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Abstract. The formation and dispersal of Levantine Intermediate Water (LIW) are 
examined using a series of tracer experiments based on an eddy-permitting general 
circulation model of th• Mediterranean. LIW is formed in the region of the Rhodes 
gyre and disperses via both the time-mean and time-varying circulation. Tracer 
released in the Rhodes gyre is transferred westward by the time-mean circulation 
but also southward and eastward by the time-varying circulation. Off-line tracer 
experiments suggest that the time-varying circulation exhibits both advective and 
diffusive components, where the advective component opposes downgradient transfer 
in some regions. The rate of invasion of tracer into the main thermocline suggests 
that the renewal timescale is 10-20 years for LIW and of order 100 years for Eastern 
Mediterranean Deep Water. Assuming advection dominates the transfer of tracer, 
the implied annual subduction rate is 0.6+0.1 Sv in the Rhodes gyre and 0.2+0.1 
Sv in the Adriatic Sea. The LIW mode is found to become cooler and fresher as a 
result of mixing with the Adriatic outflow, while its potential vorticity appears well 
conserved. 

1. Introduction 

Ventilation is often observed to form "mode" wa- 
ters, or large volumes of fluid of a particular density, 
rather than creating comparable volumes for all sur- 
face densities. These mode waters are characterized 
by their relatively uniform 0-$ properties and usu- 
ally have low potential vorticity. Mode waters may 
be formed in regions suffering a large annual buoyancy 
loss coupled with rapid recirculations, cyclonic gyres, 
or semienclosed basins. Examples of these cases are 
the 18øC water in the Gulf Stream recirculation, the 
Levantine Intermediate Water formed in the eastern 
Mediterranean and the Western Mediterranean Deep 
Water formed in the Gulf of Lions, and the Adriatic wa- 
ter in the eastern Mediterranean, respectively. A mode 
water may be identified by a volumetric census, as ap- 
plied to the North Atlantic by Wright and Worthington 
[1970]. However, the mere presence of a mode water 
does not necessarily imply that it has an important im- 
pact upon the circulation. So, in assessing the impact of 
a mode water on the circulation, the important issues 
are what is its rate of renewal, how does it disperse 
from a formation site, and how long are its character- 
istic properties maintained? It is the purpose of the 
present work to address these issues with the aid of a 
general circulation model (GCM) of the Mediterranean. 

In the eastern Mediterranean, there are both inter- 
nal and external thermohaline recirculations, together 
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with an upper circulation involving boundary currents, 
jets, semipermanent and transient gyres, and a strong 
geostrophic eddy field (see reviews by Hecht et al. 
[1988], Malanotte-Rizzoli and Hecnt [1988], and Phys- 
ical Oceanography of the Eastern Mediterranean Group 
[1992]). The most dense water masses are formed in 
the Adriatic and the Aegean, partially enclosed basins 
where there is a strong annual buoyancy loss to the 
continental climate. Until recently, bottom water was 
formed in the Adriatic Sea [Roether and Schlitzer, 1991], 
but this source now appears to have been augmented 
by water from the Aegean [Roether et al., 1995]. Both 
these dense water masses are confined within the east- 
ern Mediterranean and are part of its internal thermo- 
haline circulation. 

The Levantine Intermediate Water (LIW) plays an 
important role in the external thermohaline circulation 
of the entire Mediterranean, as it spreads from the east- 
ern basin and passes over the Straits of Sicily into the 
western basin. LIW is unusually warm and saline for an 
intermediate water: formation values of 0 range from 15 
to 16øC, $ from 38.95 to 39.05 psu, with correspond- 
ing rr0 from 28.85 to 29.10. While these core values 
are diluted by mixing as the LIW spreads, they help to 
determine the warm, saline characteristics of the dense 
Mediterranean outflow to the Atlantic. LIW is gener- 
ally thought to be formed in the cold, cyclonic Rhodes 
gyre in the Levantine basin, as observed by Ovchinnikov 
[1984] during two winter cruises. In climatological ob- 
servations, this localized formation is due to the surface 
waters only being sufficiently cool across the Rhodes 
gyre at the end of winter, although there is sufficiently 
high salinity over most of the Levantine basin [Las- 
caratos et al., 1993]. However, if there is anomalously 
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large buoyancy loss in a particular year, the formation 
region of LIW may expand over the northern Levantine 
basin (with denser fluid formed in the Rhodes gym), as 
has been observed after the severe winter of 1991/1992 
by Suret al. [1992]. LIW may subsequently move away 
from the formation site through a combination of the 
background mean flow and stirring by geostrophic ed- 
dies, but the exact process remains something of an 
open question. 

In this study, a number of idealized tracer exercises 
are performed to investigate the formation and dispersal 
of LIW within an eddy-permitting GCM of the Mediter- 
ranean. The formulation of the model and formation of 
LIW therein are briefly described in section 2. A series 
of tracer experiments is used to identify the dispersal 
mechanism for LIW in section 3 and to quantify its re- 
newal timescale and study the evolution of its water 
mass properties in section 4. A brief summary is pro- 
vided in section 5. 

2. The Mediterranean Model 

2.1. Model Formulation 

This modeling study uses the primitive equation 
model developed by Bryan [1969] and Cox [1985] and 
adapted for the Mediterranean by Roussenov et al. 
[1995]. The version used here is that described by 
Haines and Wu [1995] and Wu and Haines [1996], who 
provide extensive details of boundary conditions and 
the resultant general circulation. For the sake of com- 
pleteness, we wish here to re-echo briefly some impor- 
tant points. 

The resolution of the model is 0.25 ø x0.25 ø in the hor- 
izontal with 19 (unevenly spaced) vertical levels, rang- 
ing in depth from 10 m at the surface to 500 m at the 
bottom. This horizontal resolution of about 20 km is 
larger than the typical Rossby radius of deformation in 
the region of 10-15 kin. However, baroclinic eddies are 
still formed in the model (albeit at the larger grid scale) 
given sufficiently low viscosity and diffusion coefficients 
in the equations of motion. 

Realistic topography is used, with an open Gibral- 
tar Strait to allow the free exchange of Mediterranean 
and Atlantic waters. Relaxation of the model tempera- 
ture (0) and salinity (S) fields to climatological values 
on the open boundary allows realistic water properties 
to be maintained in the Atlantic inflow, which influ- 
ences the entire circulation. At the surface, the model 
is subject to an annual cycle of wind from U.S. Na- 
tional Meteorological Center (NMC) data, while tem- 
perature and salinity are strongly relaxed to climato- 
logical values. The relaxation timescale for 0 is 2 hours 
everywhere, and the relaxation timescale of S is 5 days 
except in the Levant where it is decreased to 2 hours. 
These strong relaxations are designed to maintain the 
climatological water mass properties and prevent any 
model drift at the surface. However, the dynamics of 
the model are important in controlling the interior wa- 
ter mass properties through ventilation, which is the 
focus of our study. 

The model is integrated for 100 years, at which point 
the near-surface and intermediate circulation is close to 
a statistically steady state, although the properties of 
the deep water may still be evolving; henceforth time 
will be referenced from the end of this spin-up period. 
We now focus on the formation and dispersal of LIW 
within the model. 

2.2. Formation and Circulation of LIW 

The LIW mode is formed in localized regions of the 
eastern Mediterranean, where the winter mixed layer 
attains the correct water mass properties: t) ranging 
from 15øC to 16øC, S from 38.95 psu to 39.05 psu, and 
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Figure 1. (a) The maximum winter surface density 
(a•) in the model; the contour interval is 0.2. The 
maximum a• in the Rhodes gyre region (30øE, 35øN) is 
just under 29.0, while the 29.1 surface outcrops in •the 
Adriatic. (b) The maximum winter mixed layer depth 
in the model; the contour interval is every 100 m except 
for the dotted line representing a depth of 150 m. (c) A 
typical annual cycle of the mixed layer depth at a point 
in the Rhodes gyre (30 øE, 35 øN). 
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•r0 from 28.85 to 29.10. The maximum winter mixed 
layer or0 distribution (Figure la) in the model reveals 
that the Rhodes gyre (30øE, 35øN) and the Adriatic Sea 
have sufficiently high density for LIW to form, although 
the latter has too low a salinity. Across the rest of the 
eastern Mediterranean, the mixed layer is always too 
warm and light to form LIW in this climatologically 
forced model integration. 

The accompanying mixed layer depth (Figure lb), 
as defined by an increase in or0 of 0.05 from the sur- 
face, reaches 500 m in the Adriatic Sea and Rhodes 
gyre. While typical background values are around 
100 m, there are some deeper mixed layers off the North 
African coast, which may result from downwelling in- 
duced by an unrealistically strong eastward component 
in the NMC wind data (K. Haines, private communica- 
tion, 1995). The modeled mixed layer is shallow (less 
than 20 m) during most of the year, but exhibits very 
pronounced deepening and shoaling phases between De- 
cember and March driven by the surface buoyancy forc- 
ing. The mixed layer cycle is shown in Figure lc for a 
point in the Rhodes gyre where the winter mixed layer 
is deep. 

This marked mixed layer cycle leads to LIW being 
subducted into the main thermocline only at the end of 
winter (typically February in this region), rather than 
continuously throughout the whole year. This is con- 
firmed (results not shown) by monitoring the time of 
year at which tracer is subducted from the mixed layer, 
following the method of Williams et al. [1995]. 

(a) Annual mean velocity on o'e = 28.95 
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(b) Bolus velocity on o'e = 28.95 
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Figure 2. The horizontal components of (a) the 
annual-mean velocity field • and (b) the bolus velocity 
h'u'/h on the or0 - 28.95 surface. Note the difference 
in scale between Figures 2a and 2b. 

LIW disperses from its formation site in the Rhodes 
gyre through the action of both the time-mean and 
the time-varying flow. The annual-mean velocity on 
the or0 - 28.95 surface reveals the strong, eastward 
mid-Mediterranean jet along 33øN reaching 5 cm s -1, 
which separates a generally cyclonic circulation to the 
north in the Levantine from a more compressed anticy- 
clonic circulation to the south (Figure 2a). Advection 
by the annual-mean circulation would suggest a west- 
ward transfer of LIW away from the Rhodes gyre and 
perhaps eastward transfer if water penetrates the mid- 
Mediterranean jet. 

The time-varying flow can also produce a net trans- 
port of water masses by means of an eddy-induced ad- 
vection or "bolus" velocity [Gent et al., 1995]. The bo- 
lus velocity along an isopycnal layer is defined as h•u•/h, 
the correlation between the time variations in thickness 
of the layer, h •, and the velocity, u •, scaled by the mean 
layer thickness. The bolus velocity, computed over a 
period of 10 years, is shown along the or0 = 28.95 sur- 
face in Figure 2b from which it can be seen that values 
are smaller than the mean but still reach the order of 
I cm s -1 in many areas. While there are some features 
of note, such as a strong eastward component north of 
the Rhodes gyre in Figure 2b, it is unclear how signif- 
icant the bolus velocity is in transporting tracer (this 
issue is addressed in more detail in section 3.1). 

We now wish to examine more closely the way in 
which LIW disperses from its localized formation region 
the Rhodes gyre and the rate at which it is renewed and 
modified. 

3. Dispersal of LIW 

In order to investigate the role of the time-mean 
and time-varying circulations in the dispersal of LIW, 
a number of idealized passive tracer exercises are now 
presented. These are performed in an "off-line" fashion, 
using GCM velocity fields to drive the solution of the 
advection equation for the tracer (Y(x; t): 

OC 
Ot + XY.(uC)=0 (1) 

where u(x; t) is the velocity field. The tracer exercises 
are conducted in the following manner: the initial value 
being everywhere zero, tracer with a value of unity is 
released continuously throughout the mixed layer in a 
specified region. Tracer is then free to be swept into the 
main thermocline, as shown in the schematic diagram 
in Figure 3. More tracer enters the domain each year, 
so that the tracer distribution would eventually become 
uniform given a long enough period of time. The same 
seasonal mixed layer cycle is employed for all the fol- 
lowing exercises and is taken from the GCM at 5-day 
intervals. : 

The water mass properties of th e mixed layer iden- 
tify the Rhodes gyre as the source region of LIW within 
the GCM integration, so tracer is released only in a 
small region within the gyre (30.25 ø to 31.0øE, 34.5 ø to 
35.25øN). The first exercise integrates (1) using velocity 
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(a) Initial 
position 

(b) Later 
position 

Figure 3. A schematic diagram illustrating the type 
of boundary condition used in the idealized tracer ex- 
ercises' (a) The value of the tracer set to unity in the 
mixed layer (hatched area); (b) later some tracer has 
been subducted into the interior. Solid lines indicate 
isopycnals, and the dashed line indicates the base of 
the mixed layer. 

fields taken from the GCM at 5-day intervals, a period 
sufficiently short that time-varying eddies are resolved. 
After 8 years, the tracer injected into the Rhodes gyre 
has dispersed over much of the Levantine basin, spread 
westward into the Ionian basin, and reached the Adri- 
atic (Plate la). While westward spreading appears to 
reflect the advection by the time-mean flow (as shown 
in Figure 2), the southward transfer in the Levantine 
basin is not easily reconcilable with advection by the 
time-mean flow. 

The same exercise is now repeated with an annually 
averaged velocity field (representing an Eulerian aver- 
age over several eddy lifetimes), and the resulting tracer 
pattern after 8 years integration is shown in Plate lb. 
Again, there is a westward transfer of tracer into the 
Ionian basin, but there is a marked reduction in the 
southward transfer in the Levantine basin compared 
with the eddy-resolving case shown in Plate la. In- 
terestingly, there is slightly more tracer transferred into 
the Ionian basin and Adriatic Sea than in the eddy- 
resolving case, which suggests the time-varying flow is 
acting to oppose transfer of tracer by the mean flow 
in this region. From the two exercises taken together, 

it is clear that the time-varying circulation is respon- 
sible for southward transfer of tracer across the mid- 
Mediterranean jet. 

3.1. Advective and Diffusive Transfer by the 
Time-Varying Circulation 

The time-varying flow can act to advect or to dif- 
fuse tracers, as has been highlighted in understanding 
the transfer of chemical tracers in the stratosphere (see 
Andrews et al. [1987] for a review). In the ocean, the 
advective component has been emphasized in the recent 
eddy parameterization by Gent et al. [1995] and illus- 
trated in idealized eddy-resolving experiments by Lee et 
al. [1997]. Following Gent et al. [1995], the application 
of a time average over the lifetime of several eddies to 
the tracer equation for an isopycnal layer gives 

+ + h 

where the overbars represent mean quantities and the 
primes represent deviations from the mean; the sub- 
script on the operator V• denotes that gradients are 
taken along er surfaces. The time derivative of h/(T 
has been neglected in reaching (2). This time-averaged 
tracer equation shows how the time-mean tracer is ad- 
vected by both the time-mean and time-varying flow, as 
evident in the second term on the left-hand side of (2). 
The eddy-induced advection or bolus velocity is given 
by h•u•/h (as shown in Figure 2b). The sole term on 
the right-hand side of (2) is related to the divergence of 
a tracer flux (hu)• ", which leads to (at least in part) a 
downgradient, or diffusive, transfer of the mean tracer 
field [Lee et al., 1997]. 

We wish now to understand whether the difference 
in the time-varying and time-averaged tracer integra- 
tions is caused by the advective or diffusive aspect of the 
time-varying flow. Accordingly, we conduct two further 
off-line tracer integrations with the annual-mean veloc- 
ity field including (1) a diffusive parameterization and 
(2) a parameterization of the bolus velocity (following 
Gent and McWilliams [1990]). While neither of these 
parameterizations provide a complete representation of 
eddies, they are used here to highlight contrasting lim- 
its. 

First, the tracer equation with a "traditional" diffu- 
sive eddy parameterization is employed' 

oc 
+ V.(ff•) - ncV•U. (3) 

The diffusivity here, •c, is chosen to have a zero vertical 
component and a horizontal value of 200 m 2 s -1 that 
is consistent with a crude scaling of t% • UL, where 
U • 0.01 m s -• and L •- 20 km are the typical velocity 
and length scales of the geostrophic eddies in the model. 

Second, the tracer equation in flux form with the 
bolus velocity parameterization in a Cartesian frame 
is 

+ V.[(ff + u*)C] - 0, (4) Ot 
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Plate 1. Concentration of tracer which has dispersed from a source within the Rhodes gyre (30øE, 
35øN) on as - 28.95 after 8 years integration. The tracer is advected (a) by a series of 5-day mean 
velocity fields (eddy-resolving) and (b) by the annual mean alone. In the bottom two panels, the 
tracer is advected by the annual-mean velocity field added to which are (c) a diffusive, Laplacian 
parameterization and (d) the advective parameterization of Gent and McWilliams [1990]. 
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where the diffusive term in (2) is ignored. The bolus 
transport is parameterized using the eddy closure hy- 
pothesis h'u' - -ntV•h, which is written in Carte- 
sian coordinates in terms of a bolus velocity u* - 
(u*, v*, w*) given by 

u* -(ntpx/pz)z, v* -(ntpy/pz)z, w* - V.(ntVp/pz), 

that satisfies V.u* _= 0. There is no normal flow at 
boundaries, and a cutoff in the slope of isopycnals is 
employed to avoid singularities in the mixed layer [Gent 
et al., 1995]. The thickness diffusivity, nt, is estimated 
using the eddy closure relation above and the bolus ve- 
locity on •r0 = 28.95 (Figure 2b). The diagnosed nt 
has a mean value of around 2000 m 2 s -•, but with con- 
siderable horizontal variation in magnitude; a spatially 
uniform •t with this mean value is therefore applied in 
this off-line experiment. The chosen values for nt and 
nc here should be viewed as crude estimates which al- 
low examination of the advective and diffusive limits, 
rather than definitive values. 

Maps of the tracer field for the annual-mean integra- 
tions with advective and diffusive parameterizations are 
also shown in Plate 1. Both parameterizations succeed 
in reproducing a southward transport of tracer across 
the mid-Mediterranean jet, indicating that both advec- 
tive and diffusive processes can contribute to this aspect 
of the circulation. However, a clear difference is seen 
in the Ionian, where the Laplacian diffusion (Plate lc) 
causes tracer to spread rather widely in contrast to the 
bolus velocity case (Plate ld), which strongly restricts 
the westward transport. This supports the conclusion 
from the previous exercises that an advective mecha- 
nism is dominating tracer transport in this region. 

3.2. Statistical comparison 

To gain some more quantitative measure of the de- 
gree of "closeness" of these various results to the eddy- 
resolving case, a number of simple statistical quantities 
have been computed. The first is the mean value of the 
tracer field on the isopycnal surface, which has an area 
A. Two measures of the global discrepancy between the 
tracer field C(x, y) and the "true" field Ct(x,y), taken 
to be the eddy-resolving case of Plate la, are given by 

-}"1 = zr[lC(x' y) - Or(X, Y)I] (5) 

and 

-}"2 -- f{[C(x, y) - Ct(3•, y)12}1/2 y)] (6) 
where I is the appropriate discrete approximation to 

/ y) & (7) 
The final measure is the linear correlation coefficient, 
r, computed point wise between C(x,y) and Ct(x,y). 
Table I shows these measures for the different integra- 
tions considered in Plate 1, together with those for an 
additional integration using the Gent and Mc Williams 
[1990] parameterization with nt - 1000 m 2 s -1. 

In comparison with the eddy-resolving integration, 
there is less uptake of tracer in the annual mean in- 
tegration but significantly more in the Laplacian case, 
confirming the visual impression given by Plate 1. For 
the advective parameterization, the uptake of tracer is 
dependent upon the value of nt chosen, the mean being 
lesser and greater for 1000 m 2 s -• and 2000 m 2 s -1 
respectively. The two error measures 11 and 12 show 
that compared with the annual mean case, the Lapla- 
cian parameterization reduces the discrepancy, while, 
in general, the Gent and Mc Williams [1990] parameter- 
ization actually increases it. These results are reflected 
in the value of the linear correlation coefficient, which 
is highest for the Laplacian case, 0.74 for the annual 
mean case but 0.69 for the Gent and Mc Williams [1990] 
scheme. 

We see from these results that the addition of a sub- 
grid scale process parameterization to the annual mean 
velocity field can help to regain features produced by 
the explicitly eddy-resolving fields. These contrasting 
advective and diffusive limits tend to highlight the rel- 
ative merits and demerits of the different parameteri- 
zations. The diffusive parameterization shows a good 
correlation with the eddy-resolving case but has intro- 
duced too much tracer in some regions, particularly far 
from the source. Clearly, it can never capture any up- 
gradient transfers of tracer for a positive diffusivity. On 
the other hand, the advective scheme, while giving rise 
to qualitatively encouraging features in some regions, 
particularly where eddy transport appears to oppose 
the tracer gradient, performs more poorly in the statis- 
tical measures for this particular exercise. 

For these exercises, diffusivities which are fixed in 

Table 1. Comparison of Parameterizations 

Laplacian GM90 GM90 
Eddy Resolving Annual Mean 200 mg. s -x 1000 mg. s -x 2000 mg. s -x 

Mean 6.82x10-9.6.39x10-9.7.98x 10-9.6.20x10-9.7.40x10-9. 
I• ... 0.32 0.30 0.41 0.48 
I9. ... 0.21 0.16 0.21 0.22 
r ... 0.74 0.86 0.69 0.69 

The mean value of the tracer field on o'0 is shown after 8 years of integration, together with 
statistical measures of the discrepancy between the eddy-resolving and other integrations. The 
definitions of I1, I9., and r are given in the text. GM90 refers to the advective parameterization 
of Gent and Mc Williams [1990]. 
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space have been employed. However, in diagnosing the 
thickness diffusivity nt from the GCM results, consid- 
erable spatial variability was noted, suggesting that a 
spatially variable diffusivity would be more appropri- 
ate. It is probably for this reason that the Gent and 
Mc Williams [1990] parameterization fares rather poorly 
here. A scheme which allows the diffusivity to be deter- 
mined locally has recently been described by Visbeck et 
al. [1997]. 

reduces the magnitude of any undershoots and over- 
shoots. This limiting process involves a combination of 
upwind and centered fluxes owing to S.R. Chakravarthy 
and S. Osher (unpublished, 1985 but see also Yang and 
Przekwas [1992]). The complete elimination of unphys- 
ical extrema requires implementation of a fully three- 
dimensional limiting algorithm; see, for example, Hecht 
et al. [1995]. 
4.1. Estimating the Renewal Timescale 

4. Renewal of Mode Waters 

A separate tracer exercise is now conducted to quan- 
tify the renewal times for the mode waters of the eastern 
Mediterranean. The same type of exercise allows the ac- 
companying subduction rates to be estimated and the 
evolution of the properties of the mode to be monitored. 

The concentration of tracer is now solved for in the 

on-line GCM using the same advection/diffusion equa- 
tion as is employed for 9 and S. The tracer equation 
is 

OC 02C 
at + x7.(uC) - + (8) 

where the diffusivities have been chosen to be as small 

as possible to encourage baroclinic eddies, while still 
maintaining numerical stability. The values are the 
same as those used for 0 and S: in the horizontal, 
n•, = 2 x 10 •ø m 4 s -•, while in the vertical, n• = 
3 X 10 -5 m 2- s -• [Wu and Haines, 1996]. 

A scale analysis of the tracer equation (8) suggests 
that the ratios of the magnitude of the advective and 
diffusive terms in the horizontal and vertical are given 
by UL3/nt• and WHIne, where U and W are the mag- 
nitudes of the horizontal and vertical velocity, while L 
and H are the horizontal and vertical length scales. 
Assuming typical velocities of U • 0.05 m s -• and 
W • 10 -s m s -•, at the grid scale L • 20 km and 
H • 10 m these ratios are typically UL3/nt• ... 20 and 
WH/n,, • 3, which imply that advection dominates 
over explicit numerical diffusion in the horizontal but is 
perhaps comparable in the vertical; advection becomes 
more dominant at larger length scales. Note that this 
scaling does not take into account the mixing of tracer 
produced by the convective adjustment scheme which 
ensures static stability within the model. 

The tracer boundary conditions are now slightly dif- 
ferent: the tracer is again initialized with a zero value 
everywhere, but tracer is injected into the mixed layer 
as a pulse lasting 1 year only. The injection of tracer is 
started in midsummer when the mixed layer is shallow 
and during the annual cycle is transferred into the main 
thermocline. 

Modeling the tracer front in a tracer-release exper- 
iment is numerically problematic using the centered- 
time/centered-space finite-difference scheme employed 
by the GCM, unphysical extrema in the advected tracer 
fields being endemic. In order to ameliorate this nu- 
merical shortcoming, we have modified the advection 
scheme in the GCM code to include a simple flux- 
limiting process in the vertical dimension, which greatly 

A pulse of tracer is seeded with a value of unity in 
the mixed layer throughout the entire eastern Mediter- 
ranean for 1 year only starting in midsummer (after 
the initial dynamical spin-up of 100 years). The total 
volume of tracer in the domain, f CdV, is plotted in 
Figure 4 as a function of time. Initially zero, the vol- 
ume of tracer increases rapidly in the first winter owing 
to the deepening of the mixed layer. After 1 year, there 
is no further supply of tracer to the mixed layer, and the 
total thereafter remains constant. Loss of tracer might 
eventually be expected through open lateral boundaries 
into the Atlantic, but monitoring confirms this to be 
negligible in the time of interest. The total volume of 
tracer that has passed into the main thermocline and 
deep ocean (defined as below the end of winter mixed 
layer) is shown in Figure 4 (dotted line). Ventilation of 
tracer occurs as a series of separate events in successive 
winters, which is evinced by a series of plateaus in the 
volume of tracer in the interior. It can be seen that the 
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Figure 4. A diagram showing the total volume of 
tracer within the domain as a function of time (solid 
line) and the volume of tracer in the main thermocline 
(dotted line). The origin of time represents the end of 
June, and the tick marks on the horizontal axis are at 
12-month intervals. The series of plateaus in the dotted 
line show that subduction events are confined to late 
winter. 
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first step in the dotted curve is sharp, consistent with 
an episodic, advective transfer of tracer into the ther- 
mocline at the end of the first winter. In subsequent 
years the steps are smaller but also broader, perhaps 
reflecting tracer in the mixed layer spreading out over 
a larger area and entering the thermocline in the sub- 
sequent winters in a more diffusive manner. 

The renewal timescale T(er0) is diagnosed here as the 
volume of each density layer in the thermocline and 
deep ocean, ¬(er0), divided by the rate at which the 
volume of tracer increases in each density layer: 

a Iv, GdV. (9) - 
The denominator here is evaluated from the tracer vol- 
ume in the interior after 1 year (corresponding to the 
position of the first plateau in Figure 4). The result- 
ing renewal timescale for LIW on the a0 = 28.95 sur- 
face is found to be 15 years, while lighter surfaces have 
renewal timescales as low as 5 years (Figure 5). Re- 
newal timescales for the densest surfaces are greater 
than 100 years, although dense water may be venti- 
lated too weakly in the model, as deep water produced 
in the Adriatic does not succeed in reaching the bot- 
tom of the Ionian (as observed by Roether and $chlitzer 
[1991]) but instead is unrealistically diluted by intense 
convective mixing at the Straits of Otranto. 

In comparison, Ovchinnikov [1983] estimates the re- 
newal timescale for LIW to be around 25 years, while 
Roether and $chlitzer [1991] estimate that the overturn- 
ing timescale for deep and bottom waters in the eastern 
Mediterranean is of the order of 100 years, although 
this estimate preceded the observed recent change in 
the deep water mass structure [Roether et al., 1995]. 
4.2. Estimating the Subduction Rate 

In general, the transfer of tracer from the mixed layer 
into the thermocline can occur through a combination 
of advective and diffusion. However, if it is assumed 
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Figure 5. The renewal timescale in years as a function 
of o'e, which is calculated from the volume occupied by 
given isopycna! !ayers divided by the rate of invasion of 
tracer into each !ayer. For densities greater than around 
a0 = 29.0, ventilation is probably unrealistically slow in 
the model. 
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Figure 6. A schematic diagram showing a volume el- 
ement Vt in the main thermocline bounded by the sur- 
face A consisting of two isopycnal surfaces, the base of 
the mixed layer and an arbitrary surface in the interior. 
•q'in and Sout represent volume fluxes into and out of 
Vt, while •in and Cout are the corresponding tracer val- 
ues. Diapycnal processes may lead to a cross-isopycnal 
transfer of tracer (curvy arrows). 

that the initial ventilation of tracer is advective, then 
(1) may be integrated for a volume element between 
isopycnal surfaces in the main thermocline (bounded 
by the surface area A as shown in the schematic in 
Figure 6) yielding 

0 •/Vt •d!vr--/Sin•indnin - / $out Cout dAout. (10) 

In this advective limit, the evolution of the tracer field in 
the main thermocline depends on the integrated tracer 
fluxes into and out of the domain; Sin and Sour repre- 
sent the volume fluxes entering and leaving the volume, 
while •in and Cout represent the corresponding tracer 
values. 

During the first year, the tracer values are Cin = 1 
in the mixed layer and Cout •0 0 in the thermocline, 
so the transfer of tracer into the main thermocline (the 
left-hand side of (10)) provides a measure of the area- 
integrated subduction rate, f SindAin. Note that this 
diagnosed subduction rate differs from kinematic defini- 
tions [see Williams et al., 1995], in that the estimate will 
be enhanced by any diffusive transfer of tracer along the 
isopycnals. In particular, on a timescale of more than 
1 year, this subduction estimate becomes increasingly 
unreliable as diapycnal processes transfer tracer across 
isopycnals or tracer is returned to the mixed layer from 
the thermocline (Cout > 0). The latter is found to occur 
within the model when LIW is transformed into deep 
water in the Adriatic. 

The subduction relation (10) is applied to the evo- 
lution of a pulse of tracer entering the thermocline 
over 1 year with the source region restricted to either 
the Rhodes gym (the area 28.0øE-32.0øE, 33.25øN - 
35.75øN) or the Adriatic Sea. The total subduction 
rate (for all densities) is found to be 0.6 q-0.1 Sv for the 
Rhodes gyre and 0.2 q- 0.1 Sv in the Adriatic. 

In comparison, Tziperman and $peer [1994] use clima- 
tological buoyancy fluxes to estimate formation rates 



(a) June Year 
2,0 , • • • I • • I I I • 

-- Total 

1.5 '" Thermocline only 

0.5 

0.0 
28.25 28.5 28.75 

(b) June Year 2 

--- Total 

1.5- '" Thermocline 
_ 

• - 

E _ 
• - 

•o 1.0 
b - 

• - 
_ 

0.5- 
_ 

0.0 
29.0 29.25 28.25 28.5 28.75 29.0 29.25 

Density, 

. 

o -.-.- 16.0 - 

-• 15.5 

E 15.0 

• 14.5 

-• 14.0 

13.5 

13 0 
,38.6 ,38.7 ,38.8 ,38.9 ,39.0 ,39.1 

Density, or. 
(d) 

17.0f, , ,•, ,•, I ,•.•..J--ff , ,••__ 

4.o 

13.5 •9• 

,38.6 ,38.7 ,38.8 ,38.9 ,39.0 ,39.1 

5.0 

T 4.0 
E 

'T 

•-• 3.0 

o 

o 2.0 

Salinity (psu) 
, 

_ 

5.0 

T 4.0 
E 

•-, 3.0 

o 

• 2.0 
_ /----.,,.I %'.---% _ _ 

½. - 

t0 - o 
/ •.0 o 

0.0 • • i• • i " • • • 0.0 
28.25 28.5 28.75 29.0 

(f) 
Salinity (psu) 

- _ 

! 

29.25 28.25 28.5 

/ / - 
/ ,• t o - I() -z• _ 

;?.\ , _ ill I -- 
\,,/ ',, , 

28.75 29.0 29.25 

Density, (to Density, 
Figure ?. Evolution of water mass properties for the targeted release of tracer in the Rhodes 
gyre only. Snapshots are shown for (left) I year and (right) 2 years after the initial release of 
tracer: (a-b) the total volume of tracer (solid line) and the volume of tracer in the permanent 
thermocline (dotted line) as a function of density; (c-d) a O-S volume census for tracer, with 
contours for I and 3x10 TM m3; (e-f) an equivalent volume census in Q-fro space with contours 
for 10 TM m 3. 

12,547 



12,548 STRATFORD AND WILLIAMS: STUDY OF LEVANTINE INTERMEDIATE WATER 

of 1.0- 1.5 Sv for LIW (defined by a0 > 28.80) and 
1.0- 1.5 Sv for Adriatic water, which are larger than 
our estimates. However, Lascaratos [1993] uses the same 
method with a different density definition of •r0 • 28.92 
and obtains smaller values of 0.56 Sv for the LIW pro- 
duced in the Rhodes gym and 0.34 Sv for the Adri- 
atic. Roether and $chlitzer [1991] give an estimate of 
0.29 4-0.09 Sv for deep water replacement in the Adri- 
atic. Thus, while our subduction rates have ignored the 
role of diffusion and re-entrainment of tracer, our values 
appear to be broadly in accord with the independent es- 
timates of Lascaratos [1993] and Roether and $chlitzer 
[1991]. 
4.3. Evolution of LIW Mode Waters 

The 1-year pulse of tracer released over the area en- 
closing the entire Rhodes gyre region (28.0øE-32.0øE, 
33.25øN-35.75øN) is now used to monitor how the prop- 
erties of the LIW mode water alter as it spreads away 
from its formation site. In the adiabatic limit of no 
mixing in the thermocline, there would be no change in 
water mass properties after the initial subduction event. 
For the present model, this limit appears to be relevant 
on a timescale of a year, but not on longer timescales. 

The volume of tracer as a function of density, both in 
the whole domain and in the main thermocline only, is 
shown in Figure 7. After I year (Figure 7a), a significant 
fraction of the tracer has passed into the main thermo- 
cline with the maximum volume occurring at the den- 
sity characteristic of the LIW mode, •r0 -- 28.90 4- 0.05. 
After 2 years (Figure 7b), the volume of tracer in the 
thermocline has increased owing to subduction in the 
intervening winter, but there also appears to be a slight 
broadening of the mode water characteristics in density 
space. 

This change in water mass characteristics is more 
marked in 0-$ space (Figures 7c and 7d): the LIW 
in June of year I has typical values of 0 = 15.5øC, 
$ -- 38.95 psu, and •r0 - 28.9. However, by June of year 
2 the core values cool and freshen to 0 = 15.0øC and 
$ - 38.88 psu, with cr 0 = 28.95. This water mass mod- 
ification does not appear to be caused by the explicit 
numerical diffusion (see scaling in section 4) but rather 
results from convective instability and subsequent mod- 
ification within the mixed layer or just below. This 
modification is particularly evident where surface wa- 
ters reach the Straits of Otranto and mix with newly 
formed Adriatic water. 

In contrast to the 0-$ properties, the large-scale po- 
tential vorticity, (•, appears relatively well conserved 
following the LIW (Figures 7e and 7f); the potential 
vorticity is computed as Q = -(f/p)O•ro/Oz, where f 
is the Coriolis parameter. In June of year 1, the LIW 
mode is evident as a maxima in volume at a low Q of 
0.2 x 10 -xø m -x s -• at a0 = 28.95. After a further year, 
there is a slight increase in the density of the mode, but 
the signal of low Q is retained. Thus this characteris- 
tic of a mode water appears to be extremely robust and 
useful in identifying a dispersal pathway; see Talley and 
McCartney [1982], who use Q to map the spreading of 

Labrador Sea Water, and Haines and Wu [1995] for a 
model analysis of the spreading of LIW. 

For the present model, it is clear that both ventila- 
tion and subsequent water mass transformation are im- 
portant in determining the 0-S characteristics, whereas 
the ventilation appears to be the controlling Process for 
potential vorticity. 

5. Conclusions 

The formation and dispersal of LIW are examined us- 
ing passive tracer experiments with an eddy-permitting 
GCM, which is strongly relaxed toward climatology at 
the surface. LIW is formed in the winter mixed layer of 
the cold-core Rhodes gyre, while elsewhere the mixed 
layer is generally too warm. LIW disperses over the 
entire Mediterranean through the action of the time- 
mean and time-varying circulation. Tracer calculations 
involving a selective and continuous release of tracer 
within the Rhodes gym suggest that the time-mean flow 
leads to a westward transfer from the Rhodes gym, 
whereas the time-varying flow is responsible for the 
southward and eastward transfer in the Levantine basin. 
The time-varying circulation appears to transfer tracer 
in an advective manner, as well in a downgradient dif- 
fusive manner. In some regions, the advective transfer 
can assist the spread of tracer from the source, but else- 
where it is sufficiently strong to oppose downgradient 
transfer. 

The tracer experiments have been used to provide 
quantitative estimates of the ventilation process by 
monitoring the rate at which a pulse of tracer released 
into the mixed layer passes into the main thermocline. 
The implied renewal timescale is estimated to be 15 
years for LIW and up to 100 years for denser waters. 
In the limit of no diffusive transfer, the corresponding 
subduction rates are 0.64-0.1 Sv for water of intermedi- 
ate densities produced in the Rhodes gym and 0.24-0.1 
Sv for dense water formed in the Adriatic Sea. These 
estimates are broadly consistent with previous climato- 
logical studies. Monitoring the properties of the LIW 
mode by following the tracer in the model shows that 
•-$ properties do evolve owing to mixing in the model 
on timescales greater than a year. However, the low 
potential vorticity of this mode water is found to be a 
relativity well-conserved quantity, thus providing a use- 
ful indicator of the pathway of the fluid. 
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