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Environmental control on Mediterranean salinity and 6'*0

Eelco J. Rohling
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Abstract. A box model is presented to simulate changes in Mediterranean long-term average salinity and 5'30 over the past
20,000 years. Simulations are validated by comparison with observations. Sensitivity tests illustrate robustness with respect
to the main assumptions and uncertainties. The results show that relative humidity over the Mediterranean remained relatively
constant around 70%, apparently narrowly constrained to the lower end of the range observed globally over sea surfaces by
the basin’s land-locked character. Isotopic depletion in run off, relative to the present, is identified as the main potential cause
of depletions in the Mediterranean 80 record. Also, slight increases in relative humidity (of the order of 5%) might have
caused very pronounced isotopic depletions, such as that in sapropel S5 of the penultimate interglacial maximum. The model
shows distinctly non proportional responses of 8'*0 and salinity to environmental change, which argues against the use of
isotope residuals in Mediterranean paleosalinity reconstructions.

1. Introduction 2. Objectives and Strategy

The only widely applied technique for paleo-sea surface salinity Here, I will (1) simultaneously resolve basin-average salinity
(paleo-SSS) determination uses differences between past and and 8'®0 changes in the Mediterranean since the Last Glacial
present values in 80 records from planktonic foraminiferal Maximum,; (2) investigate the different response amplitudes for
carbonate. Corrections for changes in sea surface temperature (SST) salinity and 8'®0 to changes in freshwater budget and exchange
and for the glacial 80 enrichment due to %O sequestration in  through the Strait of Gibraltar; (3) evaluate whether 8'°0 residuals
continental ice sheets leave a “residual” isotopic difference. This is may be used to approximate paleosalinity in the basin through
then translated into salinity change using modern local salinity:6'¥0  simple temporally invariable S:5'®0 conversion; (4) assess major
(5:8"0) relationships [e.g., Duplessy et al., 1991; Maslin et al., ~ potential causes for strong 60 depletions in Mediterranean
1995; Wang et al., 1995; Hemleben et al., 1996; Kallel et al., sapropels; and (5) approximate volume and property fluxes through
1997a, b]. However, Rohling and Bigg [1998] argued that temporal time from the Mediterranean into the Atlantic.

invariability in any local S:5'®0 relationship would seem unlikely, To address these problems, a box model is presented that
and Schmidt [1998] found that temporal and spatial S:6'°0 determines hydraulically controlled changes in the exchange
gradients are not generally related. For any given basin, therefore, transport through the Strait of Gibraltar, in response to global sea

temporal covariations between salinity and 60 should be level variations and realistically constrained changes in the
independently assessed. Until alternative analytical paleo-SSS Mediterranean freshwater budget. To validate the model,
techniques become accepted, such assessments are best made using simulations of modern rates and properties of exchange transport
models that simultaneously solve for salinity and 8'%0. are compared with observed values, and simulated changes in
The Mediterranean is ideally suited for such a study, because it exchange transport rate over time are compared with a
is an intensively studied, geographically limited basin with reconstruction based on proxy data from the Alboran Sea. Next, the
substantial freshwater “sink” and “source” terms and a well- model simultaneously determines long-term average Mediterranean
constrained exchange with the open ocean. Resolution of the paleo- salinity (Sy) and 8"0 (8),) and the isotopic composition of
SSS problem is particularly relevant in the Mediterranean, since evaporation (8g). Simultaneous solving for 8, and Sy, allows direct
properly quantified Mediterranean paleo-SSS maps would greatly comparison of temporal changes in these two parameters as caused
improve our understanding of circulation patterns during the by the same environmental forcing. Sensitivity tests evaluate the
episodic formation of organic carbon enriched sediments robustness of the simulations with respect to the various
(sapropels; see review by Rohling [1994]). This includes the assumptions and uncertainties (Table 1). Finally, the model
definition of restoring boundary conditions for numerical converts &, changes into equilibrium calcite values (§.) for
circulation models [Myers et al., 1998]. Finally, definition of comparison with a stacked Mediterranean record based on
volume fluxes and properties of exchange between the planktonic foraminifera from five cores (Table 2).
Mediterranean and Atlantic will facilitate modeling of ocean-wide
oxygen isotope advection from deep-water source areas [Rohling 3. Model Description

and Bigg, 1998; Schmidt, 1998].
Complexity of the model and input parameters is reduced to a

minimum to emphasize major causes of variability rather than
details (Figure 1). Variations in Atlantic inflow are derived from a
hydraulic control model for the Strait of Gibraltar. Within the
Mediterranean, Atlantic inflow is modified by the various terms in

Copyright 1999 by the American Geophysical Union. the freshwater budget. The resultant properties define the reported

“Mediterranean average values” that characterize outflow into the
Paper number 1999PA900042. Atlantic. Conservation of mass and salt is maintained through
0883-8305/99/1999PA900042$12.00 subsurface outflow from the Mediterranean into the Atlantic. I
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Table 1. Parameters Used in the Main Model Run and the Presented Sensitivity Tests

Sensitivity ~ Sensitivity  Sensitvity Sensitvity Sensitvity
) Test 1 Test 2 Test 3 Test 4 Test 5

Parameter Main Run (Figure 6a)  (Figure 6a)  (Figure 6a)  (Figure 6b) (Figure 6b)
v 7.5ms™ -- - - 8.5ms™! --
AT see Figure2 - -- -- -- 0.5°C
r 0.60; 0.65; 0.7 0.7 0.7 0.7 0.7

0.70; 0.75;

0.80
Oy see Figure 2 -9%o -- -9%o -- -
Og see Figure2 - -6%o -6%o - -

Dashes (--) indicate that parameters are treated as in the main model run.

assume unlimited inflow capacity from the Atlantic and outflow
capacity into the Atlantic, with these two Atlantic “reservoirs”
being separate and unconnected.

Bryden and Kinder [1991] demonstrated that inflow volume
from the Atlantic Ocean into the Mediterranean (Q,) depends on
the geometry of the Strait of Gibraltar and on the Mediterranean
excess of evaporation over total freshwater input (X). Strait
geometry is modified by eustatic sea level change [Fairbanks,
1989, 1990]. Using that model, and including variable sea level,
Rohling and Bryden [1994] defined Q, = ® Q Q,P, where p stands
for present-day and Q,P ~ 23 x 10" m®yr™' [Bryden et al., 1994].
The dimensionless parameter ® (= 1.0 at present) was found to be
reduced by 4.3 x 10°* per meter sea level lowering, while Q was
related to y = X/XP. Initially, vy ~ Q* was used [Rohling and
Bryden, 1994; Rohling, 1994]. Improved models, however, indicate
that y » Q? is more accurate (S. Matthiesen and K. Haines, personal
communication, Edinburgh, Sept. 1997), which is therefore used
here.

Changes in salinity of Atlantic inflow are considered purely as
a function of the glacial concentration effect. This “glacial effect”
on salinity (Sgq) is determined from the sea level record
[Fairbanks, 1989, 1990] according to Sy = (34.74 z,) (3900-z,) ',
where z, stands for sea level lowering in meters, 34.74 is the mean
world ocean salinity, and 3900 m is the world ocean average depth
[Maslin et al., 1995]. Hence the salinity of Atlantic inflow is
determined as S, = 36.2 + Sy, where 36.2 is the modern value
[Bryden et al., 1994].

The oxygen isotope composition of Atlantic inflow (8,) is also
determined as a function of a glacial concentration effect,
amounting to 0.012 + 0.001%o enrichment per meter sea level
lowering [Labeyrie et al., 1987; Shackleton, 1987; Fairbanks,
1989]. Today, &, is about 1.0%o [Pierre, 1999], so that 6, = 1.0 +
0.012 z,. Recently, Schrag et al. [1996] suggested that a more
accurate value for the glacial enrichment would be only 0.008%o
m!. If true, the model results overestimate glacial isotopic
enrichment by a maximum of 0.3%.. This does not affect the main
conclusions.

Mediterranean evaporation rate E is calculated with the latent
heat flux equation Q) = p, L C V [qyussty = 7 Gsara]> Where p, is
density of air (1.2 kg m®), L is latent heat of vaporization equal to
about 2.5 x 10°J kg, and C is the exchange coefficient of 1.15 x
1073 [Garrett et al., 1993; Wells, 1995]. Wind speed V is treated as
a constant at 7.5 m s, the average value observed between 1945
and 1990 [Garrett et al., 1993]. Parameter g, sst) is the saturation
mixing ratio at sea surface temperature (SST), gur, is the
saturation mixing ratio at the temperature Ta measured at 10 m
above the sea surface, and r is the relative humidity (sea-air
temperature difference AT = SST - Ta) [Abbott and Tabony, 1985,
Wells, 1986, Wells and King-Hele, 1990]. Parameter g, is
calculated from the vapor pressure e, according to g, = (m,/m,)

e.. (P-ey)”!, where p is total pressure at mean sea level (1.012 x
10° Pa), m/m, is the ratio between molecular weights of water
vapor and dry air, and e, = 10%exp{55.17 - 6803 (T+273.15)' -
5.07 In(T+273.15)} as expressed in Pa [Abbott and Tabony, 1985;

Table 2. Details of the Cores Used in the Stacked Mediterranean 6'®0 Record

Average Core-Top

" Depth, Resolution?,  8§30°,
Core Latitude  Longitude m Species years ) Reference
MDg4-641  33.02°N 32.38°E 1375 G. ruber 600 0.84 Fontugne and Calvert [1992]
IN68-9 41.47°N  17.54°E 1234 G. bulloides 300 1.12 Rohling et al. [1997]
T26B 34.44°N 16.48°E 2415 G. ruber 400 -0.30 Troelstra et al. [1991]
BCI15 41.57°N  05.56°E 2500 N. pachyderma 700 Rohling et al. [1998]
KS8230 36.27°N  03.53°W 795 G. bulloides 550 0.65 Pujol and Vergnaud-Grazzini [1989]

* Average resolution concerns the original data through the relevant interval of the last 20 kyr.

® Where core-top corresponds roughly to 0 ka B.P.
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Figure 1. Layout of the model used to determine long-term basin-wide
average Mediterranean salinity and 6'®0. Atlantic boxes are indicated with
broken lines to imply unlimited capacity of these two reservoirs that are
taken to be unconnected.

Wells, 1986]. Using SST for T gives e sst) and gy ssty, While use
of Ta gives g, and gy, Latent heat flux O is found in W m™2,
and to determine E, this is converted according to 1 W = 1.26 cm
yr! per unit area [Wells, 1986; Garrett et al., 1993].

Today, Mediterranean annual average SST is about 19 °C
[Stanev et al., 1989]. Glacial average SST is taken to be about 5°C
lower [Bigg, 1994, 1995], and the temperature change is split
equally over the two deglaciation intervals (Figure 2). Note that the
glacial temperatures of Bigg [1994; 1995] were not obtained from
oxygen isotope data. The present-day annual average sea-air
temperature difference (AT) is hard to estimate on a basin-wide
scale, but a typical value of 0.5°C [Gorshkov, 1978; Naval
Oceanography Command Detachment, 1981] with 0.70 < r < 0.75
gives a modern value for g sty ~ 7 Goucrs around 4 x 1073, a fair
approximation of the 1945-1990 average value of 3.7 x 1073
[Garrett et al., 1993]. Past AT is varied in a simple linear fashion
in accordance with the SST changes to account for colder airflow
over the enclosed Mediterranean Sea during glacial times with
enhanced land-sea temperature contrasts [Bigg, 1994, 1995] (Figure
2). The glacial value for AT is set at 1.5°C, a typical modern
wintertime value [Gorshkov, 1978; Naval Oceanography Command
Detachment, 1981]. As the imposed temporal variation in AT is a
first-order assumption, a sensitivity test is performed using a
constant value of 0.5°C (Table 1).

Precipitation over sea (P) is varied with E, maintaining the
present-day proportional relationship P ~ 0.4 E [Garrett et al.,
1993]. Constant proportionality is assumed, because the amount of
rain-out over sea is more or less a function of (1) the general
geographic setting, which has not changed since the Last Glacial
Maximum, and (2) the large-scale atmospheric circulation patterns
where midlatitude westerlies interact with subtropical high-pressure
influences, the organization of which was roughly similar to the
present [Kutzbach et al., 1993].

Runoff values R are schematically specified in the form of a
ratio relative to the present (Figure 2). Runoff is taken to be similar
“to the present at about 0.45 x 102 m® yr'! [Garrett et al., 1993,
except for the early Holocene period, during which the formation
of sapropel S1 was at its peak, when runoff was strongly increased
[cf. Street and Grove, 1979; Adamson et al. 1980; Rossignol-Strick
et al., 1982; Béthoux, 1984; Shaw and Evans, 1984; Rossignol-
Strick, 1987; Klein et al., 1990; Wijmstra et al., 1990; Rohling and
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Hilgen, 1991; Rohling, 1994]. Following the overall indications
from those authors, doubled runoff values are used for this period,
with linear increases and decreases on either side of the peak over
2.5 kyr intervals (Figure 2), so that the total period of increased R
covers the 5 to 6 kyr since the last precession minimum spanning
the buildup and decay of specific conditions associated with
sapropel formation [Hilgen, 1991; Rohling, 1994; Higgs et al.,
1994; Aksu et al., 1995; Thomson et al., 1995; Rohling et al., 1997,
Reichart et al., 1998].

Variations in relative Black Sea input B are after a recent model
for the deglacial history of exchange transport between the Black
Sea and the Mediterranean [Lane-Serff et al., 1997] (Figure 2), with
a modern (before damming) freshwater drainage through that basin
of 0.20 x 10" m® yr'! [Tolmazin, 1985; Oguz et al., 1990; Lane-
Serff et al., 1997]. Although of lower temporal resolution than the
model of Arthur and Dean [1998], the Lane-Serff et al. [1997]
model does account for a 1000 year lag of Black Sea outflow after
the reconnection with the Mediterranean by sea level rise. A third
model [Ryan et al., 19971 advocates that outflow started yet another
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Figure 2. Changes with time in the input functions as used in the main
experiment. Shapes of the curves are as discussed in the text. Scenarios are
calculated for different values of relative humidity r. Sensitivity
experiments assess the assumptions of constant wind speed, and of the
displayed sea-air temperature contrast (AT = SST-T7a) and oxygen isotopic
compositions for Black Sea outflow B and runoff R. Changes in volumes of
Black Sea outflow (B change) and runoff (R change) relative to the present
and changes in sea surface temperature (SST) are as discussed in the text.
Changes in sea level are after Fairbanks [1989, 1990].
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1000 years later, because of later (tectonic) reconnection of the two
basins. Here, the Lane-Serff et al. [1997] reconstruction is used
because it presents the intermediate scenario for timing of the Black
Sea reconnection. The present study demonstrates that, for the
Mediterranean as a whole, variations in Black Sea outflow played
an inferior role to changes in overall runoff. Black Sea properties
are taken to be the net throughput through that basin so that they
actually relate to the excess drainage into the Black Sea,
compounded by the enhanced freshwater outflux upon reconnection
as modeled by Lane-Serff et al. [1997].

Combined, E, P, R, and B determine the Mediterranean excess

of evaporation over total freshwater input X according to X =E -

P - R - B. The calculated modern values for X with 0.70 <r <0.75
range between 0.47 and 0.60 m yr'!, in agreement with recently
determined values of 0.52 [Bryden et al., 1994] and 0.56-0.66
m yr* [Garrett et al., 1993]. Salinity S for each of the freshwater
budget terms is zero. Absence of external sources and sinks for salt
defines S as a conservative property, constrained by conservation
of mass and salt. Consequently, the general average salinity in the
Mediterranean Sy, is given by Sy = Q4 Sa (@4 —-X)™'. Regarding
isotopic compositions, the situation is different in that values for the
various freshwater budget terms are different from one another and
also have varied through time.

During evaporation, equilibrium fractionation between vapor

and surface water depends on SST as described by Majoube [1971]:
Oleyep=€xp{1.137 (SST+273.15)* x 10° - 0.4156 (SST+273.15)""!
- 2.0667 x 107%}. The isotopic composition of evaporating water
is then determined after Craig and Gordon [1965] and Gonfiantini
[1986], using the ratio between total evaporation rate (E) and that
for the isotopic species -(E;). Rewriting the equations to fully
account for AT in the vapor pressure terms gives

1+6
( + M) _ qsal('l'ﬂ) r (1 +6alm)
5 - acvap qsat(SST) -1

a- 9sa(Ta) ” P
9sassT) p

In this equation, the & values should be used fully expressed as
value x 107, The p values are resistance coefficients (not to be
confused with density). Gonfiantini [1986] concluded that a
realistic value for p/p in natural circumstances is 1.0142, but lower
values were implied by Merlivat and Jouzel [1979] and Gat [1996].
As discussed, the present model produces realistic modern values
for geusst — 7 Gsucra and consequently for X and Sy, when r ~ 0.70.
For that value, p,/p = 1.0142 gives more realistic isotopic results
than lower values and hence is used here. Parameter 0, is the
isotopic composition of Mediterranean waters (the model does not
differentiate surface from deep waters (Figure 1)), and 3, is the
isotopic composition of atmospheric vapor outside the boundary
layer, which is kept in equilibrium with &, while &, = &.
Significance of these choices for 8,,, and ; is discussed below.
Values for d; and Oy are specified input parameters (Table 1,
Figure 2). In the main experiment, the value for Oy since
establishment of the modern circulation pattern [Lane-Serff et al.,
1997] is taken to be equal to the modern average value of
freshwater drainage into the Black Sea, which is about -9%o
[Swart, 1991]. Late glacial values and those of the fresh water

expelled upon reconnection [Lane-Serff et al., 1997] are specified
to reflect a glacial origin, using a modern North Siberian value of
-15%0 [Rozanski et al., 1993]. Transition between the two values
is linear over 1 kyr, the typical timescale for flushing of glacial
fresh water out of the Black Sea [Lane-Serff et al., 1997]. The basin
average for Oy in the main experiment is -6%o, with an extra 2%o
depletion in the interval with double runoff bound by similar linear
changes to those in R (Figure 2). The 2%o extra depletion is based
on 8"0 studies of snail shells from the Negev desert [Goodfriend,
1991] and of speleothems in Soreq cave (Israel) [Bar-Matthews et
al., 1997, 1999], corroborated by even greater depletions in fossil
North African waters [Sonntag et al., 1979; Sultan et al., 1997] and
in lacustrine carbonates deposited in Nile headwaters at times of
sapropel deposition [McKenzie, 1993]. Extra depletion during wet
episodes is likely due to the so-called amount effect [Bar-Matthews
et al., 1997, 1999], which causes about 1.5%o extra depletion for
every 100 mm increase in precipitation in (sub)tropical stations [cf.
Rozanski et al., 1993; Joussaume and Jouzel, 1993; Hoffinan and
Heimann, 1997]. The sensitivity experiments (Table 1) evaluate the
importance of the defined values for 8y and Oy and also of mean
wind speed V.

Since 0 and 0, are interrelated, they are determined iteratively,
with 8y =(QA O, + RO +B& +P & - E&) (Qy -X)™". Although
typically fewer than 15 iterations were needed, each experiment was
iterated over 20 steps. In the main experiment, 8, is kept in
equilibrium with &,, while 8, = 8z. To evaluate his choice, a
separate experiment started iteration with those relationships but
then allowed variation according to 8,,,, = Og + 1000 (0 .,y 1) In(H)
[Rozanski et al., 1982]. Here f is the fraction of vapor remaining
after rain-out (=0.6 for P=0.4 E), and @, is the equilibrium

. fractionation factor after Majoube [1971] at condensation

temperature (using SST-5°C). Values for 0, then were determined
in equilibrium with atmospheric vapor, averaging the change in d,,
associated with change in f from 1.0 to 0.6. This test returned up
to 0.3%o higher values for ,, than the main experiment, throughout
the simulated record. General trends remain similar to those in the
main experiment, to within 6% accuracy. Hence the choice of
relationship between 0,,, and 6, does not substantially affect the
conclusions drawn in this paper.

Using 8y, the average Mediterranean 8'30 record for calcite
formed in surface water at equilibrium (,4,) is determined using
the O’Neil et al. [1969] relationship o, = exp{2.78 (SST+
273.15)2 x 10® - 3.39 x 10°*} within &, = 10° In(ety) +
(8 -30.92) 1.03092°!, which is corrected for the difference
between values versus Standard Mean Ocean Water (SMOW) for
water and versus Pee Dee Belemnite (PDB) for calcite [Coplen et
al., 1983; National Institute of Standards and Technology, 1992].

Simulated 0y, records are compared with a mean
Mediterranean planktonic foraminifera-based 8'®0 record, obtained
from stacking five records from sites spread throughout the
Mediterranean (Alboran Sea, Gulf of Lions, Ionian Sea, Adriatic
Sea, and southern Levantine basin) (Table 2). Both the geographic
spread and the fact that these data are based on different planktonic
foraminiferal species (living at different depths and seasons) are
relevant to the creation of an “average Mediterranean” stack for
comparison with the simulated record. For stacking, the
observational records are normalized to their average core-top value
(0.58%o0, Table 2). One record lacks most of the Holocene and is
therefore normalized to the model-produced isotopic value at the
age of the core top. Next, the records are linearly interpolated and
read out at 100 year intervals to calculate means and + 10 intervals
(Figure 3a). The stack serves for comparison only and does not
function as input into the calculations.
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Figure 3. (a) Stack of five Mediterranean oxygen isotope records versus time (see Table 2), with mean values (dots) and +10 interval
(bars); (b) comparison of stacked record with simulated 8, records for 0.60 < r < 0.80.

4. Discussion

4.1. Model Results, Sensitivity Experiments,
and Implications

The simulations of relative inflow volume from the Atlantic
show three main episodes of increase, starting around 14-14.5 ka
B.P., 11 ka B.P., and 7-8 ka B.P. (Figure 4). Rohling et al. [1995]
ascribed development of dominance of Globorotalia inflata around
8 ka B.P. in the Alboran Sea to onset of permanent frontal systems
associated with the main gyres in that basin, due to sufficiently
increased inflow volume. All simulated increases in the rate of
inflow are contemporaneous with abundance increases of G. inflata
in Alboran Sea core KS310 within the limits of the
chronostratigraphic resolution (Figure 4). This suggests that the
model reasonably approximates changes in the basin’s mass balance
over the past 20,000 years, which supports its use for evaluation of
changes in basin-average salinity and 60 (Sy and &y,
respectively).

The greatest influence on modeled Sy and d, is exerted by r
(Figure 5). For r = 0.70, Sy = 38.7, giving an outflow-inflow
salinity contrast of around 2.5, only a few tenths higher than
observed [Bryden and Kinder, 1991; Bryden et al., 1994; Pierre,
1999]. The oxygen isotope contrast between outflow and inflow for
r=0.70 is 0.43%o, in agreement with observational values between
0.4 and 0.5%0 [Pierre, 1999]. The ratio (8y~0,)/(Su—Sa) equals
0.17 for r=0.70 and 0.14 for r = 0.75. The average Mediterranean
value for this ratio in the western Alboran Sea is around 0.20
[Pierre, 1999]. Using r = 0.70, the simulated present-day 0.
value is 0.58%o. The average value for the tops of the stacked cores
is 0.58%o (Table 2), while a larger suite of 64 core-top values gives
a mean of 0.67 plus or minus a 1o interval of 0.68%o (Table 3).
Because of these good agreements with observations, the

reconstruction for » = 0.70 is used as a standard against which
sensitivities to the main assumptions are evaluated.

Sensitivity experiments 1, 2, and 3 (Table 1; Figure 6a) indicate
that the general shape of the simulated d,, record hardly depends on
variability of 8. In contrast, the relatively small variability allowed
in Og between about 10 and 5 ka B.P. does importantly determine
the depletion in 3y, at that time. This depletion virtually disappears
when Oy is kept constant at its present-day value, despite the fact
that even that scenario contains temporarily doubled runoff
volumes (Figure 2).

Sensitivity to changes in mean wind speed is relatively small for
Oy (experiment 4, Table 1; Figure 6b). This might be different
should a “jump” be made from a rough regime (V>7ms ') toa
smooth regime (V < 7 m s™') [Merlivat and Jouzel, 1979]. The
present-day Mediterranean, however, ranges in the rough regime (V
= 7.5 ms™! [Garrett et al., 1993)), and glacial mean wind speeds
are more likely to have been similar or higher than today, rather
than lower [Dong and Valdes, 1995; Myers et al., 1998]. The Sy
record is somewhat more sensitive to changes in V (Figure 6c).
However, since detailed wind-speed information is hard to obtain
from geological data, a constant value of 7.5 ms™ is used.

The defined variability in the sea-air temperature contrast (AT)
(Figure 2) is evaluated in experiment 5 (Table 1; Figures 6b and
6¢). Variable AT yields 8y, and Sy, values that are up to 0.5%o and
0.6 higher, respectively, than those found for constant AT = 0.5°C.
Although significant, these differences fall within the effects of a
less than 3% variability of the relative humidity term r on 8y and
Su (Figure 5). The uncertainty in the determination of AT could
therefore be viewed as the equivalent of an error in r of up to 3%,
so that r for the standard reconstruction ranges between apparent
values of 0.70 (AT variable as in Figure 2) and 0.67 (AT constant
at 0.5°C).
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Figure 4. Simulated changes in inflow volumes through the Strait of
Gibraltar, and in Mediteranean excess evaporation over freshwater input, for
various values of relative humidity r, in comparison with relative abundance
variations of Globorotalia inflata in core KS310 from the Alboran Sea
[Rohling et al., 1995].

Equilibrium calcite (8,;.) records for the various values of r
(Figure 3b) are naturally very similar to the 8, records (Figure 5),
with an overprint of the applied SST variations (Figure 2), and are
directly compared with the stacked observational record (Figure 3).
In view of the above discussion of the equivalent effect of
uncertainty in A7, it is important that the &, simulations for 0.67
< r < 0.70 encompass virtually the entire stacked record (Figure
3b), which implies that the model realistically simulates absolute
values, trends, and response magnitudes in J . and therefore Oy,.
This strongly supports application of the model’s interrelated set of
calculations for simultaneous assessment of Sy, and &, responses to
changes in the freshwater cycle and in exchange transport through
the Strait of Gibraltar. The close match between the stacked and
simulated O, records (Figure 3b) also suggests that relative
humidity over the Mediterranean Sea was more or less constant
(around r = 0.70) throughout the past 20,000 years. Rozanski
[1985] reached a similar conclusion for the North Atlantic. For an
open oceanic setting, this is not unexpected, since Gorshkov [1978]
shows that present-day relative humidity values are fairly uniform
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over the entire world ocean, regardless of climatic zones. The
temporal constancy of relative humidity over the Mediterranean
inferred here is more surprising, since the basin is tightly enclosed
by land masses that experienced major hydrological changes
[Sonntag et al., 1979; Adamson et al., 1980; Rossignol-Strick et al.,
1982; Rossignol-Strick, 1987; Guiot et al., 1989; Klein et al., 1990,
Wijmstra et al., 1990; Goodfriend, 1991; Rohling and Hilgen,
1991; Sultan et al., 1997; Reichart et al., 1998].

The model shows less dramatic temporal variability in the
Mediterranean-Atlantic salinity contrast (ASy_,) than in the 8'30
contrast (Ad,,.,) (Figure 5). For r = 0.70, the Ad,,., record suggests
areversal of the gradient from +0.4%o today to -0.5%o around 8 ka
B.P., while AS,,, was not at all reversed, but only somewhat
weakened relative to the present. Hence a flat or reversed Atlantic-
Mediterranean isotope gradient, as inferred for times of the early
Holocene sapropel S1 formation [Thunell and Williams, 1989;
Kallel et al., 1997a), would have occurred while the salinity
gradient remained at about 80% of its present value. Consequently,
there would have been substantial buoyancy loss and related
antiestuarine overturn in the basin, albeit weakened relative to the
present. The numerical circulation model of Myers et al. [1998]
predicts active antiestuarine circulation above 400 m and dramatic
cessation of ventilation below that depth in the eastern
Mediterranean in response to a moderate reduction in the surface
water salinity gradient. Deep water stagnation then allowed
development of bottom water anoxia and sapropel deposition. The
reduced salinity gradient would have partly resulted from enhanced
runoff (Figure 2), which is thought to be related to the inferred
extra & depletion via the amount effect (section 3).

An interesting speculation concerns the nature of stronger 8y
depletions, such as that in sapropel S5 of the penultimate
interglacial maximum [eg., Cita et al., 1977; Vergnaud-Grazzini et
al., 1977; Vergnaud-Grazzini, 1985; Rohling et al., 1993]. At first
sight, these would be interpreted in terms of greater freshwater
input into the Mediterranean, or stronger isotopic depletion in the
major freshwater sources, compared to the Holocene. However, a
potential third alternative now emerges, namely, that the
penultimate interglacial maximum was characterized by slightly
higher relative humidity values than the Holocene. Coupled ocean-
atmosphere circulation models are needed that realistically solve for
changes in vegetation and evapotranspiration to assess whether this
is a realistic option, accounting for the several degrees Celcius
higher global temperatures of that time [CLIMAP, 1984; Jouzel et
al., 1987; Guiot et al., 1989], which would have favored hlgher
atmospheric vapor loads (specific humidity).

Nonproportionality between responses of Ady., and ASy.,
(Figure 5) limits the use of oxygen isotope residuals to reconstruct
paleosalinity. Time-slice maps of isotope residuals remain a valid
means to trace lateral trends and should by preference be used in
their own right. Further interpretation in terms of salinity change or
freshwater gain/loss is not a trivial problem, which centers around
determination of an appropriate spatial S:5'®0 gradient for the
specific period of investigation. Use of temporal gradients to
calibrate spatial gradients is not straightforward (Figure 5c), as was
also demonstrated by Schmidt [1998].

4.2. Evaluation of Negative &,,

Here, I analyze the counterintuitive result of a negative net
isotopic effect at certain times with considerable excess evaporation
over freshwater input X, so that the Mediterranean shows oxygen
isotope depletion relative to the Atlantic, whereas salinity increases
in the basin in a similar fashion to today. This may be visualized by
considering the export of depleted freshwater (E0g) versus the
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Figure 5. (a) Simulated record versus time for Mediterranean seawater salinity, for various values of relative humidity r (solid lines).
Simulated changes in salinity of Atlantic inflow are also indicated (dashed lines). (b) Same as for Figure 5a but for §"0. (c) Sv:0m
plot, for comparison of the present-day spatial S:6'%0 gradient [Pierre, 1999] with the simulated temporal gradient (solid dots) and
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Table 3. Mediterranean Core-Top 6'*0O Values for Various
. .. . . .08°N 24.51°E
Planktonic Foraminiferal Species Core 03 ruber. 0.4 ) 400
TR171-24 bulloides 2.45 34.03°N 22.43°E
Core-Top o) . 4.58° 23.45°E
Core Species 510 Latitude  Longitude T87/2/20G  ruber 1.08 34.58°N 3
ord 0.04 5 00° 24 MO67-03 ruber 1.4 34.25°N  24.50°E
KC82-41 bu o oo 36'2°°N g '243 RCO-181  ruber 0.1  3325°N 25.01°E
KS82-30  bulloides : ; 36‘ N 0§'53° TRI71-27  bulloides 103 33.50°N  25.59°F
;(58?'33 ;"’l’le’. y 8'21 :; 5?;: 03‘2 2 x TRI71-27  ruber 041  33.50°N 25.59°E
Klsjzz'gl b“ﬂ"’ﬂ“ 026 300N 0317w TR171-27  universa 026  33.50°N  25.59°E
KSaoa] ”b oudes 027 09N 0317w TRI71-27  aequilat. 131 3350°N  25.59°E
K882-32 ;"”"_d 057 360N 0207w TRI71-27  ruber 005  33.50°N  25.59°E
- urowdes ' ’ : TRI71-27  universa 0.87  33.50°N 25.59°E
KS70-06 ruber 0.5 38.31°N  04.00°E . .
. TR171-27  aequilataralis 1.18 33.50°N 25.59°E
KS70-06 bulloides 1.5 38.31°N  04.00°E TR171-27 b ink 0.63 3350°N  25.59°E
KS70-06 inflata 16 3831°N 04.00°E R et 005 130N 2599
1960201 ruber 03 3721°N  045I°E KS75.52 m;c“ yer o1 MaN 2619
1960201 inflata 1.6 3721°N  04.51°E vio ‘;9“ ’“b” 058 3605 26 SO
KET80-22  bulloides 158 4035°N  1143°E K150 > a441N 2700
KET80-19  bulloides 154 4033°N 1321°E S0l e s aaaN 2700
KET80-19  ruber 071  4033°N  1321°E Viost e 052 355N 2718
KET80-04  bulloides 167  39.40°N 1334°E RCo.178 ’"b" ‘ TN 2755E
KETS0-03  bulloides 1 3849°N  1430°E Rirlay e VR SN 20 01E
KET80-03  bulloides 143 3849°N 14.30°E R oer 0'24 ;2 .;9°N 20 01°
CS72:37  bulloides 131 3641°N 12.17°E TR17L22 f"ﬂe: 175 3510N  29.01°F
CS72-37 ruber 0.22 36.41°N  12.17°E i " .a ¢ ' ' ’
. TR171-22 universa 1.3 35.19°N  29.01°E
CS70-05 bulloides 0.77 35.44°N  13.11°E . .
TR171-22  aequilateralis  1.28 35.19°N  29.01°E
T87/26B ruber -0.25 34.44°N  16.48°E
KET$2-22 b 0.03 17 56°N 6.53° CHN119-16 ruber 0.72 33.15°N  30.20°E
22 ruber ' : 16.53°E P6508-36B  ruber 049  32.44°N  3031°E
MD84-658  ruber 0.58 35.02°N  17.38°E CHN119-18 ruber 0.74 34.21°N  30.56°E
RC9-191 ruber 0.59 38.11°N  18.02°E CHN119-22 ruber 0.93 32.46°N  31.53°E
BANBA0IGC ruber 0.7 34.19°N 20.01°E MD84-641  ruber 084  33.02°N 3238°E
IN68-9 bullOldeS 1.12 41.48°N 17.55°E Core 17 ruber -0.75 35.30°N 33.20°E
KET82-16  ruber 0.79 41.31°N  17.59°E GA32 ruber 1 31.57°N  34.21°E
IN68-5 bulloides 1.6 41.14°N  18.32°E Core 190 ruber 03 36.00°N  34.23°E
Core 20 ruber 0.8 38.26°N 24.58°E

Core-top 6'®0 values are corrected after Rohling and De Rijk
Core 19 ruber 04 39.16°N  24.50°E [1999], where a print error made all values negative.
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Figure 6. Sensitivity experiments, all using r = 0.70: (a) investigation of
the relative influences of the imposed variability in 8; and &g; (b)
investigation of impact on simulated &y, of a glacial increase in wind speed
to 8.5 m s, instead of a constant value of 7.5 m s™' throughout the past
20,000 years, and assessment of the influence of a constant sea-air
temperature contrast of 0.5°C, instead of the variable value given in Figure
2; and (c) as in Figure 6b but for Mediterranean salinity.

import of depleted freshwater (POp + ROy + BOg = FOg, where F is
the total volume of freshwater inflow and & is the volumetrically
weighted average isotope composition of the freshwater input).
There would be no net isotopic change when F&g = EJg, so that a
critical value for 8y may be defined as ;™ = F E' & or 6™ =
(E-X) E"' 8¢ . The basin would show enrichment (as today) when
&g < 6™, whereas overall depletion would occur when &g > 8™

For the period of S1 deposition, with r = 0.70, the model gives
(E-X)E™' = 0.7 (compared with 0.6 today), while the value for &
for that period in the main experiment is -8.2%o (compared with
-6.3%o today), so that 8;" ~ -6%o. Therefore the basin could
develop isotopic depletion if, at that time, &g > —6%o. The equation
for &g (section 3) shows predominant influences of r and d,,,,. Using
appropriate values for the period of S1 deposition, g, ray/@sussty =
0.97, 8y ~ 0.75%o, and ¢, = 1.0099, the distribution pattern of &;
as a function of r and J,,, allows identification of the area where,
roughly, 8z > -6%o (Figure 7). For d,,, in equilibrium with &, =
Og = —8%o at that time, the returned value for d; is conducive to
isotopic depletion in the basin when r is equal or larger than about
0.68. This underlies the model’s negative isotopic effect in the runs
with r = 0.70 and above, while those runs at the same time
maintained considerable excess evaporation and thus salinity
increase in the basin.

5. Conclusions

A box model representing long-term average conditions in the
Mediterranean simultaneously solves for changes in salinity and

5'80. In spite of its basic configuration and schematic input, the
model successfully simulates (1) present-day Atlantic-
Mediterranean seawater salinity and &'®0 (using relative air
humidity of 70%); (2) variations in inflow volume through the
Strait of Gibraltar as inferred also from micropaleontological
records; and (3) changes in basin-average 6'%0 of planktonic
foraminiferal calcite since the Last Glacial Maximum. This justifies
the use of the model to explore the nature and principal causes of
temporal changes in Mediterranean salinity and sea-water 8180 (Sy
and d,,, respectively).

Volume and property fluxes from the Mediterranean into the
Atlantic since the last glacial maximum are assessed with the model
and presented graphically for potential use in North Atlantic
circulation models (data in centennial time steps are available on
request).

Foraminiferal carbonate-based 8'30 records reflect distinct dy
depletions within sapropels. Such depletions are found to likely
indicate that runoff at those times was isotopically more depleted
than today. Particularly strong oxygen isotope depletions could
indicate slight (of the order of 5%) increases in relative air humidity
over the basin, relative to the present. Further studies are needed to
evaluate the feasibility of such changes in relative humidity,
however, since the present study itself suggests that relative
humidity remained fairly constant around 70% throughout the last
20,000 years.

Temporal variability seems more dramatic in 8y than in Sy.
Relative to the present, reversed Atlantic-Mediterranean 80
gradients may occur, while salinity gradients remain similar to the
present, albeit weakened. The nonproportionality between &y and
Sy responses to forcing by an internally consistent set of
environmental change is found to be highly variable with time.
Also, temporal S:8"®0 gradients are found to be significantly
different from spatial gradients on the modeled timescales. This
seriously limits the quality of Mediterranean paleosalinity

0.60 0.65 0.70 0.75 0.80
r

Figure 7. Surface plot for 8 (section 4.1) as a function of atmospheric
8'%0 (,,,) and relative humidity r. Shading indicates zone where 8;™ is
less depleted than - 6%e.
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reconstructions based on oxygen isotope residuals; it is likely that
the associated error margins would be larger than the inferred
paleosalinity changes. However, oxygen isotope residuals may still
play a pivotal role in studies of (paleo)circulation. This potential
may be unlocked by allowing (coupled) circulation models to
advect oxygen isotopes through the system as a passive,
nondynamic tracer. Validation of simulated isotope residual
distributions, using observed distribution patterns, then provides
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