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ABSTRACT

The coastal ocean response to wind forcing on the west coast continental shelf of South Island, New Zealand
is examined using current, sea level and wind observations. Weather band motions over the northern region of
the shelf appear to be dominated by the response to wind-forced flux through Cook Strait. Through-strait forcing
is still evident in the currents of the southern region but west coast alongshore wind-forcing is also important.

Most of the variance of nearshore weather band currents in the northern region of the shelf can be described
in terms of coastal-trapped waves (CTWs). A fit of CTW modes | and 2 to the observations in that region
indicates the equal importance of both modes, in agreement with the theories of strait-generated CTWs, Farther
south, the across-shelf depth profile alters dramatically such that CTW structures change from being almost
barotropic in the northern region to highly baroclinic. This rapid change in topography suggests that considerable
scattering of CTWs might occur, a hypothesis which is supported by current observations in the southern region

of the shelf.

1. Introduction

The importance of a wide strait as a possible source
for coastal-trapped waves (CTWSs) was suggested by
Crawford and Thomson (1984 ) and Crawford (1984)
who observed diurnal period CTWs propagating
northward along the coast of Vancouver Island from
Juan de Fuca Strait. Flather (1988) reproduced this
observation in a numerical model of the region and
showed that by blocking the strait to through-flow the
CTWs in the model disappeared. Similarly, in the
analysis of data from the Australian Coastal Experi-
ment (ACE) on the southeast coast of Australia,
Church et al. (1986a,b) and Freeland et al. (1986)
found that much of the weather band energy on the
shelf (once the East Australian Current signal was re-
moved from the data) was due to free CTW modes |
and 2 which appeared to have been generated in Bass
Strait. Buchwald and Kachoyan (1987, hereafter BK)
subsequently reproduced this result analytically for an
unstratified ocean, showing that an oscillating coastal
flux could generate free shelf waves, the amplitude of
each mode being determined by the ratio of the width
of the strait to the CTW wavelength. In particular, for
the ACE region BK’s theory predicted the large mode
2 response that was observed.
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Cook Strait, separating North and South Island of
New Zealand by 140 km on the western side (Fig. 1),
might be anticipated to be analogous to Bass Strait
with regard to the generation of CTWs. Indeed, the
theory of BK predicts that coastal velocity amplitudes
associated with CTW modes 1 and 2 are nearly equal
on the west coast South Island shelf, being downstream
(in the sense of CTW propagation ) from Cook Strait.
In this paper we analyze data from the first long term
deployment of moored current meters on this shelf and
investigate the prediction of BK.

This paper is organized as follows. In section 2, the
field program and other available data are described.
Then in section 3 we present a preliminary analysis
(largely in the frequency domain) of the current meter
and wind data. In the next two sections, dynamic
modes are fitted to the current data and the results are
compared with BK’s theory of CTW generation by a
coastal flux. In section 6, a simple comparison is made
between the CTWs observed in the northern region of
the shelf and currents recorded farther south. We con-
clude with a discussion of the results and their rela-
tionship to the observations of ACE.

2. Data acquisition and preparation

The current meter and pressure gauge array was de-
ployed in November 1986 and recovered in April 1987
as part of the NZOI West Coast Ecosystem Programme.
The deployed array comprised 14 current meters and
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three pressure gauges but due to heavy losses, largely
caused by trawlers, there is data from only eight current
meters and there is no pressure gauge data. Of particular
note is the loss of moorings from Cook Strait (off Wel-
lington) and the North Island shelf (off Port Taranaki).
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The absence of data from these moorings creates un-
certainty in some aspects of the analysis and interpre-
tation.

The recovered array, as shown in Fig. 1, includes a
line of four current meters on three moorings perpen-
dicular to the coast at Wekakura Point (41°S, 172°E)
just 70 km south of Cook Strait, and one dual-meter
mooring 520 km southwest along the coast at Big Bay
(44°16'S). Of the intermediate current meter line de-
ployed at 43°S, data (of length > 35 days) exists from
only one current meter at 750 m depth in 800 m of
water. All current meters were Aanderaa RCM4s, re-
cording temperature as well as speed and direction at
hourly intervals. In this paper the mooring lines are
referred to as Northern, Central and Southern. Each
instrument is referred to first by its line (either N, C
or S), then the mooring number, mooring 1 being
closest to the coast. If there were two meters on the
mooring, a T or B is used to indicate top or bottom.
Mooring and instrument depths are shown in Table 1.

The topography of the west coast shelf of New Zea-
land is complicated by the presence of Lord Howe Rise.
This wide ridge runs perpendicular to the coast of New
Zealand from the northern region of South Island,
where it is called the Challenger Plateau, to halfway
across the Tasman Sea. In the region of the rise, the
depth transition from the coast to Challenger Plateau
is gradual (average gradient of 1 in 200) and the plateau
then extends 400 km farther seawards at a depth of
only 750 m. Northeast and southwest of the rise the
shelf margin narrows and steepens, particularly in the
south where depths of 4000 m are attained within 20
km of the coast. The northern line of current meters
was deployed just south of Cook Strait in the region
of Lord Howe Rise and S1 was deployed 520 km south
where the shelf is very narrow.

Hydrographic observations were made along six lines
perpendicular to the coast between 41° and 44°S dur-
ing both the deployment and recovery cruises using a

TABLE 1. Statistics of the low-pass filtered data from the moored current meter and wind station records: mooring number or wind station
name, depth of water (m), instrument depth (m), record length, amplitude and direction of the mean (cm s™, °7 or N m™2 for windstress),
orientation of the principal axis (°T’), standard deviation of the velocity and windstress along the principal axis (s¥) and orthogonal to it

sU).
Instrument Water Meter Mean Length Principal

site depth depth amp. dir. (days) axis sV sU
Ni 74 47 0.8 82 172 25 11.6 1.8
N2 140 70 4.7 73 170 40 7.7 4.0
N3T 550 100 34 174 171 20 6.5 44
N3B 550 500 0.4 212 171 30 1.9 1.6
C2 200 170 37 233 29 50 4.9 2.1
C3 800 750 1.5 239 170 15 3.0 2.6
SIT 77 55 4.9 210 169 35 7.9 1.7
SIB 77 66 3.6 211 169 40 5.0 1.3
Farewell spit — — 0.030 130 210 120 0.070 0.046
Hokitika — — 0.008 148 210 45 0.028 0.015
Westport — —_ 0.012 77 210 45 0.037 0.019
ECMWF9 — — 0.043 105 210 120 0.090 0.078
ECMWF7 _ — 0.022 112 210 30 0.052 0.048
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Guildline Conductivity, Temperature and Depth
(CTD) probe. Along each line stations were about 20
km apart, closer together nearshore, and were contin-
ued to ~200 km from shore. Each cruise was of three
weeks duration, and the CTD profiles were carried out
almost continuously during that time so most sections
were profiled at least twice.

Wind speed and direction, recorded at 3-hour in-
tervals, were obtained for the duration of the deploy-
ment from three coastal stations: Farewell Spit in Cook
Strait and Westport and Hokitika along the west coast
(Fig. 1). The wind velocities measured at Farewell Spit
are believed to be representative of winds through Cook
Strait because the narrow spit extends almost 10 km
into the strait and has little elevation. However, the
wind stations on the west coast are backed by the
Southern Alps and hence may not give an accurate
measure of winds over the shelf waters. Geostrophically
determined winds from the European Centre for Me-
dium Range Weather Forecasting (ECMWF ) were ob-
tained at every 2.5° of latitude and longitude along the
west coast at locations nearby the coastal stations. Wind
measurements were also taken using the ship’s ane-
mometer at each CTD station during the deployment
and recovery cruises for further verification of winds
over the shelf waters. An initial analysis of this data
indicates that the geostrophic winds are representative
of the wind over the ocean to within at least 30 km
from the coast. Wind stress estimates were calculated
from the three-hourly velocity data using the neutral,
steady-state expression of Large and Pond (1981).

The only representative sea level data available for
the duration of the field study were obtained from the
harbour tide gauge at Port Taranaki on North Island
(39°S). The sea level data were digitized at hourly in-
tervals and corrected for the barometric response to
simulate bottom pressure.

All current, sea level and wind data presented here
are low-pass filtered, using a Fourier transform filter
tapered over 10% of the passed coeflicients, such that
the half-power point is at 0.6 cpd (cycles per day). The
filtered timeseries are subsampled at 12-hour intervals.

3. Preliminary observations
a. Hydrographic observations

CTD profiles taken during November 1986 and
April 1987 show a sharp pycnocline, due largely to the
temperature gradient, about 60 m below the surface.
For the duration of each cruise the hydrographic pro-
files did not vary qualitatively either along or across
the shelf. Between cruises, however, the strength of the
stratification increased at the base of the mixed layer.
The profiles shown in Fig. 2, from 150 km offshore in
750 m of water in November (ship station v011) and
950 m in April (ship station v167), are taken to be
representative of conditions at the shelf edge during
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FI1G. 2. Profiles of Brunt-Viisili frequency, salinity and temper-
ature for the November (thin line) and April (thick line) cruises.

each cruise. Broadly speaking, in April the surface
mixed layer is ~20 m deeper, ~1°C warmer and 0.1
psu less saline than in November, leading to a higher
maximum N in April. Below the mixed layer, however,
the profile of N appears to have remained substantially
constant during the deployment. In terms of their effect
on theoretical CTW properties, the two profiles are
found to be almost the same.

b. Currents

Time series of low-pass filtered currents (Fig. 3) show
that maximum velocities are found inshore on the
northern line at N1, where observed speeds reach 30
cm s~! although the mean flow is negligible. Currents
measured at the southern mooring at a corresponding
depth are not as strong, and have a southwestward
mean. At both of these inshore moorings currents are
rectilinear while farther offshore, on the northern line
at N2, the current vectors are more rotational with the
anticlockwise rotary autospectral components (not
shown ) being twice as energetic as the clockwise com-
ponents. At the outer mooring N3, 95 km from the
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FiG. 3. Time series of low-pass filtered current vectors from all meters. A northward current

is drawn as a vector pointing to the top of the page. Units are m s™'.

coast, currents are weak (~5 cm s™') at 500 m depth
(N3B) while maximum speeds of 20 cm s~ were re-
corded at the top meter (N3T) at 100 m depth. The
strength, surface intensification, low frequency and lack
of preferred direction of the current velocities at N3T
in November and December suggest the predominance
of eddy phenomena at this location. Table 1 shows
details of all current meter and wind time series, in-
cluding, for each location, the mean, standard devia-
tions and the direction of the principal axis of vari-
ability. The alongshore direction of currents at each
location is chosen to be in the direction of the most
energetic mode determined by a time domain vector
empirical orthogonal function (EOF) analysis (Hardy
and Walton 1978). These directions correspond closely
with the major axes of the current ellipses and the ori-
entation of the local topography.

The unsmoothed autospectra (Fig. 4) of the currents
at the two outer moorings (N3 and C3) are quite dif-
ferent to those of the currents at the other moorings.
They are dominated by energy at low frequencies (w
< 0.05 cpd) and have little energy at weather band
frequencies (0.05 < w < 0.18 cpd, periods of 6-20 d)
where the upper-shelf time series are most energetic.

Coherence estimates (not shown) between currents at.

N3 and C3 are well below the 95% significance level
except at frequencies below 0.05 cpd.

1

Here, and for the rest of this paper, coherence esti-
mates referred to are those obtained by band averaging
spectral and cross-spectral estimates using the Tukey
window [ 4 (1 + cosx)] with a half-amplitude width of
five spectral estimates. The 95% significance level for
the coherence squared (?) then corresponds to a value
0f 0.53 (Thompson 1979). In this paper, a “significant”
coherence is one which exceeds the 95% level of sig-
nificance. We also define here H,,5(w), the complex
frequency transfer function,

_ (B¥(w)A(w))
R = Beopry Y

The product in the angle brackets is averaged as above,
A(w) and B(w) are the Fourier coefficients of time
series A(t) and B(¢) at frequency w and complex con-
jugation is denoted by *. The amplitude of H,,5is an
estimate of the cospectral gain of 4/B and 64,p
= arg(Hy,5) is an estimate of the cospectral phase dif-
ference between A and B.

The three vertical lines through the spectra of Fig.
4 indicate the centers of the frequency bands which
are most energetic and coherent throughout the dataset.
The two lines drawn at w; = 0.055 ¢pd and w; = 0.13
cpd correspond to the most energetic peaks (within the
weather band) in the N1 and N2 spectra. At these two
frequencies there are corresponding spectral peaks in
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the SIT and S1B spectra and also high coherence (2
= (.7, see Fig. 5a) between the northern and southern
time series. A third, thicker line is drawn at w, = 0.09
cpd, where an energy peak at S1 is comparable with
the energy at the other two frequency bands. Although
there is high coherence between N1 and S1 in this fre-
quency band, there is not a distinct peak in the spectra
at either N1 or N2.

Coherence-squared estimates between alongshore
currents at N1 and N2 (Fig. 5b), separated by 30 km
across the shelf, are high, nearly 0.9 at almost all
weather band frequencies. The currents at the inshore
mooring N1 lead those at N2 at all weather band fre-
quencies, the cospectral phase 6{;,n; being 29 + 7° at
w, decreasing linearly to 21 + 7° at w;. The error es-
timates for phase are the 68% confidence intervals,
based on coherence estimates [Bendat and Piersol 1980,
Eq. (11.62)]. We shall discuss this cross-shelf phase dif-
ference in the alongshore currents in section 5.

The current at N1 is also highly coherent (Fig. 5a)
with that at S1T (520 km to the south). Cospectral
phase estimates 8§;t,n1 at w;, wz, and w; (periods 18
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d, 11d,7.7d)are 56 £ 12°, 101 = 13° and 80 = 13°,
corresponding to time lags of 3 d at w,; and w,, and 2
d at w3, with N1 leading.

Time series of the alongshore currents at N1, N2
and SIT are shown in Fig. 6. There is a clear visual
correlation between currents at the northern and
southern moorings for the latter two months of the
deployment, when most of the oscillations contributing
to the energy peak at w3 occurred. The alongshore cur-
rents are found to be maximally correlated when high
frequency fluctuations at periods of a few days as well
as the very long period (greater than 25 d) fluctuations
are filtered from the time series. The squared correla-
tion coefficient R? between the band-pass (6-25 d) fil-
tered currents at SIT and N1 (N2) is then 0.52 (0.56)
when S1T is advanced by 2.0 (1.5) d. These values of
R? are well above the 95% significance level of 0.08.
There is less visual correlation between the two time
series during the earlier months of the deployment.
When the data from the last two months are excluded
from the correlation, R? between S1T and N1 (N2) is
reduced t0 0.28 (0.43), the lag of S1 T behind N1 (N2)
being 2.5 (1.5) d. The correlations are still significant
for this shortened time series as the 95% significance
level of R? is 0.12. This change with time of the cor-
relation coefficient between currents in the north and
south will be discussed further in section 3d with regard
to the observed winds. Note that the different lags ob-
tained for N1 and N2 reflects the cross-shelf phase dif-
ference in the currents at the northern line that was
mentioned above.

The 95% significance level of R? was calculated on
the assumption that a degree of freedom is obtained
for every 3 d of data. This estimate represents an av-
erage of the integral time scales for the low-pass (periods
longer than 6 d) filtered winds and alongshore currents.
The autocorrelation function of the through-strait wind
and currents at N2 passes through zero at 8.5 d lag
with the integral time scale being 4.0 d. For the west
coast alongshore wind and currents at N1 and SIT,
the zero crossing is at 3.0 d lag and the integral time
scale estimate is 2.0 d.

The two current meters on the southern mooring,
S1T and S1B, are separated by only 11 m so it is hardly
surprising that they are highly coherent at all frequen-
cies above 0.03 cpd. The currents at the top meter,
however, lag those at the lower meter by ~20° and
the cospectral gain |Hgyp/sit| is ~0.5 within the
weather band due, presumably, to the effects of the
frictional bottom boundary layer.

The relationships between the measured currents can
be most concisely described using frequency domain
EOFs (see Wallace and Dickinson 1972). The analysis
was performed over the three frequency bands w;, w,
and w3, using only the alongshore component of the
velocity data from the seven current meters. The co-
herence squared estimates between the alongshore cur-
rents at each location and the first EOF in each fre-
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(Bendat and Piersol 1980).

quency band are given in Table 2. The first EOF is
largely representative of the nearshore currents (at N1,
N2, SIT and S1B) for which the average value of the
coherence squared between currents at each location
with the first EOF is 0.83. Currents at the outer
moorings, however, are incoherent with the first EOF
and therefore also with the nearshore currents, except
at ws.

c. Windstress

Low-passed windstress vectors (Fig. 7) show that
winds through Cook Strait are stronger than the west
coast winds, with stresses of more than 0.2 N m™2,
according to both measurements at Farewell Spit and
geostrophic winds from ECMWF9. The through-strait
component of the ECMWEF9 and Farewell Spit winds
are significantly coherent at frequencies less than 0.2
cpd with maximum coherence at w, and w; (y?>
=0.88).

The winds measured at the coastal stations on the
west coast, Westport and Hokitika, are weak, with few
peak stresses greater than 0.1 N m~2. The time series
from Westport and Hokitika, separated by 125 km, are
significantly coherent at all frequencies between 0.05
and 0.15 cpd. The maximum 2 (0.91) between these
two west coast winds occurs at w,, the frequency at

which only S1T and S1B (of the currents) have spectral
peaks. The alongshore component of the winds from
the nearest geostrophic wind station ECMWF7 is also
significantly coherent in the weather band (maximally
at w,, y? > 0.80) with Hokitika and Westport along-
shore winds. So it seems that at frequencies between
0.05 and 0.15 cpd all these winds are fairly represen-
tative of the wind along the west coast, although the
strength of the wind forcing over the shelf waters prob-
ably lies somewhere between the measured coastal
winds and the stronger geostrophic winds from
ECMWEF7 (75 km from the coast). Cospectral phase
estimates indicate that the west coast wind propagates
with an apparent phase speed of 6 m s ! northeastwards
along the coast, in the opposite direction to free CTWs.

The coherence between the alongshore components
of the geostrophic winds over the North Island
(ECMWF10) and South Island (ECMWF7) shelves is
significant throughout the weather band, and they are
maximally coherent at w, (v2 = 0.88). ECMWF10 is
also significantly coherent with Hokitika and Westport,
but only in the w, frequency band (vy2? > 0.75). Co-
herence estimates between the through-strait wind and
the alongshore component of the winds at Westport
or Hokitika are low (y2 < 0.42), although the through-
strait wind is marginally coherent with the alongshore
component of ECMWF7 at w, only (v2 = 0.58). Thus,
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FIG. 6. Low-pass filtered time series of through-strait windstress, alongshore currents at
N1, N2 and SIT and alongshore west coast windstress. Units are N m~2 and m s~'.

it seems that, for the duration of this experiment at
least, these two regions (over Cook Strait and along
the west coast) of wind forcing can be considered to
act essentially independently so that their contributions
to the current variance should be clearly distinguishable
except perhaps at w;.

The autospectra of wind stress in the direction of
the major axis of each time series (Fig. 8) indicate the

likely energy source of the three current spectra peaks.
The Cook Strait winds feature spectral peaks at w, and
w3, while the west coast winds feature peaks at w, only.
We do not suggest that these peaks in the unsmoothed
autospectra are “true” peaks in the usual sense. Instead,
the significance of the peaks in the wind spectra is that
they coincide with the peaks identified in the current
spectra, suggesting that a causal relationship exists. The

TABLE 2. Details of the EOF analysis of the currents. Coherence estimates (y> with EOF 1) are obtained by band averaging spectral and
cross-spectral estimates using the Tukey window with a half-amplitude width of five spectral estimates. The through-strait wind is from

Farewell Spit and the alongshore wind is from Hokitika.

Current variance Wind
described by EOF 1 Currents Sea level
Frequency Through- Along- (Port
band m?s! % total N1 N2 N3T N3B C3 SIT SIB strait shore Taranaki)
w1 092 78 .97 .89 .05 .06 13 81 1 12 .19 Ot
w 059 81 95 .74 .04 27 17 .84 .78 17 32 .56
w3 091 90 .95 94 .58 49 47 .85 .80 75 .36 .37
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FiG. 8. Unsmoothed energy-preserving autospectra of sea level at
Port Taranaki and windstress in the direction of the principal axis
of each time series. Units are m? s for the sea level and N2 m™ s for
the windstress. Only data from the same period as the currents (161
records) are used.

autospectrum is used here only to the extent that a
series of events common to two time series will produce
similar spectral signatures.

d. Comparisons between wind and current data

The correlation between the through-strait wind-
stress and alongshore currents at N1 is evident from a
visual comparison of the two time series (Fig. 6). For
the duration of the deployment it can be seen that
northeast (longshore) velocities at N1 occur soon after
the wind blows southeastward through the strait. When
the data are band-pass (2-25 d) filtered the correlation
coefficient squared between the time series of the
through-strait windstress and the current at N1 (N2)
has a maximum value of 0.27 (0.38) when the wind-
stress is lagged by 1.0 (1.0) d. If we further restrict the
passed band to spectral components at periods of 25—
6 d, R? between the Cook Strait wind and N1 (N2)
increases to 0.52 (0.60) when the wind is lagged by 0.5
(1.0)d.

The band-passed (6-25 d) alongshore current at SIT
was shown! in section 3b to be strongly correlated with
currents at the northern line. It is also significantly cor-
related with the alongshore west coast wind
(ECMWF7) with an R? of 0.36 when SIT lags the
wind by 1.0 d. The west coast wind, however, is only
marginally correlated with currents at N1 (N2) for
which R? is 0.08 (0.14). The alongshore wind may
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explain the change with time in the values of R? be-
tween currents at S1T and the northern line discussed
in section 3b. In Fig.6 it is evident that the high cor-
relation between the currents during the last two
months of the deployment occurs because the along-
shore wind was acting on the currents at S1T to rein-
force the current signal propagating from the northern
line. For the rest of the deployment, however, the two
forcing mechanisms do not reinforce each other, re-
sulting in a lower correlation coefficient between cur-
rents in the north and south. With the inclusion of the
west coast alongshore wind (ECMWFT7) lagged by 1.0
d in a multiple regression model of the band-pass (6—
25 d) filtered current at S1T, the value of R? is increased
to 0.73 from the R? (0.56) obtained using only the
currents at N2 lagged by 1.5 d.

The relation between the observed weather band
currents and winds is readily apparent from the co-
herence of the various winds with the first current EOF.
Estimates of 2 are listed in Table 2. In the frequency
bands w; and w3, only the Cook Strait windstress is
significantly coherent with the first current EOF, which
is consistent with the location of the energy peaks of
these time series. The cospectral phase estimates in-
dicate that the current at N1 leads the wind at Farewell
Spit by 23 * 13° at w; but lags it at w3 by 25 + 13°.
We will attempt to explain the apparent lead at w, in
Section 5b.

The low level of coherence in the w, frequency band
of the first EQF with either of the windstress time series
arises from the low coherence between the currents at
N1 and N2 (which largely define this EOF) with either
the through-strait wind (42 = 0.2) or any of the along-
shore west coast winds (y? ~ 0.4 with Hokitika, West-
port, ECMWEF7 and ECMWF10). The current at S1,
however, is significantly coherent at w, with all of the
alongshore west coast winds (v ~ 0.67) and also with
the current at N1 (y2 = 0.68). Thus, it appears that
currents at the southern mooring in the w; frequency
band are partially due to the South Island alongshore
windstress as well as being due to energy propagating
along the coast from the northern line. The source of
the weak w, signal at the northern line, however, is less
obvious.

e. Sea level

Weather band fluctuations in the barometrically
corrected sea level at Port Taranaki, 40 km north of
Cook Strait, are generally less than 15 cm (not shown)
and are coherent (y? = 0.89 at w,) with the alongshore,
geostrophic windstress ECMWF10 (off North Island),
particularly in the frequency band w,. The only sig-
nificant coherence between the sea level fluctuations
and the first EOF of the currents occurs at w, (Table
2), indicating that the energy observed on the South
Island shelf at w; and w; does not propagate from the
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North Island shelf. The coherence at w, suggests the
possibility that energy at the northern line on the South
Island shelf at this frequency originates from alongshore
wind-forcing over the North Island shelf. However, the
coherence is fairly marginal, suggesting either signifi-
cant scattering caused by traversing the strait region
or, alternatively, that the coherence may be spurious.

[ Summary

More than 70% (Table 2) of the nearshore along-
shore current variance on the South Island west coast
shelf, in the frequency bands w, and w3, was coherent
with the windstress through Cook Strait during this
experiment. The currents are not coherent at these fre-
quencies with either the North Island windstress or sea
level variability so we conclude that the currents are
driven by wind forcing in the strait. Wind forcing along
the South Island at w, and w3 is comparatively weak
so the high coherence at these frequencies between
currents at the northern line and those at the southern
mooring suggests that CTWs propagate freely along
the coast, despite the large alongshore changes in to-
pography.

In the frequency band w,, however, the South Island
alongshore windstress does appear to generate identi-
fiable alongshore currents, particularly in the southern
region. Unfortunately, the present dataset is insufficient
for a detailed examination to be made in terms of lo-
cally wind-driven CTWs, One problem is that the cross-
shelf structure is unknown at S1, the only location
where there is significant coherence with the alongshore
wind. Other obstacles include the imprecise knowledge
of the winds over the coastal waters, the rapid along-
shore changes in the shelf profile, and the uncertainty
of the amount of energy entering the region from the
North Island shelf.

For the remainder of this paper we shall therefore
focus our attention on the relation between the dom-
inant current response in the frequency bands «; and
w3, and the Cook Strait windstress. In section 5, we
will compare the observations at w; and w; with theories
of CTW generation by a coastal flux, but first we shall
consider the structure of the free CTW modes for the
South Island west coast shelf.

4. Free CTW mode structures

We have calculated the phase speeds and cross-shelf
velocity structures of the CTW modes of the South
Isiand west coast shelf using a computer program de-
veloped by Wilkin (1987) called ctweig. This program
is functionally similar to bigload, of Brink and Chap-
man (1987) in that it assumes alongshore uniformity
in the shelf profile and numerically solves the linearised,
inviscid, hydrostatic Boussinesq equations with arbi-
trary across-shelf bottom topography and realistic
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N?(z) profile. Crweig differs from bigload chiefly in
that vertical resolution is achieved with Chebyshev
polynomials rather than by finite differencing. Ctweig
uses a solid wall for its offshore boundary and cannot
solve for the barotropic Kelvin wave as it does not
have a free surface boundary condition option. CTW
modal structures and phase speeds were calculated at
each of the frequencies w; and w3, once using the No-
vember N? profile and again using the April N? profile.
The program was run with a grid of 201 elements in
the horizontal and 18 vertical modes. For the northern
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line the ocean depth is taken to be 750 m and the
offshore wall is placed 600 km from the coast so that
two thirds of the computational domain is over a flat-
bottom ocean.

The alongshore velocity structures of the theoretical
CTW modes 1 and 2 for the northern line are almost
completely barotropic, as shown in Fig. 9, despite the
large value of N, because the shelf gradient is small;
the Burger number, Npma/..f ', for the northern line
is 0.7, where 4, is the average gradient of the shelf and
slope and fis the Coriolis parameter. In comparison,
the CTW modes for the shelf profile at the southern
mooring (Big Bay) are highly baroclinic (Fig. 10) as
the shelf is narrow and steep, with a corresponding
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TABLE 3. Theoretical statistics for CTWs at the northern line: frequency, mode number, phase speed, wavelength ()}, friction coefficient
(), frictional decay length (L), given E}* = 0.08, and the expected phase difference (6;(w)) between the northern line and the center of

Cook Strait (Ay = 140 km) of the jth mode.

Frequency Phase speed A Qpn L, o;
(cpd) Mode (ms™) (km) (103 m™) (km) ©)
0.055 1 3.6 5655 0.258 4800 9

2 0.94 1477 1.1 1100 34
3 0.45 707 13.8 90 —
0.13 1 35 2326 0.27 4600 22
2 0.81 538 1.2 1040 94
3 0.44 292 32.6 40 —_

Burger number of 6. We will return in section 6 to the
question of how energy can propagate along the South
Island west coast when the free modes are so different
from one region to the next.

The phase speeds for the first three modes at the
northern line (Table 3) are not greatly affected by the
difference in the April and November N? profiles, with
changes in the phase speed being less than 5% for mode
I and less than 20% for mode 2 (the higher phase speeds
corresponding to larger maximum N?). The modal
structures are also only weakly dependent on frequency
and the choice of N?(z) so the main features are ad-
equately described in Fig. 9. The alongshore velocity
amplitudes m; of modes 1 and 2 (given unit velocity
at the coast) at the current meter locations on the
northern line are listed in Table 4 and are used in the
modal decomposition in section 5. Note that the mode
1 amplitude at the N3 mooring is less than 12% of that
at N1 and N2. Also, N1 and N2 are on the same side
of the nodal line of the mode 2 alongshore velocity,
with N2 being close to it.

The friction coupling coefficients a,,, [ Brink and Al-
len 1978, Eq. (2.13f)] are listed in Table 3 and were
obtained using Brink and Chapman’s barotropic CTW
program. These provide an estimate for the effect of
friction at the northern line. The modal structures for
the northern line calculated by the barotropic CTW
program differ very little from the structures found us-
ing the baroclinic ctweig. The frictional time scale 7,
for each mode is given in terms of the Ekman number
Ey, evaluated at the coast, and phase speed of the nth
CTW mode by Ty = (c,amEo'’*) " (Brink and Allen
1978). It is assumed that E,'/? is small, being ~ 8,/ ho

TABLE 4. Values of m;(Nl) used in (3) and (4).

Current meter Mode 1| Mode 2
N1 .96 .82
N2 .82 31
N3T .09 —-.28
N3B .06 -.32

where 6, is the Ekman bottom boundary layer depth
and A, is the coastal depth which we will take to be
equal to 75 m because the initial bottom slope at the
northern line is steep (Fig. 9). The Ekman boundary
layer depth is 6, = 2Cpq/ f, where Cp is a drag coefh-
cient, fis the Coriolis parameter and ¢ is the total rms
near-bottom velocity. At N1, we estimate g to be 20
cm s™!, which includes the hourly measured currents
and an anticipated average wind-wave climate with a
deep-water amplitude of 1 m and 10 s period (R. S.
Lee, personal communication). Taking Cp as 1.5
X 103 and f= 0.95 X 107*, then 8, = 6 m and E,'/?
= 0.08. Using this value for E,'/? the frictional time
scale Tyis greater than 14 days for modes 1 and 2 but
less than 2 days for mode 3. The frictional decay lengths
L, = ¢,Ty, listed in Table 3, suggest that mode 3 is
highly damped and is unlikely to be energetic even at
the northern line after traveling only 140 km from the
center of Cook Strait.

5. CTWs generated by a coastal flux

In this section we compare the observations with the
barotropic theory of Buchwald and Kachoyan (1987)
for shelf waves generated by a coastal flux. The problem
has also been solved for the baroclinic case by Mid-
dleton (1988), however the BK theory was considered
appropriate for this application as the shelf response
on the Challenger Plateau is almost entirely barotropic.

a. Theoretical predictions

The BK solution assumes an exponential shelf pro-
file, H(x) = hy exp{2bx}, and a strait with vertical
walls and of constant depth. The flux through the strait
is assumed to be constant across the strait and oscil-
lating only in time with a cyclic frequency w, so that
U(y, t) = Uy sin(2nwt). The downstream (in terms
of CTW propagation) response over the shelf to this
forcing is found to be a sum of free CTW modes with
the same frequency as the forcing and zero phase at
the center of the strait. The amplitude at the coast of
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the alongshore velocity associated with each mode is
given by

Vil x=0 = 2u;04 Uy sin(k;d)/ k;, (2)
where k; is the wavenumber of the free CTW of fre-
quency w with group velocity in the direction of the
phase speed, d is half the strait width, y; satisfies tan(x;)
= —u;/(b + |k|) and «; is a parameter dependent on
wj, the shelf profile and dispersion relation [see BK
equations (3.19) and (4.6)]. The notation used here
is that of BK except that their superscript which in-
dicates that these parameters are associated with the
long wavelength CTW is omitted and we use y; to de-
note BK’s m;. The sinc function dependence of the
response gives almost equal amplitude to any mode
having wavelength greater than twice the width of the
strait, so straits with widths O(100 km) may excite
CTWs of high mode number (at least locally) when
subject to weather-band forcing.

The shelf profile at the western opening of Cook
Strait is only constant across two-thirds of the strait
opening due to the shoaling onto the northern side of
the Challenger Plateau. We shall, however, assume a
constant shelf profile across the opening and over the
Challenger Plateau the profile can be adequately de-
scribed by an exponential, where ko = 75 m is the depth
at the coast and b = 1.15 X 107> m™'. For the first
three CTW modes, there is less than an 8% difference
between the wavenumbers calculated for an exponen-
tial shelf in a barotropic ocean and those calculated
using real stratification and bottom topography. The
effect that shoaling of the bottom topography onto the
Challenger Plateau has on the amplitudes of the CTW
modes generated by the strait is not known. Presumably
some energy could propagate northwestward along the
edge of the plateau reducing the amplitudes of the
modes trapped to the coast, although, we assume that
this effect is small.

Cook Strait has a maximum depth of 100 m and
resembiles a triangle in cross section more than a square,
but to fit the theory of BK, we have modeled it as
having vertical sides of depth 75 m and width 140 km.
Using these values, the amplitudes at the coast of the
alongshore velocity associated with the first three
modes, normalized by the amplitude of the depth-av-
eraged, through-strait velocity Uy, are shown in Table
5. The model predicts currents at the coast due to mode
2 to be slightly greater than those due to mode 1 at
both Wi and w3.

b. Preliminary comparisons between theory and ob-
servations

The implications of the BK theory can now be cast
in terms of some of the observable quantities at the
northern line. The mode 3 CTW on the shelf over the
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Challenger Plateau has a very short frictional decay
length so we assume that only modes 1 and 2 would
be observable at the northern line. The (complex)
alongshore velocity V at mooring N/, obtained by the
superposition of two CTW modes generated by the flux
through Cook Strait, is given by

2
V(N @) = 2 v(@)|xeom;(NDe™).

J=1

(3)

The m;(NI/) are the cross-shelf structure functions,
evaluated at N/ (Table 4), of the jth CTW mode, as
determined using ctweig and normalized such that the
velocity amplitude of each mode at the coast is unity.
The phase 6;(w) = k;Ay due to propagation alongshore
of the jth mode from the center of the strait (Ay = 140
km) is listed in Table 3. The unit imaginary number
is denoted by i. Strictly speaking, the m;(N/) are de-
pendent on frequency and stratification, however, the
effect of this dependence is comparable to the accuracy
obtainable in numerically determining the modal
structure. Therefore, the results using only one matrix
of m;(NI) (associated with CTWs of frequency w3 and
using the April N? profile) are shown.

The magnitude of V(N/, w) is proportional to the
(unknown ) through-strait flux Uy. One of the critical
observable quantities is, therefore, | V(N2, w)| /| V(NI1,
w){, which is 0.60 (0.64) at frequency w; (w3 ). We find
that this ratio is close to the observed cospectral gain
| Hnz/ni |, which is 0.58 + 0.08 (Fig. 5b), and even
closer to the gain obtained using the first EOF (|Eln;,|/
|Elni 1), which is 0.60 (0.62) at w; (w3).

The other critical observable quantity is the cross-
shelf phase difference between currents at N1 and N2,
The theoretical phase difference 64,,n, = arg[ V(N2,
w)/V(N1, w)]}is —5° (—16°) at w, (w3), which indicates
that N2 should lead N1 because the mode 2 contri-
bution reduces faster with distance offshore. However,
the observed cospectral phase %2~ = arg(Hnz/ni ) 1S
29 £ 7° (21 £ 7°) at w, (w3) (Fig. 5b), indicating that
currents at N2 lag those at N1. What could account
for this (nearly) frequency independent [6%2;n
— 02N = 34° (37°) at w, (w3)] nearshore phase lead?

A nearshore phase lead caused by friction is com-
monly predicted in the literature for the case of a cur-
rent forced by an alongshore windstress. Observations
of nearshore phase leads have also generally been for
the locally wind-forced case, rather than for the less
commonly observed freely propagating waves. Brink
et al. (1978), however, observed that remotely forced
currents at a nearshore mooring (in 40 m on the shelf
of Peru) led those at an offshore mooring (in 123 m)
by one day. They ascribed this phase advance to the
effects of a cross-shelf gradient in the relative impor-
tance of friction. We suggest that the nearshore phase
lead we observe at the northern line is also due to fric-
tion. The weak dependence on frequency of 6R2/n:
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— B%2/N) 1 consistent with the conclusion of Brink and
Allen (1978) who showed that the nearshore frictional
phase lead is only slightly dependent on frequency
through its dependence on the CTW phase speed and
structure.

A nearshore frictional phase advance could also ac-
count for the apparent lead at w, of the current at N1
with respect to the wind at Farewell Spit. The theoret-
ical (frictionless) phase difference 64,, between the
currents at N1 and the through-strait windstress can
be expressed as \;,, = arg[V(NI, w)] + 8, where
arg{ V(N1, w)] (22° at w, and 59° at w;) is the phase
due to propagation of the two modes from the strait
and 6, is the phase associated with the response time
of the wind-driven flux through Cook Strait. The re-
sponse time of Cook Strait is unknown, so we use the
response time of Bass Strait which Morrow et al. (1990)
estimated to be 6 h, giving 8, = 5° (12°) at w; (w3).
Thus, we obtain 04/, to be 27° (71°) at w, (w3). The
observed cospectral phase 6g;,,, however, is —23
+ 13°(25 £ 13°) at w; (w3). Assuming that the differ-
ence between the theoretical and observed phases is
largely due to friction we obtain estimates of the fric-
tional phase lead at N1 (64, = 01/ ~— 0%y/,) to be
50° (46°) at w; (w3). The frictional phase advance at
N2 can be obtained by subtracting the previously de-
termined advance of NI relative to N2 (6f/m
— Oh2/ni) from 6f,, yielding 6, = 16° (9°) at
w; (w3).

The predicted v;| o are greater than the (unmea-
sured) through-strait velocity U, by factors of 1.9 or
greater (Table 5). Thus, the amplitude of the current
through the western opening of Cook Strait can be es-
timated to be approximately one-half the amplitude of
that observed at N1. The standard deviation of the
alongshore current at N1 is 1 1.6 cm s ™!, so the standard
deviation of the through-strait current will be ~6 cm
s~'. Cook Strait narrows on the eastern side to a width
of 22 km (approximately one-sixth of the width at the
western side ), but it also deepens to an average depth
of 250 m, so that the minimum cross-sectional area of
the strait is about one-half of that at the western open-
ing. Thus, the maximum expected value of the standard
deviation of currents in Cook Strait is a plausible ~ 12
cm s~!. Due to instrument losses, however, we have
no direct measurements of low frequency currents in
the strait to verify this expectation.

TABLE 5. Alongshore velocity amplitudes, v;| x~o/Up, and the ratio
of the mode 1 and mode 2 values (v,/v,).

Mode
Frequency
(cpd) 1 2 3 1,/0,
0.055 1.9 2.5 25 1.3
0.13 20 24 0.6 1.2
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¢. Modal decomposition

The theoretical CTW modes at the northern line are
highly barotropic, so the two current meters on moor-
ing N3 should provide no more information about the
CTW modes than does one meter. We therefore have
the equivalent of only three measurement locations to
use for mode-fitting at the northern line. To avoid
“over-fitting” (Hsieh 1982) and because mode 3 is so
heavily damped, we have chosen to fit the observations
to only two modes.

The current recorded by N3T is dominated by non-
CTW signals of very low frequency and hence cannot
be included in a fit to CTW modal structure. The modal
decomposition is therefore performed as a least squares
fit in the frequency domain to only three locations,

such that:
mi(N1) my(NI1) a, VNI NI
my(N2) my(N2)| X [a } =lvne| — | 2| (4)
m;(N3) my(N3) 2 VN3 N3

where a;(w) is the (unknown) complex amplitude of
the alongshore velocity associated with the jth mode
CTW at the coast (for comparison with BK’s v;| o),
rv(w) is the residual of the fit to vy (w), which is the
complex Fourier coefficient of the alongshore velocity
at location N/.

The small number of instruments and the low energy
at the outer mooring combined with the largely recti-
linear currents render the modal decomposition a fairly
simple operation; effectively, a fit of modes 1 and 2 to
the ratio of current amplitudes at N2 to N1. This ratio
is ~0.9 for mode 1 and ~0.4 for mode 2, while the
observed ratio is ~0.6. N2 is near the zero crossing
for mode 2 so the fit is potentially unstable to small
variations in the modal structure. This instability is
overcome by the added restriction of low energy at the
outer mooring, which limits the amplitude of mode 2.
Stability, however, does not necessarily imply the pres-
ence of CTW modes, and with this simple fit, any near-
shore intensified current variability can be described
with two CTW modes. The modal decomposition,
therefore, cannot strictly be used to infer the presence
of CTWs, but once we accept that the currents are due
largely to CTWs, the modal decomposition can be used
to determine their relative amplitudes.

The theory of BK predicts that CTWs will be gen-
erated by a coastal flux and the results of the spectral
analysis in section 3 show high coherence between the
Cook Strait winds and currents at both the northern
line and the southern mooring. We therefore assume
that there are propagating CTWs on this shelf, which
are generated by the wind through Cook Strait. Thus,
rather than fitting the modes to the alongshore velocity
data, we shall use only the velocity which is coherent
with the windstress at Farewell Spit, v}, with the prop-
erty that



554

vi(w) = 7(w)Hni/(w), (5)

where 7(w) is the Fourier coefficient of the wind at
Farewell Spit at frequency w. The modal amplitudes
obtained from the modal fit using the v3, shall be re-
ferred to by a;".

The percentage variance for all three current meter
time series at each frequency which is not accounted
for by the decomposition into CTW modes is given by

3
2 l‘;ll'N/
€=t (6)

3
2 (VR)*v
=1

At w; and ws, € is 2% and is never higher than 5% for
other frequencies in the weather band.

The magnitude of the (complex ) modal amplitudes,
a;"(w) are shown in Fig. 11. The ratio a,"(w)/a;"(w)
is 0.9 at w3 and compares favourably with the predicted
ratio of 1.2 using the theory of BK. At w,, the ratio is
0.7 which, although not as large as the predicted ratio
of 1.3, still represents a large proportion of energy due
to mode 2. As previously mentioned, almost all of the
current fluctuations contributing to the signal at w;
occurred in the last two and a half months of the de-
ployment. A modal fit in the same manner, but using
data from this period only, gives a modal amplitude
ratioa,”/a,” of 1.0 at w3, slightly closer to the predicted
ratio.

For comparison, the modal amplitudes a,(w) [de-
termined using vy/(w) in (4) rather than the vi;(w)]
are shown in Fig. 11b. The amplitudes of mode 1 at
w; and both modes at w; are increased by up to 20%,
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FIG. 11. The amplitudes | a,"(w)| and |g/(w)| of CTW modes 1
and 2 at the northern line determined by a model fit to (a) the vi;
and (b) the vy at N1, N2 and N3B.
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while at w, the mode 2 amplitude is increased by 60%.
The time series a,;(¢) and a,(¢) obtained from the in-
verse Fourier transform of the coefficients a;(w) and
a,(w) and also the sum of these two time series are all
significantly coherent (Fig. 12) with the through-strait
wind at both w; and w3 except for mode 2 at w;.

d. The effect of a cross-shelf phase gradient

Phase differences between the a,(w) and the through-
strait wind (Fig. 12) show that mode 2 leads the wind

" at w;, which would not be the case if, as we are pro-

posing, the CTWs are generated by the strait. We are,
however, fitting frictionless modes to observations
which are affected by friction (as discussed in section
5b). To account for the effects of friction we have ex-
perimented with retarding the Fourier coefhicients
vni{w) and vz (w), which are input to the modal de
composition by the estimated frictional phase lead at
each location 9{“ and 0{12 (44° and 10°). These phase
lead estimates are a reevaluation of those obtained in
section 5b, using the amplitudes of the modes a;” from
the modal decomposition rather than the predicted
modal amplitudes. We find that the amplitudes of the
fitted modes remain largely unaltered and the phase of
mode 1 is retarded by ~10°. However, as shown in
Fig. 12¢, the phase of mode 2, which is sensitive to the
relative phase advance between N1 and N2, is retarded
by more than 90° so that mode 2 lags the wind by 38
+ 26° (85 *+ 16°) at w; (w3), in greater accord with
the theoretical phase of mode 2 (8(w) + 6,) which is
39° (106°) at w; (w3). The direction and magnitude
of the phase shift of mode 2, caused by retarding the
input Fourier coefficients to the modal fit, suggest that
it is possible for a frictional phase lead to account for
the apparent inconsistencies between the observed
phase at N1 and that predicted by inviscid theory, al-
though we stress that these calculations are only indic-
ative.

6. Comparison of observations at the northern line with
those at the southern mooring

The coherence between currents at the northern and
southern lines, particularly at w; and ws, at which fre-
quencies the west coast wind is neither energetic nor
coherent with the currents, suggests that the energy
observed at the northern line propagates in some form
along the coast to the southern mooring. The consid-
erable difference in the across-shelf depth profiles and
associated CTW modal structures at the two locations
indicates that the barotropic CTWs on the Challenger
Plateau must undergo major adjustments to their
across-shelf structures in order to exist as the highly
baroclinic CTWs calculated for the much steeper shelf
in the southern regions of the west coast.

The loss of most of the data from the central line
severely limits what can be concluded concerning the
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FI1G. 12. Estimates of the coherence squared and cospectral phase between the Cook Strait windstress and (a) a, + a,, (b) @, and (¢) a,,
where a; and g, are the times series of the fitted CTW modes 1 and 2. Two sets of estimates are shown on each plot, one obtained from (4)
using the vy(w) and the other obtained after phase shifting the vy;(w) to account for friction. The latter are plotted as +’s and solid boxes.
A positive phase lag indicates that the CTW mode time series lags the wind.

alongshore evolution of CTWs. However, it is of in-
terest to compare the current amplitudes and phases
at the southern mooring with those one might expect
if the CTW modes | and 2 propagate from the northern
line without loss of energy, adjusting their structure
and wavelength with the shelf profile. We will call this
the zero-scattering scenario.

The amplitude of the velocity associated with each
mode at S1T relative to that at N1 for the zero-scat-
tering scenario is simply #7,(S1T)/r;(N1), where the
caret indicates that the CTW across-shelf structure
function m; (calculated using the local shelf profile)
has been renormalized so that each mode has unit
alongshore energy flux (instead of unit coastal veloc-
ity). We evaluate this ratio for mode 1 (2) to be 0.2
(0.3) at w, and 0.2 (0.4) at w3. In comparison, the
observed velocity ratio obtained from the first EOF
|Elsit|/|Eln| is 0.54 at w; and 0.63 at w3, roughly
twice the value possible for the zero-scattering scenario.

These higher observed current amplitudes at S1 sug-
gest that the energy flux of the barotropic CTWs on
the Challenger Plateau remains in the shallower regions
of the shelf as the shelf deepens, perhaps through scat-
tering into more closely coastally trapped modes. This
is as anticipated by the (barotropic) theory of Johnson
(1989) who considers the scattering induced when the
shelf profile changes from one exponential to another
of a different slope. The amplitudes of the transmitted
modes are proportional to (n? — 8?m?)~! where 8 is
the ratio of the logarithmic slopes and » and m are the
transmitted and incident mode numbers, respectively.
In the present case where (3, the ratio of the shelf slopes
at the southern and northern lines, is ~2.7, scattering
into modes 2 through 6 is predicted. Further investi-
gation into the rate at which energy is scattered into

the higher modes and dissipated is beyond the scope
of this study. However, we note that CTW modes on
the shelf between the northern and southern lines will
have longer frictional length scales than those obtained
for the northern line CTWs (Table 3) as the phase
speeds of modes in the southern regions are consid-
erably higher.

The propagational phase lags for the zero-scattering
case may be determined by dividing the shelf into many
sections (we have used 10, each about 50 km in length),
and choosing a representative shelf profile for each sec-
tion. The phase speeds for modes 1 and 2 on each
section are found using ctweig and converted to a time
lag across the section. The sum of the time lags along
the coast gives total lags between N1 and S1 of 0.7 d
for mode 1 and 2.4 d for mode 2. These time lags
correspond to phase differences for modes 1 and 2 of
14° and 48° at w,; and 33° and 112° at w;. To compare
these phase differences with those observed, estimates
of the relative importance of the two CTW modes at
S1 are required. Assuming that at N1 the ratio of the
amplitudes of modes 1 and 2 is approximately 1.0, we
find that the corresponding zero-scattering time lags
are 1.7 d at w; and 1.9 d at w;. These estimates are
obtained using (3) but with the substitution of
r(S1T)/mi(N1) for vj| x-om; and using the propaga-
tional phase difference of each mode between the
northern and southern lines instead of the phase dif-
ference 6, between the strait and the northern line. The
observed cospectral phase 6§;T,n1 at w, (see Fig. 5a)
corresponds to a time lag of 2.8 d which is 1.1 d longer
than the zero-scattering time lag, again suggesting the
scattering of energy to higher modes. At w3, however,
the observed time lag is 1.7 d which is within 0.2 d of
the zero-scattering time lag.

95%
- 180%
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The problem of quantifying the scattering effect of
any particular shelf topography is considered by Wilkin
and Chapman (1990). They introduce the warp factor
F,, as a measure of the shelf’s departure from shelf-
similarity. The concept of shelf-similarity was first in-
troduced by Hsueh (1980) and then generalized by
Davis (1983) with the inclusion of short wavelength
CTWs. A shelf that varies alongshore yet remains shelf-
similar will not scatter CTWs. Once off the Challenger
Plateau, the warp factor for the west coast shelf of South
Island is ~0.4. This is an order of magnitude greater
than that of the shelves considered in the numerical
experiments of Wilkin and Chapman, where F,, ranged
from zero (no scattering) to 0.04, for which case up to
20% of the incident energy was found to be scattered.
In addition, the large canyons that cut deeply into the
continental shelf, particularly in the southern region,
may lead to significant energy loss or scattering (Wang
1980), and at this stage it is not obvious what their
effect on the currents observed at S1 would be.

It thus appears that the zero-scattering scenario is
unlikely to be appropriate, from both theoretical and
observational grounds. An important outcome of the
present experiment is the observation that energy does
manage to traverse a region of substantial scattering
without being entirely dissipated in the process, re-
sulting in currents at S1 being substantially stronger
than they would be if energy remained entirely in the
first two CTW modes.

7. Summary and concluding remarks

For the duration of this experiment most of the
weather-band current variance on the northern shelf
is coherent with the through-strait windstress and not
coherent with either alongshore winds over the shelf
or the sea level measured at North Island. With no
other energy source apparent it seems reasonable to
conclude that CTW modes on the west coast shelf are
generated by the wind-driven flux through Cook Strait.
A fit of CTW modal structures to the currents at the
northern line of current meters indicates that both
modes | and 2 contribute nearly equally to the near-
shore current, in agreement with the theory of Buch-
wald and Kachoyan (1987). Farther offshore, on the
Challenger Plateau, surface intensified motions are ob-
served, which are of larger amplitude and lower fre-
quency than can be explained in terms of CTWs.

The highly significant coherence observed between
the currents at the southern mooring and those at the
northern line, particularly at the frequencies w; = 0.055
and w3 = 0.13 cpd at which there is little energy in the
alongshore winds, indicates that the energy of the
CTWs generated on the northern region of the shelf is
transmitted at least 600 km to the southern mooring
despite the large alongshore variations of the shelf to-
pography. A comparison of the observed phase lags
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and relative amplitudes of the currents in the north
and south with those expected for freely propagating,
unscattered, energy conserving CTW modes suggests
a considerable degree of scattering into more slowly
propagating, nearshore-trapped modes.

South Island alongshore wind-forcing also contrib-
utes to the current variance observed at the southern
mooring, showing up in the present dataset as a spectral
peak at w, = 0.09 cpd. While forcing by west coast
winds is therefore undoubtedly of importance it appears
that during this experiment the currents generated by
the flux through Cook Strait are responsible for the
bulk of the variance (at periods of 6-25 d) on the South
Island west coast shelf.

This result is analogous to that of ACE (Church et
al. 1986a,b; Freeland et al. 1986) where CTWs were
found to be generated by the flux through Bass Strait,
so it is appropriate to make some comparisons. In gen-
eral, the currents associated with CTWs observed off
southeast Australia during ACE were a lot stronger than
those measured on the New Zealand shelf during the
six months of this experiment. For example, the along-
shore current observations from the location in ACE
closest to Bass Strait, on the Cape Howe section at 75
m depth, in 140 m of water (instrument 11/75in ACE
notation) have a standard deviation of 30 cm s~!
(Huyer et al. 1988). In comparison, the standard de-
viation of the currents at N2 at a similar depth is only
8 cm s~! and at NI in 74 m of water it is only 12 cm
s~!. For the CTWs on the two shelves to have equal
energy flux, the ratio of alongshore velocity at N1 to
that at 11/75 would be ~ 1.5 for both modes 1 and 2.
Thus the ratio of the observed standard deviation of
the alongshore velocities (0.4) implies that the CTW
energy flux along the west coast shelf of South Island
was only 7% of that on the NSW shelf.

An estimate of the time-averaged energy flux asso-
ciated with the CTWs on the New Zealand shelf during
the experiment may be made by normalizing the g;”
of (4) so that they are a measure of energy flux rather
than coastal current amplitude. The energy flux,
summed over the frequency band of interest, is then

2
F= E z (ﬁjf)*ﬁjf.

w j=1
For the band 0.05-0.15 cpd we obtain
F=21X10"W,

one-ninth of the estimate of CTW energy flux, 1.8
X 10% W, obtained by Freeland et al. (1986) for the
Cape Howe line during ACE.

The relatively low energy of these CTWs can be ex-
plained in part by the comparatively weak winds
through Cook Strait compared with those through Bass
Strait. The standard deviation of along-strait windstress
measured by Kingfish B (an oil rig at the eastern mouth

(7)
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of Bass Strait) for six months during ACE, is 0.23 N
m~? (Morrow et al. 1990) while that at Farewell Spit
is only 0.09 N m™2 for the period of our deployment.
In addition, the locally driven flux through Bass Strait
is possibly augmented by wind-driven CTWs generated
along the long stretch of wide shelf of the Great Aus-
tralian Bight (Church and Freeland 1987) whereas no
comparable analogue exists for Cook Strait [unless
Chatham Rise (Fig. 1) proves to support topographic
waves].

Finally, we note that if Cook Strait did not exist, the
low frequency currents on the west coast shelf of South
Island, forced only by the weak alongshore winds with
phase speed in the opposite direction of free CTWs,
would be even less energetic than the weak currents
now observed.
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