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Variability of the flow through the Strait of Belle Isle
by Christopher Garrett' and Becbara Toulany'
ABSTRACT
For periods between about two days and one month the surface flow through the Strait of
Belle Isle, represented by the sea level difference across it, is highly coherent with the large
scale atmospheric pressure gradient normal to the strait. This suggests th at the flow is driven
by a sea level difference between opposite ends of the strait induced by large scale winds. The
flow is slightly less coherent with an estimate of the wind stress th an with the geostrophic wind
itself. The highest coherence is found for an atmospheric pressure gradient in a direction th at
would give a surface wind rou ghly parallel to the west coast of Newfoundlaod. The gain and
phase lag of the flow with respect to the atmospheric pressure gradient could be associated
either with a constant time lag of about 8 hours, or with a model in which the forcing is bal~
anced by a combination of accelerat ion and friction . A least squares fit of models in the time
domain to two month blocks of data suggests plausible seasonal variations of the atmosphere/
ocean coupling and the friction coefficient if we use the latter model. The ave rage spin.down
time is about 24 hours. The optimum wind direction suggests th at the flow may be driven by
wind-induced set-up in the Gulf of St. Lawrence and set-down on the Labrador shelf, with the
latter just dominating as we find slightly more variance of the barometrically adjusted sea level
on the north side of the stra it than on the so uth.
On time scales longer than two months there appears to be flow vari ability th at is not directly
associated with the large scale meteorological forcing that domin ates at higher frequencies. No
significant correlations are found with various indices of the Gulf of St. Lawrence circulation
or the Labrador Current, although there is a possibility that the annu al cycle in the residual
flow through the Strait of Belle Isle is part of the estuarine circul ation of the Gulf of St.
Lawrence. Attention is drawn to anomalies in the flow in 1970, 1973 and 1977, although the
qualit y of the sea level data at low frequencies is suspect.

1. Introduction
The Strait of Belle Isle between Newfoundl and and Labrador (Fig. 1) has a considerably smaller cross-section than Cabot Strait, the other entrance to the Gulf of
St. Lawrence, but it provides a direct path into the gulf for the water, floating ice
and various biological organisms that are carried south by the Labrador Current.
For this reason, and also because of the importance of the strait as a major shipping
lane, the nature of the flow through the strait has long been a matter of interest.
I. Department of Oceanography, Dalhousie University, Halifax, N. S., B3H 411 , Canada.
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Early observations of ice drift may have given rise to the view, reported by
Bayfield (1837), of a persistent flow into the gulf through the Strait of Belle Isle.
This view was strenuously opposed by Dawson (1907, 1913) whose pioneering
summertime current measurements from moored ships in 1894 and 1906 showed
reversing tidal streams to be the main feature of the flow, although he also found
lower frequency residual flows that could be in either direction.
Huntsman et al. (1954) summarize the understanding of the oceanography of
Belle Isle Strait up to that time, emphasizing the biological evidence for some flow
of Labrador Current water into the gulf. They also found evidence, from hydrographic data and a few days of current measurement in August 1923, for mean
inflow on the north side of the strait and outflow on the south side.
This pattern for summertime flow was borne out by data obtained, with moored
current meters, by Bedford Institute of Oceanography in August and September
1963 (Farquharson and Bailey, 1966). The residual current pattern over 50 days
showed inflow on the north side of the strait and below about 50 m on the south
side, together with sudace outflow on the south side.
The 1963 data also showed considerable variability in the daily mean flow, quite
apart from the tidal currents. Garrett and Petrie (1981) related this flow variability
to daily mean sea level obtained at a number of tide gauges that were deployed in
the vicinity of the strait for the duration of the 1963 experiment. In particular they
showed that a cross-strait geostrophic balance holds well (as expected from scale
analysis of the dynamical equations), so that the sudace inflow or outflow could be
monitored using a pair of tide gauges on opposite sides of the strait, with a sea level
difference across the strait of 1 mm corresponding to a sudace current, averaged
across the strait, of 5 mm s- 1 •
Unfortunately the tide gauges installed in 1963 , which Garrett and Petrie (1981)
"geostrophically levelled" with respect to each other using the current meter data,
were not maintained, and although permanent tide gauges have been in operation
on opposite sides of the strait, at West Ste. Modeste and Savage Cove (Fig. 1), since
1969, their absolute relative level is not known with sufficient accuracy to permit
the establishment of the average surface transport. Nonetheless, variations in the
surface transport can be studied by analysis of the difference in sea level between
West Ste. Modeste and Savage Cove. Garrett and Petrie (1981) commented on the
monthly mean sea level slope across the strait, drawing attention to a tendency for
winter surface inflow into the gulf to be about 0.5 m s- 1 greater than summer inflow, but with interannual variability for any month also about 0.5 m 8 - 1 •
The purpose of the present paper is to examine in more detail the nontidal variability of the surface flow through the strait, assuming this to be well represented by
the sea level slope across the strait. In particular we would like to relate the flow
variability to meteorological or other forcing.
Ideas on the forcing of the flu ctuations in flow through the strait date back to
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Figure I. The Gulf of St. Law rence and t he Strait of Belle Isle. Depths are given in meters.

Dawson (1907), who found that the direction of the nontidal flow was not related to
the local wind, but rather to the sign of the large scale north-south atmospheric
pressure gradient. He found that outflow was associated with low pressure to the
north, and vice versa, as one would expect if the flow were driven by a sea level
difference, between opposite ends of the strait, set up by the large scale wind field .
Further evidence for this was found by Bailey (1958) following the passage of a
hurricane in September 1955, and by Farquharson and Bailey (1966) from data
obtained in 1963.
Garrett and Petrie (1981) found from the 1963 data that the large scale atmospheric pressure gradient across the strait actually correlated better with the acceleration of the flow through the strait than with the flow itself. They also showed
that the daily mean atmospheric pressure gradient along the strait, represented by
Belle Isle pressure minus Grindstone Island pressure (see Fig. 1), was not correlated
with either the acceleration or the flow.
The existence of many years of sea level data at West Ste. Modeste and Savage
Cove, together with suitable simultaneous meteorological data, provides an excellent
opportunity to check the ideas on meteorological forcing that were based on the
rather limited data sets of the past. We will also investigate the causes for the flow

166

Journal of Marine Research

[39, I

variability on time scales of months or years, for which forces other than meteorological might be important.
2. The data sets

Sea level. The sea level records from West Ste. Modeste and Savage Cove form the
basis of our investigations. Float-operated tide gauges, with heaters in the stilling
wells to prevent freezing in winter, have been in operation since October I 969. The
sea level at West Ste. Modeste is recorded on punched paper tape every 15 minutes
with a resolution of 0.01 ft (3 mm), while the Savage Cove gauge produces an analog
record. The processed data, in the form of hourly heights to the nearest 0.01 ft (3
mm), are obtainable from the Marine Environmental Data Service Branch, Fisheries
and Oceans, Ottawa.
The data return, which is far from perfect, is summarized in Table 1. We have
chosen to work with two data sets. The first is the 639 days from 1 February 1971
to 31 October 1972, for which hourly heights were obtained without gaps from both
tide gauges (apart from 5 days at West Ste. Modeste and 1 day at Savage Cove on
which gaps had been filled by interpolation or with predicted values of the tidal
heights). The second sea level data set we use is composed of the 96 monthly mean
sea level values for each station for 1970-77 inclusive, using the values published
by the Canadian Hydrographic Service and with the following conventions:
1) We accept the published monthly means if they are based on more than 20
days of data, with each day requiring at least 22 hours of data.
2) If n days of data are available, with 9 n 19, for a month with N days, we
define the monthly mean as n/ N times the average over then days of data+ (N-n) /
N times the average for that month over the years for which data is available.
3) If less than 9 days of data are available we find the monthly mean by interpolation between months for which a mean has been defined under 1) or 2).
Atmospheric pressure. Atmospheric pressure measurements, extrapolated to sea
level pressure, are recorded every 6 hours at a number of meteorological observing
stations. Goose Bay, Labrador and Gander, Newfoundland (Fig. 1) are very convenient for a definition of the large scale cross-strait pressure gradient found by
previous authors to be associated with flow through the strait. The pressure gradient
in an orthogonal direction may be constructed using data from these two stations
and from Grindstone Island (Fig. 1).
For the period 1 February 1971 to 31 October 1972, for which continuous hourly
sea level values are available for West Ste. Modeste and Savage Cove, we have
compiled a data series of sea level atmospheric pressure, for the three stations mentioned, at 0200 and 1400 local time each day. Local time is Atlantic Standard Time
(GMT + 4) for Goose Bay and Grindstone Island, Newfoundland Standard Time
(GMT+ 3½) for Gander. We will also work with monthly mean pressures, avail-
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Figure 2. Frequency response of low-pass filter A ',, A ,,;/(24' X 25).

able independently from the Canadian Atmospheric Environment Service, for the
eight years 1970-77 inclusive.
Other sets of monthly mean quantities, used in our study of low frequency variability of the flow through Belle Isle Strait, will be introduced later in the paper.
3. Data analysis
Much of the variability in sea level at each station, and in the difference across
the strait, is at tidal frequencies. We eliminate the tidal signal from the hourly sea
level data using the low-pass filter A ,. 2 A,,/ (24 2 X 25) (Godin, I 972), which has a
frequency response shown in Figure 2. The data are then decimated to one value
every 12 hours, at times 1200 and 2400 Newfoundland Standard Time (NST), 2 to
2½ hours ahead of the times at which we have atmospheric pressure data.
Power spectra and cross-spectra of the 12-hourly data sets are computed by Fast
Fourier Transform of I 024 points (from 1200 NST, 2 February 1971 to 2400 NST,
27 June 1972 and 2 or 2½ hours later for atmospheric pressure) followed by band
averaging using weights that correspond to filtering the correlation functions in the
time domain with a Tukey filter (Jenkins and Watts, 1968), but ignoring the weights
in the frequency domain after the first zero, i.e. ignoring the side lobes. For frequencies greater than 1.55 X I 0 - 3 cph (periods less than 27 days) we use a halffilter length of 20 points, giving approximately 50 degrees of freedom. For freqnencies from 2.44 X IO- • to 1.55 X IO -• cph (periods of 27 to 171 days) we use
a half-filter length of 4 points with about 8 degrees of freedom. Power spectra of
the 12-hourly sea level data are corrected for the effects of the low-pass filter .
The spectra have been extended down to a frequency of 4.28 x 1o-• cph (a
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Figure 3. Goose Bay minus Gander sea leve l atmospheric pressure (top) and West Ste. Modeste
minus Savage Cove filtered sea level (bottom) at 12-hourly intervals from 1200 NST, 2
February 1971 to 2400 NST, 1 June 1971.

period of 32 months), using the 96 monthly means, by averaging the periodograms
of three successive series of 32 values each. This produces results with 6 degrees
of freedom .
The coherence has been corrected for bias at all frequencies according to the
formula R ' = min[R' -2v-, (1 - R'), OJ where R is the computed coherence, R is
the corrected unbiased estimate and v the number of degrees of freedom (Jenkins
and Watts, 1968).
4. Results

A four month sample of the filtered sea level difference between West Ste. Modeste
and Savage Cove is shown in Figure 3, together with the atmospheric pressure difference between Goose Bay and Gander for the same period. The two series appear
to be coherent, although the sea level difference has a smaller high frequency content,
at least partly because of the effect of the low-pass filter.
The power spectra and cross spectra for the two basic time series, Goose BayGander atmospheric pressure and West Ste. Modeste-Savage Cove sea level, are
shown in Figures 4 and 5, with the sea level difference spectrum corrected for the
effects of the low-pass filter. (To check for the effect of the frequency dependence,
of the filtered sea level difference, on the spectral and cross-spectral estimates, we
recomputed them after prewhitening the filtered sea level difference by using a first
difference in time. No significant difference was found .)
The power spectra in Figure 4 show th at most of the energy in the atmospheric
pressure difference is at meteorological time scales of a few days to a couple of
weeks, whereas the sea level difference spectrum has relatively more energy at low
frequencies.
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Figure 4. Power spectra computed from the 12-hourl y data sets (--) and the monthl y
mean data sets (- - - - ) for a) Goose Bay minus G ander atmospberic pressure and b) West
Ste. Modeste minus Savage Cove sea level (corrected for the effects of the filter). Tbe 95 %
confidence ranges are (0.42, 4.7), (0.46, 3.6) and (0.69, 1.6) times the values shown for 6, 8
and 50 degrees of freedom.

The coherence shown in Figure 5 is greater than 0.8 over a wide frequency range,
supporting previous ideas on large-scale meteorological forcing of the flow through
the strait, although the coherence falls off for periods greater than 2 months or so.
In the frequency band in which we obtain spectral estimates from both the 12-hourly
and monthly mean data sets, the coherence appears to be considerably less for the
monthly mean data than for the 12-hourly data. This may be due to the extensive
gaps in the monthly mean data (Table 1) or to some nonstationarity in the data. The
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Figure 5. Coherence (a) and phase (b) for the dat a with power spectra shown in Figure 4. The
lower bound for a coherence significantly different from zero, at the 90% confidence level,
is shown. Positive phase corresponds to the sea level difference lagging the atmospheric
pressure difference.

low frequency peak in the coherence is associated with the annual cycle in the data
sets.
In Figure 6 we show the gain, defined as the square root of the ratio of the sea
level difference spectrum to the atmospheric pressure difference spectrum, multiplied
by the coherence. It shows an increase at low frequency, although it is not well defined for periods longer than 2 months or so due to the low coherence.
An interpretation of the gain and phase in terms of a simple dynamical model will
be presented in the next section, but first we shall investigate the evidence for forcing
of the flow variability by other pressure gradients or by the wind stress.

Axial pressure gradient. If the flow through the Strait of Belle Isle is forced by the
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Figure 6. Gain for the two basic time series, defined as (spectral ratio)¼ times coherence.

difference between the atmospheric pressure over the Gulf of St. Lawrence and the
atmospheric pressure east of the strait, we might expect a negative correlation between West Ste. Modeste-Savage Cove sea level and the atmospheric pressure gradient along the axis of the Esquiman Channel. We represent this by Grindstone pressure minus the average of Goose Bay and Gander pressures (Fig. I).
The coherence and phase between these two series are shown in Figure 7. The
coherence is not significant, and certainly less than that between the flow and the
atmospheric pressure gradient across the strait, except perhaps for periods less than
2 days or so. Presumably fairly rapid adjustment to barometric pressure is made
possible by the existence of Cabot Strait.
Wind stress. To evaluate the response of the flow through the strait to the large
scale wind stress, rather than the wind itself, we must first define the components of
the geostrophic wind in two orthogonal directions in terms of the atmospheric pressure at our three stations. To do this we first fit the simple linear formula
p,

= Ax + By+ C,

(4.1)

for the atmospheric pressure p., to the data at Goose Bay, Gander and Grindstone
Island, with the coordinate axes and relative positions shown in Figure 8. Assuming
a quadratic drag law the components of wind stress are then taken as
Tz

ex:

-B(A ' + B' )!,

Tu

ex:

A(A ' + B' )!.

(4.2)

(In fact, due to a small difference in direction between the surface wind and the

geostrophic wind, these represent orthogonal wind stress components in slightly
different directions.)
The coherence and phase between the flow through the strait and the components
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Figure 7. Coherence (a) and phase (b) between the sea level d ifference and the axial atmospheric pressure gradient, represented by Grindstone minus ½ (Goose Bay plus G ander). The
90% significance level for the coherence is shown.

of wind stress, using our 12-bourly data sets, are shown in Figures 9 and 10. We
see tbat the coherence is higher for r, than for r "' but still slightly less than the
coherence shown in Figure 5, and reproduced in Figure 9, between the flow and the
x-component of the geostrophic wind above. The coherence between the sea level
difference and r" is probably large!y induced by the presence of B in the formula for

r,.
Optimum wind direction. Using our 12-hourly data set we have computed the direction of the wind which is most coherent with the surface flow through the strait
(Fig. 11). While the coherence maximized in this way is not much greater than that
obtained using the geostrophic wind normal to the line from Goose Bay to Gander,
there is a systematic tendency for the optimum direction to be about 10° anticlock-
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Figure 8. Relative location of Goose Bay, Gander and Grindstone Island, and definition of
coordinate axes.

wise from that line. The corresponding surface wind direction is likely to be about
20° to the left of the geostrophic wind in the northern hemisphere (Hasse, 1974),
and hence roughly parallel with the west coast of Newfoundland (Fig. 1). This
direction may represent a compromise between a direction parallel to the axis of the
Esquiman Channel that might produce the greatest set-up in the gulf, and a direction parallel to the east coast of southern Labrador that might produce the greatest
set-down on the Labrador shelf.
5. Dynamical interpretation

The results of the previous section make it clear that the Goose Bay minus
Gander atmospheric pressure difference provides a good representation of the forcing
responsible for flow through the strait, presumably because the large scale wind
field sets up a sea level difference between the Gulf of St. Lawrence and the Labrador
Sea, and this sea level difference, rather than the local wind, drives the flow.
The increase of phase lag with frequency is approximately linear (Fig. 12). If we
approximate it by a linear increase from 0° to 90° as w increases from 0 to 0.03
cph, it corresponds to a fixed time lag of 8 hours for the flow to respond to the atmospheric pressure difference. The physical reason for such a lag might be associated
with the difference between travel times in the atmosphere and the water. In this
regard we point out that the cross-spectrum between Grindstone Island atmospheric
pressure and the average of Goose Bay and Gander pressures (Fig. 13) gives a travel
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Figure 9. Coherence between the sea level difference across the strait and the wind stress component, ...... , defined by (4.2). The coherence between the sea level difference and the wind itself,
as in Figure 5, is also shown (- - -). The 90% significance level is indicated.

time of about 7½ hours for storms to propagate from Grindstone Island to the
Strait of Belle Isle, whereas the travel time in the water is about 500 km/50 m s- 1
"" 3 hours, taking an average depth h of 250 m so that (gh)I = 50 ms- 1 • So in fact,
if wind over the southern Gulf produces a sea level response over the whole gulf,
forcing of the flow through the Strait of Belle Isle might lead the local geostrophic
wind by 4 hours or so, rather than lagging by 8 hours. A lag might be possible if it is
the sea level response on the Labrador shelf that is primarily responsible for the
flow through the strait, and a lag of about this magnitude has been reported for the
east coast of North America by Noble and Butman (1979) and for the Scotian Shelf
by Sandstrom (1980).
Another possibility is that the increase of the phase lag with frequency arises
from the increasing importance of acceleration in the strait as the frequency increases. Consider the model
fJu / fJt

+ AU =F

(5.1)

in which the force F driving the flow through the strait is balanced by a combination
of acceleration and friction, with friction linearized about the tidal currents. If the
forcing is periodic with frequency wit is easily seen that the gain G and phase lag <f,
are given by
G(w) = (w'

+ >,. )-I,
2

<f,(w) = tan- 1 (w/ A) .

(5.2)

An approximate fit of <f>(w) to the phase shown in Figure 12, with A given by the
frequency at which <f, = 45 °, leads to A = 0.008 cph = 0.05 h-•. Roughly the same
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Figure I 0. Coherence between the sea level difference across the strait and the wind stress component,,,, defined by (4.2). The 90 % significance level is shown.

value is obtained from fitting the above formula for G(w) to the gain in Figure 12.
The associated spin-down time A- 1 - 20 h is consistent with the value of 26 h obtained by Garrett and Petrie (1981) from a study of the 1963 data of Farquharson
and Bailey (1966), and with Garrett and Petrie's rough dynamical estimate of 12 h.
We could attempt a more precise interpretation of the gain and phase, and a resolution of the two alternative interpretations of the phase, by making a least squares
fit of appropriate models in the frequency domain, possibly weighting each frequency
according to energy. We prefer to fit a model like (5.1) in the time domain, particularly as this will permit a study of seasonal variations of model parameters.
A simple model. A model which allows for both a constant time lag in the response
and for the phase delay associated with acceleration is

au/a t+ AU = µ,F(t

+ -r)

(5.3)

where u represents the flow through the strait and, as in (5.1), A is a coefficient for
the friction, which has been linearized about the tides. The appropriate forcing is
presumably the difference in sea level between the gulf and the o:ean, which we
might expect to be proportional to the average wind stress towards the strait, with
some time lag, --r, to allow for the response of the Gulf of St. Lawrence or Labrador
Sea. However, the results of Section 4 indicate that the flow is more coherent with
the wind than with the wind stress, so for the force Fin (5.3) we use the atmospheric
pressure difference between Goose Bay and Gander.
We represent the flow u in (5.3) by the filtered sea level difference between West
Ste. Modeste and Savage Cove .The filtering (Fig. 2) reduces the energy at high frequencies, but the coherence between flow and wind is slightly reduced there anyway,
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Figure 11. Geostrophic wind direction (clockwise from the normal to the line between Goose
Bay and Gander) for maxim um coherence between the wind and the sea level difference
across the strait. The associated coherence is also shown.

so that (5.3) is less valid as a model. To generate an equivalent time series for the
atmospheric pressure difference we have interpolated linearly between the 12-hourly
values and then applied the low pass filter A,.' A,,/(24' X 25).
Using the 12-hourly time series for u, F we then obtain, by multiple regression for
2 months (6 1 days) at a time, the coefficients ;>.., µ, that minimize [u + >,.- 1 (fJu /fJt)
- µ,>..- 1F(t + -r)]' for a given value of -r. (It is important to perform the regression
with the coefficients attached to the acceleration and forcing in order to weight the
results according to the energy spectrum of u.) The choice of -r which gives the least
residual variance may then be selected.
The resulting values of >,.- 1 , µ,, -r as functions of time are shown in Figure 14a,
together with the hindcasting skill (or fraction of the variance of u accounted for),
defined as
S8

= 1- < [u+;>.. -

1(fJu/iit)

- µ,;>..-'F(t+-r)]' >!< u'

>

(5.4)

The negative value of -r implies that forcing at the strait occurs after a weather system has passed out over the Labrador Sea, with an average lag of 7 hours. We
notice that the hindcasting skill with the optimum value of -r is less than 1 % higher
than the skill with -r = 0 (Fig. 14b), so that the value of -r cannot really be determined from our regression. (The results shown in Figure 14b for -r = 0 were actually
obtained with -r = 1 or 1 ½ hours. The difference from zero is not significant.)
The spin-down time >,.- 1 appears to have a seasonal variation. With -r optimized
(Fig. 14a) >,.- 1 is less in summer than in winter, but for -r = 0 (or for ITI less than
about 4 hours) the reverse is true, with less friction in summer than in winter. This
might be the effect of water stratification or, as suggested by Howa,d Fr.~eland (per-
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Figure 12. Gain and phase of the sea level difference ac ross the strait with respect to the Goose
Bay minus Gander atmospheric pressure. The values are as in Figures 5, 6 but plotted here
on a linear scale for frequency. For a coherence of 0.85 (see Fig. 5) the confidence band for
the phase is ±JS' for 50 degrees of freedom (Jenkins and Watts, 1968, p. 43 7).

sonal communication), increased friction in winter might result from ice cover. The
average value of >t- 1 for r = 0 is 24 h, comparable with the value of 20 h determined from the cross-spectrum.
The coupling coefficient µ, also varies seasonally, being greater in winter than in
summer for small r. This could be the effect of stronger winds in winter giving a
greater stress for a given wind (although the results of Section 4 demonstrated that
the flow is more coherent with the wind than with the wind stress), or it could be
associated with a summertime reduction of surface wind relative to the geostrophic
wind due to stable stratification of the atmosphere.
The mean value ofµ, is 1.4 X 10-• m s- 1 kPa- 1 , equal to the low frequency gain
in Figure 12 divided by the average value of >t-•. This value will be discussed
further, and related to dynamical estimates, in Section 7.
In summary, the results of fitting (5.3) to the data are inconclusive. If we believe
the flow through the strait to be driven by a rapidly generated set-up (or set-down)
in the Gulf of St. Lawrence, then the model implies an average spin-down time of
20 h, with plausible seasonal variations in this and in the coupling coefficient between the meteorological forcing and oceanic response. Allowing for a time lag in
the forcing does not significantly improve the skill of the model, but emphasizes the
uncertainty of results obtained with zero time lag. If a time lag is due to the delayed
set-down (or set-up) on the Labrador shelf in response to wind, we should probably
replace the right-hand side of (5 .3) by a forcing term which itself satisfies a first
order differential equation, leading to a second order equation connecting the flow
u to the meteorological forcing F. We have not pursued this possibility, but instead
turn to other aspects of the data which may shed some light on the forcing.
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Figure 13. Coherence and phase between Grindstone Island atmospheric pressure and Belle
Isle Strait atmospheric pressure (represented by an average of Goose Bay and Gander values).
Positive phase means that Belle Isle lags Grindstone Island.

6. Other properties of sea level

So far we have concentrated our attention on the difference in sea level across the
strait, assuming this to be a good measure of flow through the strait. In Figure I 5
we show the results of a cross-spectral analysis of the average sea level and the local
atmospheric pressure (which we take as the average of Goose Bay and Gander
values). The coherence is very high for periods of 3 days to I month, and the gain
and phase are close to the values of 0.10 m kPa-• and 180° that would result from
an "inverted barometer" response.
Assuming that part of the changes in sea level at West Ste. Modeste and Savage
Cove is a purely hydrostatic response to local atmospheric pressure, we can construct time series of adjusted filtered sea level at each location, by adding to the
filtered sea level an adjustment of 0.10 m kPa- 1 X the filtered average of the Goose
Bay and Gander atmospheric pressures. The resulting power spectra (corrected for
the response of the low-pass filter) are shown in Figure 16a. At low frequencies
there is significantly more energy at West Ste. Modeste than at Savage Cove, although the reverse is for periods of less than about 2 days. The coherence and phase
(Fig. I 6b) show that at high frequencies the two sea levels oscillate more or less in
phase, suggesting, perhaps, that our adjustment for atmospheric pressure, using the
average of Goose Bay and Gander values, is not entirely adequate.
Indeed, by comparing different spectral energy levels, and also by adjusting the
sea levels with an atmospheric pressure with different weights for Goose Bay and
Gander, we have found that the ratio of north shore to south shore sea level energy
is rather sensitive to the ma1rn"r of a.djwtment. The appropriate conclusion seems
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Figure 14. Model parameters as functions of time from least squares fitting of two month
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lag of the forcin g, A a friction coefficient and µ a coupling coefficient between the atmospheric
forcing and the model equation (5.3) for the oceanic response. a) T optimized, b) T assumed
equal to zero (actually I to I ½ hours).

to be that the flow is forced from both ends of the strait, with the possibility of
slightly greater forcing from the Labrador shelf than from the Gulf of St. Lawrence.
7. Driving mechanisms

The results of Sections 4 and 5 strongly suggest that for periods between about
2 days and a month or two the flow through the Strait of Belle Isle is driven by
large scale meteorological forces . The aim of this section is to investigate, as quantitatively as possible, the physical coupling between the atmospheric forcing and the
oceanic response.
The gain in Figures 6 and 12 shows that a pressure difference of 1 kPa (Goose
Bay minus Gander) is associated, at low frequencies, with a sea level difference
(West Ste. Modeste minus Savage Cove) of approximately 0.12 m. The associated
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Figure 15. Coherence, phase and gain between ½ (Goose Bay+ Gander) sea level atmospheric
pressure and ½ (West Ste. Modeste + Savage Cove) sea level. The gain is the (spectral ratio)!
tim es the coherence.

average surface current at the narrowest point of the strait is 0.6 m s- 1 and with a
spin down time of 24 hours (Fig. 14h) the slope along the strait required to balance
the friction is 7 X 10- 1 • The strait widens considerably to the east of the narrowest
point, so the total change in sea level along the 100 km length is probably about
3 x 10- 1 x 10' = 0.03 m, less than the sea level difference 0.12 m across the
strait. The flow is thus limited by geostrophy rather than by friction. We must see
if a pressure difference of 1 kPa from Goose Bay to Gander could produce a sea
level difference, from one end to the other of a closed strait of Belle Isle, of 0.1 m.
The geostrophic wind for this pressure difference is about 11 m s- 1 • To estimate
wind-induced set-up on the Gulf of St. Lawrence side of the Strait of Belle Isle we
need the wind stress (even though our results in Section 4 showed the wind, rather
than the wind stress, to be slightly more coherent with the flow through the strait).
Multiplying by the r.m.s. geostrophjc wind of about 5 m s- 1 and using a surface to
geostrophic wind ratio of 0.54 (Hasse, 1974) and a surface drag coefficient of 1.2
x 10-• for typical wind speeds (Smith, 1980), the surface stress is about 0.02 Pa.
This will produce a set-up, over 500 km of water of average depth 150 m, of only
0.01 m if one assumes a barotropic response. This is less than the 0.1 m required, but
the effects of channel convergence and baroclinicity may substantially increase it,
particularly if wind-driven coastal jets associated with upwelling or downwelling on
the north shore of the gulf and off the northwest coast of Newfoundland can influence the strait. It does not seem out of the question that the set-up in the gulf is
sufficient to drive a substantial part of the observed flow through the strait.
For periods greater than 2 days or so the adjusted sea level on the north side of
the strait has more energy than that on the south side (Fig. I 6a), implying that the
fluctuating flow is driven more by changes in sea level on the Labrador shelf to the
east of the strait than by changes in the gulf. As pointed out in Section 6, the ratio
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Figure 16. Spectral properties of the adjusted sea levels at West Ste. Modeste and Savage Cove.
The adjustment is performed by adding 0.10 m kPa- • times ½ (Goose Bay + Gander) atmospheric press ure. a) Power spectra : West Ste. Modeste (--) and Savage Cove (- - - -).
The 95% confidence band is shown. b) Coherence and phase. Positive phase means that
Savage Cove lags West Ste, Modeste,

of sea level energy on the two sides of the strait is rather sensitive to the manner of
adjustment, so th at the above argument is not conclusive, but we must consider the
sea level set-up and set-down outside the strait.
The relevant question now becomes: can a surface wind, of about 6 m s- 1 , at an
angle of approximately 25 ° to the east coast of Labrador, produce a set-down, at
the outer end of the Strait of Belle Isle, of about 0 .1 m? Studies elsewhere on the
east coast of North America (Wang, 1979; Noble and Butman, 1979; Sandstrom,
1980) show that a response of this order of magnitude is possible for longshore
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winds, but that coastal sea level is not generally affected significantly by an offshore
wind.
Presumably the optimum wind direction for flow through the strait is the one
which produces the maximum difference in set-up and set-down between opposite
ends of the strait, and not necessarily the maximum at either end. Thus the optimum
direction is roughly halfway between the directions, parallel to the axis of the Esquiman Channel and the east coast of southern Labrador, that one might expect to
be optimum for set-up in the Gulf of St. Lawrence and set-down on the Labrador
shelf respectively.
Wind or stress? Our cross-spectral analysis showed the flow to be slightly more coherent with our estimate of the geostrophic wind than with the wind stress (Fig. 9).
Sandstrom (1980) found a similar result for wind-driven flow along the Scotian shelf
(using surface wind data), and attributed it to a low-frequency balance between a
quadratic wind stress and quadratic bottom friction . This explanation does not seem
plausible in the present case, as the variations in bottom friction for the flow through
the strait are likely to be linearizable about the friction associated with the tidal current and an unknown mean flow, and, in any event, for frequencies above 0.008 cph
the acceleration, which is linear in the current, is more important than friction.
Another possibility is that it is tbe atmospheric pressure difference, rather than
the wind, which is somehow driving the flow, but it is difficult to see how an atmospheric pressure gradient across the strait could drive the flow directly or drive a
sufficient current on the Labrador shelf. (Even if we assume an inverted barometer
response in the gulf due to an atmospheric pressure 1 kPa higher there, and make
the highly implausible assumption that the adjustment takes place through the Strait
of Belle Isle rather than through Cabot Strait, the current generated is 0.1 m X frequency x (surface area of gulf/cross-sectional area of strait). At a typical frequency
of 0.01 cph this is only 0.2 m s- 1 , less than the required current of 0.6 ms - •, and
of course the gain, proportional to frequency, is completely at odds with the result
shown in Fig. 12.)
The slightly higher coherence of the flow with the wind, than with the wind stress,
could arise from a decrease of the geostrophic drag coefficient with increasing wind
speed, from some property of the spatial distribution of the wind field that is not
resolved by using the Goose Bay-Gander pressure difference, or from a reduction
in oceanic response that is brought about by increased mixing as the wind speed
increases. All of these need further investigation.
8. Low frequency variability

So far our discussion has been concentrated on the frequency band with periods
from a couple of days to a month or so. This band contains most of the energy in
the meteorological forcing, and various spectral and cross-spectral quantities can be
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computed from our basic 12-hourly data set with reasonable confidence. Although
the physics is unclear, our results suggest some causal connection, in this frequency
band, between the Goose Bay minus Gander atmospheric pressure, and the flow
through the strait, as represented by the West Ste. Modeste minus Savage Cove sea
level.
For periods longer than a month or two the coherence between these two quantities seems to decrease (Fig. 5a), although the confidence limits are broad. We may
lump together all the periods greater than 2 months by evaluating correlation coefficients between time series of monthly mean quantities. For our two basic series
(G oose Bay-Gander atmospheric pressure and West Ste. Modeste-Savage Cove sea
level) the correlation coefficient is 0.43 using all 96 months of data, and 0.61 for the
21 months that correspond to our clean 12-hourly data sets.
To establish the significance of these values we need to know the effective number of independent points in the time series. This is less than the total number of
data points due to the autocorrelation of each variable (Bayley and Hammersley,
1946). We have calculated the effective number, n., of independent points from the
formula (Davis, 1977; Garrett and Petrie, 1981)
n

_l_
. n.

=

_l_
n

+

_2_

n2

(n-j)p(j)

(8.1)

1-,

where ,z is the actual number of observations and p(j) the autocorrelation function ,
at a lag of j months, of the product of the two variables minus the mean of the
product. Of course the finiteness of the data, which makes the correlation between
the two series uncertain, also prevents us from determining the true value of p(j). We
have estimated it from the 96 months of data, and used in (8.1) only the values p(l)
= 0. 178, p(2) = 0.094, ignoring the small estimates for large j on the grounds that
they are probably associated with the finiteness of the data.
We thus obtain n , = 62 when ,z = 96 and n. = 14 when n = 21. For these values
of n, correlation coefficients greater than 0.25 and 0.53 respectively are significant
at the 95% level. So the calculated correlation coefficients of 0.43 and 0.61 are both
significant, but the meteorological forcing cannot be said to account for much of the
variance in the sea level difference, particularly if one subtracts from the square of
the correlation coefficients the "artificial skill" of order n.- 1 (Davis, 1977). In fact
the correlation coefficient we have obtained may be inflated, and the effective number of independent points reduced, by unrelated annual cycles in each time series.
We could avoid this problem by defining monthly anomalies to be the monthly
means minus the 8-year average for each month, but this might throw out parts of
the annual cycles that are causally connected. We prefer to define a nonmeterological
residual assuming that the gain obtained from our highly coherent 12-hourly data
sets is constant at low frequencies.
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Figure 17. Monthly mean quantities from 1970 to 1977. The series are as follows : I) Goose
Bay-Gander atmospheric pressure. 2) West Ste. Modeste-Savage Cove sea level. 3) Residual
(nonmeteorologically induced) sea level difference, defined as Series 2-0.12 m kPa- 1 X Series
1. 4) RIVSUM, the discharge of the St. Lawrence, Ottawa and Sag uenay rivers. 5) Sea level
differences across Cabot Strait, between North Sydney and Port aux Basques. 6) Adjusted sea
level difference between Nain and St. John's. The N ain sea level is adjusted using Hopedale
atmospheric pressure. 7) Adjusted sea level at St. John's.

The nonmeteorologically induced residual. The top two graphs in Figure 17 show
the monthly means of the Goose Bay-Gander atmospheric pressure difference and
the West Ste. Modeste-Savage Cove sea level difference. The third graph shows the
sea level difference minus a constant gain, 0.12 m kPa-•, times the atmospheric
pressure difference. This value, from the low frequency end of Figure 12, is the gain
at the longest period (1 month or so) for which we are sure that the two series are
coherent. We could use a seasonally variable gain in calculating the residual sea
level difference, but the value of>..µ,-• in our model in Section 5 does not show any
definite seasonal variation, although it varies between 0.084 and 0.148 m kPa-• .
The annual cycle. A least-squares fit of an annual cycle to the top three graphs of
Figure 17 gives amplitudes of 0.28 kPa, 0.046 m and 0.034 m with maxima on
March 1, January 12 and November 25. In other words the annual cycle in the
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Table 2. Correlation coefficients of the flow and residual flow through Belle Isle Strait with
Th e f orma t 1s
. n(n.)
r(r ,) w here r 1s
. th e
. various
.
.
.
factors representmg
poss1"bl e f orcrng
mec h amsms.
computed correlati on from n monthly means and ,. the 95% significance level given n, effecti ve ly inde pendent observations, with n, determined from (8.1) terminated at the first com puted zero-crossing of p(j). The series are as in F igure 17; 4(-6) refers to RIVSUM leading
series 1 or 2 by 6 months and 7(1) refers to adjusted sea level at St. John's lagging series 1
or 2 by I month.
Series 2
Series 3

Series
I
0.43(0.25)
96(62)

4
-0.02(0.33)
96(36)

4(-6)
0.29(0.25)
90(60)

5
0.03(0.23)
96(72)

6
-0.34(0.44)
38(20)

7(1)
0.05(0.3 1)
95(41)

0.01(0.34)
96(34)

0.22(0.24)
90(66)

-0.01(0.26)
96(59)

-0.22(0.4 7)
38(18)

0. 18(0.30)
95(42)

residual flow through the strait has maximum outflow in May. This suggests that the
outflow may be part of a barotropic response to the discharge of fresh water into the
Gulf of St. Lawrence. This is represented in Figure 17 by RIVSUM (the sum of the
discharge of the St. Lawrence, Ottawa and Saguenay rivers) and also has a maximum
of its average annual cycle in May. However, the annual cycle in the residual sea
level difference across the strait represents an oscillation in average surface current
of 0.17 m s- 1 which would give a transport of 2 X 10 5 m' s-• if uniform over depth.
This is very much greater than the annual cycle of only about 2,000 m' s- 1 in
RIVSUM.
Another possible physical connection between RIVSUM and the flow through
the Strait of Belle Isle could arise from the entrainment of salt water into the outflow
through Cabot Strait, which peaks in late fall (G. Bugden, personal communication,
1980). It seems quite possible that the salt water could be sucked in through Belle
Isle Strait, rather than come from a deep or northern inflow through Cabot Strait.
The timing is compatible (late fall for both) and the volume fluxes (2 X 10' m s- 1
versus about 6 X 10' m s- 1) not too different.
This idea is not very well supported by the correlation of monthly means (Table
2). The flow through Belle Isle Strait appears to be correlated with RIVSUM 6
months earlier, but the residual flow is not significantly correlated, although the
sign of the correlation coefficient is as expected. Similar results are obtained with
RIVSUM leading the flow by 4, 5, 7, or 8 months.
Similarly, neither the flow nor the residual flow through Belle Isle Strait is correlated with the sea level difference between North Sydney and Port aux Basques
on opposite sides of Cabot Strait (see the fifth graph in Fig. 17, and Table 2). Of
course this sea level difference represents just the surface flow through Cabot Strait
at best, and is probably significantly affected by cross-strait winds and other factors.
Other driving mechanisms. The Labrador Current is an obvious possible cause of
flow through the Strait of Belle Isle. One would expect an increase in the strength

1981]

Garrett & Toulany: Strait of Belle Isle flow variability

187

of the current to produce a geostrophic set-up at the coast, and hence drive flow in
through the strait.
Unfortunately a good index for the strength of the Labrador Current is not available. We have tried two possible indices:
1) The adjusted mean sea level at Nain (56 °33'N, 61 °42'W) minus that at St.
John's. The adjustment, by adding mean atmospheric pressure (we have to use
Hopedale values at Nain), does not necessarily assume an inverted barometer response, but gives us a measure of the total alongshore pressure gradient, which we
might hope to be related to the strength of the current. 2) St. John's adjusted mean
sea level, compared with the flow through the strait one month earlier. The reason
for this lead is the observation of a two month lag between Nain and St. John's adjusted sea level (B. Petrie, personal communication, 1980), so that high sea level at
Belle Isle should precede that at St. John's by about a month. Use of this index does
assume an inverted barometer response.
Time series of both of these indices are shown in Figure 17, with only 38 points
available for the first index due to the poor data return from Nain. Neither index is
significantly correlated with either the flow or the residual flow through the Strait of
Belle Isle.
We are forced to couclude that the causes of the low frequency variations in flow
through the Strait of Belle Isle, apart from the atmospheric forcing found effective
at higher frequencies, are unknown. We must present the residual sea level difference
(the third graph from the top in Fig. 17) as a result in itself, possibly representative
of fluctuations on the Labrador shelf which are not understood. In particular we
draw attention to the major reductions in in.flow implied by the sea level difference
in 1970, 1973 and 1977.
One final note of caution is called for. Annual levelling of the two tide gauge
install ations (David DeWolfe, private co=unication) has shown that the Savage
Cove gauge is rising at an average rate of about 0.05 m year-•. This annual movement has been corrected for in the data published by the Marine Environmental
Data Service Branch, Ottawa, but it is possible that there are higher frequency
changes in the elevation of the installation which are undetected by the present inadequate surveying and which contaminate the data.
9. Discussion

The main result of this paper is that the sea level difference across the Strait of
Belle Isle is highly coherent with the large scale atmospheric pressure gradient across
the strait in the meteorologically energetic frequency band with periods of about
two days to one month. The direction of the surface wind which is most coherent
with the flow through the strait is parallel to the west coast of Newfoundland. This
and the ratio of the adj usted sea level energy on opposite sides of the strait suggest
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that the flow is driven by both set-up in the Gulf of St. Lawrence and set-down on
the Labrador shelf.
It is also possible that the flow through the strait is a response to set-up or setdown due to the large scale pressure field, rather than the associated wind, although
it is difficult to see how this would work, and a scale estimate in Section 7 makes
the possibility seem remote.
The way in which the meteorology couples to the flow through the strait is probably best studied through a combination of dynamical (and numerical) models of
the response of the Gulf of St. Lawrence and Labrador Sea to meteorological forcing, together with further analysis of time series of sea level at other locations in the
Gulf of St. Lawrence and on the Atlantic coast of Newfoundland and Labrador.
At low frequencies it is clear that only part of the flow through the strait is driven
by the atmosphere in the same way as the high frequency flows. The residual may
be related to meteorological forcing in some more indirect way, or to some other
indices of ocean variability. We have not been able to identify any really significant
indices, although we suspect that the annual variability of the flow through the Strait
of Belle Isle may be to some extent a component of the estuarine circulation of the
whole Gulf of St. Lawrence. It is also possible that the data we have used are not
totally reliable due to the inadequate frequency of survey checks on gauge height as
well as gaps in the data.
All we can really do at this stage is present the data summarized in Figure 17,
draw attention to the considerable interannual variability in the flow through the
strait, and invite suggestions of causes other than those we have investigated.
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