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Abstract

A regional non-eddy-resolving configuration of the SPEM5.1 primitive equation model is used to
study the dynamics of the eastern North Atlantic. Along most of the domain perimeter,
extensive open boundaries (OBs) evacuate outgoing perturbations, while the outer ocean is
simulated by lateral relaxation of some of the model variables. Unlike in existing regional
models, this lateral constraint only concerns the tracers and the baroclinic velocities, for which
good climatological estimates exist. Along the OBs, the barotropic stream function is entirely
determined by the model response to the inner dynamics, without relaxation to any questionable
a priori estimate. The adjustment processes and their interaction with the open boundaries are
described. The final solution is remarkably stable and quite realistic. The net transports crossing
the boundaries are prescribed; we therefore investigated the impact of these parameters. We first
show that the prescribed mass exchange between the basin and the rest of the Atlantic has
almost no influence on the interior circulation since the western and southern lateral conditions
naturally adjust to the interior dynamics. The net circulation constrained around Iceland,
however, has large-scale consequences: Through the intensity of the overflow above the
Iceland-Scotland Ridge (ISR), this parameter affects the stratification north and south of the
Rockall Plateau, the subpolar dynamics, and finally the North Atlantic Current path up to the
Charlie Gibbs Fracture Zone. This slowly propagating dynamical effect, already noticed in
previous studies, is shown to be forced baroclinically near the ISR.



1. Introduction

Numerical studies of ocean dynamics are mostly
conducted on subbasins of the world ocean, thus
avoiding the use of complex and expensive global
models. However, the presence of the ocean outside
the basin of interest needs to be simulated artificially
along the boundaries of such regional models. This
goal may be achieved provided that the boundary con-
ditions used around open domains fulfill the following
requirements:

1. The perturbations (waves, eddies, other propa-
gating structures) generated inside the domain should
be able to leave the subdomain as naturally as possi-
ble.

2. The influence of the outer ocean on the compu-
tational domain must be simulated by a lateral forc-
ing, when and where necessary.

3. Since local processes affect the outer ocean, the
lateral forcing of a regional model should be allowed
to adjust to the interior dynamics instead of being
prescribed.

Until now, only the first and second requirements
have been more or less fulfilled in regional model ap-
plications. The third objective has basically never
been achieved.

Many basin-scale numerical configurations are lim-
ited by closed boundaries through which the mass and
tracer fluxes are zero (as in the Community Modeling
Effort model experiments [Bryan and Holland, 1989],
and in two models of the Dynamics of North Atlantic
Models experiment [DYNAMO Group, 1997]). The
thermohaline circulation is then driven by a relax-
ation of tracers to a climatology in so-called “buffer
zones” adjacent to these walls. This approach is
very simple, but has certain limitations. First, it is
only possible when the integrated mass flux across
the boundary is zero. A second limitation is that it
creates a necessarily unrealistic transition region of
water mass transformation near the walls, the effect
of which is difficult to evaluate. Third, the interior
dynamics and thermodynamics strongly depend on
the tracer relaxation to the climatology near closed
boundaries [Béning et al., 1996; Discher and Redler,
1997], and finally, the outgoing perturbations can only
be damped in an imperfect manner. These four prob-
lems can be avoided and the first requirement can
be fulfilled by the use of open boundaries. They are
mostly based on radiation conditions such as those
proposed by Sommerfeld [1949] or Orlanski [1976],
but their tuning is known to be complex [Stevens,

1990; Palma and Matano, 1998].

A relaxation term may be added at the right-hand
side of such radiation conditions [Blumberg and Kan-
tha, 1985; Stevens, 1990] to simultaneously evacu-
ate perturbations outward and force the interior dy-
namics (then the first two requirements are fulfilled);
model variables are relaxed or prescribed to clima-
tological values. However, this solution requires a
reliable climatic estimate for each relaxed variable,
and such estimates only exist for the baroclinic vari-
ables (temperature, salinity, and associated baro-
clinic velocities via the thermal wind). The verti-
cally integrated circulation (hereafter referred to as
“barotropic” and denoted 1) is indeed poorly known
in the real ocean; at best, it can be roughly estimated
from the Sverdrup relation, or taken from previous
model results.

Stevens and Johnson [1997] used such radiation re-
laxation conditions for the tracers around an eastern
North Atlantic domain, and prescribed 3 to different
a priori profiles (a Sverdrup- and a model-derived lat-
eral climatology). Their results reveal inconsistencies
between the interior dynamics and the lateral forc-
ing, probably because 1 was prescribed along the
perimeter. Barnier et al. [1998] (noted B98 here-
after) presented a numerical solution to partially ful-
fill the third requirement: In the event of outflow, 1)
could adjust along the open boundaries via a radi-
ation condition. In inflow regions, however, 1 was
strongly relaxed to an a priori profile: The location
and strength of all prescribed incoming currents, and
the local and integrated tracer fluxes, were strongly
constrained laterally, and the inner solution was in-
fluenced by the partly arbitrary lateral ¢ profile.

Our final objective is to study the dynamics of the
eastern North Atlantic with a regional model. Such
a numerical configuration requires the use of open
boundaries, since the basin exchanges many water
masses with the rest of the Atlantic above the Mid-
Atlantic Ridge (MAR), across 30°N, and with the
Nordic Seas above the Greenland-Iceland-Scotland
Ridge. The existing open boundary conditions pre-
sented above require an a priori knowledge of the
model variables; climatologies provide reasonable es-
timates for the tracers and baroclinic velocities, but
the ¢ profile along the basin limits is almost unknown.
Therefore the possibility of the lateral dynamical forc-
ing adjusting to the interior dynamics (the third re-
quirement) should prove particularly fruitful in ob-
taining a realistic numerical solution in this particular
subbasin.



The next section presents the coarse grid configu-
ration of the SPEMS5.1 model selected to study the
basin dynamics. In section 3 we describe the lateral
forcing of the model and comment on the fulfillment
of the third requirement; we will show that no cli-
matological 1) lateral profile is needed along the open
boundaries, since v adjusts to the interior dynamics
along them. The adjustment of the basin and the be-
havior of the open boudaries during this process are
investigated in section 4. In section 5 we examine the
sensitivity of the interior solution to the lateral forc-
ing; in particular, the intensity of the dense overflow
between Iceland and Scotland is shown to affect the
subpolar circulation (as in previous studies), and we
propose an explanation for this remote effect. The
results are summarized in section 6.

2. Model and Configuration
2.1. The SPEM Model

The numerical simulations were performed with
SPEMS5.1, a primitive equation ocean circulation model
developed by Haidvogel et al. [1991]. This model uses
the rigid lid approximation and sigma coordinates in
the vertical: The computational sigma levels are dis-
tributed between the flat sea surface and the irregular
ocean bottom, two solid boundaries where the normal
velocities are set to zero. The model has been adapted
by Marchesiello [1995], B98, and Marchesiello et al.
[1998] for basin-scale simulations with open bound-
aries, and used in a closed North Atlantic configu-
ration by the DYNAMO Group [1997]. More details
about the model formulation are given in these pa-
pers.

2.2. Computational Domain, Grid, and
Bathymetry

The computational domain (Figure 1) is surrounded
by open boundaries (OBs) at its western, southern,
and eastern limits. Derived from B98, these OBs
are designed to simultaneously evacuate outgoing per-
turbations and simulate the presence of the outer
ocean by exerting a lateral forcing when needed (see
section 3). As already noticed by Stevens [1990],
and as suggested by several simulations performed
with SPEM on different South Atlantic configurations
[B98; Marchesiello et al., 1998; de Miranda et al.,
1999] the achievement of these goals is promoted when
tangential velocities remain low along the OBs. We
thus set the depth gradient normal to the boundaries
to zero, and placed the OBs perpendicularly to the

main incoming currents.

The western open boundary was accordingly placed

at 40°W, downstream of Newfoundland Basin, where
the northward flowing North Atlantic Current (NAC)
is very turbulent and has a complex structure, and
downstream of the so-called Northwestern Loop where
the current steers eastward (see Figure 1). At 40°W
the boundary is approximately normal to the NAC
and to the Azores Current (AC) that flows eastward
along 33°N, and is a long way from the MAR western
sloping flank.
The northern limit of the domain intersects Iceland
along 66.5°N and was split into two fixed boundaries
(see section 3). Its western half is situated beyond
the Denmark Strait overflow region. The southern
open boundary is located at 30°N to include the AC
and the region where the Mediterranean Water (MW)
overflows into the Atlantic. The Gibraltar Strait is
closed, but the influence of the MW on the Atlantic
water masses is simulated by a relaxation of tracers at
all depths in the Gulf of Cadiz (timescale of 80 to 30
days). The southern boundary is crossed mainly by
the southward recirculation of the subtropical gyre.
The eastern open boundary is located at 0.8°W and
is crossed mainly by an outgoing NAC branch. We
put artificial islands at the southwestern and north-
eastern corners of the domain, as explained in section
3.

The elementary horizontal grid is square and has a
coarse resolution of 0.8° in longitude and 0.8°x cos(¢)
in latitude (¢); the eddies are not resolved. Twenty-
one sigma levels are used on the vertical, with an in-
creased resolution near the surface (Table 1).

The bathymetry actually used in the simulations
is derived from the ETOPO5 data set and shown in
Figure 1. As explained by B98, it was smoothed so as
to reduce the spurious velocities due to discretization
errors in the pressure gradient term.

2.3. Imitial Stratification, Surface Forcing,
and Parametrizations

The initial stratification is taken from the recent
Reynaud et al. [1998] seasonal climatology (noted
RLM hereafter). It exhibits marked horizontal den-
sity fronts and is then particularly interesting with re-
spect to the lateral forcing (see section 3). The surface
and lateral fluxes also depend on this climatology:
The seasonal heat forcing is derived from the method
of Barnier et al. [1995] (but the European Centre for
Medium-Range Weather Forecasts (ECMWF) heat
flux is corrected by relaxing the model surface tem-



perature to the RLM fields); the freshwater flux is
simulated by relaxing the model surface salinity to
the RLM climatology. The wind stresses come from
the Hellermann and Rosenstein [1983] monthly cli-
matology. These surface forcings are applied as body
forces on 50 m.

Laplacian lateral diffusive and frictional fluxes along
geopotential surfaces are chosen. Their coefficients
vary inversely to the grid size to keep the Reynolds
number constant: From south to north, diffusion
ranges from 875 to 400 m? s, and viscosity from
3000 to 1600 m? s—!. Vertical viscosity and diffusion
coefficients are equal to 10~ m? s~ everywhere, but
multiplied by 10 in the first 50 m where the surface
forcing is applied. Possible static instabilities are re-
moved at each time step by locally increasing the ver-
tical diffusion up to 1 m? s~!, and by making daily
convective adjustments, if necessary.

3. Lateral Forcing

Since land points are required at the intersection of
radiative boundaries, artifical islands were introduced
at the southwestern and northeastern corners of the
domain, where the main currents are expected to be
weak.

Along the domain perimeter the RLM climatology
provides reliable seasonal estimates for the tempera-
ture, salinity, and vertical shear of the normal veloc-
ity field (i.e., the normal baroclinic velocities) derived
from the thermal wind relation. The exchanges be-
tween the computational domain and the surrounding
ocean are partly dependent on this baroclinic clima-
tology and are simulated by open boundary condi-
tions at western, eastern, and southern limits.

Along latitude 66°N, however, open boundaries
were unable to deal with resonant inertial modes trig-
gered at initialization in the Irminger and Norwegian
Seas. We thus decided to drop out the radiation con-
ditions and to use robust fixed boundary conditions
west and east of Iceland: The baroclinic variables are
prescribed to their seasonal climatology during the
whole integration, and 1) is prescribed to a stationary
profile that varies linearly between its constant values
on Greenland, on Iceland, and on the northeastern ar-
tificial island.

3.1. The Original SPEM Open Boundary
Conditions

Marchesiello [1995] and B98 gave a complete de-
scription of the open boundary conditions that they
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implemented in SPEM. Every variable ¢ is treated as
follows: Outgoing perturbations of ¢ are evacuated
by a radiation condition based on the wave equation
of Raymond and Kuo [1984]. The parameter c?, their
phase speed normal to the boundary, is evaluated at
every time step and at every point of the open bound-
ary by equation (5-a) of B98 (c¢? is corrected by an
advection velocity u, if ¢ is a tracer, as Stevens [1990]
did). A Blumberg and Kantha [1985]-type relaxation
term to a climatology is added to the right-hand side
of the radiation equations to simulate the presence of
the outer ocean. The relaxation timescale depends
on the ¢ variable considered and on the sign of the
phase/advection velocity ¢? of its perturbations. At
the points where c? is directed outwards an outflow
situation is diagnosed for the ¢ variable: The per-
turbation is radiated outward with a weak relaxation
of ¢ to the climatology. Otherwise, an inflow regime
is diagnosed: No radiation occurs and ¢ is strongly
relaxed to the climatology.

It is important to note that even where currents
flow into the basin, upstream waves can be directed
outward and create an outflow situation; the distinc-
tion between inflow and outflow regimes is not based
on the sign of the local velocity, but on the direction
of the information, itself influenced by the velocity
field.

3.2. The Self-Adapting Open Boundary
Conditions Used Here

Along our western, southern, and eastern open
boundaries, the treatment of the baroclinic variables
(temperature T, salinity S, and normal baroclinic ve-
locity u), and of the total tangential velocity w, is
similar to the original B98 algorithm. Relaxing T" and
S in inflow regions is necessary to prescribe the char-
acteristics of incoming water masses, taken from the
RLM climatology. A B98-like prescription of !, in
the event of inflow also seems legitimate, because a
good estimate can be derived from the RLM fields.
Table 2 gives the timescales 7 used in all cases.

As in B98, we had to impose the net mass flux
crossing each open boundary by prescribing the val-
ues of ¢ on the land points (continents or artificial
islands) that limit the open boundaries. These con-
stant integrated transports were adjusted empirically
to match the existing estimates and the model dy-
namics (see sections 3.4 and 5).

Unlike the baroclinic variables, any relaxation of

1) is questionable since no reliable climatology exists
for it. We therefore let the model adjust by itself the



1) profile (and therefore the barotropic normal veloc-
ity distribution) along the open boundaries: Outgoing
barotropic perturbations are radiated away in outflow
regions by the original algorithm, but no relaxation is
added to the right-hand side of the barotropic radia-
tion equation, whatever the sign of the phase speed
of the barotropic perturbations. This is the principal
modification made to the original SPEM open bound-
ary conditions.

Stevens [1990] tested a similar technique for ¢ in a
short integration of an idealized model (flat-bottomed
rectangular basin without surface forcing or merid-
ional open boundary); this numerical solution, how-
ever, was not retained in the subsequent basin-scale
experiments [Stevens, 1991] where ) was prescribed
to a Sverdrup-derived profile. The following section
explains the physical interest of dropping the local
constraints on 1 along the open boundaries for the
long-term adjustment of this more complex model.

3.3. Physical Interest

Away from the northern boundary where all vari-
ables are imposed, the barotropic circulation in the
interior and along the open boundaries adjusts to
the interior dynamics, to surface forcings, to the lat-
eral baroclinic climatologies, and to the prescribed
net through flows. In return, the barotropic mode
can modify the phase speed of the perturbations of
all variables via the background advection, and can
therefore affect the location of inflows and outflows
along the open boundaries: The number, strength,
and position of the incoming currents are not con-
strained through 1 along the OBs. Even though
barotropic currents are almost unknown in the real
ocean, prognostic regional models used to date strongly
control this field in inflow regions by a strong relax-
ation of 9 to a model- or Sverdrup-derived a priori
profile. The present method simulates the impact
of the interior dynamics on the surrounding ocean,
avoids the construction of any a priori 1 profile along
the open boundaries, and fulfills the three require-
ments identified in the introduction.

3.4. Choice of the Net Lateral Mass Fluxes
for the Reference Run

This net mass flux prescription does not affect
the circulations that enter and exit the basin across
the same open boundary, but only the net mass flux
that transits from one boundary to another. As the
transport across the Bering Strait is neglected, the
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water crossing the southern (respectively, northwest-
ern) limit of the domain necessarily comes from the
western (respectively, eastern) boundary within the
subtropical anticyclonic (respectively, nordic seas cy-
clonic) gyre: The net mass fluxes to be constrained
are condensed into the three loops displayed in Fig-
ure 2, for which we estimated a priori intensities.

1. The intensity of the anticyclonic subtropical
loop IsysTrOP quantifies the net mass exchange be-
tween the basin and the rest of the Atlantic. Ac-
cording to some inverse models [Mercier at al., 1993;
Paillet and Mercier, 1997, the integrated transport
across 30°N reaches 30 Sv. However, only a value of
10 Sv is reported in the three DYNAMO Group [1997]
models, and a value of 15 Sv is proposed by Bryan et
al. [1995] from three simulations forced by different
winds. We therefore gave IsysTrop an a priori value
of 15 Sv.

2. The net southward flow through the Denmark
Straits and the net northeastward flow between Ice-
land and Scotland were estimated by Worthington
[1970] to be 6 Sv; this value was taken as an a pri-
ori estimate for Isyspor, the intensity of the cyclonic
subpolar loop around Iceland.

3. The circulation schemes proposed by Dietrich et
al. [1975] and Krauss [1986] exhibit a 2-Sv cyclonic
circulation around the northeastern corner; the same
value was taken as the a priori intensity of this north-
eastern loop.

In section 5 we shall see how the model solution
depends on these parameters and explain why the in-
tensity of the subpolar loop was not set to its a priori
value for the reference simulation. Table 3 summa-
rizes the a priori intensity of the three loops drawn in
Figure 2 and of the integrated transports across the
five boundaries. This table also presents the value of
those parameters in the reference simulation and in
the four sensitivity experiments presented in section
5.

4. Initial Conditions, Adjustment,
Stabilization, and Final State

4.1. Initial Conditions

The initial temperatures and salinities are taken
from the monthly interpolated RLM climatology for
January. The baroclinic velocity field is initially set
to zero and is expected to build up rapidly through
geostrophic adjustment. The initial barotropic stream
function can be determined by the model elliptic

Figure 2



solver, given the interior barotropic vorticity ini-
tial field (zero) and a 4 continuous arbitrary profile
around the perimeter. The latter profile is built by
a simple linear interpolation between 9 land values;
this sketch naturally leads to an unrealistic 1) initial
field (Figure 3), but is quickly reshaped by adjust-
ment processes.

4.2. Adjustment Processes and Timescales

4.2.1. Short-term adjustment. Onal/ftime-
scale, several processes take place simultaneously.
With a release of inertial-gravity waves, geostrophic
adjustment generates baroclinic velocities, corrected
by the Ekman drift distributed over the top 50 m;
barotropic velocities emerge locally from pumping
at the base of the Ekman layer and at the bot-
tom where the horizontal velocity interacts with to-
pographic slopes; and fast barotropic Rossby waves,
traveling mostly westward along f/H contours (Fig-
ure 4), adjust these local values of 1 to the basin
geometry and to the large-scale forcing.

Figure 5 shows that these processes strongly mod-
ify 1 to produce the expected subpolar and subtrop-
ical gyres separated by the North Atlantic Current
(NAC). The intense and fast propagating barotropic
waves excited at the start are well evacuated out-
ward, since no suspect distortion of 1 appears nor
remains along the open boundaries. As shown by a
barotropic vorticity analysis, after 2 days i reaches
a state where the cross-f/H flow J(¢, f/H) approx-
imately balances the vorticity sources that were im-
posed at the start: The Ekman pumping V x (7/H),
and the joint effect of baroclinicity and relief (JE-
BAR effect). This latter term quantifies the correc-
tion made by the stratification on the interaction be-
tween ¢ and topography [Mertz and Wright, 1992].
It is expressed as follows:

1
JEBAR = J(E, ), (1)

where J is the Jacobian operator, H is the local depth,
and E = f? g Pzdz is the potential energy of the strat-
ification. JEBAR is mainly controlled by the seasonal
tracer fluxes at the surface and along the boundaries.

These processes drastically change the initial ¢
sketch into a realistic field that remains subjected to
slower baroclinic adjustment (through JEBAR) dur-
ing the rest of the integration.

4.2.2. Medium-term adjustment. Surface

buo-yancy fluxes, stratification and circulation within
the mixed layer are strongly correlated, but they are
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not necessarily consistent at the start. They are
therefore expected to adjust and reach an equilib-
rium. We focus on the adjustment of the North At-
lantic Central Water (NACW) and of the Subpolar
Mode Water (SPMW), two important water masses
of the upper eastern North Atlanticc The NACW
(26.9 < 09 < 27.2) [see Arhan et al., 1994] enters
the domain with the NAC, loses buoyancy in winter,
and is progressively changed into SPMW. Dense vari-
eties of SPMW are advected toward colder areas and
quit the domain, but ventilation processes feed one
of the most prominent features of the eastern basin’s
stratification: The subducted SPMW tongue, which
extends southward between og = 27.0 and o9 = 27.3.
The water masses of the top 1000 m were sorted by
neighboring 0.1 kg m~3-wide density classes. The up-
per plots of Figure 6 show the individual volumes of
those water masses at the start and after 6 and 38
years of integration. The lower plots show the rela-
tive variation (in percent) of those quantities after 6
and 38 years: The available volume of the upper water
masses changes during the first 6 years, but remains
quasi-stable afterward.

On this 6-year timescale, subducted SPMW loses
about 8% of its climatological volume, but its modal
character is intensified. The volume of NACW (its
source) increases in the same proportion, suggesting
that the SPMW subduction rate is slightly underes-
timated by the model, and is then advected north of
50°N and cooled to form “unsubducted” SPMW. Part
of this abundant SPMW seems to mix with denser
Labrador Sea Water (LSW) in the vicinity of the
Rockall Plateau, which may explain another feature of
Figure 6, that is the increase in volume of the East-
ern North Atlantic Water (ENAW, oo > 27.4) [see
Harvey, 1982] created by this mixing.

Once the 6-year mixed layer adjustment was achieved,

it was observed that the mean quantities of the main
water masses, namely NACW and subducted SPMW,
had changed by about 10%. With weakly constrained,
extensive open boundaries, such a stabilization close
to the initial state is a good result.

4.2.3. Long-term adjustment. The plots at
the left in Figure 7 show that basin-averaged temper-
ature, salinity, and kinetic energy evolve over a longer
timescale, and reach a remarkably stable situation by
year 35. The thermal drift also tends to zero within
individual regions, such as in the four complementary
boxes separated by the depth 1000 m and the latitude
50°N (plots in the middle of Figure 7). This timescale
T ~ 35 years can be explained by different processes:



1. Slow baroclinic Rossby waves can take centuries
(in weakly stratified subpolar regions) to adjust the
ocean stratification to the mean forcing. Since the
initial RLM stratification is realistic, and since the
relatively high horizontal diffusion may damp such
slow waves, only a residual adjustment is expected.
This adjustment can be achieved by first-mode long
baroclinic Rossby waves for which the traveling time
T, across the eastern basin was crudely estimated
at different latitudes y by T, (y) ~ L/(Ba(y)?) [Ped-
losky, 1987]. Given the basin width L(y), the Coriolis
parameter gradient [, and the internal deformation
radius a(y), taken from Emery et al. [1984], T, varies
from 5 to 35 years between 35°N and 60°N. This is
coherent with the model adjustment timescale.

2. Near the open boundaries, the total velocity
field reaches quite a realistic state within 1 week (sec-
tion 4.2.1). The lateral sources of tracers are there-
fore quickly reinitialized, and this change can affect
the initial inner stratification on a timescale T, via
advection throughout the domain. T, is estimated as
L/u, where L is a typical distance covered by particles
around the subtropical and subpolar gyres at velocity
u. T, is about 4000 km/1 cm s~ ~ 13 years at 1000
m, and about 3000 km/5 mm s~! ~ 20 years at 3000
m. These values are also compatible with T'.

3. The salinity gradient surrounding the Mediter-
ranean Water (MW) tongue in RLM climatology is
partly eroded after 38 years, despite the salinity
source imposed at Gibraltar. In the RLM climatology,
indeed, [S, |VS]] (in [psu, psu m~1], where psu de-
notes practical salinity units) is about [35.5, 9 x 10~7]
around the MW salinity maximum and [34.9, 0] in the
southern Irminger Sea, which is 1000 km away. As
the horizontal Laplacian diffusion coefficient is about
700 m? s~! in this area, the initial salinity gradient
may be eroded within T}, ~ 27 years. This timescale
is again compatible with 7. Vertical diffusion of the
thermocline also acts over a 30-year timescale, but
the good stability of the vertical density gradient
throughout the simulation shows that this erosion is
compensated for by other processes such as vertical
advection and surface buoyancy fluxes.

To summarize, processes with very different time-
scales are involved in the adjustment of the model
solution; this adjustement does not seem to be per-
turbed by the presence of the open boundaries. De-
spite the weak lateral constraints, stable stratification
and circulation are obtained at year 38. A brief de-
scription of the final solution is presented below by
way of introduction to the last section.

4.3. Mean Circulation in the Reference
Simulation

Figure 8 presents the barotropic stream function
(Figure 8a), and the velocity vectors at 72 m (Fig-
ure 8b), 1000 m (Figure 8¢), and 2500 m (Figure 8d)
after 38 years in the reference simulation. Without
any direct constraint on total velocities along the
open boundaries (¢ is free between its fixed values on
land), the model generates a 40.5-Sv NAC above the
MAR which splits into branches. The Azores Current,
rarely simulated by models especially at this coarse
resolution, is well reproduced; its transport above 800
m decreases eastward from 9 to 3 Sv along 33°N. A
14-Sv Irminger Current crosses the western boundary
between 52°N and 62°N, recirculates cyclonically west
of about 30°W and joins the East Greenland Cur-
rent, the transport of which is increased up to 41.8
Sv. The velocity field has a strong barotropic com-
ponent in the subpolar gyre and along the NAC west
of 28°W; east of about 20°W the upper (respectively,
lower) water masses advected by the NAC north of
45°N (respectively, south of 55°N) steer northward
(respectively, southward) and join the subpolar (re-
spectively, subtropical) gyre. South of 50°N, in the
more stratified subtropical region, the horizontal cir-
culation varies with depth.

Comparison with literature reveals that the circu-
lation in the model solution is quite realistic above
about 2500 m, but less satisfactory in the deepest
layers: Because of deficiencies within the domain, not
in the open boundary algorithm, no westward bottom
flow is found in the Charlie Gibbs Fracture Zone, and
the subtropical bottom circulation is reversed and dis-
torts ¢ along Portugal. A detailed description and
validation of the mean circulation, explanations for
the origin of the modeled Azores Current, and an
analysis of the intergyre dynamics will be given in
a future paper.

5. Impact of the Lateral Constraints
on the Interior Solution

The prescription of the net mass fluxes is the only
constraint imposed on v at the open boundaries, but
the intensities of these integrated through flows are
questionable because very few in situ data are avail-
able to support them. The intensities of the three
loops depicted in Figure 2 were changed indepen-
dently, and within a realistic interval around their
a priori estimates. This is a way to quantify the ro-
bustness of the model solution and to learn about the



dynamics of the basin. These tests also justify our
choice of the net mass fluxes in the reference simula-
tion.

First of all, the intensity of the northeastern loop
was found to leave the eastern North Atlantic circu-
lation unchanged: Forcing 0, 2, or 4 Sv around the
northeastern corner only modifies the model solution
north of the Iceland-Scotland Ridge (ISR). Hence the
a priori estimate of 2 Sv was kept for the reference
simulation.

In our model, indeed, the ISR introduces a f/H
barrier that decorrelates the circulations confined
within the Norwegian Sea and within the Atlantic
Ocean; the exchanges between both basins are not
dependent on the northeastern loop, but on what we
called the “subpolar loop”. We now focus on the in-
tensity of this loop, and of the “subtropical loop” that
controls the mass exchange between the basin and the
rest of the Atlantic.

5.1. Changing the Subtropical Loop Intensity

In addition to the reference run, here named S15
since the subtropical loop intensity IsypTrop Was set
to 15 Sv, two simulations S20 and S10 were made with
IsusTrOP = 20 Sv and 10 Sv, respectively (see Table
3). The intensity Isyppor of the cyclonic subpolar
loop was kept equal to 9 Sv, and both simulations
gave stable solutions. We hereafter refer to annual
means (denoted by overbars) computed on the eighth
year.

S15, S10, and S20 differ mainly in the barotropic
mode; the differences ¥ go0 — V15 and g0 — V15
are confined within a two-grid-point-thick boundary
layer around the southwestern artificial island. When
IsusTrOP is increased by 5 Sv, the model evacuates
this excess of volume within this thin anticyclonic
boundary layer, without any significant impact on
the rest of the basin. Similarly, when IsygTrop is de-
creased by 5 Sv the model solution remains unchanged
except within this boundary layer, where a thin 5-Sv
cyclonic circulation anomaly emerges to match the
prescribed ISUBTROP-

Thus a change of +/- 5 Sv in IsysTroP does not
affect the structure and transports of the NAC, the
subpolar gyre, or the intergyre zone circulation. This
result is remarkable, given the extensive opening of
the configuration to the rest of the Atlantic. Since no
“suspect” thin boundary layer was observed in S15
around the southwestern corner, suggesting that 15
Sv is the best estimate for Isyprrop With respect
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to the interior dynamics, 15 Sv was chosen as the
reference value for IsyTROP-

The dynamical processes evoked in section 4 prop-
agate the interior forcings (wind stress, bottom cur-
rents/topography interactions) westward across the
ba-sin, along the southern boundary and toward the
western boundary. The values of ¢ are adjusted along
these open boundaries by the model dynamics with al-
most no influence of the prescribed net through flows.
The model solution thus appears to be far more de-
pendent on the interior dynamics and forcings (un-
changed in these sensitivity experiments) than on the
exchanges imposed between the basin and the rest of
the Atlantic: IsysTrop is not a crucial parameter,
and can be tuned empirically.

5.2. Changing the Subpolar Loop Intensity

The subpolar loop intensity Isyspor, was modified
by +/- 50% around Worthington’s estimate (see Ta-
ble 3), without changing the other parameters. Three
20-year simulations, referred to as S3, S6, and S9 (the
number corresponds to Isyppor in each of them), are
therefore available to evaluate the impact of a 3-Sv
decrease in Isygpor on the interior solution. This
impact may be investigated either from the difference
between S6 and S9, or from the difference between S3
and S6. Indeed, the spatial structure, the temporal
evolution, and the dynamical features are similar in
both comparisons. The next section describes how
simulations S6 and S9 diverge from each other, after
which a dynamical interpretation of the model behav-
ior is proposed.

5.2.1. Description of the model response.
Let A(¢) denote ¢s6 — ds9 for any field ¢; let Tisow
(respectively, Tnacw) be the annual mean of the east-
ward transport of water denser (respectively, lighter)
than o9 = 27.8 between Iceland and Scotland, across
the Iceland-Scotland Ridge (ISR). The upper plots
of Figure 9 show that in S6 and S9, Tisow and
Tnacw need about 10 years to adjust to the pre-
scribed Isyppor. The difference S9 - S6 (lower plots
of Figure 9) show that both A(Txacw) and A(Tisow)
reach —1.5 Sv in response to A(Isyspor)=-3 Sv: The
eastward surface transport weakens, the deep over-
flow strengthens. These differences appear quasi-
instantaneously and persist, despite fluctuations due
to either natural causes (baroclinic transport oscilla-
tions) or artificial causes (aliasing of fast topographic
waves). Simulation S9 (Isyspor.=9 Sv, IsuBTrROP=15
Sv) was chosen as the reference simulation because its
mean overall circulation and ISOW overflow of about



3.5 Sv compare well with in situ data (2.7 Sv accord-
ing to Dickson and Brown [1994]) after adjustment.

Figure 10 shows A(T), the temperature difference
along the ocean bottom, at years 1, 3, 7, and 19. At
20°W along the Icelandic southern shelf, the overflow
intensification induces a temperature decrease within
the tongue of ISOW. This anomaly reaches -0.6°C by
year 3 and stabilizes around -0.3°C. A similar process
occurs in the Rockall Trough (another path of the
ISOW) and on the Rockall Plateau. These anomalies
reach a stable state by year 10, and remain confined
to the vicinity of these topographic structures.

Initially, 159 and 1ge differ on Iceland and on the
northeastern artificial island; this difference in the lat-
eral conditions instantaneously appears on . Fast
barotropic waves align this barotropic anomaly with
f/H contours within a few days, as quickly as Tyacw
and Tisow change; the resulting 1) anomaly, due only
to the constant difference between g9 and 1)gg along
the northern boundary, remains the same throughout
the years. To highlight the subsequent, slow baro-
clinic dynamical response of the model, this A(v)
structure was evaluated at day 73 (the baroclinic re-
sponse had not modified ¢ yet) and removed from
the annual averages of A(¢). The resulting A(v)) are
shown in Figure 11 for years 1, 3, 7, and 19.

A negative (cyclonic) 1) anomaly between S6 and
S9 progressively increases from year 1 to year 7. Like
A(T), A(y) is confined to the vicinity of the ISR dur-
ing year 1, and then slowly spreads along southern
Iceland and into the Rockall Trough, “pumping” part
of the NAC into this channel. Unlike A(T), A(%)
then propagates westward up to the Charlie Gibbs
Fracture Zone: The course of the NAC steers slightly
eastward above the MAR, feeding the Iceland Basin
and the Rockall Trough more, and the Irminger Sea
less. This dynamical anomaly stabilizes by year 10.

5.2.2. A dynamical interpretation. In an in-
dependent sensitivity experiment [Penduff, 1998] the
overflow intensity was directly changed by modifying
the Faroe Bank Channel depth. The model response
was qualitatively similar to that reported above, with
similar timescales. Therefore the cold anomaly be-
tween S6 and S9 which slowly spreads downstream
of the ISR, and its dynamical consequences, are un-
doubtedly triggered by the change in Tisow.

The thermal wind equation links the negative signs
of A(y) and A(T) south of Iceland: The stronger
cross-shore density gradient in run S6 (observed over
most of the water column) is geostrophically coherent
with the stronger westward current and the intensi-
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fied cyclonic circulation in the Iceland Basin. Both
T and 1 anomalies remain strongly correlated during
the first 3 years of their slow spatial expansion.

The baroclinic driving of this barotropic anomaly
is confirmed by locating the modifications of the JE-
BAR term (equation (1)). As explained by Mertz
and Wright [1992], JEBAR diagnoses a cross-f/H
barotropic flow due to density stratification. Among
all the contributions (wind stress, nonlinearities, bot-
tom friction, etc.) able to generate cross-f/H barotropic
flows in our model, JEBAR was shown to be clearly
dominant in the subpolar gyre.

Figure 12 presents successive plots of A(JEBAR). |Figure 1

As expected from equation (1), the behavior of this
term (emergence near the overflow region, slow west-
ward and southward spreading, confinement near the
topography) is close to that of A(T). A(JEBAR)
localizes the regions where the stratification modifi-
cations induce changes in cross-f/H flows. Since 9
is nondivergent, the along-f/H flow is also expected
to be modified in those regions and to adjust quickly
along the f/H contours toward southern Greenland
(see Figure 4). Indeed, during the first 3 years, ¢ dif-
fers between S6 and S9 wherever JEBAR does, and
also downstream along southern Iceland.

Contrary to A(T) and A(JEBAR), the ¢» anomaly
spreads toward the subpolar basin interior between
year 3 and year 10. In particular, the slight change in
direction of the NAC above the MAR is not associ-
ated with any local change in the stratification. This
dynamical signal seems to be forced near the ISR and
to propagate upstream along the f/H contours that
connect the MAR region with the Rockall Trough.

As reported by Redler and Bdning [1997] and
Roberts and Wood [1997] with different models (geopo-
tential vertical coordinates, domain including the
entire subpolar gyre, different resolutions and forc-
ings), the ISOW overflow intensity, controlled here by
IsuBpoL, has an effect on the stratification in the Ice-
land Basin, the steering of the NAC above the MAR,
and the circulation in the subpolar gyre. The west-
ern half of the subpolar gyre is not needed for these
processes to take place, since they are linked with the
water exchange across the ISR (as already stated by
Redler and Béning [1997]). Our results show that this
effect is mostly driven by a deep baroclinic signal that
slowly propagates into the Atlantic and progressively
affects the NAC path up to the MAR. Whether such
a dynamical link exists in the real ocean is an inter-
esting issue. It is plausible but difficult to verify given
the uncertainties about the transport and direction of



the real NAC in historical time series.

6. Conclusion

The SPEMS5.1 primitive equation model was im-
plemented on a regional configuration of the east-
ern North Atlantic, extending from 40°W to 0.8°W,
and from 30°N to 66.5°N. Except along the north-
ern limit where the model variables had to be pre-
scribed, the domain is surrounded by original self-
adapting open boundary conditions. The treatment
of baroclinic variables is similar to that presented by
Barnier et al. [1998] and Marchesiello et al. [1998],
and the net transports across each boundary are still
prescribed. However, unlike in previous model stud-
ies, the barotropic stream function 1) is free all along
the open boundaries to adjust to the inner dynamics
and forcings, even in the event of inflow: No relax-
ation of 9 to any a priori estimate is needed. The
feedback of the inner dynamics on the outer ocean is
therefore taken into account through the lateral forc-
ing.

Fast geostrophic and barotropic adjustment pro-
cesses reshape the unrealistic initial velocity field to
balance the barotropic vorticity equation. During the
first 6 years the main water masses of the mixed layer
(NACW, SPMW) and the subducted SPMW adjust
to the surface forcings; the individual volumes of these
water masses change by about 10% during the first
6 years and stabilize thereafter. The simulation is
stopped after 38 years of integration, when slower pro-
cesses have adjusted the full-depth stratification. In
spite of the size of the open boundaries and the weak
lateral constraints, the final state is stable. The main
features of the model solution (in particular, the paths
and transports of the North Atlantic Current and of
the Azores Current) appear quite realistic.

Are the net mass transports prescribed across the
boundaries crucial parameters in this configuration?
Sensitivity experiments showed that the velocity field
along the domain perimeter and inside it hardly de-
pend on the integrated mass flux forced between the
regional model and the Atlantic through the western
and southern boundaries. Along both these bound-
aries, velocities are adjusted to the interior dynamics
by westward propagating processes. The wide open-
ing of this configuration to the rest of the Atlantic
does not seem to adversely affect the solution.

On the other hand, the integrated circulation forced

around Iceland has a significant influence on the sub-
polar dynamics and on the NAC path. Decreasing
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this transport immediately strengthens the intensity
of the dense overflow between Iceland and Scotland,
and, within a couple of years, a cold anomaly is ad-
vected along the paths of this overflow which locally
intensifies the cyclonic circulation in the Icelandic
basin and around the Rockall Plateau. A slow west-
ward propagating signal reaches the Charlie Gibbs
Fracture Zone after about 10 years: The NAC steers
slightly eastward above the Mid-Atlantic Ridge and
intensifies the eastern subpolar circulation. This dy-
namical effect, already reported by Redler and Béning
[1997], has a baroclinic origin, controlled by the inten-
sity of the ISOW overflow via the stratification.

The open boundaries proved their self-adaptability
along the extensive western and southern limits of the
domain: Here, the lateral profile of v is naturally ad-
justed to the interior dynamics since Rossby waves
bring information toward the boundaries. Such ex-
tensive open boundaries would probably be less ef-
fective along the eastern limit of regional domains,
because barotropic waves do not propagate toward it.
Here, the control of the barotropic mode via a re-
laxation term (as used by Marchesiello et al. [1998])
seems necessary. Indeed, our eastern open boundary
did not adjust as properly as the other ones to the
interior circulation, but its influence on the basin cir-
culation was small.

By relaxing an important dynamical constraint a-
round the domain, this approach provides an alterna-
tive to nonlinear inversions (see Paillet and Mercier
[1997], for instance) for diagnosing regional circula-
tion schemes, coherent with a climatological stratifi-
cation and surface forcings. In addition, the present
model explicitly solves the fluctuating processes, in
particular the mutual adjustment of the stratification,
circulation, and forcing. The general circulation and
the intergyre model dynamics will be analyzed in a
forthcoming paper. The model is currently being im-
plemented at high resolution for a study of the basin
turbulence.
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Figure 1. Eastern North Atlantic configuration (limits: 40°W, 0.8°W, 30°N, 66.5°N), geography and topography
after interpolation on the horizontal grid and smoothing; depths in m, masked regions appear as unshaded areas
inside the domain. The mean paths of the North Atlantic Current and of the Azores Current west of the domain
are redrawn from Sy [1988].

Figure 2. Bathymetry and volume exchange across the boundaries condensed into closed loops. The numbers in
the boxes indicate the individual intensity of these loops in the reference simulation.

Figure 3. The barotropic stream function ¢ at ¢ = 0. The contour interval is 2 Sv. In this and subsequent
figures of 9 the shaded regions correspond to anticyclonic circulations, the unshaded regions correspond to cyclonic
circulations.

Figure 4. Selected f/H contours in the domain.

Figure 5. The barotropic stream function during the first two days of integration. The contour interval is 2 Sv.

Figure 6. Equivalent thickness of the water masses (volume/domain area, in meters) in the top 1000 m, sorted
by neighboring 0.1 kg m~3-wide density classes, and diagnosed on day 73 of: (a) the first year of integration; (b)
year 5; and (c) year 38. Relative change of Hey ([Heq — Heq(t=73 days)]/He,(t=73 days)) in percent after (d) 5
years and (e) 38 years of integration.

Figure 7. On-line diagnostics during 38 years. The plots at the left show basin-averaged temperature, salinity, and
kinetic energy. The four plots in the middle show the evolution of the mean temperature in four boxes: (clockwise
from upper left) above 1000 m and north of 50°N, above 1000 m and south of 50°N, below 1000 m and south of
50°N, and below 1000 m and north of 50°N. The four latter plots are shown on the same graph at the right-hand
side. The heavy lines are deduced from the light ones by smoothing the seasonal cycle.

Figure 8. Circulation averaged over year 38: (a) Barotropic stream function ¢, min = -24.3 Sv, max = 41.25
Sv, interval = 2 Sv. Bathymetry (contour interval of 1000 m) and velocity vectors (only one vector in every two
is plotted) at (b) 72 m, (c) 1000 m, and (d) 2500 m. The minimum and maximum velocities are displayed above
each plot.

Figure 9. (top) Temporal evolution of Tyacw and Tisow across the ISR for simulations S6 (thin lines) and S9
(thick lines). (bottom) A(Tnacw) and A(Tisow). See the text for definitions.

Figure 10. Bottom temperature difference between simulations S6 and S9, at years 1, 3, 7, and 19. Contour
interval is 0.2°C; positive anomalies are lightly shaded, negative anomalies are heavily shaded.

Figure 11. The ¢ difference between simulations S6 and S9 (noted A(¢)) in the text) for years 1, 3, 7, and 19.
Contour interval is 1 Sv; cyclonic anomalies are lightly shaded, anticyclonic anomalies are heavily shaded.

Figure 12. JEBAR difference between simulations S6 and S9 at years 1, 3, 7, and 19. This term was multiplied
by H/B (H is local depth, and 3 is the Coriolis parameter gradient) to form the product of the local depth with
the cross-f/H barotropic velocity anomaly. Contour interval is 200 m? s~!; positive anomalies are lightly shaded,
negative anomalies are heavily shaded.



Table 1. Vertical Grid: Depth z(k) of the Vertical Velocity Points for Various Values of the Ocean Depth, h
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o Level Number k&

2(k) if h=500 m

2(k) if h=2920 m

z(k) if h=5340 m Vertical Grid Step for h=5340 m

21
20
19
18
17
16
15
14
13
12
11
10

©

O N WKLo 3

0.00
-10.60
-21.52
-32.97
-45.22
-58.69
-73.87
-91.37

-111.70
-135.07
-161.04
-188.52
-216.18
-243.00
-268.78
-294.01
-319.64
-346.88
-377.02
-411.48
-451.84
-500.00

0.00
-19.26
-41.47
-68.43

-102.73
-147.96
-208.81
-290.63
-398.18
-533.21
-691.83
-864.20
-1038.09
-1204.51
-1361.39
-1513.28
-1668.90
-1839.04
-2035.48
-2271.05
-2560.23
-2920.02

0.00
-27.93
-61.42

-103.89
-160.23
-237.24
-343.74
-489.89
-684.66
-931.34
-1222.61
-1539.88
-1860.00
-2166.02
-2454.01
-2732.55
-3018.16
-3331.20
-3693.94
-4130.63
-4668.61
-5340.04

0.00
27.93
33.49
42.47
56.34
77.00
106.50
146.15
194.78
246.68
291.27
317.27
320.12
306.02
287.99
278.54
285.61
313.04
362.74
436.69
537.98
671.43

Depths are in meters. The other variables are located halfway between these depths.



Table 2. Treatment of the Model Variables at Every Time Step and at Every Point of the
Western, Southern, and Eastern Open Boundaries

Variables

Outflow Regime

Inflow Regime

Baroclinic normal velocity,
total tangential velocity,
temperature, and salinity
(B982 method)

Barotropic stream function
(new method)

radiation of perturbations,
weak relaxation to RLMP
climatology with
7¢ = b years.

radiation of perturbations,
NO relaxation to RLM
climatology.

NO radiation of perturbations,
strong relaxation to RLM
climatology with
7¢ = 15 days for tracers,
7¢ = 3 days for velocities.

NO radiation of perturbations,
NO relaxation to RLM
climatology
= 1) persists at this point.

2B98 refers to Barnier et al. [1998]’s open boundary conditions.

PRLM refers to Reynaud et al. [1998]’s climatology to which the tracers are relaxed; climatological
values for the baroclinic normal velocity field geostrophically derive from the RLM density fields; the
climatological value for the total tangential velocity field is zero.

‘The parameter 7 denotes the relaxation timescale for the variables that are relaxed to climatology.
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Table 3. Intensity of the Large-Scale Loops Shown in Figure 2 and Net Transports Prescribed Through the Five
Boundaries of the Domain

A Priori Value*  Reference Simulation®  S10¢ S20¢ S3¢  S6°¢

Intensity of the Large-Scale Loops Shown in Figure 2, Sv

Subpolar loop 6 9 9 9 3 6
Subtropical loop 15 15 10 20 15 15
Northeastern loop 2 2 2 2 2 2

Net Transport Prescribed Through the Five Boundaries, Sv

Northwestern FB4 -6 -9 -9 -9 -3 -6
Northeastern FB4 -2 -2 -2 -2 -2 -2




Table 3. (continued)

A Priori Value? Reference SimulationP S10¢ S20¢ 93¢ S6°

Eastern OB® 8 11 11 11 5 8

Southern OB® -15 -15 -10 -20 -15 -15
Western OB¢® 15 15 10 20 15 15

Negative values correspond to a southward or a westward transport.
®A priori estimates from the literature (see text).
bParameters used in the reference experiment, also named S15 and S9.
‘Parameters used in the sensitivity experiments (section 5).
4FB denotes fixed boundary.
¢OB denotes self-adapting open boundary.
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