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Mechanism for low-frequency variability and salt flux
in the Mediterranean salt tongue

Michael A. Spall!
Woods Hole Oceanographic Institution, Woods Hole, Massachusetts

Abstract. The role of baroclinic instability in the generation of low-frequency variability
in the interior of ocean subtropical gyres and its possible importance in the zonal flux

of salt and heat within the Mediterranean salt tongue are discussed. The observed zonal
enhancement of the low-frequency variability is interpreted as the signature of baroclinic

instability of the large-scale wind-driven flow. The zonal orientation results from the
relatively weak vertical shear of the large-scale upper ocean flow and the stabilizing
influence of the planetary vorticity gradient. There is a reversal in the vertical shear of
velocity at middepths in the eastern basin of the North Atlantic that results in a local
middepth maximum in the zonal eddy flux of density. Linear theory predicts a vertical
structure of this density flux that is nearly coincident with the observed vertical distribution
of the warm, salty water of the Mediterranean salt tongue. A primitive equation model
is used to investigate the nonlinear, large-amplitude regime. The zonal eddy density (or
salt) flux averaged over several wavelengths and several cycles of wave growth and breaking
indicates that this mechanism may be an important component in the overall salt balance

in this region.

1. Introduction

One of the most dominant characteristics of the large-
scale North Atlantic hydrography is the Mediterranean
salt tongue. This feature is a warm, salty water mass
centered at a depth of approximately 1100 m that ex-
tends from the Mediterranean outflow most of the way
across the North Atlantic basin. Although the tongue
appears as a smooth, large-scale feature in the clima-
tological data sets, recent observations indicate that
it is actually highly variable with a mixture of strong
mesoscale eddies, submesoscale lenses of Mediterranean
water (Meddies), and jets superimposed on the large-
scale flow. Dynamical models of the salt tongue have
traditionally interpreted the large-scale salinity field as
the steady balance between advection by the large-scale
flow and diffusion supplied by mixing due to unresolved
mesoscale eddies and vertical processes [e.g. Richardson

and Mooney, 1975; Hogg, 1987]. The actual mechanisms -

by which the time-dependent flow transports salt within
the Mediterranean tongue, and their relationship to the
large-scale hydrography, are not well understood.
Recent observations indicate the presence of low-
frequency zonal motions within the core of the salt
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tongue. Muller and Siedler [1992] find zonal variabil-
ity with periods of 3—4 years in a 9-year current me-
ter record located at 33°N, 22°W. Spall et al [1993]
also find zonal jet features in SOFAR float trajectories
within the core of the tongue whose low-frequency eddy
kinetic energy is zonally enhanced (5.7 cm? s=2 versus
2.4 cm? s72). The zonal motions were both down the
mean large-scale salinity gradient (to the west) and up
the large-scale salinity gradient (to the east). Schmitz et
al. [1988] note a similar zonal enhancement both within
the Mediterranean salt tongue and elsewhere within the
subtropical gyre of the North Atlantic.

The present study proposes baroclinic instability of
the large-scale flow as a mechanism for the generation
of low-frequency, primarily zonal, motion at midlati-
tudes. Furthermore, it is suggested that the eddy fluxes
associated with this instability mechanism may make
an important contribution to the westward flux of salt
within the Mediterranean salt tongue. Basic ideas of
the instability mechanism are developed in section 2
using linear quasi-geostrophic theory, and a primitive
equation model is used to extend these results into the
large-amplitude, nonlinear regime in section 3. These
résults are related to observations and more complex
models in section 4, and final conclusions are presented
in section 5.

2. A Baroclinic Instability Mechanism:
Linear Theory

Linear theory is used to characterize the structure
of the small-amplitude behavior and to gain an under-
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standing of what drives the instability and how it de-
pends on the flow parameters. The basic understanding
derived from this simple analysis will aid in the interpre-
tation of the nonlinear model results in the next section.

2.1. Problem Formulation

The standard linear stability equations are derived
from the conservation of quasi-geostrophic potential
vorticity,

0

[5 + J (%, .)] [\7% + By + (f—g

N2 1/)/2) ] = 0’ (1)
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where 1 is the quasi-geostrophic streamfunction, the

Jacobian operator is defined as J(a,b) = azb, — ayb,,

fo is the Coriolis parameter at the central latitude, 3 is

the meridional gradient of the Coriolis parameter, and

N? is the Briint Vaisala frequency.

We are interested in how small perturbations on a
mean flow evolve in this system. Those perturbations
which grow in time can be expected to dominate the
variability, at least until finite amplitude effects be-
come important. To derive the stability equations, it
is first assumed that the streamfunction may be split
into a steady two-dimensional mean state ¥(y, z) and a
time-dependent perturbation ¢(z,y, z,t), where ¢ < ¥
[Pedlosky, 1964]. This simplified decomposition is ap-
propriate for a mean flow that is in the zonal direction
only; however, we are interested in the more general
case where the mean flow is directed at some angle rel-
ative to zonal. The baroclinic instability of nonzonal
flows is simply related to the baroclinic instability of
purely zonal flows using the following coordinate trans-
formation [Pedlosky, 1979]:

B =pBcosf®  U'(z) = U(z) cos(a — ) (2)
The direction of the mean flow relative to east is «,
the direction of the perturbation wave vector relative
to east is 6, and U(z) is the mean velocity. For the
present analysis it is assumed that the mean flow is
a function of depth only, U(z) = —¥,(z). For mean
flows that rotate with depth, a similar transformation
applies with o = «(z). This simplification is justified
here, however, as it will be shown that the results are
only weakly dependent on the mean flow direction for
values representative of midlatitude subtropical gyres.
The following discussion refers to U’(z) and 8, in the
rotated coordinate frame, although the primes will be
dropped for convenience.

It is further assumed that the perturbations are wave-
like in nature in both the zonal and meridional direc-
tions and have a vertical structure F'(z).

é(z,y,2,t) = F(z) expli(ks + ly — wt)] (3)
Substitution of (3) into (1) yields an eigenvalue problem
for the complex frequency w = w, + iw;.
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wl=(k?* + °)F + (f¢/N?F;):] =
[B+(f3/N? Us):JkF=[(k*+1%) F~(f3 /N? F.):]Uk (4)

Positive values of the imaginary component will result
in unstable modes that grow exponentially in time. The
vertical boundary conditions at the top and bottom are
taken to be homogeneous, that is, flat bottom with no
surface forcing. It is reasonable to neglect the bottom
topography because the horizontal velocity at the bot-
tom is very weak (see Figure 1). The boundary condi-
tions for the perturbation streamfunction are periodic
in both the zonal and meridional directions, appropriate
for the large-scale flow within the subtropical gyre.
The mean velocity profile and the mean stratification
are required to complete the stability analysis. These
background states are chosen to be representative of the
real ocean, yet controlled by a very few parameters so
that the basic dependence of the instability mechanism
on the mean state can be most easily revealed. The
mean velocity profile used in the stability analysis is
based on the calculations reported by Saunders [1982].
Vertical profiles of the average meridional geostrophic
velocity based on hydrographic data in the eastern basin
(east of the mid-Atlantic ridge) are shown in Figure 1.
The large-scale flow represented by these sections was
believed to be primarily wind driven, hence the abso-
lute velocity was chosen such that the net meridional
transport satisfied the Sverdrup relation. The present
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Figure 1. Zonally averaged meridional geostrophic ve-
locity east of the Mid-Atlantic Ridge with error bars
(redrafted from Saunders [1982, Figure 4]).
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analysis is not overly sensitive to this choice of refer-
ence level because it is the vertical shear of the velocity
that is most important for the instability mechanism.
Other profiles in this region show a similar shape with
weak southward flow in the upper 500 m, a reversal with
northward flow between approximately 500 and 1200 m,
and very weak southward flow in the deep ocean. The
maximum northward velocity is at a depth near 900 m,
and the secondary southward maximum is between 1500
and 2000 m depth. The climatological atlas of Maillard
[1986] also indicates broad northward flow between 600
and 1200 m (relative to 3000 m) east of the mid-Atlantic
ridge and north of 35°N. Several mechanisms have been
proposed to explain this northward middepth flow, in-
cluding Ekman suction in the subpolar gyre [Schopp
and Arhan, 1986], buoyancy fluxes consistent with salt
fingering within the Mediterranean salt tongue [Arhan,
1987)], and cross-isopycnal mixing in the salt tongue
[Tziperman, 1987].

An approximation to the profile of Saunders [1982] is
given by the analytic expression below.

U(z) = Upe*’™ cos (27rhi) z < ho

()

H -z 7 (2 — hg)
The bottom depth H = 4000 m, ko = 1800 m represents
both the depth of the second southward maximum in
the velocity profile and the e-folding scale of the velocity
in the upper thermocline, and Uy = —0.5 cm s~! is the
surface velocity. A local flow maximum is located at a
depth of ho/2 = 900 m. This profile qualitatively repro-
duces the essential features of the profiles calculated by
Saunders [1982] (the vertical distribution is indicated in
Figure 3). The mean stratification is taken to decrease
exponentially with depth with a surface maximum of
4 x 107% s~2 and an e-folding scale of 600 m. Changes
in the maximum stratification do not change the qual-
itative behavior of the instability; they only result in
a shift in wavenumber space. The rotation parameters
are taken to be representative of conditions at midlati-
tudes, fo = 1.0x10"%s ' and A =2.0x 1071 m~1s1.

2.2. Horizontal Scales and Orientation

In this section the horizontal scales, orientation, and
frequency of the unstable modes of the system are de-
scribed. In order to demonstrate the influence of mean
flow direction on the instability mechanism, we make
the simplifying assumption that the only aspect of the
mean flow that changes with latitude is its direction.
While this is reasonable for the wind-driven component
in the upper ocean, it is not a very good approximation
for the middepth northward flow, which is believed to
be present only north of approximately 35°N. However,
the results in this section are not significantly influenced
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Figure 2. Growth rate of the fastest growing wave
(years™1!) as a function of the mean flow angle () and
the wave vector direction (6).

by the details of the vertical profile or the presence of
the middepth northward flow. They are controlled by
the relatively weak vertical shear in the upper ocean
that is typical of midlatitude subtropical gyres in gen-
eral and not specific to the region of the Mediterranean
salt tongue. The importance of the middepth structure
will be discussed in the following sections.

The maximum growth rate as a function of the mean
flow direction and perturbation wave vector direction
is shown in Figure 2. For all mean flow directions be-
tween 20° and 160° the direction of propagation of the
fastest growing instabilities is close to 90°, or in a nearly
north-south direction. Because the horizontal velocity
of the unstable waves is oriented perpendicular to the
wave vector, this indicates that the fastest growing per-
turbations are nearly zonal for almost all mean flow an-
gles. This preferentially zonal orientation results from
the competition between maximal energy release for a
wave vector oriented parallel to the mean flow and the
beta effect, which stabilizes the flow for perturbations
across the mean potential vorticity gradient [Pedlosky,
1979].

This result demonstrates that for weak vertical shears
typical of subtropical gyre interiors the stabilizing in-
fluence of beta is sufficiently strong that the only per-
turbations that can efficiently extract energy from the
mean flow are nearly zonal. For weaker vertical shears
the most unstable waves are oriented even closer to 90°
over the entire range of mean flow directions. Increas-
ing the vertical shear increases the potential energy of
the mean flow, thus reducing the influence of beta, and
gives rise to waves which propagate more parallel to the
mean flow.

At very low mean flow angles (o < 20°, & > 160°)
the fastest growing waves are oriented nearly along the
direction of the mean flow and the perturbations are
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nearly perpendicular to the mean flow. For these cases,
zonal perturbations are not able to tap the potential en-
ergy of the mean flow efficiently because the perturba-
tions are nearly parallel to the mean density contours.
The necessary conditions for baroclinic instability are
still met when the flow is purely zonal due to the weak
stratification at middepths.

The fastest growing instabilities have meridional wave-
lengths between 75 and 150 km. For all waves that
have sigificant growth rates the absolute value of the
phase speed is less than 0.1 cm? s™!, resulting in peri-
ods between 3 and 10 years. These periods are much
greater than the timescale of exponential growth, thus
the waves are essentially stationary during the growth
of the perturbations.

2.3. Vertical Structure and Eddy Density Flux

In the previous section it was found that the charac-
teristics of the unstable modes are not overly sensitive
to variations in the mean flow direction between 60°
and 120°. For the remainder of the paper we will as-
sume that the mean flow is in the north-south direction
only in order to investigate the possible role of the eddy
density flux associated with the baroclinic instability
mechanism in the zonal flux of salt.

The perturbation streamfunction for the fastest grow-
ing mode at 100 km wavelength is shown in Figure 3a.
The mean velocity profile is indicated on the right as
a function of depth. The characteristic tilt of the per-
turbation streamfunction into the mean flow is evident
both in the upper ocean and at middepths, suggest-
ing that a release of potential energy is occurring at
both depths. The relatively large perturbation ampli-
tude at middepths is a result of the velocity shear re-
versal and the relatively weaker stratification at this
depth compared to that at the surface. In the absence
of the middepth northward flow (typical of subtropical
gyre interiors away from the core of the salt tongue), or
for uniform vertical stratification, the vertical structure
of the waves is surface intensified, consistent with the
zonal jet observed in the current meter data of Schmitz
et al. [1988] at 32°N.

The perturbation density flux (up’) for the fastest
growing mode at 100 km wavelength is shown in Fig-
ure 3b. There is clearly a net negative flux over the
wavelength of the wave in the upper 800 m and a net
positive flux between 800 and 1750 m. The negative flux
indicates that the unstable waves are gaining energy
from the mean flow in the upper thermocline through
baroclinic instability. The positive flux at middepths is
also indicative of energy conversion because the verti-
cal gradient of the mean flow changes sign and, through
the thermal wind relation, the horizontal density gra-
dient also changes sign. The middepth flux is centered
close to the depth of the maximum salinity anomaly in
the Mediterranean salt tongue and has a similar vertical
scale of 1000 m.
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Figure 3. Vertical structure of the linearly most un-
stable mode with the mean flow indicated on the right
(units arbitrary): (a) perturbation streamfunction and
(b) perturbation density flux (u'p’).

The depths of the maximum and minimum pertur-
bation density fluxes occur where (up’), vanishes. For
constant N? this occurs at the depth where the merid-
ional potential vorticity gradient is zero. In the more
general case of variable N2 it can be shown that the
maximum and minimum eddy density fluxes occur at a
depth between the zero crossing of the meridional po-
tential vorticity gradient and the steering level (depth
at which U = w,.k). For the present profile this con-
straint requires that the minimum flux be between 400
and 450 m and that the maximum flux be between 1260
and 1350 m, in close agreement with Figure 3b.
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3. Finite Amplitude Behavior

Although linear theory is quite useful for understand-
ing the basic instability mechanism, it can only predict
the structure and sign of the perturbation and is for-
mally valid only for the initial growth period of the
wave. Nonetheless, we are still interested in several
aspects of the finite amplitude behavior of this sys-
tem. For example, at finite amplitude, are the per-
turbations similar in magnitude and character to what
has been observed in the SOFAR float and current me-
ter data? What limits the growth of the perturbations?
Is the instability mechanism influenced by the presence
of mesoscale eddies superimposed on the mean flow?
Can the rectified eddy fluxes account for an apprecia-
ble amount of the salt flux in the Mediterranean salt
tongue?

3.1. The Nonlinear Model

These questions will be addressed using the nonlin-
ear primitive equation model described by Haidvogel et
al. [1991]. The model variables are horizontal veloc-
ity, vertical velocity, and temperature and salinity (or
density). The model domain is a channel of 300 km
meridional extent and 400 km longitudinal extent. The
boundary conditions are periodic in north—south and
free slip in east-west. The channel length is approx-
imately 4 times the wavelength of the fastest growing
waves, allowing for the development and interaction of a
wide range of spatial scales. This domain is intended to
represent a portion of the eastern basin between 35°N
and 45°N, away from strong fronts and shallow coastal
regions. The horizontal resolution is 6.25 km and the
vertical profile is represented by 30 Chebychev polyno-
mials. The deformation radius is approximately 26 km
at 40°N so that it is well resolved at this horizontal
resolution. The subgridscale parameterization is bihar-
monic in the horizontal and second order in the vertical.
The coeflicients of horizontal and vertical diffusion and
viscosity are 1 x10° m*s~! and 1x10~* m? s~ !, respec-
tively. The Coriolis parameter f = 1 x 107% s™! and
is constant to allow for periodic boundary conditions
in the meridional direction. This is appropriate for an
approximately north-south flow because the preferred
orientation of the perturbation velocities is zonal. Its
neglect may become important to the long time evo-
lution of the zonal perturbations due to its stabilizing
influence on zonal flows. However, a simple scale analy-
sis indicates that the zonal jets that develop still satisfy
the necessary conditions for baroclinic and barotropic
instability even in the presence of beta.

The model is initialized with the analytic velocity
profile given by (5). The fit parameters were chosen as
ho=1800m, Up=1cm? s}, N2 =4x 10-5s~2, and
zp = 600 m. A random superposition of small pertur-
bations between 50 and 300 km wavelength were added
to the uniform velocity profile at the center of the chan-
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Figure 4. Primitive equation horizontal velocity field
on day 400 at 1187 m (every other point is plotted)
superimposed on the density field.

nel, and the model was integrated for 700 days. This
calculation used density only; results from similar cal-
culations with temperature and salinity are presented
in the next section.

Figure 4 shows the velocity field superimposed on the
density field at 1187 m on day 400. Over the first
400 days the initially meridional flow has developed
elongated zonal jets which have begun to become un-
stable and break down into mesoscale eddies. The hor-
izontal velocities are much larger than the mean flow,
of the order of 1-5 cm s~! and primarily, although not
exclusively, oriented in the zonal direction. This ampli-
tude is consistent with the observed eddy kinetic energy
at this depth in the Mediterranean salt tongue [Muiiller
and Siedler, 1992; Spall et al., 1993]. A variety of scales
grow out of the initial random perturbations, however,
the dominant meridional wavelengths are of the order of
100 km, in general agreement with the fastest growing
instabilities based on linear theory.

The zonal density flux (up) on day 400 at the center
of the channel is shown in Figure 5a. The basic vertical
structure predicted by the simple linear theory carries
over into the large-amplitude, interactive wave regime.
There are negative density fluxes centered near 500 m
and positive fluxes near 1200 m associated with each of
the unstable waves. The meridionally averaged zonal
density flux (up’’) is shown as a function of depth and
time in Figure 5b. Because the initial perturbations
along the jet were very small, the density flux is small
during the early (linear) stages of the calculation. The
strongest perturbation density fluxes occur in the non-
linear regime, between days 250 and 700. During this
time, many zonal jets develop to large amplitude and
break down into mesoscale eddies, as indicated in Fig-
ure 4 for day 400. In fact, there is a significant transfer
of energy from the low-frequency, zonal regime of the
growing waves into the more isotropic higher-frequency
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Figure 5. Eddy density flux (up’) in the primitive
equation calculation at the center of the channel (longi-
tude = 200 km) (units of 107¢ g cm~2 s~!): (a) merid-
ional section on day 400 (contour interval = 10) and
(b) meridional average as a function of time (contour
interval = 3).

mesoscale band as a result of the jet instabilities. The
spatial scales of the unstable waves are somewhat larger
at later stages in the calculation than those found on
day 400. The time-averaged density flux (not shown)
is positive between 825 and 1950 m with a maximum
at 1187 m, in general agreement with that predicted by
linear theory.

The three local maxima of the perturbation density
flux in Figure 5b are associated with successive cycles-of
wave growth and zonal jet instabilities. It is important
to note that the mesoscale eddies that result from in-
stability of the early zonal jets do not interfere with the
further growth of additional waves and the continued
density flux due to baroclinic instability of the mean
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flow. As indicated in Figure 4, the flow in the nonlinear
regime looks nothing like the large-scale flow used for
initialization, yet the potential energy contained in the
large-scale mean flow remains accessible to the baro-
clinic instability mechanism. It is the vertical shear of
the large-scale flow, not the horizontal structure, which
drives the instability. The third maximum at day 650
is relatively weak because the previous eddy fluxes have
extracted essentially all of the potential energy from the
mean state by this time. This finite amount of energy
available to drive the unstable waves is a limitation of
the periodic channel approximation of the model. In
the real ocean the potential energy of the mean large-
scale flow is continually replenished by additional forces
that are not included in this simple model.

3.2. Salt Flux

The similarity between the middepth maximum in
eddy density flux and the salinity anomaly of the Medi-
terranean salt tongue leads one to consider whether the
salt carried by the unstable waves might be important
in the overall salt balance in this region. The eddy salt
flux may be related to the eddy density flux through
the horizontal density ratio Ry = AVO/BVS, where A
and B are the thermal and haline expansion coefficients,
© and S are potential temperature and salinity, and V
indicates the horizontal derivative. This ratio measures
the relative influence of temperature and salinity on the
horizontal gradient of density. If we assume that the
local density anomaly is linearly related to the local
potential temperature and salinity anomalies through
the thermal and haline expansion coefficients, the eddy
salt flux may be related to the eddy density flux as

/

_ o up
~ B(-Rm)

The value of Ry has been calculated from the climato-
logical database of Levitus [1982]. Within the core of
the salt tongue, Ry is nearly uniform with depth and
latitude and increases nearly linearly toward the west
from 1.05 at 12°W near the outflow to 1.4 at 30°W.
For Ry > 1 and up’ > 0 the net salt transport is to the
west. This also corresponds to a net westward flux of
heat at middepths, consistent with the offshore move-
ment of the warm, salty Mediterranean water within
the core of the tongue.

An estimate of the salt transported by the eddy fluxes
is obtained by integrating the spatial and temporally
averaged eddy density flux from the nonlinear model
over the cross section of the Mediterranean salt tongue.
This, of course, is a very idealized calculation consid-
ering the limitations of the model, however, it does
demonstrate the order of magnitude of the salt that
might be carried by these waves. Here we take a rep-
resentative value of B = 0.77 and estimate the cross-
sectional area of the salt tongue to be 2 x 10° m?, cal-
culated from the Levitus climatology at 20°W where

us’ (6)
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Figure 6. Zonal salt flux (Sv ppt ~ 10° kg s7')

as a function of horizontal density ratio (Rgy =
AVO/BVS), symbols are for model calculations with
temperature and salinity; the solid line is from the
model with density only (making use of relation (3)).

the local salinity exceeds the background salinity by
an amount greater than 0.05 ppt between the potential
temperature surfaces 3.5°C and 12.0°C. The zonal den-
sity flux is calculated from the meridional and temporal
average of the model eddy density flux at the center of
the channel (longitude = 200 km). The total salt flux
S is then obtained by making use of relation (6) as

up’!t
S= | m——F—=dA.
Joma R

where u—p-'w is the meridional and temporal average of
the model zonal density flux and A is the cross-sectional
area of the salt tongue. The total westward salt flux as
a function of the horizontal density ratio is given by
the curve in Figure 6. As indicated by (7), the salt
flux becomes very large as Ry — 1. However, for den-
sity ratios representative of the core of the salt tongue,
the total westward salt flux is between 1.5 Sv ppt and
0.2 Sv ppt and is not very sensitive to further increases
in Ry (1 Sv ppt = 106 m® s™* ppt ~ 10° kg s™!). The
zonal salt flux was also calculated from four model cal-
culations that used temperature and salinity together
with a linear equation of state instead of density only.
As indicated by the symbols in Figure 6, the magnitude
of the total salt flux, and its dependence on Ry is re-
produced well by these independent calculations. This
result demonstrates that relation (6) is valid and that
the total salt flux is controlled by the density field, not
the salinity field (except through the value of Rg). (Be-
cause of the computational expense, these calculations
were done at slightly lower resolution, 10 km horizon-
tal and 15 modes in the vertical; however, the behavior
is qualitatively similar to the higher-resolution calcula-
tion, which used density only.)

(7)
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The total anomalous salt flux through the Strait of
Gibraltar is estimated by Bryden and Kinder [1991]
to be 1.61 Sv ppt. Considering that 25% of the to-
tal flux may be carried by Meddies [Richardson et al.,
1989], this leaves 1.20 Sv ppt to be carried by the tradi-
tional advective/diffusive balance. Therefore the den-
sity fluxes driven by the present simple baroclinic insta-
bility mechanism could result in a significant amount of
the total estimated salt flux within the salt tongue.

4. Relation to Observations and
Large-Scale Models

Direct evidence of salt transport by such zonal jets in
the Medterranean salt tongue is difficult to obtain from
observations. There is, however, some indication that
zonal jets with large salinity anomalies are present in
the hydrographic sections described by Richardson et
al. [1991]. A meridional section at 20°W indicates that
the core of the salt tongue north of 35°N is not sim-
ply a large-scale feature with gradually varying salinity,
but rather it is made up of many smaller features with
meridional scales on the order of the data resolution
(50-100 km), and vertical scales of the order of 1000 m.
The traditional interpretation of such variability is that
it is due to mesoscale eddies and Meddies, however, if
that were the case one would expect similar scales of
variability in the zonal direction. A zonal section along
36°N reveals much less small scale variability within the
core of the salt tongue, supporting instead the interpre-
tation that the small scales in the meridional section
are the signature of the zonal jets, consistent with the
proposed baroclinic instability mechanism.

The variability predicted by the present theory would
also explain the existence of local salinity anomalies
found in' climatological hydrographic data by Richard-
son et al. [1991]. They found 36 observations with salin-
ity anomalies between 0.3 and 0.4 ppt in the region
bounded by 25°W and the coast and 30°N and 47°N
with most north of 35°N. This is coincident with the
region where the baroclinic instability mechanism is ex-
pected to be most effective. In fact, Richardson et al.
[1991] believed that these anomalies were not due to
weak Meddies but rather the result of time-dependent
velocity fluctuations carrying salty water across mean
isohalines. In addition, C. Maillard (private commu-
nication, 1992) found an almost equivalent number of
equal strength negative anomalies in this same region.
This would argue against their being due to weak or
decaying Meddies or westward jets of Mediterranean
water, which would have positive anomalies only, and
consistent with the perturbations that would be induced
by both eastward and westward flowing zonal jets as a
result of the unstable waves.

Similar variability was found in the Mediterranean
salt tongue of a basin scale eddy resolving primitive
equation model (community modeling effort model) by
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Spall [1990]. These currents were nearly zonal, per-
sisted for 1-2 years, had strengths of approximately
2 em? s~1, southward phase speeds of 0.2 cm? s™*, and
had a strong signature in the salinity field. The merid-
ional scale of the jets was approximately 200 km, some-
what larger than that predicted by the present linear
stability analysis but perhaps limited by the horizontal
resolution of the model, which was approximately 35 km
at these latitudes. Furthermore, the zonal eddy density
flux was found to be weakly negative in the upper 500 m
north of 20°N, consistent with the present baroclinic in-
stability theory. Similar low-frequency, zonal wave mo-
tions are also observed in the eastern basin of a model
of the North Pacific (H. E. Hurlburt, private communi-
cation, 1992). The apparent existence of the baroclinic
instability mechanism in such complex models is impor-
tant because it suggests that the basic theory presented
here may be robust in the presence of surface wind and
buoyancy forcing, mesoscale eddies, strong frontal re-
gions, bottom topography, and long time integrations.

5. Conclusions

A theory for the source of low-frequency variability
in the interior of ocean subtropical gyres and its role in
the zonal flux of density (or temperature and salinity)
1s discussed with specific application to the Mediter-
ranean salt tongue region. The two main points are
(1) baroclinic instability of large-scale flows typical of
subtropical gyre interiors results in low-frequency zonal
motions and (2) the associated eddy fluxes may carry an
appreciable amount of salt and heat to the west within
the core of the Mediterranean salt tongue.

The present zonal salt flux is achieved by low-
frequency variability, but it is not directly related to
the mean salinity field, as many parameterizations of
mixing due to eddies in large scale models assume. Any
parameterization of the present mechanism for zonal
salt flux must be dependent on the mean zonal den-
sity gradient (the energy source for the waves) and the
horizontal density ratio (which relates density flux to
salt flux). An effective parameterization must also re-
flect the enhanced transport in the zonal direction that
results from the stabilizing effect of the planetary vor-
ticity gradient, as opposed to the eddy flux being down
the largest mean density or salinity gradient. This is
a fundamentally different mechanism from traditional
mixing due to mesoscale eddies and, as such, its impor-
tance in the overall salt balance may not be accurately
reflected by the relatively low values of eddy kinetic en-
ergy in the low-frequency band. The presence of such
energetic low-frequency motions implies that if one is
to estimate the mean flow from time series of observa-
tions that periods of the order of 3 to 10 years must be
resolved.

Several complicating features of the real ocean have
been neglected in the present analysis in order to obtain
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a clear and understandable treatment of the instability
mechanism. It would be interesting to investigate this
mechanism in the context of a more complete ocean
model which includes fronts, Meddies, mesoscale eddies
from other sources, surface forcing, an explicit Mediter-
ranean outflow, and fine scale mixing. The results pre-
sented here provide an understanding to the underlying
dynamics, and the key features with which to test these
simple ideas in both observations and more complex
models.
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