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ABSTRACT

Data from the 1972 International Field Year on Lake Ontario have been used to test the performance of
three-dimensional hydrodynamical models of large lakes. The models vary with regard to computational
details, but their common purpose is to predict water levels, currents and temperatures in the Great Lakes
on the basis of prescribed atmospheric conditicns. The period of observations dealt with in the present
paper includes the passage of tropical storm Agnes during the latter part of June 1972.

Data from the meteorological buoy network on Lake Ontario are combined with routine observations at
first-order synoptic stations around the lake to obtain hourly values of wind-stress and pressure fields.
Initial temperature distributions as a function of depth and horizontal coordinates are derived from quasi-
synoptic ship cruises. Verification of model results is based on hourly values of water level data from stations
on the perimeter of the lake and currents and temperatures measured by the buoy network at four levels
below the water surface. To determine the predictability of different time scales, both the data records and
the model output have been treated by digital filters with sharp cutoffs at physically significant frequencies.

For periods of weak stratification the model is found to be most sensitive to parameters related to the
vertical flux of momentum. Satisfactory simulaticns of observed water levels and currents require wind-
stress coefficients considerably larger than those obtained from direct flux measurements. Short-term varia-
tions of vertical current profiles at individual stations can be modeled adequately by recourse to classical
dynamic stability theories. Whereas inertial oscillations are governed largely by the magnitude of the
vertical diffusion of momentum, the internal fluxes of momentum can be varied by an order of magnitude
without changing the character of the solutions for time scales of a day or more.

1. Introduction was initiated in conjunction with this observational
program.

The numerical model has been designed to compute
water levels, currents, temperature, and the transport
of dissolved or suspended materials in large water
basins. The development of the various components of
the model and preliminary evaluations of their per-
formance were carried out and reported on prior to the
1972 Field Year (Simons, 1971, 1972, 1973a). The
present study is concerned with the verification of a
three-dimensional model of Lake Ontario on the basis
of the wealth of data gathered in the course of the
Field Year. In particular, a number of significant
physical events have been identified for each season
and these episodes are now being analyzed and docu-
mented in great detail. The first of these episodes was
associated with tropical storm Agnes, which passed
over the U. S. Fast Coast during the latter half of
June 1972 and became the most costly storm in all

U. S. history. This event coincided with the onset of

Over the past several years numerical models of
large lakes and oceans have joined their meteorological
counterparts in attempting to simulate the behavior
of the natural environment by high-speed computors.
In sharp contrast to atmospheric models, which have
benefited continually from standard meteorological ob-
servations and have been verified by decades of opera-
tional numerical weather forecasting, oceanographic
modeling has been seriously handicapped by a lack of
proper observations, and verification has been mostly
restricted to readily observable phenomena such as
storm surges. In recent years, considerable efforts have
been made to document the detailed three-dimensional
distribution of physical and other parameters in the
North American Great Lakes, thus opening up an
avenue for investigating the feasibility of simulating the
behavior of lakes and shallow seas by numerical means.
The most ambitious program of this kind was the
1972 International Field Year on Lake Ontario which

encompassed year-round operation of some 20 buoys
distributed evenly over the lake, weekly quasi-synoptic
ship cruises, and various smaller scale projects. The
numerical modeling program described in this paper

lakewide stratification and the resulting interplay of
wind stress and relatively weak vertical stability offers
a most interesting case study for dynamical model
simulations. The description of a similar experiment for
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summer lake stratification will be presented in a sequel
to this paper.

Since the model design has been detailed by Simons
(1973a), the numerical framework will not be discussed
except for a brief review of the most essential model
aspects. Instead, emphasis will be placed on the physical
principles and concepts which constitute the basis for
the present modeling approach, and the associated
model parameters. The general procedures adopted for
this verification study are outlined in Section 3 and
results of the Agnes experiment will be presented in
Section 4.

2. Principles and parameters of numerical model

The present numerical model is based on the frame-
work established by numerical weather prediction and
storm surge forecasting. The underlying principle is
that the dependent variables can be separated in large-
scale organized flow which can be treated determin-
istically and smaller scale quasi-random motions to be
parameterized on the basis of statistical experience.
Such scale separation has not been established con-
clusively for lakes or oceans, and in practice the grid
resolution is selected on the basis of computer capa-
bilities rather than physical considerations. Since the
mathematical and technical performance of numerical
geophysical models can be tested by other means, the
goal of a verification experiment is essentially to eval-
uate the above separation hypothesis and the param-
eters involved.

With regard to the external mode, the model is quite
similar to conventional storm surge models such as
Platzman’s (1963) Lake Erie model. With regard to
the internal mode, the model is based on the same
principles as the oceanographic model designed by
Bryan and Cox (1968). Thus the hydrostatic law is
used throughout together with the Boussinesq approxi-
mation, and free convection associated with unstable
stratification is simulated by instantaneous adjustments
to neutral conditions. In view of the stratification cycle
of the Great Lakes a generalized numerical lake model
should allow for a vertical structure in the form of
fixed permeable levels as well as a system of layers of
different densities separated by moving material inter-
faces. The latter approach has been found most useful
in analytical studies concerned with the thermocline
behavior of a lake (e.g., Csanady, 1968) and it has been
adopted in recent studies of upwelling on the contin-
ental shelf by O’Brien and Hurlburt (1972). Although
the present model has been formulated so as to allow
for a variety of applications, the version used for the
present computations employs permeable horizontal
levels except for the free surface level. In view of the
bottom topography and the intersection of the levels
with the bottom, all layers are, in principle, assumed
to have variable thicknesses. -
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The treatment of the bottom topography is of
particular importance for the present shallow water
bodies with large depth variations. Significant effects
of bottom topographies typical of the Great Lakes
were demonstrated by the numerical computations of
Rao and Murty (1970) and Simons (1971, 1972). A
characteristic feature is that a wind blowing parallel to
the length axis of an elongated lake, results in currents
running with the wind near the shore and running
against the wind in deep water. This can be explained
on the basis of vorticity created by the product of wind
and bottom slope (Groen and Groves, 1962) or by a
principle of differential acceleration resulting from the
local imbalance of wind stress and pressure gradient
(Bennett, 1973). This wind-induced bottom slope
current and the familiar concept of conservation of
potential vorticity in the presence of irregular bottom
topography dominate the barotropic mode completely.
In view of this, the layered equations have been
derived in such a manner that the bottom effects will
be properly incorporated, independent of the vertical
model resolution.

With regard to subgrid-scale processes it should be
pointed out that numerical models with variable layer
depths can give rise to some ambiguity concerning the
partitioning of diffusive fluxes in horizontal diffusion
on the one hand and vertical fluxes (e.g., bottom
stresses) on the other. Although this problem is asso-
ciated with any model of variable depth, it becomes
more apparent in vertically-integrated models such as
the classical storm surge model and its multi-layered
extensions like the aforementioned upwelling models.
Inasmuch as the common formulation of subgrid-scale
processes in terms of classical diffusion concepts is, in
fact, the crudest simulation of the actual interactions
of large-scale and small-scale motions, it may not be
essential to try and distinguish between the various
components of the diffusive fluxes. Nevertheless, it
should be realized that a careless treatment of the
matter in the presence of sloping surfaces may lead
to artificial sources of mass, momentum and energy,
which cannot be identified with any reasonable physical
concept. Since the present model is part of a more
general water quality model and since our studies leave
little doubt that the ultimate success of such models
depends on our ability to simulate the subgrid-scale
processes, it seems justifiable to pay careful attention
to this matter.

The basic equations for the present model together
with the associated energy conversions and the nu-
merical techniques have been presented in considerable
detail by Simons (1973a). In the present context there
is no need to reproduce those equations; instead, it
seems more useful to emphasize the basic physical
principles and assumptions employed in this modeling
program. In order to do this let us consider the general
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conservation equation

do a
—67—{—'7-[¢v+r(¢)]+a—[¢w+’)’(¢)]=U(tb); ¢y
Z

where ¢ is an arbitrary scalar function, ¢ time, V the
horizontal gradient operator, z the vertical coordinate,
v the horizontal velocity vector, w the vertical velocity
component, I' the horizontal diffusive flux vector, ¥ the
vertical flux component, and ¢ represents the net source
per unit volume. The diffusive fluxes are defined in the

Reynolds sense, that is T'(¢)=¢v—¢v, where the tilde
represents a low-pass filter ; consequently, the dependent
variables in (1) must be looked upon as having been
smoothed over the grid scale of the model in some as
yet undefined fashion.

In particular, we define a vertical average as

1 o
F=— / odz; D=Zy—2, @
D J g,

where Z; and Z, are arbitrary functions of time and the
horizontal coordinates, and D is the thickness of the
layer enclosed by these surfaces. Applying this operator
to (1) and interchanging differentiation and integration
results in the layered equivalent

g .
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+x(@)2—x(@)=Do(e), (3)

where we have defined
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and where the correction term ¢v—¢¥ has been ab-
sorbed by the term I'(¢) as part of the abovementioned
Reynolds averaging. The velocity and flux components
defined by (4) represent the normal components rela-
tive to the surface Z; per unit of horizontal area. Thus,
the velocity component o is zero at a material surface
and the flux component X will disappear if the diffusive
flux across a surface is taken to be zero, such as the
heat flux at an insulated plate.

The set of equations (3) and (4) is fully consistent
with (1) in the sense that a horizontal integration of
(3) leads to boundary terms referring to either the
lateral walls or the upper and lower surface, exactly
analogous to the terms obtained by taking the volume
integral of (1) over the layer. Also, horizontal integra-
tion of (3) and subsequent summation over all layers
of the model is equivalent to the volume integral of (1)
over the whole basin; similar considerations hold for
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quadratic quantities (such as energy) if the layered

equivalent of Dg? is defined as D$* and if the interface
values ¢ are properly interpolated.

With regard to advection terms such considerations
have received a great deal of interest in the meteor-
ological literature and the details have been presented
by Simons (1973a). As mentioned before, models of the
present type justify similar care with regard to the
diffusion terms in order to prevent the horizontal
diffusion term from causing fictitious diffusion as a
result of sloping surfaces. Thus, the above derivation
emphasizes that the horizontal diffusion does not appear
in the form of a Laplacian if the common gradient
diffusion concept is introduced, I'(¢p)=—AVeg, but
the layer depth appears between the two gradient
operators. It is also clear that the surface, bottom and
interface stresses in the momentum equations should be
identified with the parameter X rather than v as
defined by (4).

The general layered lake model and the structure of
the associated computer program rest on Eq. (3) ap-
plied to mass, momentum and temperature. Thus,
the model consist of a number of layers bounded by
surfaces whose character is specified by the parameters
(4). For example, the continuity equation is obtained
by setting ¢=1 and ¢=0 and the resulting equation is
used to compute either the displacement of a material
surface (w;=0) or the apparent vertical motion through
a rigid level or sloping interface (8Z:/d¢{=0). The
horizontal equations of motion can be cast in the form
of (3) by identifying ¢ with the horizontal velocity
components while the source terms include the Coriolis
force and the barotropic and baroclinic pressure terms.
The latter are related to the slope of constant density
surfaces and to density changes, which in turn are
determined by temperature deviations. Temperatures
are obtained from a heat conservation equation of the
form (3) with the source term set equal to zero and heat
fluxes specified at the free water surface. A listing of the
basic model equations is presented in the Appendix.

In view of the appearance of the major terms in the
model equations the wvariables are distributed on a
staggered grid in space and time. In a horizontal plane,
the free surface, the vertical velocity and the tempera-
ture are located at the center of squares formed by the
velocity components; and along the vertical coordinate,
temperature and currents are defined for layers whereas
vertical velocities, stresses and heat fluxes are specified
at interfaces. Central differences in time are employed
for pressure-divergence terms and forward differences
for friction-diffusion terms. Nonlinear terms in the
temperature equation are treated by a Lax-Wendroft
scheme, but the nonlinear terms in the equations of
motion have not been included here. The latter simpli-
fication was suggested by earlier findings (Simons, 1971)
that the effects of these terms were small compared to
the effects of changing the values of adjustable model
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parameters within a range consistent with observations.
It should be noted that this procedure implies a com-
bination of advective and diffusive fluxes of momentum
and, in particular, that vertical transfer of horizontal
momentum by vertical motions of all scales must be
simulated in the model by interface stresses. This will
probably lead to an overestimate of vertical diffusion
coefficients with associated damping of solutions.

For the computations reported in this paper, the
horizontal grid spacing was 5 km, and the vertical reso-
lution consisted of four layers separated by horizontal
levels at 10, 20 and 40 m below the surface to approxi-
mate the location of current meters at 10, 15, 30 and
50 m below the water surface. For purposes of time
extrapolation the external and internal modes of the
model are treated separately. Since the external gravity
waves assoclated with the free surface tend to put
severe restrictions on the computational time step, the
internal structure of the flow is computed in such a
fashion that the effects of the free surface waves are
filtered out. A formal separation for a linear two-layer
model with constant ratio of layer depths (e.g., Charney,
1955) shows that the barotropic component is approxi-
mated by the vertically integrated water transport
whereas the baroclinic component is approximated by
the vertical shear of the current. Thus, the four layer
equations for the present model are transformed into
one equation for the vertical-mean flow and three
shear flow equations by summing all layer equations
and subtracting adjacent layer equations. This pro-
cedure eliminates the effects of the barotropic mode on
the baroclinic mode to such an extent that the time
step for the internal parameters can be taken as large
as in corresponding rigid lid models. All computations
discussed in this paper employed a time step of 100 sec
for the external mode and a step of 15 min for the
internal mode.

The model parameters which must be evaluated by
verification experiments represent the statistical effects
of small-scale phenomena on the scales computed by
the model. It is clear that the model design makes no
a priori assumptions concerning this interaction since
the basic conservation equation for each wvariable
simply expresses the fact that any change must be
attributed to either sources and sinks, advective fluxes,
or diffusive fluxes. In this formulation all adjustable
parameters of the model are therefore contained in the
last terms. In the momentum equations these param-
eters relate to vertical fluxes of horizontal momentum
which appear as stresses at the surface, the bottom,
and between the model layers, and horizontal fluxes
which appear as horizontal diffusion terms. Although
the surface stress, bottom stress and interface stresses
are all interrelated, they are being parameterized inde-
pendently in this model, thus leading to four indepen-
dent parameters including horizontal fluxes. An equal
number of parameters, in general different, will be
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associated with the heat conservation equation and
with any other variable to be described by a similar
conservation equation. The evaluation of the numerical
values of the more relevant parameters will be taken
up in the next section.

3. Data analysis and verification procedure

In principle, a model verification experiment in-
volves a great number of computer runs, each based on
a reasonable combination of numerical values of model
parameters for the particular environmental conditions
to be studied. In order to limit the number of runs with
a large three-dimensional model, a substantial part of
the present study was devoted to an evaluation of model
parameters from diagnostic models applied to the 1972
Field Year data. Also, the detailed vertical transfer of
momentum was simulated by a one-dimensional model
utilizing certain information from runs with the lake-
wide model. These aspects of the verification program
with particular reference to the present storm have
been considered by Simons (1973b). For the same storm,
the complete model was run only five times, in most
cases for a period of 10 days. Before turning to the data
handling aspects of the verification study, the procedure
followed in arriving at the essential model parameters
will be summarized.

Inasmuch as the model is linear, water levels and
current amplitudes will be proportional to the wind
stress. As shown by Simons (1971), nonlinear effects are
in this regard negligible and thus an effective wind-
stress coefficient can be estimated by comparison of
observed and computed water levels and vertically
mean currents. Such methods are known to result in
higher estimates than direct flux measurements (see,
e.g., Bruce et al., 1968). For all computations discussed
here the coefficient relating the stress to the square of
the surface winds measured by the buoys, was set at
0.0025, that is, equivalent to a value of 3.0X 1078 after
including the ratio of air to water densities. The bottom
stress is assumed to satisfy a similar law and is made
proportional to the square of the velocity in the lowest
model fayer. The stress coefficient can be estimated from
the decrease of kinetic energy after a storm and was
taken to be equal to the wind-stress coefficient in most
runs, including those discussed here. The effects of
different bottom stress formulations have been pre-
sented by Simons (1971).

A crucial parameter of the three-dimensional model
is the vertical flux of momentum by small-scale eddies.
For the present runs, the conventional gradient diffusion
concept is used for momentum as well as temperature,
and hence the vertical flux of momentum is related to
the velocity shear between layers through a diffusion
coefficient. It was demonstrated by Simons (1973b),
for both model results and observations, that the
vertically-averaged currents contain very little energy
for periods less than a day, whereas the vertical shear
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energy is mostly confined to the inertial frequency
band. Thus, it is common for the inertial rotations to
attain a two-layer structure with the lower layer being
exactly out of phase with respect to the upper layer.
It was shown in the same paper, for a two-layer model
with layer depths D; and D and bounded by two levels
of zero stress, that the vertical shear of the current
tends to decrease as exp(—2«!/D1Ds) where  is the
vertical eddy diffusivity and ¢ is time. On this basis, it
was estimated that the vertical diffusivity after the
present storm might range from 25 to 50 cm? sec™,
L.e., of the same order as derived by Platzman (1963)
from the decay modulus of the fundamental mode of
Lake Erie.

The matter is complicated by the fact that the
diffusion coefficients must depend on stratification as
well as wind or velocity shears. Furthermore, it is to be
expected that turbulent mixing will increase in propor-
tion to the duration of the wind. Such considerations
led in the present study to a general formulation of
the form

¢
()= K-+k / L7 | dt, (3)
=7

where K is the basic diffusivity in the absence of wind,
k a nondimensional coefficient, 7, the wind stress
(cm? sec™?), and T represents a time lag between wind
and vertical mixing at a given depth. Although the
vertical transfer of momentum by mixing will, in most
cases, proceed to greater depths in a rather continuous
fashion, it was shown by Simons (1973b) that it can
be quite well represented in terms of superposed layers
of fluid and consequently can be visualized in terms of
simple stability models (e.g., Simons and Rao, 1972).
Unless one is interested in the details of such processes,
there is no need to consider the variation of the coeffi-
cients in (5) within a given episode. The results pre-
sented here were obtained by setting K= 25 cm? sec™,
k=1and T=100 sec, i.e., equal to the external mode}
time step.

Proceeding now to the processing of meteorological
and limnological data and the analysis of model output,
it is proper to distinguish between two classes of ob-
servational data. The first class of data serves to specify
the initial and boundary conditions for the model
experiments. To this class belong data on river dis-
charges, synoptic maps of surface pressure, winds, and
surface heat fluxes at regular time intervals, and three-
dimensional distributions of temperature at the be-
ginning of the experiment. The second class of observa-
tions consists of time sequences of water levels, currents
and temperatures, which are to be compared with corre-
sponding results obtained from the model. Since the
procedures for processing the second class of observa-
tions are the same as those utilized for the model results,
they will be discussed together after a brief summary of
the handling of input data for the model.
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By far the most important input data for the present
calculations are the wind stresses at the water surface.
This information usually must be derived from synoptic
weather stations around the lake, but in the present
case it is obtained from the meteorological buoys indi-
cated in Fig. 1. Wind stresses in the locations indicated
by circles were computed from winds at 10-min in-
tervals and then averaged to obtain hourly mean values.
Winds observed by the buoys indicated by squares
were not available at the time of this study but inspec-
tion of these observations indicates a fair agreement
with those used for the computations. Interpolation of
wind stresses to grid points was carried out by assuming
that the effect of each station extends as a function of
the distance. On the basis of experiments and subjective
judgement, the weights were made inversely propor-
tional to the square of the distance, and the number of
stations influencing any one grid point was limited to
three. For the surface pressures it was decided to
utilize the shore stations instead of the buoys since
the horizontal pressure gradient rather than the pressure
itself is the relevant parameter. Eight first-order syn-
optic stations, those indicated in Fig. 1 plus one station
just outside the lower left corner of the map, were used
to interpolate hourly synoptic pressure fields over the
lake.

The surface heat fluxes were derived from radiation
data and estimates of latent and sensible heat fluxes
and also by subtracting total heat budgets for the lake
for consecutive ship cruises. The cruise program con-
sisted of a survey of about 100 stations, distributed
evenly over the lake, at weekly intervals. The same
quasi-synoptic ship surveys were also used to specify
initial temperature distributions for all model layers.
In practice, each model run was started under baro-
tropic conditions well ahead of the particular storm
episode to be studied. The temperatures were then
made to approach those of the appropriate ship cruise
over a period of about a day to allow an adjustment
of the current field to the mass distribution. All initial
velocities were set equal to zero since each experiment
started at a time when the lake kinetic energy was at
a relatively low level.

The model verification was based on time sequences
of water levels, currents and temperatures observed at
the locations shown in Fig. 1. In principle, each string
of current meters consisted of a current meter and a
temperature recorder at 10, 15, 30 and 50 m below the
surface. In order to estimate spatial variations, two
model grid points, 5 km apart, were assigned to each
station and the variables computed for these points
were retained for comparison with observations. In
addition, synoptic maps of all variables were saved at
daily intervals, thus allowing a model restart at any
one day and an evaluation of lakewide circulation
patterns.
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Fic. 1. Locations of meteorological and limnological observation stations used for model verification.

A quantitative verification of the model is particularly
difficult for currents since a meaningful comparison of
observed and computed vector quantities must involve
both direction and magnitude. In principle, the inter-
dependence of two vectors may be studied with the
aid of their covariance tensor similar to the covariance
of two scalars. As shown by Ellison (1954), it is possible
to find a relationship between vectors which has the
basic properties of a scalar correlation coefficient. The
problem with such statistical evaluations is that the
model performance is judged completely independently
of the physical processes and time scales involved.
Since it is essential to determine the predictability of
Jake processes at different time scales, recourse can be
had to the usual spectral routines. Again, this technique
is less satisfactory for the present simulation experi-
ments since the selected physical episodes are of rela-
tively short duration, and also it must be assumed from
the outset that model parameters will vary within the
time span of an episode. These considerations led to a
verification analysis based on application of digital
filters.

The ideal filter function results in complete retention
of the spectrum on one side of the cutoff frequency and
complete removal of frequencies beyond this point. The
theoretical aspects of the problem, in the very important
context of scale separations in fluid dynamics, were
considered many decades ago by Isakson (see Oseen,
1930) and more practical considerations have been
summarized by Holloway (1958). Digital filters based

on Isakson’s theoretical function are symmetrical and
hence do not result in a phase shift. The degree of
approximation to the ideal filter is measured by the
frequency response function, i.e., the ratios of the
amplitudes of a Fourier component of the filtered series
to the corresponding component of the original series.
Since the response function for this type of filter has a
typical oscillatory character, it was found possible to
combine two filters whose individual response functions
are “out of phase” so as to eliminate the oscillatory
response. However, evaluation of this filter combination
showed that the results were not substantially different
from the filter designed by Graham (1963) by a different
procedure.

The response function for one filter used in this study
is shown in Fig. 2. The filter results in an attenuation
of amplitudes between 24 and 18 hr, thus retaining all
periods longer than a day and removing all frequencies
equal to or higher than the frequency of the inertial
oscillation for Lake Ontario. Notice that the filter shown
is a smoothing operator or low-pass filter. The high-pass
series is obtained by subtracting the low-pass result
from the original series. Another filter used in this study
effects a gradual amplitude attenuation between 10 and
5 hr and thus removes all frequencies corresponding to
the free-surface oscillations of Lake Ontario.

In addition to these filtered time series, averages
were computed for certain time periods. In view of the
typical time scales of large-scale lake circulations it is
of some interest to consider averaging periods of the
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order of three days. Since this corresponds to approxi-
mately four inertial cycles, the averaging procedure
tends to eliminate all inertial effects. Such averages,
therefore, should be quite meaningful in the framework
of studies concerned with transports of material in a
lake. Application of hydrodynamical models toward
such goals has been described by Simons and Jordan
(1972). Studies are now being carried out to use ob-
served distributions of chemical parameters as another
procedure for verification of the present models.

4. Results of verification for the Agnes episode

Agnes was detected on 15 June 1972 in the Caribbean
and subsequently matured into the first tropical storm
of the season. It moved up the Atlantic Coast and on
22 June was located over the New Jersey coastal waters
with atmospheric pressure as low as 980 mb. At this
time, strong northerly winds over most of Lake Ontario
were associated with a frontal system over the eastern
end of the lake. As shown in Fig. 3, the pressure differ-
ence between Toronto and Syracuse amounted to 12 mb.
The next day Agnes combined with a broad trough to
the west resulting in a low pressure center to the south
of Buffalo. The longitudinal pressure gradient over
Lake Ontario thereby disappeared and the winds
changed to a relatively weak easterly flow. Precipitation
totalled 2-3 inches along the lakeshore, merely a frac-
tion of the rain amounts elsewhere. The history of the
storm as it affected Lake Ontario is shown in Fig. 3.
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Good coherence was found between the wind records
from the various meteorological buoys on the lake, as
expected for a storm of this strength and scale. A typical
time sequence of the wind stress is shown in Fig. 4. On
the basis of the general time variation of the wind, the
three-day averaging periods, discussed before, were
selected as indicated by the vertical lines in Fig. 4. The
present paper is primarily concerned with the actual
storm period 22-24 June, and with the first post-storm
period 25-27 June. The model runs discussed here were
started from rest on the morning of 18 June, five days
before the storm maximum. Temperature predictions
for the baroclinic experiments would start on 21 June.

The initial temperature distributions were derived
from the ship survey carried out from 19 to 21 June.
The surface map for this cruise shows that the water
is everywhere warmer than 4C except for pockets of
slightly colder water in the deep eastern basin. Along
the shores the water temperature may be as high as
10-15C, but this warm water is restricted to a shallow
surface layer. Thus, the second model layer, below 10 m,
shows only weak temperature gradients. In view of the
small density anomalies for temperatures close to 4C
it is not surprising that the baroclinic effects turn out
to be quite small. At the same time, however, it must
be realized that the temperature stratification is suffi-
cient to exert a significant effect on the vertical diffusion
properties of the flow. Observational evidence to this
effect has been presented by Simons (1973b) together
with an evaluation of its relevance with regard to model
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F16. 2. Amplitude response of digital filter used to remove inertial oscillations
and higher frequencies from observed and computed time series.
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parameters. Aside from this indirect effect, the model
solutions were quite insensitive to the inclusion of
temperature, and all solutions presented in the follow-
ing can be considered barotropic even though obtained
from the baroclinic model. In view of this fact, the
temperature predictions will not be discussed in this
paper, but all matters concerning the heat budget for
the Agnes experiment will be included in the sequel
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F1G. 4. Wind stress observed at one station on Lake Ontario
for a stress coefficient of 3.0X107¢ (including the ratio of air to

water density). Directions shown indicate the directions toward
which the wind blows. :
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to this paper which will concentrate on stratification
effects.

As a first indication of model performance and as a
means of estimating the effective wind-stress coefficients,
it is natural to compare the computed and observed
water setup. This is complicated by the fact that Lake
Ontario storm surges are quite small and the wind-
induced setup is of the same order as the inverse
barometric effect. In this regard, a better estimate of
model performance can be obtained for Lake Erie. The
same model applied here was also used to compute
Lake Erie water circulation and surface levels through-
out the 1970 shipping season (Simons, 1973c). The cor-
relation coefficient between observed and computed
Buffalo-minus-Toledo water setup averaged out to 0.90
for the year. Although the effective wind-stress coeffi-
cient varied from month to month, its value was
generally fairly close to the one adopted here and dis-
cussed in the previous section.

A few typical Lake Ontario stations for the Agnes
period are shown in Fig. 5 where the solid lines represent
observed water levels and the dashed lines show com-
puted levels. The observed curves have been obtained
by subtracting the 24-hr running mean of the sum of all
stations; and both observed and computed time series
have been filtered to eliminate periods <5 hr, ie.,
approximately the period of the slowest surface mode.
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Fic. 5. Observed (solid lines) and computed (dashed lines) water levels during
storm Agnes at four stations around Lake Ontario. All time series are filtered to

remove periods <5 hr.

1t is apparent that the atmospheric pressure gradient
just before the storm is reflected faithfully in the water
level difference between Burlington-Toronto on one
side of the Lake and Oswego on the opposite shore.
Another striking effect to show up clearly in these
filtered records is the semidiurnal tide. Its amplitude
of the order of 1 cm agrees quite well with theoretical
estimates (Hamblin, 1968), but in view of the minor
currents associated with this tide, no effort has been
made to include this effect in the model. With regard
to the wind setup it is indicated that the wind-stress
coefficient, used here, is acceptable. The stations shown
in Fig. 5 give quite a representative picture of the model
performance. Mention should be made, however, of the
rather singular behavior of Port Weller to the west of
the Niagara River where the water level exceeded 30 cm
for a few hours, whereas the model computed only 209,
of this value. If this observation is accurate, it is
apparently due to smaller scale effects not resolved by
the input data.

The remainder of this paper will be concerned with
the lakewide water circulation during and after storm
Agnes. The discussion will deal with three time scales;
1) currents averaged over three days, 2) currents

smoothed by the digital filter shown in Fig. 2, and 3)
periods less than or equal to the inertial period. As
mentioned before, two model grid points were assigned
to each station. Inspection of the results shows that
the differences were not significant enough to warrant
presentation of both results. Appreciable differences
were found for station 2 where the directions of the
currents for the two grid points differ by as much as 25°
after the storm and the speeds in the grid point closest
to the shore are substantially larger than those in the
deeper grid point. However, in view of the subsequent
discussion of the general lake circulation, this result is
not surprising. Also, the presentation will be confined to
the final model runs using the parameter values given in
the previous section. The effects of different values have
been dealt with in the various earlier papers referenced
in the text.

a. Horizontal distributions of time-averaged currents

Figs. 6 and 7 show the observed and computed three-
day mean currents for all Canadian stations except
station 11 which is located on the far eastern end of the
lake. Since the character of the currents for this station
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is not significantly different from the remaining sta-
tions, the present discussion is restricted to the western
part of the lake until further data become available.
Fig. 6 shows the observed and computed currents for
the storm period 22-24 June, the next figure presents
the currents after the storm, 25-27 June. The numbers
1 through 4 refer to currents observed and computed
at depths of 10, 15, 30 and 50 m, respectively. Since the
model layers are separated at 10, 20 and 40 m below
the surface, the results for the first two layers have

OBSERVED CURRENTS

1

NIAGARA

COMPUTED CURRENTS
(run 4)

NIAGARA

PHYSICAL

— 2

/'3\ e &
%/‘/_,__,mﬁﬁs_\\ N

OCEANOGRAPHY VoLtMmE 4
been averaged to obtain a representative current for
10 m. No such interpolation has been carried out
between the lowest layers since the vertical variation
between them is not large. The depth of the lowest
model layer can be estimated from the depth contours
indicated by dashed lines.

From Figs. 6 and 7 it is apparent that storm Agnes
results in a strong counterclockwise circulation in the
western part of the lake. By reference to the pressure
maps and wind-stress history shown in Figs. 3 and 4,
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o~ 7 T \
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Fig. 6. Observed and computed currents averaged over the three-day period 22-24 June. Numbers 1 to 4
indicate depths of 10, 15, 30 and 50 m, respectively.
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F16. 7. As in Fig. 6 except for 25-27 june.

it is seen that, in agreement with our earlier general
discussion, the currents follow the wind on the shallow
northern side of the lake whereas the resulting pressure
gradient returns the water masses in the deeper parts of
the lake. The model simulation of the observed circula-
tion pattern is substantially correct with the exception
of the deepest current in station 6, which will be
discussed in more detail later. It is also apparent that
there is a general tendency to underestimate the
counterclockwise shear in the basin. This could be the
result of underestimating the shears in the wind-stress
distributions, or perhaps a more fundamental misrepre-
sentation of the energy sources as discussed later.

Fig. 7 shows that the counterclockwise circulation is
maintained after the storm and that it is now also more
convincingly reproduced by the model. Farther east, at
stations 9 and 10, a current reversal has taken place
which is well simulated by the model. There is still a
tendency to overestimate westward currents and
underestimate eastward currents which apparently is
left over from erroneous energy inputs during the storm.

b. Currents smoothed by low-pass filter

The time-dependent behavior of the currents during
and after the storm are presented in the next series of
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Fi1c. 8. Observed (solid lines)

and computed (dashed lines)

F1c. 10. As in Fig. 8 except for stations 9 and 10.

currents for stations 2 and 4 at the western end of Lake Ontario.
All time series are smoothed by the filter shown in Fig. 2.

figures. Figs. 8, 9 and 10 show the low-pass time series
for the western end of the lake, the area around station
6, and the eastern border of Figs. 6 and 7. Taken
together these stations cover the complete range of

SPEED (cm/sec)

DIRECTION

SPEED (cm/sec)

DIRECTION

30

e
! \y STATION 6a STATION 6
LAY
i
! \\ OEPTH 10m DEPTH 15m
» ] LAYER 0-10m-—~—= 2 LAYER 10-20m - —~ _-
<
/ AN A
1 \ AN
1 ‘!\ /AR LUIN
/ jt A4 N
10 /‘ 3 A4 10 Ns N
! /
/ \\_& Y / \
‘ y 4 N \\\\ /
° /6] 23 [ 2 = :
22 3 4
. ] 25 | 26 [ 27 22/6] 23 [ 2 | 25 ] % | 27
/
wiT e~ —— Wl ~-> ] e’
> { -
s s s
A
E N € }
/‘7\ ,
Nl N H
30 30
STATION 6 STATION 6
OEPTH 30m DEPTH 50m
2 LAYER 20-40m ==—| LAYER 40-85m - ~——
/—‘ \\ ! \\
/ N i AN
) A [/ / A
N -
ol - e I ~_-~"
N 22/6 23 ] 24 25 [26 [ 27 22/61 23 | 24 25 I 26 I 27
- 4
I SN By / T S -
Ay / N7
s s~
3 -, E\/\~
N - N L

F16. 9. As in Fig. 8 except for stations 6 and 6a.

variation between solutions and give a fair indication
of the major strength and weakness of the model.
Fig. 8 shows the observed and computed currents for
the upper and lower layers at stations 2 and 4. Since
the first station is located in the wind-driven current
and the second station in the pressure-driven return
flow, there are some significant differences. The ver-
tical current profile at station 2 has been discussed
by Simons (1973b) and it will suffice here to recall
that the currents at increasing depths gain momen-
tum by an apparent direct transfer from overlying
layers, which results in a time lag between upper and
lower layers. The opposite is true for station 4 where
the observations at lower levels indicate a maximum
current toward the east (against the wind) before the
height of the storm, thus indicating a pressure effect
preceding local winds. The subsequent increase in wind
must first slow down the easterly component of the
surface current before accelerating the latter in the
direction of the wind. Subsequently, the surface current
turns clockwise in conjunction with a turning of the
wind.

By comparing stations 2 and 4 one finds indications
that the model overestimates the wind-stress effect
and underestimates the pressure effect. Thus, an in-
crease of horizontal shear in the wind field would not
change the general character of the solutions with
regard to the time lag between surface and bottom
currents. Perhaps smaller scale phenomena, not re-
solved by the input data, resulted in a substantial
pressure effect preceding the storm. In this regard it
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