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Issues relevant to the water mass transformation and circulation in the Nordic Seas are explored using a
series of idealized numerical model calculations. The essential aspects of the model configuration are: a
marginal sea with two sub-basins separated by a ridge; a sill separating the marginal sea from the open
ocean; a region of sloping topography surrounding the marginal sea; surface heat loss; and eddy-resolv-
ing physics. A calculation with enhanced topographic slope along the eastern boundary, as is found in the
Lofoten Basin, produces a hydrography and circulation that are similar to that observed in the Nordic
Seas, including two poleward warm currents, a mid-depth thermocline in the eastern basin (the model’s
Lofoten Basin), and deep convection in the western basin (the model’s Greenland Sea). It is shown that
the key elements to the mid-ocean poleward warm current and the mid-depth thermocline in the eastern
basin are: an asymmetry in the eddy heat flux from the boundary into the basin interior, here related to a
region of steep bottom topography that makes the eastern boundary current more unstable than the wes-
tern boundary current, and a mid-ocean ridge that partially, but not completely, inhibits exchange
between eastern and western basins. This exchange can take place by baroclinic eddy fluxes or by flow
through deep gaps in the ridge. The basin-scale hydrography and circulation in this idealized Nordic Seas
are controlled to a large degree by eddy fluxes, which are themselves strongly influenced by regional fea-
tures of the bottom topography that are located far from the convection sites.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In the northern North Atlantic, poleward flowing warm waters
are cooled by the atmosphere, leading to the formation of dense
water masses that eventually sink and return equatorward. This
water mass transformation, closely associated with the Atlantic
Meridional Overturing Circulation (AMOC), occurs primarily in two
regions – the North Atlantic subpolar gyre and the Nordic Seas. Much
attention has been paid to the water mass transformation and deep
convection that occurs in the Labrador Sea in the subpolar gyre and
the Greenland Sea region of the Nordic Seas (see review by Marshall
and Schott (1999)). This is at least in part due to the early notion that
the dense overflows were directly linked to waters formed in such
deep convection regions (e.g. Killworth, 1983; Aagaard et al.,
1985). However, recent studies suggest that the gradual transforma-
tion of waters along the advective pathways around the regions of
deep convection plays a more important role than these deep con-
vection sites in both the AMOC and the heat budget (Mauritzen,
1996a,b; Isachsen et al., 2007; Eldevik et al., 2009). Recent theoreti-
cal studies indicate that the boundary currents are dynamically
linked to regions of deep convection and that the waters that exit
ll rights reserved.
convective basins are composed of waters from both deep convec-
tion sites and cyclonic boundary currents (Spall, 2004; Straneo,
2006; Chanut et al., 2008), so it is difficult to address transformation
without considering both regions together.

Much of the water mass transformation that occurs in the Nordic
Seas takes place in the Lofoten Basin (Isachsen et al., 2007). Warm
water of Atlantic origin flows northward through this basin in two
main branches, the inner Norwegian Atlantic Current (iNwAC),
which follows the continental slope along the west coast of Norway,
and the outer Norwegian Atlantic Current (oNwAC), which flows
along the Mohn and Knipovich Ridges (Orvik and Niiler, 2002;
Fig. 1). This partition is evident by the hydrographic section taken
as part of the Circulation And Thermohaline Structure (CATS) pro-
gram (Fig. 2). There is a strong horizontal temperature gradient over
the Mohn Ridge, separating the warmer waters of the Lofoten Basin
from the colder waters in the Greenland Sea. Similar gradients are
found for salinity, with more saline Atlantic waters found in the Lofo-
ten Basin. The sloping isotherms indicate a geostrophic upper ocean
flow northwards over both the ridge and along the eastern boundary.
The region between these two currents is filled with warm, salty
Atlantic Water down to approximately 800 m depth. The spreading
of this warm water over the spatial extent of the Lofoten Basin re-
sults in a larger net heat loss to the atmosphere than if the warm
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Fig. 1. Schematic of the major currents with bottom topography for the Nordic Seas. Red arrows indicate the two northward branches of the NwAC, the magenta arrows
indicate the southward flowing transformed waters that enter the North Atlantic, and the grey pathways mark cyclonic recirculation gyres in each of the sub-basins. The
locations of the stations in the CATS hydrographic section (Fig. 2) are marked by white asterisks. LB: Lofoten Basin, GS: Greenland Sea, NS: Norwegian Sea. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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Fig. 2. Potential temperature from the CATS hydrographic section taken during the summer of 1999 (Oliver and Heywood, 2003; station locations indicated in Fig. 1). Warm
Atlantic water with a mid-depth local minimum in stratification fills the upper ocean within the Lofoten Basin. The topography is interpolated from the GEBCO data base, but
the actual topography taken from the cruise shows the Mohn Ridge extending to almost 1000 m depth (Oliver and Heywood, 2003).
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water remained more confined to a narrow boundary current, as for
the Labrador Sea. The warm water in the basin interior appears to be
provided by eddies shed from the iNwAC (Poulain et al., 1996; Köhl,
2007). Even though the heat loss here is large, this source of warm
water limits convection to only 500–800 m depth, much less than
is found in the Greenland Sea (Nilsen and Falck, 2006). The stratifica-
tion has a local minimum around 500 m depth and a local maximum
at around 800 m depth. The abyssal Lofoten Basin is very weakly
stratified and cold. The southward flowing boundary current adja-
cent to Greenland is much colder than the northward flowing Atlan-
tic Waters and also more weakly stratified as a result of heat loss and
convection to the north of this section.
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While this general description of the circulation through the
Nordic Seas has been known for some time, important basic ques-
tions remain. Why does the NwAC flow northward in two
branches? There is clearly a topographic constraint because both
fronts lie over regions of sloping topography. Orvik (2004) argues
that the deepening of the Atlantic Water is a result of a deep coun-
ter current adjacent to the Mohn Ridge. However, this is more of a
consistency constraint and does not explain why the Atlantic
Water spreads over the Lofoten Basin, why there are two branches
of the NwAC, or why a deep counter current exists. A related ques-
tion is why does convection penetrate to great depths in the Green-
land Sea and only to intermediate depths in the Lofoten Basin even
though the heat loss in the Lofoten Basin is larger? The idealized
buoyancy-forced models of Walin et al. (2004) and Spall (2004)
produce cyclonic boundary currents and regions of deep convec-
tion, but do not produce a mid-depth thermocline or multiple pole-
ward branches.

The present study aims to address these general questions with
a set of very idealized numerical model calculations. Although the
issues are motivated by the Nordic Seas, the model has been sim-
plified considerably compared to this very complex region. How-
ever, the model retains several key elements of the Nordic Seas,
including: a sill separating the marginal seas from the warm low
latitude oceans; a mid-ocean ridge separating the marginal sea into
eastern and western sub-basins; variable topography around the
perimeter of the marginal sea; nonlinearities and mesoscale ed-
dies; and surface buoyancy loss. The primary goal here is to better
understand how various aspects of the bottom topography and
eddy fluxes can influence the mean circulation, water mass trans-
formation, and deep convection in buoyancy-forced marginal seas.
2. An idealized numerical model for the Nordic Seas

The model used in this study is the hydrostatic version of the MIT-
gcm (Marshall et al., 1997). The model solves the primitive equations
on a Cartesian grid in the horizontal and on depth levels in the verti-
cal. The horizontal grid resolution is 5 km and has 20 levels in the
vertical with spacing ranging from 25 m near the surface to 400 m
at the deepest level. Density is represented by temperature only with
a thermal expansion coefficient of 0.2 kg m�3 C�1. Subgridscale vis-
cous parameterization is represented by a lateral Laplacian viscosity
of 10 m2 s�1 and a lateral biharmonic viscosity of 109 m4 s�1. There is
no explicit lateral mixing of temperature. Vertical mixing of momen-
tum and temperature are provided by a Laplacian mixing with coef-
ficient 10�5 m2 s�1. Convective plumes are parameterized by
increasing the vertical mixing coefficient for temperature to
1000 m2 s�1 for statically unstable profiles.

The basin consists of a circular marginal sea 3000 m deep sepa-
rated from an ‘‘open ocean” to the south by a 1200 m deep sill
(Fig. 3). The standard calculation has a region of sloping topogra-
phy encircling the marginal sea that gets steeper along the eastern
boundary (motivated by the region of steep topography along the
eastern side of the Lofoten Basin, Fig. 1). The bottom slope between
500 m and 2000 m depth along the eastern Lofoten Basin (between
10�E and 15�E) is approximately 0.09, about a factor of 3 steeper
than that found along the western boundary of the Greenland
Sea between 12�W and 5�W. There is also a 1200 m deep ridge that
separates the marginal sea into two sub-basins, mimicking the
Mohn and Knipovich ridge system. The model is forced by impos-
ing a uniform heat loss north of the sill1 of 150 W m�2 for a period
1 A calculation in which the surface heat flux is provided by restoring the model
upper level temperature towards a prescribed temperature uniform in space produces
a very similar result. The specified heat flux boundary condition is used to ensure that
any differences between the eastern and western basins are not due to different
surface heat fluxes.
of 120 days and then no surface forcing for a period of 240 days,
repeating every 360 days, giving an annual mean heat loss of
50 W m�2. The seasonal cycle is not crucial to the general results de-
scribed here, a similar mean hydrography and circulation are found
for steady heat loss at the annual mean strength. A source of heat is
provided to balance this cooling by restoring the temperature to-
wards a uniform stratification with N2 ¼ 2� 10�6 s�2 and a surface
temperature of 10 �C with time scale 20 days in the ‘‘open ocean”,
indicated in Fig. 3 by the region within the white dashed line. This
is very similar to the configuration used by Spall (2004), except that
now a sill, ridge, and variable topographic slope are considered. The
straits modeled here are wide and deep enough that hydraulic con-
trols do not arise, however, a similar approach can be used for
hydraulically controlled exchanges (e.g. Pratt and Spall, 2008). The
model is initialized with the open ocean stratification and integrated
for a period of 150 years. The model takes about 75 years to arrive at
a statistically equilibrated state. Mean quantities discussed will be
taken over the final 75 years of integration.

The mean temperature and horizontal velocity at 12.5 m depth
are shown in Fig. 4. Warm water flows into the marginal sea over
the sill and most follows the eastern boundary cyclonically around
the basin. There is also transport directly northward over the mid-
basin ridge, starting along the eastern side of the ridge and shifting
towards the western side as it extends northward.2 There is a cyclo-
nic recirculation in the interior of both the eastern and western ba-
sins. The eastern basin is much warmer than the western basin,
resulting in a strong baroclinic front located over the mid-ocean
ridge. The velocity along the eastern boundary is of O(15 cm s�1)
and the velocity over the ridge is somewhat stronger, approximately
25 cm s�1.

A vertical section taken along 630 km latitude shows more
clearly the horizontal and vertical structure of the currents in each
basin (Fig. 5). Relatively warm water fills the eastern basin down to
approximately 1500 m, close to the depth of the mid-ocean ridge
and sill. There is a region of minimum stratification centered
around 700 m depth, flanked above and below by increased strat-
ification. The abyss in the eastern basin is also weakly stratified
and cold. The warmest water is concentrated near the eastern
boundary, with a secondary maximum in sea surface temperature
near the mid-ocean ridge. The western basin is weakly stratified
throughout most of the interior, with the exception of the upper
few hundred meters. The eastern boundary current has a signifi-
cant barotropic component, while the northward flow over the
ridge is strongly baroclinic. There is also a weaker cyclonic circula-
tion in the eastern basin with southward flow just to the east of the
ridge. The southward flowing boundary current in the western ba-
sin is approximately 25 cm s�1, but is much less stratified than the
northward flowing eastern boundary current as a result of convec-
tion in the boundary current.

This section has several similarities with the schematic shown
in Fig. 1 and the CATS section across the Lofoten and Greenland Ba-
sins. The primary features of the observed hydrography and circu-
lation are: northward flow along the eastern boundary and Mohn
and Knipovich Ridge system; southward flow along the western
boundary, cyclonic circulations in both basins; thick layer of warm
water in the eastern basin; and mid-depth local minimum in strat-
ification in the eastern basin. That the eastern boundary current is
more barotropic than the ridge current in the model is consistent
with Orvik et al. (2001) and Oliver and Heywood (2003), although
the former reference is located further upstream in the Norwegian
Basin. There is evidence of southward flow near the bottom along
the Mohn Ridge indicating a cyclonic circulation in the Lofoten
2 This westward shift is a result of the Reynolds stress divergence due to eddy
rmations along the ridge current.
fo
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Fig. 3. The model domain and bottom topography. The model is forced with spatially uniform cooling over the marginal sea (north of the sill) and a restoring of temperature
to a uniform stratification within the region marked by the white dashed line.
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Basin, as discussed by Orvik (2004), surface drifters do not show
evidence of southward flow extending to the surface to the east
of the oNwAC (e.g. Orvik and Niiler, 2002), so the cyclonic circula-
tion in the model appears to be too barotropic in this region.

The process of winter convection and restratification provides
some clues regarding the asymmetric hydrography and circulation
in this calculation. The mixed layer depth (defined as the depth at
which the temperature is 0.1 �C less than the surface temperature,
the general result is not very sensitive to this choice) is shown in
Fig. 6 at the end of the cooling period in year 95 (this is typical
of any year). The primary pathways into the marginal sea are
marked by the shallow mixed layer depths along the eastern
boundary and over the mid-ocean ridge. These are the two regions
that are first restratified at the end of winter. The mixed layer
depth in the eastern basin extends down to mid-depths, between
750 m and 1000 m, and covers much of the sub-basin interior. Con-
vection in this basin rarely exceeds 1000 m. The mixed layer depth
in the western basin extends all the way to the bottom in places.
These regions of deepest mixing are confined to smaller areas
due to both inhomogeneities in the stratification at the beginning
of winter and lateral heat advection in the form of eddies and fila-
ments during winter.

The depth of convection and spin-up of the basins are indicated
by the annual mean temperature at central points in the eastern
and western basins shown in Fig. 7. Both basins convect deeply,
reaching the bottom, over the first 20 years. The interior of each
basin continues to get more dense until eddy fluxes from the
boundary provide enough heat to balance the surface cooling
(Spall, 2004). This happens in the eastern basin between years 30
and 40, while in the western basin the influx of warm water is de-
layed another 10–20 years. The band of weakly stratified water
centered around 700 m is evident in the eastern basin, as is the en-
hanced stratification near 1200 m that isolates the abyss. The wes-
tern basin is colder and has much weaker stratification over most
of the water column. There is a hint of low frequency variability in
the heat content and depth of convection in the western basin
(warm anomalies during years 45–70 and 90–110), although there
is no corresponding signal in the eastern basin.

The restratification process is indicated by the upper level tem-
perature 80 days after cooling ended in year 95 (Fig. 8). The warm
current along the eastern boundary has developed large meanders
and is shedding warm eddies into the interior. The boundary cur-
rents around the western basin and over the mid-ocean ridge show
much less meandering and eddy shedding. The enhanced instabil-
ity along the eastern boundary is due to the decrease in the width
of the region of sloping topography. This is consistent with the en-
hanced eddy variability observed in the Lofoten Basin by altimeter
data (Köhl, 2007) and drifters (Poulain et al., 1996). These eddies
are the reason that the eastern basin is warmer than the western
basin, as will be further demonstrated in the following section. This



Fig. 4. Mean sea surface temperature (�C) and velocity vectors (every third grid point, vector scale is indicated in lower right corner) over the final 75 years of integration for
the central calculation. The blue dots in the center of the basins mark the locations of the time series in Fig. 7. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this paper.)
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pathway of warm water from the eastern boundary current, into
the eastern basin, and finally into the western basin over the ridge
explains why the eastern basin stratifies before the western basin
during spin-up (Fig. 7).

The role of steep topography in the destabilization of the
boundary current is complex and, at first consideration, seems to
contradict the theoretical results of Blumsack and Gierasch
(1972), (hereafter BG72), who found that bottom slopes of the
opposite sense to the isopycnal slope always stabilize the flow.
Nonetheless, the linear quasi-geostrophic theory of BG72 does
indicate that the boundary current will become more unstable as
the topography steepens if the mean flow follows the topography
and conserves baroclinic transport. In this case, the isopycnal slope
increases over the steep topography so that the ratio of the bottom
slope to the isopycnal slope remains constant (the d parameter in
BG72 and Spall, 2004) and the relative influence of topography
on the linear stability is unchanged. However, the Eady growth rate
for this more strongly sheared flow is larger, so perturbations are in
fact more unstable. This destabilization may be mitigated by the
nonlinear effect of the eddy heat fluxes reducing the isopycnal
slopes as one follows the flow around the basin, but the basic find-
ing in the model is consistent with the linear, QG theory.

The deep eastern basin is not directly reached by local convec-
tion, but there is a source of cold waters to the deepest part of the
basin, as indicated by the recurring cold waters near the bottom in
Fig. 7. A synoptic section taken along 600 km latitude shows dense
water spilling over the ridge into the eastern basin (Fig. 9). Such
events occur intermittently in time and space along the ridge,
and are related to meandering activity of the front over the mid-
ocean ridge. This provides a source of dense water that fills the
eastern basin from below. The local maximum in stratification near
1200 m depth is maintained by the source of low potential vortic-
ity water in the abyss originating from convective activity in the
western basin and the upper ocean low potential vorticity from
convection in the eastern basin. Observations indicate that the
deep Lofoten Basin contains waters that originated in the Green-
land Sea (Blindheim, 1990; Oliver and Heywood, 2003).

An idealized age tracer has been inserted over the final 30 years
of integration. The tracer is initially zero everywhere, maintained
at zero at the surface, and increases with time in the interior. It
is advected and mixed the same as temperature. It marks the aver-
age time since a water parcel has been in contact with the atmo-
sphere. A section of this age tracer at the mid-latitude of the
basin averaged over the final 2 years of model integration is shown
in Fig. 10. The ventilation of the upper ocean is evident in both ba-
sins, although there are differences. The most recently ventilated
waters in the western basin are confined close to the surface in
the interior, while they penetrate down to about 800 m in the
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Fig. 5. Vertical section at 630 km latitude of mean (a) temperature (contour interval 0.2 �C) and (b) meridional velocity (m s�1, contour interval 0.05, zero line bold) taken
over the final 75 years of integration.
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eastern basin. The water in the deep western basin is about 8 years
old on average, while the water in the deep eastern basin is
approximately 16 years old.

The deep western basin water is, on average, much older than 1
year even though there is convection to the bottom in every win-
ter. This is because the deepest convection is isolated to a few
small regions each year and the eddies rapidly mix this ventilated
water with the surrounding larger volume of unventilated water. If
convection reaches a given depth over a fraction � of the basin,
then the average age A of a water parcel at that depth in year
n + 1 is related to the average age of the water parcel in year n by

Anþ1 ¼ ð1� �ÞðAn þ 1Þ: ð1Þ

The age can be written explicitly for any year n, assuming that the
age is zero at n = 0, as

An ¼
1� �
�

1� ð1� �Þn
� �

: ð2Þ

It is easy to see that for 0 < � < 1, the age for large n is simply

A ¼ ��1 � 1: ð3Þ

From this, one can infer that the deepest part of the western basin is
ventilated over only approximately 10% of its area each winter. This
is consistent with the regions of deepest mixing found at the end of
winter in Fig. 6 (convection exceeds 2000 m over 12% of the western
basin). The deeper penetration of recently ventilated waters in the
eastern basin (Fig. 10) results from having a larger fraction of the
basin exposed to convection down to depths of 1000 m, while in
the western basin much of the region has convection limited to
depths less than 500 m (Fig. 6). This different behavior can be most
easily understood by recognizing that the variability in mixed layer
depth (for this uniform cooling scenario) is solely a result of density
anomalies at the beginning of the cooling period that result from
natural variability due to eddies formed from the boundary current.
The variability in mixed layer depth represents variability in heat
content integrated over the depth of convection. For the eastern ba-
sin, the stratification is large at the base of the mixed layer, so small
changes in mixed layer depth represent relatively large changes in
integrated heat content. However, for the western basin the strati-
fication is very weak so that small changes in heat content repre-
sent very large changes in mixed layer depth. The same warm
anomaly will result in a much larger decrease in mixed layer depth
in the western basin than it will in the eastern basin. Thus the var-
iability in mixed layer depth is larger in the western basin, resulting
in deep mixing over a relatively smaller portion of the basin.

The transition in age from the surface to the deep ocean is grad-
ual in the western basin but abrupt, coincident with the mid-depth
thermocline, in the eastern basin. The deep regions of strong cur-
rents over the mid-ocean ridge and western topography are less
well ventilated, reflecting the lack of deep convection there,
although convection does penetrate deeper along the western
boundary. Convection does not penetrate deeply in the more strat-
ified eastern boundary current, however, there is a mid-depth min-
imum in the age tracer on the boundary. This is a result of the
baroclinic eddy exchange between the boundary current and the
interior. The freshly ventilated water at approximately 800 m depth
was formed in the basin interior and transported into the boundary
current through baroclinic instability. The mid-depth minimum in
age over much of the interior of the eastern basin is evidence of
restratification of the interior due to eddy fluxes from the boundary
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current. The ventilation pathways into the deep eastern basin are
also indicated by the relatively young waters penetrating down-
ward along the mid-ocean ridge. The dense water mixes with the
ambient water as it flows down the topography, as evidenced by
the vertical tracer contours near the ridge. The mid-ocean ridge is
the location of dense water boluses shown in Fig. 9.

The existence of the mid-depth thermocline in the eastern basin
is a direct result of the steep topography that causes the boundary
current in the eastern basin to be more unstable than the western
boundary current in the western basin. Each basin loses the same
amount of heat to the atmosphere, which is balanced by the eddy
heat flux from the boundary currents (discussed more in the next
section). The region of steep topography acts to destabilize the
eastern boundary current because the horizontal scale of the cur-
rent decreases with the topographic width, increasing the horizon-
tal density gradient and the vertical shear in the velocity, thus
decreasing the stability of the boundary current. Because of this,
the density change between the boundary current and the interior
that is required to support the lateral eddy heat flux that balances
the surface cooling in the eastern basin is less than it is in the wes-
tern basin. This means that the upper ocean temperature in the
eastern basin must be warmer than it is in the western basin. Since
the baroclinic exchange across the ridge fluxes water from the
western basin into the eastern basin over the ridge, this results
in an abyssal water mass in the eastern basin that must be more
dense than the upper ocean in the eastern basin, resulting in a
mid-depth thermocline.

A similar narrowing of the slope width is found along the east-
ern boundary of the Labrador Sea, and appears to result in a similar
enhancement of the boundary current instability and localization
of eddy shedding (White and Heywood, 1995; Prater, 2002; Cuny
et al., 2002). It has been hypothesized that these boundary current
eddies play an important role in the restratification of deep con-
vection sites in the Labrador Sea (Lilly and Rhines, 2002; Katsman
et al., 2004).

2.1. Energetics

The restratification process depicted in Fig. 8 indicates the
importance of lateral eddy fluxes to the seasonal cycle in this ide-
alized convective basin. This is further demonstrated by the time
mean eddy temperature flux shown in Fig. 11 at 275 m depth.
Time-dependent motions are carrying heat into the interior of
the eastern basin along the middle and northern portions of the
eastern boundary. The heat flux into the western basin is provided
by eddy fluxes originating along the northern portion of the mid-
ocean ridge. It is these eddy fluxes that are primarily responsible
for balancing the heat loss to the atmosphere in the interior of
the sub-basins. Note that there is also a time-dependent heat flux
northward along the ridge. This is a result of the seasonal correla-
tion between the meridional velocity over the ridge (maximum
shortly after cooling has ceased) and the temperature of the north-
ward flowing water (also high after cooling has ceased).

The eddies are generated by a baroclinic conversion of mean po-
tential energy into eddy kinetic energy (BC), and barotropic conver-
sion from mean kinetic energy into eddy kinetic energy (BT):

BC ¼ �gcv 0r0h=q0; BT ¼ u0v 0Uy; ð4Þ
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where g is the gravitational acceleration, c ¼ oz=oy is the mean iso-
pycnal slope, v 0r0h is the horizontal eddy density flux across the
mean isopycnal slope, u0v 0 is the eddy momentum flux across the
mean horizontal velocity shear Uy, and q0 is a reference density
(Gill, 1982, p. 566). The energy conversion is dominated by the
baroclinic term, shown in Fig. 11, where potential energy is ex-
tracted from the mean flow by eddies transporting density down
the mean density gradient. The barotropic conversion term is an or-
der of magnitude smaller than the baroclinic term. The regions of
largest energy conversion are located along the southeastern por-
tion of the eastern boundary and the northern portion of the mid-
ocean ridge (negative values indicate eddy growth). The regions of
large energy conversion are located just upstream of the regions
of large eddy heat flux, confirming that the eddies are generated
by baroclinic instability of the mean boundary current. The region
of energy conversion along the eastern boundary is located just
where the bottom topography narrows and the slope steepens,
pointing to its importance in triggering the release of heat from
the boundary current. The largest eddy fluxes are not found at the
steepest topographic slope, as might be expected from linear the-
ory, most likely due to the three dimensional nature of the flow
and nonlinear effects (such as reduced baroclinic shear due to eddy
heat fluxes). This extraction of potential energy from the baroclinic
boundary current is responsible for the boundary current becoming
more barotropic as it flows northward, perhaps related to the obser-
vation that the iNwAC is more barotropic than the oNwAC (Oliver
and Heywood, 2003).
3. Topographic influences

The standard model configuration produces a circulation and
hydrography that have many similarities with the Nordic Seas.
The intent here is not to reproduce the real Nordic Seas, but to
try to understand what aspects of this region are responsible for
the unique circulation pattern of two northward branches of the
NwAC, and the marked difference between the hydrography and
convection in the Lofoten and Greenland Basins.

3.1. Eastern slope

The warmer waters and shallower mixing in the Lofoten Basin
could be due to the fact that it is located on the eastern side of
the Nordic Seas, where the Atlantic Water enters, and is thus more
likely to be warm compared to the Greenland Sea that is further
downstream from the inflow. It is also tempting to interpret the
branching of the NwAC as simply a result of the bottom topogra-
phy and the flow following barotropic potential vorticity contours.
This is tested by using a bottom topography that is symmetric
around the basin (it does not have the region of steep topography
along the eastern boundary), but is otherwise identical to the stan-
dard topography. The circulation and hydrography are much more
symmetric between the eastern and western basins, as shown by
the vertical section in Fig. 12. There exists a strong cyclonic bound-
ary current around the outer perimeter of the basin, and weak cy-
clonic circulations within both sub-basins as well. The temperature
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in the eastern basin is much colder than in the case with the steep
topography, and is actually colder than the temperature in the
western basin, even though it is closer to the inflowing warm
water.

The energy conversion and eddy heat flux terms indicate that
the heat is now provided to the eastern basin interior primarily
from baroclinic instability of the southward flowing current along
the mid-ocean ridge, not from the eastern boundary as in the pre-
vious case. The boundary current along the eastern boundary re-
mains strongly baroclinic because the eddies have not extracted
potential energy via baroclinic instability (Fig. 12). This finding
indicates that the barotropic nature of the eastern boundary cur-
rent in Fig. 5 results from the upstream baroclinic instability trig-
gered by the enhanced topographic slope along the boundary.

This result supports the interpretation that the steep topogra-
phy was responsible for the enhanced eddy shedding, and that
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the eddies were responsible for transporting heat from the bound-
ary current into the interior. The proximity of the warm inflowing
water to the eastern basin is not sufficient to result in a warmer
eastern basin. The circulation over the ridge is now predominately
southward, with only a weak northward flow along the western
flank of the ridge. The ridge provides a pathway for warm water
to be advected from the perimeter into the basin interior, as evi-
denced by the band of warm water lying over the ridge. The result-
ing thermal wind requires a southward flow on the eastern flank of
the ridge and a northward flow on the western flank of the ridge.
This emphasizes that the northward flow in the standard case is
not a direct result of the existence of the ridge. Although in both
cases the flow is constrained by local topography, the direction
of flow (northward or southward) is not. In order to have north-
ward flow over the ridge, the eastern basin needs to be warm, or
filled with Atlantic Water, which requires eddies to transport the
warm water across the topographic contours. A calculation with
a region of steep topography along the western boundary instead
of the eastern boundary produces a warm western basin with a
mid-depth thermocline and a southward flowing baroclinic current
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over the mid-ocean ridge, nearly the mirror image of the standard
case discussed in the previous section.

A calculation with steep topography all the way around the ba-
sin results in a hydrography and circulation that are similar to the
standard calculation. The inflowing boundary current is sufficiently
unstable (large �, in the formalism of Spall (2004)) that a large
amount of heat is fluxed into the eastern basin interior before it
is carried around the perimeter into the western basin. This war-
mer eastern basin then produces the northward flow over the
ridge, a colder western basin, and the mid-depth thermocline in
the eastern basin. In this case, the asymmetry in eddy heat flux
is not due to the bottom topography but is instead a result of the
warm water entering the marginal sea on the eastern side and
the eddies being able to extract a large portion of the heat content
before it reaches the western basin.

3.2. Ridge shape

The warm water carried into the basin interior by eddies from
the eastern boundary appears to be trapped in the eastern basin
by the presence of the mid-ocean ridge. Once trapped, the thermal
wind requires a northward flow over the ridge, consistent with the
oNwAC. However, it turns out that the ridge shape also matters,
the ridge does not simply block the eddies from propagating into
the western basin. A calculation was carried out with the steep
topography along the eastern boundary but with a narrow ridge
of 1200 m depth (1 grid cell wide and vertical sides). Warmer
water is now found in the eastern basin, as in the standard case,
but now the eastern basin is colder, and the western basin is war-
mer, than in the standard case (Fig. 13). The region of weak strat-
ification in the upper water column of the eastern basin is also less
pronounced. The flow over the ridge is northwards, but is much
weaker than for the case with a wide ridge. This is because the
sloping ridge has a stabilizing effect on the ridge current compared
to the case with vertical side walls (BG72; Spall, 2004). Even
though the lateral density gradient across the narrow ridge is
weaker than for the wide ridge, the resulting ridge current is more
unstable and is able to flux heat into the western basin. The colder
interior of the eastern basin also results in a larger horizontal den-
sity gradient across the eastern boundary current and, thus, stron-
ger baroclinic velocities than are found for the wide ridge case.

The energy conversion rates indicate that the eastern boundary
current and mid-ocean ridge current are both baroclinically unsta-
ble, much as in the central case. Heat is provided to the interior of
both basins along their eastern boundaries. The resulting extrac-
tion of potential energy in the southeastern portion of the eastern
boundary current results in a more barotropic eastern boundary
current by the mid-latitude of the basin (Fig. 13), as also found
in the central case. However, unlike the central case, this configu-
ration does not produce a strong barotropic cyclonic circulation in
the eastern basin, most likely due to the loss of closed f/h contours
with the vertical ridge.

3.3. Ridge and sill depth

The standard calculation takes the depth of the sill and ridge to
both be 1200 m. However, the hydrography within the marginal
seas is sensitive to the depth of both the sill and the ridge.
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Even for configurations that are not hydraulically controlled,
changing the sill depth changes the properties of convective water
masses in semi-enclosed marginal seas because it reduces both the
horizontal and vertical scales over which the warm water flows
into the basin (Iovino et al., 2008). For shallower sill depths, the ex-
change between the marginal sea and the open ocean is partially
blocked and thus requires that denser waters be formed in the
marginal sea in order to balance the surface heat loss. However,
the boundary current is also narrower with a shallow sill because
the inflowing waters are confined to those topographic contours
that extend over the sill into the open ocean. As a result, the
boundary current is more unstable for a given density contrast be-
tween the boundary current and the interior.

The expected trend of increasing product water density with
decreasing sill depth is found for the current configuration with
both a sill and a mid-basin ridge. However, the depth of convective
water formation in the eastern basin also depends on the depth of
the sill. A series of calculations have been carried out in which the
ridge is held fixed at 1200 m depth and the sill is set to 1600 m,
800 m, and 500 m depth. The stratification in the middle of the
eastern basin indicates that the calculations with decreased sill
depth produce a basic hydrography similar to the standard case
(Fig. 14a), although the depth that separates the convective waters
from the weakly stratified abyssal waters decreases with decreas-
ing sill depth. The upper ocean stratification increases and the min-
imum stratification that marks the eastern basin convective water
weakens as the sill depth decreases. This indicates that the heat
transported into the basin interior is largely confined to the depths
less than the sill depth, consistent with the results of Iovino et al.
(2008).
Qualitatively similar asymmetries between the eastern and
western basins are found as long as the ridge depth is greater than
the sill depth. A calculation with a 2000 m deep ridge and a 1200 m
deep sill still produces a mid-depth thermocline and the two pole-
ward currents (dotted line in Fig. 14b). Deep ridges are effective at
blocking the westward transport of heat by the eddies because
they have a barotropic component (owing to their baroclinic insta-
bility source), so that even relatively weak topography provides a
strong barotropic potential vorticity barrier.

A different result is found when the sill depth is deeper than the
ridge depth. The case with a 1600 m deep sill and 1200 m deep
ridge does not produce an upper ocean convective water in the
eastern basin, where instead convection penetrates all the way to
the bottom (Fig. 14a). This stratification is very similar to that
found in the western basin for the 1200 m deep sill. Calculations
with a sill depth of 1200 m and ridge depths of 800 m and 500 m
also do not produce a mid-depth thermocline in the eastern basin
(the thin line in Fig. 14b is the 800 m sill case). A calculation with
both sill and ridge depths of 1600 m does produce a mid-depth
thermocline in the eastern basin, so this suggests that it is the rel-
ative depth of the sill compared to the ridge that is important for
maintenance of the mid-depth thermocline.

Warm water is brought into the basin at depths less than the sill
depth. If a mid-depth thermocline is to be supported, it must be lo-
cated at or below the sill depth since the heat transported into the
basin by eddies extends to the sill depth and must be balanced by
convection. However, the dense water that is also required to
maintain the mid-depth thermocline enters the eastern basin at
the depth of the ridge crest. This dense water mixes with the ambi-
ent water in the eastern basin as it cascades down the eastern
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slope of the ridge (Fig. 10). In the model, this mixing is artificially
enhanced because the dense water lies over lighter water as it
flows down the model topography. This triggers convective mixing
that would not happen if the model had sufficient vertical resolu-
tion or numerics to keep the dense water on the bottom. This mix-
ing erodes any stratification below the depth of the ridge crest in
the eastern basin. Thus, if the ridge is shallower than the sill, this
entrainment removes any deep stratification. In the absence of
such numerically induced mixing, this dense water could flow into
the abyssal eastern basin and, if it remained on the bottom, it is ex-
pected that a thermocline below the ridge crest could be sup-
ported. Thus, it is likely that the lack of a mid-depth thermocline
for those model runs here in which the sill is deeper than the ridge
is a result of model numerics and not intended physics.

This is supported by a calculation with a shallow ridge (800 m),
that contains three 15 km gaps located at latitudes 455 km,
635 km, and 815 km. This is probably a more realistic representa-
tion than is the solid ridge because the actual ridge system in the
Nordic Seas is permeated with narrow gaps that extend well below
the ridge crests. There is now exchange of dense water through the
gaps without excessive mixing diluting the density of the water. A
mid-depth thermocline similar to the previous cases (dashed line
in Fig. 14b) is once again supported. The surface water is warmer
than is found for the case with no gaps and the deep basin is
approximately 1 �C colder. The warming of the near surface waters
is a result of the convective mixing being confined to the upper
1000 m and the denser deep water results from enhanced ex-
change with the western basin.

4. Summary and conclusions

Warm, salty water masses of Atlantic origin undergo significant
transformation along their pathway through the Nordic Seas. The
product waters form an important component of the Atlantic Merid-
ional Overturning Circulation, which is central to the global-scale
oceanic circulation and the ocean’s role in climate. Much attention
has been previously paid to the region of deep convection in the cen-
tral Greenland Sea, where the densest water masses are formed.
However, recent studies have concluded that water mass transfor-
mation in the cyclonic boundary current system, and in the Lofoten
Basin in particular, are more important for the AMOC than the region
of deep convection in the Greenland Sea (Mauritzen, 1996a,b; Isach-
sen et al., 2007; Eldevik et al., 2009). The hydrography within the
Lofoten Basin is quite different from that found in the Greenland
Sea (or the Labrador Sea) and is characterized by a mid-depth ther-
mocline at approximately 1000 m. The upper 1000 m is filled with
warm, salty Atlantic waters, apparently transported from the
boundary current by mesoscale eddies (Poulain et al., 1996; Köhl,
2007). Another unique aspect of the oceanography in the Lofoten Ba-
sin is that the poleward transport is carried in two branches, one lo-
cated over the continental slope and the other following the mid-
ocean Mohn and Knipovich Ridge system. Despite its importance
for water mass transformation and air-sea exchange, relatively little
is known about the dynamics of the Lofoten Basin, or how it interacts
with the adjacent Greenland Sea.

A series of numerical model calculations are applied to better
understand the circulation and water mass transformation in the
Nordic Seas. Although very idealized, the central model calculation
produces hydrography and circulation that are in broad agreement
with that found in the Lofoten and Greenland Basins. An increase in
topographic slope along the eastern boundary of the eastern basin
(representing the Lofoten Basin) results in increased eddy fluxes
from the boundary current into the basin interior, warming the
upper ocean and balancing heat loss to the atmosphere. Because
of this enhanced eddy flux compared to the boundary current
along the perimeter of the western basin (representing the Green-
land Sea), the upper ocean in the eastern basin is warmer than the
upper ocean in the western basin. The resulting thermal wind
shear over the mid-ocean ridge is balanced by a poleward flowing
boundary current over the ridge, consistent with the outer branch
of the Norwegian Atlantic Current. Baroclinic eddy exchange over
the ridge between the eastern and western basins fluxes warm
waters formed in the eastern basin into the western basin, and cold
waters formed in the western basin into the abyssal eastern basin.
Because the western basin is colder than the eastern basin, this ex-
change results in a mid-depth thermocline consistent with that
found in the Lofoten Basin. Model calculations indicate that the
depth of the thermocline is largely controlled by the depth of the
sill separating the marginal seas from the open ocean to the south.

There are two ingredients essential to producing the two pole-
ward flowing currents and the mid-depth thermocline in the east-
ern basin. There must be an asymmetry in the eddy heat flux of the
cyclonic boundary current that encircles both the eastern and wes-
tern basins. In the cases studied here this arises as a result of steep
topography along the eastern boundary, as exists in the Lofoten Ba-
sin. There must also be a means for dense water formed in the wes-
tern basin to get into the eastern basin. This can be achieved either
by baroclinic eddy fluxes over the ridge or by flows through deep
gaps in the ridge.

There are several consequences of this distinct situation in the
Lofoten Basin. The spreading of warm waters away from the
boundary and over a large surface area can be expected to result
in a larger heat loss to the atmosphere and water mass transforma-
tion than if these warm waters were trapped along the boundary.
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This spreading is also necessary to form the mid-depth thermo-
cline, which in turn traps the waters near the surface and isolates
the deep eastern basin from direct ventilation. This warm thermo-
cline then drives the mid-ocean poleward current (the oNwAC).

The overarching theme of these model results is that the
hydrography and circulation in convective basins is to a large de-
gree controlled by lateral eddy fluxes. The eddy fluxes are con-
trolled by bottom topography, sometimes by features that are
located far from the deep convection sites. One consequence is that
regional characteristics of the bottom topography can have a dom-
inant influence on the basin-scale flow. For example, the region of
steep topography along the eastern boundary results in the anom-
alously warm eastern basin, which then results in the poleward
flowing warm water branch over the mid-ocean ridge. The mere
existence of a ridge is not sufficient to result in this poleward
branch. Depending on the topography around the perimeter of
the two basins, the flow over the ridge can be poleward (unstable
eastern boundary current), equatorward (unstable western bound-
ary current), or in both directions (no steep topography). The exis-
tence of an adjacent cold basin and a permeable mid-ocean ridge
are also necessary for the existence of a mid-depth thermocline
in the warm basin. The depth of the upstream sill also influences
the depth of the thermocline by trapping the heat near the surface
and altering the stability of the boundary current. The non-local as-
pect of the eddy fluxes and the influence of topographic slope on
the stability of the boundary currents pose challenges if one is to
attempt to parameterize the effect of such eddies on deep convec-
tion in the Nordic Seas or other convective basins.
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