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ABSTRACT

Using the Ocean Surface Current Radar (OSCR) developed by the Rutherford-Appleton Laboratory (UK),
30 days of synoptic hourly surface current vectors were obtained for 84 locations within a nearshore region
some 18 kms square. Tidal analyses of these data show that the currents associated with the predominant M,
constituent sweep smoothly and regularly through the area, unaffected by the finer topographic features. Moreover,
contours of the amplitude of the M, semi-major axis are mutually consistent to a precision of better than 0.5
cm s~ Statistical analyses of these data indicate that the standard error of OSCR current measurements is less
than 4 cm s™!, By contrast the major higher harmonic constituent, M,, shows pronounced, but ordered, spatial
variability. Relating the observed distributions for M4 and M, is foreseen as an instructive modeling problem
that should advance our knowledge of shallow water tidal interaction processes.

Standard relationships between residual surface currents and the associated wind forcing only accounted for
typically 30% of the current variance. However, by using the empirical orthogonal function technique a single
mode was found to be responsible for up to 90% of the total variance with a mean value of 66% over the
complete set of measurements. While the time-series for the (complex) amplitude of this mode showed significant
correlation with the wind-stress time series (0.73 E-W and 0.32 N-S), the former was characterized by much
longer period oscillations. The velocity vectors of this mode were almost uniformly aligned but varied in amplitude
by a factor of 2. Thus, a low-frequency “slablike” surface current response to wind forcing is indicated. However,
this response includes indirect components possibly involving modifications to current structure due to changes
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in density fields and nearshore influences.

1. Introduction

Measurements of high frequency radar echoes back-
scattered from the sea surface can be used to deduce
information on both waves and surface currents (Bar-
rick, 1978; Shearman, 1983; Leise, 1984). The mea-
sured spectra exhibit two peaks corresponding to a res-
onance between the radio wavelength, Az, and both
advancing and receding surface waves of length A,
= 1 \g. In still water, these “Bragg” peaks would occur
at frequency shifts of +¢/A, where cis the wave celerity.
Where the waves propagate in a current u, the Bragg
peaks are offset by u/\,,. Since Ag is known, measure-
ment of the two Bragg peaks enables # to be determined
directly without any calibration constants. The Ruth-
erford-Appleton Laboratory (UK) developed a system
named OSCR (Ocean Surface Current Radar) (King
et al., 1984), based on the CODAR system (Barrick et
al., 1977) to measure nearshore surface currents. OSCR
uses a beam-forming receiving antenna comprising 16
separate elements equispaced over a line 90 m long
oriented orthogonally to the center line of the radar
beam coverage. Signals from 16 beams each 6° wide
can be differentiated. Along each beam signals can be
separated into “bin” lengths of 1.2 km. Operating at a
frequency close to 27 mHz measurements can be made
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over distances up to 40 km offshore. For this frequency
A» =~ 5 m and the measured velocity u reflects an in-
tegrated value over the near-surface layer effective in
advecting waves of this length, i.e., approximately the
top meter. The system has been deployed in nine
oceanographic experiments over a two year period.
Summaries of these experiments have been given by
Prandle (1985b) and Prandle and Howarth (1986).

The present experiment was carried out in May-
June 1985 following a trial experiment conducted in
April 1984. In this earlier experiment, in Liverpool
Bay (Prandle and Ryder, 1985), only one OSCR unit
was available and measurements from one site were
combined with measurements taken one month later
from a second site. The coherence of the tidal forcing
then enabled the construction of a tidal ellipse distri-
bution for the predominant M, constituent. These
OSCR results for M, were shown to be in close agree-
ment with values derived both from a numerical tidal
model and from moored current meters.

Encouraged by these results and the availability of
two OSCR units, a dual deployment in Red Wharf Bay
(Fig. 1) was planned for a period of 30 days. The lo-
cation chosen lies within an enclosed shelf sea domi-
nated by strong tidal forcing evidenced by a spring tidal
range of 6.5 m and a neap range of 3.4 m. Significant
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F1G. 1. Red Wharf Bay. Radars located at Pt. Lynas and Orme. Current meters deployed
at positions A and B. Wind recorded at Valley.

wind forcing also occurs in this area and, in this respect,
the region of radar coverage extended from nearshore
sheltered areas to open sea conditions. Depths in the
area covered range from 10 to 50 m and hence signif-
icant nonlinear interactions occur through the influ-
ence of both shallow water and bed friction. Interesting
flow features associated with the promontory to the
west of the region were also expected. Moreover, the
timing of the experiment was chosen to coincide with
related experiments concerning the formation of den-
sity fronts. Thus, while complete vertical mixing was
expected within the region of OSCR coverage some
encroachment of fronts in the area immediately east
of the OSCR region was anticipated.

One objective concerned a continuing assessment of

the performance of the OSCR system. It was also an-
ticipated that the unique spatial coverage of surface
currents would reveal interesting facets of nearshore
circulation. The results included here fulfill this ex-
pectation offering new insights into the mechanics of
both tidal and wind-driven phenomena. The present
paper extends to the presentation of the essential results
in a synthesized form. The ensuing phase, involving
more extensive theoretical interpretation of the results,
is proceeding and will be presented later.

2. Observations

Concurrent measurements were made at the two
sites shown in Fig. 1, from 5 May to 3 June 1985. The
mode of operation was as follows:
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At one site, backscattered signals pertaining to 20
bins along one beam were recorded for 2 minutes. In
the following 3 minutes, these signals were spectrally
analyzed and radial currents determined. Concurrently,
within this 3 minute interval, backscattered signals were
recorded at the other site. This interleaving procedure
enabled measurements at one site to be made at 5 min-
ute intervals, allowing measurements along each of 12
separate beams (preselected out of the 16 possible
beams) to be made at hourly intervals. Thus, the ob-
servational program was designed to provide 30 days
of hourly data appropriate to the requirements of ac-
curate tidal analysis.

Alignment of the radar at the Orme site (located on
a shelf in a limestone scarp some 100 m above sea
level) was restricted. This factor, in combination with
the range of 25 km (for the first 20 bins) and the need
for beam crossing angles to be greater than about 20°
to accurately resolve the current vectors, restricted the
determination of current vectors to the area delineated
by just 10 beams from each site as shown in Fig. 1.

A number of other instruments were deployed as
part of the experimental program. Here, we consider
only additional data from 1) a bottom mounted Aan-
deraa current meter (measuring height 1 m above bed)
located at 53°24.1'N, 3°56.3'W deployed for 27 days
in May 1985 (position A in Fig. 1; mean water depth
approximately 25 m) and 2) a moored Aanderaa cur-
rent meter deployed for 29 days in April 1977 (mea-
suring height 11 m above bed) located at 53°24.0'N,
3°55.5W (position B in Fig. 1). Hourly wind data were
available from a meteorological station at Valley,
shown in Fig. 1.

3. Tidal components

Separate tidal analyses were carried out for the time
series of radial currents pertaining to all 20 bins along
each of the 20 beams. A version of the Harmonic
Method developed at IOS Bidston was used, calculating
the amplitude and phase of 27 separate constituents
together with an additional 8 related constituents
(equilibrium relationships assumed). Use was made of
a software package specifically designed (by the Marine
Information and Advisory Service of I0S) to expedite
the total of 400 tidal analyses, this package also allowed
for missing values in the hourly time series. At the
same time, residual current components were calcu-
lated by simple subtraction of the “tidally predicted
signal” from the original time series.

To calculate tidal ellipse properties at the beam in-
tersection points, linear interpolation from the tidal
constituents calculated for the nearest bin positions was
used. Further consideration of the results of these tidal
analyses is restricted to 10 major constituents repre-
sentative of the four main parts of the tidal spectrum
namely 1) semidiurnal, 2) higher harmonics, 3) diurnal
and 4) longer period.

Table 1 shows tidal ellipse properties for these 10
major constituents derived from 1) OSCR measure-
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ments at the intersection of beams, nine from Pt. Lynas
and six from Orme; 2) 30 days of current observations
from the meter moored at mid depth at position B (1
km east of A); and 3) 30 days of current observations
from the bottom mounted meter at the adjacent po-
sition A. This close proximity of A and B allows us to
consider these results as representative of the vertical
structure of tidal constituents at one point with values
from 1) surface, 2) mid depth and 3) bed. Figure 2,
parts a, b, ¢ and d respectively, indicate the spatial
distributions of tidal ellipse properties obtained from
OSCR measurements for the constituents a) M,, b)
M,, ¢) O, and d) Mm. The parameters amplitude, di-
rection and phase refer to values for the semi-major
axis of the ellipse, with direction measured clockwise
from North. Eccentricity is defined as the ratio of am-
plitudes of minor axis: major axis with positive indi-
cating anticlockwise rotation and negative clockwise
rotation.

a. Semidiurnal constituents: M,, N3, S,

Table 1 indicates the predominance of the M, con-
stituent. For M,, the current amplitude at mid depth
is approximately % surface value while at the bed it is
only Y5 surface value. Similar reduction factors are
found for the other two major semidiurnal constituents
(N, and S,) and likewise for O,, K, and My. For M,,
the 5° phase advance at the bed and the increase in
ellipticity from —0.13 at the surface through —0.01 at
mid depth to +0.15 at the bed both accord qualitatively
with the theoretical estimations for the vertical struc-
ture of tidal currents (as derived for a quadratic bed
stress and eddy viscosity constant over both time and
water depth—Prandle, 1982). The reduction in am-
plitude at mid depth and the bed also follows from this
theory though the extent of the reduction at the bed is
probably associated with benthic processes not incor-
porated in this theory. For all three semidiurnal con-
stituents, the maximum variability between values of
both phase and direction from columns 1, 2 and 3 is
+2.5° of the mean.

Detailed examination of the spatial distributions of
M, tidal ellipse properties (Fig. 2a) indicates a markedly
smooth and regular distribution of the amplitude, di-
rection and phase parameters with no anomalies oc-
curring between contours of these parameters. Ampli-
tude increases from 75 cm s™! at the eastern edge to
95 cm s~ at the western edge with an accompanying
direction change from 90° to 110°. The phase variation
from 221° to 236° reflects a phase advance due to in-
crease in the ratio of friction to inertia terms in shallow
water. Eccentricity is clockwise throughout, generally
with a value close to —0.1 but increasing (in a clockwise
sense) to —0.2 in shallower water.

The S, and N; ellipse distributions (not shown) are
similar in character to that for M, with only a slight
reduction in the smoothness of the contour distribu-
tions. The range of variations in ellipse parameters for
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TaBLE 1. Tidal ellipse measurements at position A. I: OSCR near surface, 2: moored current meter at middepth, 3: bottom-mounted
current meter. All values calculated from approximately 30 days data. Amplitude, direction and phase refer to semi-major axis. Amplitude
is in cm s7', lower values in parentheses indicate percentage of M, value. Direction measured clockwise from north. Eccentricity: minor
axis/major axis, +ve for anticlockwise rotation and —ve for clockwise rotation. Zo represents the mean current averaged over the observational

period after removal of all tidal constituents.

Amplitude Direction Phase Ellipticity

Constituent
period 1 2 3 1 -2 3 1 2 3 1 2 3
Zo 9.7 3.0 3.8 0 256 196

(12) (5) (14)

Mm 6.9 1.5 1.0 38 53 308 262 329 5 -0.11 0.35 0.00
27.6d ) (3) 4)
MSf 5.0 1.2 0.6 86 59 63 176 307 94 -0.03 -0.53 0.18
14.8d (6) )] 2)
O, 2.2 0.9 0.7 116 120 80 253 312 301 0.03 -0.23 -0.38
25.82h 3) 2) 3)

K 2.0 1.0 0.5 121 71 95 69 76 94 0.07 —-0.01 0.04
2394 h 3) ) )
N, 16.4 11.3 5.4 103 101 98 196 200 202 -0.18 —0.11 0.20
1266 h 21 (19) (20)
M, 79.8 58.2 27.4 99 100 100 226 226 221 -0.13 -0.01 0.15
1242 h (100) (100) (100)
S, 26.7 18.3 9.0 103 103 98 258 262 263 —-0.03 -0.03 —0.01
1200 h (33) 31 (33)
M, 7.6 54 2.2 90 98 226 90 104 325 —0.47 0.02 0.19
621 h (10) &) ®
MS, 49 3.1 1.0 86 96 251 125 158 346 -0.31 0.03 0.38
6.10h 6) 5) @ '
Mg 39 1.9 0.4 118 106 102 297 211 257 -0.19 -0.19 -0.07
4.14h Q) () ¢V

10 major constituents, including S, and N, is shown
in Table 2.

b. Higher harmonics M,, MS, and M,

The tidal ellipses for M, are shown in Fig. 2b. The
parameters range from: amplitude 6 to 11 cm 5™}, di-
rection 60° to 120°, phase 60° to 110°, and eccentricity
—0.8 to +0.2. The parameter contours retain spatial
coherence with a “pole” close to the 90° phase “island”
at which point the eccentricity is zero increasing (in a
clockwise sense) radially outwards. Tidal ellipses for
MS, (not shown) vary in a more irregular manner (see
Table 2). When compared with My, this more irregular
distribution for MS,; might be a consequence of the
increased complexity of the forcing mechanisms in-
volving the interaction of M, and S, constituents. The
regularity of the Mg ellipse distributions (not shown)
lies midway between the patterns for M, and MS,.
However, the phase distribution is notably well ordered
resulting, perhaps, from a phase locking mechanism
with the forcing M, constituent.

From Table 1, M, amplitudes are close to 10% of
M, amplitudes for all three datasets. However, for My,
MS, and Mg direction, phase, and eccentricity show

larger variations between surface and bed. This vari-
ability may be attributed to (i) complex vertical current
structure, (ii) inaccuracy in resolving these constituents
or (iii) varying degrees of contamination by surface
waves. Similar comments apply to the following tidal
species.

¢. Diurnals 0) and K;

Tidal ellipses for O, are shown in Fig. 2c, the range -
of parameter values is shown in Table 2. The K, tidal
ellipses (not shown) show a similar range of variation.
The current ellipses for both constituents indicate a
broad circular sweep of flow around the Pt. Lynas
promontory. Theoretically, the O, constituent can be
accurately resolved from a monthly recording of hourly
data, whereas the K, values rely on assumed relation-
ships with other constituents. Significant irregularity
exhibited in the parameter contours for both O, and
K, suggests that the accuracy of the recordings is barely
adequate to determine these constituents. The large
variability in parameter values shown in Table 1 be-
tween all three datasets suggests that this latter conclu-
sion also applies to the current meter recordings (col-
umns 2 and 3).



235

D.PRANDLE

FEBRUARY 1987

-aseyd MOYS SIUI| IN0JUO)) “SHUANINSUOD WA (P) PUE 'O (9) ‘A (Q) ‘T (B) 10j SIUSWAINSEIU YHSQ WO PAUILLISIIP SISAIY[d [epl1 Jo TonNQUIsY( g "Old

A3SIONY

A3SITONV

*n (o)

9002
2




236

TABLE 2. Range of variation of tidal ellipse parameters over the
OSCR region. Parameter definitions as for Table 1.

Con-

stituent Amplitude  Direction Phase Ellipticity
Mm 4-8 30-90 150-270 -0.6 to 0.2
MSf 4-8 90-140 150-180 —0.7 to 0.1
O, 1-5 120-150 210-300 —-04 to 04
K, 2-5 90-150 60-100 0.5 to 0.2
N, 14-21 80-120 190-210 —0.25to0 —0.1
M, 75-95 90-110 221-236 0.2 to —0.1
S, 24-30 95-115 255-275 —0.15t0 0.0
M, 6-11 60-120 60-110 —-0.8 to 0.2
MS, 4-7 0-150 100-170 —-0.3 to 0.0
Ms 2-7 120-210 270-300 —-0.7 to 0.2
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record length. Figure 3 shows the constituents derived
from the tidal analysis of bin 19 along beam 9 from
Pt. Lynas (approximately the E-W current component
at position A). The month-long recording provides ac-
curate separation of constituents spaced more than 0.5
deg h™! and is thus sufficient for most constituents
shown.

For well-separated constituents, Godin shows that
the accuracy of resolution is given by

AA=vV2/N (1)
Ag=vV2/N/A [rad] )

where AA is the standard error in the tidal amplitude

. A, Ag the standard error in the phase g, v the standard

d. Longer period MSf and Mm

Tidal ellipses for Mm are shown in Fig. 2d and pa-
rameter ranges in Table 2. These parameters vary in
an irregular fashion except for the ordered phase pro-
gression shown. Tidal ellipse distribution for MSf (not
shown) are similarly irregular. These constituents can-
not be meaningfully resolved from a data series of only
one month, the values obtained reflect the time series
for surge energy rather than the strict astronomical tidal
constituents. )

Godin (1972) showed that the accurate resolution
.of tidal constituents depends on: 1) frequency and du-
ration of the observations, 2) magnitude of the con-
stituent, 3) existence of neighboring constituents and
4) the noise level. The duration of recordings should
be such that all major constituents are separated by a
frequency difference equivalent to the inverse of the

error of the “white” noise, and N the number of ob-
servations.

The contoured values for the magnitude of the M,
major axes indicated mutual consistency to better than
0.5 cm s~ To obtain a more precise estimate of A4
and Ag, and thereby to estimate » from (1) and (2),
plots (Fig. 4) were made of the M, current ellipse values
for amplitude and phase determined at beam intersec-
tions along (a) beam 9 from Pt. Lynas and (b) beam 6
from Orme. We then assume that in nature 4 and g
vary smoothly and that departures from the smooth
curves (sketched) reflect the respective noise levels. By
using ellipse parameters at beam intersections rather
than radial components from specific bins, the influ-
ence of any small changes in direction of the ellipse
major axis associated with localized topography is
minimized. The values from Pt. Lynas, beam 9 were
AA = 0.14 cm s~! and Ag = 0.14°, suggesting respec-

o8l M,
0.6.—
04
L s,
o2t .
k g
L M,
Mm MSt ' MSs My
L T L] |
5 | I H | | § 1 | \
[+] [} 13 14 15 16 27 28 29 30 3 42 43 44 57 58.59 86 87 88 89

FIG. 3. Tidal constituents (in m s™*) for radial currents measured at bin 19 of beam 9 from Pt.
Lynas (close to position A). Tidal frequencies in deg h™". Dashed lines indicate related constituents.

.
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FIG. 4. Variations of M, current ellipse values for amplitude (semi-major axis), and phase at beam
intersections along (a) beam 9 from Pt. Lynas and (b) beam 6 from Orme: X amplitude, O phase.

tively from (1) and (2) values of » = 2.5 and 3.8 cm
s™!, the latter for a mean value 4 = 85 cm s~!. Similarly,
values from Orme, beam 6 were A4 = 0.28 cm s~
and Ag = 0.14° with respective values of » = 5.1 and
3.7 cm s7!, the latter for 4 = 80 cm s™'. Thus, overall
these results suggest a standard error of y ~ 4 cm s~".
In this simplistic approach, the estimate for » includes
both physical signals and instrumental errors and hence
the value should be regarded as a conservative upper
limit,

The above procedure suggests that well-separated
constituents should be resolved to an accuracy of the
order of +0.25 cm s~ in 4 and (i) +1.3° in g for 4
=10 cm s™!, or (ii) +6.5° in g for 4 = 2 cm s™'. These
error estimates for both 4 and g are consistent with
the accuracy of determination of the various tidal con-
stituents described earlier.

4. Residual component
a. Mean values

Figure 5 shows the mean residual vectors, i.e., the
time-average of the nontidal (or residual) component.

The vectors indicate a northwards surface drift ranging
from a maximum of 17 cm s~} in the shallower south-
ern area to about 3 cm s~! in the deeper northern area.
The superimposed “streamlines” were calculated by
assuming these residual surface currents persist
throughout the water column. The net transport in-
dicated of 40 X 10°> m® s~! may be compared with the
estimated long-term flow through the Irish Sea of 60
X 10° m? s, This calculated net transport far exceeds
fresh water inflow into this region and, almost certainly,
the observed residuals represent a surface drift coun-
terbalanced by southward flow close to the bed. Some
confirmation for this conclusion is indicated in Table
1. Thus, at position A the northwards surface velocity
of 10 cm s™! measured by OSCR is counterbalanced
by a southwards near-bed velocity of 4 cm s™! measured
by the bottom-mounted current meter.

Residual velocities associated with Stoke’s transport
(simplified one-dimensional approximation, Pingree
and Maddock 1985) can be calculated, for the M, con-
stituent, from }(UZ/H) cosf, eastwards and 3(VZ/
H) cosf, northwards where U, V and Z represent M,
tidal amplitudes of current components (U, V) and of
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FIG. 5. Observed mean surface current. Contour lines indicate integrated flow
in units of 10* m3 s™! (assuming surface drift persists through depth).

elevation Z; H is the water depth and 6,, 6, the phase
differences between (i) U and Z and (ii) V'and Z. From
Robinson (1979), Z = (2.5 m, 307°) £ (0.15, 5°) over
the OSCR region, Stoke’s drift velocities of up to 0.8
cm s~} eastward and 1.0 cm 5! southward are obtained.
Thus, some counterbalancing northward flow com-
ponent is expected but, even allowing for a variation
in the vertical profile of such a flow, it is too small to
account for the observed surface drift.

The most likely forcing mechanisms for these large
net surface residuals are (i) wind forcing and (ii) hor-
izontal density gradients (the region was thought to be
well mixed vertically at the time of the observations).
One common assumption for wind-driven surface cur-
rents is the “2% law,” i.e., the surface drift amounts to
2% of the wind speed. Thus, mean surface drifts of 17
and 3 cm s~ would require, respectively, mean north-
ward wind speeds of 8.5 and 1.5 m s™'. Averaged over
the observational period, the mean northwards com-
ponent of wind speed was (measured at Valley) 2.5 m

~! with a mean westward component of 1.7 m s~

Thus, while wind is not an insignificant component in

forcing the mean surface residual currents, some ad-

. ditional component must be actmg to drive the larger
. observed values.

Using simple one-dimensional theory for tidally
dominated regions and assuming zero depth-averaged
flow, Prandle (1985a) derived the following formulae
for surface velocities due to (i) a wind velocity W and
(ii) a longitudinal density gradient

U,=0.317,/0kU
172 80/0%) (ap/ax)

wind forcing:

3

density gradient: U, =0.036g. 4)
where the wind stress 7, (in dyn cm™2) ~ 0.04 W2 w
in m s7!), k the bed-stress coefficient ~ 0.0025, U the
background tidal amplitude ~ 80 cms™!, g = 981 cm
s72, p =1 gcm™> and H is the depth. Thus from (3) a
mean wind-driven surface current of 17 cm s~ requires
a mean wind speed W of 16 m s~ while U,, = 3 cm
s~! requires W = 7 m s~!. These results again suggest
that wind forcing alone is insufficient to account for
the observed net residual currents.

In the southern region where depths are typically 20
m, from (4), a surface residual of 17 cm s™' would
require a density gradient p'(dp/dx) of 2.5% - km™'.
In the northern region with depths up to 50 m, a surface
residual of 3 cm s~! requires p~'(9p/dx) = 0.07% - km™".
Such density gradients are not entirely incompatible
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with the likely pattern associated with the mixing of
fresh water from the Conway estuary (located imme-
diately west of the Orme radar site), however no direct
observational evidence is available for direct validation.

b. Time varying residuals

To construct synoptic distributions of residual cur-
rents at hourly intervals both temporal and spatial in-
terpolation was required. Linear spatial interpolation
was used to derive values at the beam crossing points
(as described for the tidal components). Quadratic
temporal interpolation was then used to calculate val-
ues “on the hour” using the nearest three values in
time. Figure 6 shows examples of two consecutive in-
stantaneous residual current (i.e., observed minus tid-
ally predicted) distributions, one hour apart. At the
instant shown the wind speed (Fig. 10) is about 8 m
s~ ! slackening and veering from SE towards S.

Figure 7 shows the distribution of rms residual speeds
obtained after removal of both the harmonically pre-
dicted tidal components and the time-averaged resid-
uals shown in Fig. 5. These values range from about 7
cm s~! in the northern region up to 15 cm s™! in the
shallower southern area. The equivalent value obtained
from the bottom-mounted current meter at position
A was 3.3cm s™}, and 5.6 cm s”! from the mid depth
mooring at position B. Figure 7 also shows the equiv-
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alent distribution of rms residual speeds obtained after
the removal of remaining tidal energy by filtering with
the Doodson Xo filter (Doodson and Warburg, 1941).
This filter involves manipulation of hourly data ex-
tending up to 19 hours either side of the central time.
It is highly effective in removing tidal energy in the
diurnal, semidiurnal, quarter- and sexto-diurnal bands.
One disadvantage of the filter is an aliasing of higher
frequency energy producing an erroneous oscillation
at a period of 2.6 h. This characteristic, clearly evident
in subsequent time series, should be disregarded. From
Fig. 7, we note that this filtering reduces the rms resid-
ual speeds from a mean of 11 cm s™ to 4 cm s™! and
also significantly changes the spatial distribution. These
consequences suggest a high level of interaction be-
tween the propagation of the tidal component and the
surge component. To avoid the complexities of such

_interaction subsequent analyses of the residual currents
are carried out using the filtered values. Figure 8 shows
the filtered time series of OSCR current residuals at
position A.

¢. Response to wind forcing

Conceptually two alternative response modes relat-
ing surface currents to wind forcing were envisaged,
one appropriate to nearshore and one to open-sea con-
ditions.

—
20cms™

53°30°

53°20

FIG. 6. Instantaneous residual circulation. Successive hourly values 22.00 (DASHED) and 23.00 25 May 1985.
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FIG. 7. Root-mean-square residual speed distribution (in cm s™*). (a) —— harmonic tidal
components removed, (b) -- - - - Doodson Xo filter applied to (a).
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FIG. 8. Residual current components at position A (in cm s™') harmonic tidal component
removed and Doodson Xo filter applied. (a) East-West and (b) North-South.
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1) NEARSHORE RESPONSE

First, referring to Fig. 9a, nearshore the residuals
might be expected to be preferentially oriented along
the direction « (with « likely to be parallel to the shore-
line or depth contours). The residual component along
a, R, = R cos(f — «) is then assumed to vary with the
component of wind stress, 74 = 7 cos(¢ — ) resolved
along some optimum direction 8 as follows:

R.=R+a7s. (5)

The orthogonal components of wind stress are 7,
= bW AW, > + W22 and 7, = bW, (W2 + W22,
where b is a drag coefficient, g, the regression coeffi-
cient, R a constant velocity independent of wind, and
W, and W, wind speeds in m s™' directed east and
north respectively. Likewise residual velocities are U
and V along the x and y axes. Then (5) may be trans-
formed to

U cosa+ Vsina = R+ a,b(v}; cosB+ 7} sinB)  (6)

where 7, = bry and 7, = br,.

At each position the preferential orientation, «, was
determined corresponding to the axis of maximum re-
solved residual variance. A mean value of a = 0° (due
east) was obtained and for 60 out of 84 locations 350°
< a < 10°. However, on examining the ratio of the
variance along the « axes to the variance along the
orthogonal axes, a mean ratio of about 2 and a max-
imum of 4 were calculated. Hence the alongshore re-
sidual flow concept does not seem appropriate. How-
ever, for completion, a least-squares fit to equation (6)
was used to determine the parameters R, a;b and 5.
Hourly wind recordings from Valley (Fig. 1) were used
(Fig. 10). A mean value of @;b = 0.0125 was obtained
(with Win m s~ and R in cm s™!) with a minimum
of 0.005 at the western edge increasing systematically
to 0.0135 at the eastern edge. The deflection angle be-
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tween maximum residual variance and most effective
wind direction showed a mean value close to 0° and
was within the range £10° at 79 out of 84 locations.
Residual velocities along the « axis calculated from (6)
accounted for only 35% of the observed residual vari-
ance along this axis.

2) OPEN SEA RESPONSE

In open-sea conditions it was envisaged that the re-
sidual surface current would be at some fixed angle (¢
— 0) to the wind stress with a magnitude directly pro-
portional to the wind stress. Thus, referring to Fig. 9b
we assume

Ra = R + a27'¢ (7)

€3]

where R = (U, + iV},) is a constant velocity independent
of wind.

A least-squares fit to (8) produced mean magnitude
for a,b = 0.04 with ¢ — 6 = 20°, this veering is in the
direction expected from Ekman theory. Magnitudes of
a;b ranged from 0.03 at the northern edge to 0.05 in
the south while at 76 out of 84 locations 10° < ¢ — 8
< 30°. Figure 10 shows the time series of wind speed
squared (W?) components resolved along 70° and
340°. These wind stress components force currents
easterly and northerly, respectively. However, com-
parison of Fig. 10 with the residual components at po-
sition A (Fig. 8) shows limited correlation. Over the
whole area, subtracting the current vectors calculated
by (8) from the observed residuals only reduced the
speed variance by 20%.

In a further attempt to relate the residual velocities
to the wind vectors, separate relationships along the
east-west and north-south axes were examined,
namely .

or
U+iV=Up+ iVo+ ayb(rl,+ ir})

(b)

qu. 9. Conceptual response between wind forcing and surface current residuals. (7,
¢) wind stress direction, (R, 6) residual current. (a) Nearshore response, residuals con-
strained to be aligned close to the axis «, and (b) open-sea response, residual currents

veer (¢ — ) from wind stress direction.



242

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 17

{a) o
-80 }

o]

(b) o
-0l -

-0 |

‘ .

3 C ) BTE
MAY

-
1985

FIG. 10. Wind forcing components. Components of wind stress (W? in m? s™2) along directions (a) 70°
and (b) 340° (clockwise from N). Calculations indicate these components are most effective in producing

(a) easterly and (b) northerly current residuals.

E-W axes: u =+ a,r cos(¢ — o)

= U+ a,b(7} cosa, + 7}, siney) 9)
N-Saxes: v=7+ ayr sin(¢ — a)

=0+ a,b(r}, cose, — 75 sine,).  (10)

Least-squares fit to (9) and (10) produced mean values
of a,b = 0.1, ayb = 0.03, a, = 0° and «, = 30°, thus
indicating a significantly different response along the .
two axes. Average correlation factors between u and v
calculated from (9) and (10) and the observed time
series were 0.6 and 0.4.

The values of (g, b) calculated from these open-sea
and nearshore responses may be compared to the 2%
rule and to the formulation (3). For the mean—squared
wind speed over the experiment of 36.2 m s~1 the 2%
rule reduces to

U,=0.33W2 (11)
For the conditions cited, Eq. (3) reduces to
U,=0.06 W2 (12)

The mean values found from the formulations ex-
amined were, respectively, for (6) a;b = 0.0125, for (8)
ab = 0.04, for (9) a,b = 0.1 and for (10) a,b = 0.03.

In summary, the formulations (6), (8), (9) and (10)
only account for a fraction of the observed residual
currents, the magnitudes of the associated coefficients
are compatible with (3) but significantly less than the
2% rule. The latter rule is probably more applicable to
the higher frequency residual component—previously
removed by filtering.

5. Empirical orthogonal functions (EOF)

In the previous section, only limited correlation was
found between the residual current time-series and the
corresponding wind forcing The question than arises
as to whether the remaining remdual components,
seemingly uncorrelated to wind forcing, are simply
randomly distributed or are organized into some or-
dered motion. A rotary empirical orthogonal function
(EOF) technique was used to analyze the spatial array
of OSCR measurements with the aim of determining
any organized patterns of motion, i.e., modes. Klinck
(1985) provides a comprehensive description of the
method; here we provide a brief outline (see also Kundu
and Allen, 1976).

The data series (filtered Xo version) is stored in a
complex array W(j, k), where j represents the hourly
time series 1 to N and k the locations 1 to M.

Wix=Upx— U+ i(Vje— Vi) (13)

where U and V are easterly and northerly residual
components. The Hermitian matrix H is formed as fol-
lows

1
H=—W- -WT 14

5 (14)
where WT is the complex conjugate transpose of W.
The eigenvalues A, and eigenvectors e,, of H are com-
puted, satisfying

H (15)

A complex series 4, for the mth mode EOF is then
calculated from

Cm = Amm.
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M
Aj,m= 2 I/I/}',ker"r‘z,k
k=1

(16)

where e is the complex conjugate of ¢,,. The array W
contained the residuals from all 84 locations, mean
values of U and V were removed but the data were not
normalized. Because of limitations in computer mem-
ory size, the above analysis was carried out in three
sections each comprising 168 hourly datasets. For the
most energetic modes, the velocity vectors computed
in the three sections were almost identical and hence-
forth, no consideration will be given to the small dif-
ferences between the three separate analyses.

Figure 11 shows the percentage of the total variance
at all 84 locations accounted for by the first 10 EOF
modes. Mode 1 accounts for 66% of the total variance,
mode 2 accounts for 8% and successive modes all less
than 4% each. The velocity vectors from mode 1 are
shown in Fig. 12 and the time series 4, of the (complex)
amplitude is shown in Fig. 13. In view of the over-
whelming contribution of mode 1, further considera-
tion will be restricted to this mode. The velocity vectors
for this mode are close to a uniform alignment with
deviations rarely more than +£20° of the mean direc-
tion. The magnitudes of these velocity vectors vary
systematically with a minimum of 0.65 (expressed as
a fraction of the overall mean) at the western edge up
to a maximum of 1.3 close to the eastern edge. This
magnitude distribution is correlated with the distri-
bution for percentage variance accounted for by mode
1, the latter reaches a peak of almost 90% close to the
eastern edge.

The time series for 4; (Fig. 13) shows excellent cor-
relation with the residual current time series at position
A shown in Fig. 8. (Strictly the modal time series A4,
cannot be simply resolved into N-S and E-W axes.
However, because in this case the velocity vectors are

100%

TOTAL VARIANCE %

A - Il A ) I— 1 'l A J
0 I 2 3 4 5 6 7 8 9 10
MODE NO.
FI1G. 11. Percentage of total (filtered) residual variance accounted

for by successive subtraction of EOF modes 1 to 10.
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close to a uniform alignment, it is both reasonable and
of direct interest to translate the complex components
of A, into these orthogonal spatial axes.) The extent of
this correlation can be measured from the 84% of total
variance at this location accounted for by mode 1.
However comparison of the time series for 4; with the
effective wind stress components shown in Fig. 10 in-
dicates only limited correlation. To investigate the re-
lationship between the time series for 4; and that for
wind stress, the following relationship was assumed:

Ay — A =W + i) 17

where A, is a constant component in 4,.

By least-squares fitting, a value r = (0.062, 29°) (4,
in cm s™*, Wg and Wy in m s™!) was calculated, indi-
cating a veering direction between surface current and
wind of 29°,

The value of 0.062 for the amplitude of r may be
compared to the mean values for a,b = 0.0125, axb
= 0.04, a,b = 0.1 and g,b = 0.03 deduced from Eqs.
(6), (8), (9) and (10). This similarity in magnitude sug-
gests that wind forcing may be primarily responsible
for the observed residuals, but a complex asymmetric
relationship may be involved including significant
variable time lags. \ _

Correlation of the orthogonal components for A4
+ r(We? + iW4?) calculated from (17) with the origi-
nal time series, A, produced values of 0.73 along the
E-W axis and 0.32 along the N-S axis. This 0.73 cor-
relation coefficient for the E-W axis exceeds the cor-
relation coefficient of 0.60 calculated earlier [Eq. (9)]
between the E-W component of residual velocity and
the corresponding optimal wind stress component. The
opposite result is found for N-S components (0.32
against 0.4). A time variation in the large mean N-S
residual (perhaps a changing density field due to winds
or river flow fluctuations) might be the reason for the
lower correlation along this axis.

6. Discussion and conclusions

This OSCR experiment has resulted in a unique data
set revealing details of the fine scale spatial distribution
of near-shore surface currents. The data were separated
into tidal and nontidal motions, which permitted the
validity of the observations to be established and the
subsequent analysis to be performed.

Treating first the tidal components, the exceptionally
smooth and regular spatial distribution of the predom-
inant M, tidal ellipses are mutally consistent to a pre-
cision of better than 0.5 ¢cm s™! in the amplitude of the
major axis. Statistical analyses of these results indicate
that the standard error for OSCR current measure-
ments is less than 4 cm s~!. Comparison, at one lo-
cation, of the M, surface results with data from current
meters moored (a) at middepth and (b) near-bed, fur-
ther confirmed the validity of the OSCR measurements.
However, one uncertainty concerning the focussing of
OSCR (i.e., the extent to which results from a specific
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FI1G. 12. Velocity vectors for EOF mode 1. Contours show current amplitude as a fraction of the overall mean.

bin and beam reflect conditions pertaining solely to of focussing with a specific ellipse reflecting conditions
that region) remained. Indeed, considered in isolation, over an area much larger than the bin and beam con-
the smoothness of the M, results might suggest a lack  cerned.
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FIG. 13. Modal amplitude time series, 4, (in cm s7') for EOF mode 1:
(a) real (approx E-W) and (b) imaginary (approx N-S).
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The pronounced but ordered spatial variability
found for the major higher harmonic constituent M,
clearly established the accurate focussing capability of
OSCR. In combination, these results for the M, and
M, constituents provide both concrete conclusions and
challenging questions. Thus, from the smooth sweep
of the M; currents, apparently insensitive to the finer
topographic features, we readily appreciate how even
coarse grid numerical models can accurately simulate
the propagation of this constituent. By contrast, a major
challenge is posed in providing an explanation of pro-
cesses responsible for the complex M, current distri-
bution.

The residual currents proved interesting in two re-
spects. First, the large mean residual currents indicated
a coherent northward surface transport. While the most
likely driving mechanism appeared to be horizontal
density gradients, a lack of density measurements pre-
cluded further investigation. The possibility of using
OSCR in a future experiment to explore such mech-
anisms clearly suggests itself. Second, the relationship
between the time-varying residual currents and the
most likely driving force, namely surface wind stress,
proved both tantalizing and revealing.

In examining separately the relationship between the
residual current time series at each position with the
wind-stress time series, only limited correlation was
‘'obtained. While the magnitude of the calculated re-
sponses was of the expected order, there remained a
large part of the residual signal seemingly unconnected
with direct wind forcing. The question then arose as
to whether the non-wind driven residuals were random
-or part of an ordered motion.

An empirical orthogonal function analysis was used
to determine modal distributions. This revealed a single
mode accounting for 66% of the total residual variance.
The spatial structure of this mode indicated uniform
alignment (within £20°) with ordered amplitude
variations of up to £30% of the mean value. Moreover,
the areas of maximum modal amplitude corresponded
to the areas of maximum residual variance contained
within this first mode. The time series of the complex
modal amplitude (by which this mode is multiplied to
obtain a residual time series at each location) showed
a correlation with the wind stress time series of 0.73
along the E-W axis and 0.32 along the N-S axis with
an overall veering of 29° clockwise between the modal
current and wind directions. The modal amplitude time
series is largely free from high frequency components
evident in the wind-stress signal (filter aliasing indicates
energy at a period of 2.6 h which should be ignored)
and is characterized by oscillations in the period range
from 4 to 7 days. The tidal filtering effectively removes
frequencies of less than one day. These longer period
oscillations must be related to larger horizontal scale
motions or perhaps to a slowly developing vertical cur-
rent profile associated with gradual changes in the den-
sity field. Thus, a low-frequency slablike surface current
response to wind forcing is indicated. The spatial vari-
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ation in the amplitude of this conceptual response
might be attributed to a breakdown of the “slab” in
nearcoastal regions with a change in the vertical current
structure. Such a change in vertical structure might be
expected nearshore where wind stress may be balanced
by surface gradients (that act uniformly through the
water depth) rather than simply by surface currents as
in open-sea conditions.
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