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Fig. 4. 	 1988–2000 mean and standard deviation cross-sections along the 47°N line from bottom trawl surveys. (A) and (B) tem-
perature (°C); (C) and (D) salinity; (E) and (F) geostrophic velocity (m s-1). Broken lines in Figure 4(E) indicate negative 
(equatorward) velocities.

southeast where a lack of stations prevented us from de-
termining whether the gyre was closed. Of the remaining 
years, 1999 also showed a large high centered on the top 
of the bank, surrounded by variable and incoherent lows. 
A well-developed anticyclonic gyre made up of smaller 
sub-mesoscale eddies was seen in 2000.

Water Masses and Dynamic Topography
Water within the anticyclonic gyre on Flemish Cap 

tends to contain lower salinities than the surrounding 
waters, especially off the southern flank, where ambi-
ent salinity values are influenced by subtropical water 
masses (Fig. 4). The water masses at 40 and 120 dbar were 
analyzed in relation to the circulation scheme described 
in the previous section, and their sources of interannual 
variability are discussed.

The well-developed anticyclone sampled in July 1991 
mirrors temperature and salinity distributions (Fig. 9). The 
gyre core at 40 dbar contains higher temperatures and 
lower salinities versus the saltier, colder surroundings. The 
salinity pattern was maintained down to 120 dbar, where 
a low salinity nucleus coincided with the center of the 
anticyclone although the temperatures at this depth were 

colder in the gyre than in the surround waters. The salinity 
situation occurred again in 1998, yet in this case the core 
temperature at 120 dbar was more homogeneous (~3.8°C) 
and slightly higher than its surroundings (Fig. 10). 

The anticyclonic gyre shows variability associated 
with variations in the source flows that is reflected in the 
deeper water mass properties. 1991 and 1998 showed 
strong anticyclonic gyre development. Although mid-
depth temperatures were slightly warmer in 1998 than in 
1991, in both years at 220 dbar the westernmost flank bore 
higher temperatures than elsewhere (Fig. 11). 

The bank's location and dimensions play a strong role 
in determining the physical oceanographic dynamics over 
Flemish Cap. In addition, the variability in the LC and 
NAC over Flemish Cap modulate the topographic-steered 
dynamics over Flemish Cap. Occurrence of NAC-like 
water masses around the southern plateau’s fringe is ob-
served to be a recurrent feature (e.g. Cerviño and Prego, 
MS 1997; Gil et al., MS 1998; Cerviño et al., 1999). 
Temperature and salinity plots at 220 dbar in 1988 reveal 
no obvious anticyclonic gyre (Fig. 12). This situation 
may correspond to either a weakening of a pre-existing 
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Fig. 5.	 Flemish Cap mean geostrophic velocity vectors from 1988–2000 July CTD. Shading indicates the 
amplitude of the geostrophic velocities (ms-1).

anticyclonic structure or a weak dynamic situation with 
relatively stagnated water masses in the form of small-
scale nuclei. Around the southwest flank of the bank there 
is a coherent structure with high temperature and salinity. 
This suggests the possibility that the poleward-flowing 
NAC waters may have displaced the anticyclonic gyre to 
the northeast. In the remaining years characterized by clear 
anticyclonic circulation (1990, 1993, 1996, 1999, 2000), 
temperature and salinity distributions follow the general 
pattern described for 1991 and 1998 (not shown). 

In contrast, in 1988 when the situation was character-
ized by a number of small anticyclonic eddies over the 
Cap, no consistent salinity signal was associated with any 
dynamic feature (Fig. 13). At 40 dbar a succession of low 
and high salinity structures was observed, with mean sa-
linities ~34.1 and higher salinities (~34.4) to the southwest 
at subsurface levels (120 dbar). Likewise, temperature 
distribution at 40 dbar also showed high variability with 

eddies containing warm (6°C) and cold (3°C) nuclei. At 
120 dbar, intense horizontal temperature gradients were 
associated with an anomalously warm signal to the south-
west (5–6°C). The situation in 1995 was characterized by 
an anticyclone interrupted by a relative low through the 
middle in the northeast-southwest direction. This dynamic 
picture was mirrored by both the temperature and salinity 
fields at 40 and 120 dbar, where warm, low salinity waters 
(<34.0) were separated by a higher salinity, colder water 
wedge (Fig. 14).

Geostrophic Transports and Heat Flux
The integration of geostrophic velocities to estimate 

transports from 10-400 m along 47ºN is presented in Fig. 
16a. The calculations are restricted (horizontally) to the 
bank, in an attempt to avoid features outside the bank. 
The total northward (positive) and southward (negative) 
baroclinic transports were computed for each year and 
provide an estimate of the strength of the gyre around the 
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Cap (Colbourne and Foote, 2000). The mean northward 
and southward transports were O(0.3) Sv, with the net 
transport near zero. These results support the existence 
of a semi-permanent anticyclonic circulation during July. 
However, there are a number of years when southward 
transport exceeded the northward flux (1991, 1995, 1996 
and 2000). In contrast, in 1997 and 1998 the net volume 
transport integrated along 47°N was directed northwards. 
The net geostrophic heat flux anomalies are displayed in 
Fig. 16b. The mean heat fluxes north and south are of 
order of 2.3 TW (TerraWatts, 1012 W) with the mean net 
heat flux approximately 10% of this value. Contrary to 

the volume transport estimates, the long-term trend of the 
heat flux series seems to shift from positive (northward) 
in the late-1980s to a slightly negative (southward) net 
heat flux in the second half of the 1990s.

Discussion
Generation of anticyclonic circulation

The well-known Taylor-Proudman theorem states that 
slow steady inviscid flow in a rapidly rotating homoge-
neous system is independent of the co-ordinates parallel to 
the rotation axis (Proudman, 1916; Taylor, 1923). Jacobs 

Fig. 6.	 1988–2000 series of dynamic topographies (dyn. cm). (A) 1988 (B) 1989 (C) 1990 (D) 1991.
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Fig. 7.	 1988–2000 series of dynamic topographies (dyn. cm). (A) 1993 (B) 1995 (C) 1996 (D) 1997.

(1964), rather than considering a purely inviscid theoreti-
cal flow, introduced a perturbation parameter p = ν/f L2, 
where ν is the coefficient of kinematic viscosity, f is the 
Coriolis parameter, and L is the horizontal dimension of 
the obstacle. Inertial columns are formed when p tends 
to zero, otherwise viscous columns form. Hogg (1973) 
parameterized the stratification by S = gHΔρ/ L2f 2ρz, where 
g is the acceleration due to gravity, H is the fluid depth, Δρ 
is the density difference over depth H, and ρz is the average 
density of the fluid over depth H. S tends to zero as the 
fluid becomes more homogeneous, and to 1 for a highly 
stratified fluid. He observed that after a threshold obstacle 

height was exceeded, a Taylor column was formed for a 
homogeneous fluid and a conical vortex was formed for 
a stratified fluid. It was observed that for nearly homoge-
neous (S<<1) flow with very small Rossby number (Ro, 
Ro = U/(f·L) where U is the depth averaged velocity), the 
streamline pattern is two-dimensional. This is verified 
even though the baroclinic component of the flow can be 
of the same magnitude as the barotopic. Considering the 
work of Hogg (1973) for S~Ro and Ek1/2 << Ro, a Taylor 
column could be forced by topography whose height ex-
ceeded βRoH. (Ek is the Ekman number, Ek = ν/fH and β 
is a parameter dependent upon the obstacle shape).
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Huppert (1975) compared the effects that occur in 
homogeneous flows with those that occur in stratified 
flows. He parameterized the stratification by B = NH/
fL, where N is the buoyancy frequency. For a weakly 
stratified quasi-geostrophic flow (Ro and B<<1), vertical 
obstacles, no matter how low, induced a region of closed 
streamlines and an associated Taylor column, which are 
not necessarily present in the flow over a smooth obstacle 
of comparable height. 

The offshore LC branch that skirts around Flemish 
Cap supplies the source waters for the development of the 
anticyclonic circulation over Flemish Cap and the Cap is 
the bathymetric obstacle. We attempted to characterize the 
flow over the Flemish Cap using a barotropic flow weaker 
than the baroclinic component O(0.1–0.2 ms-1), and Ro is 
O(0.05–0.1). Taking 300 km as the characteristic L for the 
Flemish Cap, H = 4000 m, Δρ = 2.5 kg m-3, ρz = 1 027 kg 
m-3 and f =1.04 × 10-4 s-1, then S~0.1. The Ekman number 
is Ek = 10-13. The square root of Ek =3 × 10-7 << Ro. For 
summer conditions in the Flemish Cap, N~10 cph and 
Huppert's (1975) stratification parameter B = 0.3, i.e. there 
is weakly stratified flow. In this case, an abrupt shape could 
generate Taylor columns. Since the bank represents more 
of a smooth obstacle with an angle of ~5°, it seems more 
likely that the homogeneous barotropic component might 
be responsible for the generation of closed streamlines and 
consequently the Taylor columns over Flemish Cap.

Heat flux shift

Could changes in the LC structure and/or its proper-
ties be the cause of the shift in the net heat flux pattern 
across the 47°N line? July OI-SST anomalies computed 
over the whole of Flemish Cap from 1988–2000 show 
a quasi-decadal cycle (Fig. 17). SST anomalies reached 
a minimum of -2°C in 1991, after which they increased 
steadily to reach +2°C by 1999. Figure 17 also shows the 
July mean OI-SST anomalies at a location further north 
(box at 51.5°N, see Fig. 1). This box is assumed to be more 
exposed to LC flows. The similar pattern in both gives a 
hint that July SST anomalies and the heat flux across the 
47°N line must be a consequence of the variability of the 
LC. Negative SST anomalies in the early 1990s contrast 
with the increase of heat flux from the atmosphere to the 
ocean observed by Colbourne and Foote (2000). Hence, 
we propose that advection must be the primary mechanism 
determining local thermal variability over the Cap, as 
previously postulated by Colbourne and Foote (2000). 

The northward (poleward) heat transport (Fig. 18b) 
shows no apparent relationship with the OI-SST anomaly. 
However, an inverse correlation between the southward 

Fig. 8.	 1988–2000 series of dynamic topographies (dyn. cm). 
(A) 1998 (B) 1999 (C) 2000.
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(equatorward) heat flux and OI-SST anomaly over Flem-
ish Cap is observed (Fig. 18a). Hence, stronger southward 
heat flux across 47°N over Flemish Cap seems associated 
with warm events. This feature may appear contradic-
tory if we consider advection by the LC as the primary 
mechanism determining local thermal variability, and if 
we expect a link between LC intensity and its particular 
T-S anomaly. The years 1989 to 1994 have been reported 
as extremely cold years with temperature anomalies that 
resembled those of the mid-1970s during the time of the 
Great Salinity Anomaly.  Low temperature in the early 
1990s were also observed farther north in the Labrador 
Sea and in the Davis Strait, and also at the east coast of 
Greenland and Denmark Strait (Buch, MS 1998). For 

instance, Buch (MS 1998) reported that over this period 
waters off southwest Greenland were colder than nor-
mal in the upper 400 m. However, salinities during the 
1989–94 period were only slightly below normal for the 
Flemish Cap (Colbourne and Foote, 2000) as well as the 
Labrador Sea and the east coast of Greenland. Buch (MS 
1998) considered both facts as indices of little freshwater 
input across Denmark Strait together with cold and dry 
conditions across western Greenland and the Canadian 
Arctic. 

We only have data from 1988–93, but a considerable 
decline in mean upper layer temperature over Flemish Cap 
was observed (Fig. 17). This decrease occurred together 

Fig. 9.	 1991. Salinity and temperature (°C), (A, B) at 40 dbar (C, D) at 120 dbar.
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with a net poleward export of heat during the cold years 
to balance the heat deficit to the north. In contrast, the 
next period 1995–2000 was characterized by an increase 
in both SST and subsurface temperatures (e.g. Colbourne 
and Foote, 2000), which was accompanied by null to equa-
torward net heat flux across the 47°N line (Fig. 16b).

Both processes may be linked in a coupled slope 
water system (CSWS) responding in a similar manner to 
climate forcing over a broad range of time scales. Two 
characteristic CSWS modes have been identified over the 
Northwest Atlantic (Pickart et al., 1999). The maximum 
mode is characterized by deep and intense convection 
in the Labrador Sea; a relatively cool, fresh and thick 

layer of Labrador Sea Water (LSW) is formed; and the 
volume transport in the Deep Western Boundary Current 
increases while volume transport in the Labrador Current 
diminishes. Conversely, the minimum mode corresponds 
to a system state in which convective renewal of interme-
diate and deep waters in the Labrador Sea is weaker and 
shallower; LSW becomes warmer, saltier and thinner and 
volume transport in the DWBC diminishes while the vol-
ume transport in the shallow Labrador Current increases 
(Dickson et al., 1996; Dickson, 1997; Curry et al., 1998). 
Heywood et al. (1994) already reported that interannual 
changes in the LC offshore branch are common. They 
pointed out that these could be associated with variations 
in the West Greenland Current.

Fig. 10.	 1998. Salinity and temperature (°C),(A, B) at 40 dbar (C, D) at120 dbar.
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Although the linkage is not straightforward it is 
tempting to associate maximum (minimum) modes of 
the CSWS with positive (negative) phases of the North 
Atlantic Oscillation (NAO) (Pickart et al., 1999). Hurrell 
(2000) discussed that the intensity of the winter convective 
activity in the North Atlantic is characterized by interan-
nual as well as interdecadal variability that appears to 
be synchronized with the NAO. The winter (December 
through March) index of the NAO based on the differ-
ence of normalized sea level pressure anomalies between 
Lisbon, Portugal and Stykkisholmur/Reykjavik, Iceland is 
presented in Fig. 19. Data presented here are maintained 
by Jim Hurrell from the National Center for Atmospheric 
Research (Climate Analysis Section; http://www.cgd.
ucar.edu/~jhurrell/nao.html). The atmospheric conditions 

over the North Atlantic area are highly dominated by the 
NAO, which has been in a persistent and high positive 
phase since the early 1980s, but with occasional years 
with strong negative values such as in the mid-1990s. 
In the NAO positive phase, higher than normal surface 
pressures south of 55°N combine with a broad region of 
anomalously low pressure throughout the Arctic, which 
brings about, among other things, anomalously strong 
cold northerly flow across western Greenland and the 
Canadian Arctic, causing descending air temperatures 
over land and of SSTs over the whole northwest Atlantic 
(Hurrell, 2003). Intense convective activity in the Lab-
rador Sea in the early 1990s has been documented (e.g. 
Hurrell, 2003). LSW has become progressively colder and 
fresher but associated surface LC transports had fallen to 

Fig. 11.	 Temperature (°C) at 220 dbar in (A) July 1991 and (B) July 1991.
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Fig. 12.	 Salinity and temperature at 220 dbar in July 1988.
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a minimum by the mid-1990s as inferred from the heat 
flux estimates presented here and which belong to a clear 
maximum CSWS mode.

Conversely, the weakening of the NAO phase after 
the mid-1990s may be associated with a shift towards a 
minimum CSWS mode that brings about the formation of 
a large volume of warmer and saltier LSW. This shift in 
CSWS is noted at Flemish Cap and brings about the rela-
tive increase of both northward/southward components 
of the heat flux and a tendency towards a net balanced 
or equatorward heat flux perpendicular to the 47°N line 
across the bank. This, together with the concomitant rela-

tive increase of both northward/southward components of 
the geostrophic volume transport in this five-year period, 
also indicates a well-developed anticyclonic circula-
tion over Flemish Cap. We conclude that the stronger 
the Labrador Current, the better the conditions for the 
development of the anticyclonic gyre anchored on the 
topography of the bank.

Conclusions and Summary
The recurrence of the anticyclonic circulation around 

Flemish Cap in July suggests that the topographic con-
straint of the bank primarily determines the dynamics over 

Fig. 13.	 1988. Salinity and temperature (°C), (A, B) at 40 dbar (C, D) at 120 dbar.
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the Cap. A coherent cold current skirts around the north-
eastern flank and partly recirculates around the southern 
and southwestern flanks forming a central anticyclonic 
core. This summer circulation is partly responsible for 
the temperature gradients between the Cap's center and 
its surroundings. We conclude that the most significant 
source of variability of the water masses over Flemish 
Cap was linked to the changes in the advective flows, 
namely the offshore branch of the LC and oscillations of 
the NAC's north wall. 

The sampling methodology permitted the intensity 
and shape of the structures to be fairly well defined. The 
resulting picture shows a mean asymmetric anticyclonic 
circulation around the Cap with enhanced southerly geo-
strophic velocities of ~0.07 ms-1 with respect to the pole-
ward flow of ~0.03 ms-1. From the surface through to the 
bottom, the gyre generally contains less saline waters than 
its surroundings. The anticyclonic gyre was particularly 
well defined in 1998 when isolines nearly closed around 
the Cap. The occurrence of warm and saline waters along 

Fig. 14.	 1995. Salinity and temperature (°C), (A, B) at 40 dbar (C, D) at 120 dbar.
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the southern flank of the Cap has also been observed, 
which may well have their source in subtropical NAC 
waters. These showed a maximum in 1988 with salinity 
values above 34.8 and temperatures ~6°C at 120 dbar.

Results confirm that the anticyclonic circulation on 
the bank principally arises due to flow of the LC over 
Flemish Cap. This seems to be a recurrent process but 
intermittent, as drifting buoy data (e.g. Loder et al., 1988) 
suggest that their residence times are significantly lower 
than the recirculation times. Kudlo et al. (1984) suggested 
that atmospheric storms may act to break up the gyre. We 
have observed that NAC intrusions may weaken the gyre. 
The gyre contains less dense waters versus the colder, 
denser eastern masses. Below 60 db the NAC-sourced 
waters are extremely warm versus the low salinity, colder 
waters on the Cap. Subsurface (e.g. 120 db) densities were 
observed in some years to be quite similar for both the 
NAC-type and the anticyclonic gyre waters. In this case, 
the anticyclonic gyre at this level might be very weak or 
not exist. 

The total northward (positive) and southward (nega-
tive) transports across 47°N were O(0.3) Sv but tended to 
be higher after 1995.  On average, these transports bal-
anced each other resulting in no net flow.  The geostrophic 
heat flux anomalies in each direction were estimated to 
be order of 2.3 TW and therefore to balance each other, 
although the long-term trend of the heat flux shifted from 
weakly northward in the late-1980s to slightly southward 
in the second half of the 1990s. The first half of the study 
period (1989–94) was associated with the maximum 
CSWS mode and characterized by deep and intense con-
vection in the Labrador Sea and reduced volume transport 
in a colder, fresher Labrador Current.  The latter resulted 
in a generalized drop in the SST over Flemish Cap. There 
was also a net poleward export of heat during these cold 
years to balance the heat deficit to the north. The second 
half of the study period (1995–2000) was characterized 
by an increase in both SST and subsurface temperatures, 
which was accompanied by null to southward net heat 
flux across the 47°N line. It was associated with a shift 
towards a minimum CSWS mode, with weaker convective 
renewal of intermediate and deep waters in the Labrador 
Sea and an enhanced warmer, more saline Labrador Cur-
rent. July SST anomalies and heat flux across the 47°N 
line were seen to be a consequence of the variability of 
the LC rather than a consequence of seasonal processes 
within the retained waters. Intensity of the southward 
offshore branch of the LC over the bank is concluded to 
be the primary mechanism determining variability in heat 
transport across Flemish Cap.

Fig. 15.	 Sigma-t at 120 dbar in (A) July 1991; (B) July 1998; 
(C) July 1988.
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tions in the western North Atlantic. Bold line:  computed mean over Flemish Cap. Broken line:  at 
51.5°N.

The question remains whether the source of LC vari-
ability and the shift in the CSWS is linked to the NAO, 
but this shift in CSWS is noted at Flemish Cap and brings 
about the relative increase of both northward/southward 
components of the heat flux and a tendency towards a net 
balanced or equatorward heat flux perpendicular to the 
47ºN line across the bank. This, together with the relative 
increase of both northward/southward components of the 
geostrophic volume transport in this five-year period, 
would also indicate increased anticyclonic circulation 

over Flemish Cap. It can be concluded that the stronger 
the LC the better the conditions for the development of 
the anticyclonic gyre anchored on the topography of the 
bank.
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Fig. 18.	 Scatter plots of:  (A) Flemish Cap OISST anomalies (°C) versus equatorward heat 
flux (TW) across 47°N over Flemish Cap; (B) Flemish Cap OISST anomalies (°C) 
versus poleward heat flux (TW) across 47°N over Flemish Cap; (C) Flemish Cap 
OISST anomalies (°C) versus net heat flux (TW) across 47°N over Flemish Cap; 
(D) net heat flux (TW) across 47°N over Flemish Cap versus winter NAO index
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Fig. 19.	 1988–2000 winter North Atlantic Oscillation (NAO) index (difference of normal-
ized sea level pressure anomalies between Lisbon, Portugal and Stykkisholmur/
Reykjavik, Iceland). The inset presents the 1900–2000 series. Bold line:  3-year 
running mean.
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