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ABSTRACT

It has been shown that the phase angle of the complex correlation coefficient is a good measure of the
average relative angular displacement (veering) between a pair of two-dimensional vector series. The cor-
relation coefficient between the low-frequency (w<0.6 cpd) components of the current vectors at 20 m and
5 m heights from the ocean bottom at a station near the Oregon coast reveals an Ekman veering of 6°.

1. Introduction

The characteristics of the bottom boundary layers
in the ocean and the atmosphere have been the subject
of many studies since the classical work of Ekman
showed that, for the stationary horizontally uniform
case with constant viscosity, the current vectors must
veer counterclockwise looking down. Theoretical
studies of the stationary turbulent Ekman layers (e.g.,
Csanady, 1967; Gill, 1968; Blackadar and Tennekes,
1968), based mostly on similarity arguments, shows
that the layer can be divided into inner and outer
regions, with a region of overlap in which the velocity
profile is logarithmic. The inner layer, including the
logarithmic part, behaves like its counterpart in a
conventional nonrotating boundary layer on a flat
plate, that is, the stress is nearly constant and equal
to the wall shear stress ro (=pu,?, where u, is the
friction velocity and p the density), and the current
vectors do not veer with depth because the Coriolis
effects are negligible, The outer layer, the thickness
of which is of order u,/f (f being the Coriolis pa-
rameter) has an Ekman-layer-like structure in that
the Coriolis forces balance the Reynolds stress terms
and the current vectors veer with depth.

The laboratory study of the turbulent Ekman layer
by Caldwell et al. (1972) shows a veering of order 25°,
most of which was above the logarithmic layer. The
studies of Weatherly (1972) and of Wimbush and
Munk (1970) are probably the two most important
systematic observational studies of the characteristics
of the bottom boundary layers that have been made
in the ocean. Weatherly (1972), during a week-long
experiment on the bottom boundary layer of the
Florida Current, observed a mean veering of about 10°
in the expected sense in the logarithmic layer (~4 m

thick), above which no veering was observed, in con-
trast to the theoretical arguments, In a later numerical
study, Weatherly (1975) found solutions to the non-
stationary turbulent Ekman layer with a periodic
free stream velocity of one day period, which pre-
dicted that most of the veering should occur above
the logarithmic layer. He therefore suggested that the
discrepancy between his observations and the theo-
retical-numerical studies may be due to a malfunction
of the current meter above the logarithmic layer.

2. The data

The current meter- da‘s used were part of the
Coastal Upwelling Experiment (CUE-2) carried out
near the Oregon coast during the summer of 1973.
The currents were measured with Aanderaa current
meters suspended beneath subsurface floats. The di-
rection sensors of these meters have been found to be
accurate to within a degree. The acquisition and
processing of the data are described by Pillsbury et al.
(1974), while some dynamical characteristics of the
flow field during this period are described in Kundu
and Allen (1976). Only two moorings of the CUE-2
current meter array had measurements close to the
ocean bottom. These are (Fig. 1) Edelweiss (measure-
ments at 180, 160, 120, 80, 20 and 5 m from bottom;
nominal water depth 200 m) and Carnation (measure-
ments at 80, 60, 40, 20 and 5 m from bottom ; nominal
water depth 100 m). The two deeper current mea-
surements at each of these stations are used in this
study. There was no measurement closer than 20 m
from the ocean bottom during the CUE-1 experiment,
carried out during the previous summer of 1972,

The length of the Edelweiss data was 37 days,
whereas that of the Cerndtion data was 59 days. The
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data processing included low-pass filtering the 5 or
10 min observations with a filter having a half-power
point of 2 h [120 cycles per day (cpd)] to obtain an
hourly time series, and refiltering this to eliminate the
tidal and inertial frequencies by means of a filter having
a half-power point of 40 h (0.6 cpd). We shall refer to
these two series as the “high frequency” (w<12.0 cpd)
and the “low frequency” (w<0.6 cpd) series.

Hydrographic measurements near station Edelweiss
during this period (Fig. 2) show that the stratification
was quite small within 20 m of the ocean bottom.

3. Estimation of veering: Complex correlation
coefficient

Since the observed angle between the two current
vectors is a function of time, some sort of time aver-
aging is needed for estimating the mean Ekman
veering. One method is to find the arithmetic average
of the instantaneous veering a(f) between the two
vectors 1 and 2 (positive if 2 is counterclockwise of 1):

V2 1
gy ={a(t))= <tan“— - tan“‘—>
U U

UV — V12
=<tan“——-—>, 3.1)

Uitha+v109

where # and v are respectively the eastward and
northward components of velocity and the angle
braces denote arithmetic average in time. However,
this simple arithmetic average of (3.1) may not be
very meaningful. For example, if there is a small but
roughly uniform veering for most of the length of the
time series, and some large erratic veering for the
remainder, then the erratic behavior will dominate
the average. In practice, this large erratic veering
occurs under low-speed conditions, i.e., when the
direction is not very certain. What is therefore needed
is a method which will weight the averaging process
according to the magnitude of the instantaneous
vectors,

A second method, and the one used by Weatherly
(1972), is to take the average veering to be the dif-
ference in orientation of the two mean vectors, that is,

N2 _ (v1)
an!'——tan—!——
(uz) (u1)

Qv =

() o0)— (o) )
(a)(z)+ (o1 (22

This method has the advantage that the high-fre-
quency (tides, inertial motions, etc.) oscillations, which
are not expected to behave as in a stationary Ekman
layer, would cancel out during the process of comput-
ing () and (v). However, in geophysical contexts the
“mean’ has to be interpreted as an appropriately de-

(3.2)
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Fi1c. 3. Geometric interpretation of the phase angle of the
complex correlation coefficient.

fined low-frequency component. In the present case, the
time scale in the outer parts of a stationary turbulent
Ekman layer is of order f~! (Tennekes and Lumley,
1972, p. 12; Wimbush and Munk, 1970), whereas that
in the inner layer is much smaller. Therefore, the
low-frequency components having time scales appre-
ciably larger than f~' (~17 h in this region), for
example the fluctuations left after removing the tides
and inertial motions from the data, are expected to
be Ekman-like. However, scheme (3.2) is evidently
appropriate only for the very low frequency com-
ponents whose time mean over the length of the.record
is appreciably different from zero. It fails, for example,
in a case where the two series have a certain veering
for all ¢, but (#) and (v) are nearly zero for both.
Second, it is not easy to determine {(#) and () with
any reasonable accuracy in a case where fluctuations
are much larger than the mean, as is frequently the
case in oceanography, and a determination of the
direction of the mean motion is even more uncertain,
In the present region (%) is typically 1 cm s,
whereas the standard deviation of # is typically an
order of magnitude larger.

In this paper a third method of finding the average
angular displacement between a pair of two-dimen-
sional vectors is proposed. This is finding the phase
angle of the complex correlation coefficient between
the two vector series. Let

w(t)=wu(t)+iv(f) (3.3)

be the complex representation of the two-dimensional

horizontal velocity vector at time ¢, where = V1.
Then the complex correlation coefficient between two
vector series 1 and 2 is defined as their normalized
inner product, namely

(w1 (s (1))
p= )
(w1 (w1 (£) ) (w2 (1) )

where the asterisk indicates the complex conjugate.

(34)
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The quantity p, which is independent of the choice
of the coordinate system, is a complex number whose
magnitude (<1 because of the Schwartz inequality)
gives the overall measure of correlation and whose
phase angle gives the average counterclockwise angle
of the second vector with respect to the first. For
example, if the two time series are such that w,
=Cw; exp(ip) at all times, where C and ¢ are real
constants, then p=exp(i¢). The phase, of course, is
meaningful only if the magnitude of the correlation
is high.

A geometric interpretation of (3.3) is illuminating.
The instantaneous product wj(f)w;(f) can be written
as R(¢) exp[ia(t)], where R(f) is the product of the
instantaneous magnitudes of the velocity vectors and
a(f) their instantaneous veering, so that (3.4) gives

N
p=c 2 R; exp(ia;).

=1

(3.5)

Here ¢=1/[N{wjw;) wyws)*] is a real constant and
the subscript 7 refers to time ¢;, Thus, the sum of the
vectors R; exp(ia;) at times #; define the phase of the
complex correlation coefficient (Fig. 3). Therefore,
estimating the mean veering by this method weights the
averaging process according to the magnitude of the in-
stantaneous vectors.

In terms of the east-north components, (3.3) can be
written as

e (urtty+-v1v2) i (u1ve —uov1) 66
(utto2 ) ut+v)t (o) ustvk)?
so that phase angle (average {reering) is
o= a2 ) @3.7)

- y
(uyba+v1v2)

which should be compared with (3.1) and (3.2).

4. Results

The above method is now used to estimate the veer-
ing of the bottom currents at Edelweiss and Carnation.
Some statistics of the low-frequency components of
the currents at 5 and 20 m heights are listed in Ta-
ble 1. The positive angles signify that the 5 m current

Note that a mean veering could also result simply
from stratification without any friction. If the mean
flow had positive eastward and northward components,
then an upward-toward-the-coast slope of the iso-
pycnals, as observed in this region (see, e.g., Kundu
et al., 1975), would cause an increase of the northward
mean as one goes deeper simply by the “thermal
wind” balance, resulting in a veering in the Ekman
sense. However, the mean eastward flow at Edelweiss
is negative (Table 1), and that at Carnation is positive
but small. Thus, the effect of this mechanism would
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be to oppose the Ekman veering at Edelweiss, and
would be negligible at Carnation.

The very large magnitude of the correlation (~0.97)
signifies that the phase difference is fairly uniform
throughout most of the record. The speed and direc-
tion of the two currents at Edelweiss are shown in
Fig. 4, where the decrease of the speed and the veering
of the direction of the current as one approaches the
bottom are evident. Although the veering is of the
proper sign throughout most of the record, it does
show the “wrong’” behavior at a few points (28 July,
1, 15, 20 August) when the speed was rather low, as
was also observed by Weatherly (1972). However,
this did not substantially affect the present estimate
because of the proper weighting resulting from the
correlation method.

Veering was also examined using the high-frequency
series. At both stations the correlation coefficient was
found to be roughly 0.90 exp(—:3°). The correlation
magnitude of 0.9, although seemingly high, is actually
not high enough to mean that the veering was ap-
proximately uniform throughout the record. In fact,
a plot of the directions of these high-frequency series
revealed that the veering changed erratically, both in
sign and magnitude, throughout the records at both
stations; the fairly large value of 0.9 was only a result
of the fact that the two vector tips were near each
other most of the time. This erratic veering of the
high-frequency series suggests a behavior unlike that
of stationary Ekman layers, which is expected because
only fluctuations of period larger than f~ are expected
to be Ekman-like.

Accurate estimation of the friction velocity and the
depths of the logarithmic and outer layers is not
possible in the present case because of a lack of suf-
ficient vertical resolution of the data. However, a crude
order of magnitude estimation is possible. The mean
“geostrophic” or free stream velocity V,, taken to be
the mean speed at 20 m at Edelweiss, is about 10 cm s
(at Carnation it is nearly the same). The ratio %,/V,
is a weak function of the surface Rossby number

TasLE 1. Statistics of low-frequency components (w<0.6 cpd).

Edelweiss Carnation
(u){ZO m (cm s71) —1.8 1.1
5m (cms™) —1.7 0.6
@ 20 m {cm s) 7.3 2.9
S5m (cms) 5.5 25
Arithmetic average veering
[Eq. 3.1)] 7.5° 0.9°
Difference of orientation of
mean vectors [Eq. (3.2)] 3.5° 6.9°

Complex correlation

[Eq. (3.7)] 0.97 exp(#6.3°) 0.98 exp(1.6°)

veers counterclockwise with respect to the 20 m cur-
rent, looking down.
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Fic. 4. Time series of speed and direction of the low-frequency
components of the currents at 20 and 5 m heights at Edelweiss.
Note the decrease of speed near the ocean bottom, and the con-
sistent relative angular displacement (veering) of the two currents.

Ro=V,/fz, (where 2z, is a measure of the surface
roughness), #,/V, decreasing from 0.05 to 0.02 as Ro
increases from 10° to 10 (Monin, 1970). For the
oceanic case Ro~10% to 107, for which #u,/V,~0.04
(Weatherly, 1972), so that #,~0.4 cm s, The bottom
stress is, therefore, 79~0.2 dyn cm™%, which is an
order of magnitude smaller than the surface wind
stresses observed in this region. The thickness of the
logarithmic layer is ~2u2/fV ;~3 m, whereas the thick-
ness of the entire frictional layer is ~0.4u,/f~16 m.
The veering that has been observed between the 3
and 20 m heights therefore seems to be above the
logarithmic layer.

The above estimates agree well with those of
Caldwell (1976), based on measurements in this area
in 1974. Estimates of other quantities like the dis-
sipation rate, the Kolmogoroff microscales, and eddy
diffusivities can also be found there,

Although no Ekman-like veering is to be expected
above the 20 m height, a check was made to see if
there was a consistent veering between the current
vectors at 20 and 40 m heights. However, only erratic
veering was found both at Edelweiss and Carnation
for these interior currents, suggesting that this was
not a frictional effect. It also adds more evidence to
the suggestion that the consistent veering near the
bottom is frictionally induced.

5. Summary and concluding remarks

A complex correlation coefficient has been defined,
whose phase angle is a good measure of the average
angular displacement between a pair of two-dimen-
sional vector series. For the detection of stationary
Ekman-like characteristics of bottom boundary layers,
frequencies comparable to and higher than f should
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be removed from the data. A veering in the correct
sense of about 6° has been observed between the
current vectors at 20 and 5 m heights at station
Edelweiss, whereas at Carnation it was observed to
be about 2°. The veering seems to be above the
logarithmic layer, whose thickness is estimated to be
about 3 m. The total thickness of the frictional layer
seems to be about 16 m, and the friction velocity is
about 0.4 cm s™2,

The accurate temperature measurements in this
region in the recent work of Caldwell (1976) shows
that the temperatures were uniform to within a few
millidegrees in the bottom 10 m, beyond which they
frequently changed abruptly, resembling a disconti-
nuity. Caldwell (private communication) believes that
Ekman veerings may be possible in certain cases in
coastal waters where there are large currents not
generated by the tides, but this veering is more of
a discontinuous nature, with the upper layers sliding
over the bottom homogeneous layer at a small angle.

Although the consistent behavior observed in this
work strongly suggests a case of Ekman veering, the
issue of whether there is any frictional veering in the
real ocean is by no means closed. A check on the
results of the accuracy tests made on the direction
sensors of the current meters concerned revealed no
evidence of any systematic bias or any other irregu-
larity. However, instrumental errors can never be
ruled out. It is felt that further careful experiments
in the oceanic bottom layers are needed to answer
some of these basic and interesting questions.
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Note added in proof. More evidence of Ekman veering
can be found in:

1) Wunsch, D., and R. Hendry, 1972: Array meas-
urements of the bottom boundary layer and the internal
wave field on the continental slope. Geophys. Fluid
Dyn., 4, 101-145.

2) Smith, J. D., and C. E. Long, 1976: The effect
of turning in the bottom boundary layer on continental
shelf sediment transport. Mem. Soc. Roy. Sci. Liege,
8 (in press).
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