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[1] A z-level, 4th-order-accurate ocean model is applied in six two-way-coupled grids
spanning the Mediterranean Sea and North Atlantic Ocean (MEDiINA). Resolutions vary
from 1/4° in central North Atlantic to 1/24° in Strait of Gibraltar region. This allows the
MEDINA model to efficiently resolve small features (e.g., Strait of Gibraltar) in a
multibasin, multiscale model. Such small features affect all scales because of nonlinearity
and low dissipation. The grid coupling using one coarse grid overlap is nearly seamless
without intergrid sponge layers. No instant convective adjustment or other highly diffusive
process is used. The deep water in the 1/8° Mediterranean Sea grid is formed by the
resolved flows that emulate subgrid-scale processes directly. Downslope migration of
Mediterranean Overflow Water (MOW) water involves dense water flowing away from
the bottom laterally over bottom stairsteps in the z-level model, thus flowing over less dense
underlying water. Without excessively water mass-diluting process, the advection
dominates the downslope migration of thin, dense MOW in the simulation. The model
results show realistic MOW migration to the observed equilibrium depth, followed by lateral
spreading near that depth. The results are also consistent with the climatology along 43°N,
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where the MOW hugs a steep shelfslope centered at ~1 km depth and then spreads
westward, with the salinity core (S > 35.7) reaching 18°W. This study clearly restores
z-level models to a competitive status doing density current simulations.
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1. Introduction
1.1. Background

[2] Modcling the downslope pcnelration of density cur-
rents spilling over sills is of considerable research intcrest
and important [e.g., Peters et al., 2005; Legg et al., 200S;
Killworth, 2001; Killworth and Edwards, 1999). Dietrich et
al. [2004a), using a purely z-level model, showed that only
when the New England shelfslope density current is suffi-
ciently intense and undiluted to reach the Cape Hatteras
abutment does the Gulf Stream separate there and pinch off
warm- and cold-core rings similar to those observed. Strong
incrtial flow (high Reynolds number based on the scale of
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the abutment) is nccessary but not sufficicnt. Separation
occurs there only if the model resolution is fine enough or
the model dissipation and numerical dispersion are suffi-
ciently small to avoid dilution and loss of intensity during
its long transit time from its high latitude seas sourees. The
thinncss and narrowncss of density currents makes them
difficult to resolve and aceurately model.

[3] The main focus of this study is the dense Mcditerra-
nean Overflow Water (MOW), a thin, narrow intense
current 1hat spills over the Strail of Gibraltar sill. MOW is
an even more model-challenging density current (sce
section 1.2) than the New England Shelfslope Current, the
Red Sea outflow [Peters et al., 2005] or the Denmark Strait
Overflow [Legg et al., 2005]. Although its properties
change rapidly as it becomes diluted due to mixing and
entrainment while flowing along thc northern Gulf of Cadiz
shelfslope, the MOW remains well defined as a deep, warm
salty current between 1000 m and 1200 m depth all around
the Atlantic coast of thc Iberian Peninsula, and its deep
water mass signature is seen over much of the central North
Allantic Ocean basin [Curry et al., 2003]. Ozkokmen et al.
[2001] have described a connection between the Mediter-
ranean outflow and the Azores Current. Henee it is elear that
the MOW is important in spite of its rclativcly small
transport. It is dense because of its high salinity and is
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much warmer than the ambient North Atlantic Central water
(NACW) near the 300-400 m depth sill level [Levitus and
Boyer, 1994]. Indeed, even after mixing with ambient
NACW as it flows along the bottom slopc of thc Gulf of
Cadiz, and after “sliding” toward deeper levels due to
secondary flows induced by bottom friction, the MOW is
about 5°C warmer than the far-field NACW at levels near
the final equilibrium depth of about 1100 m. The MOW has
significant climatological effects on the deep North Atlantic
heat and salt balance.

[4] The contemporary MOW s salticr, warmer, denser
and reaching deeper and further westward than it was in the
last decades of the 20th century, before anthropogenic
effects became cvident [Curry et al., 2003; Rixen et al.,
2005]. These include a combination of increased evapora-
tion (greenhouse warming effect) and Aswan Dam diver-
sion of ~90% of the Nilc River to irrigation. The
Mediterranean Sea mean salinity has incrcased by 0.04
during thc last 40 years [Bethoux et al., 1998; Johnson,
1997, TOPtoTOP Global Climate Expedition]. Mediterra-
nean Sca ecosystems will eventually be affected by the
salinity increase of the Mediterranean Scawater [Millot,
2007]. These potentially affect the currents, temperature,
salinity and geobiochemical distributions and the associated
ecosystem around the Iberian Peninsula and western Med-
iterranean Sea, and also the entire Mediterranean Sea
[Drillet et al., 2005]. The basin-scale thermohaline circula-
tion involving water mass transformations in the Mediter-
ranean Sea strongly affects this exchange. On the other
hand, fresher and much less dense MAW (modificd Atlantic
Water) overrides the MOW through the Strait of Gibraltar
and flows eastward into the Mediterranean Sea. It spreads
quickly into a thin layer in the Alboran Sea and feeds an
intense meandering current along the North Africa coast
[Tintore et al., 1988]. The MAW affects the entire Mediter-
ranean Sea circulation; and is especially important in the
Mediterranean coastal regions of the Iberian Pcninsula.
Sometimes, large MAW meanders even flow directly from
the eastern Alboran Sea to as far north as the Balearic
Islands and affect thc surrounding water’s physical and
biogeochemical properties as far north as Mallorca [Millot,
1999, 2007]. This “inversc estuarine” or gravitational
circulation tightly couples the Mediterranean Sca to the
North Atlantic Ocean.

1.2. MOW Modeling Challenge

[s] Accurate modcling of the MOW is challenging be-
cause the MOW represents a very thin, bottom hugging, and
dense (compared to the ambient MAW) current spilling into
North Atlantic Ocean over a shallow sill in a narrow strait. It
must be modeled without excessive water mass dilution,
possibly caused by numerical dispersion errors (e.g., inac-
curate numerical approximations), or by large numerical
dissipation (required by some models for stability and
numerical robustness). Accuratc modeling of thc sinking
process also requires an accurate description of thc source
of this water, the thermohaline-forced exchange through the
narrow Strait of Gibraltar, and the circulations in the two
basins feeding the in- and outflows. Thus the significant
modeling challenge is to realistically represent the vigorous
exchange of NACW with MOW water through the Strait of
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Gibraltar, and the downslope penetration of its thin, narrow
density current.

[s] Johnson et al. [2002] applied a 1/24° regional model
to thc southwestern Ibenan Peninsula coastal region, west of
the Strait of Gibraltar, and showed realistic MOW penetra-
tion including anticyclonic meddies at depth ~845 m
(model level 16). In spite of the small scalc and intcnsity
of the bottom-hugging MOW, thc cntrainment of lighter
ambient water was slow. The entrainment was limited by the
large static stability at its top and insulated conditions (little
heat or salt transfer) at the ocean bottom. Significant
entrainment is possiblc only near its sloping baroclinic edgc
where baroclinic instability of cddies with small Rossby
radius of deformation, Ro, occurs. The obscrvations of its
charactenistic temperature and sahnity signatures far from its
source rcgion indicate that this entrainment is slow espc-
cially after reaching its equilibrium levcl. Indccd, warm
salty MOW water mass signatures are sccn thousands of
kilometers away from thcir source. Modeling such long-
lasting current intensity and watcr mass conscrvation (far
downstream from the MOW source) is impossiblc using
models that require large viscosity/diffusion for numecrical
stability, and also difficult using models with large numer-
ical dispersion.

[7] Drillet et al. [2005] recently applied a new vcrsion of
the rigid-lid OPA model in an ultra-high resolution (~6 km
and 43 z-lcvcls) simulation of the coupled Mediterranean
Sea and North Atlantic focusing on the MOW and the
eddies (“meddies™). To overcome problems with the z-level
grd, they introduced a relaxation scheme to climatology,
applied within a radius encompassing the arca of intense
downflow in the Gulf of Cadiz region. The computational
demands of a high resolution grid on such a large domain
limit their simulation to only five model years, which is
adequate to get near-equilibrium in the MOW dynamics in
the southwest Iberian Peninsula region wherc meddies are
spawned. They further relaxed their modcl toward clima-
tology using spatially varying timescale, with the fastest
(50 d) in the Cape St. Vincent region where meddies are
formed. The modeled meddies properties, and the cquilib-
nium level of the MOW water as it spreads westward, agreed
well with climatology and limitcd obscrvations. Smith et al.
[2000] and Maltrud and McClean [2005] havc uscd the 1/10°
resolution z-lcvel POP model to simulate the North Atlantic
Ocean. In their studies, the MOW penetrates downslope
from the sill level (~300-400 m) to only ~500 m dcpth,
while thc observed MOW penetrates to ~1100 m. Com-
bined with the poor results of other density current studics
using z-lcvel models [Beckmann and Doscher, 1997,
Willebrand et al., 2001; Ezer and Mellor, 2004], z-level
models wcrc thought to be poor tools to study density
currcnts. However, Dietrich et al. [2004a), Legg et al.
[2005], and Drillet et al. [2005] have shown that with
proper numerics, resolution and dissipation, z-level models
can give satisfactory results. The recent investigation of the
Dynamics of Overflow Mixing and Entrainment (DOME)
idcalized density cumrent problem using a pure z-level
model even shows that the model accuracy, robustncss
and dissipation play more important role than thc choscn
coordinate [Tseng and Dietrich, 2006].
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1.3. Motivation and Approach

[8] Our original goal was to model the currents around
the 1berian Peninsula following the supertanker *‘Prestige”
oil spill disaster. This required modeling the exchange of
North Atlantic and Mediterranean waters through the Strait
of Gibraltar, and thc associated circulations, including the
thermohaline-driven exchange between North Atlantic
Ocean and Mediterranean watcrs (much saltier and denser)
through the Strait of Gibraltar, and the descending MOW
density current and its dcep penetration. Extending the
accurate and efficient duo-grid approach in Dietrich et al.
[2004a], we designed a six-grid, two-way coupled model,
MEDINA (MEDiterranean and North Atlantic) model, in
order to satisfy this requirement efficiently. Early on,
however, we also recognized the potential climatological
importance of the MOW penetration, and encouraged by the
model’s consistency with previous observations [Barringer
and Price, 1997], we proceeded to further investigate the
MOW dynamics and its effects in the lberian Peninsula
coastal regions.

[s9] The challenge of modeling the MOW (see section 1.2)
is further amplified when onc considers the need for mod-
eling the entire basins; this is required if one wishes to model
its large multidecadal timescale effects on climate. MOW is
by far the warmest (and most saline) water that accumulates
at depth below 1000 m in the North Atlantic, and thus
controls its deep ocean heat and salt balance. Extended
MOW modcling in the framcwork of basin-scale, coupled
Mediterranean Sea and North Atlantic system has never been
done adequately until now. As the results will show
(section 3), the choice of this configuration is well justified
by the modeled MOW depth and water mass properties
agreeing quite closely with the observed climatology.

[10] The MEDINA model is dcscribed in section 2.
Section 3 presents the main simulation results, including:
(1) MOW/MAW volume exchange rate; (2) MOW down-
slopc migration to its equilibrium depth in the Gulf of
Cadiz; (3) MOW flow around the lberian Peninsula, into
thc Bay of Biscay, and (4) time mean path around the
observed anticyclonic gyre in the far western Mediterranean
Sea. Section 4 summarizes concluding remarks and future
works.

2. MEDIiINA Model: Basic Model and Multiple
Grid Framework

[11] To efficiently resolvc thc Strait of Gibraltar in the
fully coupled MEDINA model, we have employed six grids
that are all two-way-coupled to their adjacent grids, each
grid being a local Mercator grid. Longitudinal resolution
varies from 1/24° in a Strait of Gibraltar regional grid to 1/4°
in a central North Atlantic Ocean grid. Brief details of the
DieCAST (Dietrich/Center for Air Sea Technology) ocean
model, used in this study and based on the primitive equa-
tions of incompressible flow, are given in the section below.

2.1. Basic Model

[12] The purely z-level DieCAST ocean model [Dietrich
et al., 1987, Dietrich, 1997] solves the discretized hydro-
static, incompressible conservation equations that are in
integrated “control volume” form within each grid. The
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grids and intcrnal control volumes are coupled by fluxes
and pressure forces at their interfaces with adjacent grids
and control volumes. All internal contro! volume fluxes and
pressure forces are calculated using intcrpolations that are
rigorously fourth-order-accurate [Sanderson and Brassington,
1998; Dietrich, 1997], including the linear-cxponential
stretched vertical coordinate space. No bathymctry smoothing
is applied and partial bottom cells are not uscd.

[13] Subgrid-scale (Reynolds-averaged typc) vertical
mixing is paramcterized by eddy diffusivity (for tcmpcra-
ture and salinity) and eddy viscosity (for momentum) using
a modified Richardson number approach [Staneva et al,
2001; Tseng et al., 2005] based on Pacanowski and
Philander [1981). Common instant convective adjustment
is not invoked. Since the horizontal flow is dominated by
low dissipation inertial dynamics and water mass advection
on all resolved scales, the horizontal cell Rcynolds number
is extremely large. This, in combination with thc high order
low dissipation numecrics, leads to realistic MOW dilution
and associated final equilibrium level. No data assimilation
is used, nor any nudging toward climatology which can lead
to internal heat and freshwater sources/sinks that do not
occur in the real ocean [Tseng and Breaker, 2007).

[14] We emphasize that using large or even infinite (such
as instant “‘convective adjustment”) vertical diffusion in
simulating bottom-hugging density currents exacerbatcs the
dispersion errors in z-level models noted above. Density
currents migrate downslope over the edges of stairsteps,
thus bringing their material over less dense water below. In
such cases, the common practice of assuming rapid or
instant vertical mixing is physically inappropriatc since this
makes diffusion dominate thc downslopc density curment
propagation leading to excessivc entrainment. Onc must
allow downslope propagation to bc dominated by modeled
horizontal and vertical advection, as occurs in nature. Thcn
a subgrid-scale turbulence closure scheme can represcnt the
mixing and entrainment without bcing contaminated by
numerical errors.

[15] The continuum equations from which thc integrated
control volume equations are derived are given by Staneva
et al. [2001]. More model details are available at thc modcl
website. The wind-forcing of MEDINA is obtaincd from the
interpolated monthly Hellerman winds [Hellerman and
Rosenstein, 1983). Levitus94 climatology [Levitus and
Boyer, 1994] is used to initialize MEDINA and dctermine
its surface sources of heat and fresh water (¢-p) using the
nondamping precise approach described by Dietrich et al.
[2004b]. The short-circuited Arctic Occan is parameterized
by an artificial continental shelf along the northem and
northeastern boundary; and with a specified freshwater
source along the northern boundary. The equatorial bound-
ary condition is slow nudging toward Levitus climatology
in a sponge layer. Specified lateral viscosity and diffusivity
are 20 m“/s and background vertical viscosity and diffusiv-
ity have maxima of 3.0 and 0.6 cm%/s in the top laycr,
decaying exponentially with depth to 0.1 and 0.002 cm?/s,
added to the vertical mixing schemc, to cmulatc mixcd laycr
effects of storm events not included in the climatological
forcing. The bottom is insulated, with nonslip conditions
parametrized by a nonlinear drag.
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Figure 1. Entirc simulation domain of the six-grids MEDINA model. The grid resolution rangcs from

1/4° in the central North Atlantic Ocean grid to 1/24° in the Strait of Gibraltar regional grid. Cape St.

Vineent and Gulf of Cadiz are labeled on the map.

[16] Another requirement for accurate simulation of
downslope density current migration is the ratc of momen-
tumn cxtraction at the bottom layer [Legg et al., 2005; Tseng
and Dietrich, 2006]. In the absence of such momentum
extraction, eonservation of absolute potential vorticity
strongly inhibits downslope migration and thc density
current approaches geostrophie balance with the eross-slope
pressure gradient. This momentum extraction in its typically
thin bottom mixed or “friction” layer adds a bottom sink to
the along-slope momentum balanee, thus generating down-
slope secondary flows. The nonlinear bottom drag used by
the model (using a standard drag coeflicient of 0.002) is
adequate for that even when the very thin mixed layer at the
bottom of the density current is not resolved.

[17] To maintain the observed annual eycle salinity, the
rigid lid approximation is slightly modified to allow a
modcl-derived e-p [Dietrich et al., 2004b] be represented
by a small vertical velocity at the rigid-lid with no salt flux
included (purely freshwatcr). Thus the rigid-lid is slightly
porous, with a nonzero (but extremely small) elimatologi-
cally based vertical velocity at the slightly porous rigid-lid
(see Dietrich et al. [2004b] for justification and details).
Integrating e-p over the cntire Meditcrranean Sea gives a net
freshwater volume loss at the surface, so the inflow through
the Strait of Gibraltar is slightly bigger than the outflow
[Millot, 2007].

2.2. Multiple Grid Framework

[18] Modeling the Mediterranean Sea near-surface inflow
of MAW and underlying outflow of much saltier and denser
MOW was made possible by the current multiple grid
approach, including a tiny 1/24° resolution Strait of Gibraltar
regional grid through which the Mediterranean Sea and

North Atlantic arc coupled (Figure 1). MEDINA modcl has
becn run for 70 years. Such multiple-grid approach is
closely related to the domain-decomposition method de-
scribed by Dietrich et al. [1975] uscd by the rigid-hd
pressure solver [Roache, 1995] in a global adaptation of
thc DicCAST model. The prescnt six-grid modcl formula-
tion is similar to the duo grid formulation in Dietrich et al.
[2004a], except we have increased the resolution and
replaced the equatorial boundary condition by a conven-
tional sponge layer approach based on climatology. In the
future, we will two-way couple the present modcl to a lower
resolution global model.

[15] All six subdomain grids (Figurc 1) share thc samc
smoothly stretched (linear-exponential) z-level vertical grid.
Within each individual grid (all in a spherical coordinate
framework), longitudinal resolution is uniform and latitudi-
nal resolution is generated such that varying latitudc and
longitude grid increments are equal everywhere (Mereator
grid). Lateral resolutions and grid sizcs for all six grids are
summarized in Table 1. The vertical resolution is a linear-
cxponential stretehed grid of 30 layers, with a 10 m thick
top layer. The vertical grid is graphieally indicated in the
vertical cross-section plots presented.

Table 1. Lateral Resolution and Grid Size in Each Grid

Domain Latcral Grid Resolution Grid Sizes
Western North Allantic 1/8° 302 x 334
Central North Allantic 1/4° 160 x 396
Easicrn North Allantic 1/8° 98 x 792
Bay of Biscay 1/16° 112 x 156
Strail of Gibraltar 1/24° 123 x 105
Mcditerrancan Sca 1/8° 314 x 155
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Strait of Gibraltar flow (year 69/70)
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Figure 2. Transport through the Strait of Gibraltar during
the last part of year 69 and all of year 70, computed from
daily model data in the choke point cross-section having
about SO points. The red (blue) curve shows the total
eastward (westward) volume flow integrated over all points
having eastward (westward) flow; the green curve is the
sum of the blue and red curves.

[20] The grid eoupling approach includes upwind-based
eross-intergrid-boundary fluxes, as did the approach used by
Dietrich et al. [2004a). The ecommonly used time filter
(timescale of a few days) has little effeet on the coupling
other than to damp high frequeney internal modes of the
finer of two adjacent grids that are not resolved by the
adjacent two-way-coupled coarser grid. The resulting grid
coupling is nearly seamless with low diffusion and viscos-
ity. No intergrid sponge layers are applied.

3. Simulation Results

[21] The Levitus’94 climatology [Levitus and Boyer,
1994] that is used to initialize the MEDINA model does
not resolve the Strait of Gibraltar. Even if it did, the flow
through the strait is not balanced [Viudez et al., 1998] and
thus cannot be accurately initialized from water mass
elimatology. Thus for simplicity, the model was initialized
with no flow everywhere on all six grids.

[22] Using varying resolutions in a bigger region and
simulating multiple decades, the present MEDINA model
produees results very similar to those reported by Drillet et
al. [2005]. Further eomparisons are made of the depths and
westward penetration longitudes of the core salinity with
analyses based on elimatology by lorga and Lozier [1999)].
In regions ecloser to Gibraltar and the Spanish eoast, for
longitudes <10°W, comparisons are also made with obser-
vations and model results by Bascheck et al. [2001] and by
Johnson et al. [2002]. These results are discussed in
scetions 3.1-3.3 below.

3.1. Water Mass Exchange Through Strait of Gibraltar
and Associated Currents

[23] After a few model years, a westward 1 + 0.05 Sv
MOW flow through the Strait of Gibraltar oecurs through-
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out the model simulation. Above it, an eastward 1.1 £0.1 Sv
MAW flow oeecurs. These matech well with the values
inferred from the observations within observational error
[Bascheck et al., 2001]. This energy-intensive water mass
exchange through the narrow Strait of Gibraltar strongly
affects the Iberian Peninsula coastal regions, and also
significantly affects the entire Mediterranean Sea. Agrecing
with observations, the simulated eastward volume flow is
generally larger than the westward flow beeause it must
balance the freshwater sink (based on the surface freshwater
flux treatment deseribed by Dietrich et al. [2004b]) due to
the net effects of rivers, preeipitation and evaporation.

[24] Figure 2 shows the daily transport through the Strait
of Gibraltar during the last part of year 69 and all of year 70
in the choke point eross-section (~50 model gnd points).
The red (blue) eurve shows the total eastward (westward)
volume flow integrated over all points having eastward
(westward) flow; the green curve is the sum of the total
transport. The sum represents the total inflow through the
Strait of Gibraltar into the Mediterranean Sea, whose long
term average exaetly balances the e-p-river sources to
maintain Mediterranean Sea surface level; rigid-lid approx-
imation enforees this balanee each time step. Thus the green
curve may be compared with an average annual eyele e-p-
river sources based on climatological data mostly before the
Aswan dam and other uses of Mediterranean Sea rivers for
irrigation deereased the river inflows. There is a 3-5 d
fluctuation of the inflow and outflow which arc almost
exactly opposite, with the small residual containing the
smoothly varying annual eyele e-p-river sources shown by
the green curve.

[25] The time average westward transport (blue curve) is
about 1 Sv and is the MOW souree. The time average
eastward transport (red curve) is slightly bigger (by about
0.03 Sv), most elearly shown by the green curve, due to the
time average ec-p-river sources in the Mediterranean Sea
(time average of the green eurve) and is the fresher MAW
source to the Mediterranean Sea. The e-p-niver sources
maximum is about 0.1 Sv during January, but switehes sign
to about —0.02 Sv during the spring. In nature, these may be
affected by slight fluctuations of the total Mediterranean
Seawater volume (lateral mean surface height) that eannot
be modeled using a rigid-lid approximation, but may have
very little effect on the Mediterranean Sea general circula-
tion. In our earlier stand-alone Mediterranean Sea studies
using the present model, we found (not reported) that even
the implied regional vortex stretching associated with the
locally big e-p in the eastern Mediterrancan Sea has little
effect on its regional eireulation, indicating that the rigid-lid
approximation is appropriate [Fernandez et al., 2005].
There is significant interannual variability even though the
model is foreed by exactly repeating annual eyele elimato-
logical data and is well converged after long years of
integration.

[26] Figure 3 shows the annual averaged velocity at 1000 m
depth superposed on the time averaged surfaee height in
the Strait of Gibraltar regional grid duning year 20. It clearly
shows that deep flows west of the Strait of Gibraltar eross
the surface height contours. The flow is nearly geostrophie
at all levels outside the top and bottom boundary layers and
a slightly supergeostrophie flow in the Strait [Viudez et al.,
1998]. Thus this indicates the baroelinic nature of the flow.
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Figure 3. Annual averaged sca surface height (color eontours) and 1000 m depth vclocity vectors in
1/24° resolution Strait of Gibraltar regional grid during year 20. The maximum velocity magnitude is
48.9 cm/s. The unit of sea surface height is cm. Longitude (°) is shown in x axis while latitude (°) is

shown in y axis.

The NAW freshwater jet east of the Strait is similar to the
observed jets [Viudez et al., 1998] and other high resolution
model results [e.g., Drillet et al., 2005]. In spite of using a
rigid-lid approximation which exeludes the fluctuations due
to tides, the time avcrage water mass exchange is eonsistent
with observations [Bascheck et al., 2001], thus providing a
realistie Strait of Gibraltar upstream condition for the MOW
density eurrent. The interfacc between thc MOW and the
MAW is near the observed depth ranging from 50 to 200 m
[Tintore et al., 1988]). The MAW forms a surface layer
charaeterized by salinities that increase, due to evaporation
and mixing, from 36.5 at the Strait of Gibraltar to 38.0-38.3
in the north of the Western Mediterranean Sea, and by a
mean temperature, below the mixed layer, of 14-15°
[Millot, 1999]. The interface betwcen thc MAW and
MOW in the Strait of Gibraltar is ~60-100 m thick with
a strong vertical salinity gradient. The interface is thicker,
decper and fresher (colder) on the west end of the Strait
[Bray et al., 1995]). The MOW water mass properties are
also very closc to the climatology as shown later.

[27] Notc that this water mass exchange through the Strait
of Gibraltar is obtained with no data assimilation in spite of
the coarse Strait of Gibraltar resolution. Thc water mass
exchange rclics on the throughflow dynamies and is eritical
for long term climate change sinee the MOW has significant
impacts on the deep and intermediate heat and salt balance
in the North Atlantic Ocean.

3.2. MOW Spawned Density Current West of
Gibraltar

[28] Figurc 4 shows instantancous vcrtical/latitudinal
cross-sections of model results in the 1/24° resolution Strait
of Gibraltar regional grid at the end of year 20. Figures 4a—
4e show Strait of Gibraltar regional grid results (at 8.1°W),
just east of its interface with the 1/8° resolution castern
North Atlantic grid. The deep MOW is clcarly visiblc along
the Iberian slope around 1000 m depth in the (Figure 4a)
longitudinal veloeity, (Figure 4b) latitudinal vclocity,
(Figure 4c¢) salinity, (Figure 4d) tempcrature and (Figure 4¢)
vertical velocity. The present results compare well with
thosc of Johnson et al. [2002] at 8.25°W (thcir Figure 3).
Note that the unfiltercd 1/24° resolution bathymetry is uscd
hercin. The MOW reaches the cquilibrium depth at ~1000
m just upstream of this longitude, as shown by vertical
seetions east of this longitude (Figures 4f—4i; Figure 4i is in
the westernmost of the Strait).

[29] The material clements flow along thc bottom slope
for O(10) days between thc Strait and Cape St. Vincent just
west of 8.1°W (Figures 4a-4c). They approach their
equilibrium depth just east of 8.1° W, aftcr entraining some
North Atlantic water between the Strait and 8.1° W. Some
of thc MOW matenial spreads offshore, away from thc
bottom slope, thus getting sandwiched by the much less
saline and colder ambient North Atlantic water. This may
involve weak frictionally induccd secondary flows in the
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Figure 4. Vertical/latitudinal sections from the 1/24° resolution Strait of Gibraltar regional grid at the
end of year 20. Figures 4a—4c arc at 8.1°W longitude, which is the modcl longitude adjacent to a 3-zone
overlap region betwecn the 1/8° resolution eastern North Atlantic grid and the Strait of Gibraltar regional
grid (Figure 1). Figures 4a-4c show longitudinal velocity (positive castward), latitudinal velocity
(positive northward), salinity, temperature and vertical veloeity (positive downward, in m/d), respeetively.
Figures 4f-4n show salinity every 1/2° going castward from Figure 4c, except the extremely narrow
Strait of Gibraltar choke point. 10° water is seen as deep as 1300 m. Figures 4j—4n show thc thin ncar-
surface relatively fresh layer of North Atlantic water east of the Strait. This sequencc shows the
downslope MOW flow as a result of secondary flows in the bottom friction layer as one goes westward
from the Strait of Gibraltar, reaching its equilibrium depth (~1000 m) in the wcsternmost longitude
(Figures 4a -4¢) where it begins its offshore spread. Dense MOW is marked as circles. Longitude (°) is
shown in x axis whilc depth (m) is shown in y axis.
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Figure 5. Salinity at the end of ycar 20 in the 1/24° resolution Strait of Gibraltar regional grid at various
depths. Dense MOW is marked as eircles. The unit of color contours is g/kg. Longitude (°) is shown in

x axis while latitude (°) is shown in y axis.

open water (away from the bottom) as well as upstrcam
fluid dynamic instabilitics.

[30] Figures 4j-4n focus on the totally different behavior
east of the Strait (Figure 4] loeates at longitudc 5.1°W). It is
dominatcd by a thin near surface castward flowing plume of
MAW overriding much saltier westward flowing Mediter-
rancan Seawater; the upper part of thc latter spills over the
Strait’ sill around 300-400 m depth, some of it having
upwelled as bottom-drag-induced secondary flows in the
dominant anticyclonic gyre east of the Strait, probably with
the help of the cyelonie frontal eddies. The energy intensive
Strait of Gibraltar region is externally forced by the big
scale buoyancy differences between the North Atlantic and
Mediterranean Seawater masses and is a focal point of
multiscale nonlinear interactions.

[31] Figures 4f—4i, spaced uniformly betwecn 8.1°W and
the Strait of Gibraltar, continuously show the high salinity
intensc MOW bottom density current jet core location
downstream from the Strait of Gibraltar sill. The modeled
MOW forms an intense downstream jct from a thin, narrow
Strait of Gibraltar sill source. After approaching a near
balanee among Conolis, buoyancy and viscous forces, the
horizontal flow is nearly parallel to depth contours exeept
near the bottom [Tseng and Dietrich, 2006]. The MOW
density current gradually edges downslope as it flows
westward from its Strait of Gibraltar sourec (the sill saddle
point over which it flows near the bottom is around 300
400 m depth). A high salinity region occurs at deeper levels
away from thc Strait of Gibraltar and is marked as eircles.

This deseent of the MOW density current reflects sccondary
downslope flows in thc bottom friction layer as it flows
westward until reaching thc equilibrium depth, whcere it
mateches the ambient NACW density and begins mixing
and spreading over dceper, lcss saline NACW away from
the bottom slope. Along the way, its salinity decreases due
to NACW entrainment and vertical mixing parameteriza-
tion. Note that the 10°C water can be observed as decp as
1300 m.

[32] Near Capec St. Vincent (shown in Figure 3), the main
MOW corc tumns northward and flows along the North
Atlantic coast of Spain as it slowly sprcads offshore,
entrains NACW and mixes vertically. However, the MOW
density current remains concentrated near the Ibcrian Pcn-
insula coast and near its equilibnnum level as it flows
northward in the 1/8° resolution eastern North Atlantic
Ocean gnd, finally turning into the Bay of Biscay.

[33] To further reveal the structure of the MOW density
current near its Strait of Gibraltar sourcc, Figure 5 shows
horizontal plots of salinity at various levels of the Strait of
Gibraltar regional grid at the end of year 20, thus comple-
menting the results in Figure 3 for the MOW density current
downslope penctration. Salty MOW is highlighted with
cireles at different depths. These dctails show the descent
and spreading behavior of MOW to be consistent with
observations [e.g., Figures | and 5a of Barringer and Price,
1997].

[34] Figure 6 shows the annually averaged vcrtical/latitu-
dinal plot of salinity in Bay of Biscay at longitudc of
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Figure 6. Annual averaged vertical/latitudinal plot of salinity in Bay of Biscay at longitudc of
Santander (3.8°W) shows salty MOW in intermcdiate depths during ycar 20. The Prestige oil spill in decp
water off the NW comer of the Iberian Peninsula polluted its cntire north coast, as consistent with this
figure. Combined with Figure 4, this indicates MOW flow path from the oil spill region to the Bay of
Biscay; the same currents may entrain and transport the leaking, slowly rising oil into the Bay of Biscay.
Latitude (°) is shown in x axis whilc dcpth (m) is shown in y axis.

Santander (3.8°W) during year 20. It took around 5 ycars
for thc MOW to pcnetrate northward and turn eastward into
to the Bay of Biscay. After turning northward at thc
southwest comner of the Iberian Peninsula near Cape St.
Vincent, the MOW spread laterally and shed some anticy-
clonic deep eddies, thus slowing its northward penetration.
It also slowly entrained North Atlantic water, thus diluting
it, but the MOW signal is evident all along the Iberian west
coast and well into the Bay of Biscay (Figures 4-6).

[35] Figure 7 shows thc annual averaged bottom bound-
ary layer in thc Gibraltar regional grid during year 20. The
sloping bottom boundary layer is the boundary cell just
above the topography where the depth is less than 1075 m
and at uniformly 1075 m deep whcre the depth is greater
than 1075 m. Figures 7a-7d show horizontal velocity
vectors supcrposcd on depth contours, bottom salinity and
tempcrature, and vertical velocity. These plots illustratc
MOW density current downslope migration, dilution and
spreading at 1075 m depth (near its observed equilibrium
level). The strongest downslope flow (positive vertical
velocity contours, shown in solid, indicate descending flow)
is along very steep bathymetry immediately downstream of
the Strait of Gibraltar (Figure 7d).

[36] Note that a large Gulf of Cadiz abutmcent jutting
southwestward from the shelf break at the ~500 m depth
exists just upstream of Capc St. Vincent. Figurc 7 also

indicates thc strong MOW interaction with that abutment.
The abutment’s base is 500-900 m depth, which is large
enough (~10 x 30 km scale, Figure 7a) to invokc a
significant rotational constraint on the MOW flowing ovcr
it from deeper levels toward its equilibrium depth. The
offshore edge of the abutment is stecp, dropping rapidly to
~900 m depth. Its southwest-northeast oricnted ridgeline is
normal to far ficld large-scale shclf-slope contours. As the
MOW density current approaches from thc cast, much of it
is deflected southwestward rather than flowing over the
abutment (scc Figurc 7a) due to rotational and buoyancy
constraints. Some other MOW flows over the abutment and
along the shallowcr shclf-slopc. Thus the MOW is split into
a shallow nearshore branch and a decper offshore branch by
the intcraction with this abutmcnt. The southwestward
deflection of MOW results in an intcnse current along the
stcep southwestcrn edgc of thc abutment, whcre bottom
drag generates large lateral shear with negative rclative
vorticity such that thc absolute vorticity is negative. Thus
the rotational constraint on thc propagating watcr is elim-
inated locally near its southwestern edge. A turbulent wake
results from the rapid release of any residual availablc
potential energy that remains from its Strait of Gibraltar
sourcc [Tseng and Ferziger, 2001]. The abutment-induccd
shcar thus augments the anticyclonic vorticity generated by
thc MOW spreading near its equilibrium level. This results
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Figure 7. Annual averaged deep flow west of the Strait of Gibraltar in the 1/24° resolution Gibraltar
regional grid at year 20. For depth shallower (deeper) than 1075 m, time averaged bottom field (depth
1075 m horizontal field) is shown. (a) Horizontal veloeity veetors and depth eontours (the unit is meter);
(b) Salinity; (¢) Temperature; (d) Vertical veloeity. Longitude (°) is shown in x axis while latitude (°) is

shown in y axis.

in a “bull’s-eye” in the eddy kinetie ecnergy contours
downstream from the stcep southwestern tip of the abutment
(Figure 8a).

[37] The antieyelonically rotating MOW elements in the
turbulent wake of the abutment spread as they geostrophi-
cally adjust and merge. The adjustment oceurs in seales
comparable to the local Ro. MOW aeeumulates slightly
above and below the equilibrium level before antieyelonie
meddies break away, thus maintaining a finite MOW
thickness [Drillet et al., 2005). Viewing the meddies as
“floating water mass elements” in an ambient density
stratified flow, the water above (below) the equilibrium
level is denser (lighter) than the laterally ambient water. 1t
follows that the thermal wind above and below the equilib-
rium level is such that the deep MOW signal decreases
away from that level. Indeed, Figure 8b shows that the
signal from this abutment is relatively weak near the
surface.

[38] Thus the MOW interaetion with the steep abutment
bathymetry, eombined with buoyaney indueced MOW
spreading, augments the MOW antieyelonie vorticity. Having
deseended toward its equilibrium level by the time it
reaches the western Gulf of Cadiz, the MOW spreads
toward deeper water and clockwise around the lberian
Peninsula eoast, as seen in Figures 4, S, and 7.

[3s] Along the lberian Peninsula west eoast, south of
43°N, the modeled MOW is not only elose to GDEM
elimatology but also quite similar to the upper level flow
shown in Figure 5b of Johnson et al. [2002], although they
used higher resolution (1/24° and 36 vertical layers, with
depth truneated at 2000 m) in a foeused southwestern
Iberian Peninsula eoastal region model.

3.3. Penetration of MOW Waters Into the North
Atlantic

[40] The modeled MOW water mass, coneentrated near
1000 m depth, is elearly observed in the vertical/longitudi-
nal salinity eross-section at 43°N (Figure 9) and in the
vertieal/latitudinal eross-section at 15°W (Figure 10). In this
seetion, we will make eomparisons with elimatology
(GDEM and Jorga and Lozier [1999]) and other model
results [Drillet et al., 2005].

[41] Figure 9 compares the annual averaged model salin-
ity (a) with the U. S. Navy’s Generalized Digital Environ-
mental Model (GDEM) 1/4° resolution elimatology (b). The
early version of the GDEM elimatology has been eompared
with Levitus elimatology [Teague et al., 1990]. This later
version of GDEM appears to render better representations of
seasonal variability and high shear regions due to a different
smoothing method and a finer grid spacing. The consisteney
implies realistic MOW density current penctration, dilution
and propagation, for both elimatology and the 1/8° resolu-
resolution model. The 35.8 isohaline penectrates to ~16°W
in GDEM and to ~18°W in the model. The thiekness of the
high salinity core with depth, as defined by this isohaline, is
~800 m for GDEM and ~780 m for the model at 10°W.
The mean depth for the GDEM eore is ~900 m, and for the
model is ~1000 m. lorga and Lozier [1999] [hereafier
1L.99] present a similar salinity field (their Figure 15a) along
46°N; the mean depth of the Lozier et al. [1995] elimatol-
ogy at this latitude i1s ~1000 m. Its thickness with depth is
diffieult to estimate, sinee the 35.7 isohaline seems to form
eddy-like struetures at 12°W and 8°W. Thieknesses at those
longitudes are ~400 m at both loeations. We note in passing
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Figure 8. Annual averaged eddy kinetie energy and sea surfaece height anomaly in the 1/24° resolution
Gibraltar regional grid during year 20. (a) RMS veloeity anomaly (root mean squared deviation of
horizontal veloeity from its time average) at 1000 m depth; bull’s-eye refleets turbulent wake of MOW
flow diverted around mesa-like seamount seen in Figure 6a. The unit of eolor eontours is em/s. (b) RMS
of sea surface height deviation from its time average; dominated by the eastward low density MAW
overriding the westward MOW through the Strait of Gibraltar, and the resulting energetic western
Alboran Sea antieyelonie gyres and assoeciated eyelonie eddies. The unit of eolor eontours is em.
Longitude (°) is shown in x axis while latitude (°) is shown in y axis.

that GDEM seems to have a weak eddy formed at 11°W
with the 36.0 isohaline.

[42] Finally, we eompare these with the model results of
Drillet et al. [2005] [herecafter DR0O5], who used daily
ECMWF wind-foreing from 1998-2002, with a mean
resolution of about 5 km and 43 levels. In addition, they
had to use some assimilation of elimatology in the Gulf of
Cadiz region to improve the correet sinking rate. Their mean
depth for the eore defined by the 35.8 isohaline is ~850 m,
and its thiekness at 10°W is ~700 m (versus 1000 m and
780 m for the present modeled depth and thiekness,
respeetively).

[43] As noted by both 1L99 and DROS, there appear to be
multiple adveetive pathways of MOW water present in the
Mid-Atlantic that change with longitude. Figure 10 shows
the vertieal eross-sections for the longitudinal veloeity U
and salinity S, along 15°W. At this longitude, the flow is
relatively free from the immediate topographie-eoastal
influenees of the Iberian Peninsula Coast, and gives an
insight into the main penetration of the MOW into the North

Atlantie. Similar results are displayed from elimatology by
1L99 at 15°W for S (their Figure 11b), and from simulations
by DROS5 for S (their Figure 4b) and U (their Figures 7 and 8).

f44) The main difference between these figures is the
appearanee in the present results (Figure 10) of three distinet
jets (defined by the 36.2 isohaline), eentered on the 950 m
depth level, and on longitudes 36.7°W, 39.2°W, and
43.4°W, respeetively. In Figure 11b of 1L99, there appear
two jets, eentered on the 1000 m depth level. The first one,
centered on 36.6°W, appears well-defined and strong, the
seeond, eentered on 39.2°W, appears quite weak. These
scem to correspond to the southern two jets of the present
simulations, but with the seecond one very weak in ¢lima-
tology. In Figure 4b of DROS5 there appears to be one jet
defined by the 36.2 isohaline, eentered on the 850 m depth
level and on the 38.9°W longitude. This seems to eorre-
spond to our jet eentered on the 39.2°W latitude. The faet
that these jets appear also in elimatology, in the 3-year
average of the DROS simulations and the annual average of
the present ealeulations, suggests that these are not transient
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Figure 9. Vertical/longitudinal salinity scction at 43°N. (a) the annual avcraged model results, showing
only upper 24 model levels (sealed to eompare with Figure 9b) and (b) U. S. Navy’s GDEM elimatology.
The unit of color eontours is g/kg. Longitude (°) is shown in x axis while depth (m) is shown in y axis.

meddies but manifestations of a more pcrianent westward
advective phenomenon, though probably fluctuating in
location (depth, latitude), and in magnitude with longitude.
This will be further discussed in the next paragraphs below
in connection with the advective vcins of velocity.

[4s] An examination of the figures for U shows the
presenee of distinct “veins” of westerly motion in both
models. The veins in Figure 7 of DROS, labeled 1 and 2, and
an unlabeled vein between veins 3 and D, are centered on
longitudes 36.3, 38.7, and 43.3°W, respectively, and appear to
have elose alignments with the salinity jets of our Figure 10b
centered on latitudes 36.7, 39.2, and 43.4°W. Figurc 10a of
the present papcr shows the presence of a weak vein at
latitudes 36.2, a stronger one at 38.7, and very strong one at
43.0°W. A further examination of these two figures shows
the flows in DROS to be much stronger, but the latitudinal
locations are very elose.

[46] We note that although Figure 7 of DROS is centered
on 15°W, it actually shows a diagonal eross-seetion from
20°W to 10°W. This may explain the fact that the correla-
tion between their velocity veins and our salinity jets is
better than with the velocity veins in our Figure 10a, since
the advective effects in the north-south direetion and flue-
tuations along longitudes can have significant influences.
These effects in fact can be scen clearly in Figure 8 of DR0S
for the horizontal veloeities at 870 m depth. In the domain
covering 30-50°W and 30-50°N, one elearly notes oseil-
lations in the eurrent paths, with the currents maintaining a
large degree of conncctivity. These path oscillations can
explain some of the latitudinal position ehanges of the veins

discusscd above, and some of the longitudinal amplitudc
changes.

4. Summary and Concluding Remarks

[47] This study is cspecially notable because the MEDI-
NA model integration was acecomplished using a single
proccssor Pentium 4 based personal computer (PC). It is a
full Mediterranean Sca/North Atlantic/Caribbean Sca/Gulf
of Mcxico system coupled ocean model. Furthermore, it
used a purely z-level model to resolve multiseale dynamics
without data assimilation or nudging to climatology. The
detailed physical dynamics are resolved by the numcncal
integration. The main simulation results are.

[48] (1) MOW/MAW volumc exchange ratc ncar the
observed ~1.0 Sv transport.

[43] (2) MOW downslope migration to its observed ~1 km
equilibrium depth in the Gulf of Cadiz.

[s0] (3) MOW flow around the Iberian Peninsula (into the
Bay of Biscay) and its ability to spread into the 1/8° reso-
resolution eastern North Atlantic grid, and even into a 1/16°
resolution Bay of Biscay gnd.

[s1] (4) MOW salt core (S > 35.7) penctration to 18°W,

[52] (5) The meandering MAW jet and the time mean path
around the anticyelonic gyre in thc western Meditcrranean
Sea.

[s3}] This study also showed the MOW interaction with a
largc abutment, and its spreading near the equilibrium levcl
westward and northward toward observed longitudes and
latitudes. In general, the simulated results and dynamics
agreed well with observations. These results were noteworthy
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Figure 10. Vcrtical/latitudinal cross-scctions of longitudi-
nal veloeity eomponent U (a) and salinity S (b) at 15°W
from the annual averaged model results. Only upper 24
model levels are shown (down to 1450 m). Latitude ranges
33-46°N. Unit of salinity is g/kg, and the unit of velocity is
mm/s.

sinec the Strait of Gibraltar sill e¢hoke point is rcsolved
latcrally by four model eontrol volumes (grid points) in the
surface layer and fewer in the bottom few layers through
which dense MOW clearly “spills over the dam™. We have
also demonstrated that the present multiple grid approach,
combincd with the lack of excessive dilution of density
currents, allows modeling fine-seale features such as the
Strait of Gibraltar and its assoeiated MOW density eurrent
in the multibasin-scale model framework. Sueh multiple
grid approach may be applied judiciously to take advantage
of parallcl computing power, although the present results
were all obtained on a single processor PC in a reasonablc
time frame.

[s4] We also emphasize on the importance and the
requircment of maintaining the intense MOW density cur-
rents without exeessive dilution. Invoking some diffusive
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trcatments sueh as instant “‘conveetive” adjustment in the
bottom two laycrs of z-level models is simply inappropriate
physics for modeling bottom-hugging density eurrents
(which flow with littlc dilution over an insulatcd bottom);,
see the diseussion by Tseng and Dietrich [2006]. Such
approach does not allow advection to realistically dominatc
downslope density currcnt migration—diffusion, dilution
and cntrainment being secondary albeit critical proccsscs
to modcl realistically.

[s5s] In the past, some z-level models did poorly in
modeling density eurrents and this has becn taken to imply
that this is an inherent fcature of all z-level models. This
conclusion is found to be premature, based on an incom-
plete survey of z-level ocean model studies under way [c.g.,
Johnson et al., 2002; Dietrich et al., 2004a; Legg et al.,
2005; Drillet et al., 2005; Tseng and Dietrich, 2006]. Some
of the past problems of z-level models eould be attributed to
an excessively diffusive behavior resulting from the model’s
numcrics (nonrobust numcrical approximations that require
large dissipation to avoid execssive computational noisc
and/or numerieal instability), or a eombination of incom-
plete physies and numerics. The eurrent study suggests that
it was these factors, rather than the eoordinate system, that
caused the poor performance.

[s6] On the basis of the accurate MOW transport simu-
lation in this papcr, it seems possible to address long term
effeets (decade to century timescalc) of MOW on North
Atlantic Ocean water masses and Arctic Ocean ice dynam-
ies using a eoupled Mediterranean Sea/North Atlantie
Ocean/Arctic Oeean model; this requires a straightforward
extension of the present model with added ice dynamics.
These long term effeets include the evolution of the Med-
iterranean Seawater mass propertics through directly spce-
ifying the river sources rather than deriving thcm from the
model and climatology as done here. They also includc
assessing likely positive biogeoehemieal feedbacks [Lai et
al., 2005]. Sueh feedbacks may bc significant becausc: there
is more than enough chemical energy in known slightly
buoyant methane hydrates loosely held in thc occan scdi-
ments to melt all of the world occan ice; and biogeochcm-
ical proeesses in deep oeean ecosystems ean mctabolieally
oxidize (“ocean slow burmn”) methanc gas in bubbles that
form when the hydrate dissociates duc to exposure to
warmer currents and the methane gas product cscapes from
bottom scdiments into the overlying water [Lai et al., 2005}.
This and other ocean biogeochemiecal dynamic cffects on
the ocean watcr masses can be inferred from obscrved
chemical speeies distributions in the ocean [Lai, 2006}
and are challenging subjeets for future research.
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