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ABSTRACT

During several days in July 1990, there was an abrupt increase in semidiurnal tidal current in the upper part
of the water column seaward of the steep continental rise southeast of Iceland. This tidal burst was coincident
with an alongslope current pulse formed by water from the Nordic seas, which had overflowed the Iceland-
Faeroe Ridge. The tidal increase is shown to be caused by enhanced generation of internal tide when the
alongshore current elevated otherwise deep isopycnals to higher levels, thereby increasing conversion from
barotropic to baroclinic tides. A two-dimensional model, used to illustrate the mechanism, underpredicts the
increased tidal amplitude and suggests that three-dimensional effects play a role in the present case.

1. Introduction

A prominent feature of the Iceland-Faeroe Ridge
(IFR) is a front (IFF) running approximately east—
west that separates Atlantic water from the colder,
fresher, denser water of the Nordic seas (Fig. 1). Owing
largely to the existence of this front, the area has been
the subject of several oceanographic studies and its fea-
tures are generally known. [See, e.g., Hansen and
Meincke (1979) for a concise summary of basic cir-
culation and frontal structure or Hopkins (1991) for
a review of recent literature.] Briefly, the front is steep
and some 10 km wide near the Iceland shelf break
where it is usually found close to latitude 64°20'N. To
the east, it becomes rapidly less steep and develops
meanders and eddies, which make its position much
more variable.

Deep outflow from the Nordic seas occurs primarily
through the Denmark Strait (between Greenland and
Iceland) and the Faeroe-Shetland Channel (Dickson
et al. 1990; Saunders 1990). However, a lesser flow,
probably averaging not more than | Sv (1 Sv = 1
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X 109 m?s™!), takes place over the IFR itself. One
overflow process takes the form of near-bottom cur-
rents through gullies and channels that cut across the
ridge (Mueller et al. 1974). Once on the Atlantic side
of the ridge crest, such overflows form a near-bottom,
alongslope current to the right of the downslope direc-
tion. Subsequent motion is then along depth contours
for substantial distances and becomes only gradually
deeper in response to bottom and entrainment stresses
(Dickson et al. 1990). A second overflow process oc-
curs through the formation of energetic eddies of water
from the Nordic seas, which become detached from
the front. Such “overflowed” eddies can be seen on
the Atlantic side of the ridge crest in satellite photos.
They are typically 10-20 km in diameter and have
been observed to extend from surface to bottom (Scott
and McDowall 1990). Their ultimate fate is not known,
but limited satellite observations indicate that they drift
eastward.

Tidal currents on the IFR and adjacent coastal
shelves are strong (10s of cm s™'). The semidiurnal
species M; and S, predominate, giving a distinct fort-
nightly spring-neap modulation, although diurnal tides
are also significant (Koltermann 1978). A numerical
simulation of the barotropic tidal current and surface
elevation in these waters has been made by R. Flather
(1991, personal communication). It has been shown to
give an accurate representation of height by comparison
with satellite altimetric measurements (Thomas and
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FIG. 1. Regional map and data from July 1990. Positions are indicated for CTD sections A and B, a
current meter mooring (open circle), and surface expression of the Iceland-Faeroe Front (dashed line)
determined from a CTD survey of which sections A and B are a part.

Woodworth 1990; Pistek and Johnson 1992). Substantial
currents are also associated with the baroclinic modes,
which in terms of depth-integrated energy, exceed the
barotropic along the ridge crest and at the shelf break
southeast of Iceland (Koltermann 1978).

Conversion from barotropic to baroclinic tide has
been predicted theoretically in regions of variable water
depth (Baines 1973, 1982; Craig 1987). The effect has
been incorporated into two-dimensional numerical
models using realistic stratification and topography
consisting of either a linear slope (Prinsenberg and
Rattray 1975; New 1988) or realistic shelf breaks
(Sherwin and Taylor 1989, 1990). Model results have
been satisfactorily compared with observations of in-
ternal tides near shelf breaks (e.g., Pingree and New
1989; Sherwin and Taylor 1989).

In this paper, it is shown how one overflow event
was accompanied by a burst of internal tides. Barotro-
pic tidal currents are insensitive to such hydrographic
changes. Hence, internal tides are necessarily consid-
ered. Succeeding sections give a discussion of the back-
ground hydrography followed by a detailed description

of the tidal burst. Finally, a two-dimensional model is
used to show that the tidal burst is the result of more
efficient forcing of the baroclinic tide by the barotropic
during overflow. The effect follows from modification
of the density field over the Icelandic rise caused by
the overflow event.

2. Hydrographic background
a. -Mean state

CTD section A (Fig. 1) across the ridge shows the
characteristically steeply sloped IFF (Fig. 2). Among
the several water masses identifiable in this area (Read
and Pollard 1992), only two will be distinguished here:
North Atlantic Water (NAW) south of the front and
Arctic Intermediate (AIW) to the north. The front be-
comes much broader farther east, where its surface
expression is well north of the ridge crest and a greater
proportion of water of intermediate type can be found
(Hansen and Meincke 1979; Read and Pollard 1992).

Geostrophic currents associated with the front have
been computed from section A based on the assump-
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tion that the AIW is at rest near the bottom under the
front. This assumption yields an eastward flowing cur-
rent of NAW with speeds greater than 30 cm s™! above
the front, probably higher if the station spacing had
been closer, and transport of NAW of approximately
3.5 Sv.

b. Overflow event (OFE)

A current meter mooring southeast of Iceland col-
lected the current data discussed here. It was located
at 64°11.9'N, 12°28.3'W, just southwest of the crest
of the IFR and seaward of the continental rise (Fig. 1)
in 500 m of water, and was in place from day 195
through day 230 (day 1is 1 Jan 1990). Three Aanderaa
RCM-7 current meters on the mooring recorded tem-
perature, conductivity, and pressure as well as current
velocity. These are identified as CM65, CM188, and
CM442, where the numbers correspond to the nominal
instrument depth. However, the upper two instruments
underwent depth variations of several tens of meters
due to setdown during periods of strong current.

Temperature and o, at the mooring site are given in
Fig. 3, where instrument setdown by tidal currents
yielded repeated, partial profiles of the water column.
From day 204 through 208, the instruments recorded
the passage of a pulse of water from the Nordic seas,
clearly identifiable by its water type, which had over-
flowed somewhere along the ridge. During this period,
the pulse occupied the water column from 100 m to
the bottom.

A section across the Icelandic rise, section B in Fig.
1, was made during day 204, just as the overflow was
becoming fully developed at the mooring site. The
overflowed AIW is seen in Fig. 4 to form a sloping
layer against the Icelandic rise. At the mooring site the
thermocline is at about 200-m depth, near the level of
the middle current meter. Tilting of the thermocline
has positioned the greatest density stratification over
the steepest part of the rise. It will be shown below in
the section on model simulations that this condition
is favorable for the generation of internal tides.

Low-pass filtered currents from the mooring are
plotted in Fig. 5. At the deepest instrument, the flow
is generally southwestward along isobaths until day 209,
the end of the overflow. Taken together with the relative
coldness of the deep water compared with that after
the overflow event (OE), this deep flow suggests a weak
but steady overflow across the IFR during that period.
During overflow, the middle current meter shows a
comparable southwestward flow, while at the upper
instrument the flow is eastward. Both before and after
the event, currents at the two uppermost instruments
have an eastward component, consistent with the flow
of NAW above the front expected from geostrophic
considerations presented above. However, evolution
of the front during the observing period is not known.

In summary, our observations suggest that a pulse
of AIW crossed the ridge and flowed along bathymetric
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FiG. 2. CTD data from section A of Fig. 1 during day 196 when
there was no apparent overflow across the ridge. (a) Temperature.
(b) Salinity. (c) os.

contours, eventually forming a layer against the steep
slope of the Icelandic continental rise. The mechanism
by which this water crossed the ridge is not clear. How-
ever, the fortunately timed CTD section of Fig. 4 shows
that at the mooring site the overflowed water did not
have the character of an eddy, but rather that of a deep,
coastally trapped current. Temporal evolution of the
pulse is derived from moored current meter data given
in Figs. 3 and 5.

3. Tidal current analysis

Observed currents at the mooring site (Fig, 6) clearly
show the low-frequency current variability of the OE
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F1G. 3. Contours vs depth and time of (a) temperature and (b) o, at the mooring site for an
interval including the overflow event. The three current meters underwent appreciable vertical
movement (dotted lines) in response to current variations and so profiled temperature and salinity
over much of the water column, Brackets during day 204 indicate the duration of section B.

and the increase in tidal current that accompanied it.
In Fig. 6 and thereafter, current components are re-
ferred to a coordinate system rotated clockwise by 38°,
and thus correspond to downslope (U128) and along-
slope (V38) components. The spring-neap cycle is not
particularly obvious in the data, although on closer
inspection one can see a period of relatively slack cur-
rents centered on day 212, which coincides with neap
tides at Reykjavik (see Table 1). With that as a ref-
erence point, it is possible to pick out the cycle, par-

ticularly in the alongslope components of the top two
instruments. However, our interest here is in a burst
of activity that took place on and after the larger spring
tides of days 204-205. This burst is particularly no-
ticeable in the cross slope currents of CM65 and to a
lesser extent CM 188, and it coincides with the OE de-
scribed above.

Tidal analysis was conducted using a standard least
squares technique. For each constituent, the phase lag
is referenced to high water of the corresponding com-
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FI1G. 4. As in Fig. 2 but along section B during day 204. The layer
of cold, fresh, dense water inclined against the Icelandic rise is the
result of overflow across the ridge. Symbols between stations 42 and
43 give current meter positions.

ponent of the equilibrium tide at Greenwich. [A de-
scription of tidal analysis procedures is given in Pugh
(1987).]

We begin by considering the barotropic tidal cur-
rents, derived by tidal analysis of depth-averaged cur-
rent meter data. The results are given for several tidal
constituents in Table 2. The semidiurnal signal is an
order of magnitude larger than either the diurnal or
quarter-diurnal signals. The M, constituent is domi-
nant, over twice as large as S, or the slightly smaller
N,. The current ellipse for M, is oriented along 138°
T, nearly parallel to the shelf edge, with semiaxes of
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27.4 cm s~! (major)and 7.2 cm s~! (minor) and 259°
phase lag (see Fig. 7a).

If vertically continuous data were available, the
above averaging procedure would yield quite precise
barotropic tides, since vertically integrated baroclinic
tides should vanish. In the present case, with the average
over only three depths, errors in the barotropic esti-
mates could arise. However, the depth-averaged M, is
almost identical to predictions from a numerical model
of the region (R. Flather 1991, personal communica-
tion ) and consistent with the spring-neap cycle of Table
1, so it can be assumed that Table 2 is reasonably ac-
curate. The success of this approach is not unexpected;
vertical averaging removes much of the internal tide
but leaves a small signal, much of which is uncorrelated
with the barotropic tide. This is then removed by tidal
analysis, which assumes long-term phase stability in
the barotropic tide.

a. Internal tidal currents during the overflow event

Filtering out currents of subtidal frequency from the
current data of Fig. 6 and then subtracting the baro-
tropic tides represented in Table 2 yields a residual
dominated by internal tides. The results are plotted in
Fig. 8 for days 200-214, with the barotropic tide su-
perimposed for reference. At the uppermost instrument
an internal tide appeared during days 203-208, com-
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FI1G. 5. Stick plots of currents at the three current meter depths,
with one vector every 4 h. The data have been low-pass filtered with
a 0.5 cpd cutoff. In the coordinates of this figure, the time axis points
away from Iceland and the vertical is along bathymetric contours.
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FIG. 6. Hourly averaged currents at the mooring site. Velocities
from the three current meters are presented as components positive
toward directions 128° and 38° T, corresponding to downslope and
alongslope directions, respectively.

parable to or larger than the barotropic component
and nearly in phase with it. This occurred during a
period of barotropic spring tides, and the superposition
of the two is the cause of the burst noted in Fig. 6. A
secondary maximum of internal tides is found at the
bottom instrument, but there it is nearly out of phase
with the energetic component (V38) of barotropic tide,
giving rise to weak current overall. Combining all
available data, we compare three periods: before, dur-
ing, and after the overflow.

b. Days 200-203: Before the overflow

The period coincided with the buildup to spring tides
when a thermocline existed between 300 and 400 m
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TABLE 1. Date and range of spring and neap tides at Reykjavik
during the observation period (from Admiralty tide tables).

Day Range (m)
198-199 1.8
204-205 4.1
212-213 1.0
220-221 3.9
227-228 1.5

with the bottom temperatures about 1.2°C (Fig. 4).
At all three levels residuals rotated clockwise, and at
CM188 in particular, the offshelf component (ca. 20
cm s~ ! amplitude) was larger than alongshelf. The re-
sidual components at CM442 (ca. 19 cm s™') were
more coherent and larger than at CM635, although some
of the peaks in the latter alongshelf component may
have been “broken” by setdown. On day 203, just be-
fore the overflow, the signal at CM65 increased rapidly
(by a factor of 3); such an increase is not apparent at
the lower two current meters, however.

¢. Days 204-208: During the overflow

During this period Norwegian Sea Water swept down
the channel while cool Icelandic shelf water was trans-
ported eastward in the surface layers. This was the pe-
riod of maximum spring barotropic currents with set-
down of O(90 m) at CM65 and O(70 m) at CM188.
We consider the effect of this event on each of the
current meters in turn.

At CM65 the increase in residual amplitude, which
heralded the overflow, continued with the alongshelf
component larger than the offshelf by about 20%. The
total variance of the residual was clearly greater than
that of the barotropic signal; less obviously, the residual
offshelf currents now lagged the barotropic ones by only

TABLE 2. Coefficients of barotropic currents at the mooring site
for several tidal constituents estimated from vertically averaged data
over the monthlong deployment interval. Lag refers to time delay of
maximum current component relative to maximum equilibrium tide
at Greenwich, expressed in phase degrees of the constituent.

Velocities
Eastward Northward
Name Period (h) (cms™) (°lag) (cms™) (°lag)
(o)1 25.82 1.6 350 0.5 280
Kl 23.93 1.9 265 1.5 180
N2 12.66 5.8 225 4.1 231
M2 12.42 17.8 278 22.0 248
S2 12.00 7.7 336 8.3 305
MN4 6.27 0.3 301 1.3 116
M4 6.21 1.6 338 1.8 194
SN4 6.16 0.6 24 0.7 158
MS4 6.10 1.3 45 1.2 232
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F1G. 7. Barotropic and residual tidal current ellipses. (a) The M, component for the entire monthlong deployment period.
(b) Pseudo-M, component for days 204-207, the interval of the tidal burst. Within each panel, the single ellipse on the left
represents the barotropic tidal estimate formed from averaging over the three current meters; the three ellipses on the right
are estimates of the internal tide, computed by subtracting the barotropic estimate from the analyzed tide at each depth. Line
segments give current direction at the time of high water at Greenwich for the M, equilibrium tide. Arrows show the sense

in which the current vector traces the ellipse.

1.7 h, compared with 3.4 h before the overflow—there
had thus been a phase advance of about 50°.

At CM 188 there was an initial pulse of energy on
day 204, but after this amplitudes were generally
smaller than before although rather chaotic and spikey
in nature. The offshelf currents underwent a rapid
phase advance of about 5 h to coincide with the baro-
tropic currents. The onshelf spikes were probably real
since both on- and offshelf peaks coincided with times
when the instrument was not being set down very deep.

In deep water at CM442, however, there was little
change in either residual phase or amplitude (relative
to the barotropic currents). There was no sign of the
barotropic quarter-diurnal in the residuals here, al-
though, like CM 188, the onshelf peaks seem to have
been slightly more spikey than the offshelf peak.

The end of the Iceland Shelf flow on day 206 seems
to have coincided with a period when alongshelf resid-
ual components at CM188 became more coherent
while the onshelf flow was less spikey. At both CM635
and CM 188 residual phase started to lag as the overflow
came to an end.

d. Days 209-214: After the overflow

During this period the barotropic currents declined
rapidly in amplitude and after day 209, when there was
a strong northward flow in the surface waters, setdown
was small. Bottom waters were much warmer than be-

fore the overflow (ca. 5.2°C) and there was no deep
thermocline. On day 209 at CM65 there was a large
drop in residual amplitude and the phase lag of the
offshore component increased again to about 3.4 h be-
hind the barotropic current. Between days 209 and 211,
residuals at CM442 were relatively weak and inco-
herent.

By day 211 the residuals were reasonably coherent.
However, in both of the upper instruments the offshelf
component was now negligible, a change from the sit-
uation before the overflow, which is particularly striking
in CM188.

e. Measured tidal ellipses

A summary of the semidiurnal currents from 204
through 207 is shown in Fig. 7b. Tidal analysis was
made for a pseudo-M,, which included contributions
from other constituents such as N, and S;. This spring
tide barotropic M, had a small phase lag with semi-
axes (40, 11) cm s~ '—approximately 50% larger than
the true M,. The spring tide residuals at both CM65
and CM442 were relatively amplified, particularly at
CM65 where the semimajor axis was 46 cm s ™! (over
4 times larger). The phase reversed between top and
bottom instruments, with effectively a node at CM 188,
and although the relative phase at CM65 shifted by
50°, this reversal was similar to that observed over the
whole deployment (Fig. 7a).
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FIG. 8. Current components during an interval including the tidal burst. The data have been
high-pass filtered with cutoff at 0.5 cpd and decomposed into barotropic tides (dashed) and
residuals (solid). Note the marked change in residuals during overflow.

To summarize, we have noted that the three current
meters were suitably placed so that their vertical average
gave a credible estimate of barotropic M, and the re-
sidual an estimate of baroclinic M,. It is evident that
the large increase in semidiurnal residuals during days
204-208 is closely related to changes in the local density
field. We propose that the variations in the current
residuals were caused by those in the density field. In
the next section we will test the hypothesis that these
observations can be explained in terms of a local gen-
eration site.

4. Numerical tidal simulation
a. Brief description of the model

It is generally accepted that internal tides are created
by the interaction of the barotropic tide with stratifi-
cation in the presence of rapidly changing topography.
Two formative papers by Baines (1973, 1982) dem-
onstrated the generation process analytically using
simple topography and density fields. Since then Craig’
(1987) has modeled generation over uneven topogra-
phy with gentle slopes, and more recently, Cushman-
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Roisin et al. (1989) have used a finite-difference tech-
nique to model internal waves in fjords. The numerical
approach favored here, however, [ first proposed by
Chuang and Wang (1981)] has been shown by Sherwin
and Taylor (1989, 1990) to be able to model linear
internal tide generation for any reasonable combination
of topography or density field.

A two-dimensional, vertical slice, linear f~plane nu-
merical internal wave model is used, which computes
the amplitude and phase of a baroclinic streamfunction
Y at a particular wave frequency w (in our case M, or
27w /12.42 h™"). The horizontal axis (positive to the
right) usually runs normal to the shelf edge and the
vertical z axis is positive upwards. There is no variation
along the y axis normal to the plane of the model (i.¢c.,
d/dy = 0). Density (p) can vary over the whole model
domain and horizontal density gradients are assumed
to be in geostrophic balance with the vertical shear in
a mean current {v) flowing along the y axis. The in-
ternal tide is forced by barotropic tidal currents flowing
parallel to the x axis with a volume flux amplitude (per
unit ) of @ and internal tide energy generated within
the model radiates out of either end, onto the shelf and
into the ocean. The streamfunction, , is set to zero at
the upper and lower boundaries and the ocean surface
is assumed to be rigid.

The program solves the hyperbolic equation

3 3 2 v

ox? + 2 Oxdz A 9z R,
where ¥ = W(x, z) exp(iwt) is complex and defined
such that the horizontal and vertical baroclinic veloc-
ities are

(1)

4 g
= - — w=—,
“T T ez ax
respectively. (Velocity parallel to the y axis is simply
v = —ifu/w.) Energy flows along characteristics that

have slope, A, given by
A= (w2~ B/ (N? =~ o?),
where f is the local Coriolis frequency [here 2=«
sin(64.2°)/12 h~'] and
N2 —— ;g QP_
p 0z
is the square of the local buoyancy frequency.
The horizontal density gradient is included with
—M?
H = ( NZ— wz) s
although in general M? is small. The solution is driven
by the forcing function

M2=:§'Q’_’
p ox’

I 2, (1) 2 9(h7
R—Nz_wz[Nz o +2M |
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where # is the total depth of water at x. Equation (1)
can be transformed to sigma coordinates (2 = z/h, X
= x) and the problem solved using finite differences
and a vectorized Gaussian elimination technique. The
physical dimensions of each model are shown in
Table 3.

To make the solution matrix well conditioned in the
presence of steep topography (d4/dx > |\|), a linear
damping coefficient is included by replacing w with w
+ i/7, where 7 is an e-folding decay time. In the fol-
lowing runs we have used 7 = 4 days, a compromise
between the estimated real decay times on the shelf
and in the ocean. The effect of this coeflicient is to
preferentially damp the higher modes so that, in gen-
eral, although the positions of peaks and troughs in
the solution should be approximately correct, their ab-
solute magnitude may be underestimated.

The radiating boundary conditions are computed
by decomposing the solution into vertical modes and
specifying the radiation condition on each mode in-
dividually (see Chuang and Wang 1981). To simplify
this calculation, flat-bottom end zones are added to
either side of the model in which the vertical density
profile is reduced to one of constant N?, so that the
boundary modes are simple trigonometric functions.
Solutions in these end zones have not been plotted in
the figures.

b. Generation from the Iceland shelf edge

Craig (1987) showed that for a constant N density
profile the energy flux into the internal tide is in pro-
portion to |\"'dh/dx|’ for dh/dx < \. We would
therefore expect significant generation to take place
normal to the steep slope of the Iceland shelf edge (line
B in Fig. 1) despite this direction coinciding with the
semiminor barotropic axis. The model was therefore
run along this line with two different density sections
to examine the observed variability.

(a) Case NAW (Fig. 9a). This represents the “nor-
mal” situation with North Atlantic water at the moor-
ing. The section was derived by extrapolating density
observed at the eastern end of the section on day 204.
For barotropic forcing, M, values (Q = 36 m?s™', lag
349°) were used.

TABLE 3. Model parameters.

Iceland

shelf edge  Ridge
Length of model (excluding end zones) (km) 80 180
Length of each end zone (km) 20 20
Horizontal spacing (km) 2 2.5
Total number of horizontal points 61 89
Number of vertical levels 31 31
Damping time (days) 4 4
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FiG. 9. Density sections used during the two model runs for section B. (a) Without overflow.
(b) With overflow. A vertical line indicates the mooring location. Bathymetry is from Ad-

miralty Chart 2979.

(b) Case OE (Fig. 9b). This represents the overflow
event as it may have been between days 204 and 207.
The section is a synthesis of data from several sources
observed: (i) at the mooring (Fig. 3); (ii) by Read and
Pollard (1992), who ran Sea-soar sections in the area
between days 218 and 220; and (iii) at a 1991 SA-
CLANT Center station near the western end of the
section. The data were smoothly contoured and the
bottom 20 m were assumed to be vertically mixed. The
barotropic forcing used the pseudo-M, values derived
from days 204-207 (58 m? s™!, 339°),

Line B does not seem to be capable of producing
very strong internal tides with NAW (Fig. 10a,b), ex-
cept perhaps at the seabed near the top of the slope.
For case OE, however, amplification of seabed currents

extends into the channel at the mooring and also, in
the east, onto the flanks of the ridge (Fig. 10c,d). There
is reasonable agreement in phase at CM65 and CM442
but the predicted amplitudes are too small, except per-
haps for the OE at CM442. A particular failing is the
poor predicted amplification during the OE at CM65—
the signal that stimulated this investigation. In view of
this we look for generation from other places.

¢. Generation over the ridge

The three-dimensional nature of the topography at
the western end of the ridge makes it very difficult to
choose a representative profile. Indeed, the problem is
more difficult than this because the assumption 9/dy
= 0 is plainly invalid here with implications beyond
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