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HIMMARY 

The time and space variations of currents in the coastal 

regions of large lakes determine the transport and dispersion of 

materials that are discharged through coastal outfal-ls. These 

properties are important to the placement and design of waste heat 

discharge from thermal power generating stations, sewerage treatment 

plant disharges, or other urban or industrial outfalls and are 

critical for the prediction of travel of toxic materials that my be 
discharged in accidental spills. ' 

- Observational measurements have shown that the coastal 

currents are strongly correlated with alongshore wind variations. 

Theoretical considerations indicate that these wind driven currents 

are modified topographic waves that propagate counterclockwise 
around~the basin (in the northern hemisphere). This stuzhr, based on 

experimental measurements along the north shore of Lake Ontario, has 

developed an empirical model to relate the wind stress history to the 
coastal currents. Oscillations of period less than one day are 
filtered from the records.

, 

»'1*he model, based on one winter of records, is shown to 
simulate about 75 percent of the variance of the actual observed 
currents and to produce reliable "indications of alongshore current 
directions and reversals.



The research was carried out in cooperation with the Ontario
E 

Ministry of the Environment and Ontario Hydro. The projggt was an 

- element of the Great Lakes Water Quality Agreement program. '
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. Les variations dans 1e temps et dans 1'espace des courants dans les 
régions cfitieres des grands lacs déterminent le transport et la dispersion 
des effluents qui y sont déversés. Ces propriétés sont importantes pour 
la localisation et la conception des sorties des effluents des centrales 
thermiques, des sorties d'eafi des usines de traitement des eaux usées ou 
des autres effluents urbains ou industriels et sont critiques pour la pre- 
vision des cheminements des matiéres toxiques accidentellement déversées. 

Des mesures et des observations ont indiqué que les courants cfitiers 
sont fortement corrélés aux variations du vent le long du littoral. La 
théorie indique que ces courants poussés par les vents sont modifiés par 
les ondes topographiques qfli se propagent dans 1e sens antihoraire (dans 
1'hémisph€re nord). Dans 1e cadre de la présente étude, basée sur des 
mesures expérimentales effectuées 1e long de la rive nord du lac Ontario, 
on a mis an point u modele empirique permettant de relier 5 posteriori les 
vents aux courants cfitiers. Des oscillations d'ue période inférieure 5 u 
jour ont été extraites des dossiers.

. 

On montre que le modéle, basé sur les enregistrements d'un hiver, 
simule environ 75 pour cent de la variance des courants réels observés et 
fournit des indications fiables sur les directions et les renversements des 
courants littorau. -

4
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Les reoherohes out été-effectuées en" collaboration avec '1_'e miniostére 
o;gta-riieon de 1'Environne1_nent et 1'Ontar:I.o Hydro. Le projet éta;:l.t:\m élément 
du ptogrannne de 1'Accord sur la qualité de 1'e£-m des Grands Lacs.
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IITRODUCTIOI "' 

From early December 1979 to the end of March 1980, the 
National Water Research Institute, the Ontario Ministry of the 
Environment and Ontario Hydro conducted a Joint experimental program 
to study the behaviour of the therml plume at the Pickering 
Generating Station on the north shore of Lake Ontario. In view of the 
impact of coastal currents on the transport and dispersion of waste 
heat and pollutants released in the nearshore zones of large. lakes, 
the program included a detailed study of the clinatolog and ‘structure 
of the current regime at this location. A complete summary of current 
meter observations, including energy spectra and frequency 
dist"rib_ut-ions of speed and direction, has been presented by Bull and 
Murthy -(1980). The present study i_s an attempt to decribe the 
observations in terms of an empirical model which permits calculation 
of coastal currents on the basis of local wind history alone. 

There is considerable observational evidence that nearshore 
current fluctuations tend to be strongly correlated with alongshore 
wind variations. Especially very close to shore it is often possible 
to demonstrate that alongshore currents result from a simple balance 
between the counteracting forces of local wind and bottom friction 
(Winant and Beardsley, 1979). However, theoretical studies as well as 
statistical analysis of current records, indicate that current 
fluctuations in homogeneous coastal waters can also be related to
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topographic waves, generally referred to as shelf waves (see, Weak 
1980). Since such waves propagate in a counterclockwise direction 

around the perimeter of a basin in the northern he_mi_sphere, observed 

current fluctuations at a given locality can, in principle, reflect 

wave generation by wind at some distant point. Consequently, a model I
.

1 

of coastal currents at a single location requires a complete 

description of the wind field over the whole basin. Fortunately, 
however, the spatial scale of weather syste_ is typically much larger 
than a- basin such as Lake Ontario and hence, in first approximation, 
the wind may be assumed to be uniform in space. This means that it is 
possible to establish deterministic relationships between local wind 
and current fluctuations which include not only the effects of local 
forcing by~wind and bottom friction but also the influence of distant 
forcing'"through wave mechanisms (Simons, l983)- This is the ptnrsical 
basis for __the present study. V

~ 

OBSERVATIONS 

The prilmiry component of the current meter network during 
the 1979/BO Pickering experiment was a transect of self-recording 
current meter moorings perpendicular to the local shoreline. The 
location of this transect is shown in the \lPPer part of Figure 1. 

Current meters were placed at a depth of 12 m below the surface with a 
few additional meters near the bottom. The location of instruments 
with complete or nearly complete data records for the entire

P
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measurement period are shown in the lower part of Figure l and 
tabulated in Table 1. The latter also includes the dates of 

continuous operation of each current meter. '

V 

The time series data were resolved into alongshore and 
onshore components with the shoreline orientation taken to be 70° from 
north. Frequency distributions of current speed and direction 
presented by Bull and Murt-hy (1980) show that shore-parallel currents 
dominate throughout the entire period. For most stations, the 
alongshore component contributes more than 95% of the total current- 

energy. The directions alternate between easterly and westerly with 
typical periods of five to ten days and with a slight bias towards the 
easterly. direction. Figure 2 presents the mean value and standard 
deviation of the alongshore 

_ 

current component as a function of 
distance from the shore. The currents increase rapidly with offshore 
distance within t-he first few kilometers from the shore and then 
gradually decrease further offshore. It -is apparent that a frictional 
boundary layer is established nearshore with bottom ‘friction bringing 
the flow to a halt at the shoreline. In deeper water the current 
direction will eventually reverse itself since the total transport 
through a cross section of the lake must vanish except for the 
relatively smll lwdraulic flow. For a discussion of the cross- 
sectional current di_str'ibutions under conditions of wind forcing, 
reference may be mde to Bennett (19714) while atypical current patterns 
of topographic waves in Lake Ontario my be found in the paper by Rao 
and Schwab (1976).
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Winds were measured at the Pickering site during the 1979/80 

field program. For the present analysis, however, it is desirable to 

use wind observations which are representative of conditions over open 

water. Furthermore, for practical applications of the model, it is 

obviously necessary that winds are measured on a routine basis. The 

weather station at Toronto Island Airport maintained by the Atmos- 

pheric Environment Service satisfies these criteria. Observations at 

this site compare favourably with winds measured by meteorological 

buoys during another Lake Ontario field program in 1982. The wind- 

stress is computed from the conventional quadratic relationship 

between, surface drag and wind speed. The drag coefficient was taken 

to be 1.2 x lO"3 for wind speeds less than 10 m/s with a linea_r 

i.!1¢I"€.8-8.e~ to 2-ll X 10’3 for speeds of 20 m/s and equal to the latter 

value for greater speeds. These values were estimated from various 

hydrodynamic modelling studies of the Great Lakes (see e.g. Simons, 

1976). It should be noted, however, that the overall value of the 

drag coefficient does not affect the results of am’ future application 
of an empirical model as long as the same value is used all the time. 

Since the present study is concerned with the above 

mentioned current fluctuations with characteristic time scales of a 

few days and longer, it is desirable to eliminate high frequency 

perturbations without affecting the frequencies of interest. This is 

accomplished by a digital low pass filter with frequency response 

equal to unity for periods longer than 21+ hours and gradually

n
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decreasing to zero at 18 hours. This eliminates all effects of free 

surface seiches, tides and inertial motions in Lake Ontario, while 
retaining all fluctuations with periods longer than one day. Since 

the energ spectra of winter currents contain verylittle energy at 

periods shorter than one day, the total variance of the current 

records is only slightly reduced by this filter. Results for the 
alongshore current components are presented in Table 2. The same 

procedure applied to the wind stress has a somewhat greater effect and 
reduces its variance by about 20%. The filtered alongshore wind and 
current components for the entire period of measurement are displayed 

by solid curves in Figure 3. The dashed lines represent mode-l 

solutions which will be discussed presently. 

BPIRICAL !DDEL 

Within the framework of linear cbrnamics, the response of a 
lake to a ge_nera;l wind distribution in time and space can be 
represented by the integrated effects of sequences of wind impulses 
applied to each point of the surface of the lake. This Green's 
function or impulse response method is familiar from the literature on 
storm surge prediction. The method becomes particularly simple if the 
wind field can be assumed to be uniform in space over the whole lake. 
In that case, the current, u, at a particular location can be written 
as the following convolution integral '
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’u(t) = I R (t - 1;") - -r (t')*d1-,' (1) 

where 1 is the wind stress history and R the impulse response function 
for the location of interest. Note that, although 1' may be uniform in 
space, both u and R vary from point to point and hence the impulse 

response must be determined for each point of the lake. This can be 
done by using hydrocbrnamical mdels or, as done here, by comparing 

observed wind and current records. Similar computations for storm 
surges were nude Schwab (1979). 

Due to friction, the lake has a finite memory and hence the 

integration has to cover only a limited time interval, T. Then, after 
a reversal of the direction of integration in time, (1) becomes .

T 
u(t) = I Mt - t') - R (z') av (2)

, 

For practical applications, the integral is represent-ed by finite 
differences with time interval At and memory N = Tl At. Let the 
current be specified at integer multiples of At and let the wind 
stress be given as average values for each interval of At. Thus the 
winds and currents are staggered in time such that
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ui = u (mt) ti = 1 [(1 +% ) At] 1 = 1,2,3 ' 

(3) 

Then the integral (2) may be approximated by 

.-N
- 

ui =“Zl tien Rn ' 

(ll) 

where Rn = At -R ('nAt)., Given a series of wind observations and a 

current meter record, Equation (1%) generates a system of equations 
which can be solved for the unknown impulse response. In order to 
obtain‘ reliable results, the length of the data series should be much 

longer than the length of the response funct-"ion and the system must be 

solvedby minimizing the squared differences between the lhs and rhs 
of (ll)-’ This is readily done by one of the least squares algorithms 

available" in standard“ computer libraries, 

After some experimentation a suitable time step for the 
present calculations was found to be 12 hours. The naximum length of 
the impulse response was taken to be 30 days, about one quarter of the 
total record length of 116 days. In order to utilize the complete 
current records, the wind record was extended backward in time by 30 
days. In principle, both the current and the wind stress in Equation 
Us) are vector quantities and hence the response function consists of 
‘four independent time series. However, it was pointed out above that
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onshore current components in the study area are negligible‘ compared 
to alongshore components. From theoretical studies and hydrochynamical 
model experiments (Gill and Schumann, 19711; Simons,.1983), it is known 
that such alongshore currents are primarily excited by alongshore wind 
components. Thus, in first instance, the least squares algorithm was 

.- 

applied to these components only. Convolution of the computed impulse 
response fimctions with the wind history results in the dashed curves 
of Figure 3. The agreement with observations is generally adequate, 
especially with regard to current direction and time of reversal. 

The error patterns tend to be similar for all stations of 
Figure 3 which suggests erroneous estimates of wind stress, perhaps 
effects .of non-uniform wind fields, or effects of onshore wind 
components. In order to investigate the latter, the least squares 
procedure was extended to include both wind components. Although this 

functions for resulted in reduction of error variance, the response 
the onshore wind component do not appear to converge for different 
truncation and hence the results are questionable. 

The response functions for alongshore wind components show a 
rapid damping as a function of time and excellent convergence for 
different truncation. This indicates that the memory of the nearshore 
zone is mch shorter than 30 days. The optimum length of the response 
fimct-ions mmr be determined from the behaviour of the error as a 
function of truncation. In order to compare different stations it is

0
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convenient to express the error in terms of observed currents. A 
suitable measure of the mean square error, which is minimized by the 

computer algorithm, is 

e 2 (no - uc')2 / 11°’ (5) 

where the subscript o and c refer to observed and computed currents, 
respectively, and the bars refer to the whole period of observation. 

Also of interest is the mean error 

s E (——-"no - up /Q <6) 

Figure_‘¥»_ shows the behaviour of these error indicators as a function 
of the length of the impulse response for each station. The curves of 

the mean square error exhibit a characteristic break point beyond 
which the error decreases very little with increasing memory. These 
points are indicated by black circles and will be taken to represent 
the optimum length of the response function. Table 3 presents the 
mean square error (.5) for these truncated response mnctions as 

compared to the errors of the 30-day response functions. A As seen from 
Figure ll, the mean error also remains generally smll if the 
response functions are truncated in this fashion.



,>s 

D 10
E 

As measured by the optimum length of the response functions, 
the memory of the lake increases with distance offshore from about 
-five days at the shoreline to 15 days at the outer edge of the current 
meter array. This appears reasonable since effects "of bottom friction 

my be expected to vary in proportion to the inverse of some power of 
the water depth. 

For practical applications it is useful to interpolate the 
empirical response functions to regular increments of distance 
offshore. The results are displayed in Figure 5 and tabulated in 
Table 5. In plwsical terms, the curves represent the local current 
response to a 12-hour vind impulse of .1 dyne/cmzv = 0.1 N‘/m2. The 
origin 

_ 
of _the time axis is placed at the start of the wind impulse. 

Thus, during the first 12 hours, the currents increase more or less 
1inear1y'with time. After the wind stops, nearshore currents are 
rapidly damped ‘qv friction, while offshore currents remain relatively 
constant for a few days. After about five days the current reverses 
itself due to topographic wave activity (Clarke, 1977; Marmorino, 
1979; Simons, 1983). While the speed of the return current is 

relatively sml~l,r it should be noted that the effect of topograhic 
waves on the overall shape of the response functions is considerable.

»
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SULIIARY (DICLUSIOIS '- 

Based on extensive current measurements i_n Lake Ontario near 
Pickering, empirical impulse response functions have been obtained 
which permit computation of coastal currents in this region from 
routine wind observations at Toronto Island Airport. The calculation 
is performed by convolution of the response functions of Figure 5 with 
the wind history in accordance with Equation (14). Note that, since 
the wind and currents as defined by Equation (3), a_re staggered in 
time, the current at a given instant is determined by a series of 
l2,-hour mean winds preceding this current. Or, given a filtered wind 
record from which oscillations shorter than one day have been 
eliminated, the current at a particular time is obtained from wind 
stress vvalues at the midpoints of a sequence of preceding time 
intervals of l2 hour duration. The most recent stress value is 
multiplied by R1, the one before is multiplied by R2 and so on, where 
Rn represents values of the local impulse response at multiples of 
half a day. The model nay be expected to simulate about 75% of the 
variance of the actual currents in this region and to produce very 
reliable indications of alongshore current directions and reversals.
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TABLE 1. CURRENT ETER RECORDS USED IR PHESEHI STUDY 

__ 

-Record Offshore 
Distance 

(km) 

Water Instrument 
Depth Depth 
(m) (m) 

Continuous Data 
Dates 

day/mo/year 

Period 
Total 
Days 

O-7 

1-3 

»3.0 

h.O 

h.0 

5-5 

790 

9.0 

12-0 

8.2 8 

13-O ‘12 

25¢1 - 23 

29.8 12 

29.8 29 

h7-5 12 

62.0 12 

72.0 12 

92.0 
' 

» 12 

1/12/79-31/3/80 

28/12/19-31/3/80 

7/12/79-31/3/Bo 

1/12/19-31/3/80 

1/12/19-31/3/so 

7/12/79-31/3/so 

7/12/79» h/3/80 

7/12/T9- 3/3/80 

1/12/19-31/3/so 

116 

95 

116 

116 

115 

,116 

89 

88 

116
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TAHLE 2. VARIAICE OF ALOHGSHORE CURREITS BFDRE (3) AID AFTER (b) 
LOdRASS PILTERIHG WITH CUT¢OFF PERIOD OF 1 DH! _;r 

Offshore Distance 0.7 1.3 3.0 h.O 5.0 5.5 T.O 9.0 12.0 

Instrument Depth 8 12 23 12 29 12 12 12 12 

Var'ia.ncé 2 1+3 89 121» 306 127 325 291+ 233 186 
(cm:/“$21) 1» 36 as 121 301. 125 323 292 232 183 

11151.1: 3._ mm mum mnon AS DEFIIED at mumon (5) non (.1) nmnsn 
.. nzsmnsm unnvoma Lmcm or 30 nus AID (b) Rpsvonsn 
"' FICTIOHS TRUHGNTED AE BLACK CIRCLES OF FIGURE H 

Offshorfi Distance O07 103 300 14.0 IMO 505 700 90° 
Instrument Depth 8 12 23 12 29 12 12 12 12 

Mean Squa.re{a. .29 .28 .19 .20 .20 .23 .26 .27 .35 

b . EIIOI 0 
_ 

0 0 ‘I 22 0 0 I29 0



TABLE h. EMPIRICAL cunnnnr nnsvonsfi ruucwions (cm/a) II ooaswnp zonz 
or? PICICERIRG ma 12-noun mm smnss mrmsz or 1 Qhelcmz 
= 0.1 I/D2 -5 

-- ' 
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1 2 3 h 5 6 1 8 910 
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FIGURE LEIEEID 

Figure l. 

Figure 2. 

Figure 3»a. 

Figure 3b 

Figure 4 . 

Figure 5. 

_ _- 
. 

'

¢ 

Above: transect of self-recording current mete} moorings 
in Lake Ontario near Pickering, 6 December 1979 - 

l April 1980, and routine wind station at Toronto Island 

Airport. Below: position of current met-ers in transect. 

Means and standard deviations of alongshore currents in 

the coastal zone off Pickering, T December 1979 - 

31 March 1980. ‘

l 

Alongshore components of observed wind stress and currents 

(solid lines) and currents obtained from impulse response 

model (dashed). 

Continuation of 3a. 

Mean square error (solid lines) and mean error (dashed) as 

defined by equations (5-6) for different truncations of 

empirical impulse response.
\ 

Empiricalcurrent response functions in coastal zone off 
Pickering for 12-hour wind stress impulse of 10'! Nm' 2.
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