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ABSTRACT

We present a method for estimating the order of magnitude of past changes in the (eastern) Medi-
terranean freshwater budget, that relies on knowledge of past sea level and pycnocline depth, as
reconstructed from fossil evidence. First we discuss the influences of sea level change on the exchange
transport through the Strait of Gibraltar, and on the Atlantic-Mediterrancan salinity contrast. These
variations are studied with a recently developed hydraulic control model for that strait. The exchange
transport appears to decrease quasilinearly, whereas the salinity contrast shows a distinctly nonlinear
increase with falling sea level. Even when we assume that Mediterranean excess evaporation re-
mained constant at its modern value. the 120 m sea level lowering during the Last Glacial Maximum
(18000 BP) would have caused a strong decrease in the volume of Mediterranean outflow. as well as a
very substantial increase in its density. Thus, the Mediterranean outflow would have settled in the
Atlantic at much greater depths than at present, which in turn may have influenced the process of
salty North Atlantic Deep Water formation in the Norwegian Sea. Subsequently, the hydraulic con-
trol model is combined with a two-layer model for the eastern Mediterranean, resulting in a des-
cription of how sea level fluctuations and depth variations of the eastern Mediterranean pycnocline
may be used to quantify variations in the eastern Mediterranean freshwater budget. Next, we discuss
the sensitivity of the resulting model to the necessary assuni?)fions and to the input parameters that
need to be constrained using the geological record, and define a confidence-interval for the model
solutions. To give an example of how the model presented in this paper may be used to infer past
changes in the freshwater budget relative to the present, we apply it to assess the eastern Mediter-
ranean conditions at the Pleistocene-Holocene transition (9600 BP), when sea level stood 50 m below
the present. The model suggests: 1) that excess evaporation was in the order of 20% higher than today:;
2) that the Atlantic-Mediterrancan salinity contrast and the salinity contrast across the eastern
Mediterranean pycnocline were both in the order of 50% higher than today; and 3) that the volume of
surface water flowing into the eastern Mediterranean through the Strait of Sicily was reduced by
about 15% from its present value,
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INTRODUCTION
General introduction

In the past eight decades, a great number of theoretical studies has been per-
formed on the processes that govern the exchange of water masses through sea
straits (among others Nielsen, 1912; Stommel and Farmer, 1953; Whitehead et
al., 1974; Gill, 1977; Bryden and Stommel, 1984; Armi and Farmer, 1986; Farmer
and Armi, 1986; Dalziel, 1991; Bormans and Garrett, 1989: Bryden and Kinder,
1991). The present-day exchaifge of water masses through the Strait of Gibraltar,
which separates the Mediterranean Sea from the Atlantic Ocean, was used as the
principal test-case for the models presented in most of these studies, or even
formed the major impetus.

In more recent years, another notable effort concerned the modeling of climate
related changes in (especially eastern) Mediterranean hydrography on geological
time-scales (among others Béthoux, 1979. 1984: Mangini and Schlosser, 1986
Thunell et al., 1987; Sarmiento et al.. 1988: Rohling, 1991a, 1991b). This work was
triggered by the accumulation of fossil evidence of hydrographic changes in the
Mediterranean, which were found to be closely related to Milankovitch cycles of
orbital climatic forcing, either in a global (ice ages) or in & regional (variable
aridity) context. Much of this modeling effort focused on the influences exerted
on hydrography by either sea level fluctuations, or changes in the (eastern)
Mediterranean freshwater budget. Very little of the effort dealt with the possible
interactions between these processes.

A combination of the two types of model discussed above, in particular those
of Bryden and Kinder (1991) and Rohling (19914, 1991b), should yield a method
for estimating (at least the order of magnitude of) past variations in the fresh-
water. budget, relative to the present, given the input of reconstructed sea level
and hydrography. Sea level is an input parameter, since detailed reconstructions
of global sea level are possible from the geological record, especially for the past
18000 years (Fairbanks, 1989). Although existing reconstructions of past
hydrography (for instance Rohling and Gieskes, 1989) are less commonly ac-
cepted than those of sea level, we expect them to be improved considerably in the
near future (see also Castradori, 1993; McIntyre et al.. 1989). Studies of lake level
records, stable isotope records. and pollen and spore records, which reveal past
trends of increasing or decreasing aridity rather than quantitative estimates of
the freshwater budget, may be useful for evaluation of the model results.

Background and outline of the present contribution

The hydraulic control model for exchange through the Strait of Gibraltar
described by Bryden and Kinder (1991) assumes that the exchange is maximal
with respect to the hydraulic control imposed by the sill and narrows in that
strait. For given strait configuration, the model calculates the exchange transport
and the outflow-inflow salinity contrast (ASgs) as functions of the Mediterra-
nean excess of evaporation over freshwater input (Xmed). We use this model to
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we need to evaluate the importance of the geometry of the Strait of Gibraltar and
the Strait of Sicily in limiting the exchange of water-masses between the Atlantic
Ocean and the entire Mediterranean, and between the eastern and western sub-
basins, respectively. Modern property distributions show a greater contrast
between Atlantic and western Mediterranean waters than between western and
eastern Mediterranean waters (Wiist, 1961: Miller et al., 1970; Bryden and
Stommel, 1984). This suggests that the Strait of Gibraltar, being much narrower
and also shallower than the Strait of Sicily, is much more effective in limiting the
exchange transports.

In the Bryden and Kinder (1991) model, the geometry of the Strait of Gibraltar
was represented by a shallowest (sill) section in its western part, and a narrowest
(narrows) section positioned some 20 km further eastwards. Furthermore, width
versus depth plots showed that the profiles of both the sill-section and the nar-
rows-section are essentially V-shaped. Then, Bryden and Kinder argued that the
upper (inflowing) layer essentially achieves critical Froude number at the narrows,
while the lower (outflowing) Jayer does so at the sill. In other words, the exchange
transport through the Strait of Gibraltar is assumed to be maximal with respect
to the hydraulic control imposed by the sill and narrows. The above considera-
tions suggest that sea level changes would, through alteration of the strait’s geo-
metry, exert a strong influence on the amount of exchange transport through the
Strait of Gibraltar. We study that the influence using the Bryden and Kinder
model with sea level variations between —120 and +10m, relative to the present.

The exchange through the Strait of Sicily seems L0 be much less limited by the
strait’s geometry. as indicated by a more effective smoothing of differences
between the property distributions on either side. Since the width of the channel
deeper than 200m is about 35km (Bryden and Stommel, 1984), the Strait of
Sicily should be sufficiently wide to allow for important rotational effects in the
exchange, as confirmed by the observations of Garzoli and Maillard (1979). As
yet, there are no elaborate models for the physical constraints of the exchange
transport through the Strait of Sicily as there are for the Strait of Gibraltar.
However. in spite of the highly irregular sea-floor topography in the Strait of
Sicily (Garzoli and Maillard, 1979). we think that the strait cross-section is suf-
ficiently wide and deep to ensure substantial surface water flow from the western
into the eastern basin, even with a sea level lowering of 120 m relative to the
present.

Summarizing, we determine changes in the exchange transport through the
Strait of Gibraltar related to sea level fluctuations, using the Bryden ad Kinder
(1991) model for hydraulic control in the Strait of Gibraltar. Furthermore, W¢
assume, according to the above considerations, that the influence of the Strait of
Sicily on the surface water flow from the western into the eastern Mediterranean
does not change markedly as a result of sea level fluctuations between —120 and

+10m. As a consequence of this assumption, the sea level related variations of
surface water inflow into {he eastern Mediterranean, which we use in the eastern
Mediterranean pycnocline depth model, are fully determined by sea level related
changes in the exchange transport through the Strait of Gibraltar.
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Table 1. The effects of sea level change in the model of Bryden and Kinder (1991). Inflow and Outflow
are given in Sverdrups (1 Sv = 10°m*s~"). & s the ratio between sea level related inflow and present-
day inflow. A Sy, is the Atlantic-Mediterranean salinity contrast, and 1 is the ratio between sea level
related A Sy and present-day ASgin. Hyx stands for the depth of the inflow-outflow interface in the
castern end of the Strait of Gibraltar (at the narrows). # 18 for the depth of the interface in the wes-
tern end of the strait (at the sill).

Sea lev. Inflow ‘Outflow ASgip Hix Hys @ )
(m) (Sv) (Sv) (ppt) (m) (m)

+10 0.95 0.90 1.79 71.9 140.0 1.05 0.95
+5 0.92 0.88 1.84 70.4 137.2 1.02 0.98
0 0.90 0.86 1.88 69.0 134.4 1.00 1.00
=5 0.88 0.84 1.93 67.6 131.6 0.98 1.03
~10 0.86 0.81 1.98 66.1 128.8 0.95 1.05
-15 0.84 0.79 2.04 64.7 126.1 0.93 1.08
-20 0.82 077 2.09 63.3 1233 0.91 1.11
-25 0.80 0.75 2.15 61.9 120.5 0.88 1.14
-30 0.78 0.73 2.21 60.5 117.7 0.86 1.17
—35 0.76 0.71 2.27 59.1 115.0 0.84 1.21
—40 0.74 0.69 2.34 57.7 112.2 0.81 1.24
-45 0.71 0.67 241 56.3 109.5 0.79 1.28
~50 0.70 0.65 2.48 54.9 106.7 0.77 1.32
-55 0.68 0.63 2.56 53.6 104.0 0.75 1.36
~60 0.66 0.61 2.64 52.1 101.2 0.73 1.40
—65 0.64 0.59 2.73 50.8 98.5 0.71 1.45
-70 0.62 0.57 2.82 49.4 95.7 0.68 1.50
-75 0.60 0.55 292 48.0 93.0 0.66 1.55
~80 0.58 0.54 3.02 46.7 90.3 0.64 1.60
-85 0.56 0.52 3.13 45.3 87.5 0.62 1.66
—90 0.54 0.50 324 44.0 84.8 0.60 1.72
-95 0.53 0.48 3.36 42.7 82.1 0.58 1.79
~100 0.51 0.46 3.49 41.3 79.3 0.56 1.85
~105 0.49 0.45 3.63 40.0 76.6 0.54 1.93
~110 0.47 0.43 3.78 38.7 73.9 0.52 2.00
~115 0.46 0.41 3.93 37.4 71.1 0.51 2.09
~120 0.44 0.39 4.10 36.1 68.3 0.49 2.18

excess evaporation (Xpeq) the results shown in table 1 and fig. 2 show some
effects of sea level lowering that deserve to be emphasized.

The salinity contrast between inflow and outflow through the Strait of
Gibraltar during the Last Glacial Maximum (LGM: 18000 BP) appears to have
been more than doubled, relative to the present. It is interesting to speculate
about the importance of a glacial Mediterranean outflow with considerably in-
creased salinity and, therefore, density. Such outflow water should have settled at
much greater depths in the Atlantic than it does at present. This should have
influenced the process of North Atlantic Deep Water (NADW) formation, fol-
lowing Reid’s (1979) theory that the formation of relatively salty NADW is
strongly linked to penetration of high salinity Mediterranean outflow water into
the Norwegian Sea. Settling of glacial Mediterranean outflow in the deep-sea, in
contrast with the intermediate levels at which it settles today, would make its
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penetration into the Norwegian Sea very unlikely, because of the relatively shal-
low Iceland-Faroer Ridge. If Reid’s conclusions are justified, salty NADW for-
mation may have been disturbed or even impeded by the inferred increase in the
density of Mediterranean outflow during the LGM. In fact, evidence for dis-
turbed glacial NADW formation has been found in the geological record (a.o.
Boyle and Keigwin, 1987; Ruddiman, 1987; Zahn and Mix, 1991).

The decrease in exchange transport through the Strait of Gibraltar with falling
sea level would have induced an increase in the turnover time of the Mediterra-
nean (Volume/Outflow). The results in table | suggest that during the LGM, this
turnover time would have been about doubled, relative to the present. The pre-
sent-day turnover time of the Mediterranean is in the order of 100 years, and
even when doubled the turnover would have been rapid in view of oceanic
periods in the order of 1000 years or more.

To study the effect of possible variations in the Mediterranean excess evapor-
ation on the presented solutions, we ran the —120m scenario (18000 BP) also
with a nearly doubled value for excess evaporation, 100 cmyr~'. This resulted in
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Fig.2. The changes in & (non-dimensional coeffcient, = ¥4/ V.}), ¢ (non-dimensional coefficient,
=ASin/AS b), and Hx (in meters), related to sea level change (in meters) during the past 18000
years (Fairbanks. 1989). as determined with the hydraulic control model for the Strait of Gibraltar of
Bryden and Kinder (1991), assuming that Mediterranean excess evaporation remained constant

through time.
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Furthermore, it was assumed that the mass and salt budgets in the basin are
maintained by the exchange through the Strait of Sicily. In the previous section,
we argued that sea level imposed changes of inflow through the Strait of Sicily
were proportional to thiose through the Strait of Gibraltar, which we quantified
with coefficient & Thus, the combined effects of sea level fluctuations and chan-
ges in the excess of evaporation over freshwater input (X) relative to the present
(XP), affect the volume of inflow (Vi) relative to the present VD), so that
X/X° =~ and W VP =D (where 7~ (2, see Rohling (1991b)). Then, it is
possible to describe how the salinity contrast between inflow and outflow at the
Strait of Sicily (ASsic) changes with variations in sea level and excess evapora-

tion, according to

R
(2) ASS!C o=y K‘z ?;Q ]
P Gl i

where S, stands for salinity of the upper layer inflow through the Strait of Sicily.
The combined studies of Rohling (19912, 1991b) give a solution in @, the non-
dimensional coefficient for pycnocline depth variation (oHP gives paleodepth of
the pyenocline: HP being the modern average depth of about 150 m). The equa-
tion consists entirely of ratios relative to the present. which eliminates the prob-
lem that only proportionalities could be determined between some of the input
parameters (such as B, H.X.and A Psic)s instead of strict equalities. With respect
{o the specific purpose we need the model for in this paper, we rearranged the

final model equation 10 solve for 2 (= V) giving
vr
(59)-

Note that from fig. 3 and eq. (3), sea level Jowering relative t0 the present (re-

duction of ?) would facilitate a rise of the eastern Mediterranean pycnocline to

the base of the cuphotic layer in response 0 decreases in €Xcess evaporation.
Should @ be reduced sufficiently, the pyenocline would reside within the euphotic
layer (@ < 0.8, see below) even if excess evaporation was equal to, or somewhat
larger than the present value. Such a relationship helps t0 explain the inferred
shallow position of the glacial pycnocline (Rohling and Gieskes, 1989), despite
strong excess evaporation at that time.

Conﬁdence-intervals

In the previous section, We argued that substitution of ASqc/ASE, for
Apsic/ A% introduced an uncertainty factor §=1+0.05An additional error is
involved in determining the paleosalinity S, In practice. oxygen isotope records
will prove to be the most promising tool for paleosalinity determination, but that

method requires some basic information about regional temperatures, and the
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planktonic foraminiferal record, which indicates at which time the pycnocline
resided shallower, or deeper than the base of the euphotic layer (cf. Rohling and
Gieskes. 1989; Rohling et al., 1993). This paleodepth estimate will only be reliable
within limits of & 10 m. Thus, a is determined with an accuracy of about 7%. For
a mean of a = 0.8, the error will be about =+ 0.06.

Finally, an error arises from estimating the ratio ¥,?/XP. Rohling (1991a,
1991b) used Béthoux’s (1979) estimates of VP =40 x 102 miyr! and XP =
1.8 % 1022 m*yr~!. As mentioned before, Bryden and Kinder (1991) argued that
the best match between their calculated and observed values for the exchange
transport through the Strait of Gibraltar and the Atlantic-Mediterranean sali-
nity difference (A Sgip) suggests that the present-day Mediterranean excess eva-
poration amounts t0 56emyr . Béthouxs (1979) estimate of the present-day
Mediterranean excess evaporation is 100cmyr~ ', which is about double the es-
timate of Bryden and Kinder (1991). Sarmiento et al. (1988) presented a compi-
lation of mass and salt fluxes for the Mediterranean, using VP =
2386 x 102 miyr— and X? =9.15 x 10"! m? yr. The ratio ¥,?/X? is about 25
using the values of Sarmiento et al. (1988), compared to 22 using the values of
Béthoux (1979). To account for these published estimates in the present paper, we
use a mean value of 23.5, with an error of £ 1.5.

Use of equation (3) to determine 2 (and 7). with the above estimated errors,
allows calculation of absolute errors (Squires, 1988), according to Ay ~2A0
and (AQ)! = (A4 092/04) + (DB 002/0B) + (Ba 892)0a)’ + (AS 90/85)’,
where 4 = V?/XP,and B = SP/S..

APPLICATION: ESTIMATING CONDITIONS AT THE PLEISTOC ENE-HOLOCENE
TRANSITION

Using eq. (2) and (3) in combination with the variation of @ with sea level fluc-
tuation as determined with the Bryden and Kinder model (see table 1), and a
value of 23.5 for VP/XP, we will now assess the conditions at the Pleistocene-
Holocene transition, to show an example of how the method presented in this
paper may be applied. At the Pleistocene-Holocene transition, dated accurately
with the AMS 14 method at 9600 BP (Jorissen et al., 1993), the planktonic
foraminiferal genus Neogloboquadrina disappeared abruptly from the eastern
Mediterranean. According to the interpretation of Rohling and Gieskes (1989).
in which the abundance of Neogloboguadrina was linked to a position of the
pyenocline within the euphotic layer and consequent development of a Deep
Chlorophyll Maximum layer, this disappearance should be attributed to deep-
ening of the pycnocline, crossing the base of the euphotic layer around 9 600 BP.
Furthermore, this interpretation implies that the pycnocline should generally
have resided below the euphotic layer after 9600 BP, as it actually does at pres-
ent. Support for the above scenario has come from a study of changes in the en-
tire planktonic foraminiferal assemblage (Rohling et al., 1993). In the present
model, using today’s average depths of the pycnocline (about 150 m) and base of
the euphotic layer (about 120 m), the above scenario translates into the condition
o = 0.8 at the Pleistocene-Holocene transition (9600 BP).
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table 1). The Atlantic-Mediterranean salinity contrast displays a distinctly non-
linear increase with falling sea level (fig. 1: table 1). Using the detailed sea level
curve for the past 18000 years presented by Fairbanks (1989). we calculate the
changes in inflow, the Atlantic-Mediterranean salinity contrast, and the depth of
the interface at the narrows, during the interval of time (fig. 2). The inflow-out-
flow salinity contrast during the Last Glacial Maximum appears to have been
more than twice its modern value, indicating that the Mediterranean outflow
into the Atlantic had a much higher density and, consequently, should have set-
tled at much greater depths. This may have influenced the formation of salty
NADW in the Norwegian Sea, according to Reid’s (1979) hypothesis. The above
mentioned results”were based on the assumption that Mediterranean excess
evaporation remained constant through time. We also demonstrate that the
higher glacial Mediterranean excess evaporation inferred from fossil evidence
would have caused an even more pronounced salinity contrast.

Combining the Bryden and Kinder (1991) model with variable sea level with
the pycnocline depth model of Rohling (1991a, 1991b). gives a method to relate
changes in sea level and eastern Mediterranean pycnocline depth to changes in
the eastern Mediterranean freshwater budget (eq. (3), fig. 3). As an example, we
apply the combined model to assess the conditions in the eastern Mediterranean
at the Pleistocene-Holocene transition (9600 PB), when sea level stood about
50 m lower than today (Fairbanks, 1989) and the eastern Mediterranean pycno-
cline crossed the base of the euphotic layer (as deduced from the foraminiferal
record). The model calculates that the eastern Mediterranean excess evaporation
around 9600 BP was in the order of 20% higher than at present. In addition, the
model shows that the Atlantic-Mediterranean salinity contrast and the salinity
contrast across the eastern Mediterranean pycnocline were both in the order of
50% higher than today, and that the inflow-outflow interface in the eastern end
of the Strait of Gibraltar (at the narrows) resided at an approximate depth of
55 m, compared to 69 m at present.

Note that a number of assumptions and estimates are necessary to apply the
model for calculation of excess evaporation rates in the geologic past, and that
the involved errors generate an interval of possible excess evaporation values
ranging from equal to, to about 40% higher than present. Therefore, the values
calculated with our model should be regarded as first estimates, which need to be
refined by reducing the assumptions and estimates, as well as by comparison
with other methods for reconstruction of past excess evaporation values. We
emphasize that, besides foraminifera-based interpretations of hydrographic
changes, also other proxy records of paleohydrography may be used. in combi-
nation with sea level data, to estimate past excess evaporation rates in the
(eastern) Mediterranean with the method presented in this paper. Examples of
such other records are, for instance, time-series of stable isotope measurements
on tests of deeper and shallower living organisms to reveal depth variations of
the pycnocline, or dinoflagellate and calcareous nanofossil time-series to discern
at which time the pycnocline resided within the eupotic layer with resultant
development of a Deep Chlorophyll Maximum.
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