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ABSTRACT

The Australian Coastal Experiment (ACE) was conducted in the coastal waters of New South Wales from
September 1983 to March 1984, The data obtained allow a detailed examination of the dynamics of flow on
the continental shelf and slope and in particular allow a description of coastal trapped wave modes propagating

within the coastal waveguide.

The trapped-wave signal is contaminated by energy from the East Australia current eddies approaching the
continental slope. However, the data do allow a clear separation of the first three coastal trapped wave modes
over the range of frequencies appropriate to the weather forcing band. Through that frequency range the phase
speed is computed and an empirical dispersion relation determined for each mode. The empirical dispersion
relations compare well with the theoretical relations indicating that a large fraction of the variance in current
velocities on the continental shelf can be accounted for by coastal trapped wave theory.

Wind forcing of trapped waves is also considered and evidence presented that in the ACE area the motions
are dominated by the propagation of free waves through the arrays.

1. Introduction

Hamon (1962, 1966) showed that the low-frequency
part of sea-level variations along the eastern coast of
Australia was substantially nonisostatic. Furthermore,
the adjusted sea-level time series at different sites (ad-
Jjusted to remove the isostatic response to atmospheric
pressure fluctuations) showed a definite tendency to
propagate phase northwards. Robinson (1964) sug-
gested that the nonisostatic part of sea-level and its
propagation northwards were due to the existence of
a type of barotropic topographic Rossby wave trapped
in a continental shelf and slope waveguide. Adams and
Buchwald (1969) showed that the wind stress, rather
than atmospheric pressure, was the dominant generator
of shelf waves; Gill and Schumann (1974) showed that
the pressure amplitude of each long shelf-wave mode
satisfied a simple forced, first-order wave equation.
Clarke (1977) showed that this latter result was appli-
cable not only to barotropic continental shelf waves
(CSWs) which depend only on the topography but also
to the generalized type of wave motion, including the
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effects of stratification, known as “coastal trapped
waves” (CTWs).

It was shown by Brink and Allen (1978) and Brink
(1982) that the forced first-order wave equations for
the infinite set of wave modes are coupled by friction.
Recently, Clarke and Van Gorder (1986) reexamined
the frictional long-wave problem and suggested a means
for calculating the response of a coastal oceanic region
to a general wind-stress field.

A review article by Mysak (1980) listed numerous
observations of sea-level and longshore current per-
turbations which show apparent pattern propagation
speeds roughly compatible with the speeds predicted
by CTW theory. Details aside, it does appear that cur-
rent fluctuations do occur on most of the continental
shelves of the world which can be interpreted to be
some sort of topographic Rossby wave. CTWs have
been ascribed an important role in causing or sup-
pressing upwelling (Crépon and Richez, 1983) and with
widespread effects on fisheries and weather (O’Brien et
al,, 1981). Despite their reputed importance, there has
been little systematic field effort to verify that the dy-
namics of the perturbations are those appropriate to
forced coastal trapped wave theory. All of the previous
experimental studies of CTWs have had to use data
collected primarily to study other phenomena such as
tides or upwelling. Because of this Mysak (1980) wrote
that “there is a pressing need for a CSW-designed field
experiment, which has never been carried 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 carried out off the coast of New South
Wales (eastern Australia) between Cape Howe and
Newcastle (see Fig. 1) during the period September
1983 to March 1984.

To carry out this experiment we needed a coast that
1) was accessible, 2) had fluctuations in sea level and
velocity at a detectable level, 3) was free of complicating
and obfuscating factors such as fronts, large topographic
changes or rapid changes in stratification, and 4) was
long enough for propagation to be evident. The ex-
periment should not be carried out in a region domi-
nated by large mean flows, so that the evolution of
waves can be linear, and it was considered desirable
that waves be at least partially generated within the
study area. With these limitations and constraints, the
New South Wales coast seemed to be a reasonable can-
didate.

A .unique aspect of this experiment is that prior to
the recovery of the experimental array, a paper was
published by Clarke and Thompson (1984) that made
specific predictions about the behavior of currents in
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F1G. 1. Map of southeastern Australia showing the general area of
the Australian Coastal Experiment, the principal landmarks referred
to in the text, and a few depth contours. Tide gauge locations are
marked by the symbol M and current meter moorings by the
symbol @.
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the ACE area. The predictions were based on a fric-
tionless theory which we will summarize here.

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

Z Fu(x, 2)¢u(y, 1).

n=1

px,y,z, 0= 1)

The functions F,(x, z) are the CTW eigenfunctions,
depend on the offshore coordinate (x) and depth (z),
and are solutions of an eigenvalue problem

2

F,+ ( N ) 0
with appropriate boundary conditions. In (2) N and f
are the Brunt-Viisiléd frequency and the Coriolis pa-
rameter, respectively. The eigenvalues for this problem
are the long-wave phase speeds and emerge through
the boundary conditions.

The functions ¢,(y, t) which describe the longshore
evolution of the coastal trapped waves and the time
variability satisfy a forced first-order wave equation

_139n, 9n _
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where ¢, are the eigenvalues of the equation for F,(x,
z), y is the longshore coordinate, r is the longshore
component of wind-stress, and the numbers B, are
coupling coefficients between the wind-stress and the
modal eigenfunctions F,,. Using Eq. (3) the longshore
evolution of currents in a coastal waveguide can be
described if the initial current distribution can be ex-
panded in a sum using the eigenfunctions F,,.

This is in principle a straightforward operation. If
we write the longshore component of velocity at a par-
ticular line of moorings as v(x, y, z, f) then we can
expand velocities as

€))

WT(V, 1) 3)

v(x, ¥, 2, 8) = 2 Gi(x, 2)pi(y, 1)

i=1

“)

and derive the relationship between F;(x, z) and G;(x,
z) as
1 OF;
Gi(x, 2) Tox’
For the ACE region, Clarke and Thompson noted
that the observations of Hamon (1966) suggest the
condition ¢,(0, f) = 0, since he found sea-level to be
nearly isostatic at Eden (see Fig. 1). This suggested that
the ACE area would be dominated by the forced CTW,
i.e., that signals should largely be generated within the
experimental region by local wind stress, and the free
CTWs that enter the southern end of the array should
contribute little to the overall signal variance. Clarke
and Thompson (1984) proposed various simple models
for the distribution of wind stress and were able to
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make specific predictions about the behavior of cur-
rents:

1) Outside the surface and bottom Ekman layers, the
low-frequency fluctuating wind-driven currents should
be nearly alongshore and satisfy v = (1/po)p4/f.

2) The alongshore current amplitude should de-
crease monotonically from the coast. For 1 dyn cm™
longshore wind-stress amplitude, typical longshore
current amplitudes at lines 2 and 3 (see 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 coast at 4-5 ms™'. Up-
ward phase propagation should also be observed.

4) For the lower frequencies of the “weather” fre-
quency band (2#/few days-2w/few weeks) longshore
current and adjusted sea-level amplitudes should in-
crease northward from line 1 (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 1 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 east 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 deployed in the
intensive ACE area along the New South Wales 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 11.

Data from the current meter array have been sum-
marized 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
buoyancy farther down ensured that some useful data

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

Water depth Instrument depths
Mooring (m) (m)
1 140 75,125
2 200 75, 125, 190
3 500 125, 190, 450
4 1200 190, 450, 650, 1000
5 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.

¢. Meteorological 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 buoys
and at the shore-based stations closest to these stations.
The Metspar time series are shown dotted overlaying
the shore-based time series; the time series are clearly
well correlated. The speed series correlate at r = 0.76
and 0.75 at Stanwell Park and Norah Head, respec-
tively. Similar time series for wind stress yield corre-
lations of 0.67 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 Coff’s Harbour (Fig. 1).

d. Bottom pressure and coastal sea level data

Bottom pressure was measured on Line 1 using Ap-
plied Microsystems pressure gauges moored on the
bottom near moorings 11 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 superimposed 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 each of the three principal lines and one
series from the Maria Island, line 0, mooring. It is clear
that there is some similarity among longshore current
components between adjacent lines, particularly at the
inshore locations. The currents between adjacent lines
show greatest similarity 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 periods appropriate to weather
forcing. The same signals are also visible in the currents
at sites offshore, but there is a distinct 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 besides 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 each
line in the (x, z; on-offshore and depth) plane for three
periods, 25, 121> and 6% days. In the magnitude of the
variances, 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 6'% days the distribution of vari-
ance, and actual magnitudes, are extremely similar at
lines 1 and 3, and variances are substantially lower at
line 2. The most notable difference between lines 1 and

F31/75

F21125 I I

F11/125

F02/125 y 51 !; i W w w W ’ 7 Y
F35/1000 : I

F25/910

W

F15/1270

vy AR -y ety —

—507 Sept | Oct = Nov | Dec Jan ~ Feb = Mar |

L
1983 ' 1984

507

FIG. 4. Current vectors measured at two locations on each of the
three principal lines of moorings, one site shallow and one site deep
and one from the single mooring off Maria Island. The currents have
been low-pass filtered using a Lanczos cosine filter having a half-
power point of 40 h and subsampled at 12 h intervals. The currents
plotted here are rotated so that the principal axis of variance is directed
up and down the page. Very closely this corresponds to the longshore
direction, with the direction NNE up the page.
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FIG. 5. Variance distribution along each of the three principal mooring 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 1 to the shelf edge
at line 3. At periods of 12%2 days and 25 days the general
pattern of variance distribution is very similar at each
of the three lines, magnitudes are similar at lines 1 and
2, but substantially greater at line 3. Clearly, compared
with the other two lines, it is not at all obvious that
line 1 is quiescent and it 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: 1) Are they con-
sistent with Clarke and Thompson’s prediction 5 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 5 (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
ACE 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 5 days (see
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 sea level data are in substantial agreement with
Hamon’s, yet the ACE current measurements contra-

TABLE 2. Sea level adjustment statistics. Correlation and regression
coefficients between measured sea-level and local atmospheric pres-
sure. Error bars are 95% confidence intervals.

Regression Duration
coefficient Correlation of data
Site (cm/mb) coefficient (days)

fpll -1.03 +0.31 -0.74 1892
Eden —1.29 £ 0.43 -0.70 205
Jervis Bay —0.58 + 0.51 —0.42 143
Port Kembla -0.35 £ 0.83 -0.18 119
Camp Cove —0.65 £ 0.48 -0.40 2042
fp31 -1.02 + 0.67 -0.47 176
Port Stephens -0.61 + 0.50 -0.37 2042
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F1G. 6. The autocovariance function C(¢) and its integral J(¢) 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(¢) 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, A;,
another signal of interest (e.g., the CTW signal), A,
and noise, ¢, i.€., ., = h; + hy + ¢. By definition, the
isostatic portion, #4;, is proportional to the changing
atmospheric pressure, p,: h; = bop,, where by = ~0.99
cm mb~!. Then, A, = byp, + hy + €. For the coastal
tide gauge stations, h, was measured directly; for the
bottom pressure gauges it was estimated as (p, ~ p,).
The linear correlation (r2) and regression (b) coefficients
(Table 1) were calculated between 4,, and p, using the
simple regression model, 4, = a + bp, + ¢,. Note that
the noise ¢; in this regression equation implicitly in-
cludes any signals, Ay, 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 72 is
near 1, then ¢, is small and A, 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 72 to be 0.87 and
bto be —1.07 = 0.11; even treating these error bars as
overly optimistic, we would conclude that at Hobart
r? =1 and b = —1, i.e., that the shelf-wave signal must
be weak 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 one (but still greater
than zero), then ¢, is not small and probably includes
some interesting signals, 4, which may be either in-
coherent with the atmospheric pressure or simply out
of phase with it. If 72 < 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 r2 = 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 11. Correct-
ing for the over-optimism in Hamon’s error bars,
we clearly cannot reject the hypothesis that r? < 1 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 (& = 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 m s™!, 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
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Jervis Bay Kembla Cove 1p31
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FIG. 7. Contours of equal correlation plotted in a plane of time
lag, in days, and distance north of Cape Howe. All time series are
correlated against Eden as the reference site. The square symbols
indicate the positions for specific displacements of the local maxima
in the cross-correlation functions. The dotted line is a least-squares
fit through those points indicating the probable northward pattern
propagation rate of 3.34 m s,
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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 is 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
11.4 m s™'. 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 m s™!. These values
for the wind stress phase speed are very close to the
value of 11.5 m s™! used by Clarke 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 11 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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F1G. 8. Wind stress vectors at three coastal stations extending from
Gabo Island, near line 1 to Norah Head near line 3. The vectors are
rotated so that the principal axis is up and down the diagram. The
direction of the principal axis is very nearly in the longshore direction.
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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 observations of sea-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 4-5
m s~! is based 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 northerly
lines is similarly the result of analyzing 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 is 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

B N M '
Vi) = 2 a;V(t — iAD) + 2 bir(t — iAf)  (6)

=0 i=0

where V, and V, represent time series of alongshore
component of current at the northern and southern
sites respectively, the symbol represents an estimate,
7(2) is the wind stress observed at an intermediate lo-
cation, At is the sampling interval (12 hours in all results
to be quoted here) and g; and b; are weights to be de-
termined. We then constrain the system (6) to find the
combination of weights a; and b; that represent V, in
the best (least-square sense) way. Various models can
be tried by varying the lengths of the filters, i.e., varying
N and M above, or by arbitrarily setting one set of
weights identically equal to zero and so trying a fit
using only the a; or only the b; type of weights. The
method of solution is simple in principle, but not so
in practice. By way of illustration let us consider the
simple case of b; = 0 for all i, (the extension including
the b; will be obvious).

Formally the problem reduces to the standard least-
squares problem of minimizing E where

N
E =[Vit) — 2 aiVs(t — iAnP

i=0

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

x =Cy ®

where the vector x = {x;} and y = {y;} and the elements
are of the form x; = V,,V,(t — iAt) and y; = a;. The
matrix C is a symmetric, positive definite matrix with
elements Cj; = Vi (t — iADV(t — jAf). 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 1 to 2 by representing V,(f) and
Vi(¢) in Eq. (6) by £21/125 and f11/125, respectively.

Model 1: Pure current transformation: N = 5, b;
=0 for all i. C is a 6 X 6 matrix and the solution is
stable at y, (see Appendix); the best fit of V; on V,
accounts for 45.5% of the variance in V,, i.e., the “pre-
dicted” currents correlate with ¥, at r = 0.67. The
weight distribution shows a clear maximum indicating
that V, lags behind V,. A parabolic fit around the
maximum suggests a best estimate of the lag of about
1 day.

Model 2: Pure current transformation: N = 12, b;
= forall i. Cisa 13 X 13 matrix and the last stable
solution is y,o; the best fit of ¥; on V, accounts for
51% of the variance, with a correlation coefficient of
0.7. The list of weights extends to greater lags than for
model 1 and indicates two peaks at lags of 1.03 and
3.5 days. This suggests that two signals propagate from
line 1 to line 2 at speeds of 3.9 and 1.2 m s~!. 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 variance accounted for in
the model by only a few percent. In that sense model
2 seems rather inefficient.

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 variance as the current time series and so that
the a; and b; all remain dimensionless. Cisa 12 X 12
matrix and the last stable solution is y;. For this model
winds at Montagu Island were used for several reasons:
the site is roughly half-way between lines 1 and 2; it is
the best exposed of all our wind stations and is likely
to be a good representation of the marine wind field;
the instrumentation used to record winds was of a rel-
atively high quality. The distribution of weights pro-
duced surprising results: the values of a; were almost
exactly the same as in model 1 and accounted for 45.4%
of the output variance; the b; coefficients accounted
for only another 4.8% of the output variance. The total
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variance accounted for is, of course, larger than that
in'model 1 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 V,(¢), a larger
amount than in models 1 or 2. For this model the best
fit to V,(f) correlates with V,(¢) at r = 0.70.

The significant result from these calculations is the
clear indication that the CTW signal appears to prop-
agate from line 1 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 to 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 variance while the a; 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
to 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 ceigenfunctions computed separately for the
longshore component of velocity at each of the three
principal lines of moorings. The eigenfunctions are the
solutions G,{x, z) 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 N?(z) used in Eq. (2) to compute the
modes displayed in the figure were calculated from
CTD casts along each line of moorings averaged over
the entire duration of ACE, i.e., the detailed distribu-
tion of N?(2) varies from one line to another. The bot-
tom topography 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. (Variation about the mean is about 20%,
13% and 12% for modes 1, 2 and 3, respectively.)

In all nine cases shown in Fig. 9 the largest modal
amplitude occurs close inshore and both modes 2 and
3 have nodal lines not far from the shelf edge. Quali-
tatively the modal shapes are very similar from one
line to another. Given these simple observations it is
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Cyi=515m/s
Mode 1

Mode 2

Line 1

Line 2

Line 3

F1G. 9. The first three theoretical CTW mode shapes at each of the 3 principal lines of moorings
and the phase speeds associated with each 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.

difficult to see how any plausible superposition of these
modes could yield the variance distributions shown in
Fig. 5 which show the largest amplitudes typically at
the shelf edge and in some cases seaward of the shelf
edge. The conclusion to be drawn is 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 large eddies shed from the
current were indeed passing through the ACE region
during parts of the experiment. Given the obvious mis-
match between the distribution of variance in the ex-
perimental array and the shape of the eigenfunctions
it is important to examine ways in which the wave field
might be decontaminated from the eddy field.

Two methods suggest themselves. The first is to
identify periods at each line that are obviously con-
taminated by eddy activity and excise those parts from
the overall record. This approach suffers from a number
of problems. It is often not clear when a current meter
record is influenced by an EAC eddy; the excising of
parts of the data base will inevitably remove part of
the CTW signature itself;, and the excising operation
will inevitably involve some rather subjective judg-
ments. A more objective approach, that removes the
eddy activity while leaving the individual time series
otherwise intact would be preferred. This turns out to
be possible by defining a fourth mode, which we called

an eddy mode, that described 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 restricted to the
continental slope region. In contrast, the CTW modes
(Fig. 9) all have their largest signals on the continental
shelf. Since current meters fm5/1000 on each line
(m = 1, 2, 3) contain predominantly eddy signals, we
assumed that in any particular line the signal at any
current meter that is correlated with the currents at
fm5/1000 is the eddy part of the total signal at that
site and so could be removed. Let us write the longshore
component of velocity at fm5/1000 as V,(?), i.e., the
“eddy” component of velocity at that site. Then along
the line m find the value of a(x, z) that minimizes a
mean-square error E where

E=[V(x z 1) — aV.())

and the overbar indicates a time average. The values
of a(x, z) define 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 line to define an eddy
mode since we had good reason to believe that the
eddy field was most intense there, and only at line 3
do we have a substantial quantity of data available at
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FIG. 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 | and 2, data
are missing for almost the entire deployment period at
one mooring site each.

The mode shown in Fig. 10 is quite different 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. In contrast,
at the sites f31/75 and £31/125 the modal amplitudes
are extremely small, and this justifies the use of the
inshore moorings for exploration for longshore phase
propagation. It thus seems reasonable to use the mode
shown in Fig. 10 to absorb some of the eddy energy
and so optimize our chances of extracting amplitudes
of the CTW modes.

b. The modal decomposition

For each mooring line we will expand the observa-
tions into three wave modes and one eddy mode. Let
V,(?) be the longshore component of velocity at site
(current meter) number j. We break the time series
V() into seven time blocks of 24 days and compute
the Fourier transform of the time series for each block.
This yields, at each site and for each time block, a
series of complex numbers V;(w) where w is 27 divided
by T, the period of the Fourier component being ex-
amined. For each frequency we define a complex re-
sidual E; where:

Ej=V;— 4Gy — @G+ * + —dmGm
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and minimize E where

In the above, m = 4 is the total number of modes being
examined and N is the number of observations V;. The
values Gj; are the values of the ith velocity mode at
instrument number J, and d; 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:

z G,y
TGV}

z ij I}j* -

zGlelj z GleZj EGlemj Cﬁ‘
2 GGy 3 GyGy « 2 GGy || 4%

S GGy 2 GmiGy 2 GmiGumy | 4%
)

which we write in the vector form b = Ci. As before,
the inverse of the real symmetric matrix C exists, how-
ever, the matrix C is 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
modes. 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
it is the intermediate site. We chose line 3 to define the
eddy mode because we expected it to have the largest
amplitude there and, furthermore, only at line 3 do
long time series exist at all current meter sites so al-
lowing the mode to be defined at all cross-shelf loca-
tions.

¢. The dispersion relation

From the four time series determined independently
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 1-1, 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 1
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 i to j implies — A8 between
lines j to i.

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 observed 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
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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. 11b) 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 mode 3 plot,
the difference in phase speed is not significant. That
we still observe C; > C; must be considered fortuitous.

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

a 2Displacement (km x 100) b Displacement (km x100) C Displacement {(km x100)
-4 - 0 _ N - -
o A2 .0 2,46 L, 4.-2.0.,2 4,6 , 4,2 .0 2. 4 6
n (+]
0.
] 4.{35,"/S
ol Mode 1
-2
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FIG. 11. Phase difference of complex amplitudes for the three dynamical modes at three different frequencies plotted against displacement
alo_ngshore. Where an expected entry is missing, the coherence was too low to provide a stable phase estimate. The open symbols represent
points that are wholly redundant. The solid symbols carry some degree of redundancy since for large coherences wave propagation from
line 1 to 2 and from line 2 to 3 implies propagation from 1 to 3. For small coherence values this is not true and all points with positive

displacements become independent. The solid lines indicate the phase speed estimated by the major axis of the principal ellipse through the
entered 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 1 and the ordering with
C; > C, must be considered fortuitous.

The phase observations are all, of course, cyclic over
360°, or in Fig. 11a, cyclic over a time delay of 4 days
and, thus, each phase estimate has an inherent ambi-
guity of (in the case of Fig. 11a) 4 days. The particular
choice of points shown in Fig. 11a 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
preferred sense of propagation to be estimated. How-
ever, for this particular case there is 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 days. ' - '

Table 3 show a list of the observed phase speeds
(m s™") for each of the three dynamical modes. Also
listed are the estimated wavenumbers computed as k;
= w/C; where k; and C; are the estimated wavenumber
and phase speed for mode i. From this table we can
produce the dispersion diagrams shown in Figs. 12a,
b and c. On Fig. 12 we enter for each mode separately
the estimated wavenumber plotted against the fre-
quency of the spectral line under examination. The
error bars shown for each point entered represent the
frequency bandwidth. The frequencies examined are
low enough that the long wave approximation is good;
at a period of 4 days (w/f)* ~ 0.04. On each of the
plots in Fig. 12 the solid line is the expected dispersion
relation based on the long-wave approximation for
coastal trapped waves. Specifically, a mean theoretical
phase speed has been estimated for the entire ACE array
using the phase speeds listed on Fig. 9 and for any
individual mode computing the harmonic mean;

TABLE 3. Phase speeds estimated at discrete periods for each of
the three wave modes, and the associated wavenumber estimates.
The phase speeds were estimated from the direction of the major
axis of the principal ellipse of the various phase differences plotted
against displacement.

Phase speeds Wave numbers
. (ms™) (m™! X 10%)
Period
(days) G G G ky ka ks
24 4,77 2.47 0.96 0.064 0.123 0.316
12 3.30 1.77 1.11 0.184 0.342 0.546
8 4.35 3.82 1.98 0.209 0.238 0.459
6 4.58 2.60 1.89 0.265 0.467 0.641
4.8 10.82 2.33 1.34 0.140 0.651 1.127
4 6.11 5.85 L7t 0.298 0.311 1.065
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a1 t -1
Ci =z A Ci dy.

The dashed lines show the average dispersion relation
defined by the empirical observations. The shaded area
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 earlier, some degree 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 frequency versus wave-
number for mode 1 at six frequencies. All but one of
the points lie above the theoretical long-wave speed of
3.78 m s7!; an increase in the theoretical wave speed
of 1 m s™! would produce a good fit. However, with
the exception of one point, at a period of 4.8 days, the
experimental dispersion relation is approximately lin-
ear as is expected theoretically.

Figure 12b shows the dispersion characteristics for
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 0.5 m s~ in
the theoretical speed would produce good agreement.

Figure 12c 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 linearity appears to be rather greater
for mode 3 than for the first two modes, but that is
probably not an unexpected result. Indeed, in hindsight
it seems quite remarkable that we have been able to
make a reasonably convincing fit to three wave modes.

Figure 13 displays the variance in each mode plotted
against frequency for each of the three principal lines
of current meters. We define the variance of mode i as
o? = 4;a* where d; is the complex amplitude derived
from Eq. (9). The variance is averaged over time and
defined separately at each line. Since each mode, the
three dynamical modes and the empirical eddy mode,
is normalized differently, only limited comparisons
between modes can be made on this plot. On Fig. 13
we see that the spectra of each mode are generally red,
i.e., there is generally more energy at lower frequencies
than higher. (Note that these plots are linear in fre-
quency and energy and so are variance conserving
plots.) However, at line 1 we see that the spectra peak
at a period of 8 days for each of the three dynamical
modes. The fourth mode for each line shows the most
pronounced red spectra. Rather surprisingly it appears
that the second line carries less variance, in the dynam-
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Mode 4. eddy mode

F1G. 13. Energy spectra for each of the modes extracted
plotted for comparison between each line.

ical 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, in Fig. 13, that the energy levels in
mode 4 are very much greater at line 3 than at either
of the other two lines.

In summary, Fig. 12 indicates that the dispersion
characteristics computed from the ACE moored array
are a reasonable approximation to the theoretical dis-
persion curves for the first three coastal trapped wave
modes. In each case the theoretically predicted wave
speed is systematically less than the experimentally de-
termined wave speeds by 0.5 to 1 m s™!, or about 25%
of the theoretical wave speeds. These results suggest
that after the extraneous eddy signal is removed from
the data the physics of coastal trapped waves is a good
descriptor of the motions on the continental shelf.
However, some of the coherences used in constructing
the phase plots of Fig. 11, are fairly low, indicating that
a simple model of linear phase propagation at a con-
stant speed may not necessarily account for a large
fraction of the total variance at any frequency. Fur-
thermore, Fig. 11 also shows a substantial amount of
scatter of the time lags about the linear phase propa-
gation speed indicating that still more variance is not
accounted for by a simple coastal trapped wave model.
In order to explore to what extent the theory of trapped
waves can account for the variability observed at any
one location a different approach is 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
coefficients, 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, z) are solutions of an
eigenvalue problem, Eq. (2). The amplitudes of the
modes are described by a set of forced wave equations
that are coupled by frictional coefficients

1 <9¢, . 8¢, had
—_——— = — g = Y + TR 1
5o Ty a;¢; = B;v(y, 1) EI a;¢;.  (10)

i*j

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 dynamical and one local eddy mode so pro-
ducing the amplitudes ¢,, ¢, and ¢; at one value of
the alongshore coordinate y, say, at y = 0. Equation
(10) then can be used to forecast the values of ¢, ¢,
and ¢; at the two northerly lines and compare the pre-
dictions with observations.

The eddy mode cannot, of course, be described by
Eq. (10), so in 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 observed currents at any par-
ticular line we define two new fields that differ slightly
from each other. After analysis into the four modes we
define the reconstructed currents (Vz) as the sum of

the first three (dynamical) modes, i.e., the CTW part

of the signal. The de-eddied currents ¥, are defined as
the observed currents minus the eddy signal. Specifi-
cally, at any line we compute ¢; by minimizing E where

4
E=[V(x, z, ) — X Gix, 2)¢: (D))
=1

then

3 .
VR(x, z, t) = 2 Gi(xa Z)¢,(t)

i=1

Vd(x5 z, t) = V(-xa z, t) - GA(x, Z)¢4(t)

These time series are not identical. Both attempt in
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some sense to represent the dynamical signal but V,
includes the velocity signal that is not fitted by the
least-squares procedure. Over line 1 the gross correla-
tion coefficient between V,; and Vx is about 0.9. This
represents how well the least-squares procedure is
working. Since the decomposition is good only to a
correlation level of about 0.9 we cannot expect a fore-
cast to do as well.

Table 4 summarizes the results of using the modal
amplitudes that result from an analysis of line 1 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 field)
and the “predicted variances” result from the modal
amplitudes forecast by Eq. (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~2, respectively. These are much closer to each other
than to the equivalent figure for line 1, 90.7 cm? s72.

The correlation coefficients 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 days.) A stronger null hypothesis would be the
equivalent of the meteorological persistence forecast,
i.e., that conditions do not change along the shelf. Using
the reconstructed velocities, defined earlier, the cor-
relation coefficient between f11/75 and f21/75 is 0.25;
the equivalent correlation in Table 4 is 0.62, very much
higher. Furthermore, a system with population corre-
lation of 0.25 and 36 degrees of freedom has an upper
95% confidence level of 0.48, less than the 0.62 ob-
served which differs from the population at the 99.8%
level.

TABLE 4. Variances at line 2 forecast from an analysis of line 1 ,
and the dynamics of CTWs (the predicted variance); and the recon-
structed (observed) variance for comparison. The correlation coef-
ficients between the two fields is also listed. Variances are in cm?s~2,

Observed Predicted
Meter variance variance Correlation

£21/75 119.4 . 100.2 0.62
f21/125 136.6 115.0 0.62
£22/60 67.4 539 0.61
£22/110 72.0 56.6 0.61
£22/175 64.3 50.8 0.55
f23/125 37.3 31.1 0.50
£23/190 325 30.6 0.36
£23/450 25.5 325 0.00
£24/205 13.8 14.6 0.23
f24/465 11.8 14.9 0.01
£24/650 9.4 11.3 0.24
£24/1000 7.4 . 6.4 0.51
£25/250 7.1 8.3 0.10
£25/800 33 33 0.42

16.7 ’ 21.2 0.07

£25/1700
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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) = 3 aVit — iA) + 3 bir(t — iAd).

i=1 i=1

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

The linear predictor (6) is essentially the optimal
linear predictor and yields an estimate V), that correlates
with V), at r = 0.71; it does do better than the dynamical
model but not very much better. The optimal predictor
must, by definition, perform better than any other lin-
ear predictor including a linear dynamical theory but
it is satisfying that the dynamical models do almost as
well. Finally we note that the dynamical correlation
for 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% confidence level.

5. Discussion

In the free wave analysis 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
forcing, for only one mode, to be of the form

p(x, y, z, 1) = AF|(x, 2) cos[% (+ w/cy)y — wt]

X sin[(l — w/c)y/2]. (11)

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

(73}

P T T+ wlcy)

= +a™). (12)
The pattern speed is the harmonic mean of the free
wave speed and the speed of propagation of wind sys-
tems in the longshore direction. Since in our case ¢,
and ¢, are both northwards, at 11 and 3.78 m s/, re-
spectively, the pattern speed is greater than, but in the

same direction as, the free wave speed.

_ 1
Cpatt E
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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 (.1. This implies a ratio of signal
amplitudes of about V0.1 = 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 for 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 to
observations can result if the initial phase difference is
near zero. Some evidence exists, see later discussion,
that a significant part of the free wave energy is gen-
erated in Bass Strait, so it may be reasonable to expect
the free and forced waves to be almost in phase at Eden.

The analysis of the forced waves in the time domain
indicates quite clearly that we do have predictive skill
in the sense that we can use the dynamics of forced
topographic waves to forecast future conditions some
distance along the coastline. However, the amount of
variance accounted for in the forecast is not impressive.
The correlation coeflicients inshore reach highs of 0.62
indicating that we can account for only about 40% of
the observed variance with a trapped wave model.
Though this does not sound impressive, the best sta-
tistical predictor between line 1 and line 2 inshore cur-
rents, performs only marginally better and accounts
for about 50% of the variance. We conclude that not
all of the energy in the weather forcing band is described
by coastal trapped waves.

We now turn to the question of the source of the
CTW energy observed in ACE. Clarke and Thompson
(1984) assumed there would be negligible CTW energy
at Cape Howe (line 1) and that wind forcing in the
region northward from there would generate CTWs to
be observed at lines 2 and 3. As has been pointed out,
CTW energy is already large at line 1 and the CTW
energy at line 2 is largely the propagation of CTWs
northward from Cape Howe as free waves. The expec-
tation of Clarke and Thompson (1984) and the as-
sumption in designing ACE being wrong, we are forced
to consider possible sources of the CTW energy at Cape
Howe. The bathymetry and meteorological conditions
off southern and southeastern Australia allow for sev-
eral (speculative) possibilities for generating CTWs that
are observable at Cape Howe.

One, of course, is that the CTWs have come a very
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



1246

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
CTWs 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 off 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 1
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

__ ko prorell RS T
- 2f§§¢z¢,fo FES|  ax

X1 z=—hix)

where the overbar indicates a time average. Using the °

orthogonality property of the eigenfunctions:
© oh

FF;,—

J; " ax

this becomes

dx = 5,‘1'&',

z=—h(x)

=20 552,
F 2f12¢,x,.

Using the modal amplitudes calculated for Cape Howe
in section 4d, we get

F=18X10¢wW.

The three dynamical modes used respectively contrib-
ute 30.5%, 49% and 20.5% to this total. -

We can estimate the energy generated by the wind
between the western end of Bass Strait and Cape Howe
by following 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 defor-
mation is small (V:gz)/—f ~ 260 km), so the Strait is
about one Rossby radius wide. For a Kelvin wave the
fraction of the total wave energy between the coastline
and 1 Rossby radius is (1 — e72) ~ 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.
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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 =3.0X10*W.

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

F=24%X108W.

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 ¢,;(¢) = 0, for all { and ¢, 150 km to the west, the
resulting flux at Cape Howe would be

F=34X10W

with the three dynamical 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 sufficient 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 ex-
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. (AD)

In the transfer function calculations of section (3d) the
vector X = {x;} is of the form x; = V,())V,(t — iAL),
and y = {y;} where y; = a;. The covariance matrix
C = {Cy} is of the form C;; = V(¢ — iAD)V,(t — jAD).
Formally we write the solution y to problem (Al) as
y = C™'x. However, for the problems of interest in this
paper C generally has a large condition number (ratio
of largest to 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 N eigenvalues and eigenvectors of the N
X N matrix C be A; and e;, respectively. Since C is a
covariance matrix (i.e., symmetric and having elements
satisfying the Schwartz inequality |C%/(C;Cy)| < 1) the
eigenvalues are all real and positive. If Nj eigenvalues
are exactly zero then the rank of C is N — Nj. In prac-
tice, since we are dealing with noisy data, any eigen-
value that lies within the sampling noise level is effec-
tively zero.

Let us expand the vectors x and y in terms of the
eigenvectors, viz,

N

N
x=2>ae and y= 3 Be.

i=1 i=1

(A2)

The coefficients «; are easily determined using the or-
thogonality property of the eigenvectors
N

X-€ = z ;€ ¢ =
i=1

(A3)

We can then determine the coefficients 8; in terms of
the o; expansion (A2) in Eq. (Al) and remembering
that Ce; = A\e;:

N
X= 2 ae=Cy=C 2 Be

i=1 i=1

MZ

cex) = Z 61)\ i€;.

i=1

[
—

Hence, we find in general that 8; = «;/)\; and, using
(A3) and (A2), express the general solution to (A1) as,

y= % (ﬂ)ei-

i=1 Ai (A4)
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Assuming that the eigenvalues are ordered so that A,
> Ay > ¢+ + + > Aylet us write an approximate solution

yg for y as
R
YR= 2 (x_-e_,-)ei
=\ A

where R is an assumed rank of C, R < N. Specifically
R is chosen so that any eigenvalues that lie 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 matrix C varies from one
line to another due to data loss from various instru-
ments at different times. Hence, even on one line the
contributions to C vary with time. The variations in
C are, however, relatively small.

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

0273 —-0.294 -0.138  0.402

c-= —0.294 0470 0.318 -—0.261
—0.138 0318 0.404  0.055

0402 -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-
ployed throughout the ACE array is 208 cm? s™2. 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 to 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
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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 E = > E;E¥ is
the so-called reduced variance (Ac?) the amount of
variance not accounted for by the best modal fit. Let
us compute this as a fraction of the signal variance oy’
= X V;V¥, and average Ao’ and g,° over the seven
time blocks and the three lines. We also define the
model variance ¢,.> = D, 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 d; we accept contributions from the
covariance matrix C corresponding to all eigenvalues
exceeding a cutoff value Ay, and examine the variation
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of the normalized residual variance (Ac?/0¢®) and the
model variance (0,,2/0mo>) Where o,,° = op” at Ag. Fig-
ure 14 shows a plot of the normalized reduced variance
and the model variance as a function of the eigenvalue
cutoff \y. Along the abscissa short lines indicate where
actual eigenvalues of the slowly varying matrix C occur.
These are, as discussed earlier, 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 c-
and d-type, then the best fit modal amplitudes account
for all but 26% of the total variance. If we set the cutoff
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 set the cutoff at any value less
than 0.5%, so that all eigenvalues are used, all but the
last 19% of the observed variance is accounted for. This
1s 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 2%
and 2.2% there is a substantial drop in the average
model variance and an associated sharp rise in the re-
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FIG. 14. Response of the least-squares fit model to the inclusion of various 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 its severity.

Based on the rough guide outlined 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 eigenvalues. The detailed behavior of the
model variance and the residual variance plots suggests
that the appropriate cutoff value is 2.2% and that value
was used in the subsequent analysis.
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