« Signifi-
Depths. Length., Corre- {+ACW), cance
Mooring m days  lation deg Level

W-§ 3000 vs. 3800 184 0.78 -1 0.23
W-5 3000 vs. 4200 384 0.73 0 0.24
W-§ 3800 vs. 4200 R4 0.89 a 0.28
W-6 3000 vs. 3800 308 0.88 N 0.29
W-6 3000 vs. 4200 308 0.84 ] 0.2%
W-6 3800 vs. 4200 308 099 -5 0.27
W-7 3000 vs. 3800 384 091 s Q.35
W-7 3000 vs. 4200 384 084 N 0.34
W-7 3800 vs. 4200 384 097 0 0.34
W8 3000 vs. 3800 190 093 -5 0.49
w-8 3000 vs. 4200 45 083 0 0.59
W-R 3800 vs. 4200 45 099 ! 0.59
w9 3000 vs. 3800 23R 078 3 0.38
w-o 3000 vs. 4200 238 0.75 =2 0.37
w-9 IR00 vs. 4200 238 09§ 0 041




S1aBENO AND SMITH DErp-Sta CURRENTS Oy NOR THERN CALIFORNIA

S O P O T T T S T S U T O F T T ST

a

l

‘
|
UMM U A NN ORI

AL, SEP ocT NQOv JEC AN FEB MAR APR MAY GUN Uil AUl SEP

198 T9B2

[FVTVPIONTE FIVITTTIY FUCUTTTTE UTTIUTIUY NTRTOUIDY FOUSUTITY VUNUTTIITY FIVYISTRYE IO STV SUSOYTOYIY |

15 cm s} b

N

AR e E R AR SR A RS AR e e EE RA RS ARE S AR AR AR ARARASS S S RARRASRARS ARRA SRR SS AARASSASERARARS RS
L T T h T ki T T Al T

SEP oct NOV DEC JAN FEB MAR APR MAY JUN JuL
1984 1985
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Rotary spectral energies for (¢) the five vector time series shown in Figure 3a and (h) the three vector time series

shown in Figure 3b. The heavy line 1s clockwise and the lighter line anticlockwise. Also shown is the 90". confidence

interval.

varying from 2 years (at 150 m) to 5 years (at 3800 m) in
length. The availability of current records that span several
years provides the opportunity not only to examine the low-
frequency variability (Jess than 10 ? ¢pd) but also the observe

TABLE 3. Horizontal Complex Correlations
Separa- Rota- 99, Signifi-

tion.  Length, Corre- tion. Lag, cance

Moorings km days lation  deg days Level
At 3800 m
W-9-W-§ 92 3718 0.1s 10 -3 031
W-9-W.6 80 308 0.23 -15 -4 0.29
W9 W.7 148 178 0.26 70 2 0.37
W9 W.8 S0 188 044 - 55 4.5 045
W-8-W.5§ 127 188 0.38 137 i 042
W-8 W-6 68 188 0.13 120 -4 0.34
W.8-W-7 101 188 0.12 -28 0 0.50
W.7-W-5 227 378 0.20 145 0 0.32
W.7-W-6 104 308 027 -70 -2 0.30
W.6-W-5 172 308 0.18 70 0 0.27
Instrument at W-8 ar 3000 m
W.8 W.§ 127 378 0.32 124 -0.75 0.29
W-9-W-8§ SO 178 0.32 --60 5 0.32
OPTOMA Within 200 m of the Bottom

M-t M-2 100 284 0.33 - 134 S 0.18
M-1-M-3 100 161 0.18 30 3 0.27
M-2 M-3 100 161 0.19 120 8 0.27

how representative a given year 1s. The vector means and
ellipses (Figure 5) are shown both for the composite of all the
data at a given depth and for each mooring period. Since each
mooring was at nearly the same position, this allows an exam-
ination of the temporal variability from mooring period to
mooring period. The actual depths vary by less than 50 m
from the nominal depths given in Figure 5. As in Figure 2. the
mean velocities are less than the standard deviation, except at
W-4, which was deployed for only 5 months during the spring
and summer of 1981. During each deployment period, the
statistics of the three deeper current meters are very similar
but differ considcrably from those at 1250 m. For these deeper
instruments, the variations of the currents with deployment
are greater than the variations with depth for a given deploy-
ment. During each period there is a southward component of

TABLE 4. Complex Correlations Between Currents at W-9

Rota- 99 Signifi-
Depths, Length, Corre- tion, cance
m years lation deg Level
3800 vs. 1250 29 0.44 - 018
3800 vs, 3000 34 0.80 -3 0.16
3800 vs. 4200 kA 0.88 -2 016
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Fig. S The standard destaton ethipses of the currents from the six sequential moonngs that form the S-year time series
at the W-4 site. The composite is the average for the complete data record at that depth. there ts at least 4 vears of data in
each composite. The length of the major axis 1s one standard deviation.

the velocity at 3000. 3800. and 4200 m. At 1250 m the tempo-
ral variations of the mean current and of the orientation. size.
and shape of the ellipses are even greater than at the deeper
instruments. At least 4 vears of data are used in the calcula-
tion of each composite standard deviation cliipse and mean
velocity. The composite statistics at the three deeper instru-

ments are very similar. with the ellipses almost circular imply-
ing the flow variabithty o be almost isotropic) and a small
southwatd mean current. Even though the mean southward
veloaity s smalloatis significantly (990 different from zero at
the three deeper mstruments. {The standard test of the hypoth-
esis H, o p = O aganst the alternative H, o < 0 for a normaliy
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Velocity at 3800 meters

Fig. 6 The S-year time senies of velocrty at 3800 m at the W9 site The low-passed time senies of the L-hourfy vefoan
vectors was obtained by joiming the records from the six moornings that spanned the period
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big 7 The enerpy-preserving spectral densiy for the
INOO-t veloaty tmessenies shownom bigure & They have been dinid-
ed mto tour mam bands. as Bisfed e texts with the energy in cach

ratars

hand shown

distnibuted series was used. The number of independent esti-
mates s taken as the length of the record divided by the
itegral ume scale of the seres ) At 1250 mthe cllipse s also
nearly circular. but the long-term mean does not ditfer signifi-
canthy trom sero. The moorning period that encompasses El
N of 1952 1953 (W 103 does not stand out as being unusu-
al at these depths

Rotiry correlation coefficients were calculated between the
currents at 3800 m and those at 1280, 3000, and 4200 m using
the longest possible records and are histed in Table 4. Approxi-
mately 3 years of data were used in cach calculation, and they

FABIE S

Dier-Sea CURRENTS OFF NORTHERS CAtITORNIA

contirm the high vertical correlirtions between currents within
1500 m of the bottom. The persistence of the hagh correlastions
over several years shows that this s & consitent feature of the
deep flow 1 the region. The mavimum correlation between
the currents at 3800 and 3000 m (or 4206 my s at zero fag and
with negligible rotation of the velocity vectors with depth. The
correlation between currents at 1250 and 300 m i~ consider-
ably less (044 versus 0.88) than among the deeper currents but
st signiticant at the 997 devel. The masimum correlation
between the currents at 1230 and 3800 mis at 0.5 day Jag. but
the coeflicient at this fag 1s the same (o two significant digits)
as that at zero lag. The only other depth at which there s
more than | year of data s at 130 me: analysis of this 2-yvear
record shows that the currents at 3800 and 150 m were un-
correlated tat 907 Jevell,

4 ANADYSIS oF e Viry LosG T Series

An exammation of the S vears of i2-hourly velocity vectors
at 3800 m higure 6) shows g generally southward sveloaty
with pertads of highly rotary behavior at wregular intervals.
Almost all are clockwise and appear as interruptions of the
generally steady southward flow. One of the few anticlockwise
occurrences happens in November and December of 1983
Each event lasts from a couple of weeks o a couple of
months. Because of the highly rotary behavior of the currents
during much of the record. it was analvzed using rotary spec-
tra techniques.

The 3800-m record is almost twice the length of the current
record discussed by fmawaki and Tahano [1982] for the west-
ern North Pacitic. To compare the 5-yvear record shown here
with their results. the rotary spectra are presented i an
energy-preserving manner (Figure 7). This analyss overesu-
mates the energy in the lowest frequency band by less than
S0 As expected from the examination of the time series. the
band from about 20 10 100 days contains signilicantly more
clockwise energy than anticlockwise: however. the energy at
longer periods is more evenly partitoned between clockwise
and anticlockwise. The component spectra tnot shown) have
more energy 10 the mendional low than the conal. Following
Imawaki and Takano. the spectrum has been divided into four
bands: periods greater than 120 davs tannual scalo): periods
betwen 120 and 31 davs ttemporal mesoscale as detined by
Schmirz 1978 penads between 31 and 1o days imonthiy
scales): and periods between 1.5 and 16 days (synoptic weather
scale). For clockwise rotation, most of the energy 15 i the

bstimates of Kinetic Faergy tand Percentage of Totah) for Four | requency Bands at
MDifferent Depths at the WaY Site and at a Site 1n the Western North Pactfic

S-Year
Record IYear Record
Penod o). fawaht & Vakano, - - —-———- —— =
ditys 40000 SO0 m RN m IRVO m 1250 m 150 m
I ~120 L6241 1202580 SA37 444 23 (M
[T SN 44 (65 . . MRINES S EXXRRERN] 644207
Ho- oo 16 NaY ) 073418 ORS (18" 1374110 1O
1t ! 023 036 11170 0.44 (9 R0

-1 4

ORS (7700

From Jowoht and Takane [ 1982 ] 1 simates at the 150-m level are from the 630-day record
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temporal mesoscale band. while for anticlockwise the energy is
almost constant across the four bands. The total kinetic
energy is shown and can be compared with the results of
imawaki and Takano. which are listed in Table 5. The total
kinetic energy in the four spectral bands is also listed for: the
3 years of 1250-m currents, the 3 years of the 3800-m currents
which are simultaneous with the 1250-m record. and the 2
years at 150 m. These will be discussed later in this section. In
general, the cnergy levels are higher in the western North
Pacific than in the eastern North Pacific off California. A
greater percentage of the energy in the deep eastern North
Pacific is in higher frequency bands (T < 31 days) than in the
western North Pacific. and less than half the energy is in the
temporal mesoscale band compared to almost two thirds of
the energy in the western North Pacific record.

Velocity vectors for 4 years of data (with a 45-day gap at
the end of the first year) 4t 1250 m are presented in Figure 8.
It has becn noted (section 3) that the currents at 1250 m arc
significantly correlated with those at 3800 m. so it is expected
that there arc apparent similaritics between the currents at
these two depths. The most notable similarities are the behav-
jor of the currents at the end of 1982 and 1983, and the eddies
seen in April and May 1981 and in May 1984. Diflerences are
also apparent: at 1250 m there was a strong eddy present in
January of 1983 which is barely discernible at 3800 m: duning
the first several months of 1984 the strong steady northward

rﬁv“_.__ P — R g
r STABINO AND SMEH: DEre-SEA CURRENTS Ot NORTHERN CalIFORNA Thi
[P O PR U NN T RSO J R . Il
1980
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Velocity at 1250 meters

he fow-passed tme series of the 12-hourly veloaity sectors for the currents at 1230m

current at 1250 m contrasts with the generally southward but
variable current at 3800 m.

Rotary spectra for the three 3-year continuous record at
[250 m are presented (Figure 9) in the same energy-preserving
manner as for the 3800-m record. Rotary spectra for the 2
years at 3800 m that are simultaneous with the time period of
the 1250-m record are not shown, because they are virtually
the same as the S-vear record. This can be scen in Table 5
where the energy levels in each frequency band of the S-vear
record and the shorter 3-year record are almost identical. As
at 3800 m. more cnergy is found in clockwise rotation than
anticlockwise, but the difference is not as large as observed at
the deeper instrument. Table 5 shows that there is also a shift
of energy to the red at 1250 m. At 3800 m. almost hai( the
cnergy is in the teinporal mesoscale. twice a much as in the
annual band. while at 1250 m only 38", 1s in the temporal
mesoscale and over 44", in the annual band. These are similar
to results found by Schmirz [1978] near the thermochne.
where the temporal mesoscale was masked by lower-frequency
energy.

The stippled areas (Figure 9 indicate the frequencies where
the currents at 1250 m are strongly coherent (greater than
95", significance level) with those at 3800 m. These frequency
bands of significant coherence are very robust and persist re-
gardless of the sampling period used or the statistical tech-
niques that are applied. 1t is interesting that the highest coher-
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Fig. 9. The energy-preserving rotary spectral density for the cur-
rents at 1250 m. The stippled areas are those frequencies where the
currents at 1250 and 3800 m are coherent (957 significance level.

ences at the lowest frequencies are in the anticlockwise band.,
while at shorter periods (40- 50 days) the high coherences are
in the more energetic clockwise rotations. The coherences be-
tween the currents at 3000 and 3800 m and between those at
3800 and 4200 m were also examined. The highest coherences
between 3000 and 3800 m were found for clockwise rotation,
where all periods longer than 10 days were coherent (957,
significance). while for anticlockwise rotation the coherent
band is limited to periods longer than 25 days. The high co-
herences between currents at 3800 and 4200 m extend to even
shorter periods to include thosc longer than S days in the
clockwisc and 15 days in the anticlockwise.

Also listed in Tablc S5 is the total kinctic energy of the

currents at 150 m in the four bands previously defined. This
t

record 1s only 630 days long but shows the general trend of
the energy shifting toward the red with decreasing depth At
150 m there 15 a loss of the rotary signature that was very
strong at 3800 m and sull evident. aithough weahened. at 1200
m.

S VirrIicat SIRUCTURE

Five of the moorings (W-10, W-11. M-1, M-2. and M-})
extended to within 400 m of the surface and provided time
series of the currents at depths where the California Current 1s
expected to be observed. Moonngs W-10 and W-11 were con-
tinuations of the W-9 mooring in Figure 2. For the five moor-
ings. ellipses and mean currents are shown (Figure 10). The
length of the records is chosen so that each record from a
particular mooring has the same start and end dates. The
length of cach OPTOMA record 1s 278 days. W-10 » 344
days. and W-11 is 285 days. (The W-11 statistics differ shightly
from those shown in Figure 3 since a shorter time period is
used here). A southward flowing California Current is not
apparent in the mean of the shallower current records. al-
though the deeper currents have a southward mean flow that
s significanty  different from  zero. The cnergetic low-
frequency variabihity s readily apparent in the vector time
series plots (Figure 1) of W-10 and M-2. the two moorings
with the most complete vertical resolution of the currents.

In general. the currents are stronger near the surface. The
magnitudes of the standard deviation ellipses at M-2 decay
almost hinearly with depth. while. at W-10, the sizes of the
ellipses become nearly constant at 600 m and do not decrease
helow this level The ellipses from the shallower instruments at
all the moorings are very eccentric with a tendeney for north-
south orientation. while the mean veloctties are variable and
not signthicantly different from zero.

Moorings W-10 and W-11 were mm the same geographic
location during two different years. The variations of the deep
currents from moornng period to moormg period were dis-
cussed in section 3. The currents within 600 m of the surface
are also highly vaniable from yvear to year. The shape and
orientation of the ellipses at 150 and 600 m (W-10} are similar.
although the magnitudes differ considerably (Figure 10}, Qual-
itatively. the currents (Figure 11a) at 150 and 600 m appear
very similar. while the currents at 1250 m appear to be a
transition from the shallow to the deep currents. It is also
evident that the small. intense eddies present below 1250 m
are almost nonexistent in the two shallow records.

Fyvidence for the presence of subsurface eddies is not limited
to the current meter records. During August 1981 a series of
conductivity temperature depth (CTD) casts were done along
39 20'N from 129 W to 126 W. A depression of the deep iso-
therms by 100 m was attributed to the presence of a cyclonic
eddy [Heath et al, 1984]. The eddy was at least 5S¢ km in
diameter and was strongest at 38X m. This s similar to the
behavior of eddies found 1in the current measurements. They
are lenslike, 1e.. contined in the honizontal and vertical.

The nonunal depths for the OPTOMA instruments are
given in Figure 10; the actual depths vary by less than 50 m
for the four upper current meters, and the deepest instrument
ix 200 m above the bottom. At cach mooring the statistics of
the two shallowest instruments are very similar, while the sta-
tistics from the deepest instrument differ markedly from the
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Fig 10. The vector means and standard deviation ellipse for the three OPTOMA moorings and the two LLWOD
moorings with the most complete vertical resolution. The length of the major axis is one standard deviation. Nominal
depths at the left are for W-10 and W-11: those at the right are for the M moorings.

others. Figure 115 shows the current vectors for M-2. Here the
four shallowest records (at and above (200 m) are very similar,
with the strength of the current decreasing with depth. There
appears to be little rotary behavior in the four upper records.
The current at the deepest instrument is not only much
weaker but has a shorter time scale than the shallower cur-
rents.

Rotary spectra for the M-2 currents are shown (Figure 12h).
The heavy line denotes the clockwise rctation. As expected
from examining Figure 11, there is not any significant rotary
behavior in the four shallower records, but the current at 3560
m does have significant clockwise rotation at the lower fre-
quencies. At each depth (excluding the deepest) there is an
increase of energy toward low frequencies. The magnitude at
the lowest frequencies decreases with depth. These can be
compared to the spectra from the year-long records for W-10
(Figure 12a). The strong rotary behavior of the deep currents
is evident even in these shorter records. The energy levels are
very similar at the shallowest instruments on W-10 (150 m)
and M-2 (145 m). The spectra at M-2 at 1200 m are very
similar to the anticlockwise spectrum at W-10 at 1250 m. but
the spectra at the deepest currents differ at the two moorings,
with the lowest-frequency energy levels much less at M-2 than
at W-10, as noted in section 2.

To further investigate the relationships between currents at
different levels in the moorings, we compute the rotary corre-
lations betwecen the currents for the two moorings sites with
the best vertical resolution. A list of corrclations between the
current meter records at W-10 is given in Table 6. As expected
from visual examination of the records. the currents at 150
and 600 m are highly correlated. as are those at 3000 and 3800
m. The currents at 1250 m arc significantly correlated with
those above and below. but there is virtually no corrclation
between currents at or above 600 m with those at and below
3000 m. Listed in Table 7 arc the correlations between the
currents at each depth at the M-2 mooring. The four shallow
records are sigriticantly correlated with each other. The cur-
rents at 3560 m are not significantly correlated with any of the
currents above 1200 m.

To examine the vertical structure, empirical orthogonal
functions (EQF) of the covariance matrices for W-10 and M-2
are calculated following Kundu and Allen [1976]. The results
are shown in Figure 13 and Table 8 Most of the energy for
both M-2 (90",) and W-10 (66",) is in the first mode. The
second mode at both moorings contains over 60% of the
remaining variance and has a zero crossing above 600 m. This
results in over 90", of the total variance being explained by
the first two modes and over 68°, of the variance at each
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depth being explained by a ~ombination of the first and
second modes (except the deepest instrument at M-2). At each
mooring, the structures of both modes differ considerably
from the mean velocities, which are also shown.

A statistical test for significance of EOF modes is given by
Overland and Preisendorfer [1982]. Their results are for scalar
EOFs and are not applicable to the complex FOFs that are
used here. Following their development, the 99", significance
levels for complex EOFs were calculated using 10 series, and
each series consisted of 60 independent values. At both moor-
ings the percentage of variance for which the first mode ac-
counts is well above 33, which is the 99% significance level.
The second modes would fall below the 99, significance level
(38"} il calculated from the percentage of the total energy.
They are significant, however. if compared to the percentage
of the remaining variance for which the second mode accounts
(28 ,). after the variance in the first mode is removed.

At mooring W-10, the first mode is most highly correlated
with the currents in the upper water column. The second

mode is more highly correlated with the deeper currents. In
fact, the second mode appears to be related to the eddies
found below 1200 m. The strength of these eddies is the main
reason that the percent of variance explained by the second
mode is so much greater at W-10 than at M-2, The strength of
the February 1983 eddy, which is most energetic at 3000 m,
results in only 7" of the variance at 3000 m being explained
by the first mode (Table 8). If the time periods of the strong
eddies are deleted from the record, then both a greater per-
centage of total variance and a greater percentage of the vari-
ance at each of the deeper instruments (at 3000 m it increases
to over 20% from 7%) are explained by the first mode.

Unlike mooring W-10, M-2 does not experience strong
eddies. and. because of this, the first mode accounts for over
90"% of the total variance and almost all the variance of the
two shallowest current records. The second mode accounts for
most of the variance at 800 and 1190 m. The current at 3560
m is not correlated with either of the first two modes. It is not
surprising that less than 8 of the variance of the current at
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TABLF 6. Complex Correlations Among Currents Records From Different Depths of Mooring W-10
P50 m 600 m 1250 m 3000 m
Corre- Rotation, Lag. Corre- Rotation, Lag. Corre- Rotation, Lag. Corre- Rotation, Lag.
lation deg days lation deg days lation deg days lation dey days
6 m (L34*
(AR 384 13
R 13 0.25§
1250 m 0.34* 0.37*
037+ 29 Q.50+ 12
0.34% S0 K758 0.61% 17 2.5
3000 m 0.34* 0.37% 0.30*
007+ -4 021+ 5 0.50% -1
008 K 9.8 0.23% 7 208 0.50% S 0.75§
W0 m 034* 0.35% 0.30* 0.30*
026+ 19 (L37+ 7 0.53% { 078+ N
02063 40 RN 0.37% 1 125§ 0.54% 4 0.50% (178§ 3 0.25

94 Sigmiticance fevel

TAL zero Lag.

T™Mavimum twithin = 10 dass lag)
YRow feads column for positive lag

3560 m is explained by the first two modes. since the deep
currents are not correlated with any shallower measurements
on the M moorings.

The empirical modes can be compared with the dynamical
mode shapes obtained by solving the standard cigenvalue
problem with a flat bottom [ Kundu et al.. 1975]. The Brunt-
Vaisala frequency. N(z). which is a necessary input to the com-
putation of the dynamical modes. was obtained from CTD
casts that were done during September 1983 for W-10 and
during July 1985 for M-2. Both the CTD casts were within 10
km of their respective moorings. Several other CTD casts
made during different scasons within 100 km of the mooring
were used to test the sensitivity of the modes to seasonal

changes. The first mode was not affected by these changes.
The second mode’s general structure remained the same, but
the zero crossing varied in depth by 100 m depending on the
N profile used.

The first and second normalized dvnamical modes and the
empirical orthogonal functions are plotted (Figures 14a and
14bh). The amplitudes of the EOF modes were obtained from
the EOF vectors tshown in Figure 13) by using the length of
cach vector projected onto the 150-m vector (x axis). The
shapes of the first empirical mode and dynamical mode are
very similar at W-10 and at M-2. Both the dynamical and
empirical functions for the second mode have a zero crossing
above 500 m. with a4 maximum amplitude between 700 and

TABLE 7. Complex Correlutions Among Currents Records From Different Depths of Mooring M-2

145 m 3M0m R0 m 1190 m
Corre-  Rotation, Lag. Corre-  Rotation, Lag. Corre- Rotation, Lag.  Corre-  Rotation, Lag,
lation deg duys lation dey days lation deg days lation deg days
0 m 043+
090+ 1
0.90% | 0.00§
AN m 042+ .46+
071+ X .84+ 7
071t 9 050§ U84 7 0.25%
1190 m 041 045 0.36*
0.57+ 10 0.70+ 2 0.83+ 7
059% 15 1508 0.71% 24 1.25§ 0.83% 7 0.008
360 m 0.25* 0.27* 0.27¢ 0.27*
0.104 14 0.17+ 45 0.20+ -0 0.20+ -27
0134 10 -~ 98 0.18% —45 0.508 0.20% -30 0.508 0.21% - 26 0.508.

*99° .. significance level.

tAL rero lag.

tMaximum (within + 10 days lag)
§Row Jeads column for positive lag
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00 m. At W-10 the second empirical mode has « much Lirger
magnitude than the dynamical mode at 3000 and 3800 m
owing to the strength of the transient eddies

6. CONCTUSIONS

The region offshore of the continental margin of northern
Califormia s an area of low mean current even though it s
within the Califorma Current. The currents in the upper ocean

TABLE 8 Pereent of Vananee Faplaned e Fach Depth by the
biest Two Comples Empinicad Orthogonal Funcnons, at the W10
and M-2 Moornings

Mode | Mode 2
Wt
1s30m ERS N
[ LN ] 0
[X50m 4 M6
XK ) - N4
INENH Iy 0 Y
AY B
145 m s N
30 m 92 <
KM m 63 o
1190 m R} 7

1560 m M 6
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are highhy variable. witn no sipnihicant mean mendional flow
I e

mean current s donunated by eddies i the reeron and abo

but with a arge rims amphtude of the order of Toam s

mtlucnced by the “squirts™ or “cold filaments™ that muay ong-
mate in the vicimty of Pomt Arena and Cape Mendoamo and
extend as far onfshore as moonmg W-9 (300 kmy The behavior
of the currents i the 1500 m above the hottom vares sienih-
cantly from that of the currents in the upper 00 m - At cach
moormg site 1 the basin there as high vertical coherence be
tween the currents in the bottom 1500 m. where there is weak
but signiticant southward flow  The measarements suggest the
rundom occurrence of many intense. probably smali-scale (di-
dameters of the order of 3G kmi lenshke eddies They may be
formed at the Mendocme escarpment and transported ~south-
ward

The behavior of the currents shoreward of the 4000-m depth
contour ditters from that of the currents i the deeper basin
The nearssurbace currents are clearly 0 the region of strong
squirts and jets o fact, durmg the sprimg that the M moonings
were e oplace o promnent et ongimated ncar Point Arena.
passed between M- and M-20and oxvtended westward bevond
NA3In Frgare 1t can be seen that these OPTOMA moor-
mgs form o nearly equilateral trangle with sides of appros-
mately 100 km, waith M-1 northwest of M-20 Dunng the time
the cold filament was apparent nosatellie IR mmages. thete

was g comvergence ol the current an the upper 300 mi hetween
Mo and M-2wath oftshore flow at the mooring turthest west.
M-3 The upper currents tabove 400 mym the rewon near the
contmental margin are ddearhy influenced by the structure of
the gets that occur there The behavior of the deep currents
shoreward ot the 4oou-m sobath also difters markedls Irom
those seaward. AU M- and M-2 the time series of the deep
currents appear as b band passed. with much of the very Tow
hequeney energy Lhiered rom the currents This may. i part,
be caused by the provmuty o the slopes which s approsa-
mateh one Rossby tadius awany

An obuvous question remans. What s the source ol the

v

ligh vanabihty * Although the mean current at all depths

measured s osmalb (O em s N the eddshihve varabihny s
strong. and subtidal currents greater than 10om s ' are com-
Noble ot al [TIN6P ] found some

weak evidence for wind torcmg at subndal peniads, <horter

monly sustamed for weeks

than 10 davs. usig relatively short records In subsets of the
basn carrents data they tound evidence that the currents.
with perods of several dass, hase characterstios sinlar to
those predicted by stochastue madels Tor wind-tarced flow in
the open ocean This does net seem o be the case for the
vty on the more energenc emporal mesoscale and
annual bands We have calculated the cumpley correlation
coctlicients between the winds at two Natonal Data Buoy
Office NDBO buoss, B0 glantude 42 0N and B-14 (lan-
tude 39 12N and the cutrents measuted at W-T100 There was
no signtheant corrclation between the winds at erther of the
wo buovs and the carrents at 35S0 m An exanumanon of
cohicrence between o 34 vear record of the carrents at 3800 m
and wind stress at B 02 shows no bands of high coherence on
perods fonger than o week A tharough analysis of the re-
lanonship betacen the cantents and the winds remains to be
done, mcludimg a test ol the Sverdrup balance using the wind
stress curl derved trom synoptic wind ficlds, as was done by
Naler and Koblinshy [T98S] We are pursinng this wath col

leagues
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Rapid alternating vertical temperature gradients in the East China Sea
Woassy Vo Bere” Seeve Nestvpa® and Crnvoro L Tre s

(Recerved 28 Sepremher VOS2 in revised form 20 Moy TINSgoceprad 1o fulv 19SSy

Abstract Drata from an array of current meters, thermstor chains, and mcteorolosiealh
istrumented buovs deptosed e the shaBlow water (depths o1 97 to 1FS my) of the Bast Clung Sea
dutiny ANTTENCTS (Febhruary 1983y show that the sertical temperature ditterence between the 2u
and TG depths eevudariy dhermed between O Candamaamum ot 6003 ¢ Hhe pecadian ot
chanee was predommanthy that of the scnndiirnad tde, 124 Bhowath come modulanon at durnad
ot neat darnal penodicits s The verncal grachient developed most olten when canents were o
northwest disection adirection parallel 1o the averaee northwest southeast honzontad suttace
swalor rempetature sradients when the currents toversed 18600 1o the southeast, the vereal
eradients tended to decrease o disappear altoecther A explanation s given m terms o vertical
shear e the senudinrnal udal currents coupled with the stichiths tieher current speeds duninge the
olshell phase tsountheast directioni ot the careent cihipse

INTRODLUCTTON

Fo A Mass Franstormation Experiment (AMTEN-75) was one of the subprograms of
the Gilobul Atmospherie Research Proagram (GARP). Tts maan purpose was to study how
the wintertime cold caontinental ar mass is moditied as it sweeps out over the East China
Sea and the very warm Kuroshio Curcent (Miisvss, 1977a0 Lxscnow and Acry, 1974,
19760). AS part of this experiment, Oregon State University anchored buovs and current
meters COND on the continental shelt northwest of OKinawa in the waters of the East
China Sca (g 1) The buoys were equipped with meteorological sensors and thermistor
chams (TC).

Alarge data base was acquired and various resalts have already been published. [For a
sting see Mis iy (19774, be 19780 19790 The Oregon State University data was used
as i hases tor the tollowing papers. Tre s (1970) sumniarized the overall analvses of the
atmosphenie and ocean data trom the buovs, Buri and Aot (1977) described the
svnoptic and the mesoscale cellular convection cefls found in both buov and satellite-
derved datas Trosweand Breri (1981) anabvzed the current meter data. including current
roses. rotary spectra and large-scale features, Troveer al., (1982) exanuned the effects of
the mesoscale atmospheric convection cells upon the mesosceale structure of the underiyv-
g and shallow water colunm. sty er el (1984) wrote on the ctfects of mesoscale
comvective ¢ells an the sarface wind ficld over the occan,

This paper analyzes the unexpected vaniations in the vertical temperature gradient of
the shullow water colump, as measured with thermistor chans, The phenomenon is seen

College of Oceanography . Oregon State Univeraty, Convallis, OR G331 07807
Muartte Technology Division. Naval Rescarch aboratory  Washimgton, DO 20375 108 A
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i 3 Noechansim by which vertcal shear i udal currents develops verncal tempetatuie
craedhents when the currentas toward the northwest cans and tends toerase the gradients when the
cutrent s towards the southeast ¢y m the st Chima Sceancar ANTTENSTS Stac 1 The solsd lines
it show the vertical temperature distribution when the tdab current has reached s mavimam
eveursion toward the southeast: dashed Tines show the verneal temperature distobation when the
tde s readhied s manimmm excursion towards the northwest: (h) shows the severse situation

in the time series of temperature ditterence between the 20 and 70 mlevels (Fig 2) which
at times alternates between zero or nearly zero and about 0.65 C with o semidiurnal.
Alternating setup and disappearance of thermal stratification to depths of 70 mwith such
rapidity s unusual. We believe that the vanability can be explained by the alternating
onshelf-otfshelf transport of warmer Kuroshio water and cooler Fast China Sea water by
4 combimation of mean and udal currents (Fig. 3) Offshore transport results in
destabilizing the water column by an overflow at the mooring of the cooler shelt waters ot
the Fast China Seas henee the sertical thermal gradient setup prior onshelf transport ot
warmer water is destroved by vertical mixing.

DA ANOURCES

Fach of the three buov-mounted thermistor chams deploved in AMTEN-TS chowed
the thermal stratification varability, The cham data used here s from buoy Noo 1 which
was anchored at about 28 322N 125 00 48 (Fig. Ty Water depth was 97 moand the
shelt floor was quite flat. The thermistor chain was manutactured by Aanderaa of
Bergen, Norway o and provided a resolution ot 2001 Coitwas supported by o 20 mong
spar buov. Water temperatures were recorded at S momtervals between 20 and 70 m
every 10 min trom 13 to 24 February 1975,
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Currents were measured at the 20 m depth fevel at three locations during ANMTEX-7S
(Truveand Buri, JUST). The data used here e from a current meter deploved near
buov 7 which was anchored at about 287388, 12572721 some SO km southeast of
buov 1. Currents in this vicinity are dominated by senudiurnal tdal components
superimposed upon a slow drift toward the northeasts there s also some evidencee ot
currents with diurnal periods in the rotary spectra of the AMTEX-7S current data
(Truvieand Buri, 1981,

Fighteen STD casts (Salimty, Temperature. Depth) were nvade near the current meter
focation on 16 to I8 February trom the Japanese RN Tokaidaighu Marw 11 These data
are published only at standard depths and only at resolutions of G401 C gad 0.05".
(NNovy vand Naa vy 19763 Among the IS casts. the temperature difference between
200and TS prvanes from O o 0.7 Cothis range of sertical temperatare differences is
consistent with the range ot 20 to 70 m o remperature ditterences we obtined with our
thermistor cham (see the lower curse on Figo 3) and provides useful corroboration ot the
vartability of the vertical thermal gradient. Reported salimity values are too crude in
resolution o vichd usetul vertical density gradients except st depths between 75 moand
the bottom.
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Figure 2 shows the thermustor chain data (tor the period between 14 and 20 February )
after it was filtered with a low-pass symetric tapered-cosine tilter to remove fluctuations
at periods <3 ho The semidiurnal tide frequeney M is immediately apparent and is
relatively persistent.

The domnant peak i the spectrum of the temperature ditterence between depths ot
20 and 70 m occurs at 0.08 ¢ph which is the semidiurnal tide frequency (Fig, 4).

Asuperposition of the ATy, -, with a stick chart of currents oriented te 300 that were
measured at the current meter site tliustrates well that the times of oceurrence of
minimum values of AT, 5, comncide with the times when the currents were toward
southeast by cast (vectors pointing straight down on the stick chart, as shown in Fig. S
with dashed lines). The squared coherence between the AT, -, series and the current
toward [207 (southeast by cast) is (188 with a significance fesel of 99%0 and a phase
separation of about 180 (1757), the fatter an expected result for a strong negative
correlation.

DISCUSSTON
Itis clearin Fig. 5 that the current structure changes considerably at about noon on 18

February. A progressive vector diagram (PVD) of this current meter record (Tru e and
Burt, 1981: see Fig. 3. CM7) also shows that from 14 to I8 February the mean flow was

e e
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3.3 emos Dtoward 407 (between northnortheast and northeast). The correlation between
ATy -0 minima and the southeast current direction is quite strong during this period.

During the period I8 1o 21 February, the PVD showed both weakened rotary
components and a shift of mean flow to the cast by south (1007} at an increased mean
speed of 143 ems . The ATs, -0 series in Fig 5 still shows a correlation between its
minima and current vectors directed to the southeast, but the minima are less intense.,
i.¢. do not reach the zero values after noon on 18 and 19 February, which would indicate
that vertical mixing did not reach a depth of 70 m. Trosieand Buwr (1981) suggest that
this sustained radical shift in the direction of the mean flow beginning on 18 February was
due to a meander or eddy in the mean How.

HDE CURRENTAINDUCED SETUP DESTRUCTION OF NP RTIC NI
TEMPERATURE GRADIE N

Given the strong average horizontal temperature gradient being negative o the
northwest over this arca of the East China Sea (Fig. 1. the presence of strong rotan
tidal currents over this shallow sea suggests that vertical temperature gradients at a fined
site. would alternate between maxima and minima due to vertical shear induced by
bottom friction. If the vertical gradient is reduced below aeritical level. then wrbulent
mixing ted by the shear can be sutficient to mix the entire column. In this case the vertical
temperature gradient will tend to vanish. as in Figo 50 during periods when tlow s
directed to the southeast. The conditions for such a vertical mixing process are enhanced
it the tide current rose is highly clliptical and oriented parallel to the horizontal
temperature gradient direcnion: thisis the case tor tide currents in our measurement area
(Fig. 7: Trusieand Buri, 1981,

The suggested mechanism s allustrated 0 Fig 30 Given an imitial condition o1 an
isothermal, isopyenal water column. as in (a). vertical shear induced by bottom friction
during down-gradient flow (to the northwest in the East China Sead would carry warmer
water over cooler. deeper water. An STD cast or thermistor chain record at the tinish of
flood tide would vield the stable thermal stratification seen in our records (Fig. 2).

During the reverse tlow (1o the southeast in the Last China Sca). the condition of
isothermal water column would be remstated (Fig. 3b). However. if the reverse southeast
flow is more intense than the down-gradient. northwest flow. then the condition at the
finish of reverse flow is one of possible negative vertical temperature gradient and hencee
renewed vertical mixing by which the intial condition is reinforced.

Such non-symmietry does exist in the ellipticity of current roses trom the AMTEN-73
current meter records. For the flow record of current meter Sta. 7 (Fig. 3). the current
rose shown in Fig. 6 indicates that flow in the southeast direction exceeds the northwest
flow by about 20% . These data support our hvpothesis of the tidal current-induced setup
and destruction of vertical temperature gradient in the mid-shelt area of the East China
Sci.

Our current meter data also showed evidenee of occasional strong transient eddies or
meanders which could bring about ¢hanges m the honzontal temperature gradient
(Twese and Borr, 1981) If the horizontal temperature gradient was temporarih
reversed. then the relationship between vertical temperature gradients and tide currents
would also be reversed. A study of the water surtace temperature measured by the
Japanese ship Keift Maru at a tixed station near our thermistor chain showed a surface




L

Femperature gradionts wthe Basi China Sea 43

|
5

Preoo Current rose for ANTTEN T Carronmt meter Ste 7 Poraontaee o otad walor mosement
s eiven dor cach e compasontennal Mean catrent voloaty alsecshown

temperature range of over 4 C dunng the penod the chain was deploved. From a plot ot
all of the water surtace temperatures measured trom rescarch ships and fisiing vessels
during AMTEXD we tind the gencral trend swas tor temperature to decrcase to the
northwestin the manner shownm e 10 However. there were times when the horizontal
gradient was reversed due o transient eddies or meanders i the northeasterly drite

MERTECNE SHE AR

Wi the current shear between the depths of 20 and 70 m ot suthicient magnitude to
produce the recorded water temperature difterences at those depths? Ideallv . one should
have a record of the carrents at the gbove depths durmg the tme penod when the water
temperatures were bemng recorded. Untortunately no such record exists,

Occanographers trom the University of Tokvo deploved two carrent meters dunine
AMTEN-7S at depths of 80 and 103 m at a Jocation where the water depth was 1Hom
Many of the CTD casts that were made within the OSU buov aray showed o change
the water type at depths between 73 and 100 my The near-bottom water was usualh
slightly cooler and Tess sahime than the water above 75 m mdicatme o ditterent low and
mixing regime near the hottome Thus the University of Tokvo current meter data could
not be used to make arehable estimate of the shear i the warer column above adepth ot
70 m.

Occunagraphers trom Tohoku University (Sendan, Fapan) measared currents at
locution northeast of the OSU buoy array, inwater of abouat the same depth and distance
trom the shelt break CTosenyeral 19750 A special tip was made to Sendan 1o obtam
their duti and discuss occanographie conditions with the group that had made the
observations. The only data that were made available are shown m big. Ta Figure 7h
shows the currents at depths of 20 and 40 m wath the same scate. AU the start of the
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.nd 26 February durig AMTENX-S The current meters were deploved at 29 30 2N 127 128

The top dargrams show the data trom all four current meters with vertical speed scales offset by

10 em s The bottom graph shows the currents at depths of 20 and 40 m to the same verticat
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record at noon on 26 February the current speed was the same at 20 and 40 m. For the
rest of the time the current speed at 20 mwas an average of about 10 cm s ! fuster than
the current at 40 m. It this shear is extrapolated down to 70 m the ditterence in speed
between the depths of 20 and 70 m would have been approximately 23 emis ' In half a
semidiurnal tidal evele (22356 5) the ditference in the movement of the water at 20 and
70 m would have been 5.4 km. The average horizontal gradient in temperature was 6°C
in 60 nmi or 0.06° km ', If the shear were perpendicular to the horizontal temperature
the resulting temperature difference between the water at the two depths would have
been 0.357C after halt a semidiurnal tidal evele. This is the right order of magnitude when
compared to the vertical temperature gradients found in the thermistor chain data.

CONCLLUSNSIONS

In the East China Sea in the vicinity of 29°N, 125 E. in waters of 100 m depth. the
water column appears alternately to be thermally stratitied with a temperature differ-
ence. hetween depths of 20 and 70 m. of about 0.65°C. and neutrally stratificd with
isothermal structure to some depth helow a depth of 20 m and sometimes to depths
below a depth of 700 m. The phenomenon is unusual in that it occurs some 200 km from
the nearest coast. almost 200 km from the shelf break, and over flat continental shelf
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topography. These alternating states of vertical thermal structure occur with a periodicity
of the semidiurnal tide. 12.4 h.

The phenomenon occurs in an arca of strong horizontal thermal gradient. about 1°C
per 16 km. oriented from southeast to northwest and approximately perpendicular to
both the bathymetry of the shelf break and to the main stream of the Kuroshio current
which here flows southwest—northeast along the slope of the Okinawa Trough (Fig. 1).
At the latitude of the buoy array warm high salinity water flows northeast on approxima-
tely the outer two thirds of the shelf while refatively cold low salinity water flows
southwestward on the inside of the shelf (Fig. 8: Nino and EMery, 1961). Maximum
mean current speeds exceed Hem s ' (maximum current speeds exceed 70 ¢cm s7'); in
terms of percent water movement within 10° sectors, the rose shows that southeast
movement exceeds northwest movement by some 20%.

The combination of strong cross-shelt semidiurnal tide currents and strong cross-shelt
horizontal thermal gradient suggests a vertical mixing mechanism induced by differential
flow speeds. The mechanism creates an overflow of warm water during the onshelf
portion of the tide evele: vertical sensing of the temperature field during this phase vields
a thermally stratified water column. During the more intense offshedf flow phase of the
tide. cold surfice shelf water overtlows warmer. deeper water. creating the vertical
instability and subsequent vertical mixing: temperature profiles taken during this phase
show isothermal conditions to the bottom or near bottom. The mechanism is consistent
with our thermistor chain data. the STD profiles taken in the vicinity. the local tide
current eltipse. and the mean circulation over the East China Sca.

The occurrence of fide current-induced vertical mixing nearly to the bottom in 100 m
depth shallow sceas has important implications:

I Studics of shelt or shallow scas must be carefully planned to avoid placing reliance
upon serial. single samphing along cruise tracks. The alternating states of thermal
stratification and vertical mixing in our data render implausible the construction of
self-consistent arca charts of phvsical parameters measured in serial profiles during
AMTEX-7S.

2. Biological studies. particulurh ot planktonic forms. chlorophvll distribution or
species diversity. are hkely to he impacted by the alternating mixing conditions. For
example. vertical mixing is thought to be an essential element in the transfer of resting
spores of some phytoplankton from the bottom up to the photic zone.

3. Periodic. tide-induced vertical mixing events of the type reported here may be o
significant mechanism for the dissipation of Kinetic energy in eddies associated with
along-slope currents often found at shelf breaks, as well as tor cross-shelt mixing of water
parameters. There s a net flux of cold water in an offshore direction in the arca of the
buoy array.

4. Alr=sca interaction is also impacted. In our data. the tide-induced verticat mixing
events preceded the most intense cold air outbreak over the East China Sea during
AMTEX-75 and thus set up conditions for more rapid and deeper modification of the
water column as a consequence of intense surface heat and vapor tfluxes during the
outbreak.
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R

Dvnamies of Amospheres and Oceans, 10 11986y 221 24] AR
Elsevier Science Publishers BV . Amsterdam  Printed in The Netherlands

ON THE NONLINEAR EVOLUTION OF BAROCLINIC INSTABILITY
OVER TOPOGRAPHY

ROLAND A DE SZOEKE
College of Oceanography, Oregon State Universiv, Corvallis, OR 97331 (0.8, 4.
(Received August 3. 19850 revised July 14, 19860 accepted August 5. 1986)

ABSTRACT

De Szocke, RA L 1986, On the nonlinecar evolution of barochnic instability over wpography.
Dyn. Atmos. Oceans, 100 221 241

A theory is presented for the nonlinear evolution of fluctuations in a zonal baroclinic
shear flow over topography on a S-plane. It extends an carlier lincarized theory on the same
subject, which showed that unstable growth was possible for hybrid modes made up of 4 pair
of primany modes with the same frequencey but different wavenumbers, cach stable in the
absence of topography. but made unstable by topography with wavenumber that bridges the
warenumber gap between the primary modes. The slow evolution of the amplitudes of the
hyvbrid modes can be expressed quite generally in terms of celfiptic fupctions that fluctuate
regularly between maximum and minimum values determined in a complicated way by initial
amplitudes and parameters characterizing the primary modes. For small initial amplitudes.
the evolution can be described in terms of even simpler functions, i.e.. trains of hyperbohic-se-
cant pulses that recur with a period that depends on the ogarithm of (the inverse ofy the
mtial amphitude.

Maximum fluctuation velocities comparable to, or even larger than, mean flow velocities
can be achieved for disturbances of the scale of the internal deformation radius (tvpically 30
km in the occans, 1000 km in the atmosphere). topography variations 10% of total fluid
depth. and parameters tvpical of oceans and atmaosphere.

1. INTRODUCTION

The effects of topography on steady and transient motions in rotating
flows have been a subject of study for over 60 vears, dating from Tavlor's
(1923) classic expertment showing the attachment of columns of water to an
obstacle towed across a rotating tank. The presence of topography on all
sciles and the adjustment of flow to avoid it is a patent phvsical feature of
the ocean and atmosphere. Both atmosphere and ocean are warmed near the
equator and cooled near the poles (though in different wavs). The resulting
nonumformity of temperature (density) on level surfaces suggests the possi-
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bilitv of a gravitational instability i ight and dense water parcels on alevel
surface are interchanged. Hide and Mason (1975 called such @ process
“sloping convection’, but the older term is barochnic instability. coined by
Charney (1947) for a mechanism discovered by him and Fady (1949). The
mechanism is governed by the balance of potential vorucity in transient
motions. a balance which can be subtiv affected by the vortex stretching due
to topography. The effects of constant-slope bottom topography on buroc-
linic instability were studied by Blumsack and Grerasch (1972). De S7oeke
(1975) considered the effects of cross-stream topography. consisting of
constant slope plus sinusoidal components. on barochnie instabilits. He
found that certain kinds of hyvbrid instabihty could be set up by combimnimg
plane-wave modes of the same frequency but different wavenumber. where
the wavenumber difference is bridged by a Fourier component of the
bottom topography. De Szocke (1983) was able to extend this result 1o wany
topography of arbitrary orientation.

These theories have all been lincar. They produce estimates of growth
rates vahd for fluctuating disturbances that are mtally small. Pedlosky
(1970y and Drazin (1970) developed theories for the nonhinear deselopment
of such disturbances to fimte amplitude. though therr theones depend on the
hasic shear flow bemg only marginatly supercritcal with respect to barog-
linic instabilits. Charney and Devore (1979 and Hart (1979) consdered
barotropic flows bemg modified by having 1o give up energy to resonant
stationary Jhuctuations through form drag assoctated with topography: they
term this mechanism “form drag instabihty™ Charnesy and Straus (1980)
extended the analvsis to barochme flow nn two laversy. These studies
identify the form drag mstabilits as the mechanmism for transition between
multiple cquilibrium stiates. The form drag imstabihiy i~ different i nature
from the topographicatly modified barochnie imstabilitn of de Szocke (1983).

In this paper we develop a nonhnear version of de Szoeke’™s (1983
instability theorv, The method of anadvsis o simidar 100 Pedlosky's (1970,
1979) nonlinear treatment in spue . abthough the detarls are quite different.
We represent the barochnic structure of the atmosphere or oceans in the
time-honored simplest posstble wav, with two mmnnscrble Tavers, We write
down (in section 2) the guasigeostrophic potential vorticity equations for
those favers. and represent the flow solutions as o sum of mean zonal flow
and perturbation. the latter consisting of a sum of two neutrally stable
modes of the same frequency. but different wasvenumbers, that are sofutions
of the lincanzed problem without topography. Allowing for the development
of mode amplitudes on a long tme-scale. we aterate the solution to take
account of the effects of topography and nonlimear advection. In this way we
obtain a set of coupled nonhinear ordinary differentiad equations with
respect to the long ume vanable for the compley mode amphtudes. The
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interesting case is when topography possesses a Fourier component bridging
the wavenumber gap between the two modes. In section 3 we discuss the
solution of these equations. We find the existence of two exact invariants or
mtegrals of the motion: this simplifies the mathematical problem to a single
equation for a mode amplitude-squared. the solution to which can be written
i terms of elliptic functions. Although this sounds very like the outcome of
Pedlosky™s (1970) theory and there are. in fact. subtle correspondences. the
situation 1s quite different.

The expression of the general solution in terms of elliptic functions is a
bit opagque. Instead. some approximations are exploited to give solutions in
termy of simple functions (section 4). The solutions for the mode amplitudes
have the form of repetitive vacillations. When the initial mode amplitudes
are small. a maximum mode amplitude is predicted which depends on the
wavenumbers and frequency of the mode. and the topographyv amplitude.
but is otherwise independent of the nital conditions. Typical amplitudes
that might be achieved in atmosphere or ocean are computed and discussed
In section S,

2 THEORY

The guasigeostrophic equations of motion governing the behavior of
potential vorticity in two lavers of equal undisturbed depth H| and differing
density on a rotating B-plane are (Pedlosky. 1979, p. 393)

"

'].:(\51"\51)"‘/3‘"*8”:77%!::“ (n=1.2
(2.1)

o ST, )

where ¢, are the streamfunctions in the two lavers. velocities are given by

L‘,lzng¢,, (22)
and

~a b2
ro=1(gdpH, /p,f") (2.3)

is the Rossby rudius of deformation. The effect of topographic vortex
streiching is taken into account through the term

My = iI'n - (2.4)
H,

in the lower layer potential vorticity. where A (v, 1) is topographic eleva-
tion of the bottom.
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Consider motion consisting of a steady zonal flow in the upper laver with

a superimposed perturbation
v, = =8,y +y, (2.5)

nl

Scale the variables in the equations according to

(voyv)=r(x" V). [:Lr'il’.’, (2.6a.b)

U=, =l B=r, "L (2.6h.c.d)
Ry

'h;=f“;zﬂn; (2.6¢)

where A/ is a scale for topographic relief. (In (2.6b) we could set U] = 1.
However. it 1s instructive to carry the svmbol through the analvsis as a place
marker for the mean flow.) Substitute into (2.1). After droppmg primes on
the scaled variables. this gives

{(d+ U d )g +(B+ U, = S, q) (2.7a)
dy.+(B-U. = —J({.. ¢, +eny) {2.7b)
where

4, =V, (=D, ~ ¢, (2.%)
and

€= (Mh/H) U/ ) (2.9)

1 the ratio of topographic aspect to Rosshy number.

Neglect of the nonlinear and topographic terms on the right of (2.7) gives
a svstem of equations that permit plane-wave solutions which can be
baroclinically unstable under circumstances discussed by Pedlosky (1979).
The effect of various kinds of topography has been considered by many
authors, Blumsack and Gierasch (1972) considered uniform linear slope: de
Szocke (1975) considered uniform lincar slope plus sinusoidal cross-stream
components. De Szocke (1983) studied the effect of arbitrary topography.
considered as a sum of Fourier wavenumber components, on lincarized
baroclinic instability. Pedlosky (1970, 1979) and Drazin (1970) examined the
nonhinear equilibration of growing baroclinic oscillations near marginal
stability by taking account of the nonlinear terms on the right of (2.7).
Lorenz’s (1963) model of atmospheric circulation consists of 4 sct of
equations obtained by representing ¥, by a Fourier series of spatial compo-
nents truncated  after a relatively small number of terms. This model
includes simple oscillatory topography representing the global structure of
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the contments, and is driven by an idealizaton of the menidional heating
distribution. Charney and Straus (1980) used a form of Lorens's (1963
madel o produce a theory of nultiple equibibric. involving nonlinear inter-
actions between flow components and topography. to explain the phenom-
enon of atmospheric blocking.

In this paper. we consider the nonlinear equilibrations of the kinds of
topographic baroclinic instability discovered by de Szocke (1983)0 This
carlier work considered topography as an extension of Eadyv’s (1949) con-
tinuous model with linear shear and linear stratification. but no ff-effect. We
have chosen to work with the lavered model because 1t s not essentially
simpler than Eadv's model. while the inclusion of effects of Earth’s curva-
ture (B-effect) is quite easy. Both the Eady and lavered models fitter
critical-laver instabilities and furnish short-wave cutoffs for the baroclinic
mstabilities. On the other hand. models like Charnev's (1947). with continu-
ous shear and nonzero meridional potential vorticity gradient. permit msta-
bilities at almost all wavelengths.

2.0 The linear solurion

By neglecting topography and nonhnear effects in (2.7). plane-wave
sohutions of the form

v, =d, explik. v —iwl) (2.10)

mayv be found. These must satisly
d, w—hk L

wlh"= 1)+ Ak (B-L))
= s e =l k)

de le— A U)K+ 1) = h (f+ 1) w

(2.11)
The second of these equalities gives a dispersion relation whose solution s

w iy g ,B(I\:‘*‘l) [I[§f+('lr‘/\4(l 4AJI)]I

/=0 + o = =cth’)
k(h +2) Kok +2)

(2.12)

For |B/0, | < 1. unstable solutions (e complex « with fm o« > ) are
possible in the wavenumber range given by

I IRV VSN HRRY SR [T S SUN




Fig. 1. Constant-frequency lines on the wavenumber plane for 8,0, = 2. Solid lines denote
A > 0 [eq. 2.32]: dashed, A < 0.

This is the range of classical baroclinic instabilitv. discussed fullv by
Pedlosky (1979). Of more interest for our present purposes are the wive-
number ranges of neutral stability (/m « = 0). Figures 1 5 show loci of
constant (real) w on the wavenumber plane for 8/0, = 2. 0.9. 0. —0.5. -2,
respectively. For large wavenumber. A — . phase speed ¢ tends 1o 1 or 0.
while the amplitude ratio p tends to s or 0. respectivelv. The former
corresponds to waves confined to and advected by the upper faver, while the
latter corresponds to waves in the lower layer. For this reason. de Szocke
(1983) termed the two branches of the Eady model the *top-intensified
mode’ and the *bottom-intensified mode’. These are the only branches that
oceur for =0 (Fig. 3). However. for 8 # 0 the terminology is inadequate or
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Fig 2. Like Fig. 1. except 8/0, = 0.9.

misleading. For | B/L, | <1. 8+ 0 (Figs. 2 and 4). there is another pair of
stable branches at wavenumbers below the classical instability range. For
|B/U, ) > 1. (Figs. 1 and 5). these branches are continuous with the high
frequency brancies. In either event, towards low wavenumber (2.12) can be
approximated by

w B B

S =120 L 120 -

k ' A+ 2 k-

These correspond to the baroclinic and barotropic Rossby wave modes.
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respectively. Doppler-shifted by the meun speed of the entire water column
12 0 The respective amplitude ratios are =1 and » 1

2.2 The nonlinear solution

Suppose topography g, contains components like

1];&‘\[1(//:1')) - C.C. (2.13)

where “e.c” denotes the complex conjugate of what precedes it. We seek an
approximate solution to (271 including nonlinear and topographic effects.
of the form
?
L=y A Ta,, expiih oy — fw,t | + ¢+ higher-order terms. (2.14)
pol

We take the first two components of this form to be primary linear modes at
the same basic frequency so that

wy=w, =k (ki) =k .c(h7) (2.15)
(subscripts on the frequency will hereafter be dropped). and
u:/‘:l.ul/,:,u/,:u(lll,)furp:].2 (2.16)
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Fhe tme-dependence of the amplitudes 1 ) s implicitly assumed to be
slow compared 1o the primary frequency w. The third mode we take to bean
approvimutels steady correction e, = () to the first two. generated by their
nonhnear and topographic interaction at the difference wavenumber 4, = k|

A s amplitude man he readily caleulated by balancing coefficients of
explrh - vrm 2.7 This gives

TR N PR LIS {2.17)
with
e, loay = e 8 (2.18)
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where
B! w B/ + 1) 1
N VPl
T - (2.19)

Q "=k, -k - = T e
- L, {w—h UNe—-hA L) «

{2.201

[N

Tk Xk,

Ky =

The development in time of the primary mode amplitudes needs to be
calculated. To see how this must be done. we observe that substitution of
(2.14) into (2.7) leaves unbalanced terms of the form €, exp{ih -y —iwr}.
p = 1. 2. Because they are eigenfunctions of the linear operator contained
within (2.7). these terms would tend to generate secular resonant contribu-
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tions among the higher-order terms. As this 15 unacceptable. the tume
development of the primary modes A4,(¢). A.(r) is allowed to adjust o that
no higher-order resonances occur. This is done by making the unbalanced
terms. put in a form compatible with the self-adjoint version of the lincar
operator in (2.7). orthogonal to the lincar solutions (Kevorkian and Cole,
1981). This gives two solvability conditions. p (w4 L)) 'C) 4w 'C,
= 0. for p = 1. 2. Now the C,  contain three tvpes of terms: (h lmm of the
form A (1), from the slow dc\elopmcm of the pnimary modes: (2) terms of
the form 1.4 . from the interaction of the primary modes with topography:
and (3) terms like [ 4| 3.41,. from the nonhincar iteraction. The coefficients
in these terms can be readilv. if laborioushv. computed. The solvahihty
conditions may be finally written

NoA + ik A AL Fengn AL =0 (2.21a)
)\:A': F iR N A AL+ ek A, =0 {2.21h)
The coefficients are

R LR T T A N R Y SR I

A = — B oot - s
T e =k L) Q w w ¢
-;Llp(/?+ll) w B
i e e — A 12.22)
(w—hA T"He-hA L) Q W’
and
. dQ, d»
A, = AR I =whk - T, ds ]
w1 lw =k L))
(B+ Uy 8-
:o.‘/\‘“, ____l" L (2.23)
(e—-k L)) w”

where dQ, /dv =B+ (-1" 'L, is the background potential vorticity
gradient in cach layer.

Equations (2.21). with thetr initial conditions. describe the nonlinear
development of the mode amplitudes 4 interacting with topography at the
bridging wavenumber A, =A, — k.. \Lgh.umo topography (57, =0) and
nonlinear terms, we nust haw either A, =0 or A (1) =0 for cach mode.
The former is the well-known Charney Surn criterion for barochnic msta-
bility.

By neglecting the nonlinear terms in (2.21). we obtain equations whose
solutions can be casily written down

A(0) =4,(0) e (2.240)
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where

A,/4,= —exm /A0 (2.24b)
o = K, len | /AN, (2.24¢)
The amplitudes grow if

AAL <O (2.25)

This result should he compared with de Szoeke's (1983). who established the
condition A A, <0, for the Eady model over topography. (Note that with
B =0.as in the Eady model. A . A, must have the same sign.) The sign of
function A(A7) is shown in Figs. 1 5 for the various values of 8/L, by
drawing constant-frequency curves corresponding to positive A solid. and
those with negative A dashed. Modes with wavenumbers k. A, at the same
frequency w. can be selected from inspection of diagrams like Figs. 15 for
the appropriate value of B/0U,. For “instability’ one of the modes must
carrespond 1o a solid curve. the other to a dashed curve. and topography
with some amplitude 7, at the bridging wavenumber A, —A. must be
present. For example. for 8 = 0 (Fig. 3) one of the modes must belong to the
upper (solid) branch of the dispersion relation. the other o the lower
(dashed) branch. In general. two branches which meet at a marginally
neutral wavenumber have A of opposite sign, and castward («/k > () and
westward (« /& <) propagating modes on any branch change sign of A as
w A changes sign (e.g. Figs. 1 and 2). Note, however. that A =0 as a
marginally neutral wavenumber is approached. while A approaches + ¢ or
= as a point at which « /& =0 is neared. For B,/ U, <0. no westward
propagating modes are permitted. For 80, < — 1. no classical baroclinic
instability 15 possible. hence A cannot change sign (e.g.. Fig. 5). so topo-
graphic instability is also impossible. For 8,707, > 1. despite the impossibilins
of classical instability, because both westward and castward modes are
possible (Fig. ). topographic instability is possible.

Further nonlinear and topographic interaction will produce  higher
harmonics and hybrids of the primary modes. As long as these harmonies
are not near resonance. they will produce quite ordinary  higher-order
corrections in (2.14). Although these corrections will be successively smaller
il it iy assumed that amplitudes or topography (measured by the parameter
) are small. it is not necessary to make such an assumption. In general. a
finite radius of convergence for e or amplitude mayv be expected. Indeed. we
shall see below that for realistic parameters in nature € is of order one.

3 EXACT SOLUTIONS

We now attempt to solve egs. 2210 which, because A, 1, are complex,
constitute a set of fourth-order coupled nonlinear differential cquations.
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Because we are able to derive two exact integrals of the motion. this order
can be reduced by two. Of the resulting two first-order equations, one
decouples from the other and its solutions are elliptic integrals.

Without loss of generality. take n, to be real. If it is not. i.e.. m, = |5, ]e.
then simply replace A,. 4, in (2.21) by

; b2 82
A =Aje " A,=4.¢

It is convenient 1o rescale time and the amplitudes by

(_}\l)\’)l N
r= — (3.1a)
€K,y
. 12 )\‘ 14
.4l=[ "~\ } [— }\’} A (3.1h)
K. 1 i
R
- ™ B A (3.1¢)
) ["'*4\1 ] [ Ay ] )

Suppose. without loss of generality, that the signs of A, and X, are.
respectively, positive and negative. Then eqs. 2.21 become (dropping primes)

A + A, +i)4.)°4,=0 (3.2a)
A+ A4 —id|A4|°A,=0 (3.2b)

where ¢ = .\,/\,. Multiplyving (3.2a) by A¥. its complex conjugate by 4.
and adding. we get

DA | "+ A4+ A A% =0 (3.3a)

A similar process applied to (3.2b) gives

A1 A" +A4,45+A4r4.=0 (3.3h)
Hence. subtracting and integrating.
[A |7 = A, =e, (3.4)

where ¢, 15 a constant. This is the first integral of the motion. Topography
does not explicitly appear in this constraint. Indeed the terms 4, 4% + 47¥4,
in (3.3a.b). which descend from the topography terms in (2.21) or (3.2),
cancel upon subtraction. Without topography these terms are identically
zero in (3.3a.b) before the re-scaling (3.1). This appears to lead to the
uninteresting result 9,] A4,]* = 0. but the other possibility is that the coeffi-
cient A, = 0: this is in fact the Charney -Stern criterion. Hence (3.4) should
be thought of as a generalization of this criterion.
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Next. observe that
DAXA, — A A5 = i( | A"+ d A [T )(ATA, + A A*) (3.5)

by using (3.2). Substituting for ( 4¥4. + A4, 4%) from (3.3a.b). eq. 3.5 can be
integrated

AR, — A AN = 1/2 14,1 = 1/2d 14" =2, (3.6)

where f, is a constant. This is the second integral of the motion. While (3.4)

is a fundamental result for baroclinic svstems, with links to related physical

svstems. (3.6) is not so general a result. and appears to be a consequence of

the truncation of the two-component physical system under consideration.

Hence. the simplifications that follow in its train can probably not be

achieved in more complicated svstems. and must be treated with caution.
Setting

A4, = Re'™. .~1_\=(R:—v“)l : el (3.7)
(3.6) becomes

R(R =e,) “sinla, —a.) = 1/4(R = e, ) = 1/4 dR* =, (3.8)
Using this to eliminate (a; — a,) from (3.3a). we obtain

R = +{ (R}~ (3.9)
where

F(RI) = 4R (RS —e)) = 12/, + 1/2(RP —e,) + 1,2 dR* (3.10)

is a quartic polvnomial in R-.

The general solution of (3.9) can be written in terms of elliptic integrals
(Abramowitz and Stegun. 1964). Since the coefficient of R* in f,(R7) is
certainly negative. the quartic must behave as shown schematically in Fig. 6.
Note that the negative side of the abscissa is forbidden. The zeros of the
polynomial are at a,. «,. a,. a, (not necessarily all real). The solution of
(3.9) must be a limit cvele as shown on the phase diagram in Fig. 7.
oscillating within a positive range of f,( R*). The phase diagram is symmet-
ric to reflection in the R*-axis: this is the significance of the sign ambiguity
in (3.9). Any limit cvcle on the negative side of the R--axis is clearly
forbidden. A little thought establishes that the initia] amplitude-squared R
must lie between two zeros of f,( R7) in such a way that f,(R}) > 0.

With the amplitude R determined. the phase difference (o, — a,) between
the modes can then be obtained from the second motion integral (3.7). It
remains to determine the absolute phases. This is done by substituting (3.7)
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Fig. 6. Schematic of the polvnomial fi(R7) shawing zeros al «,. a-. a:. ay.

dR%dT

Y\
a, a, eﬁn\f,]a‘ R?

Fig. 7. Schematic of the phase diagram of cq. 3.9 showing a limit ¢vele between two zeros of

iRy

into (3.2a.b). dividing by R,. R.. respectively. and adding the resulting
equations

e, sinla, —a,) R
—f'ffl:7+R’(l—z/)~c“=() (3.11)
R(R*—v¢,) ~

d(a +a.)+

Equation (3.8) may be used to eliminate sin(a, — a.) in favor of R-. Hence,
once R(7) is known from the solution of (3.9). this equation can be solved
by standard methods of quadrature.

4. SOME APPROXIMATE SOLUTIONS
Although the solution of (3.9) can be formally rendered in terms of
elliptic integrals. various approximations can be exploited to give useful

insight.

4.1 Small imurial amplitudes

Suppose that the mital amphitudes of a disturbance are small

L A(0) 170 [ A0) 7 =1
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then, from the motion integrals (3.4). (3.6). it follows that e,. f, are small.
From (3.10). the polvnomial f,(R) has two positive zeros. These are
approximately Ri=4/(1+d) and R;{=1/2 ¢,+ (1.4 e; + f;)'"*. the
former being order-unity. the latter small. By approximating f,(R?) ap-
propriately in the vicinity of either of these zeros. (3.9) can be solved
approximately. This gives

R=172¢,+ (R ~1,2¢,) cosh2(r—1,) (4.1)

where 7, is a time when R* = R;: while
R* = R sech 21 - 1) (4.2)

where 1, is a time when R” = R1.

Each of these 1s symmetric about 1 =1¢, or r,. respectively. By choosing
1, - 1, appropriately. the two forms can be made to overlap. and a uniformly
valid solution may be constructed. This matching procedure gives

P=20r,— 1) =Inl4R3/(R{ - 1/2 ¢,}} (4.3)

for the period of a complete vacillation cvele of the amplitude envelope
R(1). Since the argument of the logarithm in (4.3) is large. this period 1s
large (though only weakiy'). The solutions (4.1). (4.2) recur indefinitely with
this period.

The repetition period P of the amplitude envelope depends on the initial
amplitude. Figure 8 shows the shape of amplitude-squared R- for a few
choices of P. namely P =4. 8 16. The maximum amplitudes have been
normalized to be the same. The figure shows two cvcles of vacillation: the
time-axis s scaled by P so that the length of a cycle is the same in all cases.
For larger P. the response becomes more peaked.

1 2
time/P

©7

Fig. & Amplitude-squared R™ as a function of time: P =4, %, 16.
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Both (4.1) and (4.2) show R behaving like ¢ '’ in various ranges. with
smooth transitions in between. This behavior reflects the simple growth and
decay solutions that are the results of neglecting the nonlinear terms in (3.2).
It is remarkable that the linearized growth and decay phases can be used to
construct approximations to the nonlinear solution for all times except 4
brief transition interval around the maximum amplitude R,.

[t is not necessarv to posit. for the validity of this solution. that initial
amplitudes-squared are small. The essential condition is that the motion
integrals e,. f, be small. This means that the initial amplitudes-squared
may be order-unity. as long as they are less than 4/(1 +d). and their
difference is small. and their initial phase difference (a; — a,) must be
nearly arcsin R(0)"/R3. by (3.8).

4.2, An approximate solution for arbitrary initial amplitudes

Suppose that the zeros of the polynomial f; can be written a,. ¢,. a,. a,.
The nonlinear limit cvele must oscillate between some adjacent pair of these
where the polvnomual 18 posttive: say

O<a,< R"<al
By setting
R =1/2u, +a.)+1/2a, —a.)sinf (4.3)

and approximating f, in (3.9). this equation may he written

sinf =B cos #(1 + b sin §) (4.4)
ds
where
B=1,200+d){1/2a, +a.)—a,} {1/20a, +a.)—a,} "~ (4.5)
and
h=1/80a, —a ) {1/20a, +ay)—a) '+ {1/20a, +a)—a,) | (4.6)

The formal condition for this approximation only requires that |b| < 1. The
solution of (4.4) may be written

R:—1/2(¢11+a,) 2o

——————— =5in § = - n (4.7)
1/2(u), —a,) l+o-

where

a=(1-6) "tan{1/200-6°) "Ble—1)} +b (4.8)
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Fig. 9. Amplitude-squared R - as a function of time, A =0, 0.1, 0.2, 0.5,

The periodicity exhibited by this solution is P =2a/8(1 — b7)' = which is
approximately 27,8 if b is small. Figure 9 shows this solution for several
values of A:bh=0. 0.1. 0.2, 0.5. Two complete vacillation cvcles for cach
value are shown: the time-axis has been scaled so that the periods of the
cyvcles appear the same. The maximum value shown corresponds to a;: the
minimum to o.. For h = 0. the cvele is precisely sinusoidal,

5. DISCUSSION: SOME TYPICAL SCALES

It is instructive to compute tvpical dimensional maximum amplitudes for
disturbances tn the ocean and atmosphere by choosing appropriate values
for parameters. For the ocean. take topographyv-to-depth ratio to be A/ H|
= (.1. mean upper laver current L. =0.1 m s ', baroclinic Rossby defor-
mation radius r, = 50 km. and Coriolis parameter f, =10 * s ' as repre-
sentative values. For the atmosphere. on the other hand. again take A/ H|
=01 f,=10 *s ''butwith ;. =10 ms ' r, = 1000 km. These give, for
the parameter defined by (2.9). € = 5 (ocean). and € = 1 (atmosphere). These
settings are not particularly small and indicate that more terms must be
computed from the iterative method of solution used in section 2 before
numerical accuracy can be assured. However, the method appears to be
nonsingular so that only quantitative. not qualitative modifications may be
expected. Of course. we can always imagine sufficiently small topography
for which € will be satisfactorily small and the perturbation theory of section
2 readily applicable. The largeness of € even for moderate topography
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Fig. 10. Schematic of topographic instability near the marginallv neutral circle between
wavenumber modes &,. &, bridged by topography & (. where A < A = k.

strongly suggests that the influence on baroclinic eddy dynamics may be
very important. The theory presented above represents a first attack on the
problem.

Despite moderately large e. there may be situations where the present
first-order theory gives accurate results. This occurs where the horizontal
scale L of the topography is much longer than the wavelengths of the
modes, of order Rossby radius r,. Then the term involving the Jacobian of
topography and streamfunction in eqs. 2.7 is of order ¢r,,/L ;. This parame-
ter. rather than e. then becomes the effective perturbation parameter of
section 2. To satisfy the resonance condition,
ky—ky=ky

where |k | =r /L << |k, |. |k,{. and to achieve A,. A, of opposite signs,
we must ensure that the wavenumbers k. &, straddle a marginally neutral
wavenumber on the marginal circles of Figs. 1 5. This is represented
schematically in Fig. 10. The nonlinear solution of section 4 then looks like a
disturbance of wavenumber &, (=4k,). propagating along the crests of
topography. with a modulated spatial envelope across the 1opography at the
wavenumber & . The envelope waxes and wanes on a 'onger time scale as in
Fig. 8. The modulation period P [eq. 4.3] of the envelope depends on the
initial values of the amplitudes of the participating modes. The maximum
nondimensional envelope amplitude of the amplitude envelope is R, = 2(1
+d) V7 =2"" from eq. 4.2, where d=A,/A\, = 1. for ky =k, leq. 2.22).




aad

-

240

The scale for the dimensional envelope amplitude can be traced from the
scalings of (2.6) and (3.1): it is

N L oAt
rl-€e - -
K\, A

where € is given by (2.9). This is a scale for the disturbance stream function.
The precise values of A, A, are sensitive functions of the distance of k. &,
from the marginally neutral circle. Take — A, /A = 0(1). Also. take | = O(1).
Without loss of generality. the superfluous topography parameter 7, can be
set to 1. Now

kX Kk =k kg

ty

Ky =

where A, k,. A are nondimensional wavenumbers scaled by 7. Take
ky=0(1). but ky=r,/L; < 1. The disturbance veiocity scale that corre-
sponds to the above 15 then roughlv

(Upeful s AR/H)

For the ocean, take Ah/H, =01, L. =01ms ' f,=10 *s ' L, =500
km. This velocity scale is 0.7 m s !, which is quite considerable. Although it
is larger than the mean flow scale U.. it is not inconsistent with the
requirements for validity of the perturbation expansion. For the atmosphere
take Uj. =10 ms '. L, = 1000 km. other parameters being comparable to
the ocean: then the disturbance velocity scale is 10 m s ', Although these
estimates are quite crude—a given situation requires a more precise calcula-
tion of A0 A,. A\, etc.—they serve to show that substantial disturbance
velocities can be achieved.

In summary. we have shown how the amplitudes of hybrid modes of
baroclinic instability generated by interaction with topography execute finite
amplitude hmit-cveles of growth and decay. It must be stressed that the
solutions were calculated by perturbing the nonlinear. nontopographic.
normal modes, so that the effects of nonlinearity and topography must be
considered “weak’. However. Hopf bifurcation theory (looss and Joseph.
1980) guarantees a finite radius of convergence for such a perturbation
theory. so that quantitatively accurate finite-amplitude approximations are
in principle accessible by repeated iterations. We claim only a qualitative
approximation to these accurate solutions with our first-order theory.
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Observations of Internal Gravity Waves Under the Arctic Pack Ice

MURRAY D. LEVINE AND CLAYTON A. PAULSON

College of Oceanography, Oregon State University, Corvallis

James H. MORISON

Polar Science Center, University of Washington, Seattle

Internal gravity waves measured under the Arctic pack ice were strikingly different from measurements
at lower latitudes. The total wave energy. integrated over the internal wave frequency band, was lower by
a factor of 0.03 0.07, and the spectral slope at high frequency was nearly —1[ in conirast to the —2
observed at lower latitudes. This result has implications for theoretical investigations of the generation,
evolution, and destruction of internal waves and is also important for other processes, such as the
propagation of sound, and the wave-induced turbulent diffusion of heat, plankton, and chemical tracers.

INTRODUCTION

Internal gravity waves are responsible for much of the
variability in the ocean at short time scales. from the inertial
to buoyancy periods, and at small space scales, from 0.1 to 10
km [Olbers. 1983]. These waves transport energy vertically
and horicontally and may transform large-scale geostrophic
circulations to small-scale turbulent motions. Away from
topographic features the internal wave spectrum has been ob-
served to be remarkably steady in time and uniform through-
out most of the world’s oceans. However, beneath the Arctic
pack ice the wave field differs markedly from lower-latitude
observations. Results from the Arctic Internai Wave Experi-
ment (AIWEX) indicate that the internal waves are substan-
tially less energetic with a significantly different spectral com-
position compared with lower-latitude observations. We be-
lieve that the measurements made during AIWEX represent
one of the best sets of observations of an oceanic internal
wave field in which the spectral level and shape are signifi-
cantly ditferent from the universal Garrett-Munk model [Gar-
rett and Munk, 1972, 1975] (hereinafter referred to as GM).

Oceanic measurements over the past two decades reveal
that the internal wave field is composed of a wide spectrum of
frequencies and wave numbers with statistics that are nearly
stattonary in time and space. This conclusion allowed GM to
derive a universal spectral representation of the wave ficld that
1s consistent with observations and linear wave theory. Al-
though the GM model is a simplified vie'v of internal waves,
experience has demonstrated that new observations tend to
follow the main features of the model.

While the spectral description of the internal wave field has
continued to improve, we do not yet understand the physical
processes that generate and dissipate internal waves. Theoreti-
cal studies have suggested a variety of plausible mechanisms,
but verification is difficult. One approach has heen to search
for deviations from the universal GM description and to at-
tempt to correlate these deviations with fluctuations in exter-
nal forcing { Wunsch, 1975]. Some success has been achieved
in correlating wind forcing with the generation of internal
waves at near-inertial frequencies [e.g., Pollard, 1970; Fu,

Copyright 1987 by the American Geophysical Union.

Paper number 6C0595.
0148-0227/87/006C-0595%05.00

1981 D’ Asaro, 1985]. However, establishing a cause and effect
relationship between a forcing mechanism and the remainder
of the internal wave spectrum has not been as successful. The
possibility of topographic forcing is suggested from measure-
ments of enhanced levels of wave energy near significant topo-
graphic features such as seamounts [e.g.. Wunsch and Webb,
1979] and canyons [e.g.. Hotchkiss and Wunsch, 1982]. Atmo-
spheric forcing appears to produce a seasonal variation in
energy from 1-2:-1:3 to 2-3 times the mean level in observa-
tions made during the Long-Term Upper Ocean Study
[Briscoe and Weller. 1984]. Further evidence connecting spe-
cific forcing mechanisms with variations in the internal wave
field will aid in determining the identity of the important
sources of internal waves.

It was in the spint of searching for an anomalous internal
wave field that AIWEX was organized. Scant evidence indicat-
ed that internal wave energy levels might be low in the Arctic
Ocean [Levine et al., 1985]. AIWEX was designed to test this
hypothesis by making intensive observations of the internal
wave ficld bencath the polar ice cap. In this paper we present
measurements of the internal wave spectra measured during
AIWEX and compare these observations with the GM model.

OBSERVATIONS

The experiment took place at an ice camp established about
350 km north of Prudhoe Bay, Alaska, in the Beaufort Sea,
with researchers from Oregon State University, the University
of Washington. Scripps Institution of Oceanography, and pri-
vate industry. During nearly 2 months of occupancy from
March to May 1985 the camp difted about 120 km to the west
from its origin at 74 N. 143 W. An extensive set of temper-
ature, conductivity. and velocity data were gathered from a
variety of instruments. Access to the water was obtained
through holes in the 3-m-thick ice. The measurements report-
ed here were made from both fixed and vertically profiling
instruments.

To determine the density field through which the internal
waves propagate, vertical profiles of temperature and salinity
were measured with the Arctic profiling system [Morison,
1980]. The buoyancy frequency N was then estimated from
the vertical gradient of density. There are significant variations
in N in the upper 250 m reflecting the different water masses
that compose the upper Arctic Ocean [ Aagaard et al.. 1985]
(Figure 1). Values range from 4 cph to peaks near 12 cph.
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Below 250 m. N decreases nearly exponentially to the bottom
at 3700 m

Time series of temperature were measured by a vertical and
horizontal array of temperature sensors (Sea-Bird Electronics.
sensor SBE-3). Seven of the sensors were located at 250 m,
where the fluctuations in temperature are due primarily to the
vertical displacement of the internal waves. The vertical dis-
placement is inferred by dividing the temperature time series
by the average vertical temperature gradient. An observed
spectrum of vertical displacement from the period March 20
to April 5 1s shown in Figure 2. The spectrum deercases as
@ ' up to 6 cph. the local value of the buoyancy frequency.
Above N there is & sharp break in slope and a steep fallotf in
energy.

Over the same period a time series of horizontal velocity at
100 m was measured with an electromagnetic current meter
{InterOcean S4). Because the ice pack drifts, the observed ve-
locity is the sum of the ice and water motion. The ice motion
was removed from the velocity time series using the time his-
tory of the camp position determined from a fit to satellite
navigation. The method used is due to McPhee [19867. Posi-
tions were obtained approximately 40 times per day. The fre-
quency spectra of the two rotary components of horizontal
velocity are shown in Figure 2. There is a peak in the clock-
wise component at the inertial frequency as expected in the
northern hemisphere. Above [ the clockwise component is
higher than the counterclockwise: at high frequency the com-
ponents are nearly the same and follow s ' The falloff above
N is not observed because the sampling rate was too low,

DIsCussion aND CONCIUSIONS

To compare these observations with those from other
oceans. the GM spectrum was calculated: it is a good repre-
sentation of the internal wave field at lower latitudes away
from topography. The GM spectra of vertical displacement §.

and of clockwise and counterclockwise rotary velocity §  and

IStERS AT WAaves UNDER THE ARCTHC

PAack 1ot

S are given by
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w"(('l:
where we use the same values of the parameters as GM: E —
6.3 x 10 ® (nondimensional energy level), b = 1300 m (verti-
cal depth scale of N) and N, = 3 ¢ph (huoyancy frequency
scalel. The units of S. and S, are m® (cph) ' and m h !
(cphy ™Y respectively, for frequency specified in units of cyveles
per hour. The GM description is confined to [reely propagut-
ing. lincar internal waves which are restricted o frequencres
between the inertial frequency fand N The GM spectra are
plotted with the observations in Figures 2 and 3. The local
value of N is used to scale the level of the spectra. The values
of N at 100 and 250 m were taken from Figure | and found o
be near 6 cph at both depths. At high frequency. «r » [. the
frequency dependence of the GM spectra of veloctty and vert-
cal displacement is ¢y =

The Arctic spectra are stribingly  ditterent
latitude observations: The total internal wave energy s signiti-

from lower-

cantly lower by a factor of 0.03 .07 and the spectral slope s
substantially less steep. with a frequeney dependence near ¢
at high frequency. The total mternal wave energy 1s esumated
from the total variance of the veloenty or vertical displucement
over the internal wanve frequeney band from f to N The total
energy s fower than GM by u factor of 003 based on vertical
displicement and a factor of 0.07 based on vejoety. However.
the spectral density ranges below GM by a factor of 0.6 near
N oto afactor of 0.01 near ftFigures 2 and 3.

These obsersations have a potential impact on a variety ol
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Fig. 2. Spectrum of vertical displacement from 250-m depth (solid
hne). Vertical displacement was inferred from temperature by dividing
by the average vertical temperature gradient of 002 C m ' The
Garrett-Munk spectrum s shown for companson (dashed hne). The
g5 confidence hmits are indicated befow.,
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active research areas. Recent theoretical studies have sought
to explain the observed spectral composition of the wave field
by nonlinear interactions (see Miiller et al. [1986], for a recent
review of the topic). Researchers have typically used a spec-
trum similar to GM to characterize the oceanic internal wave
field. The theories can now be tested with a wave field having
a different spectral composition. A successful theory will need
to explain both the low-latitude and Arctic measurements.
Studies of acoustic propagation have been able to relate am-
plitude and travel time fluctuations of sound pulses to the
fluctuations due to internal waves (e.g. Flatte, 1983: Ewart
and Revaolds, 19847, The Arctic Ocean, with its unique inter-
nal wave environment, provides a valuable laboratory for test-
ing new theoretical ideas in acoustic propagation. The role of
internal waves in vertical and horizontal mixing [e.g.. Young
et al., 1982 Desaubies and Smith. 1982] may be elucidated by
comparing observations from lower latitude with the Arctic.
Differences in mixing could affect the large-scale circulation as
well as the diffusion of plankton and chemical tracers.

Why are Arctic internal waves so different from those at
lower latitudes? The search for answers to this question is a
topic of active research. We can. however, suggest some hy-
potheses.

It is instructive to examine the physical processes that are
unique to the Arctic Ocean. The ice cover acts as a rigid lid to
the internal waves. The formation of a turbulent boundary
layer below the ice causes increased internal wave dissipation
compared to ice free oceans [ Morison et al., 1985]. The nature
of surface forcing is also quite different in the Arctic. The wind
stress usually must be transferred through the ice to reach the
water below. This forcing is generally weaker than other
oceans because the winds themselves are weaker [Paulson.
1980]. and some momentum is transmitted through the ice to
the coast. lce keels. which add topographic relief to the under-
side of the ice. mav generate internal waves when the ice
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Fig. 3. Spectrum of the clockwise (bold solid line) and counter-
clockwise (hight solid line) components of horizontal velocity at 100-m
depth. The Garrett-Munk spectrum is shown for comparison (dashed
line). The 95, confidence limits are indicated below

moves [Righy, 1976]. Large surface buoyar-v fuxes, which
occur within feads, may generate internal waves by perturbing
the pycnocline at the base of the surface-mixed layer [ Moris-
on, 1980, 1986]. It is theoretically possible to transfer momen-
tum to internal waves from surface gravity waves [Olbers,
1983 Phillips. 1977]; this mechanism is not possible in an
ice-covered ocean. Another source of energy for the internal
wave field may be provided by the spectral transfer of internal
tide energy through nonlincar wave-wave interactions [Bell.
1975]. The internal tide is an internal wave at tidal frequencies
that is generated by the interaction of the barotropic tide with
topography. such as continental shelves (see Hendershortt
[1981]. for a review of internal tides). In the Arctic Ocean the
internal tide is weak due to a small barotropic tide over much
of the Arctic Ocean [ Kowalik and Untersteiner, 1978] coupled
with the fact that free internal waves cannot exist at latitudes
higher than 75 at the lunar semidiurnal frequency (M, tide).
Internal waves may also gain energy from low-frequency mo-
tions. such as mesoscale eddies and mean geostrophic circu-
lations {Olbers. 1983]. The mean circulation in the Beaufor’
Sea is relatively weak compared to most oceans [Couchman
and Aagaard, 1974]: however. the basin is populated with
intense, long-lived small-scale eddies (10-20 km} [ Manley and
Hunkins, 1985]. Identification of which of the foregoing or
other processes are most important in generating. modifying.
and dissipating internal waves awaits further investigation.
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Simultaneous Spatial and Temporal Measurements
of the Internal Wave Field During MATE
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A statistical description of the deep ocean internal wave field is presented using measurements from the
Midocean Acoustic Transmission Experiment. conducted near Cobb Seamount in the NE Pucific
46 46 N, 130 47°W) duning June- July 1977, The unique feature of this experiment is the variety of data
obtained simultaneously from the same focation: time series of temperature and velocity, and vertical
and horizontal profiles of temperature. A generalized form of the Garrett-Munk (GM) internal wave
spectrum is developed and used to interpret the data. This spectral model is specified by three parame-
ters. £. . and p (energy level. wave number bandwidth, and frequency spectral slope, respectively). The
variety of measurement types permit these three model parameters to be estimated from more than one
measurement. The overall best fit values to the MATE data were p = 2.7 (GMuse p— 3t~ 3tm 's
(equivalent to j —~ 6. twice the GM value), and E=8x10 * Jkg (within 20", of the GM fevel).
Although significant ditferences were found in the values of the bandwidth (1) and spectral slope ¢p) from
those specified by Garrett-Munk, the deviations are consistent with the behavior expected in a random

internal wave field.

1. INTRODUCTION

Our knowledge of internal gravity waves in the ocean has
increased dramatically in the past few decades. While internal
warves have been observed since the beginning of the century,
the pervasiveness of the phenomena has only been realized
with the advent of instruments capable of measuring time
serics of velocity and temperature. However, internal waves
are sufficiently complicated that relating observations to theo-
retical ideas is difficult. In order to resolve the internal wave
tield. in even a rudimentary way. simultaneous measurements
of the vertical, horizontal. and temporal variability of the
ocean are necessary. For more background. see recent reviews
by Munk [1981]. Levine [1983]. and Olbers [1983].

The extensive set of environmental and acoustic data gath-
ered during the Midocean Acoustic Transmission Experiment
(MATE) provides an opportunity to study simultaneous ob-
servations from several different types of measurements. The
cxperiment was conducted near Cobb Scamount in the NE
Pacific about 450 km from the coast of Washington (46 46'N,
130 47'W) during June July 1977 [Ewart et al., 1977]. To
accommodate the requirements of the acoustic experiment, the
internal wave measurements were made between Cobb Sea-
mount and a second smaller seamount to the southwest in a
water depth of 2200 m (Figure 1). Cobb Seamount is an im-
posing topographic feature rising to within 30 m of the sur-
face: the top of the smaller seamount (labeled “Corn™ in
Figure 1) is nearly 1000 m below the surface. While the prox-
imity of these two features {about 9 km away) may atfect the
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internal wave field. other studies suggest that the perturbation
of the internal wave field is imited to regions very near the
seamounts [ Wunsch, 1976: Wunsch and Webb, 1979 Eriksen.
19827, The seamounts. however. could be a significant source
of internal tide [e.g.. Baines. 1982].

The purpose of this paper is to present the variety of tem-
perature and velocity data gathered during MATE and to
describe statistically the internal wave field suggested by these
observations. The empirical model of Gurrert and Munk [1972,
1975 hereafter referred to as GM7 is used as a framework for
comparing the various statistical quantities that could be esti-
mated from the measurements. Guided by the obscrvations.
the form of the GM internal wave spectrum is generalized to
accommodate an arbitrary frequency spectral slope: this for-
malism may also be useful in interpreting other observations
where the frequency spectral slope differs from the GM model.
The unique feature of the MATE observations is that the
different types of measurements were made nearly simulta-
neously in the same part of the occan. This invites a close
comparison with theory, since model parameterizations can be
checked for consistency with the same parameters estimated
from more than ane measurement.

This paper serves as an overview of the data gathered
during MATE: the association with internal waves is madc by
using the GM model as the standardized “yardstick.” More
detailed analyses and modeling of specific aspects of the data
set, such as fine structure [Levine and Irish, 1981]) and the
internal tide. are deferred to other studies.

The observed temperature and velocity measurements and
associated spectral quantities are presented in section 2. The
observations are compared with internal wave consistency
relations in section 3. A generalized form of the GM spectral
model is presented in section 3. and the parameters of the
model are determined in section 4. A comparison with histori-
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cal data is made in section 5. and a summary and conclusions
are given in section 6.

Throughout the paper units of radians per second (s ') and
radians per meter (m ') are used exclusively in equations.
Units of cycles per hour {cph) and cycles per meter (cpm) are
also used in discussions and in presentation of the data.

2. OBSERVATIONS

A schematic overview of the components of MATE s
shown in Figure 1. The vertical structure was sampled repeat-
edly using a conductivity, temperature, depth. sound velocity
measuring instrument (CTDSV). Temporal variability at fixed
points was monitored with three moored arrays. Two moored
temperature arrays (referred to as Al and A2) and one current
meter array (C1) were deployed midway between the two sea-
mounts in 2.2 km of wat r. Horizontal temperature profiles
were obtained with the free-swimming self-propelied under-
water research  vehicle (SPURV)Y [Widditsch, 19731, The
depths of the moored sensors and SPURYV observations are
shown in Figure 2

CTDSY Profiles

A total of 38 CTDSV protiles from the surface to 1500 m
were taken at three stations with a Bissett-Berman 9040-5
CTDSV. The primary station was midway between the sea-
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mounts ncar the moored arrays. The other two stations were
midway between this central site and cach seamount. In addi-
tion. at the primary site a 25-hour scries of CTDSV profiles
was recorded, consisting of a profile from 1000 to 1300 m
every 20 min. As the vertical sampling was nonuniform. the
profiles were filtered to 1-m intervals with a 2-m triangular
filter ¢entered around cach 1-m interval. The 38 deep profiles
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Fig. 4. Vertical wave number spectra of vertical displacement DS,
calculated from temperature profiles measured with the CTDSV over
depth ranges of 840 1095 und 10961351 m. The vertical displace-
ment is inferred from temperature by assuming a constant vertical
adiabatic temperature gradientof 1.9 x 10 * C m.

were ensemble averaged to produce profiles representative of
the average conditions during the experiment. Since the pro-
files were taken at somewhit random times, it was assumed
that the variations due to tides, internal waves, and non-
persistent structure were nearly averaged out.

The average profiles of temperature. salinity, density. and
sound velocity are nearly hinear over the depth range of the
moored sensors [Ewart et al., 1977]. The buoyuancy frequency
was calculated from the average protfile (Figure 3). Below 200
m the profile is fit to an exponential, as suggested by Garrett
und Munk [1972]. producing a representative profile for deter-
mining the local buoyancy frequency. N(2). This profile is con-
sistent with carlier measurements at Cobb Seamount [Ewart.
1976].

Vertical wave number temperature spectra were calculated
from perturbation profiles formed by subtracting the average
temperature profile from cach of the 32 profiles made con-
currently with the A2 measurements. Each profile was divided
into nine depth ranges and Fourier transformed: spectra were
estimated by a combination of ensemble and band averaging.
Corrections were also made for sensor response. If the temper-
ature uctuations were caused primarily by the vertical advec-
tion of a linear temperature gradient. then the vertical dis-
placement spectra (dropped spectra. DS shown in Figure 4.
can be formed by dividing each temperature spectrum by the
square of the local mean adiabatic temperature gradient. This
assumption is better at lower wave numbers and more suspect
at higher wave numbers. which may be contaminated by the
elfects of fine structure. A comprehensive analysis of the effects
of temperature fine structure in these measurements is given
by Levine and Trish {19817, The most energetic spectrum is the
shatlowest. with energy decreasing with increasing depth. The
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Fig. S0 Frequency spectra of vertical displacement MS. observed
from temperature sensots on A2 at 883 m (no offset) and 1273 m
toftset by a factor of 0.1 The vertical displacement is inferred from
temperature by assuming a constant vertical adiabatic temperature
gradient of 200 < 107" Cmat R83mand 162 x 107 Cmat 1273
m. The data are compared with the MATE maodel (solid hine) and the
GM model (Jashed hine) The 95, confidence linuts are also indicat-
ed
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Fig. 6. The vertical coherence of vertical displacement MVC, ob-
served by temperature sensors on A2, (@) MVC. as a function of
frequency for vertical separation of 1. 25, and 240 m. (b) The average
level of the MVC. in the internal wave band (0.2 0.7 ¢ph) as a func-
tion of vertical separation. The data are compared (stars) with the
MATE model for the range of 1 = 25to36m 'sfor N = 1.0t0 1.35
cph (between solid lines) and the GM model with t = 1.4 m ™' s for
N = 10 o 135 ¢ph (between dashed lines).

spectra drop at § *! from 6 x 10 * ¢pm to about 6 x 10 ?
cpm. then fall faster at about f§ 2.

Moored Temperature Arravs

The two temperature arrays were designed as taut moorings
with all buoyancy at 400 m, befow the influence of the wind
wave field. The top sensor on cach array was an Aanderaa
current meter measuring horizontal velocity and temperature:
the other sensors, 18 temperature (Sca-Bird Electronics), two
conductivity (Sca-Bird Electronics). and two pressure (Vibro-
tron), were divided cqually between the arrays (Figure 2).
Acoustic transponders on the arrays allowed shipboard track-
ing: Al was positioned 332 m southeast of A2.

The pressure records show the mean depth, tidal fluctu-
ations, and array motion. The amplitude of the pressure fluc-
tuations recorded on A2 agrees to within 1:4 m of the barotro-
pic tide predicted from previous measurements on Cobb Sea-

mount [ Larsen and [rish, 1975]. Therefore the vertical excur-
sion of the sensors is neglected. However, the vertical motion
of Al having 1.3 the buoyancy of A2 may not be negligible.
Hence most results will be based on data from A2,

Frequency spectra were calculated from all the moored tem-
perature records. A linear trend was removed from each series
and a cosine taper applicd to the first and last 10, of the
serics to correct for end-effects, as suggested by Bingham ¢t al.
[1967]. The temperature spectra were converted to vertical
displacement spectra by dividing by the squarc of the local
average adiabatic temperature gradient. Examples of moored
vertical displacement spectra (MS.) corrected for sensor re-
sponse are shown in Figure §.

The energy below the inertial frequency (f= 1.06 x 10 *
s ') is attributed to the advection of temperature structure by
low-frequency currents as well as the internal wave ficld itself
[Levine and Irish, 1981]. The dominant energy is tidal: signifi-
cant peaks are present at both the diurnal and semidiurnal
frequencies. As typically observed in internal wave spectra.
there is a sharp rise at f followed by a smooth spectral roll-off.
Near N there is a sharp break in slope with an ™ 2* depen-
dence above N.

Estimates of the coherence in {requency space between ver-
tically separated sensors {moored vertical coherence. MVC,)
are shown in Figure 6. Each temperature record was divided
into 50°. overlapping blocks as suggested by Carter et al.
[1973]. A linear trend was removed and a cosine taper applied
to the first and last 10", of each block. Cross-spectral esti-
mates were formed by ensemble averaging the blocks. and
coherences were estimated by normalizing by the appropriate
autospectra. For the three vertical separations shown in
Figure 6u, the coherence in the internal wave band decreases
with increasing separation. There are peaks at the tidal and
buoyancy frequencies for separations of 25 and 240 m. Above
the local buoyancy frequency. the coherence drops to a bias
level that is statistically indistinguishable from zero. Since
there is significant variation of coherence with frequency. the
average coherence in the band between 0.2 10 0.7 cph was
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Fig. 7. The horizontal coherence of vertical displacement MHC,
between three pairs of temperature sensors on Al and A2 separated
horizontaly by 332 m at nearly the same depth. Values in the internal
wave frequency band (stars) are compared with the MATE model
(sohd hnes) and the GM model (dashed linel.
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Fig. & Frequency spectra of the clockwise MS  and the counter-
clockwise MS _ (offset by a factor of 0.1) components of hornzontal
velocity observed from C1 a1 1079 m. The data are compared with the
MATE model tsolid line) and the GM maodel (dashed line). The 95"
confidence Jimits are also indicated.

calculated and plotted as a function of vertical separation in
Figure 6h.

The coherence in frequency space between sensors horizon-
tally separated on Al and A2 (moored horizontal coherence,
MHC.) was calculated in a manner similar to the MVC.. The
coherence was estimated between pairs of sensors moored at
nearly the same depth at the horizontal separation of 332 m
(Figure 7). There is significant coherence above f to nearly 1
cph. where the coherence falls to the bias level.

Moored Current Meter Array

The current meter array consisted of four Aanderaa current
meters. The array was less buoyant than either of the temper-
ature arrays, and hence larger array motion was cxpected.
Because there was no pressure sensor on this array. the mag-
nitude of the vertical motion is unknown. The location of the
array, which had no tracking transpondcr, was estimated to be
about 500 m west of A2.

Spectra were calculated using the rotary representation of
the velocity vector. Representative rotary spectra from 1079 m
(MS, and MS for the counterclockwise and clockwise com-
ponents, respectively} are shown in Figure 8. There is a sharp
peak at the inertial frequency as well as at the diurnal and
semidurnal tidal frequencies. The inertial peak is the largest
and is almost entirely in the clockwise component as expected.
An additional peak is seen at 0.14 cph, at about twice the
inertial frequency. This peak is not an exact harmonic of
either the inertial peak (which is observed at a slightly higher
frequency than f) or the semidiurnal tidal frequency, and its
origin is unknown. Above f, the spectra fall off smoothly
toward N, where there is a slight but significant break in
slope. Approaching N, the MS, and MS_ are nearly the
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same. Above the fall-off at N, the velocity spectra become
whiter due to the eflects of spectral ahasing. current fine struc-
ture, and, or array motion.

SPURYV

Horizontal temperature profiles were measured by running
SPURYV along an isobaric trajectory (1184 dbars). In the
region midway between the two seamounts, two 11-km legs
were made at right angles (west-to-east followed by north-to-
south) to test horizontal isotropy. The horizontal wave
number spectra (towed spectra, TS;) for the two legs are
shown in Figure 9 using an equivalent vertical displacement
scale based on the mean vertical adiabatic temperature gradi-
ent. The spectra were truncated at a wave number where
sensor response and digitizing effects become dominant. At
low wave number the spectra exhibit an x ? dependence. At
0.03 cpm there is a break in slope followed by an x ' © depen-
dence at higher wave number. The lack of any significant
difference between the spectra is consistent with a horizontally
isotropic wave field.

Two temperature sensors attached to SPURYV and separat-
ed vertically by 0.94 m measured the coherence in horizontal
wave number space (towed vertical coherence. TVC.). The
TVC, was calculated for the two legs, using the same method
described for the MVC,, and plotted in Figure 10. The results
from the north-south and east-west legs are statistically identi-
cal. The TVC, is near 1 at Jow wave numbers and drops to
near zero above 0.01 cpm.
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Fig. 9. Honzontal wave number spectra of vertical displacement
TS, observed by SPURYV during honizontal runs oriented north to
south (solid line) and west to ecast (dotted line) at 1184 dbar The
vertical displacement is inferred from temperature by assuming a con-
stant vertical adiabatic temperature gradient of 164 x 10 * Cm
The best fit to x % over the wave number band 4.7 x 10 % to 9.0
x 10" cpm is shown by a straight sohd line. The 95°. confidence
limits are also shown
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Fig. 10. The horizontal wave number coherence of vertical dis-
placement TVC. between a pair of temperature sensors separated
vertically by 0.94 m on SPURV. The data are compared with the
MATE model isection §) with p = 2.7 (solid line) and the GM model
with p = 3.0 (dashed line).

3. CONSISTENCY RELATIONS

Internal wave consistency relationships express constraints
between the horizontal velocity and vertical displacement
fields at a single point. Although there are only a few general
relations. they are worth examining because they are indepen-
dent of the specific spectral composition of the wave field. Two
independent consistency relationships are applied to the
MATE data set. These expressions are valid for a sum of any
number of waves of different wave numbers; the wave field is
not restricted to be horizontally or vertically isotropic. The
derivations hinge on the assumptions that the wave field is
linear and each wave component is independent.

The first. originally presented by Fofonoff [1969]. relates the
potential energy to horizontal kinetic energy:

NMSqe)  NT ot~
MS, () + M8 () N — ¥ o +[?

N

As o »f. the vertical displacement goes to zero, and as
ey + N. the horizontal velocity becomes negligible. To com-
pare with measurements made at various values of N(:z). the
equation is rewritten

N!MS;lm) NI — ?
MS,m) + MS, (e N?

1 _ g2
" —

=2 / 2 2)
W+ f

The left-hand side can then be estimated from data and com-
pared with the right-hand side.

The other expression relates the ratio of the counterclock-
wise to clockwise components of the rotary spectrum

0 - 2
M. oo /) &)
MS._ (w+1)
This relation is a vanation of the “rotary coefficient” orig-
inally derived by Gonella (1972].

These relationships are compared with data from the four
current meters on C1 and the one on top of A2. The observed
ratio of potential to kinetic energy is plotted with the theoreti-
cal relation (2) in Figure 11a. The amount of scatter of the
data is reasonable when compared with the confidence limits.
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The observed ratio of the rotary spectra MS, /MS is plot-
ted with the theoretical result in Figure 11b. At high frequency
the agreement is good: however, this is not a very sensitive
test for internal waves, since the ratio for random noise is also
f. Below about 0.16 cph there are significant deviations from
the theory. One explanation is that the many waves of differ-
ent horizontal wavelengths (modes) at tidal frequency are not
statistically independent. If the nearby seamounts are a source
of internal tide, then it is reasonable to expect the various
wave numbers of the internal tide to be correlated, thereby
violating one of the assumptions used in deriving (3).

4. SPECTRAL MoODEL

We introduce a modified form of the Garrett-Munk internal
wave model as a framework for comparing the variety of spa-
tial and temporal measurements made during MATE. The
primary alteration of the GM model is a generalization of the
frequency dependence of the spectrum by adding a parameter
p. which specifies the frequency spectral slope. This modifi-
cation permits a closer comparison of the observations with
the model. Some of the GM parameters are redefined to iden-
tify explicitly the total energy. frequency dependence, and
depth scaling in the analytical expressions of the spectral
quantities.

The moored spectra of both vertical displacement MS, and
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Fig. 11. (a) The ratio of potential to horizontal kinetic energy and

(h) the ratio of counterclockwise to clockwise components of horizon-
tal velocity are compared with the theoretical relationships {solid
line). The data are from the four current meters on C1 and the one on
top of A2. The 95", confidence limits (dashed lines) are also shown.
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horizontal velocity MS, are written in the following form:
I3
MS () = MS () = =

NENQ2+ IR -1 Qe
(_‘.—')C M - b ) )
2N Jf

MSo) = E( — )/‘QZ_“”QP (5)
A0 =B\ NN ( i

where € = w/f. These expressions can easily be derived from
the GM formulation [e.g.. Munk. 1981]. The first bracketted
factor on the right-hand side of (4) and (5) represents the depth
scaling referenced to frequency N (modified WKB approxi-
mation used by GM). The quantity E is the total internal
wave energy per unit mass scaled to the reference frequency
N': quantities marked by tildes are referenced to a depth where
N2y =N. We choose N 1o be 1.74 x 10 * s ' (1 cph), a
reasonable scale in the deep occan. The choice of N is not
critical. as it just serves as a common reference 10 compare
measurements made at different buoyancy frequencies. The
second bracketted term contains the frequency dependence as
given by GM with the addition of the parameter p tin the GM
model p = 3). At frequencies much greater than f. both MS,
and MS. have « ?°! frequency dependence. The nondimen-
stonal normalization factor J is detined so that the total inter-
nal wave energy per unit mass (J kg) over all frequencies at a
local buoyancy frequency of N(2)is given by

Al
E[NGo N = f [MS, + MS, + N*MS.1dw  (6)
,

.

1] —

cxphicitiy.
“

J ;J QF nQc -1 PR dQ (7)

Note that the contribution to the kinetic energy from the
vertical veloary has been neglected in accordance with the
approvimation (N7 — o)~ N2 assumed by GM (for a dis-
cussion of the model for ¢ ~ Niz), see Desaubies [19757).

The energy £ is related 10 the parameters of the GM model
by equating total energy per unit mass [ Munk, 19811,

[E NING) = [ERENING (%)
E = EB*N,N 9

where the GM parameter E is the dimensionless energy level,
b 1s the depth scale of N(z) and N, is the buoyancy frequency
scale. (Note that in the notation of Desaubics [1976]. r =
EW*Ny: hence r=E N) Using the GM values of £ = 6.3
* 10 5 b = 1300 m.and N, = 5.23 x 10" *s ' (3 ¢phy yields
avaluc ol £ =97 x 107% ) k.

To describe the partition of energy in wave number space.
we choose the analytically convenient functional form of the
GM model given by Desaubies [1976]. The GM parameter j,.
specifying the equivalent number of vertical modes, always
appears in conjunction with other parameters. This combi-
nation of parameters has been defined by Desaubies [1976]

t=nj, Nob m 's (10)
For the GM value of j, = 3. the quantity r = 1.39 m ',
The vertical and horizontal wave number spectra of dis-

placement can then be written as

Al
DS.(/ = f desMS{ent2 B2 + 59 '] (11)
!
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N
’ ol dn
TSAx) = leMS ()] (4x, n? —
; J: derMS u[ . )'[ 1,7 1 Ky - ) z]

(12)

where 2, and ff, are the horizontal and vertical wave number
scales given by (@ — f°)'? and (N? — @) 2, respectively
[Desaubies. 1976]. The factors [ ] are the distribution of the
energy densily in wave number space at frequency « and
are normalized such that the integrals ([ 1df =1 and
f{ 1dx=1.1n the TS, the factor [ ] is the sum of the
energy contribution to the one-dimensional wave number x
from all wave numbers greater than x in a horizontally iso-
tropic wave field. At high wave number, f>» £, and 2 » 2.
both spectra are proportional to ¢ for any value of p:

DS{8) = Bif~? (13)
TSfa) = Cra 2 (14)
where
2 hi
B=- J (N? — %) MS{w) do (15)
T Js
N
C = (4,1[2)J (w? — £ *MSw) do (16)
i)

Analytical expressions for the GM frequency dependence of
p=3are

B = (E/nNK1 — v} (17
C = BE*Nn[iv? — 1) — In v] (18)
where v = {'N. For arbitrary p, values of C were evaluated

analytically, while the integrals needed to calculate B required
numerical integration.

The moored vertical and horizontal coherences (MVC.; and
MHC.) are independent of E and p. These quantities depend
only on the parameter 1 and can be written [Desaubies, 1976]

(19}
(20)

MVC o} = exp [ —(N? — ) 1Az]
MHC ) = 1,(Hy — LytH)

where H = 1f(Q° ~ 1)' *Ax. Ax {A:z) is the horizontal (vertical)
separation, /, is the moditied Bessel function, and L, is the
Struve function.

The towed vertical coherence (TVC.) is not a function of £
or ¢ but in this parameterization depends only upon the verti-
cal separation A: and the parameter p. Modifying the ex-
pression given by Desawbies [ 1976] to include the parameter p.
the TVC. can be written

l N
TVCAx: Az) = — dey MS )
) TS, J: )

~

’ {141‘ ) J’

-2 O\ 2
0=A{ 22 Q)
Q<1

/

cos (0
i cos ((rp’) dn 1 an
(2,7 + nikn* = ' 4

where

To evaluation for arbitrary p. numerical integration of the
double integral was required.

A summary of the dependences of the statistical quantities
on the parameters E. t. and p is presented in Table 1.
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TABLE 1. Dependences of Statistical Quantities on Model
Parameters
Model Parameter

E ! Er p
MS, X X
MS. X X
TS, X X
DS. X X
MVC. X
MHC', X
TVC. X

An X indicates that the quantity is a function of that model param-
eter

5. Comparison oF Data Wit SpecTRAL MODEL

In this section the data presented in section 2 are compared
with the theoreticul formulation presented in section 4. There
are three independent parameters, F. r, and p. that must be
chosen to completely specify the spectral behavior of the
model. These parameters are selected to fit in an optimum
way the many statistical gquantities measured simultaneously
during MATE. Because of the variety of measurements. sev-
eral independent determinations of each parameter are possi-
ble. Both MS. and MS, provide estimates of £. the moored
vertical and horizontal coherences (MVC. and MHC,} allow
estimation of . and the DS, and TS. vield values of the prod-
uct £1 (Table !). These quantities are all dependent upon p.
The value of p can be determined directly from the slope of
the frequency spectra of velocity and displacement: the TVC,
is also a function of p independent of £ and (. Consistency
among estimates of £, 1. and p is then used to verify the
behavior of the model.

Estimates of £ from moored spectra are found by mini-
mizing the squared difference ¥ between the logarithm of the
observed spectrum and the logarithm of the model spectrum.
Specifically.

\‘_' (log SondZae ) = 108 Soogeil Zs. u),,,)):
- log [Les,,)]

, e
T

MK,
(22

where S pdg. ) and S, 4olce 0,) are the observed and
model spectra. respectively. at depth =, over a frequency band
centered at o, The functior S ., for vertical displacement is
MS. (5) and for total horizontal velocity is MS, + MS, (4).
The quantity «* is the average squared error over M frequency
bands and K depths. The function Lie,) is the length of the
95", confidence band of S, : its purpose is to give more
weight to spectral estimates of higher statistical confidence
[Levine et al., 1983].

The best fit values of £ as a function of p are shown in
Figure 12a. These results are based on data from seven depths
for displacement and five depths for velocity (883-1273 m).
The tit is made over the internal wave frequency band from
0.2 to 0.7 ¢ph: this is the center of the continuum away from
the buoyancy frequency and the internal tide. The minimum
squared error £ occurs at p = 2.5 2.7 for displacement and
p = 265 285 for velocity. although the precise locations of
the minima arc somewhat vague (Figurc [2q). As a com-
promise, the value of p = 2.7 is chosen for overall best fit, and
the spectral models of both displacement and velocity for this
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Fig. 12 Fsumates of the model parameters £, Er. and 1 from the

MATE datt. The overall best fit values are shown as salid circles: for
cemparison. the GM values are also indicated (open arcles) (a) The
best fit values of £ as a function of p. Direct estimates from spectra of
vertical displacement MS, and horizontal velocity MS, are shown as
solid lines. Indirect estimates of £ using direct estimates of £t from
DS and TS . and 1 from MVC und MHC are shown as dashed lines.
The squared error o7 (22) of the fit1s shown in the inset. (b) The best
fit values of ¢ as a function of p. Direct estimates from vertical and
horizontal coherences, MVC and MHC, are shown as a solid line.
Indirect estimates of ¢ using direct estimates of £1 from DS, and TS..
and F from vertical displacement and horizontal velocity spcurd MS
and MS,. are shown as dashed hines. () The best fit values of Er as a
function” of oo Iirect estimates from vertueal and horizontal wave
number spectra, DS, and TS, are shown as sohd lines. Indirect esu-

mates of Er using direct estimates of £ from MS_and MS,. and ¢ from
MV and MHC are shown as dashed lines

value are plotted with the observed spectra in Figures 5 and 8.
It is clear from the tigures that the spectral slope of p = 2.7 is
a better fit than the p — 3 of the GM model. The TVC, also
provides un estimate of p independent of £ and 1. The coher-
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ence data compare more favorably with the value of p = 2.7
than the GM model value (Figure 10).

The MVC. and MHC. are used to determine the best value
of 1. since they are both independent of p and £, The model
MVC. is also independent of frequency. Even though the ob-
served MVC. show significant fluctuations in frequency
(Figure 6a). average values for the band 0.2 0.7 cph were cal-
culated to compare with the model for all possible vertical
scparations (Figure 6h). At large vertical separations the co-
herence squared approaches the bias level: estimates near 0.1
are not significantly different from zero. The model results (19)
are also plotted in Figure 6b for a range of values of r =
2536 m "sand N =174 235 x 107* s~ (1.0 1.35 ¢ph):
the GM value of 1 = 1.39m ' (j¢ = 3 is also shown. While
there is large scatter in the data. it is clear that 1 = 2.5-36
m s fits better than the GM values. The model MHC. (20} is
compared with the observations at the only horizontal separa-
tion of 332 m in Figure 7. The data are less coherent at a
given frequency than predicted by the GM model. The ob-
served horizontal coherences are remarkably consistent with
the same range of ¢ of 25-36 m ' s that fits the vertical
coherences. Although it is difficult to estimate a precise value
of ¢ from these coherences. the average value of 3.1 m ! s is
plotted in Figure 12b along with the GM result.

The product £1 is estimated independently from the level of

the TS.. from horizontal protiles made by SPURV, and the
DS.. from vertical profiles made with the CTDSV. To fit the
TS.. the model spectral shape x ? (14) was fit to the observa-
tions. minimizing a squared error defined in an analogous
manner to (20) over the wave numbers 4.7 x 10 * to 9.0
x 10 * ¢pm (Figure 9). The fit was not extended beyond
10 * cpm because the wave number dependence of the spec-
trum changes, and these wavelengths arc probably toe small
to be modeled reasonably by a linear model. The estimates of
Et are plotted as a function of p in Figure 12¢. A similar
approach could be used to obtained Er from the DS_: how-
ever. instead we usc the results from the detailed analysis of
Levine and Irish [1981]. They used the same data sct and
included the effects of temperature fine structure in the pres-
ence of the internal wave field. It was found that approxi-
mately 1 2 of the DS from wave numbers 0.004 to 0.05 cpm at
1013-m depth was caused by internal waves, while the remain-
der was temperature fine structure. Fstimates of £r were ob-
tained using their value for the level of the uncontaminated
DS. and are also plotted in Figure 12¢.

The consistency among the independent estimates of E. t.
and the product £t ¢an be checked. since any two quantities
can be used to calculate the third. Direct estimates of £r from
TS, and DS. (Figure 12¢) and t = 3.1 m ' s from the MVC:
and MHC, (Figurc 12b) yield indircct estimates of £, plotted
as a dashed line in Figure 12q. Similarly, the indirect estimates
of Et. from direct estimates of E and ¢, are displayed in Figure
12¢. and indirect estimates of ¢, from direct estimates of Et and
E. are shown in Figure 12b. The agreement is remarkably
good among all the measurements for p = 2.7 - better than a
factor of 2.

6. DiscussioN

To put the observations made during MATE into per-
spective. we briefly survey the historical set of internal wave
observations. The major features of the wave field as observed
in most internal wave studies can be reasonably described by
the GM spectrum. The GM model serves as a benchmaik that
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can casily be related to other observations. Systematic dis-
cussions of the historical data arc presented by Wunsch
[1976]. Wunsch and Webb {1979). Roth et ul. [1981]. and
Levine et al. [1985]).

In terms of total energy per unit volume. the internal wave
tield during MATE agrees with the GM level and falls in the
middle among historical values [Levine et al. 1985]. Near
steep topographic features such as Muir Seamounts, Hydro-
grapher Canyon [Wunsch, 1976]. and Hudson Canyon
[Hotchkiss and Wunsch, 1982] the energy in the wave fields is
signiticantly higher by a factor of 2 50 than the GM level. At
MATE the cffect of the nearby scamounts (9 km away) on the
background energy is apparently not significant.

The frequency spectral slope = 7' in the internal wave
band at w > f'was found to be consistent with p = 2.7. This is
slightly less steep than the canonical GM value of p = 3.
However, other studies have noted that a dependence less
steep than  ? generally fits moored spectral data better [e.g.
Wunsch. 1976 Levine et al., 1983]. The modified GM model
allows the variation of the parameter p to be tested by all
relevant statistical quantities, not just the slope of the (re-
quency spectrum itself: there is significant improvement be-
tween data and theory at MATE with p = 2.7.

The parameter ¢, which is directly related to the equivalent
number of modes j,. sets the wave rumber bandwidth in the
GM model. At MATE the best fit value of =31 m '
(j* = 6) i1s a factor of 2 higher than the canonical GM value,
There are not many accurate determinations of 1. so the
number of good comparisons are limited. The best compari-
son is with the results from the extensive measurements made
during the Internal Wave Experiment (IWEX) [Briscoe, 1975:
Miller et al.. 1978). The IWEX model allows ¢ to be a func-
tion of frequency. To examine results from models with slight-
ly ditferent parameterizations, it is most useful to use “equiva-
lent bandwidth™ when comparing results [sce Muller et al.
1978. p. 492]. The IWEX results, when converted to units of 1.
show a decrease from t = 3.3 m s (j, = 6.4 at low frequency
tor=17m 's {, =32 near N. In the frequency band
where the MATE data were fit, above the tide and below N,
the IWEX valuc of t = 24 m ' s (j, = 4.7) falls between the
MATE and GM value. If a value of + had been estimated at
high-frequency ncar N for MATE. a lower value of 1 would
result duc to the high coherence near N (Figure 61. This fea-
ture is consistent with the decrease in 1 at high frequency in
the IWEX model.

The modtied GM model presented here is stll adnttedly
crude—only three parameters to define the statistics of the
internal wave field. However, it does permit a more accurate
representation of the internal wave field at MATE than the
GM model. The formahsm can also be applied to other obser-
vations where the frequency spectral slope differs from e 2.

The spectral description of the internal waves at MATE
may provide ‘useful information to theoreticians secking the
best kinematic formulation of the wave field to test theories of
internal wave dynamics. During the last 10 years there has
heen considerable effort in trying to understand the dynamics
of a random sea of internal gravity waves. A variety of theo-
retical techniques have been used to study nonlinear interac-
tions among internal waves (see West [19817 and Miiller et al.
[1986] for reviews of the topic). To relate their results to the
ocean. some form of the GM model is usually used as the base
state of the oceanic internal wave field. Transfers among wave
components in frequency wave number space by nonlinear in-
teraction are then estimated. If a different base state of the
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internal wine tield were chosen. such as that found during
MATE, then some of the theoretical results may be modified.
However. due to the complexity of these theories, further in-
vestigation is necessary to determine if the modifications
would be significant.

Little has been mentioned about the eflect of noninternal
wave fine structure on the results of this analysis. From the
detailed study of temperature fine structure by Levine und
Irish [1981]. we conclude that the moored vertical displace-
ment spectrum MS. is essentially uncontaminated by fine
structure. The internal wave signal was found to be a factor of
10 higher than the fine structure contamination in the internal
wave frequency band: this agrees quantitatively with the re-
sults from IWEX [Miiller et al.. 1978). The moored vertical
coherences MVC. also were found to be unaftected by fine
structure at vertical separations greater than 10 m. However,
the effects of tine structure are significant at high wave num-
bers in estimates of dropped spectra DS. inferred from temper-
ature measurements, and this effect has been taken into ac-
count. No estimate of the importance of current fine structure
i the velocity observations has been made. However, if we
apply the results from IWEX to the MATE data, then the
contamination in the moored velocity spectrum MS, is a
factor of 2 2 below the internal wave signal over most of the
internal wave frequency band. Near N, however. the fine
structure eflects may actually dominate. If one uses this esti-
mate of current fine structure and remozes it from our spectral
estimates. the effect on the overall tit would be relatively small
and would not significantly atfect our conclusions.

7. SUMMARY AND CONCLUSION

The umique feature of the MATE internal wave study was
the acquisition of towed und dropped measurements simulta-
neously with moored observations. This permits careflul exam-
ination of internal wave statistics in frequency and vertical
and horizontal wave number. A generalized formulation of the
Garrett-Munk spectral model was used as a framework for
comparing these diverse observations. In this modified version
of the GM muodel. three parameters, p. E. and 1, are needed to
specily the entire spectral behavior. The parameter p sets the
frequency dependence: the spectral behavior for both horizon-
tal velocity and vertical displacement is 0 77" at @ > f. The
quiantity £ s the total energy of the internal wave field per
unit mass at the reference buoyancy frequency N it appears
as a factor in the expression for all spectral quantities ((4). (5).
(11 (120, We choose the value of N = 1.74 x 10 * s ' (1
cph) as a reasonable scale. The parameter  sets the wave
number bandwidth of the wave tield. thereby controlling the
spatial coherence scales and the vertical and horizontal wave
number spectra Expressed in terms of the GM parameters E,
h.and T

E N —ERN,
t=nj, Nyh

This model would be uscelul to apply to other observations
where the value of p differs from the GM value.

Independent observations made during MATE were used to
determine E. 1. and the product Er. directly. The best fit of the
data to the spectral model s summarized in Figure 12 as a
function of p. The directly determined value of E. from
moored spectra of displacement and velocity, had the least
error 7 for a value of p = 2.7, significantly less than the GM
value of p =3 (Figure 12a). However, the value of =8

x 10 * Jkg at p=27is in good agreement with the GM
model tabout 10°. lower). Indircctly inferred values of £ from
estimates of 1 and £r from coherences and wave number spec-
tra are consistent with the directly measured £ (Figure 124).

The directly determined value of t from the moored coher-
ences is independent of p and cstimated to be 31 m ' s
(Figure 12b). This is about a factor of 2 farger than the GM
value {cquivalent to a j, = 6 in the GM model). Indirectly
inferred values of 1 from directly determined Er and E are
consistent and distinctly higher than the GM level.

Direct measurements of Et from both vertical and horizon-
tal wave number spectra are nearly equal at p = 2.7 (Figure
12¢). Indirect estimates are consistent and about twice the GM
value.

An independent veritication of the parameterization of the
internal wave field is provided by the acoustic experiment.
MATE was a unique experiment. designed to test our ability
to relate observed internal wave fluctuations to simultaneous-
Iy measured acoustic variability. The acoustic experiment con-
sisted of observations of pulses at 2. 4. 8 and 13 kHz, trans-
mitted over a fixed 18.1-km path between towers anchored on
the two seamounts. The data were reduced to time series of
pulse amplitude and travel time. The temporal fluctuations of
the acoustic signals were due primarily to the oscillations of
the sound speed field caused by tides, internal waves. and fine
structure. The statistical description of the internal wave tield
presented here is used as input to acoustic theories, which can
then be verified using the observed amplitude and travel time
statistics. The observed travel time fluctuations agree well with
the predictions using the description of the internal waves
provided by the MATE model [Ewart and Reynolds. 1984].
There is significant improvement using the spectral slope
p = 2.7 and bandwidth 1 = 3.1 m ' s {j, = 6) compared with
the cannonical GM values. This independent sampling of the
wave Held increases confidence in the vahdity of the MATE
modcl.

There arc perhaps two perspectives with which to view
these results. The internal wave specialist would stress the
deviations from the GM model: (1) frequency spectral slope
w "7 (p = 2.7) at high frequency rather than w ™ (p = 3) and
(2) value of 1 about twice the GM value (j, = 6). Certainly
deviations from the GM model, of this magnitude and larger.
have been reported previously [e.g.. Wunsch and Wehb. 1979].
But often only onc or two types of measurements are avail-
able, and usually it cannot be determined if the deviations are
consistent with internal vaves or due to some other processes.
Because of the variety of towed. dropped, and moored obser-
vations at MATE, the parameters were evaluated from inde-
pendent measurements and found to be consistent with the
kinematics of internal waves.

The generalist would note that the observations are still
remarkably siinilar to the GM “universal™ spectrum that was
originally derived from fits to data taken at vastly different
times and places. From this viewpoint the experiment can be
seen as contributing another piece of evidence to better define
the internal wave climatology. It is perhaps surprising that the
deviations are so small given that MATE was a single experi-
ment lasting less than | month in a unique topographic set-
ting.
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ABSTRACT

The currents observed over the shelt and stope during the Australian Coastal Experiment (ACE) are used 10
determine the amplitudes (as functions of time) of the first three coastal-trapped wave (CTW) modes at three
locations along the southeast coast of Australia. A statistical “eddv” mode is included to minimize contamination
of the coastal-trapped wave currents from East Australian Current eddies. The first three CTW modes account
for about 657 of the observed varance in the alongshelf currents on the shelf and slope at Cape Howe. about
407 at Stanwell Park. but only about 24% at Newcastle. Currents associated with the East Australian Current
dominate the observations offshore from Newcastle. CTWs account for alf but 10%. 37 and 27% of the currents
observed at the most nearshore locations on the shelf at Cape Howe, Stanwell Park and Newcastle. The first
two coastal-trapped wave modes propagate at close to the appropnate theoretical phase speeds. but the third
coastal-trapped wave mode and the eddy mode are not coherent between the three current meter sections along
the coast. Surpnsingly, mode 2 cames a greater fraction of the coastal-trapped wave energy than does mode {
at o of the sections. Modes 1 and 2 are coherent with each other at the 954 significance level. The major

energy source for the CTWS 15 upstream (in the CTW sense) of the tirst line of current meters.

L. Introduction

Since the carly observational work of Hamon (1962)
and the explanation of these obseryvations as continental
shelt waves (Robinson. 1964), there have been exten-
sive theoretical developments and numerous obser-
vations of alongshore propagation of sea level and cur-
rent perturbations (see Mysak’s. 1980, review). How-
ever, untid the Austrahan Coastal Experiment (ACE)
of 198384, no specific search was made for the along-
shelf’ propagation of coastal-trapped wave (CTW)
maodes. Al earhier studies of CTWs assumed that the
first mode was dominant. The only atiempt to fit the
dy namic modes to data was made by Hsieh (1982a.b).
In titting barotropic dynamic modes to the data off
Oregon. Hsieh (1982a) found the second mode to be
dominant. However. this result is disputed by Denbo
and Allen (1984). Yao et al. (1984) attempied 1o fit
baroclinic modes to data off Vancouver Island. but the
maodes could not be unambiguously identified because
the database was inadequate.

The Austrafian Coastal Experiment. described in
bFreeland et al. (1986). was specifically designed to
search for CTWSs, Freeland et al. (1986) use the ACE
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data to identify, in the frequency domain. the first three
CTW modes at each of three locations along the south-
eastern coast of Australia. They use the phase difference
between the eigenfunction amplitudes at different lo-
cations 1o construct a dispersion diagram for the first
three CTW modes. Although these dispersion curves
are somewhat steeper than the theoretical curves. they
are convincing evidence for \he presence of the first
three CTW modes. In contrast to the local wind-driven
CTWs described by Clarke and Thompson (1984).
Freeland et al. (1986) found the ACE region to be
dominated by free waves originating further back along
the wave guide but modified by the local winds. For
the Freeland et al. analysis to work. the response must
be dominated by frec waves as any local wind forcing
wiil introduce a bias into their results.

In this paper. we use the ACE dataset to determine
the amplitude of CTW modes at three locations off
southeastern Australia and to look for alongshelf prop-
agation of these modes. The theory used in this paper
and in Part Il (Church et al.. 1986, hereafter referred
to as Part [l) is summarized in the Appendix. and the
data is briefly described in section 2. The observed
alongshelf currents are expanded in terms of the first
three CTW eigenfunctions and a statistical “‘eddy
mode™ for each of three current meter sections. and
for each half day of the six-month record (section 3).
Note that. unlike Freeland et al. (1986), we determine
the amplitude of the first three CTW maodes in the time
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domain rather than the frequency domain. Qur differ-
ent method of analysis, which gives results slightly dif-
ferent from those of Frecland et al.. allows us to ex-
amine the relationships between the various CTW am-
plitudes and their relationships with the observed
alongshelf wind stress. Two other reasons for com-
pleting this analysis in the time (rather than the fre-
quency) domain is that the model amplitudes are
needed for boundary conditions for a time domain
model (Part 11) and because we feel this method is less
biased by local wind forcing than are the results of
Freeland et al. In section 4, cross spectra between the
modal amplitude time series are used to derive the dis-
persion curves for the first two CTW eigenfunctions
and to show that the eddy mode does not propagate
along the shelf. The fact that the resultant dispersion
curves are not significantly different from the theoret-
ically expected curves is a valuable confirmation of
CTW theory and indicates that the modal decompo-
sition does provide meaningful results. In Part H, we
use these amplitudes as boundary conditions for a
CTW model and show that this CTW model does have
predictive skill on the shelf.
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2. The observed current, pressure and wind stress ficld

The main ACE array consisted of three sections of
current meters (each with five moorings and cach hav-
ing a total of 15 current meters) offshore from Cape
Howe. Stanwell Park and Newecastle (Fig. 1a). The de-
signed placement of the current meters on cach section
is shown in Fig. 1b. The actual depths of the moorings
were within 15% of these nominal depths with most
moorings being closer than this. We shall refer to the
three sections of current meters as line 1 (Cape Howe).
line 2 (Stanwell Park) and line 3 (Newcastle). The cur-
rent meters are coded as in this example: 23,1000 (f
refers to lowpass filtered data) is a meter at a depth of
1000 m on the third mooring from the coast on line
2. The current meter sections arc nominally identical.
and the current meters were distributed so that the first
three CTW modes could be separated. The meters are
not. therefore. clustered close to the coast but are closer
to the sheli edge and slope where the CTW modes ¢x-
hibit sign changes. By having three current meter sec-
tions. we hoped to see CTW modes propagating along
the coast and check these propagation speeds against
theoretical predictions.

m
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fro 1 Tocaton diagram for the Australian Coastal Experiment. (a) The locations of the current meter moorings, SSE records and
< itions where meteorological data were collected. The sole mooring at 42°4(FS on the cast coast of Tasmania is shown on te 1aset. The
sant e s the 200 mosobath and the dotted line is the 4000 m isobath. (b) Schematic (not to scale) diagram of the locations of current
< the sections of Cape Howe, Stanwei) Park and Newcastle. A solid circle indicates 1K data return, an open aire'e zero data

cut g hlt shaded arcle indicates an incomplete record. Accurate bottom profiles are piven i Fig. 3.
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Some data was lost due to trawlers moving moorings,
extreme currents causing large tilt in some of the
mooring lines, and the total loss of one mooring. How
the raw data was processed, together with notes on the
data collected, is given in Freeland et al. (1985). The
data used here have been lowpass fillered (half-power
point at about 40 h) and decimated to one value every
12 h. The principal axis of variance for all of the current
meter records was almost parallel to the alongshelf di-
rection. and we have used only the alongshelf com-
ponent of the current throughout the analysis that fol-
lows.

Coastal sea level data was collected for ACE from
six locations along the coast. The analogue sea level
charts were digitized to hourly values, lowpassed. de-
cimated to noon and midnight values, and corrected
for atmospheric pressure variations to give subsurface
pressure (SSP). Data are also available from two sub-
surface pressure gauges offshore from Cape Howe.
These gauges. which were near the first and third
moorings. will be veferred to as fpl!l and fpl3. The
details of the routine data processing and of the data
available are given in Forbes (1985a).

Meteorological data from 16 stations were obtained
from the Australian Bureau of Meteorology. For 12 of
these stations, data were recorded iwice daily at 0900
and 1500 LST, and for four stations, the data were
recorded at 3-h intervals. All of the data were inter-
polated. filtered and decimated to noon and midnight
values, and the principal components of variance of
the wind stress determined. The wind stresses were cal-
culated using the neutral steady-state drag coefhicient
of Large and Pond (1981). Meteorological data from
three buoys moored at midshelf are also available.
While these data were not continuous over the ACE
penod. they did indicate that the alongshelf wind stress
did not vary significantly across the shelf (Forbes. 1986).
We selected three stations that provided continuous
data during ACE and that we thought to be represen-
tative of the wind stress field. The three stations—
Green Cape, Montagu Island and Norah Head (Fig.
1)—are used in the application of the CTW theon
(Part ). Details of the data and the wind field over
the ACE region are discussed by Forbes (1985h, [986).

The twice daily alongshelf current and sea level data
were highpassed to decrease the amplitude of signals
with periods greater than about 20 davs. To achieve
this, the individual series were Fourier transtormed.
the amplitude of the Fourier coctheients with peniods
greater than 20 days were set 10 zero. and the new
highpassed series 1n the time domain were generated.
Spectral results (using a difierent bandwidth) indicate
that this filter passes a small amoun of encrgy at pe-
nods of 24 days and has no effect at hizher frequencies.
Unless otherwise stated. all series (except the surface
wind stress) were subjected to this highpassing betore
further analysis.

CHURCH, FREELAND AND SMITH 1931

3. Eigenfunction representation of the observed cur-
rents

The currents at Cape Howe (and also the other sec-
tions) are due not only to CTWSs but also to a number
of other phenomena. The most important of these is
eddies formed from the East Australian Current. and
there were periods at all three current meter sections
when offshore eddies had a strong effect on the shelf
and slope currents. (A paper on these eddies is in prep-
aration.) To determine the amplitude of the CTWs,
we decomposed the observed currents in terms of the
first three CTW eigenfunctions (section 3a) as well as
a statistically defined eddy mode (section 3b).

The decomposition of the observed currents into the
CTW eigenfunctions and the eddy mode was done in
the time domain and used separate CTW modes and
eddy modes at each of the current meter sections. This
differs from the analysis of Freeland et al. (1986} in
which the decomposition was done in the frequency
domain. using a single set of eigenfunctions for all of
the sections.

a. Density field and eigenfunction calculations

The density data during ACE were coliected with a
Neil Brown Mark 3 CTD along several sections per-
pendicular to the coast and along sections through off-
shore eddies [602 stations were completed during ACE
(White and Church, 1986). The three current meter
sections were the most often repeated: Cape Howe (6
times). Stanwell Park (14} and Newcastle (7). To aliow
the CTW cigenfunctions F, ;for the pressure field). the
phase speeds ¢,. the associated vind A,. and frictional
coupling coeflicients (¢, ) to char2e as the bathymetn
and Brunt-Viisili frequencies change with alongshelt
distance. we calculatcd the eigenfunctions (and asso-
ciated phase speeds and coupling coeflicients) at these
three sections.

The processing of the raw CTD data to 2-db averaged
data is discussed by White and Church (19X6). These
2 db data were averaged to determine 10 db data. and
an average density section (over the ACE perniod) was
calculated for the three Jocations. As the Brunt-Vinsila
frequency profile varied slightly in the cross-shelt di-
rection, an arhficial profile was constructed for cach
section. This profile consisted of the profile at a mid-
shelf location (depth 135 m) _oined to a protile at the
outer end of the section. Below the depth ot the CTD
data (1500 db), the Brunt-Vasili frequency was as-
sumed to decrease exponentially with a depth scale of
1.5 km. The profle at each of the sections (hig 2y
agreed with the histoncal data presented by Levitus
(1982). The profiles i the upper 1500 m are quite
similar at Newcastle and Stanwell Park, but at Cape
Howe the large peak in the near surface favers s absent,

The bottom protiles at the three locations, deter-
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FIG. 2. The N* profile used in determining the CTW eigenfunctions
at Cape Howe. Stanwell Park and Newcastle. Below 600 db all curves
are very similar and 1o avoid confusion only one is drawn.

mined from charts and depth data recorded on each
of the cruises during ACE, are shown in Fig. 3. Al-
though the three profiles have a similar shape. there
arc considerable differences in the width of the shelf.

The CTW eigenfunctions F,(x. =) and the eigenvalues
¢, were found by solving Egs. (AS) using a numerical
technique. (The program was generously supplied by
Dr. K. Bnink: the basis of the technique is outlined in

Newcaatle
Stanweil Park
Cape Howse

Oepth Im)

3000 4 - - -

e e =
-] 23 80 78 100 128 150

-1
Distance oftfahore (am)

Fic.. 3 The depth profile used 1n determining the CTW eigen-
functions at Cape Howe, Stanwell Park and Newcastle.
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Brink and Chapman, 1985.) The numerical technique
replaces the x = x boundary condition with the con-
dition that, at a large distance L from the coast. the x-
derivative of the velocity normal to the coast is zero.
This is a good approximation if the outer boundary is
at least one deep-water Rossby radius beyond the bot-
tom of the continemtal slope. We chose a value of L
= 150 km to satisfy this condition. The grid is regular
in the x-direction and stretched in the z-direction. We
used a grid with 63 points in the x-direction and 23
points [between = = 0 and = = —A(x)] in the z-direction.
The linear drag coefficient r was evaluated from r
= Cp)U,| when C;, is a quadratic drag coefficient (of
value 2.5 X 107%) and |U| is a scale velocity (of value
0.2 m s7"). The eigenfunctions were normalized such
that for unit amplitude the energy flux was ! erg s '.

The theoretical dispersion curves for the first three
CTW modes at the three sections are shown in Fig. 4.
For the purpose of comparing the theoretical curves
with the observations. we shall ignore their very slight
curvature and use the low wavenumber, low frequency
limit. The first mode phase velocities increase from 3.2
m s~ ! at Cape Howe to 4.0 m s ' at Stanwell Park and
5.2 m s at Newcastle. The corresponding phase ve-
focities for mode 2 (and 3)are .77 (0.97), 2.15 (1.27)
and2.43ms '(1.24 r 37'), respectively. and are given
with their respective eigenfunctions in Fig. 5. The in-
crease in the phase speeds is due to the increased strat-
itfication in the north and also to the increased shelf
width.

The calculated CTW eigenfunctions for the along-
shelf current [G,(x. 2)] for the first three modes at the
three current meter sections are shown in Fig. 5. We
completed a number of sensitivity tests for variations

W2/ period (x 1058 )

........... Newcastle

Stenwell Park

----- Cape Howe
R A
Q.0 0.2 0.4 [+ X ) 0.8 1.0

k=2M/Al(x 10%m-1)

F1Gi. 4. Theoretical dispersion curves. The theoretical dispersion
curves for CTW modes 1, 2 and 3 are given for the three current
meter sections. For mode 3. the dispersion curves at Stanwell Park
and Newcastle are almost identical.
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£1G. 5. The eigenfunctions. The first three 1heoretically determined CTW cig. nfunctions and the siatisucally determuned
“eddy ™ modce for the cusrent meter sections at Cape Howe. Stanwell Park and Newcastle are shown. The contouring is in
arbitrary units,

in the depth profile A(x) and the stratification N(z).  the depth or stratification profiles (such as migh* be
The results indicated that the eigenfunctions and the  produced by inaccuracies in the data or local variations
phase velocities were not sensitive to smali changes in  in the shelf conditions).
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b. The statistical eddy mode

To define the eddy mode, we follow the technique
of Freeland et al. (1986) and initially assume that cur-
rents V(1) measured at 1000 m depth at the furthest
offshore mooring at each of the sections (i.e.. current
meter n5/1000) are due primarily to eddies. This is a
reasonable approach, as CTWs are trapped near the
shelf and, relative to eddies, are not large far offshore
and at depth. In contrast, eddies strongly affect the off-
shore region, and the density perturbation associated
with eddies reaches to depths well in excess of 1000 m
(Nilsson and Cresswell, 1981). Given this assumption,
currents at any location on this section that are cor-
related with V(1) are then assumed to be associated
with eddies and not CTWs. The values a(x, z) that
minimize the mean square error

E=[V(x.z2.0) — alx. )V LD 3.1

define the distribution of eddy signal, which we inter-
pret as a statistical eddy eigenfunction. The eddy ei-
genfunctions (Fig. 5) have their maximum amplitude
offshore and near the surface. Their amplitudes decay
towards the coast and with increasing depth. The eddy
eigenfunctions at the three sections (Fig. 5) are quite
similar to each other but are very different from the
dynamical CTW eigenfunctions that have their max-
ima on the shelf and near the bottom. We believe that
our results are not sensitive to the exact values chosen
for the eddy eigenfunctions. The tendency for the eddy
modes to increase in amplitude offshore ensures that
they are badly matched to any CTW activity and so
they should readily absorb energy associated with the
eddy field. Rather than using the whole record to de-
termine the eddy eigenfunctions, an alternative ap-
proach is to look at the current distributions across a
section when a large eddy is present. We have done
this for the Stanwell Park section, with results very
similar to those we obtained using the above procedure.

<. Determination of the amplitude of the eigenfunctions

Having now defined a statistical edd'y mode. we shall
relax the assumption that the currents measured at lo-
cations n5/1000 are due solely to eddies and determine
the amplitudes of the eigenfunctions in a least-squares
sense.

The theoretical solution for the alongshelf currents
of CTWs [see Eq. (A7;] is a sum over an infinity of
modes. In practice, this sum has to be truncated at a
finite number M, i.e.,

M
v )= 2 G om0, 3.2)

;=1

Even though the ACE dataset is large, the determina-
tion of the amplitude of the CTW modes is not trivial.

From the limited data available at any of the sections.
we initially decided that we could, at best, determine
the amplitude of only three CTW eigenfunctions and
one statistical eddy eigenfunction, so M = 4. The am-
plitudes of the eigenfunctions are the solutions ¢ of

Go¢ =v, (3.3)

where the n/th element of the matrix G is tne value of
the alongshelf current component of the jth eigen-
function (j = 1 to 4) at the nth (n < 15) current meter
location on each section. The ¢ that satisfies this equa-
tion such that the residual is minimized (in the least-
squares sense) is the Moore-Penrose solution:

¢ =(G'G) 'G'v. (3.4)

A more stable solution is found by using a singular
value decomposition i.e.,
« (GY)-q,

=5 =224 3.5
¢ ,:Zl Y (3.9

where q, and A; are the eigenvectors and eigenvalues
of the matrix G'G and R is the effective rank of the
matrix (R < 4). R = 4 corresponds 1o the unstable
Moore-Penrose solution. Equation (3.3) is badly con-
ditioned, and even with the large amount of data avail-
able from the ACE array, the Moore-Penrose solution
is unstable. The fact that the eigenvalues appear in the
denominator of Eq. (3.5) is the reason why the Moore—
Penrose solution is unstable. The eigenvectors and ei-
genvalues are slightly different for each line and also
vary as gaps appear and disappear in the data. There
are, in general, eigenvalues near 2%, 10%. 35% and
55% of the value of the trace of the matrix. The value
of 2% is close to the accuracy of individual current
meters, and the total experimental inaccuracy is cer-
tainly much greater than 2%. (See the residual variances
at the end of the next paragraph.)

To choose the appropriate value of R, we carried
out a series of tests using the data from the Cape Howe
scction. For the complete time series, we evaluated the
residual variance and the variance of the solution for
different values of R. At Cape Howe. as R was decreased
from 4 to 3. the residual variance increased from about
10% to 13% of the observed currents, but the variance
of the solution decreased by a factor of 3 (and a factor
of 7 for mode !). Further decreases in the value of R
caused farger increases in the residual variance but less
rapid change in the variance of the solution. Also. for
each regressior (at half day intervals). we applied F
tests to see whether or not inclusion of a particular
eigenvector significantly reduced the residual variance.
The tests indicate that the smallest eigenvector is only
significant (at the 95% level) in about 10% of the
regressions, the second smallest eigenvector is signifi-
cant in about 14% of the regressions. the third eigen-
vector is significant in about 30% of the regressions.
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and the largest eigenvector is significant in about 43%
of the regressions. The times at which no eigenvectors
are significant correspond to times of small currents.
On the basis of these tests. we omitted the smallest
eigenvector from the solution and set R = 3. Note that
omitting an eigenvector does not mean a particular
mode is omitted, but rather a particular linear com-
bination of modes is not allowed. The second smallest
eigenvector is probably only marginally significant to
the total solution. For R = 3, the residual variance,
averaged over the total time series, is about 13% of the
observed variance at Cape Howe, about 20% of Stan-
well Park and about 23% at Newcastle; i.e., the least-
squares fit to the observed currents accounts for at least
77% of the observed variance at each of the three sec-
tions.

The observed alongshelf currents are compared to
the sum of the fitted modes for Cape Howe in Fig. 6.
On the shelf, the sum of the fitted modes is a good
approximation to the observations, but the fit offshore
is poorer, and it is apparent that CTWs and a single
“eddy” mode cannot account for the observations. The
modal amplitude time series for the first two CTW
modes at the three sections is shown in Fig. 7.

It is difficult to determine the amplitude of the CTW
modes from the data. For our finite array (which is
larger than most previous arrays used to study CTWs),
the modes (the CTW modes and the eddy modes) are
not orthogonal. Given noise in the experiment (due to
inaccurate current meters, vertical movement of me-
ters, changes in stratification, etc.), it is only possible
to determine the amplitudes of some linear combina-

1984

Longshelf velocity (cm/s)

.50 J 1117125

I T T T T T T T 1 T !
] 20 40 80 80 100 120 140 180 180 200 220
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----------- Reconstructed —————— Observed

Fi6. 6. Comparnison of the observed alongshelf currents and the alongshelf currents calculated
from the sum of the fitted CTW modes and the eddy mode.
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FiG;. 7. Modal amplitudes (arbitrary units). The amplitudes of (a) CTW mode | and (b) mode 2. determined from the obsered
alongshelf currents, are shown for the three current meter sections. ( The sign of the eigenfunctions s arbitary and tor companison
with the observed currents and winds these modal amplitudes need to be muitiphed by 1)

tions of the modes (in our case. the first three cigen-
functions) rather than of the modes themselves. How-
ever, we have no choice but to proceed with the avail-
able database.

In determining the amphlitudes of the modes. we
could multiply the alongshore veloaities by depth in-
tervals to get transports and then minimize (in the least-
squares sense) the residual transports rather than min-
imizing the residual velocities. However. this procedure
places most weight on the offshore transports where
the CTW response 1s small and produces unreahstic
results. Mimimizing the residual velocities places about
cqual weight on all except the deepest offshore meter.

4. Properties of the eigenfunction amplitudes
The tfirst three CTW eigentunctions account for

about 657 of the vanance at Cape Howe, about 407
of the vanance at Stanwell Park. but only about 247

of the variance at Newcastle. This suggests that CTW
are the dominant cause of variance at Cape Howe,
whereas offshore eddies and the Fast Austrahan Current
are the dominant source ot variance at Newcastle. The
determination of the amplinudes of the CTWS at Ivew -
castle is far less reliable than at either of the other we-
tons.

Spectra (Fig. &) of the cigenfuaction amphtudes (i
energy conserving form) indicate that most of the en-
ergy at Cape Howe and Stanwel Park s in the band
with penods ranging from 4 to 12 davs This s con-
sistent with spectra of the alongshore componeni of
the wind stress (Fig 9% Note that these spectra were
from eigenfunction amplitudes obtained without first
highpassing t:.c alongshelt component of currents. The
calculated energy fluy at Cape Howe [Eyg. (AR due to
the first three CTW modes s 2.9 % 10% W il the along-
shelf currents are not hughpass filtered (its distribution
with frequency it shown in Fig. 8). and 1.9 ~ 0" W
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FIG. 7. (Continued)

it they are. Of this latter value, about 31% is carried by
mode 1. about 49¢ by mode 2, and the remainder by
mode 3. The relatively large energy flux carned by
maode 2 at both Cape Howe and Stanwell Park (see Fig.
8) 1s rather surpnsing. {The eddy mode is more or-
thogonal 10 the second mode CTW than to the first,
and 1t mayv be that some of the first mode CTW s
appearing in the eddy mode. Even if this is the case.
the energy flux of the second mode is at least as large
as the energy flux of the first mode.} Cross spectra (not
shown) were computed between the eigenfunction am-
plitudes. These show that eigenfunctions | and 2 are
highlv coherent with cach other right across the wave
hand: no other pair of modecs 15 as consistent'y coherent
across the wave band at the 957% significance level. The
phase lag between modes 1 and 2 is 5°-1(° at Cape
Howe and close to zero at Stanwell Park. The eigen-
function amplitudes for modes | and 2 at Cape Howe
are coherent with the wind at the 95% (and higher)
significance level and lead the wind at Gabo Island by
about 20° at a period of 24 days, but lag the wind

between 0° and 30° across the remainder of the
wave band. These phase estimates have error bounds
of about 30°.

The eddy eigenfunction also shows a peak in the
wave band at a period of 12 to 8 days (Fig. 8). This
mayv be due to higher order CTW eigenfunctions that
were not explicitly included ir. the analysis or may in-
dicate some influence of the CTWSs, or the wind ficld.
on the cross-shelf position of the East Australian C ar-
rent.

At Newscastle, the energy levels of all of the moges
are higher, and most of the energy is in the lowest fre-
quencies. Also. a much smaller percentage of the vari-
ance is accounted for by CTWSs, The expianations for
these two observations are not clear: theyv are likely to
be associated with the proximity to the East Australian
Current and increased eddy activity levels offshore from
Newcastle. The East Australian Current may be gen-
erating CTWs, or possibly the eigenfunction decom-
position cannot resolve the CTWs adequately in the
presence of such a large amount of noise. As for the

Al
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FiG. 8. Spectra of the amplitude of the first three CTW modes at Cape Howe, Stanwell Park
and Newcastle. These spectra are normalized such that the area under the curve is proportional
10 2 f'/po times the energy flux. The spectra of the eddy mode at Cape Howe, Stanwell Park and
Newcastle are also shown. Note that the currents were not high-passed filtered before obtaining

these spectra.

other two lines. amplitudes of modes 1 and 2 are highly
coherent across the wave band and there is a near zero
lag. Eigenfunction 1 is coherent with the eddy eigen-
function for periods of six and fewer days. If R in Eq.
(3.5) is decreased to 2. the energy level in the CTWs
at Newcastle is decreased by about 50%, but the energy

o7 o.or— T 0T
g . =
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o [ _J o o~ b
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S z z
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ol—L 1 OLJ .\
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Fic. 9. Spectra of the alongshelf component of the wind stress at
Cape Howe, Green Cape and Norah Head. The spectra are plotted
n a form such that the area under the curve 1s proportional to the
varance of the alongshelf component of the wind stress. Note that
there are different scales on each plot

in the eddy eigenfunction is increased by only 17%.
The general shapes of the spectra remain unchanged.

Cross spectra between corresponding eigenfunction
amplitude time series at different locations have been
computed for the three CTW eigenfunctions and for
the eddy eigenfunction. The most significant coher-
ences occur for CTW eigenfunctions [ and 2 between
Cape Howe and Stanwell Park (Fig. 10). In the band
6-24 days, modes | and 2 are coherent at the 95%
significance levels and the Stanwell Park series lags the
Cape Howe series. The transfer functions between Cape
Howe and Stanwell Park show a peak of about 1.4 for
mode | and 1.2 for mode 2 at the period of 12 days.
but are less than unity for the rest of the wave band.
This peak in the transfer function occurs at about the
same frequency as the peak in the spectra for alongshelf
wind stress (Fig. 9).

The third CTW eigenfunction amplitudes are not
coherent at the 95% significance level for any pair of
alongshelf 'ocations. This contrasts with th:2 results of
Freeland et al. (1986), who denved a credible dispersion
curve for the third CTW eigenfunction. The lack of
significant coherence (at the 95% significance level) for
mode 3 may result from the fact that the present tech-
nique of calculating the eigenfunctions in the time do-
main is more subject to contamination by noise than
1s the method of Freeland et al.. where the Fourier
analysis removes some of the system noise prior to
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FIG. 10. Cross spectra (transfer function, phase and coherence) for (a) CTW mode | and (b) mode 2 between Cape
Howe and Stanwell Park. The 95% significance level for the coherence is indicated by the dashed lines. and a negative

phase implies that Stanwell Park lags Cape Howe,

modal fitting. However, in agreement with the rosults
of Freeland et al.. the eddy eigeniunction time series
are not coherent with each other. The results for cross
spectra between Cape Howe and Newcastle and be-
tween Stanwell Park and Newcastle were similar. except
that the coherences were less significant than for Cape
Howe to Stanwell Park.

For periods ranging from 3.6 to 24 days (i.e.. the
frequency band in which most of the CTW energy is
located) and for modes 1 and 2. we completed a linear
regression (with zero intercept) of the observed phase
lag versus the distance between sections. The zero in-

tercept regression model is used because each eigen-
function amplitude time series is identically correlated
at zero lag with itself. Also. choosing either & positive
or negative frequency changes the sign of the phasc lag
and implies the regression must pass through the ongin.
The slopes of these regression lines are estimates of the
wavenumbers of the first and second mode CTWs at
cach frequency. The resulting wavenumbers were then
plotted against frequency and linear regressions. with
zero intercept computed. (Note that the frequencies
are the independent variables and the wavenumbers
are the dependent variables. so we must regress A on
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w and not vice versa as shown in Fig. 11.) The inverse
of the slopes of the regression lines is an estimate of
the phase speed of the first and second CTW modes.
The estimated phase speed for modes | and 2 are 3.0
and 1.76 m s ', respectively. Student’s t-tests (Draper
and Smith, 1966) indicate that the observed phase
speeds are significantly different from zero and from
each other (at greater than the 95% significance levels).

The theoretical phase speeds averaged over the ACE
array are defined by

1 1.
.1*1 - g 1 g 4.1
¢ LL o tdy 4.1)

where 1. is the alongshore distance over which the av-
erage is taken and ¢, is the phase speed of the ith mode.
If 520 km (the distance between Cape Howe and New-
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Fici. 11. Dispersion curves for the (a) first and (b) second coastal-
trapped wave modes. The tnangles indicate the estimated wavenum-
ber for the various frequencies, and the solid line is the linear regression
fit (with zero it "ercept) to these points. The stippled remions are the
954 confidence linats to this dispersion curve: the dashe 1 line s the
theoretical dispersion curve for the ACE region.

castle) is chosen as the value for L, then the theoretical
averages for modes ! and 2 are 3.8 and 20 m s ',
respectively. The 95% confidence limits for the ob-
served phase speeds include these theoretical valucs
(Fig. 11). If the value chosen for L is 360 km (Cape
Howe to Stanwell Park—the region with the largest
coherences, which produced results that dominate in
the regression), then the theoretical average for modes
! and 2 are 3.5 and 1.9 m s, respectively (somewhat
closer to the observed phase speeds).

5. Discussion

Although coastal-trapped waves have been thought
to exist in the ACE region and on most other shelves
around the world (Mysak 1980). the only identification
of the theoretical cross-shelf structure prior to ACE
was that of Hsieh (1982a,b). Hsieh analyzed only one
location, and thus alongshore propagation was not ob-
servable. Furthermore, Hsieh assumed barotropic
rather than baroclinic theory. The results presented
here (and in the paper of Freeland et al., 1986) are the
first to indicate alongshelf propagation of theoretical
coastal-trapped wave eigenfunctions at phase speeds
not significantly different from the theoretical free wave
phase speeds. The computed and observed phase speeds
of the first CTW mode are in agreement with Hamon’s
(1976) result that a phase speed of 3.5 m s™' works
better. in a CTW model used to hindcast coastal sea
levels on the east Australian coast, than does a phase
speed of 4.0 m s™' (as determined from coastal sea
level observations by Hamon, 1966).

The phase speeds computed here are slower than
those computed by Freeland et al. (1986) and are closer
to the theoretical values. Freeland et al. used an an-
alagous technique to that used here. except that the
modal decomposition was done in the frequency do-
main rather than the time domain. The difference be-
tween the computed phase speeds occurs partly because
the two data analysis techniques answer slightly differ-
ent questions. Freeland et al. determined the apparent
phase difference between the eigenfunction amplitudes
at different locations. This method is subject to con-
tamination from direct wind forcing. In contrast. the
technique used here determines the phase difference
between the coherent part of the eigenfunciion ampli-
tudes and is therefore less subject to contamination by
direct wind forcing in the ACE region. Some compo-
nent of the coherent signal that is due to the large-scale
wind forcing in the ACE region will remain, however.
Both techniques work reasonably well because the ACE
region is dominated Ly free waves that originate further
back along the wave guide, and direct wind forcing in
the ACE region is of secondary importance.

The results from the modal decomposition indicate
that CTWs account for a significant percentage of the
variance of alongshelf currents over the shelf and slope.
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At Cape Howe. CTWs accounted for 65% of the vari-
ance. At the three current meter sections, the percent-
age of variance accounted for by the CTWs increases
for the meters nearest the shore. In fact, for the meters
£11/125, £21/125 and f31/75, CTWs account for all
but 10%. 37% and 27% of the variance, respectively.
We would expect that for locations closer to the shore
than these moorings the percentage vaniance accounted
for by CTWs would be even higher.

The CTW amplitudes at Cape Howe were signifi-
cantly coherent with the wind at Gabo Island and
modes | and 2 were significantly coherent with each
other. Presumably, then, CTW modes | and 2 are gen-
erated simultaneously by the wind further back along
the wave guide. A surprising result was that mode 2
carried more energy than mode 1 at Cape Howe. This
was also true at Stanwell Park (Fig. 8). Three questions
raised by the results presented are: What is the energy
source for the observed CTWs? Why does mode 2 carry
more energy than mode 1?7 Are modes 1 and 2 highly
coherent because there is a small generation region or
is there an alternative explanation? We hope to pursue
these questions in future papers.
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APPENDIX A

Theory

Consider a stratified Boussinesq ocean initially at
rest. In a right-handed. Cartesian coordinate system.
perturbations from the mean state satisfy the equations

—fr=—p +X. (Ala)
U+ fu=—p +Y. (Alb)
p.= - A (Alc)

o
U+, +w.=0 (Ald)

\':W
o= 2 (Ale)

£

where ¢ 15 ime: 1, v and w are velocities in the v, 3 and
= directions, respectively; g is the acceleration due to
gravity: p’ the perturbation density: p, the mean water
density: p the perturbation pressure divided by p,; Y
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and } are the turbulent stresses in the vand ) directions
divided by py: fis the Coriolis parameter; and N the
Brunt-Viisila frequency. The origin of the coordinate
system is at the coast with x the offshore direction, y
the alongshelf direction, and - vertically upward. For
CTWs. the boundary conditions are that the motion
is negligible for large x. there is no flow through the
surface or bottom, and the depth-integrated velocity
perpendicular to the coast is zero at x = b. As in Clarke
and Van Gorder (1986). b is chosen such that the depth
h(b) is three times the Ekman layer e-folding scale. This
coincides approximately with the depth contour # = 20
m. At the surface, an alongshelf wind stress r*(y. 1} is
specified. In contrast to Clarke and Thompson (1984).
linear bottom friction is included.

Clarke and Bnnk (1985) and Clarke and Van Gorder
(1986) consider the low frequency. low wavenumber
limit of these equations. Under these conditions, the
solution is

pv s = 2 08,00, (A2)

;-1

where ¢, (the amplitude of the jth CTW mode) satisties
the first-order wave equation

1 ad a i
L9990 < = b, (AD)
ot oy T
where
l b 1}
h, = —«JA F(h.o)yd:z Ade
, hhyd- (b 2=/, (Ada)

a4 =y, '[f Fv. —/J)(—/[rl",.(-\'. -/ fdx
b d,\'

-0
+f Erl g ‘d:] (A4b)
o hthy

with

o0 v
Y, :f (I‘-/):d: +f\ A
R ’

[N v

(FYhux, (Ad¢)

Here r is a linear bottom friction coethcient and 7'(y.
1} 1s the surtace wind stress in the 1-direction (parallel
to the shore) and is assumed independent of x. The b,
are the wind-coupling coefficients and the g, are the
frictional-coupling coeftficients that lead to decay of the
modes and energy exchange between the modes. The
F,(x. 2) are the eigemvectors of the eigenvalue problem

f+[(")J =0, {ASa)
WL
with boundary conditions

;1 FE=0 at x=h (ASb)
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F.=0 on =0 (AS¢)
v(h\f\ +i~f) +hF=0 at z=-hx) (ASd)
F=0 at x=qux. {ASe)

The eigenvalue ¢, is the alongshelf phase speed of the
Jjth CTW mode. The depth A(.v) increases from the coast
to the abyssal depth of the ocean.

The eigenvectors have the following orthogonality
property (Clarke, 1977):

L/RY]

. o/
f F(x.o)F,(x, :)—l ‘ dx
o ox -
]

+J. Fib. 2, (b, 2)dz= 1,6,,. (A6)
npy

where 1, 1s an arbitrary constant.

For conditions when wind forcing is of secondary
importance and friction is small, Eq. (A3) states that
the CTW modes £ will propagate alongshelf at the free
wave speed ¢,.

Once the solution (A2) is obtained. the alongshelt

velocity (in the small wavenumber. low-frequency
limit) is found from

1 ap 1 L3F,(x,2)

ry o= ———==2 — .1 1)

’ fpodx REAN M

i

= Y G e, (A7)
o

The energy flux I' through a section perpendicular
to the coast 1s (following Clarke and Battisti. 1983, but
allowing for a coastal wall)

Com[ [ - ol - -
r G S [ ]
(AR}

where the bar indicates a time average. Substituting
(A2) and (A7) and using the orthogonalits condnion
(A6), the ime-averaged energy flux is

) ’< TS
I' = ? Sos (A9)

-~y

if the shelf topography or stratification changes with
v. then the eigenfunctions F,(x. v) will also change but
the amplitudes ¢, for a unit energy hix in the jth mode
will remain constant.

Following Clarke and Van Gorder (1986) Eg. (A 3)
is solved by integrating along the characteristics 1 = 1,(1)
defined by

du, 1

= — A0
) (A10)
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In this method, the number of modes included is trun-
cated to a finite number Af and boundary conditions
for the modal amplitudes specified at some starting
location (say v = 0). 1.c..

¢,(0. 1} = known function. (ALD
Equation (A3) may be written as
d . .
7\-[@’“" G - DIvor oo]lGn. (A12)
where -
D[v.o,(0) = b (en i’u, (Mo vy (A3
|
Loy - c\pUT o (y‘n/x"} (A1

Equation (A12) can be integrated from vto - o
using the trapezoidal rule. However. this itegration
requires knowledge of D[y« av (v - S9) Inthe carls
version of the Clarke and Van Gorder (1986 method
used here ofvor 0] s used as an mitial approvmation
forefy « 4171 + d1ijand then the solution s iterated
untl it converges. Operationally | the tterative sofution
converges sery rapidhy itvpacally imotwo o three e
ations for a tolerance of 1 Clarke and Van Gorder
(1986) have recently changed the ieratine wechmgue
4 matny mversion techmgque
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Measurements of Near-Surface Shear in the Ocean

J. G. RICHMAN AND R. A, DE S70EKE
College of Oceanography, Oregon State University, Corvallis

R. E. Davis
Scripps Institution of Oceanography. La Jolla. California

In an effort to measure current shear very near the sea surface a string of vector-measunng current
meters suspended beneath a surface float was deployed 180 km off southern California at 34 N 121 30W
on November 26, 1981 and allowed to drift freely for over 6 days. This arrangement, which we call the
current meter drifter (CMD), gave measurements at depths of 2.5, 5.5, 8.5, (1.5, 14.5, 25. and 63 m.
During the first two days. when the winds were light { ~ 8 m s) and variable in direction, a ncarly uniform
current shear was observed in the upper 15 m with a low-frequency velocity difference of S cm s between
the instruments at 2.5 and 14.5 m. Duning the last four days. when the winds were brisk (> 12 m s} and
steady in direction from the NNW, a strong downwind shear of order 10 ? s ' was observed in the
upper 10 m with a velocity difference of ~7 cm s between the instruments at 2.5 and 8.5 m. During this
same period the shear below 10 m was much smaller. The average currents during the CMD drift veer 10
the right of the wind stress with angular displacement increasing with depth. Time series of the velocity
difference between 2.5 and 5.5 m compare very well with Krju x ' In (5.5 2.5), where fA1) is the wind
direction vector (of unit magnitude). u, ~ (wind stress p)' 2 is the friction velocity in water, and & ~ 0.4 is
von Karman's constant. On the other hand. a similar comparison of the velocity difference between 5.5
and RS m to tou ke ' In (RS 5.5) is much poorer with observed velocity difference being much larger.
possibly due 10 stable stratification effects. Possible errors in the measurements have been considered and
estimated as less than the observed velocity differences. Near-surface shears as large as the observed are
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very important in closing the momentum budget for the oceanic boundary layer.

1. INTRODUC T1ON

The vertical structure of currents near the sea surface have
long been a subject of profound study among oceanographers.
Ekman [1905] showed. using a constant viscosity model of
turbulent friction. that currents should turn steadily to the
right of the wind with increasing depth (in the northern hemi-
sphere). Sverdrup et al. [1942] cite evidence in favor of right-
ward turning. if not precisely of the form suggested by the
constant viscosity model. Regardless of turbulent parame-
terization it is a robust theoretical result that the wind-driven
mass transport of the sea surface frictional layer is the wind
stress divided by Coriolis parameter. directed 90 to the right
of the wind [Pedlosky. 1979]. Much evidence can be cited in
favor of this [Davis et al.. 1981h; Weller, 1982]. The precise
form of the current structure near the surface remains uncer-
tain. Frictional boundary layers along rigid walls have been
studied theoretically and experimentally since Prandil [ 1925]
and von Karman (1930]. The simple result is that velocity has
a logarithmic profile receding from the wall. The subject is
thoroughly reviewed by Monin and Yaglom [1975). The
theory has been applied with great success to air flow across
land and sea. appropriate modifications having been made to
the theory for the effects of stratitication and carth’s rotation
[Csanady. 1967, Culdwell e1 al., 1972) 1o describe the vertical
structure of the atmospheric boundary layer [Busch, 1973].
Application of the theory to the occan surface layer has
lagged, probably duc to the paucity of detailed near-surface
current observations, itself a result of the difficulty of making
the nccessary measurements. Still. Jones and Kenney [1977)
have proposed a iogarithmic surface current profile and inter-
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preted near-surface velocity spectra using a scaling argument
based upon this protile and constant stress boundary layer.
W [1975] found a logarithmic profile obeying law-ol-the-
wall scaling in the water in a laboratory wind-wave tank.
Churchill and Csanady [1983] reported observations of loga-
rithmic velocity profiles from drifters and drogues in Lake
Huron and Cape Cod Bay. Dillon et al. [1981] observed the
vertical dependence of turbulent kinetic energy Jissipation in
4 mountain Jake by measuring temperature microstructure
and found a vertical decay from 50 ¢cm to 5 m that resembled
u ko) 1 where u, is friction velocity ((wind stress water
density)! ¥j and w is von Karman's constant. The role of sur-
face gravity waves, so tremendously vigorous, in the transfer
of low-frequency momentum across the air-sea boundary and
then to greater depths i imperfectly understood. Kitaigorods-
Kii and Lumley [1983] and Kitaigorodskii er al. { 1983] attempt
i computation of atr-sea momentum and energy flux from
high-frequency measurements of wave motion and turbulence.
In their model. large increases in the kinetic energy dissipation
oceur very near the surface, although the turbulent transfer of
momentum is nearly constant near the surface.

Darvis et al. [1981h] measured shear in the upper ocean,
from 10 m depth down. Though they report currents generally
to the right of the wind, a guantitative attempt to balance
Coriolis force, integrated vertically through the mixed layer,
against sucface wind stress fell short by as much as 40",
[Daris et al.. 1981a]. Order of magnitude estimates suggest
that the momentum budget could be reconciled if the shear
above 10 m were of order u (xz)

In this study we report the results of an experiment to
measure current shear very ncar the surface, from 2.5 m depth
downward. In section 2 we describe the experiment. In section
3 we present the results. while in section 4 we include an
analysis of the expected performance of the instruments in the

RS
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CURRENT METER DRIFTER
ML-8! 26 NOV-3 DEC, 1981

VMCM
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ﬁ 63m
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Fig. 1. Instrumentation on the current meter drifter.

surface waves encountered during the experiment. We find
comparatively strong shears in the upper 8 m, of the order of
10 % 57 ' comparable to u (xkz)" ' shear magnitudes based on
the applied wind stress, and weaker shear or none at all,
within experimental accuracy, between 8 and 15 m. Currents
averaged over the length of the experiment deployment (about
7 days) show @ consistent turning to the right with depth. in
agrcement with Ekman theory.

2. EXPERIMENT

In November 1981 we deployed a vertical string of vector
medsuring current meters {(VMCMs) [ Weller and Daris, 19807,
shown in Figure 1. for 6.8 days. in an area southwest of Point
Conception off California (Figure 2). The string was suspend-
ed from a roughly cylindrical surface buoy. 6 m long. I m
diameter: it was terminated by back up buoyancy and an
acoustic release at 70 m, followed by a 350-kg anchor. The
whole arrangement, dubbed the “current meter drifter”
(CMD). was free to drift in the surface currents. Five VMCMs
were placed every 3 m between 2.5 and 14.5 m below the
waterline of the surface buoy with additional VM Ms placed
at 25, 30, and 63 m. All current meters measured and averaged
current at 60-s intervals for 6.8 days. except the meter at 25 m,
which was set to record at 3.75-s intervals and ran for 3.8 days
and the meter at 30 m which failed after 13.5 hours. A Sea-

RICHMAN E£1 AL.. NEAR-SURFACE SHEAR IN THE OCEAN

Data model 635-11 wave pressure recorder at 32.5 m sampled
and recorded every 0.5 s. The position of the CMD was deter-
mined at least 8 times a day by visual sighting or by triangu-
tating on HF radio beacons on the surface buoy from the R V
New Horizon. During part of the observational period.
current-following drifters drogued to 1. 2. 4. and ¥ m depths
were also tracked by triangulation from the ship. Ship’s posi-
tion was determined by Loran-C. A Datawell wave rider
spherical buoy was deployed twice a day from the ship 10
obtain surface wave characteristics and spectra. Frequent
high-resolution temperature profiles were taken from the ship
No useful temperature data were recorded on the current
meters.

3. RESULTS

The drift of the CMD is shown in Figure 2. It drifted 180
km over 6.8 days toward 160 T, generally downwind. The
wind speed and direction are shown in Figure 3a. During the
first two days of the CMD dceployment the wind speed was
variable and rotated gradually from the west to almost out of
the north. Thereafter, it blew at 10 15 m s fairly steadily from
340 T. The 6.8-day average wind was 7.8 m s from 330 T,
while the average for the last 4 days of the experiment was
10.6 ms from 338 T. The components of current at ncar-
surface depths with respect to 14.5 m are shown, low-pass
filtered with a cutoff at 0.25 cph, in Figure 4. Differences of
velocity between adjacent current meters are generally small
{~1 cm s) and variable for the first 2 days. then moderately
large (> 2 cm s) between the upper two pairs of instruments.
and downwind. The 2.5-m current meter registered some 7
¢m s more southward velocity than the 14.5-m current meter.
Velocity ditferences between pairs of current meters below RS
m were slight.

Model

The simplest model of velocity profile at a bourduary with
an applied stress is that the velocity behave like

uz)=u k"' Inz + const (1
130°w 125° 129° Tl HO%w
orw e -

29°N

s

ML-8I

26 NOV- 3 DEC, e
198l | 0FC *
327308 0 0o )
12i°30'W 121°00'w

fig. 2 Location and drift of the current meter dnifter duning the
Nosember- December 1981 expeniment
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where u, is (wind stress water density)' 7 and ~ is von
Karman's constant. This classical model assumes constant
stress in the boundary laver. httle influence of straufication,
and distances from the surface small compared to the plane-
tary boundary layer scale v, 1 '

Comparison With Data

In Figure S we show time series of components of velocity
difference between 2.5 and 5.5 m. These we compare to the
wind. plotted as the predicted shear (¢, w) In (5.5 2.5). resolved
into components parallel to wind direction. The coincidence of
the observed and predicted shear is remarkable, especially for
the last 4 days of record. corresponding to the steady wind
pertod. In Figure 6 we show similar time series of velocity
shear between 5.5 and 8.5 m. compared to the predicted shear
(u, x) In {85 5.5). The correlation between observed and pre-
dicted shear is again quite high. though the former is consider-
ably larger than the latter.

A hodograph of current relative to 63 m, averaged over 6.8
days. is shown in Figure 7. together with the average wind
stress for the whole 6.8 days. Ekman (19057 theory suggests
that the relative current should rotate with depth to the right
of the wind. This does indeed seem to be the case. Fven on
this figure, we see that average current shear between 2.5 and
5.5 m s approximately downwind. less so between 5.5 and 8.5
m. The integrated current transport between | and 16 m
depth. taking the measurement at each level as representative
of an average over a 3-m anterval. is 1.2 m? s ', directed
toward 228 T. This is to be compared to the theoretical
Ekman transport, 3xt pf. which is 1.8 m? s !, directed toward
241 T. The - to 16-m transport is two thirds of the theoreti-
cal Ekman transport. which is directed some 13 of arc further
to the night. This agreement is not unreasonabie given that all
of the mixed layer 15 not resolved. Simitar hodographs have
recently been observed by Weller vr af. {1985] and Stacey et
al [19%6].

4 INSIREMENTAL PEREORMANCE

Are the veloaty differences measured indications of actual
veloctties, or are they artfacts of sampling or high-frequency
abassing difficulties associated with the type of instrument or
the motion of the vehicle in response to the forang in the
agitated environment of the upper ocean? We shall consider
this question in two parts. First, we examine the motions of
the CMD vehicle induced by wave motion, including any low-
frequency rectifications induced by such forcing. Next. we con-
sider the implications of Weller and Davis™ [1980] careful lab-
oratory calibrations of the VMCM sensor’s response charac-
teristics to combinations of steady and high-frequency recipro-
cating motions. Our conclusions are that current differences
greater than 1 ¢m s cannot be attributed to instrumental
errors or errors due o carriage motion rectification. The ve-
locity differences observed. even between adjacent pairs of in-
struments separated onty by 2.5 m, are generally considerably
larger than this threshold.

Surface Wates

[t s mmportant 0 our interpretation of the current meter
time series to argue that the sensors’ response to the low-
frequency band {periods longer than ~ 100 5) is not infected by
rectitication from the high-frequency gravity wave band. The
evidence for this assertion is as follows. A Datawell wave rider
buoy was deployed for 30 nun twice a day during the experi-
ment. The VMCM at 25 m was set to sample cvery 375 s,
extending the current sampling into the surface gravity wave
band. A pressure sensor at 32.5 m sampled every 0.5 s, Some
typical results are shown in Figures & and 9. Figure 8 shows
the wave rider buoy surface displacement spectrum for two
30-min periods during the experiment, beginming at 2200 UT
November 27, 1981 and 1650 UT November 29, 1981. The

carlier period coincides with 30-min average winds of 6 m's

from 250 F, the later to winds of 10 m s (rom 340 T, The
difference in the distribution of spectral varjance between the
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two spectra is striking. In the relatively high-wind period the
high-frequency part of the spectrum s higher than in the low-
wind period. In contrast. the low-frequency band. beginning at
016 Hy and extending to 0.05 Hz, 15 more vigorous on No-
vember 27 than November 29. These spectra typify the fact
thit surface waves were dominated by low-frequency swell
carlv i the eaperiment and by locally generated duration-
Iimited wind waves later. Figure 9 shows a comparison of the
VMOM aelocity spectrum at 25 m and a velocity spectrum
computed using standard surface gravity wave theory [ Phil-
lips. 1966] from the wave rider buoy displacement spectrum.
I'he VMOCM spectrum only barely extends into the surface
wave band, but on both davs an increase in energy in the
surfuace wave band is observed. On November 27, when a long
swell dominates the wave height spectrum. a rapid increase in
Kinetic energy at u 20-s period i1s observed corresponding to
the increase in kinetic energy inferred from the swell spectrum.
On November 29. shortly after the wind speed increases to [0}
m s, the wave height spectrum s dominated by short wind
wiaves with approvmately 10-s period. Again. an increase in
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Fig 6 Veloos differences between 5.5 and 8.5 m (sold linet com-
pared 1o n ' In (8.8 5.5 model (dashed line).

kinetic energy is observed in the VMCM spectrum near 10-s
period. In general. the VMCM kinetic energy spectra are
Jower in energy than the theoretical surface gravity wave spec-
tra calculated from the wave height spectra. The underspeed-
ing at high frequencies may be instrumental. resulting from
the VMCM propellors spending time in their own wakes, or 1t
may be a result of instrument motion which reduces the rela-
tive flow. Nevertheless. the high-frequency VMCOM spectra in-
dicate that the current meters can respond to gravity wave
motions. All of the spectra show a spectral gap at frequencies
below the surface wave band. The VMOCM spectrum rises
most steeply for lower frequencies still, reflecting its more sen-
sitive response in this band. The occurrence of the spectral gap
in the VMCM spectrum indicates that this instrument, and. by
inference. the others like it set to average and sample over
Jonger 60-s antervals, were cttectively rejecting the high-

VELOCITY RELATIVE
TO 63m (cm/s)

e 7 Hodograph of the mean flow relative to 63 m Mean wind
stress vector s shown, s magnitude i 0 145 Py Note the turming (o
the right with depth relative to the wind stress and the predominantly
downward sheat at the top three imstruments Depth-averaged current
v shown dashed




PERIOD (seconds)

100 50 20 05 2 |
—- ,02 T T ] T T
~
=

o 27 NOV, 198/
E 10— T
'

w [ AN
g J ) ]
— | — ’
3 / \
s _ 729 nov, 198/ N\
R To o L \", m
g o
S .
; |0-2 i 1 l 1 A

10°2 0! |

FREQUENCY (hz)

Fig. &  Spectra of surface wave heght for 30-min periods on No-
vember 27 (solid line) and November 29 (dashed line).

frequency surface wave variance and resolving low-frequency
variance not infected by rectification of surface waves.

To determine the eftect of surface waves on the motion of
the CMD. we constructed models of the motion of the device.
The model must give the motion of the CMD and the instru-
ments affixed to it in response to a specified wave motion
Fhen the relative motion of water particles with respect to a
particular instrument can be predicted. The mean relative
motion so computed is not zero in general. The simplest (and
Jeast realistic) model is to suppose each instrument fixed in
space. Then the mean relative motion would be the well-
known Stokes drift [ Phillips. 1966).

oo = A vke s = gkt (2

for a surface displacement of 4 cos (kx — s1).

A more complicated, but rather more realistic model is to
suppose that the surface buoy follows the motion of a surface
wave perfectly and an instrument rigidly attached to it by a
vertical line of length -, does the same. so that the two-
dimensional time history of the instrument position would be

’
X, = (d Z4) + j u da. Do b dr (3}
O

where u;, (a. z. 1) is the lagrangian velocity of a water particle
mitially at (g, ) with the subscript i = (1. 3) corresponding to
horizontal and vertical directions. The instantaneous relative
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motion measured by the instrument of the water past it would
be

Upgfdd, 2o, 1) = udx, 1) - uyfa. 00 1) ()

where ufx,, 1) is the velocity at the point x, given by (3). The
right side of (4) may be written approximately as

¢

Uy, — f ula, O, ) dt” & fuga, 2 1) wpa 0. 11] (5
(4]

For a deep-water wave whose surface displacement is given by

A cos (kx — st) the mean value of this is

Uy (2o} = Askiet™ — 1) Wy lzy) =0 60

not zero in general. nor identical to the Stokes drift, though
obtained in an analogous way. Differences 1n velocity between
adjacent instruments at levels =, =, would be

Auy, = AZsk(eh — ) = ATk Az = ug,, (KA

approximately, where Az =z, —z,. For A =1 m. s = 2r (10
sl 1'k=25 m, and ug, . =3 cms. But kAz =(3 m)(25
m) = | 8. so Au,, = 0.4 cmus. approximately, which is a great
deal smaller than the Stokes drift.

Our most complicated model consists of representing the
CMD as a taut compound pendulum made up of its various
elements. the surface buoy and the instruments suspended
from it. subject to the buoyancy and drag forces acting in a
reciprocating motion equivalent to a surface wave field. Simi-
lar models have been used by Chhabra [1977. 1985]. We sub-
jected the model CMD to surface wave motion in two dimen-
sions made up of a small number of discrete spectral compo-
nents. chosen to represent the wave field duning the two tume
segments corresponding to Figure 8. The frequencies and am-
plitudes of these components are shown in Table 1. A given
instrument in the CMD string exccutes a comphicated path.
which roughly follows the surface buoy. as in the previous
example, but i1s in any case predicted by the detailed calcula-
tion of the model. With this model. we are able to perform a
careful calculation taking the mooring motion peint by point
along the vertical line into account. Excerpts from the resulis
are shown in Figures 10 and 11 for the two ume peniods of
Table | and Figures 8 and 9. In Figure 10 we compare the
predicted pressure spectrum at 32.5 m on The CMD. using the
model response function for a random sea, with the observed
wave height spectrum with remarkable success, Figure 11
shows the rectified current that a  perfect instrument-
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TABLE 1. Surface Wave Characterssties for 2 Days Duning the Fx-
peniment November 27 With Swell-Dominated Conditions and No-
vember 29 Wath Duration-Limited Seas

Amphitude
Period. s November 27 November 29
4 10 em 28 ¢em
10 57 em 44 em
20 78 em em
Signiticant IsSm ISm

wave height
(crest-to-trough)

*Swell may be underestimated due (o wave nider charactensticos

measuring current in a plane normal to the instantaneous line
orientation at a given depth would see. (The tilting of the hine
has been taken into explicit account in the model calculation )
Note that Figures S and 6 above refer to current differences
over 3-m separations, so that 1t 1s fair to take differences be-
tween mean levels from Figure 11. Fven so, the maximum
surface wave rectified absolute currents are of order 1.5 cm s,
largest below the surface in the zone of most intense motion
associated with the waves: 3-m ditterences are smaller. about

0Sem s

VMOM Rotor L mlL'r\'p('L’le_Al

A potential source of error v the imperfections of the re-
sponse of the VMOM current sensor. Weller and Daris [ 19%0]
constdered this question very carefully. They showed that the
VAMOM sensor has a response threshold of 1 em s, that s
ratation rate s a hnear function of current above 2 ¢m s, that
it responds quickly to sudden changes 1in speed. and that it
responds to the component of current directed along the axle
of the sensor. When the sensors were subjected to comb-
nations of mean and fluctuating lows, 1t was found. the mea-
sured mean current tends to be lower than the true mean.
apparently because of the sensor encountering its own wake in
the downstream swing of the cyele. This “underspeeding™ was
largest. given the ratio of fluctuation to mean current, for
aligned mean current, fluctuation. and sensor anle directions
Weller and Dacis [ 1980] calibrated the sensors for this effect
mn tow tank experiments with vanous orientations of mean,
Huctuation. and sensor axle and for a4 wide range of Huctu-
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ation mean ratos. We have made use of these calibration
cxpeniments to assess the eflect of underspeeding on our
measurements. We supposed that the surface buoy 1s a perfect
surface follower and that the ncar-surface current meters
above 15 m are rigndly attached to at. Then the surface wave
motons encountered at a depth = are attenuated by a factor
1 exptho)) For waves in the swell band, & ' s far larger
than 15 m. so that this factor 1s quite small. For example. for
wares of period 1= 205 A ' = 99 m. peak-to-trough amplh-
tude of 15 m (corresponding to the vigorous period on No-
svember 270 see Table 1), the underspeeding 1s neghgible for
mean speeds up to 20 ems For T - 10 s kY 24K m,
peak-to-trough amphitude of 114 m (November 27, Table 1),
estimates of the amount of underspeeding U, for vanious
mein speeds U and observation depths = corresponding (o
current meter depths are shown in Table 2

lo estimate instrumental underspeeding, we used W eller
and Darty” [1980] results for unsteady How with mean flow
and oscillation parallel and sensor axle 45 off the mean flow
and osaillation direction. This was a situation found o give
maoderately large underspeeding biases. Though we cannot re
canstruct the ornentation history of the sensors in our exper:-
ment, this seems a4 modestly pessimistic choice: When mean
flow and the osallations are not colincar. underspeeding 18
reduced because the instrument encounters its wake less fre-
quently  The underspeeding bias s moderate, - 1S cm s for
abservation depths 115 and 143 m. and for mean Hows of S
and 10 cm s For higher-frequency waves, for example. 1 4
soh b 40 mL peak-to-trough amplitude of 0 S0 m (Novem
ber 29 Table Dhoresulis are shown an Table 2 Underspeeding
brases of Targe magnitude. 4 em s are lound Table 2 can be
used qualitatively an the tollowing way Suppose the CMD
were drifing downsind ot 20 cmo~ and that the 25 and S 2

M Irue mean currents were 15 and Toom s The curiem

meters b these depths encounter mcan relative cutrents ot + 8
and T om s respectively From Table D we deduce anoun
derspeeding bias at 25 mor Fem s for an obsersed rela

tve mean tlow of S0 1] P9 m s and wt S S moa has o

25 em s toroan observed mean dow o Joo s T
cm s The observed current Shear ot L N TN N TR AVIFEI Y
smuadler than the true sheat Somos W do not advocate the

use ol these tables to correct the obsersed fow frequenoy lowe
tor underspeedimy because of uncertnies about the acta
behavior of the CMD an the wase motion the cnentatoor, o
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High-frequency pressure spectrum at 325 m (solid line) compared 1o the predicted pressure spectrum idashed

line) using the drifter motion mode) response function for (@) November 27 and (b November 29
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WAVE - INDUCED MEAN FLOW
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Frg. 11 Surface wave-induced mean flow observed by ideal
cosine response current meters predicted from the drifter motion
maodel forced by random seas using the wave height spectra of No-
vember 27 sohd Iinet and November 29 (dushed line).

mean tlow. waves, and sensor axles, and the far greater com-
plexity of a random wave ticld than the simple reciprocating
motions that Weller and Duaris [1980] studied in the labora-
tory tow tank. However. they show that. if anything. the cur-
rent shears between adjacent current meters as in Figures S
and 6 are underestimates, and that the error is of order 1 cm s.
We conctude that the current ditferences of Figures S and 6
are true indications of moderately high shears in the near-
surface laver.

N\ocar-Surface Drifrers

In the Jatter portion of the CMD deployment. during the
pertod of persistent brisk northwest winds, some small radio-
trached drifters [Daves et al. 1982 drogued at 1, 2. 4. and § m
depth were deployed. Two deployments were made at midday
on November 28 and November 30, and positions were ob-
tained at 6-hour intervals between midday of November 28
and early 10 December 2: during this period the average dis-
tunce between the CMD and the current followers was S km.
The drifter velocities exhibited substantially smaller shears
than found by the current meters with drifters at all levels
dgreemng closely with the S 5-m VMOM. Mean shears between
drifters and between current meters for the 3.2-day period
including November 29 and early December 2 are shown in
Fable 3 During this period the root mean square wind speed

PABLE a0 Velouny Underspeedimg U, as @ Function of Depth
Period

and S7-cm Amplitude

Mean Flow Speeds. cm

Depth, T - T —
m 20 1S 10 s
28 ~0 ~0 ~ 0 ~0
55 ~0 ~ 01 04
X4 N ~0 [N 1.0
118 s 09 15 14
145 oS 09 15 is

Velocinies are n centimeters per second

NEAR-SURFACE SHLAR IN THE OcCEAN
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TABLE 2h. Velocity Underspeeding U, as o Function of Depth
and Mean Flow Speed Induced by i Surface Wave With 4.5 Period
and 25.cm Amphitude

Muan Flow Speeds, cm s

Depth.
m 20 15 10 )
2.5 0.5 0.9 1.4 [
S.S -23 30 28 I8
8.5 34 38 0 21
11.s —-4.0 -3X - 32 21
14.5 4.2 19 R 23

Velocities are in centimeters per second

was 12 m s with small excursions around the mean direction
of 330 T.

Below 2 m depth the drifter shears are only 60" of the
VMCM shears, and they are more nearly aligned with the
wind direction. Remarkably. the 1-m versus 2-m drifter shear
is unmeasurably small. This is surprising, since onc would
expect drifter shears to exceed current meter shears by the
Stokes drift contribution. The differences in shear correspond
to approximately 1 ¢m s over 3 m depth difference. Labora-
tory and field tests [Daris et al.. 1982] show the current-
following errors of the drifters to be no larger than this but are
msufficiently  precise to demonstrate that the errors are
smaller. Nevertheless, we believe that the diflerences between
current meters and drifters are not the result of drifter per-
formunce In a seaway because relative errors between drifters
will be significantly smaller than the absolute errors. which
themselves are 1 em s, Thus we believe the differences are
assoctated with the fact that drifters seek out regions of hori-
sontal convergence. Weller er al [19857 have shown that
Langmuir cell circulation. often present in conditions like
with strong three-
dimensional flow. Further analysis (R, A Weller. personal
communication, 1986) indicates that in regions of downwell-
found. the maximum

those  observed  here. are  assocrated

ing. where drifters are most apt to be
downwind velocity s found below the surface and the near-
surface shear is upwind. We suspect that the preferential sam-
pling of such regions by drifters 15 the cause of the lower
downwind shear observed by drifters as compared to current

meters.

S DIscUssioN

The magnitudes of the current shears in Figures 5 and 6
and their obvious assoctiation with wind speed and direction
arc very suggestive. The comeidence of shear with w (xz) !
between 2.5 and § 8 m s striking and tends to support obser-
vations 1n lakes by Dillon er al. [19817 of near-surface dissi-
pation varying like u Y(x2) '

FABLE 2 Shear « 1000 an Inverse Seconds Between Dnfters and
Between Current Meters
Dnifter VAMOM
Iy Aic Az Ar A RYAW A A
ImIm 4] 06
2mdm X 3 RN 6 s 2SmSSm
4dm¥m 12 0 (3 “

SSmESm

Dt averaged oser the 32 davs hegimming at the start of Novem:-
her 20
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The depth of penetration of the u (xz2) ' layer, about S m. is
quite thick and may be important in the momentum budget of
the surface layer. 1t ought to be stressed that such a layer 1s
not inconsistent with classical ideas about Ekman turning of
currents. In this context, it is a useful exercise to write down
and solve the Ekman layer equations with eddy viscosity given
by wu,)z|. (The velocity profile is then given by Hankel func-
tions.) Near the surface the velocity profile is approximately
the classical x~ 'u. In -, and stress is consistent with depth.
With increasing depth, the velocity turns to the right. Despite
the linearly growing eddy viscosity the velocity protile is re-
stricted to a boundary layer of thickness or order u, [ in
which the classical result holds that total transport is to the
right of the wind stress and of magnitude u,? f. The transition
from logarithmic downwind profile to a rightward turning
profile occurs at a depth which scales with u_ f. Of course.
such a theory takes no account of stratification and is of
limited practical use, but it shows how the classical constant
stress logarithmic layer can be embedded in the Ekman layer.

Shear between 5.5 and 8.5 m is considerably larger than
uxz) ' This may be accounted for by stratification: Tem-
perature differences of only a few hundredths of a degree over
3 m would be sufficient, coupled with the shears observed. to
produce gradient Richardson numbers as small as 0.2. Unfor-
tunately. temperature differences so small could not be dis-
cerned with the temperature sensors on the VMCMs, so that a
Richardson number time series cannot be constructed. Still,
microstructure temperature profiles taken during the experi-
ment from a ship operating near the CMD show that such
small stable temperature gradicnts occur commonly in the
necar-surface layer. This i1s curious in hight of pervasive unsta-
ble (downward) buoyancy fluxes throughout the course of the
experiment (Figure 3bh). Nor does there appear to be much
diurnal medulation of the shear due to this buoyancy flux.
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The Available Potential Energy of Overturns
as an Indicator of Mixing in the
Seasonal Thermocline

T. M. DitL.oN AND M. M. PaRk

College of Oceanography. Oreqon State University, Corrvallis

Using empirical observatons. it is shown that the available potential energy of fluctuations (the APEF)
is proportional to the product of the Cox number C . the local buoyancey frequency N, and the molecular
diffusivity of temperature D. The nondimensional number C - APEF (ND) is shown 10 be a good
predictor of the Cox number and can be used as an indicator of mixing in stratified fluids. Analysis of the
APEF at ocean station P shows that turbulence in the seasonal thermocline respond. to strong surface

forcing.

1. INTRODUCTION

Most observations of three-dimensional turbulence in the
sea involve measurements of gradients of velocity, temper-
ature. or other scalars and therefore require the use of sensors
able to resolve small length scale, large wave number fluctu-
atons. A direct measurement of the kinetic energy dissipation
rate requires the velocity to be resolved on length scales
0.0 my (cf. Oshorn, 1980: Qakey. 19827). and measurement
of the Cox number [Oshorn and Cox. 1972] demands a resolu-
ton of the temperature on even smaller scales [Dillon and
Caldwell. 1980]. However. oceanic turbulence exists on a vari-
ety of length scales. For example. the length scale of turbulent
overturns in stratified parts of the ocean is usually larger than
a4 few tens of centimeters and often extends to a few meters
[ Dillon. 1982]. It may sometimes (though certainly not always)
bc more convenient to measure large length scale variables
than microscale variables.

The notion that small-scale quantitics may depend on large-
scale fluctuations is consistent with turbufence being created
at large length scales {often called the production or cnergy -
containing range) and dissipated at smaller scales (called the
dissipation range [e.g.. Tennekes and Lumley, 19821). A first-
order hypothesis 1s that energy produced at large scale is
transferred to smaller scale by nonlinear interactions and. if
the ume scale for changes in dissipation range variables is
faster than the rate at which production range fluctuations
change. an approximate equilibrium between large-scale and
small-scale quantities may result. In those cases where there is
not a large separation of scales. dissipation-scale fluctuations
must depend strongly on production range scales.

Links have recently been establirhed between the large
length scales of overturns and dissipation-scale fQuctuations.
The kinetic energy dissipation rate ¢ and the buoyaney fre-
quency N may be used to form the Ozmidov length, L,
(e NYY T [ Dougherty, 19610 Ozmidor, 1965]. L, depends on &,
and  is a dissipation range quantity: in this sease, [, is a
large-scalc representation  of microscale information. The
Thrope scale L, [Thorpe. 1977: Dillon, 1982) has a sizc
characteristic (perhaps within a factor of 2) of overturning
structures and s a “production-range” variable. only in-
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dircetly dependent on dissipation range turbulence. In most
cases where L, and L, have been simuitaneously measured.
the Thorpe scale has been found nearly equel to the Ozmidos
length [Dillon. 1982: Crawford. 1986: Gregy et al.. 1986 [1s-
weire, 19847, though some important exceptions to this rule
have been found [ Dillon. 1982).

Gargert et al. [19817] have shown that in the stratified in-
terior of the ocean. the vertical shear spectrum falls off with
wave number k as k& ' in the approximate range 0.1 1 cpm
and begins a gentle rise (perhaps proportional to &' %) near the
wave number &, = [, '. The Thorpe scale. nearly cqual to
the Ozmidoyv scale. has a physical meaning in terms of the
spectrum of stratified turbulence: 1., ' is the wave number at
which turbulence is constrained by buovancy forces.

The available potential energy of unstable density fluctu-
ations (the APEE [Dillon. 198471 is another variable that can
be found by ordering density protiles. Like the Thorpe scale.
the APEF s a “large-scale™ variable that indirectly depends
on dissipation range fuctuations. The APEF 15 useful because
it s i measure of the maximum potential energy that can be
released by a turbulent overturn. The APEL is a unique quan-
tity. while Thorpe displacements are not necessanily unique
(e.g., the calculated Thorpe displacements will depend on the
ordering algorithm if the profile has more than onc sample
with the sumce density). It is not our intention to suggest that
the APEF is preferable to the Thorpe scale but rather to point
out that Thorpe variables other than ., also have physical
significance.

Ihe goals of this report are (1) to show that the APEF s
proportional to the rate of potential energy dissipation and
that an estimate of the Cox number can sometimes be made
from tfine scale rather than microscale measurements and (2) to
demonstrate that the APEF is a useful indicator of mixing in
the seanonal thermochine. Details of the methods of calcutating
the APIE are described in section 2. Section 3 discusses the
significance of the APEF to the dvnamics of turbulence. Sec-
tion 4 apphies the preceding results and uses the APEFE to
describe mixing in the seascnal thermocline at ocean station
P. Section 4 contains a summary of the results and a dis-
cussion of their consequences.

2. CatcvraTninGg Ty APEFE

The Thorpe protile is found by rearranging or ordering dis-
crete density samples to form a monotonic. gravitationally
stable profile. The Thorpe protile 15 a onc-dimensional repre-
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FABLE 1. Caleulation of the APEE for a Hypothetical Vertical
Density Protile and the Associated Thorpe Statisties Caleulated for
I'hree Depth Intervals

V4 " #” d »

10 112 112 0 0.00
9 1.32 115 5 0.17
8 1.57 117 7 0.40
7 1.38 1.20 4 [ARE]
6 115 1.04 3 0.9
s | 46 1.27 3 0.19
4 124 1.32 2 0.08
3 1.20 1.38 -4 —0.18
2 127 1.46 3 0.19
1 1.17 1.57 7 -0.40
0 180 180 0 000

Depth Interval
1y 14 59

APEE - Zp 0.529 1.280 0.410
4 147 165 4,65

gt 0.236 0.230 0,242

Cp s 0033 0083 0.030

1,d 0.529 0531 0.521

bp,ieope: 0.524 0814 0.324

Lopiadnia 0,330 0317 0976

Depthntersals include the entire overturn (samples 1 9. the lower
subregion fsamples | 3. and the upper subregion (samples S 9). By
detimtion (1, the APEF - . Zp > un units where the acceleration of
prasity and mean density are booangle brackets imply a sertical
average). Defimuion (1 impheitly assumes that the region of caleula-
tion is at least one complete overturn: (1) gives musleading results in
cither the upper or lower subregion alone. However. when the ap-
provimation (2 (re.. APEE - «pd™> ) is used. the result for each
subregion is representative of the overturn as a whole. The linear
gradient approxymations (3) and (3) are poor predictors of the APEV
in buth top and bottom subregions

sentation of a minimum potential energy state. No profile
composed of the same density samples can have a lower po-
tential energy. because if the ordered profile is perturbed to
any nonmonotonic profile. the potential energy of the per-
turbed profile will be greater than that of the ordered profile
[Dillon, 1984]. The potential energy difference between a mea-
sured density profile and the corresponding Thorpe protile can
be termed the available potential energy of the fluctuations
because the energy could. in principle. be used for irreversible
thermodynamic processes. such as mixing the fluid and
changing the mean potential cnergy of the fluid. or for
changing the kinetic energy.

Density samples are seldom used to calculate Thorpe pro-
tiles because density often cannot be calculated in salt water
with sufficient precision on length scales as small as .01 0.02
m. Instead. it is usually assumed that the density is uniquely
determined by the temperature, and the temperature profile
itself is then ordered (of course. if salinity instead of temper-
ature controls the density. basing the APEF on temperature
fluctuations alone will be dynamically meaningless). An ex.-
pansion coefficient x can be used to define the APEF by

M
APFF = (1 M) Y xqz, 00 in

nol
where the temperature samples occur at depth -, o is the
acceleration of gravity. 0 = 1(z,) Tz} is the Thorpe fluc-
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tuation, 7z, is the measured temperature profile. 1,(z, 1 15 the
Thorpe profile. and 2oS. Ty = —p Y p CT).

It is inadvisable to use (1) when it is necessary to estimate
the APEF over a fixed interval defined by specific depths or
isotherms, because there is no guarantee that the interval ¢n-
closes a complete overturn (a “complete overturn™ is the
smallest interval containing density inversions such that no
densities between the minimum and maximum densities within
the interval can be found outside of the interval). Table 1
illustrates a hypothetical case (using arbitrary depth and den-
sity units, and assuming for simplicity that the acceleration of
gravity is unity) where the complete overturn extends from |
to 9 depth units. Estimating the APEF in the range 1 4 depth
units with (1) would give a misleading result: the APEF would
be negative because only the lower half of the overturn, where
the density fluctuations are all negative. would be included in
the calculation. Similarly. the APEF characteristic of the
entire overturn would be overestimated if only the upper half
of the overturn were included. Another way to estimate the
APEF is [rom the approximation

M
APEF ~ (1 2M) ¥ 24d, 0, (2
LI |
where d," is a Thorpe displacement. While each displacement
is upiquely associated with a single density sample. two depths
can be associated with each displacement: one the depth of
the density sample in the original profile. the other the depth
of the same sample in the ordered profile. We define d'(z) as
the displacement of a density sample at the depth of the
sample p(z) in the original profile.

The approximation (2) 1s based on the observation that if
any two density samples separated by a depth ' are ex-
changed. a potential energy change gd'[p(z + d') — p(z)] must
take place. The factor of 1 2 in (2) arises because each sample
exchange is counted twice in the sum. If p,(z) can be con-
structed [rom ptz) by any number of two-sample exchanges.
with no sample exchanged more than once. then (2) is exact.
For our data, the difference between (1y and (2) is less than 2@.
when both formulations are applied to entire protiles. When
both (1) and (2) are applied to individual complete overturns
(as opposed to entire profilesh. the root-mean-square percent-
age difference between them s 140

If the temperature profide is linear. 1, = d,'CT ¢z and

A
APFE ~ ()0 200 S aglcT Cod,)* = AN

n o1

L, R}

In terms of the root-mean-square temperature Juctuation,
Hinear temperature prolile requires

M
APEF = (120 S a1 7oy o7 = ANAGT

not

2. “': N

(4}

’

The lincar estimates (3) or ¢4 can ditfer from (2) by factors of 2
or 3 (Crawford [1987]: see also Table D) because a lincar
density profile is often a poor approximation. It 1s preferable
to use (1) for caleulating the APEF. or if averaging must be
done over fixed inter-als. it 1s preferable to ase (2) rather than
(3) or (4. However. (3) and (4 are often useful in scaling
arguments and order of magnitude estimates.

Thorpe variables can be adequately measured with less res-
alution than Is necessary to resolve the entire temperature
gradient spectrum. When the fluid ix turbulent, the temper-
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ature gradient spectrum has a high wave number peak con-
taining most of the temperature gradient variance [Dillon and
Caldwell, 1980]. The spectrum of Thorpe displacements, how-
ever, typically has a low wave number peak (Figure 1). The
spectral slope at wave numbers higher than the peak is ap-
proximately & ~F %, although the significance of this observa-
tion is not clear.

Instruments having slower frequency response than the one
used for this report could be used to measure Thorpe statis-
tics. A zeroth-order model for the displacement spectrum can
summuarize Figure 1:

Sgkh =2 HL, % hzdg, !
(5)
Siky=0 k<, !
which satisties
L,” - SAh) dh (6)

A lowered wave number response tnplies that the measured
I, would be smaller than the actual Thorpe seale. Tt can be
shown using (3 that 90 of I s measured if a wave number
A~ 30 1, twanelength ~ [, Syas resolved (ef. a 0.1-m resolu-
tion s adequate for esimating the APEFF 1n a patch where the
L, 1s0353m)

The smallest detectable APEE can be estimated using the
root-mean-squadre temperature nose m oplace of 77 in 4. For
the Jdata presented here, temperature noise was less than
0002 qone Teast counti. and the smallest signiticant APEE s

S T mT s N T el 26 10 S mT s T for N -
OOLT3 S ' = Joephn
"——-r"—r It § T T T j
.
-0 5 r - ~{
.
. ‘J
-1 0 F »o™ LY
- .. -
—
m)
~ ~1.% F -
x _ ’
o e ¥
%] -2 0 F LN B
= Am
@ .
o
vt
-2 Sr -
30 -
e
— ) S 4 —_— - - LA‘,
-0 5 00 0658 10 15 2.0
log [Lyk]

b 1 Sy epreseatat nondimensiond Fhoeme ot 0 ent
spectra The nondimensional wave number s £ A where & s radnan
ware number and £, s the Thorpe saale, | Sghy db 1,7 The
slope of the spectrum s greater than A and less than A 70 with
& 7 by a reasonable compromise The spectra come trom the
followmy locations cross and open trangle are from station P mivng
Liver 10- w0 30-m depth durmg second MILE storm . solid taungle
atd apen square e fem misang Liver of Green Peter Reservorr, U-
to b depth durmyg Samos winds . sohd square and apen hexagon are
from miang Lover of Puget Sound, 00 1o Tm depth, darimg 10-m0 8
wirnds

3O APEER as A Miastre o TurBurescy
The rate at which potential energy fluctustions are dissi-
pated is NIDC [Dddlon. 19841, where D s the molecular diftus-
ivity and Cis the Cox number [ Osborn and Cox. 1972,

3
- N

[

AT NNy 7 17
I'he summation in (7a) 1s over all three spatial directions, and
T s a fluctuation from the mean. The Cox number 1 ob-
tained from an isotropy assumption because 1L is impossible to
measure the full three-dimensional temperature gradient spec-
trum. A one-dimensional vertical Cox number O can be de-
tined as

(G T T 7 (7h)

Il the turbulence is isotropic. € - 3C . Assuming that a poten-
tial energy production-dissipation balance holds. and the hori-
sontal heat ftux is on average small compared with the vertical
heat flus, the vertical eddy diffusivity is 3DC, [Oshorn and
Cox. 197270 and the buoyvancey flux is

g w' ANTDC . INTDC, (8d)

Uneritical acceptance of (8a) s difficult because w T has
neser been measured in the occan and the assumpuons lead-
mg to 18 have not all been tested. Although the local
production-dissipation balance assumpuon s olten made. 1t
may not be o pood approximation. A counterassumption o
(Satis

NDC 2o ow T (NP

that s, 3DC s an upper bound on the verucal ditfusivity

A nondimensiona! potential energy can be detined from the
APEE. the buovaney frequeney. and the molecular diffusivin
APEF DNy The motivation for this

chotee 1 1o be able to relate the available potental energy o

of temperature as €,

T T il T T
50 4
.
.
.
.
4.0 | &, ~
’—)(
2]
— 3.0 + A
=3
o
—
2.0 . 4
~
1.0 + " 4
N
. 1 I [P SR
1.0 2.0 3.0 4.0 5.0
log (Cpel
g 2 The one-dimensional Cov number ¢ plotiad versus the

nondumnenstonal avulable potential enerpys ¢ (APERNDY
where N s buoyaney frequeney and D oas the diffusivaty ot temper-
ature Solid triangles are those samples where SAPEEIN - 0w o
terion used by Dddlon [1983] 10 distinguish those vases where grav-
tattonal colhapse may be animportant process

PO
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. C,

shows no system-

A a e

the product of o basie ime scade of the system say. 1 V) and
the rate of potential encrgy dissipation, NDC The uthty of
this denimition can be tested by comparing € o the one-
dumensional Coxv number €0 We find that they are nearly
cgual over four decades thigure 20 using Diffon’s [ 19820 1984]
data base. which v composed of measurements s acthvely
miving surface Livers and the seasonal thermochnes of Green
Peter Reservorr and occan station Py There are no systematic
departures from a constant propertionaliny between ¢ and

Coand Bagure 2 can be summuarized as

e N 191
The factor of Taas the mean of € € tor the 102 measured
cvampies . the random uncertamty of the mean s 0.3 with g
Y conhdence internval ddeternined from @ boaotstrap test
consisting of 1000 separate averages of 102 components ran-
domiv chosen frome the measured  parent population of
C, O Inaddinons there s a0 300 systematic uneertainty
the vabie of O [Dillon. T9S2] The freshwater lake observa-
tons. where the density s completely determimed by temper-
ature. are not different trom the occanic observations, where a
one-to-one relation between emperature and density s as-
sumed
C s used e Frgure 2 rather than C to make clear that the
refation s empirieal and does not depend on an isotropy as-
sumption. Howeser, a1l the turbulence s notropie. Figure 2
implies that the rate of dissipation of potential energy is pro-
portional to the wvatlable potential energy. The proportion-
ality constant as about (3 < TN = 3XN el the e-folding
tme for dissipation of the APEE 6 about 02 N0 30 of g
huoyaney period
The APEE-Cox number relation as not equivalent to the
Ozmidos seale Thorpe scale relation [Dillon. 19821 While the
APEE s related to the square of the Thorpe scale through (2,
the Cox number s related to the Kinetic energy dissipation

rate. and therefore the Ozmudoy scule. through the dissipation
Richardson number Ry, [Dillon. 19847:

R, = N°DCt: + N'DCy ! (10
C, €, s not systematically dependent on R, (Figure 31, but

there s a systematic trend relating [, L, to R, (Figure 4.
This suggests that the fundamental relationship is (91 with

-0.5
;o
= -1.0
o
o
et

-1.5

-— FSR M U J
~0.0 0.5 1.0

109 (Ly/Ly]
NDC

Peg 4 e hssipation Richardson number Ry,

S NP veras the vano DL does depend systematically
on R, though tor Targe Ry, the approamation [~ 1 holds Sohd

tiangles as i bagure 2
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L, = L, in some specitic setting being contingent on having
no large vartation in Ry,

4. Fxameri: T APEE a1 Stanion P

The utility of the APEF can be demonstrated by examining
profiles of temperature microstructure in the seasonal thermo-
cline. A farge number of microstructure casts through the sur-
face layer and seasonal thermocline were made at oczan sta-
tion P in 1977 during the Mined Layer Experiment (MILE)Y
The instrument was a f{ree-full vehicle with high-frequencs
thermistors and a pressure sensor: occasionally. a Neal-Brown
conductivity cell was also used | Dillon and Cualdwell. 1950:
Caldwell et al.. 1980 Dillon, 1982, 19847, The vertical temper-
ature gradient spectrum was entirely resolved much of the
time, but in some casts, ¢ither the turbulence was too energetic
or the high-frequency temperature gradient signal was oo
small to completely resolve the spectrum at all depths. Oc-
casionally, the drop speed wis too large to enable full spectral
resolution. However. the temperature was resolved on 0.01- to
0.02-m vertical length scales in all cases and 1s adequate for
calculating the APEF.

Caution is necessary when calculating Thorpe statistios in
salt water because temperature inversions are not always as-
sociated with density inversions. Even when conductivity s
measured. it is unlikely that density will be resolved on 4 small
enough vertical scale to provide meaningful Thorpe statistics.
We distinguish nonturbulent. salinity-stabilized intrusions
from turbulent overturns by noting that in a nonmixing intru-
sion, there is no high-frequency temperature gradient signal.
The few intervals found to contain nonturbulent inversions
were discarded.

The profiles were analyzed in three segments. the “mixed
layer,” the “upper thermocline.” and the “lower thermocline.”
All data above 10 m were rejected because the profiler was
faunched from the surface and depths shallower than 10 m
might have been contaminated by the ship’s wake. The mixed
layer was operationally defined as the interval between 10-m
depth and the depth where the temperature began to change
rapidly (note that using this definition, the mixed laver is dis-

unct from the mivang laver. and the minved faver 1o this content
may or may not be turbulenty The Tower imit of the mined
layer was chosen such that at least « small mterval of guies-
vent. nonoserturning thad  separated  the mived laver and
upper thermocline regions. The change i temperature across
the mived laver was 04 05 ¢

The upper thermochne regron was detined as the interval
between the mived laver base and the 9 sotherm The lower
boundary of the upper thermochne was detined in terms ot
tixed isotherms rather than fived depths to numimuze the mtlu-
ence of internal waves and tides. The approvmate depth range
of the upper thermochne was 30 35 mo although there was
great vanability in depth because of internal waves and udes
The mean buoyancy Irequency i the upper thermodhine was
20 ¢ph.owith a standard deviation of 6 ¢ph. The lower thermo-
cline region began at the 9 isotherm tapprovimately 35-m
depthy and extended to SO-m depth The mcan buovaney fre-
quency in the fower thermocline was {1 eph. wath w standuard
deviation of 2 ¢ph

Casts were made on I8 dass ltom Jubian day 230 o 250,
1977, Winds used for this analyvsis were observations from the
ship RV Occanographer. which was also the platform for the
nucrostracture eapernment. Two  magor storms were on-
countered. the first on days 233 2350 wath wind speeds to 20
m s and the second on davs 242 243 waith wands to 17 ms
The Tatter storm was charidcterized by strong winds for an S-
1o 10-hour period. a0 ludl for 3 4 hours, followed by strong
winds for 8 10 hours ibigure 5y

The APEE was anveraged over all casts on cach day exeept
the day of the second storm. when data from the lull and
strong wind pertods were separatels averaged . The mined
laver APFEF s not very uselul becarse sampling began at 10-m
depth. and the upper mined laver was never sampled

Large peaks m the upper thermochne APEE are associated
with the two major storms on days 234 and 243 (Figure 6a)
The upper thermochne ¢ s approvmately, 2000 on day 234,
and SO0 durning the Tatter half of day 243 (Fgure 601 Appar-
ently. surface stress can cause miving in the upper thermochne
Ihe vate of energy transfer from the wind stress to the upper
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Solid triangles are the tat APEL and (b €, for the upper seasonal thermocline during the MILE experiment.

The continuous trace s proportional to the surfice stress and s plotted on a hnear scale. The APEF is large during both

storms. when the surface stress was large

thermocline must have been rapid. because during the second
storm (day 243). the APEF i no larger than normal during
the lull but 15 approumately 30 times larger than normal
when the wind increases 2 3 hours later. The same fast re-
sponse for thermocline Kinetic energy dissipation rates has
previously been noted [ Dillon and Caldwell, 1980

In the fower thermocline region, the APFF is [argest (I
x 10 " m? s ) during the first storm tFigure 7q). but no
response can be seen during the second storm. Occasionally,
the lower thermocline APEF is large while the wind speed is
small(5 x 10 "m’s ‘onday230and 35 x 10 "m®s ?on
day 240). Apparently. significant mixing unrelated 0o wind
stress can oceur 1 the lower thermocline region.

The diffusivity can be estimated from (8) and (9) as of order
SDC,, (note that this may be an upper limit). Durning the first

storm. 3DC,,is 14 < 104 m?® s ! in the upper thermocline,

and 2.6 x 107 * m? s 'in the lower thermocline.

Intermittent mixing events, presumably caused by internal
waves. can be scen throughout the thermocline region even
when the surface forang is weak. This “background™ mixing
was analyzed by excluding the two storm events. The mean
bachground APEF in the upper thermocline is (16 + 5)

« 10 *m?s Tandis (14 + 9 x 10 * m? s ?in the lower
thermoclineg. ( The uncertainties reflect a 90“. contidence inter-
vl and were determined from a bootstrap test. Sixteen
random samples were chosen from the measured population
of the APEF for a given region, and mean values were found.
The test was repeated 100 times. and a histogram of the 100
means wis prepared: 90", of the means were above the lower
Iimt, and 907 of the means were smaller than the upper
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Solid squares are the («) APEF and (h) C

» fOr the lower seasonal thermocline during the MILE experiment.

The continuous trace is proportional to the surface stress and is on a linear scale. The APEF and C
during the strong first storm. No significant response in the APEF or C,,

weaker second storm.

limit.) The upper thermocline APEF is not significantly differ-
ent from the lower thermocline APEF at a 30" confidence
level. There appears to be no systematic dependence of the
background APEF on N: both upper and lower thermocline
APEF distributions could have come from the same popu-
lations (Figure 8).

The mean background C, is 33 + 8 for the upper thermo-
cline and 58 + 16 for the lower thermocline {(a bootstrap test
similar to that described above was used to determine the
90~ confidence limit uncertainties). The upper and lower
thermocline C,, diffcrence is significant at the 98 confidence
level. The “standing crop™ of potential energy (i.c.. the APEF)
is statistically similar in the upper and lower thermocline, but
C,, is larger in the lower thermocline because the buoyancy
frequency is smaller there. The background diffusivity estimate

e 41€ both large
. can be seen in the lower thermocline during the

SDC,, s 023 x 10 ¢ m* s ' in the upper thermocline and
0.41 x 10 *m?*s 'in the lower thermocline.

5. SUMMARY AND DiscussiON

It is not necessary to measure the entire displacement spec-
trum in order to measure the available potential energy in
overturns, and temperature probes with less than perfect verti-
cal resolution can be used to find the APEF, as long as a
one-to-one relation exists between temperature and density in
the region of interest. If a wavelength of 1/5 the Thorpe scale
can be resolved. approximately 90% of the variance in the
displacement spectrum can be resolved. The APEF provides a
measurce of mixing in thermoclines, and the Cox number can
be estin.ated from the APEF and the buoyancy frequency.

During the MILE cxperiment. the seasonal thermocline ex-




5382

DILLON AND PARK: AVAILABLE POTENTIAL ENFRGY OF OVER TURNS

1 1 1 Ll
5 F || -1
~ A A
®
e 4 F i
i a
o 3
Y B
<€
x
B
N 2 . - 7
- [ ]
A A
1 F .‘ A .
] A A
uh A
1 i ‘.A 1 A
5 10 15 20
N, cph

Fig. 8.

The “background™ APEF plotted against buoyancy frequency. The two stormy days (234 and 243) are exclud-

ed. Solid triangles are from the upper thermocline region. and solid squares are from the lower thermocline region. The
mean APEF in the lower region is not significantly different from the upper thermocline APEF, and the distributions in

cach region have similar appearances.

hibited increased mixing when the surface was forced by
strong winds. The response was rapid. The depth at which
increased mixing was found depended on the strength of the
forcing: during the strongest storm. the APEF was large in
both the upper and lower thermocline, but during a weaker
storm. the APEF was large only in the upper thermocline. On
two days out of the 16 days examined. the lower thermocline
APEF was between 1 3 and [ 2 as large as the APEF was
during the strongest storm. These days are probably signifi-
cant to any long-term average of heat and momentum trans-
port. yet the enhanced mixing on these days was not related to
the local wind. The upper thermocline APEF was not signifi-
cantly different from the lower thermocline APEF when the
surface was not strongly forced.

Other suggestions of 4 more speculative nature can be
made. It is reasonable ta assume that the background APEF
is caused by the internal wave field and that the internal wave
field at station P is reasonably well described by a universal
internal wave spectrum. Gargett and Holloway [1984] (here-
after GH) suggest that the kinetic energy dissipation rate is
proportional to N4 within a factor of 2. GH examined two
umiversal internal wave models. one yielding ¢ = 1, the other
g = 1.5 and gave some preference to the ¢ =1 model. If
¢ = |. there is a “universal” constant 1~ 4 x 10 " m? s ?
(the numerical value taken from GH's figure). with # = uN.
This 1s consistent with a model where the APEF is indepen-
dent of depth and bhuoyancy Irequency and so is constant
wherever the internal wave field s universal. The “constant™
value we would choose for the APEF would be 15 x 10 * m?
s * (within a factor of 2, in the spirit of GH). This average
APEF for both upper and lower thermocline is close to 3.

[f the APEF is constant (and we reiterate here that this is a
speculation based on limited observations and not a proven
conclusion). the scaling of some important quantities in the
deep ocean can be predicted: €. and hence the Cox number,

should be proportional to N ', Because of (3), the Thorpe
scale should be proportional to N "', and because of (8). the
turbulent heat flux should be proportional to N. Extensive
measurements in the deep ocean must be made to test the
truth of GH's model and these suggestions.
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ABSTRACT

A layered model of the steady circulation in the South Pacific Ocean is constructed along the lines of Luyten,
Pedlosky and Stommel, and driven by the mean annual wind stress distributions computed by Hellerman and
Rosenstein. The results of the model agree quite well with published maps of topography of density surfaces
and circulation. Best agreement is found in the deeper layers. The deepest modeled layer, of density range 26.90
< g, < 27.30, which contains the core layer of the Antarctic Intermediate Water, transports northwards some
14 Sv (1 Sv = 10° m* s™') between New Zealand and South America. Of this, about three quarters comes from
the west in an intense zonal jet that rounds the southern tip of New Zealand and quickly fans out from the
boundary current along those islands into the anticyclonic gyre. Some S Sv returns southwards in the Australian
boundary current. Much of the anticyclonic gyre in the western South Pacific is taken up by a shadow zone
formed in the shelter of New Zealand, where the submerged layer loses direct contact with the wind driving,
and where uniform potential vorticity is postulated. The modeled circulation in the shallowest layer in tropical
regions is considerably weaker than the observed circulation.

Transport in the New Zealand western boundary current is determined by the necessity to achieve the same
pressure in each layer at the northern end of the islands as at the southern. Similar considerations applied to
the landmass of Australia and Papua-New Guinea, regarded as isolated from Southeast Asia, suggest a considerable
net northward transport between Australia and South America, which can only escape through the Indonesian
passages. The distribution of this transport among layers is set in the model by the input conditions at the
southern boundary (where much of it must be in the deeper layers), after which it cannot change because of
mass conservation within each layer (i.e., no cross-isopycnal flux is allowed). This modeling assumption is too

strict and may be the reason for the prediction of shallow circulations much weaker than observed.

1. Introduction

In this paper we apply a simple model of wind-driven
baroclinic circulation to the South Pacific Ocean. The
model is identical (with slight modifications) to that
developed by Luyten et al. (1983; hereafter LPS) and
applied by them to the North Atlantic Ocean. Talley
(1985) applied the same model to the North Pacific.
The essential features of the model are the following,
A vertical stack of homogeneous layers is driven at the
surface by the wind stress. Water in layers at the surface
becomes submerged under layers of lighter water as it
flows equatorward. The densities of the layers and their
subduction latitudes are choosable parameters of the
model. The total (vertically integrated) mass transport
is given by the curl of the wind stress (except in the
western boundary currents), as proposed by Sverdrup
(1947). Within each layer not directly in contact with
the surface, potential vorticity is conserved by the mo-
tion. These principles serve to determine the partition
of the Sverdrup transport among layers; that is. the
circulation in each layer and the layer thicknesses.

Submerged layers are divided into ventilated and
unventilated zones. In the ventilated zones, a stream-
line’s potential vorticity is set at the point where it is
first subducted and loses direct contact with the wind
stress. Water in unventilated zones (shadow zones) is

‘«. 1987 American Metcorological Society

never in direct contact with the wind, and an additional
hypothesis about its potential vorticity distribution is
necessary to determine its motion. The simplest asser-
tion to make (unless the flow is stagnant) is that po-
tential vorticity is constant throughout a shadow zone.
This notion has some theoretical support (Rhines and
Young, 1982), and reflects both numerical modeling
experience (Holland et al.. 1984) and oceanographic
data (Keffer, 1985). The technical features of the model
are reviewed in section 2. Some novelties are intro-
duced into the circulation by the presence of New Zea-
land and the possibility of outflow of Pacific water into
the Indian Ocean through the deep Indonesian Passages
(Godfrey. 1987). Flows in the western boundary cur-
rents in each layer along New Zealand and Australia-
Papua New Guinea (regarded as an isolated continent)
are determined, not by the familiar requirement to
balance the interior Sverdrup transport. as at the edge
of a confined ocean basin, but by the necessity of
achieving the same pressure at the northern end of the
landmass as at th2 southern. so that there be no net
geostrophic flow into the back side of the landmass.
These considerations, discussed in sections 4 and S.
determine the transports and vertical structure of the
boundary currents along eastern New Zealand and
Australia-Papua-New Guinea.

The model. comprised of three moving layers, is
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driven by the annual mean wind stress field, obtained
from Hellerman and Rosenstein (1983). Results are
shown in section 3. The topography of the deepest layer,
in whose density range the salinity minimum core layer
of the Antarctic Intermediate Water would fall, closely
resembies the observed topography of a density surface
representative of the core layer. The middle layer of
the mode), too, resembles the observed topography of
density surfaces that would be contained in it, and ex-
hibits circulation patterns similar to the observed. The
shallowest layer, while showing some of the observed
equatorward shift of the anticyclonic gyre with de-
creasing depth, and showing reasonable agreement with
observed circulation in more temperate latitudes, gives
only a poor representation of the observed shallow
tropical circulation. Some reasons for this shortcoming
are discussed.

The summary remark made by Warren (1970) that
the South Pacific in the upper kilometer is described
remarkably well by the Sverdrup (1947) theory of wind-
driven transport is borne out. We may go further and
say that the distribution of the Sverdrup transport
among density layers in the vertical is fairly well de-
scribed by considerations of potential vorticity conser-
vation. This partition is basically determined at the
southern boundary in the model. Thereafter it is im-
mutable because of the assumption of continuity of
net mass transport in each layer (i.e.. no cross-isopycnal
exchange between layers). This too strong insistence
on layer-by-layer mass conservation may be the reason
for the poor model agreement in the tropics. where the
observed strong surface circulation may partially result
from significant mass fluxes across the pycnocline.

2. The model

A brief description of the model is presented here.
More details can be found in LPS and Talley (1985).
whose notation we follow closely. The model consists
of three layers with densities p,. p,, p3 underlain by a
fourth inert layer of density p,. The assumption of no
motion in the fourth laysr implies that the horizontally
variable part of pressure in the lighter layers is given
by

3

pp=SyH. n=12.73 @1

i=n

where v, = g{(p,,, — p,)/p is reduced gravity between
the ith and (/ + 1)th layer. and /{, is the depth of the
bottom of the ith layer (Fig. 1). The thickness of the
ithlayeris h, = H, — H,_,. The bottom of the nth layer
surfaces at the constant latitude y,,, poleward of which
H,=0.

a. The Sverdrup relation

The vertically integrated meridional geostrophic
transport is

9

Ekman
_ layer

(inert}
H3

FiG. 1. A schematic meridional cross section of the fayer structure
of the model. The base of the nth layer outcrops at ¥,..

3
/T P== 1 St = 1 YD+ )
1 2

(2.2)
(Sverdrup. 1947). where

Dy(x.3) = —(dv;)"Z/‘zf -V X(r/pfHdx'. (2.3)

and P(x. y)is called the integrated steric height. At the
eastern boundary x.(3), we take H, = H- = 0. and
H: = Hy,. a constant, taken to be 800 m for the
South Pacific Ocean. (LPS omit the subscript 3 on /1,
and /)

h. Potential vorticity conservation

From the assumptions of geostrophy and mass con-
servation in each layer, follows the conservation of po-
tential vorticity in layers which are not directly forced
by the wind. namely,

J1hy= Gu(pr)- (2.4)

The functions G, are determined by the methods
described by LPS and Talley (19895). For the present
model only (73 and G, are required. Table 1 specifies
the possibilities for (53 across the top row, and for G-
down the left-hand column. The G; possibilities are
distinguished by the symbols W. V. E for western
shadow zone. ventilated zone, eastern shadow zone.
The corresponding regions between 3, and ). are
marked on Fig. 2. In V| the potential vorticity of layer
3 is determined as the layer flows under the protective
blanket of layer 2 at y>. Region E denotes the stagnant
region along the eastern boundary in which H; = H,,
everywhere, and potential vorticity considerations are
irrelevant. Region W is bounded in the east by /1,
= Haw, the value of Hyy given by the theory for region
V at the southern tip of New Zealand. Inside this un-
ventilated region, potential vorticity is set equal to a
constant, f3/Hiyw. As layer 2 slips under the protective
blanket of layer 1 at y,, its potential vorticity G is
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TaBLE 1. The ( and G, functions, and the
regions of their definition.

(s
Gs W: fy Hyw" V: f/H, E: Hyd
49,
(1 +9:/v:) WW (D] VW [E} EW

W—
yi 'pae Wb How

=0 Py .
v ! .l./f;) ; Y/ VWL EV [M]
Al 2
1
¥ h .
T EE [R]

' Constant
f Denotes that Hy - Hy.

determined according to whether it overlies water in
layer 3 belonging to region E. V or W. Hence. the ¢
possibilities are similarly designated E. V. W. The area
equatorward of 1, in Fig. 2 is split into a number of
regions by the layer 2 and 3 streamlines (denoted in
Fig. 2 by the labels =27 or 3") issuing from v and
x%. the longitudes defining the ventilated band V of
laver 3 along v, . These regions are designated by a two-
letter code on Fig. 2. The first letter identifies the G
function for the region, and the second letter the ap-
propriate G- function. The two-letter codes a.e entered
also in Table 1. Looking up region VW in Table 1. for
example. we see that in this region in Fig. 2. (/v = f3/
Hioand Gy = (1 + v/ 0/00s 'pafp = 1w,
The entries in braces in Table | indicate the regions
denoted L, M. R by LPS and D. E by Talley (1985},

The mathematical problem in terms of /{.. /{:. |
is umquely determined by (2.4) for n = 2. 3 (given the
appropriate choice of (1, (> from Table | n a ginven
region of interest). and by the Sverdrup transport con-
straint (2.2). [Poleward of v,. set H, = 0 and discard
(2.4) for n = 2. poleward of ys. set - = 0 also. and
discard (2.4) altogether.]

TaBLF 2. The density layer parameters used 1n the model.

Midlayer Reduced Quicrop
Layer Density density. gravity latitude
(n interval On (10% v,./8) (1)
t 26.05-26.25 26.15 0.425 v°s
2 26.25-26.90 26.578 0.525 S1es
3 26.90-27.30 27.10 0.30 —
4 27.30-27.50 27.40 —_ _

¢. Layer densities

The values of the layer densities used in the model
are listed 1n Table 2. These layers are adapted from
those defined by Keffer (1985). shown for comparison
in Table 3. in his study of the potential vorticity dis-
tribution in the world’s oceans. From Keffer's maps.
a crude winter outcrop band can be estimated (the out-
crop band is by no means zonally uniform) for each
laver. A value near the equatorward extreme of this
band is chosen for the outcrop latitude of the bottom
of layers I and 2 in Table 2. Figure 3 shows a #-§
diagram for the South Pacific. with the density intervals
of Tables 2 and 3 indicated. Note that laver 3 (and
Keffer's. 1985, laver C) brackets the range of densities
which occur at the intermediate-depth salimity mini-
mum. the core laver of the Antarcuc Intermediate
Water.

d Wind stress

The annual mean wind stress held prepared trom
normal monthhy estimates by Hellerman and Rosen-
stein (1983, is used to drive the model. A map of the
wind stress 1s shown in big. 4.

Wind stress curl s generally anticycionie throughout
the model domain. There 1s, however. a small region
of exclonic wind stress curl between 59 and 2578 along
the South American coast, which drives a small cell ot
cvelonie circulation. This cell is shown shaded in b
2. The model tends to predict surtacing of the bases of

10% EW :2—\_Hk
3 ]
o —
3o° wWw
40° )
w
500 —
| | L | L
160°E 180° 160°w 140° 120° 100° 80°

Fic,. 2 The varnous regions of the model. Between 1y and 12, W s the western shadow sone. Vo is ventilated zone.
F 1s eastern shadow zone. Equatorward of 1. the two-letter codes denote appropriate choices tor potential vorticity

dependences (. (4: according to Table 1.
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Tapir 3. Keffer's (1985) density layers in the South Pacific Ocean.

Midlayer
Density density Qutcrop
interval (ae) band
A 26.05.26.238 2615
B 26.25-26.75 26.50 35°-50°8
C 27.00-27.30 2718 S0°-60°8
D 27.30-27.50 27.40

lavers | and 2 and upward doming of the base of laver
3 in this cell.

e. Model domain and resolution

The domain of the model is from the latitude of
Cape Horn (57°S) almost to the equator, and from the
South American continent to Australia and Papua-
New Guinea. The model results are computed on a 2°
» 2° grid. to conform with the format in which the
winds are supplied. Since all integrations have been
explicithy carried out. there are no numerical difficulties
associated with grid resolution.

Actual geographic land boundaries are used. except
that shallow seas and straits are filled in. The southern
ups of New Zealand and Tasmania are taken as 1y

50°S and vy, = 46°S. respectively. rather turther
south than the actual extremities of land. in order to
represent the Campbell and Tasman platcaus. The
northern tip of New Zealand is at 3~ = 32°S.

t The transport streamfunction W

Because the geostrophic transport is not horizontally
nondivergent. it is convenient to augment it by adding
the cumulative meridional Ekman transport from the
castern boundary, namely.

to
N
—_—

Tidx = —f M of) 'dx.

1o both sides of (2.2). This total transport /s nondiver-
gent. so that a transport streamfunction

V= 'P-Ty~--/ l%”_w: (2.6)

tal—

can be defined (¥ = 0 along the castern boundary,
while ¥ < 00 at a given point denotes northward trans-
part between it and the eastern boundary).

3. Results

Though there are special considerations to be taken
of the circulation around New Zealand in order to de-
termine the flow in the Tasman Sea west of those is-
lands. we shall postpone discussion of them to section
4. and present now solutions for the flow in the three

layers of the model, and discuss them in light of ob-
servations of the surface and intermediate circulation.

a. The Sverdrup circulation

Figure 5 shov's the Sverdrup circulation in the South
Pacific. computed from the winds in Fig. 4. This is part
of a global map which has been presented and discussed
by Godfrey (1987). itis included here for completeness.
and comparison with the following figures. It shows
the broad anticyclonic sweep of the South Pacific cir-
culation. Western boundary currents are indicated as
necessary to close the circulation.

The principle enunciated by Godfrey (1987) (see be-
low. section 4) establishes that the northward transport.
including the boundary current, between New Zealand
and South America is 29 Sv (1 Sv = 10" m* s ') be-
tween Australia-New Guinea and South America. it
is 17 Sv. which is held to escape unhindered into the
Indian Ocean through the Indonesian passages. These
estimates have been used 1n drawing the boundary cur-
rent along Australia in Fig. 5. The 17-Sv stagnation
streamline intersects the Australian coast at about 20°S,
while Church’s (1987) estimate. based on hvdrographic
and other data. for the latitude of bifurcation of the
westward flow feeding the East Austrahan Current.
15 18°S.

Lest the estimate for the Indonesian throughflow be
considered 100 large. and a smaller figure. say 10 Sv.
or zero. be preferred. then that transport streamline
should be used as the stagnation streamline around
Australia. Gordon (1986) reviewed estimates of the
Pacihic-to-Indian interocean exchange. The present es-
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b1, 3. A composite #-$ diagram for the South Pacific Ocean
(adapted from Gordon et al.. 1982). The density intervals 1. 2.3, 4.
of Table 2. and A. B, C. D of Table 3 (Keffer. 1985) are indwcated.
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timate of 17 Sv is certainly high compared to those.
but not indefensible. Of course. a lower figure for the
Indonesian throughflow implies a corresponding en-
hancement of the southward transport of the East Aus-
tralian Current.
The boundary current required along eastern New
Zcaland is quite weak. the maximum transport of 14
Sv southwards being achieved only in a small cell along
the southern part of New Zealand. A weak anticyclonic
cell of magnitude 5 Svis found in the Tasman Sea west
of New Zealand. North of this. a stronger anticyclonic
cell. of 17 Sv. s found.
The southern limit of this cell is quite intense, and
should be compared to the estimates of {2-13 Sv ecast-
ward transport along the Tasman Front, by Stanton

(198 1) and 15 Sy in the separating limb of the Eastern
Austrahan Current. made by Boland and Church
(1981).

Figure 3 is remarkable also for the roughly C-shaped
pattern of the ridge of anticyclonie circulation. The

southwiard limb of the ridge appears weakly broken
nto two (note the ¥ - =30 Sv contour east of New

4. Annual mean wind stress (Hellerman and Rosenstein, 1983).

Zealand). and extends east along 40°S. The northward
limb is centered on 30°S. The connection between the
two limbs (the backbone of the C) is confused a little
by the presence of New Zealand. Reid (1981) has noted
such a feature in dynamic topography maps. It is re-
markable that it should be evident in a diagram whose
provenance is solely the wind field.

h. Errors in the Sverdrup transport

Hellerman and Rosenstein (1983) display calcula-
tions of Sverdrup transport based on monthly wind
stress estimates. Apparently they neglect the presener
of New Zealand and set the strcamfunction to zero
around Australia (i.c.. zero Indonesian throughflow).
They also provide monthly standard error estimates of
the wind stress and propagate them through the cir-
culation calculation to give error estimates for the
Sverdrup transport. They show largest error estimates
in the vicinity of New Zealand. of order 30 Sy because
of the paucity of data in the South Pacific. If the error
is due to unresolved submonthly or synoptic scales in

-10 =

160 180 160

P 3 Transport streamfunction . in sverdrups (1 Sy
unction in the occan intertor (with some modiications w
boundars currents glong New Zealand and Australia

140 120 100

= 10* m™ s ). Identical to the Sverdrup stream-

est of New Zealand, see section 4). Note western
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the wind observations, it seems fair to divide this
monthly error by (12)'/* to give an error estimate for
the annual mean of 15 Sv. This figure should be borne
in mind in interpreting the details of the circulation
cells east of New Zealand in Fig. 5. North of 30°S the
monthly error estimates are much smaller: less than
20 Sv equatorward of 30°S. Dividing by (12)"* reduces
this to 6 Sv.

¢. The baroclinic circulation: the model

The modeled circulation in the three lavers will now
be shown and discussed. Comparison with observations
of the circulation will be given in the next subsection.

Figure 6 shows #{;. the depth of the base of layer 3,
calculated from the model. The diagram shows the
broad sweep of th< anticyclonic gyre in the intermediate
depths of the South Pacific. The ventilated part of the
gyvre in laver 3. in the strict sense of LPS. is contained
in the quite narrow corridor between the contours F{3y,
= 958 m and f;, = 800 m around the outside of the
gyre. The shadow zone west of the Haiw contour is fed
by a zonal jet passing to the south of New Zealand.
This jet is supposed to feed the western boundary cur-
rent along the east coast of the island. but much of it
almost immediately peels off to feed the interior flow
in the shadow zone. Calculations to be presented in
section 4 show that the total northward transport of
laver 3 water between New Zealand and South America
is 14 Sv of which 74%, or about 10.4 Sv, is carried by
the jet rounding southern New Zealand. It somewhat
strains the intuitive notion of *“*ventilation™ to not call
the shadow zone ventilated, being fed as it is from west
of New Zealand. The term here is used to mean water
masses whose potential vorticity was determined by
their history of contact with the wind when they were
at the surface: in this sense. the shadow zone is not
ventilated.

At the northern end of the islands. enough of the
flow in the shadow zone has rejoined the boundary
current to give a northward flow of 1.4 Sv, which
rounds the island and feeds a weak eastward jet in laver
3into the Tasman Sea.

Vortme 17

Potential vorticity f>/F; only changes by 20%. across
the ventilated corridor. It is constant in the shadow
zone, by hypothesis. So it is roughly constant through-
out the gyre. in good accord with Keffer's (1985) map
of potential vorticity in what he designates as layer C.

The topography of the base of layer 3 is taken 1o be
flat at a value of H; = 1362 m from New Zealand
through the interior of the Tasman Sea up to the Aus-
tralian continent where it is taken to shoal 10 a value
of 1100 m at the southern tip of Tasmania (see section
5). This gives a southward transport of layer 3 water
in the East Australian Current of 5 Sv.

On the eastern and northern edge of the gyre along
South America and extending along the equator. a
stagnant shadow zone is found with /1y = [y, = 800
m. except for a weak cyclonic cell of circulation driven
by positive wind stress curl, between 5° and 25°S along
the South American coast extending west about fifteen
degrees of longitude at the widest point. In this cell,
I+ shoals to 770 m, an eftect which is not discernible
in the contouring interval of Fig. 6. Because of consid-
erable augmentation by southward Ekman transport
in the trade winds. this cell extends much farther west
in the streamfunction diagram of Fig. S, with a max-
imum strength of about 10 Sv (southwards) at 6°S.
declining to 5 Sv at 12°S, and 1 Sv at 20°S.

The effective pressure head driving geostrophic tlow
in layer 3is ¢ 'py/p = ¢ 'yiH:. The multiplicative
factoris g 'v; =0.30 x 10 *(Table 2). This conversion
can be readily done on the contours of Fig. 6. The unit
1s ihen equivalent to the “dynamic meter™ of tradi-
tional geostrophic computations.

Next we show the depths /.. H,. of the bottom of
lavers 2 and 1 (Figs. 7. 9). and the pressure heads
pa/go. pi/ep [EqQ. (2.1)] driving the geostrophic flow in
these lavers (Figs. 8. 10). Lavers 2 and | only exist
equatorward of 51°S. 39°S, respectivelv. Both lavers
exhibit a broad anticyclonic circulation in the South
Pacific. In the model. H> and I, are forced to zero
along the South American coast. for the reasons LPS
cite. Nature 1s not so tightly constrained. however, and
depths of order 200-400 m and 100 m. respectively.
are observed along South America for the isopycnals

160 180 160

140 120 100 80

FiG;. 6. Depth H, (in hectometers) of the base of the third layer calculated from the model. Multiplication
by v3g™' = 3 x 107* (Table 1) gives pressure (dyn m) driving the flow in layer 3.
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FiG. 7. Depth H, (meters) of the base of the second laver, calculated from the model.

corresponding to these interfaces (see below). This
means that. in addition to modeled depths //~. /{; being
too shallow in the vicinity of the eastern boundary.
gradients of /1>, H,. and hence circulation. are stronger
than observed. This bias in the model must be taken
into account in making comparisons with observations.

d. The baroctinic circulation: comparison with obscr-
vationy

Let us compare the circulations computed from the
model. and shown in Figs. 6-10. to observations of the
circulation in the South Pacific Ocean. The material
most readily at hand is the maps published by Reid
(19651973, 1986) of the depths of the density surfaces
o, = 27.28.26.81. 26,23 kg m Y (5, = 80. 125, 180 cl/
ton). as well as acceleration potential (dynamic height).
salinity and oxvgen on these surfaces. We shall repro-
duce here only one of these maps. namely, depth of ¢,
- 27.28 kg m *(Fig. 1. Useful comparisons may be

made also with the dyvnamic topography maps of

Wi rtki (1974, 1975), the shallow density surface maps
of Tsuchiva (1968) in the tropical Pacific Ocean. and
Ketler's (1983) global maps of potential vorticity in
density intervals.’

The topography of /{; ought to be compared to the
topography ot the o = 27.28 kg m * density surface
(Fig. 11 The correspondence of the broad teatures is
quite remarkable. espectally east of New Zealand. The
strong zonal jet flowing around the south of New Zea-
land and teeding the anticyvclonic gyre is apparent.
though the occanic situation south of New Zealand s
apparently considerably complicated by the shoaling
of the Campbell Plateau. The correspondence of the
locations of. say. the 1200, 1000 and 800 m contours
in the model and in nature is very close. There is a
weak nidge of about 800 m depth along the South
American coast. { This of course inspired the choice of

Ketter < [985) niaps show a. surfaces: Reid's (1965 1971 1986)
are 4, surfaces. In the upper kilometer of the ocean. differences between
the two are shght. and no distinction is made in making comparisons
to the model

Hs,.) More than that. the topography of the ¢, = 27.2%
kg m * surface is indeed very flat behind (north and
east of) the 800 m contour in Fig. 11. In the Tasman
Sea north of New Zealand the modeled positions of
the 1000 m. 1100 m contours are about right. The
topography of the surface west of New Zealand is fairly
flat and its depth. judged from the Scorpio section at
43°S (Stommel et al.. 1973)is 1200 = 100 m. rather
less than the {3~z = 1362 = 122 m produced by the
calculation to be described 1n section 4. though within
the error bars.

Reid (1965) also shows a map (his Fig. 23) of the
dynamic topography (acceleration potential) of the »,
= 27.28 surface. relative to 2000 dbar. The dynamic
height contours correspond very closely to those of Fig.
11. as the theory requires.

Topography of density surfuces. The > field may
be compared to the topography of the o, = 26 81 kg
m *density surface (Reid's (1965) Fig. 17). The choice
of outcrop latitude. 51°8, is roughly borne out by this
map. The model depths are considerably shallower in
the vicinity of the eastern boundary where F is forced
to zero. while in nature the isopvenal is 200-400 m
deep there. This shallow bias diminishes towards the
west,

The model’s 5300 m contour describes a complicated
region Just cast of New Zealand, while in nature the
isopyenal 1s not found so deep in this region. North of
35°S. the maodel’s 300 m contour extends castward
from the northern tip of New Zealand almost to
[30°W. where it turns north and returns to Australia
between 207 and 15°S. This accords fairly well with
the position of the 300 m contour n nature. where it
extends even farther cast, to 120°W, Inside this con-
tour. maximum depths of 700 m are found. in both
model and nature. in the Tasman and Coral Seas.

Laver | depth. /. ought to be compared to the
topography of the o, = 26.23 kg m * density surtface
{Reid’s (1973) Fig. 5). The outcrop latitude. 39°S. cho-
sen for the model appears about right. The model
depths are especially too shallow in the viciniy of the
castern boundary. where they are forced to shoal to
zero. while depths of order 100 m are observed tor this
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Fici. 8. Pressure head py/ep tmeters) in the second Jaser

1sopyenal along the South American coast. Apart from
this. the model isopleths of | appear too shallow by
about 30 m throughout the central and western South
Pacific.

Ketler (1983) shows a map of the depth of the e,
= 26.50 surface. the median density of his laver B, This
density surface falls in the range of our layer 2, 26.25
<, < 26.90. Accordingly, we have constructed a map
of i, (1 s where a = (26,90 - 26.30)/(26.90

26.25) = 0.615, 10 model the depth of this density
surtace. which 1s shown in Fig, 12, for comparison with
Ketler's map. Apart from the eastern boundary where
H. and H- are forced to zero. agreement is quite good.
I'he positions of the trough along 20°S, and of the 400
m. 3 m contours. accord well.

The mean depth of the o0 - 26,44 density surtace
in the tropical band 1s shown by Tsuchna (1968), and
may be compared with 7/, taken in the model to be
the depth of the 6, = 26,5375 surtace. The modeled H,
1s shallower than observed. right across the tropical
band. not onky 1n the cast where 1t 1s forced to sero.
though the trend from shallower to deep trom northeast

to southwest 15 reproduced. The depth contours of

Tsuchinva's density surface are rather more zonal than
those of Fig. 9.

Acceleranion porential. Comparison of the acceler-
ation potential on the o, = 26.80 kg m * surface, with
respect to 1000 db. which Reid (1965) shows, with
p-/ep. s rather problematical. The reference pressure.

0B e =

of 1000 dbar. for this isopyenal is rather shallow tor g
tair comparison with p./¢p. and acceleration potential
on this surface might better be compared with ~ /7.
= (p> p3Yep. Thiscomparison 1s quite good. i terms
of both magnitude and pattern. On the other hand.
comparing the acceleration potential of the o, 2623
kg m " surface. with respect 1o 1000 db (Reid. 1973),
with modeled (p, pa/gp. the magnitude of the mod-
cled flow s at least twice as large as observed in nature.,
although 4 similar anticyclome circulation pattern s
seen.

Taking the three density surtaces together. a clear
cquatorward shitt of the subtropical gyre with decreas-
ing depth and density s seen in both the observations
tas Rerd 1981y remarks) and the model (Figs. 6-100.

In the western Pacitic. between 3% and 3478, where
H-as greater than 500 mo it may be usetul to compare
pywith the nean dy nanice topography ot the 300 dbar
surface relative to 1000 dbar. shown in Fig. 13, taken
from Wirthi (1974 The pattern is generally very sim-
lar. though the strength of the cell in Fig. 8 1s about
twice that of Fig. 13, Perhaps the choice of the 300
dbar surtace 1s too deep tor a tair comparison with Fig.
& and a shallower surtace corresponding more nearh
to the center of the laver would show a stronger c¢ir-
culation,

Comparing Tsuchinna's (1968) map of acceleration
potential of the ¢, 26.02 kg m * surface relative to
SO0 db to Fig. 10 1n the tropical band. and disregarding
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Fici 9 Depth H, {meters) of the base of the first laver, calculated from the model.
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the too large gradients in the model in the east (because
of the unrealistic shoaling of /f, that is required). the
castward flow with a 10-15 dyn ¢cm pressure drop across
1t 1s reproduced quite well by the model.

On the other hand. comparing Fig. 10 to Wyrtki's
(19735) sea surtace dynamic topography relative to 1000

db (Fig. I3, neither the strength nor the position of

the shallow gare is well reproduced. The strong ridge
running from northwest near New Britain towards the
southeast (Fig  14) 15 apparently associated with the
South Paciiic Convergence Zone in the atmosphere (see
Fig. 1.2 of Gill. 1982} As this suggests that the ridge

is a feature determined partly by advection of warm
surface water out of the western equatorial zone. 1t is
not surprising that a feature with such an origin is badly
represented in this model. Laver I must represent all
the water lighter than o, = 26.25 kg m *. This density
1s found quite deep in the lropicul thermocline, with
water lighter by as much as 2 kg m ¥ occurring at the
surface. Significant geostrophic shear. which the model
cannot represent. may occur over such a density range.
So some allowance must be made in making these
comparisons of the model to observations of nature.
especiatly in the Tropics. Even so. as we shall argue in

180
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section 6. the poor agreement in the Tropics may be
due to a fundamental shortcoming in the potential
vorticity conservation model.

Salinity and oxveen. Reid (1965, 1973, 1986} also
shows the concentrations of salinity and oxygen on the
three density surfaces named above. The sources of
low salinity are generally in the high latitudes. high
salinity in the Tropics. Regarding salinity as a tracer.
all three surfaces show broad tongues of tow salinity
sweeping north in the eastern South Pacitic with a nar-
rower filament excending westwards in the tropics as
far as the Coral Sea. Like the equatorward limb of the
subtropical gyre. these zonal low-salinity filaments lie
progressivehy farther northward with decrcasing den-
sity: along about 20°-25°S fora, = 27.28 kgm ', 15°-

2006 for o, 2681 kgm ‘and 13°S for g, 2623
kgm . The Tasman and Coral Seas contain the highest
salinities on the respective surtaces, confirming the
picture that this region is the stagnation zone of the
circulation. The oxyvgen concentrations on these density
surfaces seem less remarkable than the scalimities, except
thatin the Tasman Scaon the o, 2728 kgm surface
a minimum in oxvgen is found. rather confirming the
hypothesis advanced in the model that flow 15 stagnant
in this region at these depths.

4. Flow around New Zealand

In this section we compute the value of the transport
streamfunction at New Zealand from the wind stress

Fi;. 13. Mean annual dynamic topography (dyn cm) of SO0 db surface refative to 1000 db (Wyrtky, 1974)
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field and use that to determine the total flow in the
boundary current on the eastern side of the islands.
Flows in western boundary currents along islands are
determined. not by the requirement of balancing the
interior Sverdrup transport. but by the necessity of
achieving the same pressure at the northern end of the
island as at the southern. so that no pressure gradient
(which would drive a normal geostrophic flow) occurs
on the far side of the island. Similar considerations
applied layer by laver determine H; and /1, on the far
side of the island. The values of #, and /{. on the
western side of New Zealand are necessary to determine
the layered Sverdrup flow in the Tasman Sea in the
latitude range of the islands. This fills a gap left in the
theory presented in section 2.

We also compute estimated errors tor the transport
(and 5. H,) from the standard errors quoted for the
wind field.

a. The transport streamiunction at New Zealand

Consideration of the flow around an isolated island
hke New Zealand. shows that the constant value of the
transport streamline that surrounds the island must be

Yaz=(fs- )P 'ffr-dl. 4.1)
where the closed line integrali is along a counterclock-
wise path enclosing New Zealand and the Pacific Ocean
to the east of it up to the South American continent

(Fig. 15): /. I\ are the Coriohs parameters appropnate
to the southern and northern ends of the slands. This
result is due to Godfrey (1987). and comes about from
a consideration of the integral of the serticalls nte-
grated momentum balance around the circuit de-
scribed. along which no lateral or bottom frniction acts.
Computation of this value shows that ¥, 29 S
I'his value must be used to restant the Sverdrup com-
putation west of New Zealand.

h o Error estunation for ¥<,

Inspection of Hellerman and Rosenstein’s (1983)
maps of the month!y standard error ot zonal wind stress
gives a figure of order .25 dyvnem - in the midlatitude
South Pacihic.

Multiplving this by 16 = 107 km. the length of the
arcutt in the hine integral of (4.1). and dividing by
- /s gives 12 Sv. Dividing by (12 to obtain the an-
nual standard error of (4.1) gives 3.3 Sv. This error
should be used to interpret the estimate of ¥, given
above. The crror for ¥, 1s smaller than those tor point
estimates of, W, because the tormer 1s based on hne
integrals of wind stress, while the latter are integrals of
wind stress curl, and hence more prone to error.

¢ Transport constraints on Hy and H >

If we assume that longshore flow in western bound-
ary layers is geostrophic, then /' P, defined by the first
relation in (2.2), describes the geostrophic transport in
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FI1G. 15. Schematic integration path around New Zealand for ¥y, (solid). Similarly for ¥, (dashed).

the boundary current [though the second equality of
(2.2) fails). Applying this in (2.6) at the southern tip of
New Zealand. where only layers 2 and 3 exist and are
in motion, we obtain

é(hHi.\'z +v:Hnz — v3H30Y) = fs(¥nz + Teas).
4.2)

where Tis = TelXnz. Vs) = +8.8 Sv. Ecror analysis
applied to (2.5) gives a standard error less than | Sv.
Here 1157, Haz are the constant depths of the bot-
toms of lavers 3 and 2 along the western side of New
Zealand. Along the eastern side, /{5, /{, may vary be-
cause the normal-to-shore momentum balance in the
boundary current is not geostrophic. but they must
return to the values f/:\z. H- 7 at the northern and
southern tips. Substitution of numerical values in (4.2)
gives

Hixg Hing _

(1446 £ 130 m)" (1093 + 100 m)*

The standard errors indicated in the denominators are
based on an assumed error of 5 Svin Wy, + Tis. (A
reduced 1W<, + T, sl leads to smaller values of the
denominators.)

(4.3)

d  The ransport of laver 3

Another constraint is required to determine the dis-
tribution of the geostrophic transport in the boundary
current between lavers 2 and 3. This appears to be that
the transport between New Zealand and South America
in faver 3 be independent of latitude, in particular, that

it be the same at the southern and northern ends of

New Zealand. The layer 3 transport is

Sa
[1(‘) :f (llz‘ 113){7171(6”[1/8\)(/\ (44)

N7

At the southern tip of New Zealand. 1+ = 1. this 1s
made up of contributions from the western boundary
current and from the interior. For the latter H; = [y
just outside the boundary current, and from there to

South America f/(H; — H;) = f/H; (see Table 1), so
that the contribution to (4.4) from the interior is

T s = Hywd).

The contribution from the western boundary current
is

I 'ys %(”m‘z‘”_‘;..\zz)"f Hﬂ’h]-
2 WBC

The Mean Value Theorem states that the second term
is gi\'cn b) ]_13(11_1»\' - Hl\'z). where }l:\\'s < 113 < 11:\2
(and FHows = (1 — fs /~"YH3w). If H were a linear func-
tion of f/;. as could be the case if, for example. both
variables had an exponential structure in the boundary
current with the same relaxation scale. then f-
= Y + Hanz). We shall adopt this assumption.
In total.

T3(xs) = %,/é "YalHw + Hixz = Haws — Haxg)

X (Haw = Hyng) 42 /7 'yl = Hw'l (4.9)

Al 1' = 1. the northern end of New Zealand. the sit-
uation is a little different. The interior contribution
splits into two parts: one comes from the shadow zone.
where /)11, = H-) = f/Hw . and I ranges from .
just outside the western boundary current. to ffaw at
the edge of the shadoa cone. so that the value is

12 'y sH i Haw — Haa)

the other is from the ventilated region. where f/(/1;
- I~} = f~/f]:. and f; ranges from Hiy to Hi. so
that its valug-ts

[ 5 .
N »/: 1)_;(11_1()_ - I[l\\').

the same as the mterior contributton at v - . The
western beundary current contribution s similar in
torm to that calculated at 1. The total laver 3 transport
is theretore
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TyiN) = %f.;( 'YilHswn+ Hinz — Hawn — Hanz)
X (Hywx— Hinz) + 27 'ysHawl Hyw — Hywn)
+3A7 vl — Hiw), (4.6)

where Hawn = Hiwn — fafa 'Hiw is the value of H,
just outside the western boundary current at y = .
Setting T3(3s) = T3(»W). and manipulating. we obtain
eventually

(Hixz—mM(Hinz ~ Hing) + C=0, 4.7)
where
==+ YN Haws + s Haw),
C=(=K"+ 7)1 Hyw(Haw = Hawn).

The numerical values for Hiw and H;w are, respec-
tively. 958 and 1316 m. as computed from the theory
of section 2. This gives n = 2119 m, and C
= +(871 m).

The solution of Egs. (4.2) and (4.7) gives H;xz.
I «z. This is shown graphically on Fig. 16, as the in-
tersection point of an ellipse given by (4.2) and a hy-
perbola given by (4.7). The solution is

Hinz=1362+122m. Hynz=362+33m,

The standard errors given for these estimates are those
due to the errors in the coefficients of (4.3). The trans-
port of layver 3 between New Zealand and South Amer-
ica is then

T3006) = Tayx) = 14 £ 4 Sv. 4.8)

Of this. 74 is carried by the western boundary current
as it swings around the southern tip of New Zealand:
the remaining 26% by the interior. At the northern
end. only 10% is carried by the boundary current, the
remaining 64% having been shed to the interior in the
shadow zone. This is shown in the schematic Fig. 17a.

1000 -
~ o nz =29 v
z v N
-
b4 /
;//
500 - /
362+ / /—Yras = Tay
p ‘
7/ . \
0 500 1000 %% 500 2000

Hanz

Fici. 16. The Sverdrup transport constraint (4.2). and the continuity
of layer 3 transport (4.7). The intersection of the lines gives J/ynz.
Hixz.

which represents a section between New Zealand and
South America along y = ys. This section should be
thought of as being along a latitude slightly south of
New Zealand through the interior, until the island is
reached, where it hooks north to cross the incoming
current from the west. At this section the interior
transport in the lighter layer, 9.5 Sv northwards, is al-
most entirely Ekman transport (8.8 Sv). A similar sec-
tion at a slightly more equatorward latitude will show
the depths H,, H; outside the boundary current con-
siderably depressed as the stream sheds transport into
the interior.

With these values for H, 7, H, nz We can restart the
integration west of New Zealand along the lines of the
theory presented in section 2. A few remarks are first
called for. There will be abrupt jumps between H; 7.
H> nz and the values of H;, H, given by the theory of
section 2 at points just north and south of New Zealand.
This suggests intense zonal jets emerging from. or im-
pinging on, as required. the tips of New Zealand. Pre-
sumably, an account of the dynamics of these interior
jets can be given, perhaps along the lines of the theory
presented by Pedlosky (1968) for frictional boundary
layers along a zonal boundary. We shall not attempt
here to construct such a theory, a product of which
would be a specification of the communication between
the Tasman Sea and regions north and south of New
Zealand, hence determining rigorous inflow and out-
flow conditions. Rather. we shall content ourselves with
specifying ad hoc that layer 3 be stagnant in the Tasman
Sea west of New Zealand. i.e..

}13’—’113__\1= 1362 m, (49)

and accept the resultant abrupt jumps in /7, at latitudes
¥s. ¥\ as eastward and westward jets, respectively. con-
nected to and feeding or emerging from the boundary
current on the eastern side of New Zealand. This is
what was done in section 3 to obtain the solutions dis-
played in Figs. 6, 8. Against this hypothesis, we should
note the tendency in Reid’s (1985) dynamic topography
maps for flow along the south of Australia and New
Zealand to loop up into the Tasman Sea.

The topography of the o, = 27.28 surface in the
southern Tasman Sea is observed to be fairly flat. per-
haps 1200 = 100 m. judged from the 43°S Scorpio
section (Stommel et al.. 1973). This puts it in the range
of the estimate of H,nz given above. The 4, = 26.90
surface is found at about 400 1o 500 m around western
New Zealand. in fairly good accord with the estimate
of H; ~z. The somewhat larger estimate than observed
of I1~z docs suggest that ¥y may be too high by an
amount of order 5 Sv, perhaps due to errors in the
wind field. However, rather than tamper with Heller-
man and Rosenstein’s (1983) winds, we shall persist
with them. while examining critically their implications
for the ocean circulation.

The geostrophic transport west of New Zealand is
given by
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FiG. 17. Schematic sections across the South Pacific showing laver depths and transports (in Sv, positive northwards) of each layver.
in the interior and in the boundany currents. (a) From Chile along 50°S. looping north at New Zealand: then along 46°S, looping north
to Tasmania. (b) From Chile along 32°S. looping north to New Zealand: then along 34°S to Australia. {¢) From Chile to Australia along

32°S. (dy From Chile to Australia along 28°S.

é,/' Ny:Hy + v H) = %f yaDP + i)
(4.10)
where .
D* =Dy 3) = Dotz 1),

The same theory applies as in section 2. except that
the role plaved formerly by layer 3 is here taken by
laver 2, and that of laver 2 by layer 1. The boundary
values of #{, and H, on the west coast of New Zealand
are

II:_\1:362 m., [ILN,':(J. (4.11)

The results of integrating this model in the Tasman
Sea west of New Zealand have already been shown on
Figs. 6-10. The level surface formed by H; = 1362 m
and the variation of //, given by (4.10). with {{, = 0.
in the interior of the Tasman Sea along 1° = py.. IS
shown schematically in Fig. 17a. The variation of the
depth #1, of the light layer might be compared quali-
tatively with the Scorpio section at 43°S. which shows
a moderately deep (~400 m). warm, near-surface layer
in the Tasman Sea shoaling gradually over the Chatham
Rise. and then quite shallow over the remainder of the
eastern Pacific.

5. The East Australian Current

Considerations parallel to those given in section 4
would determine the transport streamfunction at Aus-
tralia-New Guinea, were the flow through the In-
donesian passages unhindered by friction. In any event.
such an estimate ought to give an upper bound on the
Pacific-Indian flow through the archipelago. Given the
Indonesian throughflow. the transport of the East Aus-
tralian Current can be calculated. The distribution of
this boundary current transport among the layers. in
particular in the third laver., is discussed.

a. The transport streamtunction at Australid

A calculation similar to that in section 4, for Aus-
tralia—=New Guinea, regarded as an isolated. if large.
island, shows ;hat

(ff) redb- U ¥ |

‘PAu\ = (/la\ 7_/..\«'(&) I[
(AN

where the line integral is taken along the path shown
in Fig. 15. Computation yields
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which means that there must be an outflow of this
magnitude from the Pacific to the Indian Oceans
through the Indonesian passages (Godfrey, 1987). This
figure, apart from any errors in the wind field used in
the calculation, must be regarded as an upper bound
on the magnitude of the outflow, for it depends on
neglecting friction in the passages. which are quite nar-
row and convoluted. Friction in the passages would
surely act to reduce this flow. (If the Indonesian pas-
sages were closed entirely, then plainly we would re-
quire that W, ,, = 0.)

An error analysis applied to (5.1) gives an estimate
of the standard error of ¥,,, of similar magnitude to
the error of ¥z, namely, about 4 Sv. This error is
solely that due to errors in wind stress, not systematic
errors like the neglect of friction in the Indonesian pas-
sages.

b. Transport constraints on H; aus and H A,

The total geostrophic transport in lavers 2 and 3
across the latitude y1, 1

I 2 > N R
SO auct Y2 H 3w — Y3l 5xo — v2l1352)

:.H’us(\p‘\u\_ “IlNZ + Tl Lotas)s (52)

where Ty, 1. = +0.8 Sv is the Ekman transport between
Tasmania and New Zealand. Take ¥~, = —29 Sv. and
Hi~z. Hany as determined in the section 4. Then. for
the stated values of ¥,,,. we get the corresponding
constraints on f13 .. Haau

Wayu, = =17 Sv (Indonesian passages unrestricted):
Il: Aus ‘:' Aus
A H2 == 1: (5.3a)
(1120 m)- (847 m)-
V., = 0 (Indonesian passages closed):
N Y: 2 c
[I].‘\us+"llfx\us=0: (33b)
Y3
Y. = —10 Sv (intermediate situation):
H3aus 3 Au
e Mo (5.30)

(870 m)* (658 m)®

Errors in the coefficients similar to those quoted for
Eq. (4.3) ought 10 be anticipated.

The closing of the Indonesian passages requires } i~/
= H.~; = 0: that is. the necessary southward return
in the Tasman Sea of the northward 29 Sv in the South
Pacific between New Zealand and South America. re-
quires the isopycnals modeled by the /7, #{, interfaces
practically to surface at the east Australian coast. This
simply is not the case observed in nature.

The other two cited possibilities give maximum al-
lowable depths for H; Ay of 1120 and 870 m. The
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former appears more in accord with observed depths
of the o, = 27.28 surface at the Australian coast.

It may seem remarkable that considerations on the
observed depths of isopycnals can suggest the Indone-
sian passage outflow. Yet this is merely a consequence
of geostrophy. If (4.2) and (5.2) are added. one obtains.
approximately,

1 2 B >
;(71113‘ us + 7211§,Aus - 'YKIIXU-)

= [Waut+ Ths + Th). (30

because fra = fs. For ¥, = 0. and zero Ekman trans-
port. this constraint could be satisfied. for example. by
Hy, H, returning to their South American values at
the Australian coast. It is the large Ekman transport.
9.6 Sv, which must be returned by a geostrophic flow.
that requires the extreme shoating of 71, H - at the East
Austrahan coast if ¥, - 015 to be maintained.

It might be objected that an additional southward
zonally averaged barotropic flow.

SA
Ty =L ! f ryx, 1v)dv <0,
Aus

where L is the width of the South Pacific along latitude
V5. could redress the mass balance by adding (algebra-
ically) the term —fs LDt 4(1) to the left of (5.2), without
requiring unrealistic shoaling of #1;. However. evidence
trom the deep distributions of water properties suggests.
if anything. that the reverse is the case. namely. north-
ward flow of the water masses. including the Circum-
polar Deep Water, and the Antarctic Botom Water
that are subsumed in our layer 4 (Warren, 1973).

«. Layver 3 transport

We now compute the transport in laver 3 in the
Tasman Sea between Australia and New Zealand at v
= Ir.. Because the topography of H. is flat across the
interior of the Tasman by assumption. the only con-
tribution comes from the boundary current. Calculated
by the methods given above, this is

T (e = % FrayalHasz + Haau

= H'yawe— HoandlHinzg = Taag). (5.5)

where HY ay, = HoXay. Vray) = 607 m, from the so-
lution of (4.10) in the Tasman Sea with H, = 0. It
might be argued that. because the Indonesian passages
likely do net admit much or any water as dense as
laver 3. a consistent requirement on laver 3 is that it
return the volume transport in that laver east of New
Zealand, 1.e.. Ty(11a) = = Tads) = - 14 Sv. This con-
straint turns out to be ludicrous when combined with
(5.2). for any choice of ¥ 4,,: no positive mathematical
solution is possible! The layer 3 interface must bank
impossibly steeply to return 14 Sv in the East Australian
Current.
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On the other hand. we can select prausible values of
H; Ay = 1100 m, H; 4,5 = 400 m, by inspection of the
intersection of the o, = 27.30. 26.90 density surfaces
with the east Australian continental slope in the 43°S
Scorpio section, for example (Stommel et al.. 1973).
These values. while not precisely satisfying (5.3a). fulfil
it well enough (to within 20%), considering the large
crrors inherent in computing the coefhicients of (5.3a).
Inserting these values in (5.5). together with [lin;
= 1362 m, we obtain

T’}(,YT.‘.S) = _5 SV.

This estimate is very sensitive to the difference (Hinz
— Hy 4u). which is 262 m for the values cited, though
with an expected error close to 100%! Nevertheless,
this suggests, in terms of the model. in which no cross-
isopycnal flux is envisaged, that a net transport of 9 Sv
of laver 3 water must escape through the open northern
boundary of the model near the equator. The natural
ocean does permit cross-isopycnal flux. of course. In
fact. a flux of about 3 m vr ' distributed uniformly
over the area of the Pacific Ocean north of s is required
to balance a transport of 10 Sv. Such a magnitude is
consonant with traditional estimates of vertical flux
(Munk. 1966). [The condition on the continuity of
laver 3 transport. Egs. (4.4). (4.8). over the [atitude
range occupied by New Zealand. deserves to be reex-
amined in the light of such a putative cross-isopycnal
flux. The area of the South Pacific between New Zea-
land and South America is about 8000 km = 2000 km,
Multiplying by 3 m vr ! gives about 1.6 Sv. not an
insubstantial figure. but probably negligible compared
to errors 1 the transport estimate (4.8).]

Finally. 1t 1s important to note that the discussion
ot this section is tatrly robust n terms of modeling
assumptions; the remarks made do not depend sensi-
tively on the details of the model. but foltow fairly di-
rectly from assumptions of geostrophy and the Syver-
drup balance. apphed to a zonal section passing the
southern end of New Zealand.

6. Discussion

The simple barochnic cireulation theory of LPS.
which distributes the wind-driven Sverdrup transport
among a number of lavers in a way consistent with
conservation of potential vortictty, was applied to the
South Paciic Ocean, The governing idea behind this
model s that columns of water in a particular laver
arc imprinted with their potential vorticity by the wind
stress curl in latitudes where they are in direct contact
with the frictional surface lavers, and that subsequently,
as they flow equatorward beneath lighter water in an-
nevelome gyres. they preserve whatever potential vor-
ticity they had acquired. This idea has to be moditied
and augmented when it is discovered that there are
certain regions in submerged lavers that cannot be
reached from high latitudes by paths that proceed di-

rectly through the geostrophic interior, but are instead
linked to the forcing by paths passing through the west-
ern boundary currents. In the absence of a more de-
tailed theory of how potential vorticity in such a region.
called the “‘western shadow zone™, is determined as
flow leaves the western boundary current. I adopted.
following LPS and Talley (1985). the hypothesis that
potential vorticity is homogeneous throughout it. This
shadow zone is enormous in the South Pacific. almost
filling the basin (regions W. WW_VW_EW in Fig. 2}.
While the ad hoc nondeductive nature of the hypothesis
must be stressed, the homogeneity of potential vorticity
in layer 3 is borne out by comparison with Keffer’s
(1985) maps in the corresponding density layer.

The circulation produced by the model resembles
quite well the actual circulation observed in the South
Pacific. as judged by comparison of maps of modeled
and actual isopycnal depths and dvnamic topographies
on various surfaces. Agreement is remarkable in the
deepest modeled layer, which contains the density at
the core of the Antarctic Intermediate Water, but
poorer in the surface lavers. especially in the tropical
band. where stronger circulation is observed than the
model allows. A reason for this deficiency 1s offered
below.

There is a boundary current on the eastern side of
New Zealand constrained. not by a requirement to
halance the interior Sverdrup transport between New
Zealand and South America. but by the necessity to
achteve the same pressure in al' layers at the northern
end ot the islands as at the southern. This must be se
hecause, pressure being continuous from east 1o west
around the northern and southern ups. it is not possible
by any means 1o sustain a pressure gradient, which by
geostrophy would require a normal flow. along the
castern boundary of an ocean basin. This constraint,
together with a requirement of continuity of net mass
transport between New Zealand and South Amenca
in cach laver. 1s enough to determine boundary current
transports in cach laver, and laver depths. Cross-iso-
pyvenal flux, because 1t atfects the faver-byv-laver mass
balance of the western boundany currents, alters the
balances by which the depths of the lavers on the west-
ern side of New Zeatand. tor example. are determined.
1 considered this eftect crudely in order of magmitude
in section 4 and concluded that s hikely intluence on
determining the laver depths around New Zealand s
negligible.

In principle. similar constramts should be allowed
to determific the low around Australia, considered as
an island 1solated by the deep passages through the
Indonesian archipelago. However. | have used the con-
stramts only 1o determine the depth-integrated trans-
port in the Bast Australian Current and relied instead
on empincally observed ssopyenal depths at south-
castern Austrahia to determine individual laver trans-
ports. The reason for this approach 1s that. unhke New
Zealand, the neglect of cross-isopyenal flux is indefen-
sible around Austraha. as | shall make clear betow,
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We may summarize the results of considering the
western boundary currents in a series of cartoons of
vertical sections across the South Pacific at various lat-
1itudes. Figure 17a shows such a section crossing the
model ocean at 50°S between South America and New
Zealand. jogging north to cross the zonal jet feeding
the western boundary current at New Zealand. thence
crossing the Tasman Sea along 46°S, and jogging north
across another zonal jet to rcach Tasmania. The dia-
gram shows the depths that the layer interfaces achieve
both outside and inside the western boundary currents
at the southern ends of New Zealand and Australia. It
also shows the volume transports in the interior of the
ocean and in the boundary current in each laver. The
interior transports of layer 3 in the castern South Pacific
and Tasman Sea are. respectively, 3.5 Svand zero. The
corresponding estimates for laver 2 in the eastern South
Pacific and Tasman Sea are 9.5 and 5 Sv: the former
1s composed of 8.8 Sv northward Ekman transport.
and only 0.7 Sv geostrophic transport. These estimates
are based solely on considerations of wind stress forcing
and potential vorticity conservation in the interior. The
boundary current transports at New Zealand are 10.5
and 5.5 Svin lavers 3 and 2: and at Australia. -5 Sy
and ~12 Sv. The Australian boundary current trans-
ports are determined by the selection of intertace depths
at the Australian continent from inspection of hydro-
graphic data hke the Scorpio sections (Stommel et al..
1973). I the New Zealand-South America section were
taken only slightly further north, much of the large
boundary current transports would already be distrib-
uted to the interior. This may be why the intermediate
level isopyenals of the Scorpio section at 43°S. which
was made considerably north of the southern end of
the 1slands. do not show the pronounced boundary
layer character of the base of layer 3. The model section
shows the hight water of layer 2. moderately deep (400-
600 m) in the Tasman Sea and just 1o the cast of New
Zealand. but extremely shallow 1n the remainder of
the eastern Pacific at this latitude. A similar feature,
marked by light. warm (>8°C). salty (>34.6 » 10 )
water can be discerned in the 43°S section in the Tas-
man Sea. and cast of New Zealand. though 1t extends
much farther eastward, 1o perhaps 165°W . than in the
maodel section at 50°S.

T'he net transports of lavers 3 and 2 in the South
Pacific are Y and 8 Sv (northwards). Mass continuity
requires that the net transport be the same in cach
faver in any other Australia-South America section.

The next section shown s at the latitude of the
northern end of New Zealand (Fig. 17b). It crosses the
castern Pacific along 3278, jogs slightly south to reach
New Zealand. and crosses the Tasman Sea along 34°S.
A lighter layer of water (Jayer 1) has joined the vertical
stack offavers. Each of lavers 2 and 3 preserves the net
volume transport it acquired at the southern section.
The net transpont of layver | must be zero in each of
the two sub-basins because it cannot be supplied from
further south. Laver 2 in the Tasman Sea is in a stag-
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nant shadow zone formed to the west of New Zealand.
The interior transport of layer 1 in the eastern Pacific
is 8.3 Sv, composed of 2.0 Sv Ekman transport. and
6.3 Sv geostrophic transport. Note the reversal of the
boundary current in all layers but the third. in which
it is still weakly northward, at the northern end of New
Zealand.

For contrast we show in Fig. | 7¢ a slightly different
section, crossing the entire Pacific along 32°S. passing
the north tip of New Zealand without crossing the
boundary current. and passing north of the zonal jet
in the Tasman Sea that supplies the New Zcaland
boundary current. The e¢astern part of the section is
identical with the corresponding part of Fig. 17b. Con-
trasting Figs. 17b. ¢ shows the shallow layer transports
in the boundary currents shifting from Australia 10 New
Zealand.

Finally. we show a section north of New Zealand
along 28°S (Fig. 17d). The southward transport in the
deeper lavers in the boundary current is weakened.
most markedly in laver 3.

Many of the oceanographic features that have been
remarked on in the investigations that have been done
around New Zealand (see Heath, 1985, for a review)
are apparent in the model. The turning of 10-15 Sv of
the southward flow from the East Australian Current,
to proceed along the Tasman Front to the northern tip
of New Zealand (Stanton, 1981), and perhaps connect
with the East Auckland or East Cape Current on the
castern New Zealand coast can be seen in the obser-
vations. A jet of this magnitude connecting the bound-
arv current at Australia to the northern tip of New
Zealand in the zonal band 32°-34°S is ciearly repro-
duced in the model (Figs. 5. 17b, ¢). Similarly. an east-
ward jet can be discerned in the observations, pene-
trating to at least intermediate depths, and lyving west
of the southern cape of New Zealand. This jet turns
around the islands 1n a complhicated way, presumably
because of the complexity of the topography of the
Campbell Platcau and Chatham Rise. becomes asso-
clated with the Southland Current. and feeds the an-
ticyclonic gyre cast of New Zealand. Bottom topog-
raphy is lacking in the model. so the observed com-
plexity of flow cannot be adequately rendered. but the
sonal jet west of New Zealand. and its feeding of the
anucyclonic gyre to the east. are clearly seen in the
model (Figs. 5. 17a). These sonal jets are required in
the model for the following reasons: (1) the pressure
must adjust to be constant in each layer along the west
side of New Zealand: (it} on the other hand. pressure
1n cach laveT just to the north and south of the 1slands
15 determined by the Sverdrup balance and the con-
servation of potential vorticity: (i) the resulting 1m-
balances in pressure draw geostrophically balanced jets
from the west.

The continuity of net transport in each layer in the
sections of Fig. 17 is a consequence of the assumption
in the model that layer interfaces are material surfaces.
Hence the 17 Sv total northward transport between
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Australia and South America in the model ocean is
made up at every latitude of zero (in layer 1), 8 Sv
(layer 2). and 9 Sv (layer 3). In the natural ocean. such
cold, dense watermass transports would allow them-
selves to be converted into warmer, lighter water masses
before flowing out of the Pacific through the Indonesian
passages. Hence it seemed vain to apply the theory of
section 4 to flow around Australia and determine layer
depths at the continental boundary. Permitting cross-
isopycnal fluxes in the model, though essential to an
eventual fuller understanding of the thermohaline cir-
culation patterns, would vitiate its simplicity. for which
reason the effect was omitted from the present model.
Nonetheless. some qualitative effects of doing so can
be anticipated. Suppose cross-isopycnal flux from a
deeper to a shallower layer occurs. Then the effect on
the shallower (deeper) layer is to compress (stretch)
vortices and make the flow more (less) anticyclonic: in
other words. to transfer the anticvclonic subtropical
circulation from deeper to shallower layers. Among
the deficiencies of the model we have noted the pre-
diction of stronger circulations at mid-depth. and
weaker circulations near the surface than observed. es-
pecially in the tropics. Proper allowance of cross-iso-
pyenal flux may redress this deficiency.

7. Summary

In summary, Warren’s (1970} assessment that the
Sverdrup balance accounts for the circulation of the
South Pacific Ocean appears well borne out. More than
that. the principle that. after they have been imprinted
by surface contact with the wind. water columns con-
sernve potential vorticity in submerged layers along
paths in the geostrophic interior. and the hypothesis
that. where paths do not lead directly from the forcing
regions but through the western boundary current, po-
tential vorticity is uniform (western shadow zones) or
flow is stagnant (eastern shadow zones), give a picture
of baroclinic circulation 1n good accord with obser-
vations. Where agreement is poorer. for example. in
the surface circulation in the Tropics. | have suggested
that the proper inclusion of cross-isopyenal mixing into
the model. as well as a system of lavers giving tiner
near-surface resolution. might reconcile the mode! with
the observations, Neglect of cross-isopyenal mixing also
means that the mendional transport in zonal sections
of watermasses in the model (where each layer might
be regarded as a watermass) cannot change with lati-
tude: a fatal deficiency 1n any attempt to give an ac-
count of the thermohaline circulation,
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ABSTRACT

The Australian Coastal Experiment (ACE) was designed to test coastal-trapped wave (CTW) theory and the
generation of coastal-trapped waves by the wind. For the ACE dataset, we use CTW theony to attempt to
hindcast the observed alongshelf currents and coastal sea levels at locations remote from the upstream (in the
CTW sense) boundary of the ACE region. Local (in the ACE region) wind forcing 1s responsible for only about
a quarter of the CTW energy flux at Stanwell Park (the center of the ACE region), and the remainder enters
the ACE region from the south and propagates northward through the ACFE region. Including the second-mode
CTW improves the correlation between the hindeast and the observed near-bottom currents on the upper slope
at Stanwell Park. but the use of the third-mode CTW cannot be justified. A lincar bottom drag coethcient of
r=25x 10 *ms ' works better than a farger drag coefficient, and simplifving the CTW equations by assuming
the modes are uncoupled does not detract from the quality of the hindeasts. The hindcast and observed coastal
sea levels are correlated at greater than the 99¢% significance level. For the nearshore locations at Stanwell Park.
the hindcast and observed alongshelf currents are correlated at greater than the 99 significance level. and the
CTW model can account for about 40 of the observed varance. On the shelf at Stanwell Park, we find the
hindcasts agree with the observations only if direct wind forcing within the ACE region and the correct (nonzero)
upstream boundary conditions are included. However, even after attempting to remove the effects of the eddies
and the East Austrahian Current. the CTW model is not useful for predicting the currents on the slope at Stanwell
Park and on the shelf and slope at Newcastle (the northern boundary of the ACE region). The currents at these

locations are dominated by the effect of the East Austrahian Current and its eddies.

. Introduction

Since subinertial frequency coastal-trapped waves
(CTWs) were first studied in the early 1960s (Hamon.
1962). there have been a number of attempts to use
theory to hindcast vanous aspects of CTWs. The first
attempt to use forced wave theory to hindcast conti-
nental shelf waves was made by Hamon (1976). He
used the barotropic theory of Gill and Schumann
(1974) to hindcast sea levels at Evans Head on the east
coast of Australia. Hamon (1976) assumed an along-
shore phase velocity of 4.0 ms ' [determined from the
observed alongshore propagation of sea levels (Hamon.
1966)]. but concluded that better agreement between
theory and observations would be obtained with a
phase velocity of 3.5 to 3.0 m s™'. He also concluded
that there was only a small amount of frictional dis-
sipation. The theoretical predictions were of somewhat
smaller amplitude than observed, but the amplitude
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agreement was within a factor of 3 or better. Clarke
(1977) showed that the CTW theory could be used to
explain. at least qualitatively (and quantitatively for
Lake Ontario). a range of observational and numerical
results.

Brink (1982) used the CTW theory. with realistic
bottom topography and stratification. to predict along-
shelf currents off the Peru coast. While the results in-
dicated that the observed variance could only be ac-
counted for if CTWs were present, the quantitative
agreement between observed and hindcast currents was
not significant over most of the CTW band. More re-
cently, Battisti and Hickey (1984) hindcast sea levels
and alongshelf currents for the west coast of the United
States. For sea levels, the coherence between observed
and hindcast results was significant at the 95% signif-
icance level. For alongshelf currents. the agreement was
less satisfactory, but the theoretical predictions still ac-
counted for a significant percentage of the variance.

All of these attempts to hindcast observations as-
sumed that the first-mode CTW was dominant. Re-
cently. Mitchum and Clarke (1986) have used up to
seven CTW modes to hindcast currents and sea levels
on the West Florida Shelf. In Part [ of this paper
(Church et al. 1986, hereafter referred to as Part 1), the
second-mode CTW was found to carry at least as much
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energy as the first-mode CTW in the dataset obtained
for the Australian Coastal Experiment (ACE).

In this paper, we shall use the ACE dataset described
in Freeland et al. (1986) to attempt some quantitative
tests of the CTW theory. We are not attempting to
explain all of the observed variance on the shelf and
slope. On the slope. the observed variance is dominated
by eddies and the East Australian Current and this
makes verification of the theory more difficult. The
theory as presented by Clarke and Brink (1985) and
Clarke and Van Gorder (1986) is summarized in the
Appundix of Part I. This theory includes arbitrary
stratification, cross-shelf topography. and linear bottom
friction: the waves are assumed to be driven by the
alongshelf component of the wind stress or to originate
upstream (in the CTW sense) of the ACE region. In
section 2. the observations are brieflv described and
the method of application of the theory of the Appendix
of Part 1 is presented. In section 3. the theory. together
with the observed winds and the boundary conditions
at the upstream end of the ACE wave guide. is used to
hindcast coastal sea levels and alongshelf currents.
Correlation and cross-spectral techniques indicate that
the hindcasts are significantly coherent with the ob-

[ § 1 7 Ts T
| Por(/ Steppens
' / ‘.
33% - yd
P ;
|
1
|
Sydne / ,
. y 4 Camp Cove
34°; 4
Stanwell Park
Port Kembla /%
35°-- 1
= Meteorological station
A SSP station |
e Current meter mooring
—_— e — Y
36°] 4{
‘i Australia
{ l !
| Sydne ‘
37° F"‘ | (
apeswGreen Cape | Bass Strait
Howe| Gabo (.
P : Hobarty' ®
A i
150% 151° 152°

servations on the shelt and the upper slope. However,
the near-surface currents above the slope are dominated
by eddies and the East Australian Current. and the
theory is unsuccessful at hindcasting these currents.
Finally, the usefulness of the model is discussed in sec-
tion 4.

2. Application of the theory to the ACE dataset

a. The observed currents and pressure and wind stress

frelds

The main ACE array consisted of three sections of
current meters (each with five moorings and each hav-
ing a total of 15 current meters) offshore from Cape
Howe, Stanwell Park und Newcastle (Fig. 1a). The de-
signed placement of the current meters on each section
is shown in Fig. 1b. We shall refer to the three sections
of current meters as line 1 (Cape Howe). line 2 (Stan-
well Park) and line 3 (Newcastle). The current meters
are coded as in this example: £23/1000 (f refers to low-
pass filtered data) is a meter at a depth of 1000 m on
the third mooring from the coast on line 2.

Stanwell Park 2000 m

75 m |
1%2 m
—— 190 m
450 m \
S - 650 m
® 100% data return 1000 m ;
O no data return
© incomplete data return '
gbasihanthibaibbi 1900 m ‘
Newgag!le B . o
™
m H
m |
m '
m
™|
f
i
|

333 333

Cape Howe 2000 m L»isoo m J

Fici. 1. Location diagram for the Australian Coastal Expenment. (a) The locations of the current meter moorings. SSP records and
locations where meteorological data were collected. The sole mooring at 42°40'S on the cast coast of Tasmama s shown on the inset The
dashed line 1s the 200 m isobath and the dotted line is the 4000 m isobath. (b) S hematic (not to scale) diagram of the locations of curreni
meters on the sections at Cape Howe. Stanwell Park and Newcastle. A solid cirele indicates 1007 data return, an open arcle zero data

return, and a half shaded circle indicates an incomplete record.
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I'he details of the preliminary data analvsis are given
in Part I and Freeland et al. (1985). Briefly, the data
was bandpassed to remove penods greater than 24 days
and less than 2 days, and only the alongshelf compo-
neni of the current was used.

Coastal subsurface pressure (SSP) data are available
at tden. Jervis Bay. Port Kembla. Camp Cove and
Port Stephens (Fig. 1). SSP data are also available at
the bottom of the 135 and 500 m moorings at Cape
Howe: they are referred to as fpl! and fpl 3. respec-
tively. Details of the data and data processing are given
in Forbes (1985a). As with the current meter data. the
series were bandpassed.

Meteorological data were obtained for 16 Bureau of
Mcteorology stations and for three buoys moored at

midshelf. From this uataset. we selected three stations
that provided continuous data during ACE and which
we considered to be representative of the wind stress
field. These stations, at Green Cape. Montagu Island
and Norah Head (Fig. 1), were used in the application
of the CTW theory. Full details of the data and the
wind field uver the ACE region are given in Forbes
(1985b and personal communication. 1985).

b Application of the theory

To hindcast the alongshelf currents and coastal sca
levels. it is first necessary to know the amplitude ¢ of
the CTW modes at the upstream end of the wave guide.
In Part 1. these amplitudes of the CTW modes were
found by soiving
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where the #/th element of the matriy Gis the alongshelf
current component of the 7th eigenfunction at the nth
{n = 15)current meter location at Cape Howe, Because
of the finite quantity of data and the presence of other
phenomena besides CTW's (such as East Australian
Current eddies), only the amphtude of the first three
CTW modes was estimated. To mimimize contami-

(a)

501
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nation from the East Australian Current. a statistical
“eddy mode (see Pan 1) was defined and included in
the analysis so that G consisted of four column vectors.
As this analysis was completed at all three sections, the
modal amplitudes are known at Cape Howe. Stanwelil
Park and Newcastle.

[he theory outhned in the Appendix of Part | was
then used 1o step along the coast. In completing this
hindcast. we allow the eigenfunctions F, (for the pres-
sure field) (and hence G, for the velocity field). the phase
speeds ¢, and the coupling coeflicients b, and «, to
vary with the alongshelf location. All of these param-
cters were evaluated for the Cape Howe. Stanwell Park
and Newcastle sections and linearly interpolated tor
locations between the s¢_ tions. The eigenfunctions and
cigenvalues were computed for the estimated topog-
raphy and Brunt-Viisild frequency profites (see Part
I tor details) using the methods of Brink and Chapman
(1985). The first-mode phase velocities increase from
3.2m s Pat Cape Howe to 4.0 ms ' at Stanwell Park
and 1o 5.2 m's ' at Newcastle. The increase 1s due 10
the increased stratification in the north and also to the
increased shelt width. Sensitivity tests indicated that
the eigenfunctions and the phase velocities were not
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sensicve to small changes in the depth or the stratifi-
cation profiles {such as might be produced by inaccu-
racies in the data or local vanations in the shelf con-
ditions). but that for accurate quantitative results it is
necessary to allow for gross changes in i(.x) and N3(2)
that occur between current meter sections.

The frictional coupling coeflicients were evaluated
using linear bottom friction evaluated from r = C,U.
A value of 0.0025 was used for the bottom drag coef-
ficient C'p,. and a value of 0.2 m s ! for the scale velocity
{’,. which implies that r = 5 X 10 *m s '. The value
of r was taken to be independent of the cross-shelf co-
ordinate.

Wind stress was calculated from the observed winds
at Green Cape. Montagu Island and Norah Head (Fig.
1) using the neutral steady state drag coefficient of Large
and Pond (1981).

The wave band we shall consider is that associated
with synoptic weather events with periods ranging from
a few days to a few weeks. In particular, the lowest

frequency motion we consider has a period of 24 days
and the highest frequency has a period of 3.7 days.

3. Comparison of observed and modeled coastal-
trapped waves

a Sed levels

The SSPs and alongshelf velocities observed during
ACE were hindcast using the theory outlined in the
Appendix of Part L. the boundary conditions (at Cape
Howe) determined in Part 1, and the observed winds.
I'he hindcast and observed SSPs are compared in Fig.
2 and Table 1. For the pressure record at the most
southerly location on the coast (Eden). the hindcast
and observed SSPs are of comparable magnitude and
are significantly correlated at above the 99% signifi-
cance level. We calculated the integral time scales fol-
lowing Davis (1976). If Eden and Camp Cove sca levels
are used. the integral time scale 1s 5 days (as used by

]
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Solt s o

Tasit 2. Correlation coethicients between the de-eddied observed alongshell currents and the hindeast currents at Stanwel! Park and
Newcastle. The correlation coefficients are given tor the total ACE period and. for Stanwell Park. are also given for the peniod when no

eddies were present (davs 50 to 140).

Stanwell Park

Neweastle

Correlation
coetticient

Location (complete record)

Correlation
coethicient

(davs S0-140)

[ocation

Correlation
cocthaient

(complete record)

£21/73 0.43 0.76 1,78 0.45
217125 0.63 0.79 317128 0.63
2278 0.29 0.52 32,75 039
227123 0.40 0.60 32,125 0.33
£22/190 0.49 0.62 32,190 013
237128 0.57 No data 23,25 022
123/190 0.2¢ No data 33,190 0.1%
23/450 0.07 No data 337450 0.17
24170 0.02 0.41 347190 0.02
24/450 -0.04 0.28 34,450 016
1247650 -0.04 0.00 347650 0.06
24/1000 0.36 0.36 134/ 1000 () 3s
25/450 - 0.28 0.18 1357450 0.03
25/1000 0.22 0.18 135/ 1HKK) 0.21
£25/1900 0.15 0.7 135/ 190K 010

Fic;. 4. Contour plot of the correlation between the hindcast along-
shelf current and the de-eddied observations between davs S0 and
140. Only one C'TW mode is used in (a). two CTW modes are used
in {b). and three CTW modes are used in (c). Regions of negative
correlation are indicated by heavy stippling: light stippling indicates
regions where the correlation coefficient is less than (.25 but greater
than zero.

Freeland et al.. 1986). However. if the currents at f11/
125 and 217125 are used. the integral time scale 18
about 3 dayvs. To estimate significance levels. we have
used the more conservative time scale of § days. and
thus for a record length of 180 dayvs and an integral
time scale of 3 days the 95 significance level 1s (0.325
and the 997 signiticance level is 0.418. In contrast. tor
the record at the S00 m isobath (fp13). both the ob-
served and hindcast signals are small (as s expected
for CTWs) and are not significantly correlated. At
midshelf (the 135 m isobath—tp11). the observed and
hindcast serics are of intermediate magnitude (com-
pared 1o Eden and fpi3) and are significantly corre-
lated. For the coastal SSP at Camp Cove and Port Ste-
phens (the two other sites with complete records). the
hindcast and observed senes have similar vanances and
are significantly correlated at greater than the 99 sig-
niticance level (Table 1.

Although we have used only the velocities at Cape
Howe to determine the amplitudes of the CTW modes.
the model can successfully hindcast the observed SSP
at the northern limit of the ACE array. It 1s also ap-
parent (Fig. 2) that the comparison 1s poorer at some
times than others. This is at least partually due to the
presence of offshore eddies that are affecting the coastal
sca levels. which, as we shall see. have an even more
marked effedi on the alongsheltf currents.

b Currents

In comparing the hindcast alongshelf currents with
the observations, it must be remembered that offshore
events (eddies and the East Australian Current) strongly
aftect the currents on the shelf and that CTWSs only

\
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account for a traction of the observed vanance. In Pant
1. an attempt was made to minimize the contamination
of the CTW mode amplitudes by including a statistical
eddy mode in the least-squares fit. For an initial com-
parison of hindcast currents with the observations, we
have attempted to remove that part of the current due
to eddies by generating a “de-eddied™ current v¥ given
by

l‘gc =0y (;114¢4~ (3 1)

Note that v includes the contribution from the first
three CTW modes and a residual noise factor ¢, which
could include contributions from higher-order CTW
modes and from the East Australian Current.

This de-eddied current is compared with a represen-
tative range of hindcast currents at Stanwell Park and
Newcastle in Fig. 3. The correlation coefficients (Table
2) are largest for the nearshore meters, where the hind-
cast and observed vanances are of a similar magnitude.
and the correlation coefhcients gradually decrease with
increasing distance from the coast. The variance in both
the observed and hindcast series decreases with in-
creasing distance bevond the shelf break, with the
hindcast vartance decreasing faster than the observed
vanance. This result is not surprising given that CTWs
are trapped on the continental shelf and slope. and the
presence of East Australian Current eddies in the off-
shore region. Also. the correlation coefficients are larger
for Stanwell Park than for Newcastle. This is because
of the small amount of variance accounted for by the
first three CTW modes at Newcastie (See Part 1). As
for the sea levels. the correlation coefficients for the
nearshore velocities are well above the 997 significance
level of 0.418 (Table 2).

Offshore. the correlations are not significant at the
95% level. Due to the effects of eddies. there are periods
when the hindcast 1s significantly worse than at other
times: 1.¢., while we have reduced the effects of eddies
on the currents by using a statistical eddy mode, we
have not entirely removed their effects. In fact. there
are periads (particularly from late January to February
at Stanwell Park) when the eddies dominate the ob-
served currents at all locations across the shelf. In con-
trast. for the period between days 50 and 140. other
observations (CTD data, XBT data. satellite-tracked
buoys and satellite infrared images) taken during ACE
indicate that no large eddies were affecting the currents
at Stanwell Park. The correlations for this period are
considerably higher than they are for the complete ACE
period (Table 2} in the offshore region all the corre-
lations are positive and some are significant at the 95%
level.

We have attempted to answer the question “How
many CTW modes are necessary to hindcast the ob-
served currents successfully?” For this test, we concen-
trated on the alongshelf currents at Stanwell Park for
the period between days 50 and 140 when eddies were

absent from the Stanwell Park region. We repeated the
fitting of C'T'W modes at Cape Howe and the subse-
quent hindcasting of alongshore velocities at Stanwell
Park using two rather than three CTW modes. and one
rather than three CTW modes. and compared the re-
sults with the de-eddied currents at Stunwell Park. For
the locations on the shelf, including only two modes
gives marginally higher correlations than including
three modes. which in turn gives higher correlations
than including only one mode. However. for locations
2471000, 24/450. 25/1000 and 25/1900. using only one
mode (Fig. 4) resulted in negative correlations: Le.. one
mode cannot account for the observed reversal of sign
of the longshore currents. In contrast. when two modes
were used. the only negative correlation was at 25/450,
and for three modes all correlations were positive.

In Part I, it was found that CTWs accounted for
only a fraction of the observed variance and that even
when an eddy mode was included some variance was
still unaccounted for. We also found that removing the
eddy mode trom the observations did not remove all
of the eddy signal from the data. To avoid this noise.
we applied a more realistic test of CTW theory by
comparing the predictions with currents we believe to
be associated with CTWs, At Stanwell Park and New-
castle sections. we define reconstructed currents as

1

AR (R RN R N AT (3.2)
I

where ¢, is determined from the data (see Part I). Since
Eq. (3.2) involves a summation limited to the first three
CTW modes. the reconstructed currents are due to the
dynamical modes with a relatively small amount of
contamination from eddies of from other phenomena:
1.e.. the residual noise factor ¢ is not included in Eq.
(3.2) whereas it is included in Eq. (3.1). A companson
of the reconstructed currents with the hindcast veloc-
ities is shown in Fig. § and Table 3. Compared to the
correlations for the de-eddied currents. the correlation
between the two signals is only marginally different
near the coast but is significantly improved offshore.
The time series of the amplitudes of modes 1. 2 and
3 at Stanwell Park, as calculated from the observations
and as hindcast from the above theory. are shown in
Fig. 6. The correlation coefficients between the ob-
served and hindcast time series are 0.47 and 0.51. re-
spectively. for modes | and 2 at Stanwell Park: for
mode | at Newcastle the correlation coefhicient is 0.44.
The correlation coefficients for mode 3 are not signif-
icant for either location, and for mode 2 the correlation
coeflicient is not significant for Newcastle. Cross spectra
(Fig. 7) between observed and hindcast series at Stan-
well Park indicate that for mode 1 the series are sig-
nificantly correlated for all periods, except 4.8 days
over the 24 to 3.7 day wave band, and there is a near
zero phase difference for the entire wave band. The
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transfer function is about 1.2 for periods of 8 and 6
days. but is about 0.7 for the rest of the wave band.
These estimates of the transfer function are not signif-
icantly different from unity. For mode 2, the series are
significantly correlated over the entire wave band and
there is a near zero phase difference for periods from
24 10 4.8 days: however, at a period of 3.6 days this
phase difference suddenly jumps to 180°. The transfer
coefficient ranges from 0.4 for a period of 3.6 days to
0.7 at a period of 6 days: i.e., the hindcast series is too
small by about 40%. For mode 3. the series are not
significantly correlated in the wave band.

To estimate the sensitivity of the solution to varia-
tions in the friction coefficients, we arbitrarily halved
and doubled the frictional coupling coefficients «,,.
When the coupling coefficients were doubled (increased
friction). the coherences fell stightly and the phase lags
increased by 10° to 20°. However, the transfer function
decreased by between 10% and 50% for mode 1 and
by between 20% and 50% for mode 2. When the cou-
pling coefficients a,, were halved. the transfer coeffi-
cients for mode 1 increased for periods greater than 6
davs but were smaller for higher frequencies. For mode

(a)

PHYSICAL

OCEANOGRAPHY Voruome 16

2, the transfer function increased by about 20% to a
range from 0.64 to 0.9 for periods greater than 3.6
days. The final sensitivity test was to set the off-diagonal
terms of the matrix of frictional coupling coefficients
(a,)) equal to zero. This approach greatly simplifies Eq.
(2.3) in that it decouples the modes, and one equation
can be solved for each mode rather than a set of coupled
equations. The cross spectra for this case are also shown
in Fig. 7. The mode 2 transfer function is marginally
closer to unity, but otherwise the results are not sig-
nificantly different from the standard case.

4. Discussion

The theoretical frictiona! space (and time) decay
scales used in the model for modes 1. 2 and 3 for the
Stanwell Park section are 1800 km (5.2 days), 1200
km (6.5 days) and 1100 km (10 days). respectively.
Mode 3 (and higher-order modes) have a shorter decay
distance than mode 1, and in Part I it was shown that
the observed modal amplitudes for mode 3 were not
coherent between any pair of sections. Moreover. the
hindcast and observed mode 3 amplitudes were not

31 Aug 10 Oct 19 Nov 29 Dec 7 Feb 18 Mar
% i 1 . 1 — J
50
-50 125/ 1000

Longshelf velocity (cm/s)

o 20 40 80 80 100 120 140 160 180 200 220
Days
------------ Hindcast Reconstructed

FiG. 5. Comparison of the hindcast alongshelf currents with the reconstructed currents at (a) Stanwell Park and (b) Newcastle.
The predictions were completed using a model using three CTW modes, and Eq. (4.2) was used for the reconstructed velocities.

Only a representative selection of current meter records are presented.
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FIG. 5. (Continued)

coherent. and it is unlikely that higher order modes
can be identified with most practical instrument arrays.
For these reasons. mode 3 (and higher order modes)
are not very useful in ACE for a hindcast of alongshelf
currents. However, at least two modes are necessary
to hindcast the currents on the upper slope at Stanwell
Park. For nearshore locations where friction becomes
relatively more important, the inclusion of higher order
modes may be necessary.

The attempts to hindcast the observations using a
CTW model indicated that halving the friction param-
etertor = 2.5 X 107* m s™! gave a transfer function
closer to the theoretically expected value of unity, This
conclusion agrees with Battisti and Hickey (1984), who
found that a decay time scale of 5 days or longer worked
best. Also, Hamon (1976) found higher correlations
between hindcast and observed sea levels on the east
Australian coast when he used a relatively small friction

parameter. Note that even when the friction parameter
is reduced by a factor of 2, the decay time scales for
the CTW modes are on the order of the period of the
waves, and they will decay substantially before they
have propagated one wavelength: the CTWs are heavily
damped. Despite this heavy damping, CTWs can carry
energy substantial distances (perhaps 1000 or 2000
km). For a number of continental shelves, strong forc-
ing is remote and upstream (in the CTW sense) from
the region of interest; i.e., the CTWs are mainly freely
propagating through the region of interest. The ACE
region and the shelf off Peru (Brink. 1982) are two
regions where remote forcing is important.

Assuming that the modes are uncoupled does not
appear to detract from the quality of the hindcasts.
Since this greatly simplifies the problem. it seems pref-
erable to assume that the CTW modes are uncoupled.
These conclusions could possibly change if different




e - -

1954 JOURNAL OF PHYSICAL OCEANOGRAPHY AN

(a) 1983 1984
10 Oct 19 Nov 29 Dec 7 Feb 18 Mar
n | 1

Modal amplitude

0 20 40 60 80 100 120 140 160 180 200 220
Days
Observed --------------- Hindcast

FiG. 6. Companison of the first three CTW mode amphitudes as esiimated from the observations
and hindcast by the model at (a) Stanwel] Park and (by Newcastle

distnbutions of bottom friction, as might be induced SSPs and alongshelf currents were highly coherent on
by surface waves or other phenomena. were assumed. the shelf at Stanwell Park. how well does the coastal-
Given that we found that the hindcast and observed  trapped wave theory work as a predictive tool? For the

TaBLE 3. Correlation coefficients between the “reconstructed™ alongshelf currents and the hindeast currents at Stanwell Park and Newcastle
The correlation coefficients are given for the total ACE period and. for Stanwell Park. are also given for the pertod when no eddies were
present (days 50 to 140).

Stanwell Park Newcastle

Correlation Correlation Correlation

coefhcient coeffictent coctheient
Location (complete record) (days SO-140) Location (complete record)
f21/75 0.62 0.74 31/75 .50
f21/125 0.62 0.74 317128 (.50
£22/75 0.61 0.74 f32/75 0.49
f22/125 0.61 0.73 f32/125 0.47
22/190 0.55 0.69 f32/190 0.17
23/125 0.50 0.66 e f33/125 0.36
237190 0.36 0.58 f33/190 0.20
237450 0.00 0.26 f33/450 0.19
24/190 0.23 0.45 34/190 0.18
f24/450 0.01 0.27 34/450 0.23
24/650 0.24 0.45 34/650 0.32
2471000 0.51 0.57 34/1000 0.22
257450 0.10 0.35 357450 0.2§
25/1000 0.42 0.50 f35/1000 0.18
25/1900 0.07 0.18 f35/1900 0.08
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nearshore current meters at Stanwell Park. we have
calculated the residual variance (1.e., we subtracted the
hindcast alongshelf currents from the observed along-
shelf currents and calculated the variance of this resid-
ual). For the periods when eddies were not present. the
observed vanances for meters £21/75 and {21/125 are
114 and 131 cm” s °. respectively, while the residual
variances are 69 and 72 cm® s 2, respectively. These
residual variances are 61% and 557 of the observed
variances. so for these nearshore regions the CTW
model is a practical tool for estimating the alongshelf
currents. Further offshore and at Newcastle, the pre-
dictions are not useful because eddies and the East
Austrahian Current dominate. Closer to shore, where
the East Australian Current eddies have less effect. one
would expect the CTW model to do somewhat better
than further offshore. An alternative predictive model
would be to assume that. because shelf currents gen-
crally have a large alongshelf scale. the currents at Cape
Howe are identical to those at the corresponding lo-
cation at Stanwell Park. However, examination of rec-
ords f11/125 and f21/125 shows that at zero lag the
correlation coethicient is only 0.29 (in contrast to 0.74.
Table 3), and if f11/125 1s used as a predictive tool for

£21/125 then the residual varance s larger than the
variance of £21/125,

In contrast to the situation at Stanwell Park. the East
Australian Current and its eddies dominate currents
offshore from Newecastle. and for the observation lo-
cations the CTW model is not a useful predictive tool.

The dominant energy source for the observed
coastal-trapped waves does not lic in the ACE region:
Le.. itis not the “local™ wind that is domimantin dnving
the currents on the shelf. If the amplitudes of the CTW
at Cape Howe are set to zero, then the energy fluxes
predicted for Stanwell Park are too small by about a
factor of 3 for mode 1 and about a factor of 7 tor mode
2. Similarly. when the correct upstream boundary con-
ditions were used but the winds within the main ACE
region were set to zero, the energy flux at Stanwell Park
was too small by about a factor of 2 for mode | and a
factor of about 3 for mode 2. When both the correct
boundary conditions and the winds were used. the en-
ergy flux at Stanwell Park was too large by about 207
for mode 1 and too small by about 35% for mode 2.
It appears that about three-quarters of the CTW signal
observed at Stanwell Park is the result of free propa-
gation from Cape Howe and the remainder due to wind
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F1G. 7. Cross spectra between the amplitude of the CTW modes calculated from the observations at Stanwell Park and hindcast
using the CTW mpdelA Mode | is shown in (a) and mode 2 in (b). The solid line is the standard case and the dashed hne s
assuming the matnx (g,,) ts diagonal. The 95% significance level is indicated by the dotted linc.

forcing north of Cape Howe. To successfully hindcast
the observations, both the correct boundary conditions
and the correct winds are necessary. The free wave as-
sumption implicit in the analysis of Freeland et al.
(1986), and in Part I, works well because the CTWs
are dominated by free rather than forced waves, and
as Clarke and Thompson (1984) showed, the response
forced by a reasonable distribution of wind stress in
the ACE region appears to propagate at speeds not
greatly different from the phase speeds of the free waves.

While Hamon (1976) found high coherence between
sea levels at Evans Head (29°S) and results from the
Gill and Schumann (1974) model, the gain between

the model results and the observations was somewhat
larger than the expected value of unity. It appears that
the likely explanation for this result is that Hamon
(1976) assumed (in contradiction to the present results)
that there was no CTW energy propagating past Gabo
Island and that the response at Evans Head was due
to wind forcing between Gabo Island and Evans Head.

A substantial fraction of the energy for the observed
CTWs must be input into the coastal-wave guide south
and west of Cape Howe. One possibility is that the very
strong winds at and just to the south and west of Cape
Howe generated the observed signals. Forbes (personal
communication, 1985) found that for Gabo Island the
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wind-stress rms variance during the ACE period was
0.31 N m . This hypothesis was tested by using the
Gabo Island winds over the 150 km between Cape
Howe and the eastern extremity of Bass Strait to drive
the CTW model. For the nearshore locations, the co-
herences between observed and hindcast currents were

up to 0.68 (compared with 99% significance level of

0.418). However, the energy flux at Cape Howe cal-
culated in this model was about a factor of 4 too small
tor mode 1 and about a factor of 5 too small for mode
2. As pointed out by Freeland et al. (1986), not much

CTW energy is propagated past the sole mooring off

the eastern coast of Tusmania. However. another al-
ternative discussed by Freeland et al. (1986) is that the
CTW cnergy is generated tn Bass Strait or on the cast
coast of Tasmama (north of the sole mooring at
42°30°'S). If the winds measured at Gabo Island are
representative of winds over the entire region, then this
solution s certainhy possible. A wind-generated east-
west flow through Bass Strait would experience rapid
topographic variations at the eastern end of Bass Strait,
which might allow the generation of the second (and
higher order) CTW maodes as observed at Cape Howe.
Theoreucal work te.g.. Allen. 1976)does allow the pos-
sibitity of the scattering of energy from a first-mode
continental shelf wave to higher-order modes. Recent
theoretical work (Buchwald and Kachovan. personal
commumnication, 1985) has shown that an castward flow
through Bass Strait does generate higher order CTWs
on the east coast and that almost all of this energy
travels to the north through the ACE region. Recent
observational work (Church and Freeland, 1986) has
shown that sea levels are highly correlated nght across
the south coast of Australia. through Bass Strait, and
into the ACE region. These two pieces of work suggest
that it is the strong wind on the south coast of Australia
which is the predominant driving force for the CTWs
on the south east Australian continental sheit.
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al Heat Fluxes Through the Beaufort Sea Thermohaline Staircase

LAURIE PaDMAN AND THOMAS M. DiLiox
College of Oceanography. Oregon Stare Umeersity, Corvalls

Microstructure protiles of temperature. conductivity. and veloaty shear during the Arctic Internal
Wive Fxpeniment (ATWEX) i March Apnl 1985 in the Beaufort Sea are used to investigate the thermo-
dynamie processes o a diffusive thermobhahine staircase. The staircase occurs between depths of about
320 and 430 m. above the core of the relatively warm, salty Atlante water. where the mean temperature
and salinity dare mcreasing with depth. Individual sothermal layers can be tracked for at least several
hours, suggesting a horizontal length scale of several hundred meters or more, assuming a typical relative
velocity of 001 m 7 at this tme. Over the depth cange 320 430 m the mean taverage aver several steps)
density ratio (R > - .S x I vanes between 4 and 6. while the typical temperature difference
between Tavers decreases from 0012 o 0004 ¢ The mean thickness of the layers also vanes, from 1 m
at 320 m depth to 2 m at 430 m. The relationship proposed by Kelley (1984), relating layer heght to
NR L and molecular properties of the fluid. overestimates the mean layer thickness by about a
factor of 2. The variabity of starrcase charactersstics suggests that oceanic staircases may rarely, il ever,
he steady state. but in general be slowly evolving from previous perturbations. Heat fluxes estimated
from laboratory-based fluy faws. mvolving R and AT, arein the range 002 < £, < 0.1 Wm " which s
in agreement with the molecular heat fluxes through the mavimum interfacial temperature gradients
There are no interfaces where the hinetic energs dissipation rate (averaged over 0.5 mi exceeds the lower

limat for diapyenal nuvng, 2458

I INTRODUCTION

In muny regions of the world's oceans and lakes. tine-scale
and microscale protfiles of temperature (1) and salinity (5)
contain Ustaircases.” consisting of sertes of homogeneous
layers separated by sheets. e, regions of relatively high tem-
perature and salinity gradient. Where both gradients have the
same sign. the staircase can be explained by double diffusion
[ Turner. 1973 a process which depends on the differing mo-
lecutar ditffusivities of heat and salt. Where 7" and § both
decrease with depth. the “salt fingering™ instability may occur.,
while when T and S both increase with depth, the “diffusive”
mstability 18 possible. This paper describes observations of a
ditfusive statrcase in the Canada Basin of the Arctic Ocean
beneath the see pack during the Arctic Internal Wave Experi-
ment (ATWEX) March May 1985, and estimates the vertical
heat Huves which are associated with the ditfusive instability.

Diffusive interfiaces have often been studied in laboratories
tsee for example, Turner (1965, 19681, Fluppert (19717, Mar-
morme and - Caldwell (19761 Newell [1984]. and Kelley
[ 198611 The usual expenimental arrangement involves heating
the base of a tank contaiming salinity-stratitied water and ob-
serving the growth of lavers which are homogeneous in both
temperature and salinnty. In these experiments the rate of
heating s @ known quantity. and assuming no heat josses
through the sidewalls. scaling parameters for the staircase can
then be based on this heat flux. In most geophysical fluids.
however. 1t 1s rarely obvious what the heat flux should be at
any particular depth. The lower boundary of a staircase may
be connnually replenished with heat through lateral advec-
tion, or i1 may vary as the vertical heat flux cools the deeper
water. In general. the heat flux through the staircase is ex-
pected to be set by the staircase characteristics rather than
vice versa.
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Section 2 provides a brief descripton of the AIWEX experi-
ment and the microstructure protiler. Section 3 gives an over-
view of the staircase charactersstics. while section 3 discusses
the vertical heat Huxes through the starcase

2 ExprrIMINTAL DESCRIPTION

ATWEX was a multi-institute wce camp experiment designed
primarily to measure the charactenistics of the internal wasve
field of the Canada Basin in the Arctic Ocean. but it also
incorporated subsidiary  projects  for nutrient  samphng.
measurements of small baroclinic eddies. and instrument
trials. The drift track for the iwce camp. determined from ap-
proximately two-hourly satellite tixes. s shown mn Fgure |

Seven hundred and twenty-three microstructure profiles
were made between March 20 and April 26, 1985, the maxi-
mum profiled depth being 465 m. However. many casts coy-
ered only the limited depth ranges required to study specitic
features. such as 0 200 m. in which thermal anomales indica-
tive of thermohaline intrustons occurred. and 300 450 m,
where the thermohaline staircase was most clearly defined.
I'he small depth ranges for these specific studies aliowed a
reduced cycling time between profiles of about 10 min. com-
pared with 20 min for extended profiles. Several slow drops
were also made to study the response of the thermistor and to
investigate the response of the shear probes to changes in
temperature. as discussed by Oshorn and Crawtord [ 1980].

[n this paper we shall concentrate upon a 20-hour series of
100 profiles through the staircase. collected on April 21 22,
1985, at the location shown in Figure 1. Most of these protiles
extend from 300 m to 460 m. The average sampling {requency
of S cph s well above the mean (average over several steps)
buovancy frequency of about 1 ¢ph but s less than a typical
buoyancy frequency of O(10) eph flor individual sheets. At the
time this scries was taken. the absolute velocity of the ice
camp varied from almost stationary to about 0.08 ms ', with
several reversals in direction. Assuming the current at the
depth of the staircase to be negligible, the total honzontal
extent of the survey is about 600 m. We shail show below that
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because of the very long time scales for double-diffusive pro-
cesses, differences between profiles should be interpreted as
being due to horizontal variability rather than due to tempo-
ral esolution of the staircase.

Microstructure  data were obtained with the Rapid-
Samphing Vertical Profiler (RSVP). described by Caldwell et
al. 19%5] The RSVP 1s a tethered. free-fall profiler about 2 m
long. which carries sensors for measuring pressure, microscale
velocity shears w, and r_. temperature, and conductivity. The
probe length is a4 compromise between ease of deployment
and resolution of low-wave number velocity structure. The
average fall rate 1s about 09 m s !, constrained by a drag
clement consisting of an annular brush near the rear of the
probe. The raw data sampling rate is 130 Hz for temperature,
conductivity, and pressure. Temperature s measured with a
Thermometrics FPO7 thermistor, which projects forward from
the probe nose assembly. This thermistor has an approxi-
mately flat [requency response to 20 Hz, correctable to 40 Hz,
with an rms noise level based on an 20-Hz bandwidth of
aboutd x 10 * C.

Two versions of the RSVP were used during ATWEX, the
principal difference being the way in which conductivity was
measured. Two profilers used a Neil Brown Instrument Sys-
tems (NBIS) conductivity cell mounted on the side of the
probe, 0.1 m above the probe tip. For salinity determination a
second Thermometrics FPO7 thermistor was mounted adja-
cent to the cell. The NBIS cell has a response length of about
0.1 m [Gregy et ul., 1982], so that at the nominal fall rate the
time constant of the conductivity cell is 0.1 s. A further two
profilers used a four-electrode microconductivity probe.

manufuctured vy Preciston Measurement Fogineering (PN
and described by Heaa [ 1983) This probe has a response time
set by the rate at which the boundary laver entramed by the
probe up as replenished. The estimated spatial resolution at
the nominal fall speed s about 3 mm. The data are analog
tiltered at 40 Hy before digiization. giving an etfective resolu
tion of QI.02) m at a drop speed of 09 m ~ ' The vondue-
tivity records from the PME sensor are occastonalty contami-
nated both by rapidly occurring offsets and by low-frequency
variations in the output voltage. The former problem muy be
due to contamination of the electrodes by orgamce matter and
leads to spiking in the salinity record. The low-frequency varn-
ations prevent the accurate determmation of average sahmn
for particular layers and hence affect the esumates of salinits
differences across interfaces. The PME conductivity data will
therefore be used only to investigate the thinness of individual
sheets. and not for estimating mean laver salimties

At typical temperatures and salimities (0 €. 35 pracucal ~a-
linity units (psu)) the equation relating changes in sahnity to
changes in conductivity and temperature can be linearized to

AS ~ [32AC = 113AT
or
AC =~ 0.076AS + O.0%6AT

Least significant bit resolutions of the raw (130 Hz 12-bi
records are about 1.3 x 10 * C in temperature and 1.5
x 107* S m~" in conductivity for the NBIS cell: however,
typical rms noises are about 4 x 10 * C and 1 ~ 10 * S
m~ ', based on measurements in the quictest homogeneous
layers. Layer-averaged salinities are estimated by locating
cach layer from the temperature profile and then determiming
the average temperature and conductivity of the layer. For a
typical layer thickness of O(1) m this procedure reduces the
noisc levels in T and C o about 4 < 10 ° Cand 1 x 10 *S
m "' respectively. The corresponding noise in the salinity esti-
mate is then about 2 < 10 * psu. although if a laver is sul-
fictently thin (fewer raw estimates). this nomne level may he
substantially higher. For sheets across which the sahinity dif-
ference is small. the noise may be sufficient to indicate an
apparent instability in the density profile where none actually
exists. Because the heat tfluy is expected to be substantially
higher through sheets which are only marginally stable than
through those which are very stable. based on laboratory
measurements. this noise in the estimate of the sality differ-
ence limats the accuracy of our heat lun estimates.

Velocity microstructure was measured with two Uindersca
[echnology airfoil shear sensors mounted orthogonally on the
nose assembly. Fstimates of the turbulent kinetic energy dissi-
pation rate were made for approximately 0.5-m depth inter-
vals by integr-ting the shear spectrum in the wave number
range of 2 20 ¢cpm.

I Ovirveew o sne -8 Stips

Typical profiles of 7. 8. and a, are shown in Figure Ja. An
isothermal layer near the freezing point is present from the ice
base to about 30 m. From 30 m to the local temperature
minimum near 200 m. the water properties :re attributable to
both influx through the Bering Strait and shelf modification of
existing subsurface Arctic water [Coachman and  Aagaard.
1974]. The frequent occurrence of salinity-stabilized temper-
ature inversions in this depth range reflects the variability ~°
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these sources. Below 2000 m, both T and § increase monotoni-
cally with depth. a necessary condition for the diffusive insta-
bility. Of particular interest in the present study is the region
between 300 and 450 m. shown magnified in Figure 3. which is
the approximate depth range for the diftusive staircase. The
homogencous layers are of O(1) m vertical extent, while the
high-gradient sheets arc typically several centimeters thick.
Above about 320 m the temperature protile becomes less regu-
lar over several laver heights. until no steppiness remains
above about 280 m. Below 430 m. to the maximum profiled
depth of 465 m. thicker sheets and less homogeneous layers
arc found.

The large-scale density profile 1s statically stable because the
contribution of salinity to the change in density with increas-
ing depth (decreasing o} exceeds that due to the destabilizing
temperature gradient. ie. p, = pfxT, — f5,) > 0. or cquiva-
lently, R, — fS_aT, > 1. where R, is called the density (or
stability) ratio. At temperatures near 0 C and typical salinities
the thermal expansion coefficient x (= —p~'p:¢T) is ap-
proximately 6 x 10 * K ', while the contraction coeflicient
for salinity. B {=p 'p 7S). is about 7.8 x 10 * (psu) '. The
large-scale density ratio (R > and buoyancy frequency (N>,
where angle brackets denote an average over 10 m, are shown
for the entire profle depth in Figure 2b. With decreasing depth
“bove the staircase. (R,) increases rapidly to about 30 just
below the subsurface temperature minimum near 200 m.

10RO

Initially. each profile was analyzed to locate 1sothermal
layers. defined as regions with less than 0.001 C difference in
temperature between averages over about 0.1 m (16 raw sam-
ples). It follows that an interface between layers is defined
when a temperature gradient greater than 001 C m ' is
found in the tinite-diftferenced gradient trace. Average depth D.
temperature T, salinity S. and height / are determined for
cach layer. H is defined as the distance between the midpoints
of the adjacent interfaces; however, salinity is determined from
averages of temperature and conductivity in the isothermal
region only. Layer averages then define the temperature and
salinity differences AT and AS across the density interfaces
and consequently the density ratio R for cach interface.

Mean values of H. AT, AS, and R, are listed in Table | for
10-m depth intervals from 300 to 430 m. The standard devi-
ation for each variable is given in parentheses. Figure 4 shows
the distribution of each parameter for the depth interval 360
370 m. in the middle of the staircase. Similar variability is
found at all depths and in the observations of Neshyha et al.
[19717.

The mean values from Table 1 are shown aiso in Figure 35
{the mean heat flux. discussed in section 4. is also shown). (H>
increases from about 1 m to greater than 2 m with increasing
depth, while (AT> and (AS> both decrease. A smali variation
only. from 39 to about 5X. is apparent in (R>: ie. the
large-scale temperature and salinity gradients are closely cou-
pled. However. a joint probability distribution of AT against
AS (Figure 6) shows that the density ratios for individual steps
are more variable. ranging from near unity to about Q.
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TABLE 1. Means, With Standard Deviations in Parentheses, of
Temperature Ditference AT, Sahnity Difference AS, Density Ratio
Ry and Layer Heght H. for 10-m Depth Intervals From 300 to 430
mn the Beaufort Sea Diffusive Staircase (AIWFX. Aprid 21 22, 198S)

Depth
Range. No of AT, AS,

m Steps 10° C 107 psu Rp H,.m
RILUSRIT] 78K 135D 49 (1.5 6.0 (39 1.2(0.44)
20320 656 128 (3.0 481 S129 1.5(04h0
320 330 783 1.4 (3.6) 51y 4020 1.3 (0.41)
230 330 692 11335 401D I8 (1.8) 1.4 (0.41)
40 350 638 92(1.9) RXGIENT] 2922 1.5 (0.50
350360 412 98 (2.0 3610 1217 20(0.70
60 170 429 927129 34 4119 20(0.74)
370 380 451 78 (1.6} 2.740.8) 39(1.4)  2.1(0.76)
IR0 390 306 X324 2.8 (0.8} 4114 3.0 (0.86)
390 M) 427 4.6 (1.0 218 8222 2.2(0.86)
400 410 sk 481 1.8 {09) 46 (38) 24 (087
410 420 368 4101 1.6 (0.9) 43271 2.2(1.26)
420 430 29 315409) 1.6 (0.8) 5633 2.3 (1.06)

In Table 2 the mean characteristics of the staircase are com-
parcd with those described by Neshyha et al. [1971]. Although
the data were collected in regions with similar large-scale
averages N> and (R . the mean temperature difference
AT and laver height < H> are much smaller in the present
cxperiment.

A given isothermal laver, identified by its temperature. can
tvpically be trucked for several hours or more. provided the
spacing between consecutive profiles is no greater than about
I hour. During this time the temperature of the layer may
vary slowly, typically fess than 3 x 10 % Ch ' Assuming a
mean flow relative to the ice of 0.0 m s ' and no temporal
variability. the horizontal extent [, of layers varies from only
one profife. ve. less than 7 m for some very thin layers, up to
the entire series, or at least 600 m. A typical aspect ratio L, H
for a laver 1s therefore at least Q10 10O

Root-mean-square vertical displacements for sheets are only
Ot m. The average sampling interval of 12 min is smaller
than the buovancy period 2n < N > about 40 min: therefore we
expect that most of the variance of isopycnal displacements
has been captured. With so little internal wave energy. the
hikelihood of shear-induced instabilities on a large scale is
small. This does not preclude the possibility that high fre-
quency internal waves trapped within the interfacial sheets
may at times be responsible for shear instabilities in. and sub-
sequent enhanced buoyancy flux through. the sheets. A buoy-
ancy period based on the density gradient within the sheets
only is typically 5-10 min and will not be resolved in the
present data set.

Mecasurements by airfoil probes of the microscale velocity
shears «, and v, were used to determine the kinetic encrgy
dissipation rate ¢ averaged over 0.5-m depth intervals. Across
the diffusive interfaces, ¢ never exceeds the Srillinger et al.
[1983] criterion for diapycnal mixing, &, = 24.5¢N*, where v is
the kinematic viscosity (about 18 x 10°° m? s ! in the
Arcticy and is frequently at the noise floor of about 1077 W
m (10 ' m?* s ') Accurate determination of the absolute
shear across each interface is precluded by the sensitivity of
the airfoil probes to rapid changes in temperature.

4. THERMODYNAMICS O DiFFUSIVE STAIRCASES
The difTusive instability is discussed by Turner [1973], and
a summary of recent laboratory studies 1s given by Newell
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[1984]. Kelley [ 1984, 19806] provides a preas of geaphysical
observations of diffusive staircases A significant parameter s
double diffusion 15 the density ratio R - fAS 23T now de-
fined 1n terms of the sahnity and temperature differences at the
interface. AS and AT, respectively, Agaimn. static stability re-
qurres that R, > 1. A second parameter which is valuable in
understanding the laboratory observations is the buovancy
flux ratio R, = 10%c fiF, xF, where Fy(kgm s 'rand F,
(W m °) are the fluxes of salt and heat. respectively. At lov.
values of R, (<2) where the change in salinity across a step
just compensates for the unstable temperature difference. den-
sity changes associated with the fluxes of both salt and heat
are comparable. At medium R, (2 < R, < 7)., R, s approw-
mately constant for a fixed heat flux but decreases as the heat
flux through the interface increases [ Marmorino and Caldwell.
1976]. (The estimated flux through the AIWEX sheets. about
01 Wm (24 x 10 ®calem s ") is two orders of mag-
nitude below the smallest heat flux used by Marmorino and
Caldwell). At higher R, a regime first studied in detail by
Newell [1984], R, rises with increasing R,

An R -dependent model of the character of the diffusive
interface has been developed to explain these observations and
is given by Newell [1984]. At low R the interface is very thin
as a result of the energetic turbulence of the adjacent layers.
and direct interaction between these layers occurs. At inter-
mediate R, the bulk of the transport of heat and salt occurs by
diffusion through a stable interface core. Because of the high
diffusivity of heat relative to that of salt {(t7 ' = x; xg = 100)
the mean thermal interface thickness o, is greater than the
salinity interface thickness 8 [Mdrmorino and Caldwell, 1976].

wl
? n AT AS
>
‘@
c
[ ~
° -
>
3
(=4
o
2
a
oo "rn — ! —>
0 0.0l 002 0 0.005 0010
(°c) (psu)
! . A
» R H
b4 P
[
©
>
=
o
o
(o]
el
u. +
0 5 10 o] 2 4
(m)
Fig. 4. Distributions of layer height . temperature and salimit:

steps AT and AS. and density ratio R, = IAS 2AT for the depth
range 360 370 man the AIWEX diffusive starrcase




Panvas asp Dittos: Bractorn Sta THERMOBALINT STAIRCASE 10.X0R
=3 - =3,, -2
H (m) AT (107°C) AS (16°psu) R, F, 16 Wm®)
12 3 0 5 1015 O 4 6 0O 2 4 6 0O 50100150
300 ri - — A Lo F [ S B— - —_ )

|
}

L
;
|

340

S
]

360 }

L

DEPTH (m)

3go

400

420

S

.

Frg S Averages of layver height H. temperature and salimty ditferences AT and AS between adjacent layers. density 1atio
R, = pAS 2AT of sheets. and mean vertical heat flux F o, averaged over 100 protiles for 10-m depth ranges.

although the ratio (0; d¢) may be less than expected from pure
diffusion. ¢ !
at the edges of the interface (Figure 7). The interface thickness
15 controlled either by entrainment of the unstable. or only
weakly stratified. interfacial boundary layers by eddies in the
adjacent layers, or by buoyancy-driven separation of the un-
stable boundary lavers. The intermittency of this process is
demonstrated by time series of temperature near a diffusive
interface [ Marmorino and Caldwell, 1976]. At high R . Newell
[1984] showed that the interface becomes much thicker. fur-
ther inhibiting the diffusive fiux of both heat and salt. The
ratio &, d¢ approaches unity. which implies that R, is pro-
portional to R .

‘. Because d, > dy. convective instabilities oceur

10° @ AT

Fig 6 Jomnt probability of occurrence of xAT and ffAS. in counts
per 1000 sheets. for bin widths of § < 10 *and 5 < 10 7 respectively
Sheets bounded by at Jeast one layer less than 0.2 m thick have been
excluded. The shaded area idicates more than 10 counts per bin
Lines of constant density ratto R are shown

To estimate the vertical heat Bux through the AIWEX swr-
case. we assume that the laboratory-based relationships be-
tween heat flux Fy and R, and AT for diftusive interfaces are
vahid in the ocecan. Several relationshins have been proposed
(see Newell [1984] for a summary): however. over the range of
R, (1 < R, < 10) observed in the present data. the function
suggested by Marmorino and Caldwell [1976] appears to fit
the laboratory data most accurately. Uncertainties in the den-
sity ratios arising from measurement imitations on AS limit
the accuracy of this technigue: however. the results are com-
parable to the fluxes which occur through the high-gradient
sheets (see below), assuming no turbulent mixing occurs at
these interfaces.

The nondimensional heat flux from Marmorino and Cald-
well (19767 1s

{Fyy Fu,,) = 0100 exp (4.6 exp [-0.54R, — D]} nH
I <R, <10

where Fy, is the heat flux which would be measured if the
difTusive interface were replaced by a solid, infinitely conduc-
tung. nondeformable plane surface through which only heat
could pass. separating the same two homogeneous layers. Fy

TABLE 2. Comparison of the Arctic Ocean Diffusive Staircase
From the Present Study With That Found by Neshyba et al. [1971]

Present Neshyvba et al.
Study [1971]
Location 74 N, 1455 W 84 N, 126 W
Date April 21 221985 November 1969
Staircase depth 300 450 m 200-500 m
Mean density ratio (Rp> 49 6.5
Mean buoyancy frequency <V> 00031 s 0.0047 57!
Mein layer height (> 1.9 m 3Alm
Mean temperature step <AT> 0009 C 0022 C




1801 Paostas ani Do BEACTORE SEA THERMOBALINE STAIRC AN

bie ™ Profiles of 1.8 and p for 4 ditfusive interface with ther-
mal thichness much greater than sahnity thichness. The upper layer
temperature. sahnity, and density are 70 S, and p,. respectively. The
more rapid diffusion of heat relative to salt (v, vy = 1T00) creates a
comectively unstable boundary Taver (shaded) which can separate
when the net buovancy B overcomes viscous forces, or be more casily
entramned by the turbulence of the adjacent layer. The dashed line
indicates the postion within an interface of total temperature step AT
and salimits step AS where the density profile first becomes unstable

Is given by

,v

.
oy = PO gz vw AT (]

The constant ¢ s approxmately QOSS [Chandrasekhar.
1961 ], while pas usually taken as 3 [Turner. 19737, based on
dimenstonal arguments, although there 18 some observational
evidence for @ shghtly smaller value in “salt-tinger™ interfaces
[ M Dougall and Tavior, 19847, and a justification by Kelley
[ 1986 ] for an exponent closer to 5 for diffusinve interfaces.

Using 11 and (20 the heat fluy £y was estimated for cach
step and then these estimates were averaged over the 100
profiles n 10-m depth intervals The  depth-dependent
averaged heat lux £, v shown n Figure 8 (profile a) The
crror bars account for uncertamty in R due to possible errors
AN across each sheet (arsing from digrization, probe con-
tumnation, or electromice dnftin the temperature and conduc-
tivity sensorsk The mavimum indicated heat Hux s obtained
by assuming that the true vidue of AS s always 2 < 10 2 psu
smaller than the measured value, with the proviso that R~ 1
Fhe minimum tluy s obtained by assuming that AS is always
2 < 10 psu ogreater than measured. e that each sheet s
more stable than measured These errors are extremely conser-
vative. since the sum of the errors in AS over more than one
step s still only 2 < 10 * psu That sl several steps are less
stable tlower R ) than measured. others must be more stable
to preserve the small sum in AS. However, the errors do not
simply average out n the heat flux cstimates because of the
nonhnearity of the (F,, F, ) = [{R ) relationship at low R

The heat flux based on the depth-time-averaged values
SR, = o AS 2 AT and AT s also shown in Figure 8
tprofile by This as the flux protile which would be obtained by
treating the starrcase as a senes of uniform sheets and layers,

where - R and - AL are slowly varving functons of = only
For comparison. the molecular heat flus through o thnd with
the same temperature gradient as the large-scale gradient
tveraged over 10 miis also ndicated (profile ¢ Heat fluxes
estimated by the first method (profile a) exceed the fluses de-
termined by the second method (profile by by about a factor ol
2 The discrepancy between the two methods 15 most pro-
nounced below 390 m. where the probability of sheets with
low R and AT occurring is greater than at shallower depth-
[he effect on the heat flux of errors in the AN estimates i~
therefore Larger at this depth. although. as the error bars an
profile a idicate. it is still not possible to reconcile both est-
mates

I'he effectineness of the laboratory Hux Liws an this stairaase
citn be judged by comparing the heat fluxes determined abose
with the molecular transport through the high-gradient sheets
Il the core regions of the double-dittusive interfuces are dlwas~
lamimar, then the bheat flux can be estimated from T,
pcpn T The method provides a lower linnt only. snee the
thermistor can resolve only to about 0.04 m at the normul
drop speed. Analysis of several slower drops. however, und
also analvsis of those drops where the PME four-clectrode
microconductivity sensor was in use. suggests that the thick
ness of the interfuces s seldom less than 0.03 moand s v
cally 0,03 0.1 m. A potentially signmificant error in estimated
heat fluy anises il the assumption of lamimar interface cores s

Vertical Heat Flux FH(Wm-Z)
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(2 apphed to each sheet. vel 1, (AT R aprotile il eguations
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violated. Since this is the essence of interpretations of elevated
heat fluxes at low density ratios [Turner. 1968: Huppert,
19717, it must be considered. However, using a typical step
size of 0.01 C and sheet thicknesses of 0.03-0.1 m. the molecu-
lar heat flux through the sheets is approximately 0.05 < F,, <
0.2 W m . in good agreement with the fluxes calculated from
the Marmorino and Caldwell model.

5. Discusston axNb CONCLUSIONS

The present diffusive staircase data set can be compared to
that which Kelley [1984] collated from diverse sources.
Kelley's analysis suggested that a scaling length of Hy =
(v, (N2 collapses layer thicknesses as a function of the
density ratio R, based on an empirical relationship between
R, and the layer Rayleigh number Ru. However. these data
are unevenly distributed in R, and can effectively be divided
into jusi twoe subclasses, 1.3 < R <25 and 6.1 <R, <77
Figure 9. adapicd from Keiley [1984], shows the dependence
of s.aled layer height G* on R Note that G* in Figure 9 is
simply Kelley's G (=H H,) divided by Pr'* = xp)'* 10
remove the Prandil number dependence suggested by his
equation 9b (Pr varies only by a factor of 2 in Kellev's data
set. and hence the impact of this change in scaling is negligi-
ble). The exact form of the relationship between layer height
and R,. however, may be much more complex. We have al-
ready seen (section 4) that the interface has different character-
istics in different ranges of R It is probable that the charac-
teristics of the convective layers are also R -dependent. with a
cellutar structure [Kefley. 1986] only when the heat flux if
sufficiently high. eg. large A7 or small R, while when the
heat flux is low. convection may consist of essentially nonin-
teracting buoyant plumes separating intermittently from the
ditfusive interface.

o3
W NEUTRAL
| STABILITY

400+

00

200

100

1 1 1 1 >

0 2 4 6 8 10
Density Ratio (Rp)

Fig. 2. Comparison of AIWEX step characteristics with previous
observations and the function G* - [(R_) proposed by Kelley [ 19841,
G* 15 a scaled layer height IT jin, N)' 76’ *) Other Arctic data are
arcled.

The AIWEX data. with a depth-dependent mean density
ratio <R of 3.9 57 arc also shown in Figure 9. using the
mean layer height (H) and (R averaged over 10-m depth
intervals and 100 profiles. However. the observed step sizes
are by ne means uniform in any depth range (see Figure 4 and
Table 1). We have shown in section 4 that the nonuniformity
of step characteristics results in mean heat fluxes which are
O(2) times greater than would be obtained from the mean step
parameters {R,> and (AT): hence an eflective model of
oceanic staircases must consider instead the distributions of
R,and AT,

Why is the observed staircase so irregular? Note that al-
though the heat flux in the Canada Basin staircase is O¢l()
times greater than the molecular flux in a uniformly stratified
fluid with the same large-scale temperature gradient. it is stll
a very small value relative 10 other heat fluxes in the ocean.
such as at the air-sea interface or where shear-induced mixing
occurs. As a result, if the staircase is perturbed in any way. the
time taken for double diffusion to erase that perturbation is
extremely long. An evolution time scale for a staircase can be
estimated from the ratio of the heat content difference between
layers, AF) ~ pc (AT){H), and the difference in heat fux
between two consecutive sheets. Assuming a heat flux diver-
gence Ak, across a typical layer of about 0,02 W m "% a ume
scale of O(1) month is obtained. This suggests that pertur-
bations (e.g.. intrusions or shear instabilities) lo the staircase
at any time in the last several months could have contributed
to the observed staircase characteristics. Following the same
argument used by Schmirt [1981] 10 account for the constant
R, sections of oceanic T-S curves in the salt-fingering regime.
we expect that in the absence of further perturbations ihe
profile will slowly evolve to a more uniform form (reduced
variability in the distributions of R AT. and H) by local
convergence \divergence of the heat and salt fluxes in the
irregular staircase. It is possible, however, that in the Canada
Basin. with low diffusive fluxes, the staircase is never able to
attain equilibrium. We should therefore be surprised neither
by the nonuniformity of the observed staircase nor by the lack
of agreement between our observations and maodels i which
only the diffusive instability contributes to the evolution of the
temperature and salinity profiles.

At present, we can only speculate as to why thermohahne
sheets and layers gradually disappear above and below the
staircase. Marmorino and Caldwell [19763 and Newell [1984]
found from laboratory experiments that thicker interfaces oc-
curred at higher density ratios, presumably because the turbu-
lent energy of the convecting layers is reduced relative to the
static stability of the interface core at higher R (the Tormer is
dependent upon xAT, while the latter is dominated by fIAS).
Broader steps are found intermittently in the present data set
up to about 250 m, where the large-scale density ratio is about
15 (Figure 2b). and below 430 m, and also by Melling et al.
[1984]. Above 250 m. R, increases further to 4 maximum of
about 30 just below the subsurface temperature minimum
near 200 m. and no steps are found in this depth range. If we
assume that the steps are initially created by the vertical heat
flux from below into an initially smooth stratification. 1t s
possible that staircase growth has not continued for suf-
ficiently long for steps to form in this region. If. on the other
hand. steps result from the modification of vertically hmited
perturbations in the density profile by diffusive instabilities,
then perhaps at sufficiently high R this mechanism is ineffec-
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tive because of the dominance of static stability relative to the
convectively driven velocity fluctuations.

The vertical heat flux calculated in section 4 is two orders of
magnitude smaller than the basin-averaged estimate of heat
loss from the Adantic layer [ Aagaard and Greismuan, 19757 of 7
W m ‘. Within the constraints imposed by the large-scale
values of buoyancy frequency {N) and density ratio <R >
between the Atlantic layer and the subsurface Arctic water, it
is implausible that diffusive interfaces could transport this heat
flux (for R, = 5 a step with AT = 0.6 C would be required).
Enhanced heat flux through the sheets by turbulent mixing is
not observed in the profiles of turbulent kinetic energy disst-
pation. Direct contact with the air by upwelling. either at the
coast or by surface layer divergences (Ekman pumping), is also
unhkely because of the lar e density difference between the
Arctic surface waters and the Atlantic water. The hypothesis
of Melling et ul. [1984], that the heat flux from the Atlantic
layer 18 dominated by benthic stirring where the fayer inter-
sects the continental shelf and slope. appears to best explain
the basin-averaged heat flux.
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