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ABSTRACT: The properties of water mass transformation in a semi-
enclosed basin subject to surface cooling are analyzed both theoretically 
and numerically using an ocean general circulation model. A 
fundamental ingredient in this study is the presence of a sill in the strait 
connecting the basin to the outer open ocean.  

The key process that determines the properties of the water mass 
formed in the marginal sea is the interaction between the interior of the 
marginal sea and a boundary current that cyclonically encircles it. This 
exchange is due to mesoscale eddies, and is controlled by baroclinic 
instabilities of the boundary current. While the structure of the boundary 
current and its instability are set by the sloping bottom configuration in 
the absence of a sill, they are significantly influenced by the sill 
configuration when it is introduced. This results in important changes in 
the circulation: waters in the interior and in the outflow become colder; 
the boundary current into the basin becomes narrower and shallower, 
limited at the sill depth over the open geostrophic contours. The 
magnitude of the sill influence is a function of its depth. 

The presence of the sill limits the transport of warm inflow and 
reduces the temperature of the waters in the marginal sea. Theoretical 
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analysis provides further insight into the dynamics at play: the sill, 
modifying the horizontal and vertical structure of the boundary current, 
makes it more unstable, and enhances the exchange of heat with the 
interior, partly offsetting the cooling due to the blocking.  

 
 
3.1 Introduction 
Open ocean convection is thought to be an essential ingredient of the 

present climate system, and plays an important role in maintaining the 
global thermohaline circulation (Marotzke 2000; Rahmstorf 2002). 
Variability in the intensity and location of convection in a few selected 
regions (the Nordic Seas, the Labrador Sea, and the Weddell Sea) is 
thought to impact the oceanic transports of heat and volume (IPCC 
2001; Rahmstorf 2002). Given the observed increase in the global 
temperature, there has been great interest in the dynamics of water mass 
transformation and deep convection at high latitudes since those 
mechanisms are responsible for the global production of deep water 
(such as the North Atlantic Deep Water and the Antarctic Bottom 
Water). This focus has increased our knowledge of how open-ocean 
convective regions work and improved parameterizations of convection 
in global models (e.g. Visbeck et al. 1996; LabSea Group 1998; Canuto 
et al. 2004). For the most part, however, these studies have focused on 
convection as an isolated process, which occurs in regions that are 
characterized by weak stratification and are subject to strong winter 
buoyancy loss to the atmosphere (such as the Greenland Sea, the 
Labrador Sea, and the northwestern Mediterranean Sea, see Marshall 
and Schott 1999 for a review). The exchange between the convective 
region and the surrounding oceanic circulation in some previous studies 
is implicitly included as restoring boundary conditions but is generally 
not realistically represented (e.g. Jones and Marshall 1993). 

More recently, a number of studies have sought to describe the dense 
water formation process as one component of a larger setting (Spall 
2003; 2004; Straneo 2006b). The new paradigm, introduced in the above 
mentioned studies, is different since it aims to describe not just the open-
ocean convective region but the entire marginal sea/semi-enclosed basin 
in which convection occurs. In this framework, dense water formation 
occurs in the interior of a marginal sea that is connected to the open 
ocean through a narrow strait, and subject to buoyancy loss at the 
surface (Spall 2004; Straneo 2006b). The source of heat that balances 
this net annual buoyancy loss is provided by a cyclonic boundary current 
system that advects buoyant water into the basin and exports dense water 
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out of it. Heat is supplied from the boundary current to the interior 
region through eddies that result from instabilities of the boundary 
current. The interior is, on average, a quiescent region where deep and 
intermediate convection occurs. The boundary current thus plays a 
fundamental role in this scenario since its instability is the dominant 
process regulating the exchange with the interior of the marginal sea. 
The applicability of this paradigm for the Labrador Sea is supported by 
the analysis of both historical and modern data (Straneo 2006a).  

The studies mentioned above, however, do not include the presence 
of sills, a topographic feature that is present at the boundary of 
convecting marginal seas such as the Nordic Seas, the Mediterranean. 
Sills may have a large impact on the dense water formation process not 
only because they may influence the exchange between the open ocean 
and the marginal sea, but also because they may affect the structure of 
the boundary current in the marginal sea, which has been shown to be a 
key player in the process. Evidence of the importance of sills is provided 
by a number of model studies. Roberts and Wood (1997) analyzed the 
sensitivity of the large-scale circulation in a coarse-resolution ocean 
model to slight modifications of topography in the Greenland-Scotland 
Ridge. They found that these changes have a significant impact on the 
locations of water mass formation and on the transport of dense water 
over the ridge: deepened passages allow an increase of the poleward heat 
transport. Walin et al. (2004) consider a basin with two bowl-shaped 
parts connected over a sill to explore the influence of heat loss on the 
structure of a warm buoyant current that passes over a sill into the cold 
northern semi-enclosed basin. In their simulations the flow enters the 
basin as a baroclinic current with a thickness approximately equal to the 
sill depth, and is transformed to a barotropic slope current while 
encircling the basin. They find that the sill depth regulates the volume 
and heat transports over the sill: a deeper sill results in larger transports. 

There is, however, still a need to understand more fundamentally the 
role of the sill in that class of convective marginal seas that are separated 
from the major ocean basins by such a topographic feature. The purpose 
of this study is to extend the theory developed by Spall (2004) and 
Straneo (2006b) to a marginal sea bound by a sill. In particular, we are 
interested in determining what influence (if any) the sill has on the 
properties of the dense water produced within the marginal seas, and on 
the flows into and out of the basin. To do this we explore the dynamical 
consequences of the topographic constraint on the marginal sea 
circulation. We restrict our study to configurations for which the sill is 
sufficiently deep or the strait sufficiently wide, so that the exchange with 
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the open ocean is not hydraulically controlled. We approach this 
problem with a set of numerical experiments as well as with theoretical 
arguments. An analysis of the proprieties of the water formed in the 
interior of the basin and of the water exported from the basin for varying 
sill geometry is presented. The basin configurations are essentially 
idealized in order to allow for simple representations of geometrical 
parameters, and to estimate their influences on the quantities of interest.  

The paper is structured as follows. Section 2 presents the primitive 
equation model used in the numerical sensitivity study. A comparison 
between numerical simulations with and without a sill is presented in 
section 3. The theoretical issues, used to estimate the proprieties of the 
water masses as function of the sill configuration, are presented and 
compared to numerical model results in section 4. A summary and 
conclusions are presented in section 5. 

 
 
3.2 Numerical model 

A set of numerical simulations is carried out with the MIT general 
circulation model (Marshall et al. 1997a, b) to analyze the thermally 
driven circulation in an idealized semi-enclosed marginal sea. The model 
configuration closely follows that used by Spall (2004). The model 
solves the momentum and density equations on a staggered C-grid in the 
horizontal and with z coordinates in the vertical. The domain is 1200 km 
by 1500 km wide and 2200 m deep (Figure 1). The horizontal grid 
spacing is 10 km, and there are 16 vertical levels with a resolution 
ranging from 100 m at the surface to 250 m at the bottom. The model 
retains a free surface, and uses Cartesian coordinates on an f-plane, with 
the Coriolis parameter f = 10-4 s-1.  

Laplacian parameterizations of viscosity and diffusivity are used. 
Horizontal and vertical viscosities are 100 m2 s-1 and 5 × 10-4 m2 s-1, 
respectively; whereas horizontal and vertical diffusivities are 50 m2 s-1 
and 5 × 10-5 m2 s-1, respectively. No-slip boundary condition is applied, 
and there are no heat and mass fluxes through the solid boundaries. The 
time step is 1500 s for both barotropic and baroclinic components.  

The density ρ depends linearly on temperature, so that 
)(0 bTT −−= αρρ  where ρ0 is the reference density for seawater, 

=α 0.2 kg m-3 °C-1 is the thermal expansion coefficient, and =bT 4 °C 
is the initial temperature at the bottom. An annual cycle of sea-surface 
cooling of 200 W m-2 is applied over the marginal sea for 2 months, 
followed by no forcing for 10 months (the resulting annual mean ocean 
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heat loss is 33 W m-2). Any spatial variability that arises in the solutions 
is thus a result of lateral advection in the ocean.  

Water from the open ocean is supplied to balance the cooling in the 
marginal sea. This is achieved by restoring the temperature within the 
dashed rectangle in the open ocean (Figure 1) toward a linear profile 

)()(0 zzkTzT bb −+= , where bz  is the maximum bottom depth and 

== )('0 zTk 1.5 × 10-3 °C m-1 the vertical temperature gradient. The 
initial upper-layer temperature is about 7.2 °C. The relaxation time scale 
is set to 50 days. In this way, the properties of the water flowing into the 
marginal sea are essentially fixed, independent of what processes take 
place in the marginal sea. T0(z) is also used to set the initial uniform 
stratification. The internal deformation radius based on this open ocean 
stratification is on the order of 20 km. 

The circular basin is connected to the ocean through a 400km wide 
strait. The boundaries slope all around the perimeter from 200 m to 2200 
m depth over a distance of 140 km, corresponding to a bottom slope of 

=rh 1.43 × 10-2. The sill has a meridional extent of 160 km, and is 
800m deep in the reference sill-simulation (Figure 1). A unique and 
important aspect of the basin with a sill is the presence of a region of 
closed geostrophic contours (i.e., closed contours of constant f/H where 
H the basin depth, CGC) in the interior, and an outer region of open 
geostrophic contours (OGC) that connect with the open ocean. 

A series of experiments are performed that differ only in the strait 
topography, varying the sill depth from 400 m to 1500 m. This range of 
sill depths does not result in a hydraulic control of the flow at the strait.  
Sufficiently narrow straits or shallow sills can cause a hydraulic jump to 
occur within the strait; however, these configurations will not be 
accurately represented by the dynamics considered here. 

Using this idealized configuration, this study aims at a model 
formulation that is general and suitable to any marginal sea with similar 
large-scale characteristics. However, the basin dimensions are roughly 
corresponding to the Nordic Seas. The heat flux from the surface used in 
this study is close to the average winter heat flux over the Nordic Seas in 
the last decades (Blindheim and Østerhus 2005). Obviously this set-up is 
representative of the Nordic Seas only in a very idealized sense. In 
particular, the rather complex bathymetry that characterizes the Nordic 
Seas' interior is neglected. Also, there are no exchanges with the Barents 
Sea and the Artic Ocean, and only one gateway to the Atlantic Ocean. 
The basic circulation and governing physics do not appear to be 
sensitive to variations in the basin dimensions (Spall 2004). Simulations 
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in a smaller basin of 750 km diameter give results qualitatively similar to 
the larger basin. 

All simulations have been integrated for 35 years. Most of the results 
presented below represent pentad average fields when a statistical 
equilibrium is already achieved.  
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Figure 1. Basin configuration used in the numerical simulation with 

a sill at 800 m. Contour interval is 200 m. The thick black line is the 
800m isobath. The dashed rectangle indicates the region where the 
model temperature is restored. Grey areas are used for calculations 
shown in Figure 5.  

 
 
3.3 Numerical results 
In this section we first describe and compare the qualitative 

properties of the time-averaged fields of two runs: a basin without sill, 
essentially reproducing Spall’s (2004) simulations, and a basin with an 
800m-deep sill (hereafter referred to as NOSILL and SILL, 
respectively). The results will show that the basic dynamics in SILL are 
qualitatively similar to the NOSILL reference case, but also that the sill 
has a significant impact on the characteristics of dense water formation 
and outflow. 
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In both simulations the circulation over the sloping topography 
reaches an equilibrium seasonal cycle in less than a decade. The interior 
takes longer to reach a steady state: in the beginning it cools because the 
temperature difference between the interior and sloping-bottom regions 
is not sufficiently large to generate enough eddies from the boundary 
current to balance the heat loss over the interior. Notably, the interior in 
NOSILL takes approximately 15 years to reach the steady state 
compared to more than 20 years in SILL. 

 
 
3.3.1  NOSILL circulation 
The general features of the circulation in NOSILL are qualitatively 

similar to those of Spall (2004). The net heat loss over the marginal sea 
drives a warm inflow from the open ocean, which travels cyclonically 
around the basin over the sloping topography (Figure 2). The topography 
around the perimeter of the marginal sea is instrumental in controlling 
the circulation and the properties of the water masses formed within the 
basin. The presence of sloping topography sustains the boundary current, 
which carries warm water into the marginal sea, and, through baroclinic 
instability, provides eventual restratification of the interior through 
formation of lateral eddies. Hence, as required to balance the heat budget 
in the marginal sea, this boundary current cools as it encircles the basin 
so that the outflow is approximately 0.5 °C colder than the inflow, but 
warmer than the water masses formed in the interior of the marginal sea. 
The properties of the outflowing water are determined by the exchanges 
between the cyclonic boundary current and the interior; this interaction 
is controlled by baroclinic instabilities of the boundary current. The 
inner flat-bottom region is characterized by the lowest temperatures, 
approximately 1 °C colder than the inflow.  

The mean vertical structure in the marginal sea shows the contrast 
between the circulation in the sloping-bottom and flat-bottom regions 
(Figure 3). The water column is warm and strongly stratified over the 
sloping boundary where the isotherms are sharply inclined. The 
boundary current is strong and surface-intensified. The maximum inflow 
velocity is of about 25 cm s-1. The outflow along the western boundary 
has a slightly higher maximum velocity, and is narrower and deeper than 
the flow on the eastern side. The velocities in the deep-layers increase 
around the basin, and the net effect is a barotropization of the flow, in 
agreement with the theory described in Spall (2004), Walin et al. (2004), 
and Straneo (2006b). The water column is cold and very weakly 
stratified over the flat bottom, with stratification increasing slightly in 
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the upper 100m. The cyclonic circulation in the interior is much weaker 
with mean velocities of approximately 5 cm s-1.  
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Figure 2. Surface temperature (in °C; contour interval is 0.1 °C) and 
velocity (every fourth grid point), averaged over the last 5 years of 
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model integration for NOSILL and SILL. White curves bound the flat 
bottom interior and also the 800m contour in the lower panel.  

 
 
In NOSILL, the average depth of the boundary current is 

approximately one-half the depth of the basin, and its average width 
equal to the width of the sloping boundary, consistent with simulations 
presented by Spall (2004). Changes in the bottom slope would result in 
different boundary current structures: wider sloping boundaries and 
deeper basins enlarge and deepen the boundary current. Therefore, the 
topographic configuration of the sloping boundaries partly shapes the 
boundary current, and therefore controls the baroclinic instability. 
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Figure 3. Zonal sections at the mid-latitude of the marginal sea: 
temperature (in °C; upper panels), and meridional velocity (in m s-1; 
lower panels) for NOSILL and SILL. Contour interval is 0.2 °C for the 
temperature, and 0.05 m s-1 for the velocity. White lines indicate sill 
depth.  
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3.3.2  Changes due to the sill 
While qualitatively the SILL experiments exhibit the same dynamics 

as the basin without sill, the results show that the sill influences the 
properties of the water masses within the marginal sea. The introduction 
of the sill at 800m limits the passage of the water in and out of the basin 
(we will use the term “blocking” to denote this effect due to the sill). 
The sill introduces some robust changes within the marginal sea. In 
particular, at the surface there is a significant decrease in the 
temperatures of the interior and outflowing waters (both about 0.5 °C 
lower than NOSILL). The inflowing waters are, on average, warmer 
with a sill because it is only the upper ocean water that can be advected 
into the marginal sea. The boundary current is narrower. The flow over 
the seaward side of the sloping topography does not considerably change 
its temperature as it flows around the basin. Furthermore, the water 
below sill depth does not exit from the marginal sea, but follows the 
closed isobaths and re-circulates in the basin (Figures 2). 

As a consequence of the blocking effect, the sill strongly impacts the 
strength and structure of the boundary current by reducing in its width 
and its vertical extent. The inflow maximum velocity is of about 30 cm 
s-1. The circulation in the interior is almost twice as strong as in NOSILL 
(Figure 3). In NOSILL, the part of the current that advects heat is as 
wide as the sloping topography (140 km) and about 1100 m deep. The 
flow that advects heat in the basin is narrower and shallower in SILL: 
approximately 80 km wide (slightly wider than the portion of sloping 
boundaries above the sill) and 800 m deep, the sill depth (Figure 4).  

Two regimes can be distinguished over the sloping topography in 
presence of the sill. The first regime is connected with the OGC. The 
mean circulation over the open contours is similar to the NOSILL case, 
but within a thinner area where the temperature decreases, and the 
velocity becomes more barotropic while the boundary current circles 
around the basin. A second region is that related to the CGC. Over this 
region the temperature does not change significantly around the basin, 
the flow does not contribute to the advection of heat around the marginal 
sea, and to the exchange of heat with the flat bottom region (Figure 4).  

The comparison shown in Figure 4 suggests that the boundary 
current primarily loses heat over the OGC region. Only the open 
contours extend from the open-ocean area where temperature is restored, 
providing a source of heat through the marginal sea. The mean advection 
along these contours is primarily responsible for balancing the surface 
cooling in the interior, through the lateral transport of heat by eddies into 
the CGC and flat bottom regions. Waters outflowing over the sill derive 
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from the flow over this region (i.e., from layers above the depth of the 
sill). The region of closed CGC is characterized by a dome of cold water 
rounded by the cyclonic boundary current. Basin geometries with an 
associated CGC region in the central part of the domain fundamentally 
alter the character of the circulation in the basin, creating a trapped 
cyclonic recirculation over itself. Over the closed contours the mean 
advection of heat is negligible, and the surface heat flux is balanced by 
lateral eddy fluxes, which draw heat from the mean advection along 
OGC and carry it within the interior (Spall 2005). It has to be noted that, 
although there is a geometrical clear-cut separation between the two 
regimes, lateral diffusion broadens the signal from the region of OGC 
into the region of CGC (this effect will increase for shallower sill). 
Nonetheless, it is clear from Figure 4 that the heat loss is concentrated 
within the OGC region.  
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Figure 4. Temperature anomalies of the outflowing water relative to 

the inflow (in °C, contour interval is 0.1 °C) projected in the inflow 
location, for NOSILL and SILL. White line indicates the sill depth. 
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3.3.3  Sensitivity experiments 
A set of experiments has been designed to investigate the sensitivity 

of water mass properties to variations in the sill configuration. In 
particular, the experiments differ from SILL only in the depth of the sill, 
which ranges from 400 m to 1500 m, with increments of 100 m. 

We find that the changes in sill depth have an impact on the interior, 
outflow, and inflowing temperatures (Figure 5). Inflow and outflow 
temperatures are here calculated by a transport weighted integral 

as ∫ ∫∫ ∫ −−
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Figure 5. Results of the sensitivity experiments: temperatures (in 
°C) of the interior (upper panel), and of inflow and outflow (transport 
weighted, lower panel) as function of sill depth, computed over the OGC 
in the areas indicated in Figure 1. Dashed lines represent NOSILL 
temperatures. 
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The interior temperatures are taken at the bottom in the midpoint of 
the marginal sea. The dense water formed in the interior is colder 
(denser) the shallower the sill, varying approximately from 3.6 to 4.4 °C. 
A similar range is found in the outflows, with a decrease down to 4.5 °C. 
The temperature of the inflows increases with decreasing sill depth: 
water from the open ocean is stratified, so the colder, deeper water can 
not enter the basin in presence of the sill. The temperature of the 
outflowing waters slightly increases for moderate sill depths as a result, 
even though the interior water is colder.  However, the temperature 
anomaly of the outflow relative to the inflow increases monotonically as 
sill depth decreases. The shallower the sill, the larger the differences 
from NOSILL. Accordingly, temperature anomalies become 
insignificant for deep sills. 

 
 
3.4 Theoretical arguments 
We propose here a theoretical argument that relates the water mass 

properties within the marginal sea to the sill configuration. Our 
objectives are to gain better insight into the processes responsible for 
these changes, and to develop a means of quantitatively assessing the 
impact of the sill. The analytic model is highly idealized, and is an 
extension of that introduced by Spall (2004) to the case of a basin with a 
sill.  

 
 
3.4.1  Review of Spall’s model 
Spall (2004) proposed a simple parameterization of the baroclinic 

instability over the sloping bottom in order to provide a theoretical 
estimate of the density of waters formed in the interior of the marginal 
sea, of the waters that are exported to the open ocean, and of the net 
exchange between the marginal sea and the open ocean. The marginal 
sea is described in terms of three water masses: the waters formed within 
the interior of the marginal sea, identified by the temperature 0T ; the 
waters flowing into the basin from the open ocean, characterized by 
temperature inT , thickness inH (with totin dHH = , where d is a constant 

of O(1)), and velocity inV ; and the waters flowing out of the basin, with 
temperature outT , thickness outH , and velocity outV .  

The theory is developed by imposing a number of constraints: 
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1. The net mass transport into the marginal sea is zero: 
LHVLHV outoutinin = , where L is the width of the boundary current, 

taken to be the width of the sloping bottom.  
2. The surface heat loss over the marginal sea must be balanced 

by the advection of heat into and out of the basin: 

LHVTLHVT
C
QR

outoutoutininin
p

−=
0

2

ρ
π

, where R is the radius of the 

basin,Q the mean surface heat loss (positive upward), ρ0 the reference 
density of seawater, and pC the specific heat capacity of seawater. 

3. The flow is in geostrophic balance, such that the inflow is 

00

0 )(
fL

HTTg
V inin

in ρ
α −

=  where α  is the thermal expansion coefficient, 

g the gravitational acceleration, and 0f the Coriolis parameter.  
4. In the interior region, which is assumed to have no mean flow, 

the annual cooling is balanced by the lateral eddy heat fluxes originating 
from the boundary current at the edge of the flat bottom: 

p
in C

SQTuHR
0

0 ''2
ρ

π = , where 0R  and S  are the radius and area of the 

interior, respectively. The radii of the basin and its interior are not 
assumed equal, unlike Spall (2004), because of the larger dimensions of 
the basin. 

5. The lateral eddy heat fluxes are parameterized as 
)('' 0TTcVTu inin −= , where c is a non-dimensional correlation 

coefficient, linearly related to the eddy efficiency (Spall 2004). Its value 
has been estimated empirically and theoretically to be O(10-2) for flat 
bottom basin (Visbeck et al 1996; Spall and Chapman 1998), and O(10-

3) for sloping bottom, where it depends on the bottom slope parameter δ, 
defined as the ratio of the topographic and isothermal slopes, so that 

( )δ2025.0 ec =  (Spall 2004). δ  is thus fundamental in quantifying the 
exchange between the warm boundary current and the interior; for a 
boundary current flowing cyclonically around the basin in absence of sill 
=δ O(-1) (Spall 2004).  
Making use of these assumptions and constraints, Spall (2004) is 

able to relate the properties of the dense water formed, the inflow, and 
outflow to the basic geometric parameters of the system and the surface 
heat loss imposed. In particular, the density of the water formed in the 
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flat-bottom portion of the basin )( 0T  relative to the open-ocean 

temperature )( inT , is given by:  

2/11
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and thus, the inflow velocity becomes 
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The parameter ε is a non-dimensional measure of the eddy 

efficiency, defined in Spall (2004) and Straneo (2006b) as LRcπε 2= . 
In NOSILL, where isotherms intersect the bottom at about the midpoint 
of the slope and surface on the offshore side of the sloping topography, 
=ε O (0.1). 

The heat balance in the marginal sea requires the outflowing water to 
be colder than the inflowing water, and in general warmer than the 
coldest water formed in the interior of the basin. The temperature 
decrease between outflow and inflow can be estimated from the balances 
of heat and mass as function of the fraction of heat fluxed from inflow 
into the interior by eddies:   

( )ε0TTTT inoutin −=−     (3). 
 
 
3.4.2  Modified theory for a basin with a sill 
The numerical experiments have shown that the introduction of the 

sill quantitatively impacts the circulation and the properties of the dense 
water formed, but not the overall system balancing physics of 
convection in the marginal sea. Thus, we expect the same theoretical 
arguments developed by Spall (2004) to hold provided one takes into 
account the modifications introduced by the sill. Physically, the sill 
blocks deep waters from flowing into and out of the basin, but it also 
modifies the structure of the boundary current and, hence, the eddy 
exchanges. Therefore, in terms of the theoretical model's parameters, the 
sill will affect the thickness of the boundary current, inH , and its 
width, L .  

We assume here that the boundary current is as deep as the sill 
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( sillin HH = ), and as wide as the portion of sloping boundary above the 

sill depth, i.e. the OGC ( totsillsill HLHL /= ), with totH  the total depth 
of the basin. The eddy efficiency as function of the sill is altered because 
of the change in the boundary current width, and its variation is 
estimated as silltotsillsill HHLRc //2 επε == , inversely proportional to 
the sill depth. The change in the isotherms’ structure is assumed 
negligible, so that the parameter c is kept constant. Changes in the 
geometrical features of the sill affect the efficiency of the lateral eddies: 
a decrease in sillH  increases sillε , and weakens the transport within the 
boundary current (as shown in (2)), and hence the exchange between the 
marginal sea and the open ocean, but strengthens the heat exchange 
between the boundary current and the interior of the marginal sea (as 
shown in (1)). 

From (1) and (3), the temperature anomalies of the interior and 
outflowing waters relative to the inflow temperature, 0TTin −  and 

outin TT −  are given by 
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and 

( ) ( )
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HTTTTTT ε     (5) 

 
The subscript “ref” indicates temperature anomalies resulting from a 

boundary current whose thickness is totin dHH = , where the empirically 
value d is a constant of O(1); here we chose =d 0.65.  

 
 
3.4.3  Comparison with numerical model 
We first evaluate the validity of the analytical model by comparing 

the interior and outflowing temperature predictions (4) and (5) with the 
numerical experiments. The temperature of the waters formed in the 
interior of the marginal sea and the temperature of the outflow are 
calculated for each of the numerical simulations and compared to the 
theoretical estimate. The theory does not predict the inflow 
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temperatures. The good agreement between theory and model solutions, 
with a correlation of 0.99 (0.97) and a least square line of slope 1.22 
(1.19) for )(0 outTT  , confirms the theory’s applicability to the sill case 

(Figure 6). It is worth to note that the anomaly 0TTout −  shows that the 
outflowing water is always warmer than the interior water, is a 
maximum for mH sill 700≈ , but its temperature approaches 0T  
for 1<<totsill HH . 

To better understand how the two mechanisms (blocking and change 
in the stability) affect the interior-water properties, we use the theory to 
investigate their impact separately. First, we consider the effect of 
blocking alone by neglecting the change in the boundary current width 
(and ε ). The changes in 0T  and outT  are hence due the variation of the 
flow thickness alone, while ε is kept constant and equal to the NOSILL 
case ( =ε  0.11). From (4) and (5), the theory predicts the variations in 

0T  and outT  to be inversely proportional to sillH  (Figure 6, curves 
labelled ε  constant): ( ) )(00 silltotrefinin HHTTTT −=−  and 

( ) )( silltotrefoutinoutin HHTTTT −=− , respectively. If we compare the 

prediction of the interior temperature to the numerical solutions, it is 
clear that though the change is of the same sign (colder waters for 
shallower sills); the predictions with ε  fixed yield an interior that is too 
cold and thus an outflow that is too warm.  

The sill also affects the boundary current stability. Next, we consider 
the impact on 0T  and outT  of the change in the eddy efficiency alone: let 

inH  be constant while ε is computed as a function of sillL . According to 

equation (4), T0 will increase for shallower sills, as 2/1
sillH : 

( ) 21
00 )( totsillrefinin HHTTTT −=− . This change is of the opposite 

sign of the blocking effect and is associated with a progressively more 
unstable boundary current which is able to release more heat to the 
interior. As sillH  decreases, the temperature interior-boundary current 
difference decreases since eddies exchange heat much more efficiently. 
The increase in the eddy flux with shallowing sill depth consequently 
results in a decrease in the outflow temperature, or an increase in Tin-Tout 
From (5), the variation in outT  is inversely proportional to 2/1

sillH , (Figure 

6, curves labelled inH  fixed): ( ) 2/1)( silltotrefoutinoutin HHTTTT −=− . 
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Figure 6. Comparison between the temperature anomalies (in °C) of 

the interior ( 0T , upper-left panel) and outflowing waters ( outT , upper-
right panel) relative to the inflow temperature ( inT ) computed from the 
set of numerical simulations (stars) and from the theoretical calculations 
as function of inH andε . Comparison for 0TTout −  (in °C) is the lower 
panel. Squares indicate numerical NOSILL calculations. 

 
 
These results indicate that, while the greatest impact of the sill is to 

limit the net heat transport into the basin, the interior (outflow) is not as 
cold (warm) as it would have been due to the blocking effect alone. 
Instead, the reduction of the width of the heat transporting part of the 
boundary current structure due to the sill results in destabilizing the 
boundary current and increasing the interior/boundary current heat 
exchange. The net impact of the sill is thus a colder interior and a colder 
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outflow (Figures 5 and 6). The two effects, decrease of inH  and increase 
of ε , partly offset each other.  

 
 
3.4.4  Change around the basin  
In the dynamics described above, the cooling in the interior of the 

marginal sea is balanced by release of heat from the boundary current. 
Hence, because of the exchange between the two regions, this current is 
warmer than the interior, and its temperature decreases from inflow to 
outflow; so that 0TTT outin >> . The temperature at any given point 

around the basin )(l  can be obtained by ( ) ( )lTTlT din += , where dT  is 
the temperature decay along the perimeter.  

Straneo (2006b) provided an estimate of the change in temperature 
around the basin as a function of the parameters of the system. With the 
assumptions that the changes in the boundary current are small 
( 0TTT ind −« ), so that the amount of heat exchanged by eddies is 
relatively smaller than the heat transported around the basin, we obtain a 
linear analytical solution 

)1)(()( /2
0

Rl
ind eTTlT πε−−−= . 

 
The theory predicts an exponential decay that decreases as the eddy 

exchange goes to zero. The decay rate around the basin found in the 
numerical model runs is compared to the analytical prediction in Figure 
7. In order to highlight the differences between shallow and deep sills, 
we use the simulations with a sill at 500 and 1500 m. The temperature in 
the boundary current (over the OGC) decays along the perimeter much 
more rapidly in the shallow sill case than in the deep one, and the 
interior/boundary temperature difference 0TTin −  is initially much 
larger. The trend of these decays compares well with a least square 
exponential fit, suggesting that an exponential decay is a good 
representation of the numerical decay rate (Figure 7). The slope of the 
least square exponential fit is decay rate is compared to sillε  for different 
sill depths. The decay rate increases approximately linearly for 
decreasing sill depth (i.e., increasing sillε ) with a slope of O(1) (Figure 
7). Although the comparison is not very close for deep sills, there is 
general agreement between the changes of the decay rate with sill depth 
and the linear theory. 



Chapter III 
 

 68 

 
 

0 0.2 0.4 0.6 0.8 1
0.5

1

1.5

2

2.5

 circumstantial distance

 T
(l)

−
T 0

 H
sill

=500

 H
sill

=1500

0 0.1 0.2 0.3 0.4 0.5
0

0.2

0.4

0.6

0.8

1

 H
sill

=500

 H
sill

=1500

 εsill

 d
ec

ay
 r

at
e

 
 

Figure 7. Decay of the interior/boundary current temperature 
difference 0)( TlT −  (in °C, with )(lT  integrated over the OGC) as a 
function of perimeter (solid lines), and the least square exponential fits 
to the model data for simulations with a sill at 1500 m and 500 m 
(dashed lines, left panel). Comparison between sillε  and the slope of 
least square fit to the exponential decay rate for the set of numerical 
calculations (the 400 m deep sill is not shown). 

 
 
3.5 Summary and conclusions 
Both numerical and analytical models have been used to analyze the 

large-scale circulation in a semi-enclosed convective basin subject to a 
basin-scale surface cooling. The key aspect of the model configuration is 
the introduction of a sill in the narrow strait connecting the basin to the 
open ocean.  

The general characteristics of the circulation with and without a sill 
are alike: the net heat loss from the marginal sea to the atmosphere is 
balanced by lateral advection from the open ocean through the strait 
through a warm boundary current that moves cyclonically around the 
basin. The key process that determines the properties of the water mass 
transformation in the marginal sea is the interaction between the 
boundary current and the interior of the marginal sea; these exchanges 
are due to mesoscale eddies, and are controlled by baroclinic instabilities 
of the boundary current. In the absence of a sill, the structure of the 
boundary current and its instability are set by the bottom slope, but in 
basins with a sill they are also influenced by its depth; so that the 
properties of the flows in and out of the basin, and consequently of the 
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deep water formed in the interior, are modified accordingly. Numerical 
simulations have indeed shown that some important differences result 
when a sill is introduced: the interior becomes colder; the outflow 
temperature decreases; the boundary current structure becomes narrower 
and shallower; mean advection of heat is mainly confined over the open 
geostrophic contours (at and above the sill level). Furthermore, in the 
presence of a sill the circulation takes longer to reach a steady-state. The 
magnitude of the sill influence is a function of its depth. When the sill is 
introduced the transport of warm water into the marginal sea is limited 
(because of the blocking effect) with a consequent reduction of the 
temperature of the water formed within the basin. Theoretical analysis 
provides further insight into the dynamics at play: the blocking effect is 
only one part of the sill impact on the interior water. A second effect due 
to the sill is the modification of the width of the inflow that becomes 
more unstable and so more efficient in transmitting heat to the interior. 
As a result, the interior is not as cold as it would be by the blocking 
alone. On the other hand, the outflow is notably colder than in the 
absence of a sill. This result highlights how important the topographic 
constraint is in setting both the amount of warm water that can be 
transported into the marginal sea, and the interior/boundary current 
exchanges.  

 
 
3.5.1  Relevance for the Nordic Seas 
Our results may provide a better understanding of some aspects of 

the northward transport of warm water and the formation of deep water 
in the North Atlantic-Nordic Seas system. Blindheim and Østerhus 
(2005) describe the large-scale circulation in the Nordic Seas in details. 
The near surface circulation of the Nordic Seas is basically cyclonic: 
warm and saline Atlantic water flows northward, approximately in the 
upper 700 m, in the Norwegian Atlantic Current on the eastern side of 
the basin; a flow of cold and fresh water moves southwards in the East 
Greenland Current and follows the Greenland continental slope. In the 
center of the basin there are cyclonic cells linked to the bottom 
topography. The two basins are connected through the Denmark Strait 
(620 m deep), the Iceland-Faroe Ridge (500 m deep), and the Faroe-
Shetland Channel (850 m deep). North of the sill the Atlantic water 
(with temperature of about 7 °C) flows with a thickness apparently fixed 
by the sill depth (Blindheim and Østerhus 2005). This current is 
progressively cooled and freshened as it proceeds through the basin (by 
both the winter heat loss to the atmosphere and the exchange with the 
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interior), so that the Nordic Seas overflow is cold and dense, although it 
does not include the coldest and deepest water formed in the interior, but 
rather derives from the boundary current flowing above sill depth 
(Mauritzen 1996a,b). This scenario is well predicted by our models: the 
interior is always colder (denser) that the overflow, which comprises 
waters carried in the boundary current. This perspective disagrees with a 
traditional point of view that considers the overflows to be the result of 
deep convection in the internal gyres of the Nordic Seas (e.g., Aagaard 
et al. 1985, Hopkins 1991). 

This study neglects some fundamental aspects of the realistic Nordic 
Seas scenario. The effect of freshwater fluxes is disregarded in our 
models; for example, the interaction with the Arctic Ocean and the 
export of freshwater through Fram Strait might change the 
characteristics of the boundary current (Broström and Ferrow 2007). We 
also ignore the effect of wind forcing on the circulation, which has 
undoubtedly an important role in the variability of the exchanges 
between the North Atlantic and the Nordic Seas (Furevik and Nilsen 
2005). Nonetheless, by focusing on this simpler system, we feel that we 
have been able to isolate the primary effect of a sill on the buoyancy-
forced circulation within a marginal sea and its exchange with the open 
ocean. 
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