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[1] A series of experiments with an ocean general circulation model of the Mediterranean forced
by artificial (but realistic) surface fluxes of heat and fresh water is performed over 100 year periods.
The model has a stable thermohaline circulation under the baseline fluxes. Small increases/
decreases in excess evaporation (+£8%) produce a linear strengthening/weakening of this
thermohaline circulation with more/less water formation and strait transports. The water properties
do not change much, and the responce is consistent with submaximal exchange at Gibraltar, where
changes in volume and freshwater transport can be achieved mainly by changing the interface level
between inflowing and outflowing waters. Larger changes in excess evaporation lead to nonlinear
responses for increasing and decreasing values that are quite different. Reducing evaporation
(—20%) causes both western and eastern deep water formation to cease, leaving a shallower
intermediate circulation only. Increasing evaporation (+25%) initially strengthens the overturning
but also produces a hydraulic jump-like feature at Gibraltar, which mixes inflowing and outflowing
waters, decreasing the salt flux out of the basin. As a result, the basin salinity increases greatly over
140 years, until the overturning collapses and the Gibraltar mixing ceases, leaving a shallow
intermediate circulation above highly saline and stagnant deep waters. The possible relevance of

these experiments to recent changes in Mediterranean fluxes and water properties is

discussed.

INDEX TERMS: 4243 Oceanography: General: Marginal and semienclosed seas; 4255

Oceanography: General: Numerical modeling; 4215 Oceanography: General: Climate and
interannual variability (3309); KEYWORDS: Mediterranean, Strait of Gibraltar, multiple equilibria,

hydraulic control, flux forcing

1. Introduction

[2] The Mediterranean is a small marginal sea located between
Europe and Africa. Despite its marginal nature it is an important
basin because it possesses an active thermohaline circulation, with
deep convection and water mass formation, and therefore it has
considerable similarity to the global ocean. With its small size,
however, its overturning timescale is very amenable to numerical
simulation, making it an excellent test bed for ideas on the large-
scale oceanic circulation.

[3] The Mediterranean is a concentration basin in which evap-
oration E exceeds precipitation P and river runoff R by about 70
cm yr_], [Gilman and Garrett, 1994; Macdonald et al., 1994;
Myers and Haines, 2000] while undergoing a net surface heat loss
of ~6 W m~?2 [Macdonald et al., 1994; Bethoux, 1979]. Warmer,
fresher water enters at the surface from the Atlantic through
Gibraltar, and colder saline water leaves below. This two-layer
exchange system at Gibraltar has been much discussed since it is
probably subject to hydraulic control [e.g., Bryden and Kinder,
1991]. The exchange system at Gibraltar has considerable varia-
bility on tidal timescales [e.g., Candela, 1991; Wesson and Gregg,
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1994] and perhaps on longer timescales such as seasonal and
interannual, although these have not been well observed.

[4] The water formation and mixing processes in the basin are
known to show considerable variability. Water formation takes
place in winter, and several authors have noted considerable
variability in winter convection depths and properties around the
basin [e.g., Leaman and Schott, 1991; Sur et al., 1993]. The
interannual variability in air-sea fluxes responsible are more
difficult than water properties to observe accurately, but Garrett
et al. [1993], and more recently S. A. Josey (personal communi-
cation, 2000), have calculated interannual variability in £ — P of
nearly 10% (and in heat flux of £15 W m?). Relating water
exchange at Gibraltar with the buoyancy budget of the basin is a
simple procedure if the so-called steady “overmixing” assumption
is made, in which the density of the outflowing water is the
minimum required to drive sufficient net exchange to balance the
basin buoyancy loss. Bryden and Kinder [1991] have shown that
the Mediterranean may be close to this state. However, if the basin
is not “overmixed,” the relationship between basin buoyancy loss
and the exchange system at Gibraltar has more freedom. It is
particularly important to explore this freedom in the context of
changing conditions over the Mediterranean in recent decades.

[5] Bethoux et al. [1990], Leaman and Schott [1991], and
Rohling and Bryden [1992] have noted that both deep water
potential temperatures and salinities have increased in the Gulf
of Lions this century, with the rate of increase accelerating after
1960. Leaman and Schott [1991] suggested that the changes were
due to changes in the Levantine Intermediate Water (LIW) from the
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Annually averaged salinity cross sections through (a) the entire basin and (b) the Strait of Gibraltar after

100 years of integration for our baseline experiment. The contour interval is 0.1 psu.

eastern basin, a view also supported by Rohling and Bryden
[1992]. Bethoux and Gentili [1996] discussed the long-term
changes in buoyancy forcing over the basin, particularly those
due to changing river inputs, e.g., the damming of the Nile.
Recently, in the eastern basin, very large hydrological changes
were observed between 1987 and 1995 [e.g., Roether et al., 1996],
much larger than anything observed in the west.

[6] The role of changing buoyancy fluxes in causing the
alterations in the Mediterranean thermohaline circulation and water
properties is still the subject of much debate. In this paper we take
advantage of recent modeling studies of the thermohaline circu-
lation to determine the sensitivity of an ocean general circulation
model (OGCM) to changes in buoyancy forcing. Myers and
Haines [2000] showed that it is possible to tun a 1/4° 19-level
OGCM of the Mediterranean for centuries using only flux forcing
at the surface (seasonally varying) and to retain a reasonably
realistic thermohaline circulation with all eastern and western water
masses represented. The fluxes used were diagnosed from a
previous model run in which the surface properties were relaxed
to observations, and these fluxes are realistic on the basin scale.
Here we investigate the effect of modifying these fluxes, in
particular, the £ — P — R, on the OGCM circulation. We are
interested in exporing the relation between water formation rates,
mixing, and Gibraltar exchanges and interpreting the results, where
possible, in terms of simple hydraulic and budget models of the
Mediterranean. We are also interested in how large a change in
buoyancy forcing is required to change the qualitative nature of the
thermohaline circulation. This leads to some surprising results. The
model and its spin-up are described in section 2. The cases with
increased and decreased net evaporation and heat fluxes are
described in section 3. An interpretation of linear thermohaline
stability is given in section 4, while nonlinear responses are
examined in section 5. We conclude with a discussion in section
6, including an examination of the relevance of this work to the
present day Mediterranean.

2. Model and Spin-Up

[71 The model used is the Modular Ocean Model—Array
(MOMA), a Bryan-Cox-Semtner-type OGCM, using the Kill-
worth et al. [1991] free-surface scheme. The tracer advection
schemes are modified to include the Gent and McWilliams

[1990] (hereinafter referred to as GM) eddy parameterization
and a flux -limiter by [Stratford, 2000], based on the work of
Thuburn [1996]. The basic model is described in greater detail
by Webb [1993] and has been used in the Mediterranean to
study changes in the basin’s thermohaline circulation, both for
the present [Myers et al., 1998a; Myers and Haines, 2000] and
for past climates [Myers et al., 1998b; Myers and Rohling,
2000].

[8] The model setup is based on the work of Haines and Wu
[1995] and Wu and Haines [1996, 1998]. Basin resolution is 0.25°
x 0.25° with 19 vertical levels, concentrated in the upper water
column to resolve the thermocline. The horizontal biharmonic
viscosity is 4, = 1.5 x 10" cm* sfl; the vertical momentum
diffusion is 4, = 1.5 ecm? s !; the GM thickness diffusion
parameter is 2.0 x 10° em® s~' and the maximum (reciprocal)
slope of isopycnals is 100.0. Convective adjustment uses the
complete convection scheme of Rahmstrof [1993]. To handle the
exchanges with the Atlantic, a small box is added outside of
Gibraltar, where the temperature and salinity are relaxed on a 1
day timescale to the climatological values of Levitus [1982]. Wind
stress data are based upon a monthly 7 year climatology (1986—
1992) from the European Centre for Medium-Range Weather
Forcasting.

[9] To produce our initial baseline Mediterranean experiment,
the model was spun up from rest using relaxation surface 7, S
conditions. Both the initial hydrography and monthly varying
surface relaxation conditions were derived from the Mediterra-
nean Oceanic Data Base MEDS5 [Brasseur et al., 1996]. The
model was integrated for 100 years until a steady state was
reached, and monthly surface fluxes were diagnosed over the last
15 years of integration. Following this, all relaxation was
removed, and the model was forced only with the diagnosed
monthly surface fluxes for another 100 years. The model
remained stable under the fluxes, although variability was
enhanced [Myers and Haines, 2000].

[10] Figure la is a transect across the basin from the baseline
after 100 years showing that the model does a good job of
reproducing and maintaining an LIW layer in both basins. In the
east the model produces LIW with a core density of oy =29.05 and
a salinity of 39.0 psu [Myers and Haines, 2000]. This LIW
preconditions eastern deep water formation in the Adriatic and
also passes westwards at Sicily. As LIW passes through Sicily, it
mixes and sinks into the Tyrrhenian, with a salinity and depth
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Table 1. Annual Surface Heat and Freshwater Fluxes Diagnosed
From the Final 15 Years of an Initial Model Spin-Up Under
Restoring Boundary Conditions®

Heat Flux, W m 2

E-P—Rcmyr'

MED -5.8 76
WMED =7.1 94
EMED —5.1 66
ADR —41 —20

#The regional abbreviations are MED, the basin average; WMED, the
western Mediterranean; EMED, the eastern Mediterranean (including the
Adriatic and Aegean); and ADR, the Adriatic.

range broadly consistent with observations [Sparnocchia et al.,
1999]. In the western basin much of the LIW circulates cycloni-
cally, reaching the Gulf of Lions, where western deep water is
produced. Some LIW is also mixed westward south of Sardinia
directly toward Gibraltar. Comparison with Send et al. [1999,
Figure 1] shows that although the model LIW is slightly too salty
and deep, a reasonable LIW structure is maintained near the Strait
of Gibraltar (Figure 1b). The end of this experiment was used as
starting point for the flux modification experiments described
below.

[11] The annual average fluxes diagnosed from the model are
shown in Table 1 and compare very well with observational
estimates on the basin and subbasin scale. Monthly flux values
from this run are also shown by Myers and Haines [2000]. The
seasonal heat fluxes are in phase with those from the SOC
climatology [Josey et al., 1998] but about half the amplitude,
although this does not greatly affect the water formation. The
weaker cycle is due to lack of a surface mixing scheme and the
use of GM mixing, which means that in summer the seasonal
thermocline is very shallow. In winter, then, less heat needs to
be removed to break through the summer thermocline. In all
experiments here these fluxes are modified in a very simple
manner.

3. Sensitivity to Net Evaporation
3.1.

[12] In these experiments, for each grid point and each month
the net evaporation is multiplied by a factor to produce the
change desired. This has the effect of increasing (or decreasing)

Multiplicative Changes
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spatial and temporal variability in net evaporation by the same
factor. For example, to increase excess evaporation by 5%, the
original fluxes are all multiplied by 1.05. This form of flux
change will capture large-scale atmospheric changes but will
necessarily miss local changes, which may have significant effect
on regional water formation. However, paleoclimate model
experiments with regional flux changes show that although local
circulation and hydrography depend on local fluxes, provided the
circulation does not qualitatively change, it is only the net
buoyancy that affects the Gibraltar exchange [Myers and Rohling,
2000; Myers, 2002]. The experiments performed are summarized
in Table 2.

[13] Consider an increase in the excess evaporation of 8%.
Starting from the end of the run with the original fluxes, the model
is integrated for a further 100 years with the enhanced fluxes.
There is little change to the thermohaline circulation of the basin,
with all the major water masses still being formed. There has been
an increase in the strength of the thermohaline overturning cell,
mainly in the deep water cell of the eastern basin. This can be seen
in the overturning stream function (Figures 2a and 2b) and is
reflected in the increased Gibraltar volume and freshwater trans-
ports in Table 2 (The freshwater transport is inferred from the salt
transport since the model is volume conserving. In a steady state
this will balance the net £ — P, but any imbalance implies a
changing salt content of the basin and not a change in freshwater
volume.) The outflow salinity, measured at the eastern end of the
strait, hardly changes. Although the value appears to be very low,
Figure 1b shows that the model flow has a wide transition zone so
considerable mixing has already occurred at the strait entrance.
The values reported for the outflow salinity are the average of all
grid boxes with a negative (outgoing) velocity component and
thus include a fair volume of inflowing Atlantic water, signifi-
cantly reducing its salinity. The deep water salinity just inside the
basin reaches 38.5 psu, which is well in accord with observed
values.

[14] The freshwater transport at Gibraltar increases by very
close to 8% with an 8% increase in the excess evaporation,
showing that the freshwater/salt budget of the basin is rebalanced
after 100 years. The volume transport at Gibraltar also increases by
very close to 8%, with the outflow salinity only marginally
increasing. These observations have implications for how the basin
as a whole responds to changing buoyancy fluxes. Water formation
in the basin can respond in two ways to an increased net buoyancy
loss. The basin can form more water of the same density or form
the same amount of water with a higher density, or somewhere in

Table 2. Summary of the Experiments Performed, Showing the Changes in Surface Net Evaporation, Basin Average Salinity, Outflow
Salinity at Gibraltar, Transports at Gibraltar, and Changes in Basin Overturning Strengths®

Experiment Year Basin Gibraltar Gibraltar Outflow Zonal Eastern Western

Average Volume Freshwater S, Overtuning Deep Water Deep Water

S, Transport, Transport, psu Strength, Formation, Formation,
psu Sv Sv Sv Sv Sv
Baseline 100 38.53 1.59 0.058 37.47 1.45 0.30 0.20
+5% 100 38.57 1.67 0.061 37.49 1.50 0.35 0.20
+8% 100 38.59 1.71 0.063 37.50 1.55 0.50 0.20
+25% 120 39.25 1.83 0.047 37.11 1.75 0.70 0.40
+25% 200 39.15 1.54 0.073 37.69 1.50 0.00 0.00
—5% 100 38.51 1.52 0.054 37.38 1.35 0.10 0.10
—8% 100 38.48 1.45 0.053 37.46 1.30 0.10 0.10
—20% 100 38.43 1.48 0.048 37.36 1.30 0.00 0.00
+3.5 cmyr ! 100 38.58 1.51 0.061 37.50 1.50 0.35 0.20
H+5% 100 38.54 1.57 0.058 37.47 1.45 0.40 0.20
H-5% 100 38.54 1.53 0.055 37.48 1.35 0.10 0.10

#The year indicates the length of each integration with values calculated over the last 10 years. Experiments prefixed with an H are modified heat flux

experiments.
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Figure 2. Annually averaged zonal overturning stream function from the final year of integration of (a) baseline,
(b) +8%, (c) —20%, and (d) +25%. The contour interval is 0.2 Sv.

between. The production of more water in this model corresponds
to a speed up of the thermohaline circulation in response to the
extra forcing.

[15] This interpretation is confirmed by the water formation
rates when measuring the change in the volume of water with a
salinity greater than some threshold from the beginning to end of
each winter and by the increasing strength of the zonal over-
turning circulation. The correspondance between net evaporation,
water formation, and Gibraltar transports holds well for changes
up to £8% in net evaporation, with results for +5 and +8% being
shown in Table 2. For flux changes beyond this range the basin
circulation becomes qualitatively different, and we refer to this
behavior as nonlinear. Two experiments are included, with
evaporation changes of +25 and —20%. In section 4 we discuss
the interpretation of the linear regime in terms of the classical
two-layer description of the basin, and in section 5 we consider
the nonlinear regimes.

3.2. Homogeneous Changes

[16] One experiment in which the evaporation was increased
uniformly across the basin in all seasons was also performed. A
5% evaporation increase corresponds to a fixed 3.5 cm yr ! of
extra evaporation applied at all grid points spread over all

seasons. The general behavior in this experiment is similar to
that from the +5% multiplicative experiment. The basin fresh-
water budget is balanced, and the mean salinity of the basin is
virtually identical to the other run. A difference plot of the
salinity from these two experiments (not shown) has only
localized differences, in the eastern basin deep water, because
of the higher salinities this flux change implies for the Adriatic.
The large-scale circulation and hydrography are also the same.
The main differences are in the Adriatic and eastern basin where
the multiplicative increase experiment enhances the present
precipitative nature of the Adriatic, but the homogeneous change
experiment produces a basin that has less fresh water near the
surface. This leads to an increase in convection in the basin and
thus more production of Eastern Mediterranean Deep Water in
the homogeneous change experiment. There was also a small
drop in the Gibraltar transport, for reasons that we do not yet
understand.

3.3. Sensitivity to Net Heat Flux

[17] In these experiments the basin-averaged heat flux was
increased and decreased by 5%, in the multiplicative sense. This
also amplifies or damps the seasonal cycle, which is very large for
heat fluxes as shown in Table 1.
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Figure 3.

Schematic showing water formation in a two-layer basin. The transports ¢, and ¢,, net evaporation £ — P,

and water formation rate ¢ are in sverdrups. The slope on the top surface, down toward the basin, is greatly

exaggerated and is, in reality, only a few centimeters.

[18] The increase or decrease in the basin average heat loss has
little effect on the salinities, as seen in Table 2. However, changing
the net heat loss from the basin does have a significant effect on the
deep water formation, both in the Adriatic and the Gulf of Lions.
Increasing heat loss increases the water formation in the Adriatic,
while decreasing the heat loss decreases the water formation in
both the Adriatic and Gulf of Lions substantially. However, there is
little change to intermediate water formation and thus to the
hydraulically controlled flow at Gibraltar. The reason for this is
that although salinity is the main driving force for the large-scale
thermohaline circulation, it is the wintertime cooling that actually
drives the localized deep water formation. Thus changes in the heat
fluxes have a smaller effect on the main zonal thermohaline cell,
consistent with their contribution to the net buoyancy budget, but
large effects on the deep water cells within each subbasin.

4. Interpretation of Linear Thermohaline
Sensitivity
4.1.

[19] If we return to the basin response to small changes in £ —
P, we can interpret the OGCM results in terms of a two-layer
hydraulically controlled Mediterranean model. Figure 3 illustrates
the situation where ¢, ¢, and ¢ are the inflow rate, outflow rate,
and water formation rate, respectively. For convenience we assume
that heat fluxes are not involved in the basin budgets. Provided the
basin is not in a maximum exchange state it is possible to increase
or decrease E — P, ¢, q1, and ¢, all by say 8% without changing S,
S,. The interface level above the sill, D — A, will then change to
alter the transports ¢, ¢, by the requisite amount.

[20] We examine this by looking at density sections through the
Strait of Gibraltar in Figure 4 for the baseline and 8% increase
experiments. It is clear that despite the crudeness of the OGCM
resolution the two-layer exchange is not a bad approximation to the
exchange at Gibraltar, although the transition zone is wide. From
the density difference in Figure 4c one can see that there has been a
rise in the interface position in the Alboran between the two
experiments with no significant increase in the deep water den-
sities. Note thatthis type of response is only possible in the
submaximal strait exchange regime where changes in interface
position can change the transport. Even in the submaximal regime,
the model could have responded differently to the increased fluxes
by increasing the density of the new water rather than the volume.

Exchanges at Gibraltar

The fact that it does not is extremely important. By converting
much of the increased net E into a greater water volume the system
moves rapidly toward a maximum exhange situation. In section 4.2
we show that this explains why the net £ cannot be increased by
more than about 8%, as this appears to lead to an analogue of the
maximal exchange situation at Gibraltar.

4.2. Water Formation Within the Basin

[21] Returning to the water formation sites within the basin, the
impact of the changed fluxes is more complicated. With an 8%
increase in the excess evaporation the basin continues to form LIW
with the same core density in the eastern basin of og ~ 29.05.
However, the area of water formation where this isopycnal out-
crops in winter gets larger. The mean salinity of this intermediate
water also increases from 38.98 to 39.02 psu, while the mean
temperature increases to compensate from 15.6° to 15.8°C. The
increase in intermediate water temperature is a sign of the speeding
up of the water formation rate given that the heat fluxes are the
same. These changes persist downstream in the LIW core in the
Ionian and western basins. This is consistent with the changes to
LIW formation found by Lascaratos et al. [1993] in a layer model
of the Levantine. Here we show that increased salinity fluxes have
an effect similar to cooling fluxes; it is the fact that there is a
change in the new buoyancy forcing that is significant.

[22] The reason why extra buoyancy loss leads to more water
formation of the same density is due to the way intermediate waters
are formed. The areas of intermediate water formation are not
geographically constrained and can therefore increase in response
to extra forcing. Convection can also occur to greater depths before
dispersal within baroclinic eddies, leading to a larger volume of
water formed. The behavior is different from that at the deep water
formation sites in the Adriatic and Gulf of Lions. These areas are
highly geographically confined, and the convection often reaches
to the bottom, so there is little scope for changing the volume of
waters formed. The 8% increase in evaporative fluxes increases the
model Eastern Mediterranean Deep Water densities from 29.23 to
29.28 and those of the Western Mediterranean Deep Water
(WMDW) to 29.14 from 29.12. Table 2 shows that the mean
salinity and density of the whole Mediterranean has increased
slightly, and since the outflow density has not changed, we
interpret this as due to an increase in deep water density and an
increased volume of deep and intermediate waters, i.e., a raised
thermocline, as seen in Figure 4c. It is the intermediate water that
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Figure 4. Annually averaged density cross sections through the Strait of Gibraltar after 100 years of integration for
(a) baseline, (b) +8% experiment, and (c) a different plot of Figure 4b—Figure 4a. The contour interval is 0.2 kg m >

in Figures 4a and 4b and 0.1 kg m—>.

makes up the bulk of the outflow, and therefore density changes are
not seen at Gibraltar.

5. Interpretation of Nonlinear Thermohaline
Responses
5.1.

[23] When the net evaporation is decreased by 20%, convection
decreases greatly in intensity. The LIW formation ceases because
of the decrease in salinity of the Modified Atlantic Water entering
the Levantine. Only limited convection occurs in the Aegean, and
without the LIW, wintertime cooling in the northern Ionian leads to
formation of a cold, fresh, intermediate water mass. Adriatic deep
convection still occurs, but without the preconditioning from LIW

Decreasing Buoyancy Flux

the water is no longer dense enough to sink to the bottom after
overflowing the sill at Otranto, and instead, it occupies an
intermediate layer between 1000 and 1500 m. The loss of salt
from the LIW also weakens convection in the Gulf of Lions,
limiting it to a depth of 1200 m. Although there is no convection to
the bottom occurring, the stratification in the deep waters of both
basins remains very weak.

[24] Table 2 shows that despite the 20% evaporation decrease,
the Gibraltar transport has slightly increased from the value it had
with an 8% decrease. The reason for this can be seen in the zonal
overturning stream function (Figure 2¢). With deep water forma-
tion stopped in both eastern and western basins the thermohaline
circulation now consists only of a shallow intermediate cell. The
strength of this cell is virtually unchanged, but the shallower depth
is very evident from the figures. This shallower cell remains stable
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Figure 5. Annually averaged density cross sections through the Strait of Gibraltar with an increased evaporation of
25% (a) after 20 years and (b) after 100 years of the experiment. The contour interval is 0.2 kg m™.

and is consistent with the box modeling studies of G. Korres and
A. Lascaratos (personal communication, 1999). Despite the very
different mixing regime inside the basin the water exiting at
Gibraltar has similar properties (albeit fresher as the outflowing
LIW is now replaced with other eastern intermediate waters that
undergo similar mixing processes along their path to Gibraltar),
and there is little sign of the loss of deep water formation in the
measured strait quantities.

5.2.

[25] In section 4 we showed that the linear response of the basin
to increasing net evaporation was driving up the interface position
inside the strait, which can lead to a maximal exchange situation.
Maximal exchange is the largest transport that can be driven
through the straits for a given density difference between the
inflowing and outflowing waters. Once maximal exchange is
reached, further changes in interface height cannot change the
strait transports; therefore the basin must respond by increasing the
salinity and density of the outflow.

[26] It is possible to calculate the maximum exchange transport
in the idealized situation of nonrotating frictionless two-layer
exchange with the densities observed in Figure 4 and the strait
cross-section from the model. With a 25 km wide and 280 m dee}%
rectangular strait with exchange densities of 27 and 29.1 kg m™-
the maximum exchange is 2.4 Sv, well above the values observed
in Table 2. It is unlikely that the OGCM could reproduce such a
strong flow, but we can look for other signs of the “effective”
maximum exchange state.

[27] We expect the onset of the effective maximal exchange to
be signaled by the development of a hydraulic jump inside the
Mediterranean basin just inside the straits. Remarkably, we do
detect a feature that could be a hydraulic jump at around the time
that the basin response becomes nonlinear. When a 25% increase in
net evaporation is introduced, the basin average salinity and
convective activity initially increases, but the behavior does not
remain linear. Figure 5a shows an instantaneous section 20 years
into this run, and Figure 5b shows the annual average section after
100 years. Figures 5a and 5b show almost vertical density contours
just inside the strait with clearly a great deal of mixing going on.

Increasing Buoyancy Flux

This feature always appears within a few decades when the net
evaporation is increased by more than about 10%. An additional
experiment (not shown) with a 10% increase shows this feature
after an ~50 year time delay; otherwise, the behavior is similar to
the 25% experiment in Table 2. Smaller increases in net evapo-
ration mean a slower interface rise toward the effective maximal
state, but once the hydraulic jump and associate mixing are
initiated, the subsequent evolution is highly nonlinear. Given that
the main response of the submaximal basin to an evaporation
increase is to produce a larger volume of dense water, it is
reasonable to conclude that the nonlinear regime is produced by
the onset of a hydraulic jump at the effective maximal exchange
point.

[28] While identifying the feature in Figure 5 as a hydraulic
jump, we must state that we have no reason to believe that a real
hydraulic jump would behave in exactly the same way since the
model resolution is far too poor to be convincing in its treatment of
such processes. It is a remarkable feature, and we have found very
few references to numerical hydraulic jump modeling in the
literature with which to compare our results. For a rectangular
strait the jump should appear when the interface level inside the
basin is shallower than about 35% of the sill depth (about 110 m)
[Dalziel, 1991]. A fuller investigation of this phenomenon is
currently underway and will be presented separately. For now we
note that the most important impact on the thermohaline circula-
tion, which explains the results summarized in Table 2, is that it
leads to strong mixing between the inflowing and outflowing water
masses. However, the degree of mixing that should occur in such
jumps is not well documented.

5.3.

[29] The consequences for the basin of the 25% increase in net
evaporation can be seen in the higher densities of the near-surface
water properties inside the Mediterranean in Figure 5, when
compared with Figure 4, as well as the high density of the deep
water in the Alboran Sea in Figure 5b. Table 2 shows that after 120
years, while the Gibraltar volume transport has greatly increased,
the freshwater/salt transport is still low (0.047 Sv) and is not
balanced (an import equivalent of 0.072 Sv is needed). This

Increasing Buoyancy Flux: Basin Circulation
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explains why the average salinity of the basin has increased greatly
and is still increasing.

[30] As the salinity of the basin deep water slowly increases, the
freshwater transport at Gibraltar also increases, despite the mixing.
The salinification of the basin continues for about 140 years with
deep water formation in both basins remaining operative. During
the early part of the run the steady increase in salt within the
eastern basin leads to progressively deeper winter mixed layers
everywhere, and within 10 years there is a complete breakdown of
stratification, with nearly the entire basin north of 34°N in the
eastern basin and 40°N in the western basin, convecting each
winter. This causes the significant increase in deep salinity as the
deep waters of Adriatic origin are replaced. This process continues
for a few years until the eastern deep waters are replaced, and a
new circulation pattern develops by year 15—20 of the integration.

[31] Convection to the bottom now occurs only in the Rhodes
gyre, within the main area of the basin, forming Levantine Deep
Waters with properties around S = 39.22 and 7 = 14.1°C. This
water mass fills the deep Levantine but does not immediately
cross west of the Cretan rise. Deep convection also continues to
occur in the Adriatic with a colder and fresher water mass
overflowing Otranto to provide deep water to the Ionian basin.
During years 20-90 the importance of the Adriatic source
decreases as the salinity, and thus density, of the Levantine waters
rise, but the Adriatic source does persist. Since deep convection
occurs in the Levantine, an intermediate saline water mass is
formed in the Cretan sea, and this is exported westward and
northward, penetrating the Adriatic and helping to maintain
convection there. This Cretan water thus plays a similar role to
LIW in the baseline experiment. It is interesting to note that this
sequence of events is similar to those inferred from observations
by Klein et al. [2000] and by Lascaratos et al. [1999] in a recent
modeling study following the recent eastern Mediterranean tran-
sient. They described decreases Adriatic ventilation in the early
1990s after the supply of LIW to the Adriatic was cut off and
diverted into the Aegean Sea. The Adriatic convection restarted in
the late 1990s after salty intermediate water from the Aegean
started to increase Adriatic salinity again.

[32] By about year 130 the outflowing salinity has increased
sufficiently for the basin to reach a salt balance. At this point the
deep water formation collapses, and a shallow intermediate over-
turning circulation is established, shown at year 200 in Figure 2d,
which is quite similar to the circulation in Figure 2c. However, the
abyssal waters are much denser now, with a very strong pycnocline
between the ventilated and unventilated regions of the basin,
making it highly unlikely that ventilation will be reestablished.

6. Discussion
6.1.

[33] The most relevant results for the present-day Mediterranean
relate to the model response to a net increase in £ — P. The model
begins in a submaximal state where the main response to small
increases in £ — P is to increase the water formation and over-
turning rates of the basin. This leads to only small changes in the
basin water properties at Gibraltar. However, a natural consequence
of'this is to raise the level of the deep waters inside the basin, which
causes the Gibraltar flow to move toward maximal exchange. This
linear dependence of the transport and the rate of water formation is
consistent with the idea of Hopkins [1999] that the transport is
driven by the internal pressure gradient through the strait.

[34] The approach to maximal exchange is accompanied by a
large increase in mixing between inflowing and outflowing waters,
which reduces the salinity of the outflowing waters. So, whereas in
the submaximal regime the basin salinity hardly responds to small
E — P changes, when the maximal regime is approached, the basin
salinity increases very rapidly. While the model cannot be trusted
to handle the mixing at the straits quantitatively correctly, the result
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that mixing would rapidly increase in the maximal exchange state
is a very realistic possibility.

[35] Leaman and Schott [1991] and Rohling and Bryden [1992]
showed that small increases in deep water salinities have occurred
on decadal timescales, with changes in the WMDW of the order of
0.04 psu from 1960 to 1990. If we consider a salinity difference
between inflowing and outflowing water of perhaps 2.0 psu, this
change represents an increase of 2% over 30 years. Recently, much
bigger changes have been reported in the eastern Mediterranean by
Roether et al. [1996] and Klein et al. [1999], where the deep water
formation site shifted to the Aegean Sea sometime between 1987
and 1995. There is now considerable debate over the extent to
which the eastern basin salt content has actually increased and how
much of the change represents salt redistribution from upper to
lower levels. Roether et al. [1996] have estimated that the mean
salinity of the eastern basin below 1500 m increased by about 0.05
psu over the 7 years 1987—1995, which would represent a 2—3%
increase in deep water salinity relative to the inflow salinity over 7
years.

[36] We now turn to the changes in net £ — P — R, which may
have been responsible for some of these salinity changes. Bethoux
and Gentili [1999] have shown that the net deficit in freshwater
flux over the Mediterranean basin has increased considerably
since the 1950s. They estimate an increase in excess evaporation
of 7-10 cm yr ', due to changes in river inputs from the Nile, the
Ebro, and other northern rivers and to decreases in precipitation
over the area. This represents an increase in net evaporation on the
order of 10%, much of which occurred several decades ago with
the damming of major rivers such as the Nile.

[37] It seems clear that the increase in Mediterranean salinity
detected up to 1990 was rather smaller in percentage terms than the
E — P — R change. This suggests that at least up to 1989, the period
studied by [Rohling and Bryden, 1992], the basin may have
responded to the net £ — P — R mainly by increasing the over-
turning. The small increases in salinity ~0.04 psu are similar to the
changes seen in our model experiments with 5-8% E — P — R
changes. The sudden changes in the eastern Mediterranean occur-
ring around 1990 could signal a change in basin response toward
producing more saline deep waters. If this were associated with
increased mixing at Gibraltar, then there would be long-term
consequences. If the basin deep waters become saline very quickly,
it is more difficult to return to the previous state, and the deep basin
is far more likely to become stagnant and anoxic. Recent evidence
for regime shifts at Gibraltar are given by Ross et al. [2000], who
suggest that the flow may have been closer to a maximal state from
1990 to 1992, from an analysis of sea level data either side of the
straits, associated with the large increase in deep water formation
within the basin. However, their analysis suggests the flow then
returned to submaximal for part of each year after 1994.

[38] However, the basin might be responding to the flux
changes directly by increasing salinity,and the only reason that
the changes found by [Rohling and Bryden, 1992] are small in
percentage terms could be due to the short time elapsed since the
imposition of the £ — P — R change. In any case the radical
changes in the model mixing regime at Gibraltar have not yet been
observed in the real system. More observational monitoring of
mixing at straits and of the water formation process itself and the
air-sea fluxes which cause it is needed. Modeling work is also
needed to understand better the range of model responses to
changes in air-sea fluxes and to permit the application of observed
air-sea fluxes to models without causing unrealistic model drifts.

6.2. Summary

[39] An OGCM of the Mediterranean is forced by surface fluxes
of heat and freshwater. The baseline fluxes are obtained from a
long restoring experiment that accurately simulates the circulation
and hydrography of the basin. The diagnosed fluxes also compare
favorably with a number of observational flux estimates at the
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basin scale. The model circulation remains steady when forced by
the diagnosed fluxes, with increased internal variability [Myers and
Haines, 2000]. The diagnosed fluxes were then modified (in a
sample basin-averaged sense) to simulate temporal changes to the
excess evaporation over the basin.

[40] Under small changes in the fluxes (+8%) the basin behav-
ior is linear, with increased (decreased) excess evaporation pro-
ducing enhanced (weakened) overturning circulation with little
change in large-scale hydrography. Intermediate water formation
within the basin responds by producing more (less) water of a
similar density, mainly by increasing the area of water formation.
The salinity of the water formed does change at the formation sites,
but subsequent mixing ensures that the Gibraltar salinities remain
remarkably constant. Thus the increase (decrease) in the basin-
averaged salinity is associated with an increase (decrease) in the
amount of deep water and intermediate waters.

[41] For larger changes in the excess evaporation the basin’s
behavior is nonlinear. A 20% decrease in excess evaporation leads
to a collapse of deep water formation, although this has little effect
on the exchange properties at the Strait of Gibraltar since a
vigorous intermediate cell remains. Larger decreases are examined
by Myers [2002], where the paleoceanographic significance is
discussed. Increases of £ — P of 10% or more also lead to very
nonlinear behavior. A 25% increase in £ — P initially leads to
increased deep water formation, but a hydraulic jump-like feature
soon develops at Gibraltar, leading to strong mixing between
inflowing and outflowing waters, reducing the ability of the basin
to export salt. A runaway salinification occurs before the circu-
lation finally collapses after ~140 years, leaving only intermediate
water formation and an unventilated saline abyssal layer. A more
detailed examination of this nonlinear behavior and the results
associated with the hydraulic jump and mixing at the Strait of
Gibraltar are presently underway.

[42] Finally, we note that while the degree of mixing that
develops in the modeled exchange flow at Gibraltar may be
stronger than is realistic, any mixing or variations in mixing in
this vitally important region will have consequences for the
budgets of the basin as a whole. Changes in these mixing patterns,
perhaps induced by changes to the basin forcing, could cause very
nonlinear behavior in the long-term response of the entire Medi-
terranean system. This should be considered as a warning given
ongoing climatic change and the large changes in river inputs that
have already been introduced around the Mediterranean over recent
decades.
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