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ABSTRACT

In this paper the response of Conception Bay to wind forcing is discussed. Current meter and thermistor
chain observations are analyzed and compared with output from a reduced-gravity numerical model. The model
incorporates realistic coastal geometry and is driven by wind stress calculated from observed winds.

Moorings were deployed in the bay during 1989 and 1990. In 1990 the moorings were placed within the
coastal waveguide around the head of the bay and show that southwesterly winds generate an upwelling event
on the western side that moves around the head of the bay and is suggestive of Kelvin wave propagation. Data
analysis shows that the thermocline response is strongly coherent between each mooring at periods of 2-10
days, and winds measured at a nearby station are found to be strongly coherent with the observed temperature
fluctuations.

Two versions of the reduced-gravity model are applied—one models Conception Bay alone and ignores
“upstream” influences and another includes neighboring Trinity Bay, located to the northwest and “upstream”
in the sense of Kelvin wave propagation. The local model does reasonably well at reproducing the observed
movement of the thermocline but underestimates its amplitude. The nonlocal moedel, which includes the neigh-
boring bay, does much better at simulating the observations, including the amplitude of the response, and also
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the upper-layer currents. The comparisons clearly show the importance of nonlocal effects.

1. Intreduction

In this paper, we investigate the response of Con-
ception Bay, Newfoundland, to wind forcing (see Fig.
1). The work forms part of a project to understand
primary production in a cold ocean system;, the Cold
Ocean Productivity Experiment (COPE), that is con-
cerned with temperature variations at seasonal and
synoptic periods. Here we concentrate on the synoptic
band, looking at the response of the bay to wind forcing.
Data from the bay show large daily vertical movements
of the thermocline of up to 10-20 m. We shall inves-
tigate these events with periods of 2-10 days using a
reduced-gravity numerical model driven by wind stress
calculated from observed winds. The model is capable
of simulating upwelling events in the bay and enables
us to assess the importance of nonlocal effects due to
coastal-trapped wave propagation from neighboring
Trinity Bay.

In using a reduced-gravity model, we are implicitly
assuming that density stratification is playing a more
important role in determining the coastal-trapped wave
response of the bay than the underlying bottom to-
pography. The important parameter that measures this
is the stratification parameter S defined by
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where Ny and L are representative scales for the buoy-
ancy frequency and the cross-shore topography in the
bay, H is the maximum depth, and fis the Coriolis
parameter. Huthnance (1978) has shown that in the
limit S < 1 (corresponding to weak stratification),
coastal-trapped waves are more like barotropic shelf
waves, whereas for S > 1 (corresponding 1o strong
stratification), they are more like baroclinic coastal
Kelvin waves. Wang and Mooers (1976 ) showed that
in the intermediate range of S ~ 1, waves of a hybrid
character occur. These authors also showed that if a
coastal wall can be assumed, waves with the charac-
teristics of baroclinic coastal Kelvin waves exist, what-
ever the stratification. In section 3, where we discuss
the model, we shall argue that for the time of year we
consider in Conception Bay, S has a value of about 10.
As such, density stratification can be expected to play
a strong role. We are helped in this by the steep sides
of the bay (see Fig. 1), which limit the size of the length
scale L.

Evidence for the existence of baroclinic Kelvin wave
propagation is discussed in Gill (1982, section 10.13).
Examples are given from along the Pacific coast of
North America and in the Great Lakes (see also Clarke
1977). In most of the cases presented, the topography
slopes steeply from the shore with a narrow shelf region,
if a shelf is present at all, indicating the dominance of
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FIG. 1. Northeast coast of Newfoundland. Depth contours are in meters. Conception Bay is shown in the
insert and is located on the southeastern end of the island about 30 km west of St. John’s, the capital city.

Bottom contours are shown in meters.

density stratification and a large value for S. In section
2, we will present data collected from moorings de-
ployed in Conception Bay that indicate upwelling
events driven by Ekman transport that is offshore from
the west coast of the bay. These upwelling events prop-
agate around the bay with a phase speed characteristic
of Kelvin waves.

Since the dominant events in the bay occur on a
time scale of 2-10 days, our interest is restricted to
subinertial time scales. Gill and Clarke (1974) showed
that in this case (and provided the alongshore length
scale is large compared to the cross-shore scale) the
response of the coastal waveguide to wind forcing can
be reduced to solving the forced, one-dimensional wave
equation. This is true not only for baroclinic coastal
Kelvin waves and barotropic continental shelf waves,
but also for quite general, coastal-trapped waves, as
pointed out by Clarke (1977). As such, our reduced-
gravity model is suitable for studying the response of

Conception Bay to wind forcing, even if the waves that
propagate along the coast are really hybrid waves and
not strict baroclinic Kelvin waves. This is because, as
noted by Gill and Clarke (1974), the shallow-water
equations solved by our model reduce, under the same
assumptions, to the forced one-dimensional wave
equation. The important thing is to choose the correct
wave speed at which the wave propagates. For our
model, this wave speed is chosen to be the propagation
speed indicated by the data to be discussed in section
2. It follows that even if the limit § > 1 is not strictly
appropriate in our case, the model we use is still suitable
for studying the response of the bay to wind (although
the interpretation becomes less straightforward ).

Of greater concern is the irregular nature of the bot-
tom topography along the Newfoundland coast; in
other words, wave scattering that will result from the
spatial variation of S. For example, Killworth (1978,
1989a,b) has discussed the scattering of coastal Kelvin
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waves by irregular bottom topography. He found that
the scattering is most severe when the isopycnals in-
tersect the topography. In Conception Bay, this hap-
pens around the shallow region in the southeast of the
bay, near Bell Island (see Fig. 1). As we shall see, it is
precisely in this region that the comparison between
our model and the data is least satisfactory. Apart from
this, the model does quite a good job of explaining
movements of the thermocline in Conception Bay, at
least near the coast and in the synoptic frequency band.
It turns out to be important to include neighboring
Trinity Bay in the model domain, indicating the im-
portance of coastal-trapped wave propagating from
Trinity Bay into Conception Bay. Proehl and Rattray
(1984) showed that internal Kelvin waves generated
by the wind on the shelf can propagate into an open
embayment such as the Strait of Juan de Fuca. Pre-
sumably, scattering of coastal-trapped waves ultimately
places a limit on how far downstream influences are
felt. There is already evidence for Kelvin wave prop-
agation around Trinity Bay, presented by Yao (1986),
who used a simplified two-layer model to describe the
response of Trinity Bay to wind forcing and suggested
that there is coherence around the bay, from one side
to the other.

Related work suggests that the relative importance
of local to nonlocal forcing can vary considerably from
one system to another. For example, in the fjords and
inlets considered by Farmer and - Osborn (1976) and
Svendsen and Thompson (1978), direct wind forcing
was shown to dominate at periods under 3 days while
at longer periods, up to 10-20 days, nonlocal forcing
may have played a role. Even at low frequencies, how-
ever, local effects can dominate, as was shown by Wang
(1979) in a study of Chesapeake Bay where the re-
sponse was found to be dominated by local forcing at
periods up to 7 days. The results in fjords, while of
interest, may not carry over to coastal embayments
since rotation is unlikely to be important in fjords
where the width is narrow relative to the internal
Rossby radius and cross-channel velocities are weak
(Klinck et al. 1981). In coastal embayments, such as
the one studied here, these assumptions do not hold
and rotation can be expected to play a major role.

In applying a reduced-gravity numerical model to
the Conception Bay/Trinity Bay system, we are able
to separate out the importance of local wind forcing
over Conception Bay from the upstream influence of
neighboring Trinity Bay. The model makes use of the
open boundary formulation devised by Greatbatch and
Otterson (1991). Similar work using a reduced-gravity
model applied to the west coast of North America has
been described by Pares-Sierra and O’Brien (1989) and
Johnson and O’Brien (1990a,b). These latter authors
note the importance of the nonlocal, equatorially forced
response. The work of the O’Brien group has shown
considerable success using a reduced-gravity model to
simulate sea level variability in coastal and equatorial
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waveguides and was strong encouragement for us to
apply a similar model in the Newfoundland coastal
environment.

Another stimulus for our work came from review
of studies attempting to correlate biological variables
with the wind-forced response. Several investigators
working in Conception Bay have attempted to relate
wind forcing to the thermocline response, often using
local wind data as a proxy variable for the thermocline
signal. Frank and Leggett (1981, 1982) showed that
northeasterly winds were associated with the appear-
ance of warm surface water near the shore, thereby
triggering the release of capelin larvae (Mallotus vil-
losus). The warm surface water was observed to contain
increased food and a reduced number of predators,
thus providing favorable conditions for the emerging
larvae. These studies were used to relate atmospheric
and oceanic conditions to recruitment variability of
capelin (Leggett et al. 1984). Taggart and Leggett
(1987) further developed this model and argued that
the onshore wind can be used as a measure of inter-
annual variability of water mass exchange. In all of
these studies local winds were used, either observed in
the bay or at a station nearby. Clearly, a proper testing
of such indices is necessary to understand the apparent
link between the wind and the biology. The importance
of remote forcing from Trinity Bay, which we shall
demonstrate, casts doubt on the validity of an index
that uses only local wind as a measure of local ther-
mocline variability.

The outline of this paper is as follows. In the next
section we describe the data collected in Conception
Bay and interpret the observations. The reduced-gravity
model is described in section 3, and comparisons be-
tween the model and the data are presented in section
4. A summary and discussion of the results is given in
section 5.

2. Data

Conception Bay is a long (70-100 km) and narrow
(~20-30 km at the mouth) bay on the east coast of
the island of Newfoundland (see Fig. 1). The bay is
wide with respect to the internal Rossby radius (~ 1~
10 km) but narrow relative to the external Rossby ra-
dius (~500 km). There is a sill at about 150-m depth
at the mouth, which restricts access and closes off iso-
baths in the bay. The maximum depth in the bay is
about 300 m in the central basin. Figure 1 shows that
the bottom slope is quite steep near the shore; indeed,
cliffs up to 250 m surround most of the bay. The south-
east region of the bay is, however, relatively shallow
and flat. Note that there are three islands of varying
sizes located on the southeast side of the bay.

Conception Bay was studied as part of the COPE
project from 1986 to 1990. Here, we shall present data
primarily from the 1990 field season. Moorings were
deployed around the head of the bay from late April
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to mid-July 1990 at the locations marked H1-H6 in
Fig. 2. CTD data were also collected during three
cruises in April, May, and June at the locations marked
with a star in Fig. 2. Data from one mooring in 1989,
placed on the northwest side of the bay near the mouth
and marked M1 in Fig. 2, shall also be discussed. The
mooring data from 1989 cover the period from mid-
April to mid-October.

The water mass characteristics inside the bay are
determined primarily by conditions on the Newfound-
land Shelf (Petrie et al. 1991), which has direct access
to the bay. Freshwater runoff from the land is relatively
unimportant, and even though there is strong vertical
convection in the winter, there is very little sea ice
formed locally (deYoung and Sanderson 1992). Sea-
ice, however, is often present in the bay in low con-
centrations from March to late April, advected from
the north by the inshore branch of the Labrador Cur-
rent (Petrie and Anderson 1983). When this sea ice
becomes landfast, there will obviously be a large effect
on the wind-forced response, since the wind stress can-
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not act on the fluid underneath the ice. The structure
of the wintertime response may also differ from the
summer because of the weak stratification at that time
of year. Landfast ice was not present in the bay for any
of the data to be discussed here.

The best available wind data for this area is from St.
John’s airport, located about 30 km east of the bay.
These data from St. John’s provide the most reliable
record for the region and show good agreement with
limited data collected at the head of Conception Bay
in 1988 and 1989. The wind velocity data at the St.
John’s airport are converted into wind stress following
Large and Pond (1981). Velocity is scaled by 1.25 to
account for reduced velocity associated with using land-
based measurements (Smith and MacPherson 1987).
Wind stress is assumed to be uniform over the bay and
in the same direction as at St. John’s. In reality, the
wind field over the bay will not be uniform as a result
of topographic variations along the shore and differ-
ences in the surface roughness between land and ocean.
The effect of these phenomena cannot be accurately
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FiG. 2. CTD stations (stars) and mooring positions in Conception Bay. The moorings around
the head of the bay (April-July 1990) are marked H1-H6. The mooring deployed near the mouth
(April-October 1989) is marked M1. The axis near the mouth indicates the orientation of the bay

coordinates referred to in the text.
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F1G. 3. Across-bay temperature field (a) for 6 May and (b) for
22-23 June 1990 calculated from CTD casts along the C3 line shown
in Fig. 2. The contour interval is 0.4°C in (a) and 1°C in (b).

included, and in the absence of any data, are left out.
We do not believe neglecting orographic effects to be
a serious drawback because the most important wind
direction for forcing the bay is along its axis, either
from the southwest or the northeast, and is aligned
with the coastal topography.

Figure 3 shows the temperature at stations along the
C3 line (see Fig. 2) for 6 May and 22-23 June 1990.
The figure shows the across-bay temperature fields, over
a distance of about 23 km across the central basin of
the bay. By midwinter, the entire water column is
nearly homogeneous in the vertical, though there is
always a weak pycnocline usually somewhere between
100 and 150 m. By late winter there is almost no ver-
tical temperature gradient and surface water is typically
~ —1° to 0°C (as in Fig. 3a) until late April or early
May after the disappearance of the sea ice. Bottom
water temperatures show some variability but are gen-
erally below 0°C throughout the year. By the end of
June, a broad thermocline at a depth between about
25 and 100 m has developed (Fig. 3b) with surface
water temperatures of 5°-7°C. By midsummer surface
temperatures can reach 18°-20°C. Vertical profiles of
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density at BP 5 (see Fig. 2) for two times during 1990
are shown in Fig. 4. The o, profiles show the devel-
opment of the pycnocline over the two-month period.
As Fig. 4 shows, the pycnocline varies from being quite
sharp as in the May profile to quite diffuse as in June.

Current and temperature data were collected from
moorings deployed in late April and recovered in late
July 1990 (see Fig. 2 for mooring locations). Subsurface
moorings were deployed consisting of two current me-
ters, one at ~25 m at all six moorings and another at
~ 100 m at moorings 2-6. Thermistor chains with 11.
thermistors were placed between the two current meters
at moorings 2-6, providing a vertical resolution of ~5
m in the top 50 m and ~ 10 m over depths 50-100 m.
Moorings 1-4 were located around the head of the bay
within the coastal waveguide, never more than 3-4 km
from the coast. Moorings 5 and 6 were placed on the
same isobaths as the first four but on the eastern side
of the bay. Station separation was 8-9 km, a distance
that was chosen in an effort to ensure coherence be-
tween the moorings. All of the instruments were re-
covered though not all of them worked properly; data
recovery was about 93%. Aanderaa RCM7 current
meters were used at 25 m on moorings 1 and 3, while
InterOcean S4 current meters were used at 25 m on
moorings 2, 4, 5, and 6. All of the bottom current me-
ters were Aanderaas, either RCMS5 or RCM?7 (vector-
averaging meters) instruments. All of the Aanderaa
current meters were equipped with paddle-wheel rotors.
The sampling interval was 15 minutes for the Aanderaa
RCMS5 and RCM7 and 30 minutes for the S4 meters
and Aanderaa thermistor chains. Similar techniques
were employed during the 1989 field season (mooring
M1) for which a longer time series of data (April-Oc-
tober) was obtained.

All current meter, temperature, and wind data to be
presented have been low-pass filtered to remove the
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FI1G. 4. Vertical profile of o, at station BP 5 for two periods in 1990
(a)day 148 (26 May) (b) day 173 (22 June). For easier comparison,
the latter profile is offset by adding 1 kg m™3.
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energy with period less than 32 h. The filter was run
both forward and backward to remove the effects of
phase distortion. The filtering is done because we are
only interested in the subinertial frequency response.
The high-frequency (>2 cpd) and tidal energy comprise
only a small part of the total energy in Conception Bay
where typical tidal constituent velocities are 1-2 cm s ™!
(deYoung and Sanderson 1992), thus we are focusing
on the dominant signal in the record.

Figure 5 shows the temperature measured by the
current meters at depth ~25 m at all six moorings
over the entire period of deployment in 1990. Tem-
perature at a fixed depth provides a way of measuring
vertical motion of the thermocline. Since the water
column is vertically stratified, upward movement of
the thermocline brings cooler water up from below re-
sulting in a drop in temperature at a fixed depth, while
downward movement results in an increase in tem-
perature. At early times (i.e., before day 170, 19 June
1990, close to the time of the temperature data shown
in Fig. 3), stratification in Conception Bay is weak,
and variations in temperature at 25 m are small.
Throughout the time series, the amplitude of the tem-
perature signal increases as the bay becomes more
stratified. After day 170, all six moorings reveal similar
signals although variations at moorings 5 and 6 still
are comparatively weak before day 180.

Figure 6 shows a plot of temperature versus depth
and time at mooring 4 as well as wind stress for the
same period. The coordinate system (shown in Fig. 2)
is referred to as bay coordinates, with positive y point-
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ing out the bay and positive x pointing across the bay
toward the St. John’s side, the southeast side of the
bay. The coordinate transformation is made by rotating
30° clockwise from true North. Comparing vertical
movement of the thermocline with wind stress in the
y direction, we see that at days 148, 163, 175, 183, and
190 the onset of positive wind stress corresponds to
upward movement of the thermocline. Ekman trans-
port generated by a wind blowing out the bay (i.e.,
+7,) will cause upwelling along the western shore and
downwelling along the eastern shore. These displace-
ments of the pycnocline will generate waves that will
propagate around the bay with the coast on their right.
In Conception Bay for this time of the year, the baro-
clinic Kelvin wave speed is ~0.6 m s™', and the baro-
clinic Rossby radius of deformation, ¢/f, is ~6 km.
Thus, for a steady wind blowing out the bay, a Kelvin
wave will transmit an upwelling signal around the head
in ~1 day causing a lifting of the thermocline around
the head and, thus, a decrease in temperature measured
at a fixed depth. When the wind relaxes, the Kelvin
wave propagation will restore the bay to its undisturbed
state, unless there is nonlocal forcing.

The vertical position of the thermocline can be de-
termined using the thermistor chain data. Since the
thermistor chain measures temperature at roughly 5-
m depth increments within the thermocline, the vertical
position of an individual isotherm can be determined
fairly accurately. The depth of a specified isotherm is
found by starting at the bottom of the thermistor chain
and searching up the column until a depth with the
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FIG. 5. Temperatures (in °C) at ~25 m at the six moorings for 1990. For easier comparison,
2°C has been added to the temperature at H2, 4°C added to the temperature at H3, and so on.
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FIG. 6. Temperature (in °C) vs depth (in meters) and time (in
days) at mooring 4 in 1990. St. John’s wind stress (in Pa) for the
same period is also shown. The wind stress is shown in component
form using bay coordinates (see Fig. 2).

desired temperature is reached. This process is repeated
for each time throughout the year. The method has its
weaknesses in that the isotherm may be located above
or below the vertical range of the thermistor chain and,
also, the deepest depth with the desired temperature
will always be chosen. Figure 7 shows the depth of the
1°C isotherm at moorings 2, 4, 5, and 6. (Note that a
thermistor chain was not deployed at H1 and the
thermistor chain at H3 failed.) The 1°C isotherm is
chosen because it left the vertical range of the therm-
istor chain less often than any other value; however,
the 2° or 0°C isotherms could have been used since
the motion of these isotherms are very similar, as is
apparent in Fig. 6. Figure 7 exhibits behavior similar
to Figs. 5 and 6. Thermocline movement before ~ day
170 is better resolved in Fig. 7 than in Fig. 5 because
using temperature at a fixed depth makes use of the
vertical temperature stratification. As in Figs. 5 and 6,
the motion of the thermocline appears to be driven by
the along-bay wind stress.

A close examination of Fig. 7 reveals a number of
interesting features of thermocline response in Con-
ception Bay. First, the periods of the oscillations vary
from 2 to 10 days, with the lower frequencies obviously
more energetic. The higher frequencies also appear to
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have shorter length scales of coherence—for example,
note the period from day 150 to 160. Second, displace-
ments at H2 and H4 are roughly comparable in mag-
nitude, as are those at H5 and H6, although there is a
noticeable decrease in amplitude from the first to the
second set. The head of the bay separates these two
groups, so it may be that energy is lost as the Kelvin
wave propagates around the head of the bay. Interac-
tion with the topography inside of stations H5 and H6,
which consists of three islands and a shallow shelf (<50
m), could also be important in scattering energy. Al-
ternatively, the amplitude of the trapped wave response
may be reduced because the moorings are effectively
farther from the shoreline (see Fig. 2).

The data presented in this section show that there
is a large response in the bay to wind events. Vertical
displacements of tens of meters occur in response to
the wind and are observed all around the head of the
bay. Phase lag analysis of these data (not presented)
show that propagation around the head of the bay is
with a mean phase speed of ~0.7 m s™!, This analysis
shows that there is a propagating wave signal present
in the data. In the next section we will develop a re-
duced-gravity model to apply to this system.

3. Model

To model the movements of the thermocline noted
in the previous section and, in particular, to relate them
more closely to the wind forcing, we take the simplest
possible approach and drive a single-layer, reduced-
gravity model with wind stress calculated from winds
observed at St. John’s airport. The governing equations
are ‘

ou on T*
——fo=—g —+ - 1
o So o om (3.1)
av i 77
—tfu=—g —+——— 3.2
3 Ju=—¢g o oH @ (3.2)
an du v
— 4+ Hl—+ =)= -, 3.3
3t (6x 6y) L (3:3)

where 1 and v are velocity components in the x and y
directions (see Fig. 2); f'is the Coriolis parameter; e
and v are Rayleigh friction and Newtonian damping
parameters, respectively; and (%, 1) is the surface
wind stress. At 48°N, the latitude of Conception Bay,
f=1.0X10"%s"!, To interpret the model results, we
shall imagine the pycnocline to be modeled by two
layers of different density with the lower layer infinitely
deep and at rest. In this approach, H is the undisturbed
depth of the upper layer, 5 is the downward displace-
ment of the interface between the layers, and g’ is the
reduced gravity given by g’ = g(p2 — p1)/p1, where g
is the acceleration due to gravity, p; is the density of
the upper layer, and p, the density of the lower layer.
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FIG. 7. Depth of the 1°C isotherm (in meters) at moorings H2, H4, H5, and H6. For easier
comparison, 20 m has been added to the isotherm depth at H4, 40 m has been added to the
isotherm depth at HS, and 60 m has been added to the isotherm depth at H6.

The applicability of this model to Conception Bay
was discussed in the Introduction. In particular, the
important parameter is

_ N§H3
- szz ’

where Ny and L are scales for the buoyancy frequency
and the cross-shore topography in the bay and Hj is
the maximum depth (Wang and Mooers 1976; Huth-
nance 1978). The most representative way to estimate
NoH, is to calculate vertical normal modes (as in Gill
1982) from the measured density field, assuming a bay
of uniform depth equal to the maximum depth of the
bay. If N is uniform in the vertical, then the corre-
sponding wave speed for the first baroclinic normal
mode is ¢; = NHy/w from which it follows that S
= ¢yw/fL. We have calculated ¢, for the two profiles
shown in Fig. 4 (one is for 26 May 1990 and the other
is for 22 June 1990) and obtained values of 0.53 and
0.59 m s™', respectively. Taking L = 5 km (see Fig.
1) then gives § ~ 14, indicating that coastal-trapped
waves are likely to be strongly influenced by the density
stratification, with characteristics similar to baroclinic,
coastal Kelvin waves. We therefore feel that the use of
the reduced-gravity model is justified.

The most important parameter in the above equa-
tions is the wave speed ¢ = Vﬁ At the end of the
last section it was noted that phase lag analysis applied
to the data shows that there is propagation around the
head of the bay with a mean phase speed of ~0.7

S

m s~', This speed is similar to, though somewhat

greater than, the wave speed calculated for the baro-
clinic first mode. As Clarke (1977) suggests, the ob-
served propagation speed should be greater near the
head of a bay because the radius of curvature of the
coastline becomes comparable to the Rossby radius of
deformation (in our case ~6 km). Thus, we should
expect the observed speed from the Conception Bay
array to be somewhat greater than that observed for a
straight coastline. In practice, a range of values of g’
and H have been used with the model. The best agree-
ment with observations (over the period from day 150
to day 203 for 1990) being for values of g’ = 7.2
X 107*m s™! and H = 40 m, corresponding to a wave
speed of 0.53 m s™!. For the 1989 data we choose g’
=9.6 X 102 m s™! and H = 40 m, corresponding to
a wave speed of 0.62 ms™'. These are the values
adopted for g’ and H in the model runs described in
the next section.

We solve (3.1), (3.2), and (3.3) using the numerical
method described by Heaps (1971). The method uses
the Arakawa C-grid arrangement of u, v, and  with
forward time differencing applied to (3.3) and back-
ward time differencing to (3.1) and (3.2), with the
exception of the Coriolis term in (3.2), which is treated
using forward time differencing. There is no staggering
in time, with each of u, v, and 5 being known at the
same time and the new values of n, u, and v being
obtained in that order.

The model results to be presented use a grid reso-
lution of 1 km in each direction. This means that the
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Rossby radius of deformation ¢/f ~ 6 km is well re-
solved by our grid and that Kelvin waves are well rep-
resented (Hsieh et al. 1983). Indeed, we have checked
both the propagation speed of Kelvin waves and the
maximum group velocity of Poincaré waves and found
both to be equal to the analytical value.

Figure 8 shows the two model domains used. The
first contains only Conception Bay while the second
includes Trinity Bay as well. Comparison between the
results for each domain will be used to assess the im-
portance of wind forcing over Trinity Bay. The bound-
ary formulation used on the open ocean parts of the
model domain is discussed in detail in Greatbatch and
Otterson (1991). The positioning of the open ocean
part of the western boundary (the “upstream” bound-
ary in the sense of Kelvin wave propagation) is the
most important feature of this boundary formulation.
It should be noted that it does not meet the coastline
at an angle; rather, it is a continuation of the coast. In
this way, coastal up/downwelling calculated by the
model will be due solely to Ekman divergence/con-
vergence along the coastline within the model domain,
with no inference being made about regions outside
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the model domain. On the northern and eastern
boundaries, an Orlanski ( 1976) radiation condition is
applied to n but using forward-in-time upstream dif-

ferencing as suggested by Miller and Thorpe (1981).

The use of the C-grid means that one of the components
of velocity (actually that parallel to the boundary) must
also be set on the boundary. We do this by requiring
the normal derivative of this velocity component to be
zero on the boundary. On the open ocean part of the
western boundary, the radiation condition on 7 is re-
placed by one of no normal derivative (Greatbatch and
Otterson 1991).

It was noted in section 2 that the wind stress used
to drive the model is assumed to be spatially uniform
and is derived from winds measured at St. John’s air-
port. As noted in section 2, all the data discussed in
this paper have been low-pass filtered in order to re-
move energy with period less than 32 h. This is also
true of the wind stress used to drive the model. The
wind stress was calculated from unfiltered wind and
the resulting wind-stress time series filtered. This low-
pass filtering of the wind means that all propagating
inertia—gravity (Poincaré) waves that form part of our

10 km

!
|
|
!
'
1

Conception

]
!
! —
, 10 km
- '
Trinity :
Bay / Conception

FIG. 8. The two model domains used to simulate Conception Bay: (a) local and (b) nonlocal. An artificial
stretch of straight coastline has been added to the east of Cape St. Francis. The dashed line section in the
northwestern part of each domain represents the position of the boundary condition 5, = 0.
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FIG. 9. Interface displacement at moorings (a) H2, (b) H4, and
(c) H6. The solid line shows the observed displacement of the 1°C
isotherm, the dashed line the model results. Model results were ob-
tained from the local model (Fig. 8a).

model solution must be generated at the initial startup.
In fact, all the model runs to be described are initialized
with # = v = 7 = 0. The wind stress is suddenly turned
on at the start of the integration, thus generating an
entire spectrum of transients. Some of these propagate
quickly out of the model domain, but a weak damping
(v = ¢ = 1/10 days) is necessary to remove near-inertial
Poincaré waves that otherwise would persist. We have
investigated the sensitivity of our model to startup time
(i.e., the day at which the model run begins) and have
found no sensitivity once the initial transients have
died away ( ~ 10 days into the integration).

4. Comparisons of model results with observations

In this section, we present model results for the two
different model domains and then compare the results.
First, we look at the local domain (Fig. 8a), which
treats only Conception Bay, and then add Trinity Bay
to the model (Fig. 8b) to include noniocal effects. The
parameters used in the model runs are discussed in the
previous section.

a. Local model

In this section we use the model domain shown in
Fig. 8a, using just Conception Bay, the local model.
Figure 9 compares model-calculated interface dis-
placement with the depth of the 1°C isotherm at
moorings 2, 4, and 6. The model interface displace-
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ment, 7, corresponds to downward displacement and
compares well with the movement of the 1°C isotherm,
also measured positive downward. There is a strong
correlation between the model and the observations,
although the model generally underpredicts the am-
plitude of the response and also does not always pro-
duce a good match in phase. Correlation coeflicients
between the model and observations vary between 0.50
at zero lag (H6) and 0.58 with a lead of ~0.25 days
(H2) (see Table 1). (Lag means that the model lags
the data and lead means that the model is ahead of the
data.) Phase matching in the local model is not strongly
sensitive to the choice of parameters because a Kelvin
wave propagates around the coastline within the model
domain in a little over a day, a short time compared
to the dominant period of oscillation in the observa-
tions. The amplitude can be varied by adjusting H,
keeping g’H constant, because of the dependence of
the wind forcing term on 1/H in (3.1) and (3.2). As
we shall see, however, the amplitude discrepancy is
greatly reduced once the effect of Trinity Bay is in-
cluded.

Figure 10 shows the principal component of velocity
observed at depth ~25 m and modeled velocities at
moorings Hi, H3, H4, and H6. The data were analyzed
to find the principal components from the various cur-
rent records, since for Kelvin waves we expect the
alongshore velocity to dominate. For moorings H1 and
H3, the cross-shore component in the model and ob-
servations is nearly zero. In all cases the alongshore
component of velocity was much larger than the cross-
shore component, as expected within the coastal wave-
guide close to the shore. The velocity component ex-
tracted from the model is aligned with the mooring
data at each location; hence, the direction of the along-
shore velocity changes from mooring to mooring (by
a few tens of degrees) in the same way for the model
data and the measured observations. The model and
observed alongshore velocities (Fig. 10) show some
agreement at H1; good agreement at H3, which is the
closest of all of the stations to the shoreline; and rela-
tively poor agreement at H4 and H6. At H3, where the
agreement is best, the model overpredicts the amplitude
of the current, which is interesting since it underpredicts

TABLE 1. Correlations (K) and phase lags ($) between the model
and data isotherm displacements for mooring stations H2, H4, HS5,
and H6. A positive lag indicates that the model leads the data and a
negative lag that the data leads the model.

Local Nonlocal
K P (days) K ® (days)
HI1 0.58 +0.25 0.75 1.0
H2 0.55 +1.0 0.75 ~1.0
HS 0.52 0 0.75 2.0
H6 0.50 0 0.55 1.5
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FiG. 10. Alongshore component of velocity at 25-m depth com-
puted from principal component analysis of the mooring data for
(a) HI1, (b) H3, (c) H4, and (d) H6. The solid line shows the ob-
servations, the dashed line the model results. Model results were ob-
tained using the local model (Fig. 8a).

the thermocline response at the nearby location H2
(Fig. 9).

In summary, the local model does reasonably well
in simulating the isotherm deflections, certainly well
enough to show that the simple wind-forced model ex-
" plains much of the up/downwelling in the bay. The
model does poorly in simulating the observed currents
at 25-m depth. This failure is in some ways not sur-
prising given the simplicity of the vertical structure of
the model. For example, in the model the surface Ek-
man component of the flow is combined with the pres-
sure-driven response (Gill 1982) into a single velocity,
whereas in reality we expect the Ekman component to
be confined near the surface with the pressure-driven
part distributed over the depth of the water column.
We show in the next section that the nonlocal model
does much better, both in simulating the current and
the thermocline response.

b. Nonlocal model

The parameters used in the nonlocal model are the
same as those used in the previous section for the local
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model; only the model domain has been changed. Here
we consider the effect of adding Trinity Bay to the do-
main (see Fig. 1 for the area map and Fig. 8b for the
model domain). As discussed in section 3, the upstream
boundary conditions for the nonlocal model are set in
the same way as those for the local one. In particular,
at the upstream end no incoming energy is permitted
and at the eastern boundary all of the energy is allowed
to leave the model domain.

Figure 11 shows the comparison between the model-
calculated interface displacement and the observations
at the same stations as discussed for the local model:
H2, H4, and H6. The results at H2 in particular show
a significant improvement as compared to the local
model (Fig. 9). Both amplitude and phase now agree
quite well. Correlation coefficients between the model
and observations vary from 0.55 at H6 to 0.70-0.75
at H2, H4, and HS5. The correlation coefficients and
lags for the local and nonlocal model are shown in
Table 1. At some locations the model leads the data
(as opposed to the lag found in the local model) by as
much as 1-2 days (e.g., HS and H6). For all stations,
the nonlocal model shows an improvement over the
local model (see Table 1) though not always at zero
lag. The tendency of the model to underpredict the
amplitude has been eliminated and there is strong cor-
relation between the model results and the observa-
tions. At H6, it appears that the nonlocal model does
somewhat better than the local model (Fig. 9), though

05 10 165 170 175 180 185 190 195 200 205

40I55 lllio 185 170 175 180 185 190 195 200 205
Year day

FIG. 11. Interface displacements at moorings (a) H2, (b) H4, and
(c) H6. The solid line shows the observed displacement of the 1°
isotherm, the dashed line the model results. Model results were ob-
tained using the nonlocal model (Fig. 8b).
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F1G. 12. Alongshore component of current at 25-m depth from
moorings (a) H1, (b) H3, (¢) H4, and (d) Hé6. The solid line shows
the observations, the dashed line the model results. Model results
were obtained using the nonlocal model (Fig. 8b).

not by much. The local model underpredicts the am-
plitude (Fig. 9¢) while the nonlocal model does not
match the phase well, though the amplitude is reason-
ably well simulated in the nonlocal model, at least for
times beyond day 170. These conclusions are supported
by correlation analysis, which shows a 1.5-day lag at
H6 for the nonlocal model versus zero lag for the local
model. Thus, the nonlocal model does marginally bet-
ter overall beyond the head of the bay. These results
do show that the nonlocal model does better up to the
head of Conception Bay but do not prove the influence
of Trinity Bay beyond the head of Conception Bay.
Comparison between modeled and observed cur-
rents shows even more improvement in using the
nonlocal model versus the local one. Figure 12 shows
the currents at H1, H3, H4, and H6. In all cases, except
at H4 located at the head of the bay, there is a cor-
relation in the alongshore current between model and
data. The results from the local model show at best
only a very weak correlation with the observations.
Thus, even though we might not expect good corre-
lation using a reduced-gravity model, we in fact find
quite strong correlations with the observed surface
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currents as measured at a fixed depth. At H6 it appears
that the nonlocal model (Fig. 12d) does somewhat
better at simulating the currents than the local model
(Fig. 10d), just as we found for the displacement. The
signal in both displacement and current at H6 is weak,
however, and it is not clear from this analysis how
important the influence of Trinity Bay is beyond the
head of Conception Bay. At the one station closest to
shore, H3, we find that the agreement with the non-
local model is actually worse than that for the local
model. This discrepancy may be due to the enhanced
movement of the thermocline at that location and
hence aliasing of the current signal as measured by
the current meters. The difference may also indicate
the local influence of bottom topography at this par-
ticular station, which is less than 1 km away from the
coast.

The influence of Trinity Bay.can be determined by
differencing the results of the two models. The am-
plitude of this difference reaches 20 m near the head
of the bay and is comparable in amplitude to the wind-
forced signal itself. It might be expected that the im-
portance of Trinity Bay would be more apparent the
farther north one moves along the western side of
Conception Bay and indeed this is true. Figure 13a
compares the interface displacement as calculated by
the local model with the observed thermocline re-
sponse for 1989, using data from M1 and the model
parameters as discussed in section 3. The only differ-
ence in the parameters is that Ap = 1.0 for the 1989
runs compared to Ap = 0.7 for the 1990 runs. The
local model fails to represent the observed response
though there are a few signs of some correlation. The
model underpredicts the amplitude by about an order
of magnitude, and does not reproduce the major
events. Figure 13b, on the other hand, shows a com-
parison between the nonlocal model and the observed
response at M 1. The nonlocal model, including Trin-
ity Bay, does much better, estimating the amplitude
fairly closely and also simulating most of the major
events. These comparisons show that near the mouth
on the western side of Conception Bay, Trinity Bay
exerts much more influence than does purely local
forcing.

These observations near the mouth of Conception
Bay further confirm the importance of Trinity Bay and
are in line with the nature of a wind-driven upwelling
response, which is expected to be a maximum at the
end of an alongshore unidirectional section of coast.
Thus, near the mouth at M1, Trinity Bay dominates,
while near the head of the bay, H1-H6, the nonlocal
and local response are about equally important. Beyond
the head of the bay, at H5-H6, the influence of Trinity
Bay is less noticeable. Indeed, in this region the local
model performs just as well as, or perhaps better than,
the nonlocal model. This may well be due to scattering
of coastal-trapped waves by the shallow bottom topog-
raphy in this region (see Fig. 1).
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F1G. 13. Interface displacement at M1 (Fig. 1) as determined from (a) the local and (b) the
nonlocal model (dashed line) and the observed displacement of the 1° isotherm (solid line).
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5. Summary and discussion

We have used data from Conception Bay, New-
foundland, to investigate the importance of wind forc-
ing over the bay. The dominant signal in the temper-
ature and surface current records is at periods of 2-10
days and appears to be associated with the local wind.
This is most obvious for the temperature data, which
is strongly correlated with the local wind. Analysis of
temperature data, collected in 1990 around the head
of the bay, shows that the signal is coherent around
the head of the bay from the western to the eastern
side. There is some diminution in the amplitude of the
response on the eastern side suggesting that the wave
is either scattered or dissipated as it propagates around
the head. We have noted that the water is much shal-
lower on the southeast side of the bay, near Bell Island,
and it is possible that coastal-trapped waves are scat-
tered in this region (Killworth 1989a,b). Surface cur-
rent data do not appear to be strongly correlated with
the local wind, exhibiting more complicated behavior
than the temperature data.

We developed a simple, reduced-gravity model
forced by the local wind in an effort to understand the
relationship between the wind forcing and the internal
response. Such a model ignores the influence of bottom
topography but does include all of the detail of the
coastal geometry. We have argued that the model is
applicable to Conception Bay. This is because the sides
of the Bay are very steep, so that although the density

stratification is relatively weak compared to more
tropical latitudes, the stratification parameter

N2 H2

S=Tirz

has a value ~ 10 (Wang and Mooers 1976; Huthnance
1978). We applied two versions of this model, one that
included a neighboring bay (the nonlocal model) and
a second that included only Conception Bay (the local
model). By using the boundary formulation of Great-
batch and Otterson (1991), we have ensured that any
coastal up/downwelling calculated by the model is due
only to the Ekman divergence/convergence from the
coastline within the model domain. In particular, no
inferences are made about the nature of the coastline
and wind-stress field beyond the model domain. The
local model did reasonably well near the head of the
bay though the currents at 25-m depth were poorly
simulated and the amplitude of the thermocline dis-
placement was underpredicted. On the western side of
the bay near the mouth, the local model simulated
neither the measured currents nor the thermocline dis-
placement. The nonlocal model, on the other hand,
was quite successful near the mouth and near the head
of the bay in simulating both the interface displacement
and the measured current. Beyond the head of the bay,
the local model did nearly as well as the nonlocal
model. The difference between the results of the two
models shows the importance of nonlocal forcing.
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The success of the model developed here shows that
even simple models can provide realistic simulations
when applied to a bay. It is remarkable how well the
model does in simulating both the thermocline dis-
placement and the measured current. These results
have direct application to the wind-forced studies of
Leggett et al. (1984) mentioned in the Introduction.
Any attempt to use the wind as an index of upwelling
in a local system, such as Conception Bay, must take
into account the nonlocal forced response that prop-
agates into the system, particularly on the western side
of the bay. On the western side of the bay, near the
mouth, the nonlocal response dominates.

Although this model does quite well at reproducing
the observations, there are clearly things that can be
done using a more sophisticated model. In particular
the influence of bottom topography should be consid-
ered in detail. It is probably best to develop a 3D prim-
itive equation model to allow for isopycnals to intersect
the bottom topography [ Killworth (1989b) has shown
that this is important for the scattering of coastal-
trapped waves]. This will also allow us to compare
model output with the current meter data in more de-
tail and also at different depths. Determination of the
structure of the propagating waves, whether they are
fully baroclinic Kelvin waves, barotropic shelf waves,
or some hybrid (Huthnance 1978), will require a dif-
ferent mooring array to provide information about the
vertical and cross-slope structure. Both winter and
summer data would be needed to determine the influ-
ence of changing stratification upon the nature of the
response. It would also be useful to reanalyze the data
presented by Yao (1986) to look more closely at the
question of propagation of coastal-trapped waves
around Trinity Bay.
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