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INTRODUCTION

Durihg 1974, the Canada Centre for_In1and Waters
and Ontario Hydro carried out an extensive experimental
program to study in some detail the coastal zone environment
off the Bruce Nuclear Power Development, in the vicinity of
Douglas Point, Lake Huron. Based on this data, a comprehensive
report giving statistical and climatological summaries of
coastal currents, temperature and meteorological data was
prepared in compliance with the International Joint Commiésion

Task 2 Program on Waste Heat (CCIW Report No. 17).

One of the scientific objecfives of this program was
to resolve the large scale horizontal transport and exchange
processes in the coastal boundary layer. Towards this objec-
tive, detailed caleulatfons were performed to determine the

mean flow properties, horizontal turbulence, current shear

~and dispersion characteristics of coastal currents.

The data is comprised of long time series current
meter data and it is often difficult to analyze such data in

a meaningful manner. Keeping in mind the basic objective
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of this report, we have selected "episodes"where persistent
strong shore parallel currents occurred. These currents
are of practica1 interest owing to their capability to
transport and disperse effluents discharged at the

coastline.

Three fepisodesf where strong NE shore parallel
currents persisted for periods ranging from 10 - 30 days
were selected based on statistical summaries shown in
Figures 1 - 3. Additional general details of the data base

pertaining to these calculations are summarized in Table 1.

- In the report we will present the rationale and details

of the calculations with sdme'general interpretation of

the results from the three episodes.

- DATA ANALYSIS

The time series current meter data are recorded at

20 min. intervals and are available in the form (Si’ ei) where S,
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is the integrated speed in cm sec-! and 04 is the instantaneous
direction in degrees measured from north. The 20 min. data was
then resolved into shore-parallel (U) and shore-perpendicular (V)

components, using the following relations:

Uy
Vi

Si Cos (¢ -uei)
Si Sin (¢ -9 )

(1)

where § 1is the angle from north of the local shoreline. For the
Douglas Point region ¢ = 30°. This preliminary analysis results
in two time series U(t) and V(t), which are then used as basic

data for further calculations.

In order to calculate parameterscharacteristic of
transport and exchange processes, it is necessary to "isblate" the
“mean flow" from time series data. Numerical filtering techniques
developed by Graham (1963) were used to défine the "mean” and the
"fluctuations". Filters were selected based on the characteristics
of a typical kinetic energy spectra, E; (f) constructed from 61 days
of continuous data from a current meter located approximately 5 km from the
shore (Fig. 4). The energy spectra points out two chéracteristic
features: a dominant peak around 16 hrs. corresponding to the
theoretical inertial period at the latitude of Lake Huron. Behind
the inertial peak, there fs a minimum at a period of about 24 hrs.
This minimum is probably é characteristic property of energy transfer

from large-scale lakewide circulation. The periods corresponding
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to this minimum can be used as a transition between the "mean flow".
and the "fluctuations". Alternatively, the dominance of motion
with periods in the inertial band (approximately from 12-24 hrs.)
suggests a natural partitioning of the "mean flow" and the
"fluctuations". The precise paftitioning of the "mean flow" and
the "fluctuations” from long time series data is rather difficult
and in whatever way one defines these quantities, they are bound

to be arbitrary to the other. However, following the above
arguments, we have constructed two low-pass filters, one with a
10-14 hr. cutoff range which retains the inertia];motion as a part
of the "mean flow", the other with an 18-24 hr. cutoff in which the
inertial motion is included as a part of the "fluctuations". The
response characteristics of the two filters are discussed in some
detail in Appendix A .

Having selected the two filters, let us now apply them
to a set of data to derive "running means" U (t) and V (t). Figures
5 and 6 show plots of a set of data from episode 1 with U (t) and
~ V (t) derived by applying the two filters to the original unfiltered
data. Figure 5 plots refer to a nearshore current metér (about
300 m. from shore) whereas Fig. 6 plots refer to current meters
further off shore (about 6 km from shore). Shown in these plots
are the unfiltered data with 20 min. sampling interval and the

running means U (t) and V (t) derived from applying the two filters.
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The performance of the two filters is best illustrated in Fig. 6.

A comparison of the running means U(t) and V(t) reveals that the

10 - 14 hr filter essentially retains the dominant inertial oscilla-

tions as expected, whereas the 18 - 24 hr. filter effectively filters

out all inertial motion.

The next step in the analysis is to calculate the
“fluctuations" Ul(t) and V!(t). The "running mean" values TU(t) and
V(t) are merely subtracted from the instantaneous values U(t) and
V(t) to define the fluctuations Ul(t) and V1(t). A statistical
quahtity which is used as a measure of the magnitude of velocity
fluctuations is the variance i.e., the mean square fluctuations.

For the U-component, the variance was calculated using

UTZ (t) = |U(t) - O(t)[2

where the overbar indicates averaging. One-half of this quantity
%~ﬁT§'(t) (per unit mass) is the kinetic energy in the fluctuations.
}The mean-flow kinetic ehergy was then calculated simply as the
differencé between the total kinetic energy and the fluctuational
kinetic energy. Mean velocities, variance, turbulence coefficient,
eddy diffﬁSivities and kinetic energy (in the mean flow and fluctua-
tions) were calculated for the three episodes and are summarized

in Tables 2 - 4. Several diagrams were then constructed to show

the variability of these parameters as a function of the distance from

shore (Appendices B, C, D). These ?1lustrations form the basis for discussion
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to interpret the characteristics of the coastal boundary layer.

COASTAL BOUNDARY LAYER CHARACTERISTICS
(a) Mean Flow |

Figures7 - 9 show plots of U(y) and V(y) for the three
episodes; (y is the distance from the shore). Some interesting
observations can be made from these figures:

i) The strong northeasterly shore parallel current
_(U-component) dominates the flow field in the coastal boundary
-layer. This 1s accompanied by a reasonably étrong offshore flow

(V-component). Why a strong northeasterly shore parallel flow
generates offshore flow may be an interesting hydrodynamical

problem to investigate.

ii) The mean velocities increase with distance from the
shore and reach a maximum at 2 - 3 km from the shore. This is
followed by a decrease in mean velocities with distance from the
shore. The distanee at which maximum mean velocities occur vary
from episode to episode. This suggests the possibility of two

distinct zones in the flow field withinlthe coastal boundary layer.

(b) Kinetic Energy Transfer

Several plots were prepared to look.at the distribution
of KE in the mean flow and fluctuations, with distance from the
shore. Fig..10 shows the partition of kinetic energy in the mean
flow and the fluctuations (calculated using a low-pass 18 - 24 hr

fi]ter)_for episode 1. The mean flow KE dominates everywhere
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except for the very nearshore meter where the fluctuational KE

is very much greater than the mean flow KE. A plausible explana-
.tion for this is that the shore and bottom friction generates
large-scale mechanical turbu]ence.reSulting in higher fluctua-
tional KE. In Fig.11 the distribution of KE in the U and V
Eomponents is shown. Clearly, the KE in the shore-paraliel
component accounts for almost 95 per cent of the total KE everywhere
except for the very nearshore meter, where the KE in the U and V

‘components are comparable.

The total KE increases fairly rapidly, attaining its
méximum value at about 2 - 3 km from the shore and then decreases
with distance from the shore. The distribution of KE also suggests the
possibi]ity of two distinct flow characteristics within the coastal

boundary layer.

Figures 12and 13 show the distribution of fluctuational
KE in the U and V components calculated using the two low-pass
filters with 18 - 24 hr cutoff and 10-14 hr cutoff, réspective]y.
The fluctuational KE is rather small everywhere except for the meter
closest to the shore, where there is a marked increase in fluctua-
tional KE in both the U and V components. As mentioned earlier,
this is attributed to the generation 6f large scale mechanical
turbulence due to shore and bottom friction. Further, it is of
interest to note that there is a gradual increase of fluctuational
KE with the 18-24 hr cutoff filter (Fig. 12), reflecting the contri-

bution of inertial osci]1ation5'fUrther offshore.




(c) Horizontal Turbulence
As remarked earlier, the variance or "mean}square

f1uctuationsf is generally used as a quantative measure of the
velocity fluctuations. A convenient'non-dimenSiOnal parameter in
characterizing velocity fluctuations is the "relative intensity"
or "turbulence coefficient" defined as the ratio of root mean:

- square value of the velocity fluctuations to a characteristic.

- mean velocity. For the U component, the relative intensity )
iy = u[ﬁfij s, where s, the scalar méan speed is used as a .
characteristic mean velocity. The turbulence coefficients i, and
iy were calculated using the two low-pass filters. Figs. 14 and 15
show plots of iy and iy ‘Vs distance from the shore for episode 1.
The turbulence ‘coefficients are remarkably large very near shore,
reflecting the turbulence level in the flow field. Furthér, it
is interesting to note that there is a gradual increase of iy and
iv with 18 - 24 hr'cutoff filter (Fig.-]4); again reflecting the
contribution of inertial oscillations fﬁrther off shore. It is
also of interest to point out that iy 15'genéra11y greater than i,

indicating the "anisotropy" in the turbulence structure.

Following Gezenstsvei (]963), pseudo eddy diffusivities
Ax and Ay were calculated using the calculated values of 1y and iy.
Figures 16.-and 17 show plots of A, and Ay as a function of the
distance from the shpre for episode 1. Conclusions similar to the

.above can be drawn from these plots.



(d) Current Shear

Lateral shear in the horizontal mean current is an
important parameter in the dispersion of pollutants discharged _
into the coastal zoneQ' "Running meanf currents with oscillations
having periods less than 18 hr removed (i.e., using the low-pass
- 18- 24-hr'cutoff filter) were used to calculate the lateral shear
dU and H" where dy is the separation of current meters. Lateral |
shear calculations were performed using only the data from current
meters closest to the shore (meter nos. 16 and 15, and 15 and 14)..

Fig. ]8 shows time series plot of-%! and a—-fbr episode 1. The

1atera1 shear %3-15 remarkably high, often reaching as high as five
times the local Coriolis parameter. Episodes of large lateral shear
in the nearshofe zone are particularly important in the dispersion of

| pollutants.
(e) Width of the Coastal Boundary Layer

In Fig. 19 we have shown the kinetic energy spectra of
coastal currents measured at distances ranging from 1 km to 6 km from
the shore for a typical summer period. It is of interest to note
that while the inertial currents dominate offshore, thesé.currents
are drastically modified nearshore. As a consequence, there is a
transition zone where rotary inertial currents are gradually
modified and are forced to flow more or less parallel to the local

shoreline. The distance from the shore of this transition zone
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could be defined as the width of the coastal boundary layer, where
shore-paka]]e] currents'prevail. Towards establishing a criteria
to determine the transition zone, we have calculated the fraction of

thevkinetic enérgy in the inertial band from the spectra using

‘numerical integration:

f, |
S Ey(f)df + s
i i

f

2
Ey (f) df

B = — -
S Eulf)ar J Ey () df

where f; = é%-and f, = %%aare frequenéies defining the inertial band

in the spéctra.

Figs. 20,.21 and 22 show plots of Ei(y), where y is the
distance from the Shbre for the three episodes. During Stratified
conditions Ej gradually increases (except for the anomoly close to
the shore) with distance from the shore, reflecting the contribution
of kinetic energy dﬁe to inertial oscillations. If we define the
width of the coastal boundary layer as the distance from the shore
to the transition zonebeyond which inertial oscillations dominate,
then it is approximately 2 km for episode 1 and 3 km for episode 2.
This definition breaks down during unstratified conditions since Ej

remains more or less constant with distance from the shore.

B



This points out that the "width" of the coastal boundary
layer at Douglas Point, Lake Huron is about 2 - 3 km, considerably
less than 8 - 10 km proposed by Csanady (1972), Blanton (1975) and

recently Boyce (1977) for the Oshawa coastal region of Lake Ontario.
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APPENDIX A




Appendix A
Numerical Filtering Technique

In order to define a nonstationary mean flow it was necessary

to process the time series current data with a numerical low-pass filter.

- This had the effect of removing high-frequency oscillations from the data,

while Teaving the distribution of the remaining frequencies essentially
unchanged. Subsequent differencing of the original and filtered serie§
resulted in a new series of fluctuations which had only the high fre-
quency osci]iations remaining.

Filtering was accomplished by using a method developed by

'Graham (1963). It involved calculating a set of 2N + 1 weights {Wi}

i=0, %1, ..., N as fo]]ows;.

_ N
w, =¢./z o,
o1 [sin 2njatf, + sin 2njatf ]
where ¢j = = L. .
2njat [1-4 (ft - fc)2 (jat)?]
At = sampling interval
ft = Towest frequency passed with zero gain
fc = highest frequency passed with unit gain
. Note 1: & = 1im o. = f,  + f
_ 0 e 1 t C
Note 2: wi = W_,

Each point u, of the original series was then filtered by
evaluating F(ui) where




N _
F(u ) = c=wu, oz ow(u.,, +u, )
J--N J i+ 01 j=1 J i) i-J

This resulted in a new time series’(fi} which had frequencies

greater than f_ removed, while frequencies less than fc remained unchanged.

t
Due to the nature of the filter function F we required N extra
points to be available from both ends of each episode in order to evaluate F
at all points.
| If {u,} and {f } are respect1ve1y the unfiltered and filtered

i
series, i =1, 2, ..., m, then it can be shown that:

T=au+b
L N
where a=2: k
k=-N
and b ;n- ki.l wk (iz] (ui+m B ui+m‘k) - (ui - ui"k))

By definition we have that T = u, therefore we corrected the

filtered velocities by setting
f,=f, +u-F=F, +(1-a)u-b

As noted above, the fluctuation time series has only high fre-
quency oscillations remaining in its power spectrum. This series may be

obtained directly from the data using a high-pass filter as follows:

Given weights'{wi} as before, we define a set of high-pass filter

weights'{wi}:

1-w_ i=0
-W. i#0



The fluctuation u% for point u, of the original series is

u; = ui - 1".i
N a .
=u; - (woui + jil W (“i+j + ui-j) -b) since a =1
N
= - -ws (Ug,. +u, o)+
(1 -w)u, + jil - Wy (ug,g v uyg) b
N
=¥ Uyt ~§ Wj (ui+j + ui—j) + b
J=1
N
nowb= w C
P
{
N
=-3z ¥ c, .
= '..b‘
therefore uf = v s + jET ¥ (ui+5 + “i-j) -b

Thus, by subjecting the data to a high pass filter and correcting
with the term b‘.we obtain identical results. |

'Fo11owing the above scheme, we used two different low-pass filters
to generate a nonstationary mean flow. One had a cut-off'range from 10 - 14
hours, while the other cut-off was from 18 - 24 hours. Seventy-two weights
‘were used for_bothlfilters, thus fequiring 24 hours of extra data from both

ends of each episode.

The amplitude response curves for these filters are shown in




figures Al and A2. Figure A3 shows the superimposed spectral density
plots of the unfiltered and two filtered series for meter 09 during the
period from July 20 to September 19. These show how motions with periods
less than thé lower cut-off 1imit have been effectively removed. This
result is substantiated further in figure A4 which is the superimposed
plots of the original and filtered time series for meter 09 over a por-
tion of this interval. Of particular interest is the obvious rémoval
of the inertial oscillation by the 18-24 hour filter.

In an effort to quantify the performancé of the filters we
have plotted the norma112ed integrals of the spectral densities. TheSe
are defined as follows: |

Let D(f) be the K. E. density at frequency f.
1(f) = 1T D(f) df / 1 D) df

Thus I(f) is the fraction of energy in motions with frequen-
cies 1ess than f, and a plot of I(f) vs f allows one to calculate the
fraction of energy in any given frequency band. Fig. A5 shows the
three curves for the unfiltered and two filtered series. |

In the filtered series with a 10 - 14 hr filter cut-off
virtually 100% of the energy is in oscillations with periods greater
than 10 hours. The corresponding value for the unfiltered series is
93%. Similarly, for the 18 - 24 hour filter, in excess of 99% of the
energy is in periods greater than 18 hours, while the unfiltered

series has a corresponding value of 77%.
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