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Abstract. A regional ocean general circulation model of
the Mediterranean is used to study the climate of the Last
Glacial Maximum. The atmospheric forcing for these sim-
ulations has been derived from simulations with an atmo-
spheric general circulation model, which in turn was forced
with surface conditions from a coarse resolution earth sys-
tem model. The model is successful in reproducing the gen-
eral patterns of reconstructed sea surface temperature anoma-
lies with the strongest cooling in summer in the northwestern
Mediterranean and weak cooling in the Levantine, although
the model underestimates the extent of the summer cooling
in the western Mediterranean. However, there is a strong
vertical gradient associated with this pattern of summer cool-
ing, which makes the comparison with reconstructions com-
plicated. The exchange with the Atlantic is decreased to
roughly one half of its present value, which can be explained
by the shallower Strait of Gibraltar as a consequence of lower
global sea level. This reduced exchange causes a strong in-
crease of salinity in the Mediterranean in spite of reduced net
evaporation.

1 Introduction

The Mediterranean is a semi-enclosed basin connected with
the Atlantic by the narrow and shallow Strait of Gibraltar. It
is an evaporative basin characterized by an anti-estuarine cir-
culation with active deep water formation. It is influenced
by both the monsoon circulation as well as the European
climate.

The Last Glacial Maximum (LGM) around 21 kyr B.P.

is a well studied time slice with a glacial climate substan-
tially different from present climate. The first regional re-
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construction of LGM sea surface temperature (SST) from
assemblages of foraminifera in the Mediterranean (Thiede,
1978) showed a marked difference in the cooling between
eastern and western Mediterranean: the cooling in the north-
western Mediterranean was much stronger than in the east-
ern Mediterranean. Thiede also showed the presence of
a cool fresh tongue in the Levantine originating from the
Aegean. A recent reconstruction (Hayes et al., 2005) es-
sentially confirmed the strong gradient in the climate sig-
nal between eastern and western Mediterranean, but did not
find the cold fresh tongue. They found the strongest cool-
ing in the northwestern Mediterranean in summer, whereas
the cooling in the Levantine was small. Temperature esti-
mates from alkenone unsaturation, however, indicate quite
strong cooling (approx. 10 K) in the eastern Mediterranean
(e.g.Emeis et al., 2003; Almogi-Labin et al., 2009), which
conflicts with the weak cooling reported from assemblages
of foraminifera. A comprehensive overview over the knowl-
edge about the state of the Mediterranean at LGM can be
found inRobinson et al.(2006).

Due to the lower sea level, the sill depth of the Strait of
Gibraltar was reduced at LGM. This would, under the as-
sumption of hydraulic control, result in reduced exchange
rates between Atlantic and Mediterranean (e.g.Bryden and
Stommel, 1984; Rohling and Bryden, 1994), which in turn
would lead to higher salinity in the Mediterranean, which
is consistent with geological evidence (e.g.Thunell and
Williams, 1989).

Although the Mediterranean is an almost ideal region for
regional ocean modeling due to the very limited exchange
with the Atlantic, only very few attempts have been made to
simulate the glacial circulation.Bigg (1994) used a regional
ocean model forced with surface fluxes calculated interac-
tively from bulk formulas with atmospheric input data de-
rived from simulations with a coarse-resolution atmosphere-
only model. The results suffered from short-comings of the
atmospheric forcing and the ocean climate. Whereas this
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approach led to a substantial cooler climate, the effect on
salinity was rather small, which might be an artifact due the
short simulation period.

Myers et al.(1998) used a regional ocean general circula-
tion model (GCM) with a rather realistic climate to investi-
gate changes in deep water and ocean circulation. Their ap-
proach to LGM surface forcing was completely different than
Bigg’s approach: reconstructed SST and sea surface salinity
(SSS) anomalies were added onto the climatological present
days SST and SSS. These values were used as model forc-
ing using a restoring boundary condition. Their prescribed
salinity anomalies were always strongest in the eastern Lev-
antine. Their model responded to these changes in thermoha-
line forcing with an eastward shift of the deep water forma-
tion in the eastern basin from the Adriatic to the Rhodes gyre.
In the western basin the location of deep water formation did
not change substantially.

The model study presented here follows a similar ap-
proach as the study ofBigg (1994). A regional ocean model
is forced with atmospheric input data from high-resolution
atmospheric model simulations. River input and Atlantic
hydrography are modified as well according to model re-
sults. Except from the ice sheet extent, the atmospheric com-
position and global sea level, no reconstructions enter the
model. This method has the advantage that the model results
are completely independent from e.g. SST reconstructions,
which allows to use these data for the validation of the model
results.

The goal of this study is to simulate the ocean climate and
the circulation of the Mediterranean during the LGM with
a dynamic downscaling approach. An important aspect is to
reproduce and understand the characteristic pattern of change
in SST, which is known from reconstructions. In Sect. 2 of
this paper the model and forcing are described. The climate
of the control run is described and compared to observational
estimates in Sect. 3. The setup for the LGM is described in
Sect. 4 and the results for this time slice in Sect. 5.

2 Model and forcing

The model used in this study is a regional version of the
primitive equation ocean general circulation model MPIOM
(Max-Planck-Institute ocean model,Maier-Reimer, 1997;
Marsland, 2003). The model covers the entire Mediter-
ranean, the Black Sea and a small Atlantic box with a mean
horizontal resolution of 20 km. The resolution is sufficient
for some eddy variability to occur in the model. The topog-
raphy of the model is shown in Fig.1. The model has 29 un-
evenly spaced vertical levels, 8 of them in the top 100 m, and
uses partial cells at the bottom. The model has a free surface.
In order to prescribe the properties of the inflowing Atlantic
water, a sponge zone with restoring of temperature and salin-
ity to monthly climatological hydrography is applied at the
western margin of the Atlantic box.

Topography

a

CTL
35°N

E°03°0

b

LGM
35°N

E°03°0

                    30          100         300       1000        3000 m

Fig. 1. Model topography in m for CTL (top) and LGM (bottom).
Geographical coordinates are drawn for every 10◦ in longitude and
5◦ in latitude.

Heat fluxes at the surface are calculated using standard
bulk-formulas with prescribed atmospheric forcing values
and model SST. Prescribed input parameters are daily values
of near-surface air temperature, dew point temperature, wind
speed and downward radiative fluxes (shortwave and long-
wave). The upward longwave radiation is calculated from
the model SST. The penetration of shortwave radiation into
the ocean is set according to Jerlov optical water types Ib in
the Mediterranean and III in the Black Sea (Jerlov, 1976).

Freshwater fluxes are calculated from prescribed daily pre-
cipitation and monthly climatological river runoff. Evapo-
ration is determined from the interactively calculated latent
heat flux. The model uses a mass flux boundary condition
for freshwater fluxes. As the Mediterranean is an evapora-
tive basin, sea level would sink continuously. This is pre-
vented by weakly restoring the sea level at the westernmost
grid points of the Atlantic box towards zero. Wind stress is
prescribed directly.

The atmospheric forcing has been derived from time slice
simulations with the atmospheric general circulation model
ECHAM5 (Roeckner et al., 2003). The spectral model has
been run in a horizontal resolution of T106 (approximately
1.125◦ resolution on a Gaussian grid) with 39 vertical lev-
els. SST, sea ice and vegetation distribution were derived
from steady state simulations with a coarse resolution earth
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system model (ESM,Mikolajewicz et al., 2007). SSTs were
corrected for systematic biases. Details of the procedure can
be found inArpe et al.(2011).

Two simulations were carried out (Arpe et al., 2011). One
simulation represents a preindustrial climate (insolation cor-
responding to 1950, atmospheric partial pressure of CO2 of
280 ppm) with present topography and glacier distribution.
The other simulation represents the state of the LGM with to-
pography and ice sheet according to the ICE-5G reconstruc-
tion (Peltier, 2004). Other important modifications include
insolation (according to 21 kyr B.P.) and atmospheric com-
position (pCO2 of 185 ppm). The simulations closely follow
the PMIP2 protocol (Braconnot et al., 2007).

From these simulations, 20 years of daily atmospheric
forcing were derived for each experiment through bilinear
interpolation onto the grid of the ocean model. Land points
of the atmospheric model were excluded from this interpo-
lation. The forcing thus contains daily and interannual vari-
ability and is applied repetitively. A monthly river runoff
climatology was derived from these simulations using a hy-
drological discharge model (Hagemann and D̈umenil-Gates,
2003). The model used river masks adapted to the respective
topographies for the two time slices. For the Mediterranean,
however, these changes were basically restricted to regions
like the Adriatic, where the coastline strongly differed due to
to lower global sea level.

Compared with observations, this approach leads to a
strong overestimation of the Nile discharge. The main
causes for this are an overestimation of the precipitation
in the source regions of the Nile as well as the neglect of
evaporation from the rivers during their way towards the
Mediterranean Sea. Once the surface module of the at-
mospheric model has calculated a runoff (either surface or
deep drainage), it is transferred to the hydrological discharge
model. The model transfers the discharge to the coast, but an
evaporative loss is not permitted. Thus the calculated runoff
of the Nile is 9700 m3 s−1. Ludwig et al.(2009) report that
more than half of the water generated by surface runoff is
lost. Only approximately 40% of the water reach Aswan.
The observed runoff from the Nile prior to the Aswan Dam
is 2900 m3 s−1 (calculated fromVörösmarty et al., 1998).
However, as this value also represents some effects of irri-
gation, it was decided to use a simple correction of 50% for
the purpose of this study. For consistency, this correction was
applied in the LGM simulation as well.

All simulations were started from homogeneous water
with 38‰ and 20◦C. For the Black Sea an initial salinity
of 20‰ was used. A model initialization with relative light
homogeneous water has the advantage, compared to initial-
ization with climatology, that it guarantees that all the water
masses found in the model have been produced by the model
and are not remains of the initial conditions, as less dense
bottom waters are easily replaced by dense surface waters.

During the spin up, minor corrections were made in the
parameterizations, e.g. the first 99 years of the simulations

were run with the full Nile discharge. However, all simula-
tions have been run at least 400 years without any changes.
The length of the simulations was different. Figures shown
in this paper represent an average over the last 100 years of
the simulations.

3 Climate of the control simulation

The approach used here is, with a few exceptions, based on
modeled input data. The comparison of the simulated model
climate with observed ocean climate allows to assess both
the quality of the model and of the model forcing. The devi-
ation of the climate of the control simulation (CTL) from the
observed state of the Mediterranean yields at least a rough
estimate of the quality of the simulated LGM climate. This
would not have been possible, if only anomalies would have
been used. The general approach is essentially similar to the
approach ofBigg (1994). Bigg, however, used much coarser
models, both for the ocean as well as for the atmospheric
model, which was used to derive the atmospheric forcing for
the ocean model.

For CTL, the model was integrated for 1999 years with
the forcing derived from the preindustrial present day simula-
tion of the atmospheric GCM. The remaining drift is negligi-
ble, except for the Black Sea, where the drift towards higher
salinity is still substantial: 0.07‰/century almost indepen-
dent of depth.

This section deals with the assessment of the ability of
the model to simulate some key parameters of the Mediter-
ranean ocean climate, when driven with a forcing derived
from the present day preindustrial simulation of the atmo-
sphere model. This simulation will in the following be used
as control simulation for the LGM simulation. It is assumed
here that the potential effect of anthropogenic climate change
on the Mediterranean ocean climate, as represented in e.g.
the climatology (Medar, 2002, henceforth MEDATLAS), is
small and that the effect can be neglected.

In Fig. 2 the differences between modeled and observed
SSTs are shown. With a few exceptions, the modeled open
ocean winter (JFM) and summer (JAS) SSTs are close to ob-
servations with a typical error smaller than 1 K. In the model,
SST refers to the temperature of the uppermost layer, which
has a thickness of 12 m plus sea level. For consistency, the
observations have been linearly interpolated onto 6 m depth,
the center of the uppermost model level.

In winter (JFM), the model shows a cold bias in the Lev-
antine and Ionian Seas. SST errors in excess of 1 K are
simulated in the northern edge of the Adriatic, southwest of
Cyprus and in small regions south of Crete. In summer, the
model produces too warm temperatures around the Strait of
Gibraltar. This is probably an effect of the neglect of tides,
which substantially would enhance vertical mixing and thus
reduce the summer surface temperatures. Otherwise temper-
ature errors larger than 1 K only occur near coasts and could
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Temperature difference CTL - MEDATLAS

a

SST winter

c

325 m

b

SST summer

d

1401 m

           -5            -3           -1             1             3            5 K   

Fig. 2. Difference between simulated (CTL) and climatological (MEDATLAS) potential temperatures in K. Winter (JFM) and summer (JAS)
SST and annual mean temperatures at 325 m and 1401 m depth. Contour interval is 0.4 K. White indicates deviations smaller than 0.2 K.

Salinity and convection depth

a

CTL

   35           36           37           38           39      o/oo      

Fig. 3. The colours show the simulated annual mean surface salin-
ity in CTL in ‰. Contour interval is 0.2‰. Isolines show the cli-
matological maximum depth of the mixed layer. Contour interval is
250 m.

be caused by small scale features in the atmospheric circula-
tion, which are not resolved by the atmospheric forcing ap-
plied to the ocean model, like e.g. the strong positive bias in
winter in the Marmara Sea.

At the depth of the intermediate water masses (325 m)
the simulated western Mediterranean temperatures are ap-

proximately 0.5 K warmer than climatology. In the east-
ern Mediterranean the pattern is characterized by slightly
too cold water masses in the central Ionian and Levantine
Seas, whereas coastal water masses are generally too warm
(see Fig.2). The simulated deep water masses (at 1401 m)
are generally too warm: 0.8 K in the western Mediterranean,
0.4 K in the eastern basin (see Fig.2).

The simulated surface salinity as well as the deviations
from the MEDATLAS climatology are displayed in Figs.3
and 4. Whereas the calculation of surface heat fluxes us-
ing bulk formulas with modeled SSTs as ocean input im-
plies a damping feedback on the modeled SSTs towards the
imposed original climatology, there does not exist a similar
feedback for surface salinity. Thus salinity tends to accumu-
late all errors in the hydrological forcing and in the circula-
tion. The general structure of the simulated surface salinity is
quite realistic. The model simulates the structure of relative
fresh water entering the Mediterranean along the Algerian
coast and saltier water masses in the Balearic Sea. The struc-
ture in the eastern Mediterranean is characterized by the in-
flow of low salinity water from the west and recirculation of
saltier water at the coasts. The outflow from the Bosphorus is
spreading along the coast of Greece. The Adriatic is charac-
terized by inflow of salty surface and subsurface waters from
the Ionian in the east. In the west, the plume of the Po is
spreading southward along the Italian coast.
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Salinity difference CTL - MEDATLAS   

a

6 m

                   -1         -0.5           0             0.5           1  o/oo

b

325 m

c

1401 m

Fig. 4. Difference between simulated (CTL) and climatological annual mean salinity (MEDATLAS) for the surface, 325 m and 1401 m.
Contour interval is 0.1‰. White indicates deviations smaller than 0.05‰.

The model somewhat overestimates the salinity in the
northern and southern Ionian and underestimates the salinity
in the Levantine (see Fig.4). The overestimation of the Nile
runoff is responsible for the strong negative anomalies along
the eastern margin of the Levantine. Part of this model data
discrepancy, however, is likely to be an artifact due to insuffi-
cient representation of the plume of the Nile in the MEDAT-
LAS climatology, both due to the reduction in Nile discharge
as a consequence of the Aswan dam and due to too much
spatial smoothing in the data processing. Whereas the north-
ernmost part of the Adriatic is more than 1‰ too fresh, the
central and southern parts are too salty, indicating an over-
estimation of the inflow of salty water from the Ionian. The
too fresh water in the northern and western Aegean are con-
nected with the outflow from the Black Sea.

At depth the model errors are much smaller than at the sur-
face (see Fig.4). A typical error at 325 m depth is−0.07‰ in
the eastern basin and 0.05‰ in the western basin. At 1401 m
depth, the errors are approximately 0.13‰ in the western
basin and 0.04‰ in the eastern basin. It should be stressed
that the water mass properties discussed here are entirely
model generated and not spurious remainders of the initial
conditions.

Sites of convective deep and intermediate water formation
are indicated in Fig.3. The mixed layer depth is a diagnos-
tic quantity of the model. It is calculated as the depth, where
the potential density is 0.05 kg m−3 larger than at the surface.
In the western basin, the deep water is formed mainly in the
Gulf of Lion. Some convection also takes place in the Lig-
urian Sea. In the eastern basin, deep water is formed in the
Adriatic, and in the northwestern part of the Ionian. This pat-

tern of deep winter mixed layer depths is largely consistent
with the mixed layer climatology ofD’Ortenzio et al.(2005).
The mean mixed layer depth is a time average over poten-
tially very different years. In some of the years the deep con-
vection in the southern Adriatic actually reaches the model
bottom, but it does not in other years. The interpretation of
deep or intermediate water formation has throughout this pa-
per always been crosschecked with radioactive age tracers,
which were included in the simulations.

By far the highest densities in the bottom layer are simu-
lated in the northern Adriatic. Here the water flows south-
ward along the western margin, filling the deep southern
Adriatic. Together with water formed by open ocean con-
vection in the southern Adriatic, this forms the deep over-
flow water entering the Ionian through the Strait of Otranto.
The entrainment of less dense ambient water on the way to
the south is quite large, which is a typical feature of insuffi-
cient resolution of plume flow in z-coordinate models. As a
consequence of this entrainment the convection in the north-
western Ionian is overestimated.

Levantine intermediate water (LIW) is formed around
Crete and between Crete and Cyprus, where the high
salinities allow sufficient high densities. The pattern
is – with the exception of the overestimation of the
convection in the northwestern Ionian – quite realistic
(Pickard and Emery, 1990).

In winter the Black Sea SST is approximately 1.5 K too
warm, in summer the temperature error is smaller (approx.
0.5 K). The water at depth is more than 1 K too warm.
Whereas the surface water in the interior is slightly too salty,
the deep water is much too fresh. However, the model drift
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Table 1. Hydrological budget of the Mediterranean. Numbers are given in 1000 m3 s−1 unless specified explicitely on top of the column.
Numbers in myr−1 are basin averaged fluxes.

CTL CTL CTL LGM
Mediterranean Black Sea total Mediterranean

myr−1 myr−1

precipitation 32.1 0.39 7.9 39.9 30.4 0.43
evapaporation −97.3 −1.19 −12.7 −110.0 −77.8 1.10
river runoff 11.3 0.14 11.7 23.0 19.3 0.27
net flux −53.9 −0.66 6.9 −47.0 −28.2 −0.40

in the Black Sea towards saltier conditions is still substan-
tial. Nevertheless, the strong overestimation of the width of
the Bosphorus due to the model resolution is a limiting fac-
tor for the ability of the model to realistically simulate the
climate of the Black Sea.

The model simulates a deep outflow of 0.81 Sv through
the Strait of Gibraltar. The inflow of Atlantic water is with
0.86 Sv slightly higher due to the need to compensate for
the net evaporation of 47 000 m3 s−1. Bryden et al.(1994)
estimated the time-average outflow of Mediterranean water
through the Strait of Gibraltar from hydrographic measure-
ments to be 0.68 Sv.Baschek et al.(2001) from current me-
ter moorings 0.81 Sv. Older estimates are somewhat higher,
Lacombe and Richez(1982) estimated this to be 1.15 Sv,
Bethoux(1979) even 1.6 Sv. Thus the model outflow is quite
realistic and consistent with actual estimates.

The near-surface circulation in run CTL shows in the west-
ern basin a strong Atlantic inflow in the southern part ex-
iting through the Strait of Sicily into the eastern basin (see
Fig. 5). The Gulf of Lion is characterized by a strong cy-
clonic circulation associated with the deep water formation
cell. In the Tyrrhenian Sea the water flows first eastward
north of Sicily and then follows the Italian coast northward.
In the eastern basin, the continuation of the Atlantic inflow
propagates as a mid-ocean jet into the Levantine basin. To-
gether with a strong westward current along the Turkish
coast, this forms the Rhodes gyre associated with the for-
mation of Levantine intermediate water. Jointly with out-
flow water from the Black Sea, this feeds the northward sur-
face flow along the Greek and Albanian coasts. The Adri-
atic shows a clear cyclonic circulation, which is mostly a
summer and fall phenomenon. The surface circulation in
the Black Sea is cyclonic as well. The general circula-
tion pattern agrees quite well with the findings presented by
Pinardi and Massetti(2000).

The hydrological cycle of the model (see Table1) is
a combination of prescribed quantities (precipitation and
river runoff), which were derived from the ECHAM5 T106
simulations, and interactively calculated evaporation, which
depends on the model SST. In the control simulation,
the Mediterranean gains 32 100 m3s−1 from precipitation,
11 300 m3 s−1 from river runoff and loses 97 300 m3 s−1 by

Currents 27m

CTL

                   4                   8                  12  cm/s   

Fig. 5. Currents at 27 m depth for CTL. Colours indicate the flow
speed in cm s−1, vectors both direction and speed. Only a subset of
vectors has been plotted.

evaporation. The Black Sea and the Marmara Sea have a net
surplus of freshwater of 6900 m3 s−1, which is dominated by
river input. Thus the net freshwater loss east of the Strait
of Gibraltar is 47 000 m3 s−1, which corresponds to the net
inflow from the Atlantic.

The basin mean (Mediterranean only) of the prescribed
precipitation is 0.39 m/yr. This agrees quite well with
the results from NCEP and ECMWF reanalyses (0.43 and
0.33 m/yr for the years 1979 to 1993 according toMari-
otti et al. (2002). The classical estimates from observa-
tion are somewhat higher than these value: 0.55 (Jaeger,
1976), 0.7 m/yr (Legates and Willmott, 1990) and 0.48 m/yr
(CMAP, Xie and Arkin, 1998). The basin mean calculated
evaporation is 1.19 m/yr. The mean values (1979–1993)
from the reanalysis of NCEP and ECMWF are 0.93 and
1.11 m/yr. Estimates from observations are slightly higher
with 1.21 (Jaeger, 1976), 1.36–1.54 (Bethoux and Genitili,
1999) and 1.18 m/yr (Mariotti et al., 2002). Both precipita-
tion and evaporation are close to estimates from observations
and reanalysis data.

The total freshwater budget of the Black Sea is quite re-
alistic and close to observations (e.g.Tolmazin, 1985). The
range of river discharge rates for the Mediterranean given in
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Anomalies LGM-CTL 

Surface air temperature Precipitation - Evaporation

Precipitation 

Feb

Aug

                -15         -10           -5            0             5          K           -50         -30         -10     0     10          30            50 
                                   cm/year

Fig. 6. Difference between LGM and present day simulations with the stand-alone ECHAM5 T106 atmospheric model. Left: Difference
in surface air temperature between LGM and present day in K for February (top) and August (bottom). Right: difference in annual mean
precipitation minus evaporation (top) and precipitation (bottom). Contour interval is 4 cm/yr, white colour indicates changes less than
2 cm/yr. Both present day and LGM coastlines are shown.

the review paper byLudwig et al. (2009) lies with 12 700
to 14 300 m3 s−1 close to the model value of 11 300 m3 s−1.
The corresponding value for the Black Sea are 11 100 to
12 700 m3 s−1 compared to 11 700 m3 s−1 from the model.

Bryden et al.(1994) estimate the total freshwater loss of
the Mediterranean from hydrographic measurements in the
Strait of Gibraltar to be 0.52 m/yr. The total freshwater loss
of the model east of Gibraltar is 47 000 m3 s−1 corresponding
to 0.57 m/yr if related to the area of the Mediterranean. Ear-
lier estimates from hydrographic data yield – consistent with
the higher outflow rates and similar salinity differences be-
tween inflowing and outflowing water at Gibraltar – higher
estimates of the net evaporation of the Mediterranean Sea:
e.g. 0.75 m/yr (Lacombe and Richez, 1982) and 0.95 m/yr
(Bethoux, 1979). Estimates involving precipitation and evap-
oration from reanalyses tend to be somewhat lower (between
0.37 and 0.52 m/yr, see e.g.Mariotti et al. (2002). In gen-
eral, the hydrological cycle of this model is well within the
estimates from both observations and from reanalysis data.

4 Boundary conditions LGM

For the LGM simulation, the topography was modified
adding the anomalies from the ICE-5G reconstructions
(Peltier, 2004) between 21 and 0 kyr B.P. to the standard to-
pography. This resulted in reductions of the water depth be-
tween 127 m in the interior of the basin and 98 m in coastal
areas (see Fig.1 bottom). The sill depth at the Strait of
Gibraltar has been reduced from 256 to 156 m. Temperature
and salinity, which are used for restoring at the western mar-
gin of the Atlantic box, are modified by adding the difference
between LGM and CTL simulations with the coarse resolu-
tion ESM. The Bosphorus is closed and thus the Black Sea
no longer part of the model.Aksu et al.(1999) reports for the
LGM a lake level of the Black Sea 150 m lower than today.
As this is lower than the sea level in the Mediterranean, river
runoff from the Black Sea is not taken into account for LGM.

The climate of the LGM simulation over Europe is dis-
cussed inArpe et al.(2011). Here only those aspects im-
portant for the Mediterranean ocean climate are discussed.
The near-surface air temperatures are much colder than in the
control simulation (see Fig.6). In February, the temperature
anomaly is characterized by a strong north-south gradient
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Surface temperature LGM

b

winter

a

annual

c

summer

d

summer 37m

     7            11           15           19           23     °C

Fig. 7. Simulated temperature in the LGM simulation in◦C. Winter (JFM) SST, annual mean SST, summer (JAS) SST and summer
temperature at 37 m depth. Downward triangles represent ANN reconstructions, upward looking triangles represent RAM reconstructions
(Hayes et al., 2005). Alkenone derived temperature estimates (Lee, 2004) are represented by squares. Extending the suggestion byEmeis et
al. (2000), alkenone temperature estimates have also been plotted for winter.

with a cooling exceeding 10 K over the Alps and on the
Balkan and a cooling of less than 3 K in the northeastern
Sahara and on the Arabian peninsula. The cooling is par-
ticularly strong in that part of the northern Adriatic which is
converted to land due to the lower sea level. The changes in
albedo and the strongly reduced heat capacity are responsible
for this strong winter cooling signal.

In August, the simulated near-surface air temperature
anomaly shows a clear east-west gradient. In central Spain,
the simulated summer cooling reaches 9 K, in the northern
half of Italy, it exceeds 7 K, whereas the cooling in the land
areas around the eastern Levantine is typically 5 K. Over
the Mediterranean, the simulated cooling of air temperature
anomalies is reduced compared to the land signal, but the
longitudinal gradient is similar.

Temperatures over the Mediterranean land areas have been
reconstructed from pollen data.Wu et al.(2007, their Fig. 8)
estimated the temperature of the coldest month at LGM to be
between 6 and 19 K colder than present, and the temperature
of the warmest month to be between 2 and 11 K colder.

The anomalies of precipitation minus evaporation (from
the atmospheric model) over the Mediterranean are in gen-
eral positive (see Fig.6). The strongest local changes occur
in those regions which are converted from ocean to land. The
changes in precipitation are positive for the eastern Mediter-

ranean and the Tyrrhenian Sea, whereas they are rather small
in the western basin (cf. Fig.6). The enhanced precipitation
in the eastern Levantine is consistent with higher lake levels
of the Dead Sea (Stein et al., 2009). Integrated over the basin,
precipitation is slightly reduced, which reflects mostly the ef-
fect of the reduced area (s. Table1). Evaporation is reduced
due to the lower temperatures. Thus the positive signal in
precipitation minus evaporation is much larger than the pre-
cipitation signal. Precipitation is enhanced over France and
Spain. The precipitation increase over France is strongest in
summer.

The simulated precipitation is enhanced over the source
regions of the Nile. The consequence is a strongly enhanced
discharge from the Nile. It almost doubles compared to the
control state.Reeder et al.(2002) estimated from the lack of
turbidites that Nile discharge is strongly reduced during the
LGM. Almogi-Labin et al.(2009) report a considerable Nile
discharge during the LGM from sediment cores in the Levan-
tine. The simulated runoff from Spain, France, the Alps, Italy
and Croatia is strongly enhanced as well due to enhanced pre-
cipitation. As a consequence, the total river runoff into the
Mediterranean is increased by 70% compared to present day
(see Table1). The basin integrated evaporation (calculated in
the ocean model) is reduced by 20%. The reduced evapora-
tion is the major contribution to the reduced freshwater loss
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Fig. 8. Differences between summer (JAS) temperatures at 6 and 37 m in K. LGM, CTL and observations (MEDATLAS).

of the Mediterranean (28 200 compared to 47 000 m3 s−1 for
CTL). The enhanced river runoff compensates for the miss-
ing outflow from the Black Sea.

The simulated precipitation changes in tropical eastern
Africa vary considerably between the different models. The
high resolution atmosphere-only simulation fromKim et al.
(2008) seems to show higher precipitation. On the other
hand,Braconnot et al.(2007) report reduced precipitation as
the mean outcome from several coupled atmosphere-ocean
GCMs. Results from several high resolution simulations for
Europe with different models did not show a consistent pic-
ture for the changes in precipitation in the Mediterranean re-
gion (Jost et al., 2005, their Fig. 5).

Wu et al. (2007) estimated reduced precipitation around
the Mediterranean and in tropical east Africa from pollen
data using an inverse vegetation model.Farrera et al.(1999)
estimated from various proxy data reduced precipitation in
tropical east Africa, but increased precipitation minus evap-
oration. Lake levels around the Mediterranean were higher,
although only few data are available (Kohfeld and Harrison,
2000). In tropical east Africa, lake level data are inconclu-
sive, about as many data hint to wetter conditions as to dryer
conditions.

5 Results LGM

The baseline LGM simulation has been integrated for 2099
years.

5.1 Temperature

The simulated SSTs are shown in Fig.7 together with re-
constructions derived from marine sediment cores. Temper-
atures have been estimated from assemblages of planktonic
foraminifera with two different methods (Hayes et al., 2005):
The revised analog method (RAM,Waelbroeck et al., 1998)
and the artificial neural network technique (ANN,Malm-
gren et al., 2001). For annual mean temperatures, additional
estimates derived from alkenones have been used (Lee, 2004,
and references therein).

Model and reconstructions agree on the general SST pat-
tern for winter. The coldest temperatures occur in the Gulf
of Lion and the Adriatic. The ANN estimates are some-
what warmer than the RAM estimates. In general, the model
agrees reasonably well with both reconstructions. The model
is too warm in the Alboran Sea, which can be explained by
the combined effect of the lack of tidal mixing in the Strait
of Gibraltar and the forcing. The ESM simulation showed
only a moderate cooling in the Gulf of Cadiz in contrast to
reconstructions. Thus the cooling between LGM and present
of the inflowing Atlantic water is underestimated, which re-
sults in an overestimation of the surface temperatures in the
Alboran Sea.

The temperature pattern in summer is quite similar. SSTs
are cold in the north and warm in the southeastern Levantine.
In the eastern basin, the agreement between model and the
ANN reconstruction is reasonable. The estimate based on
the RAM method is somewhat colder than the ANN recon-
struction. In the Adriatic and east of Greece, the simulated
SSTs are several degrees too warm compared to the proxy
estimates. In the entire western Mediterranean the simulated
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Fig. 9. Simuated temperature anomalies between LGM and CTL in K. Winter (JFM) SST, annual mean SST, summer (JAS) SST, and
summer temperature anomalies at 37 m depth. Triangles represent anomalies between SST recontructions from assemblages of foraminifera
(Hayes et al., 2005) and WOA98 temperatures at 10 m depth. Downward triangles represent reconstruction using the ANN method, upward
looking triangles using the RAM method. Squares represent differences between alkenone derived temperature estimates for LGM and core
top (Lee, 2004).

SSTs are substantially warmer than the proxy estimates. At
this time of the year, however, there exists a strong ver-
tical temperature gradient, with typical temperature differ-
ences between the surface and 37 m of 2 to 5 K (see Fig.8).
At 37 m, the deviation between reconstructed and simulated
temperatures in the western Mediterranean is much smaller
than at the surface.

For the annual mean, the model reproduces the recon-
structions in the eastern Mediterranean quite well, but is too
warm in the western Mediterranean and the Alboran Sea
due to the mismatch in summer. The annual mean temper-
atures have been reconstructed from alkenones (Lee, 2004,
and references therein) as well. Whereas in the western
Mediterranean these estimates agree quite well with the es-
timates from assemblages of foraminifera, the alkenone de-
rived temperatures in the eastern Mediterranean are substan-
tially colder than the other estimates. In this region, two of
the three estimates from the core top in the data set supplied
by Lee (2004) deviate by more than 4 K from present an-
nual mean climatology.Emeis et al.(2000) have suggested
that alkenones in the Mediterranean record winter and spring
temperatures rather than annual mean temperatures. The
alkenone temperatures in the eastern Mediterranean are as
cold or even colder than the closest estimates for winter tem-
peratures fromHayes et al.(2005) (see Fig.7).

The anomalies between LGM and CTL are shown in
Fig. 9. As for the reconstructions from assemblages of
foraminifera no equivalent estimates of present surface tem-
peratures are available, the data have been compared to ob-
served hydrographic climatology. FollowingHayes et al.
(2005) theWOA (1998, henceforth WOA98) climatology is
used. A comparison with temperature estimates derived with
the same method from core top assemblages of foraminifera
would clearly have been preferable, but these data are not
available. Thus, this inconsistency introduces an additional
source of error for the reconstructed temperature anomalies.

The simulated cooling in winter (Fig.9) is typically 2.5 K
in the Levantine and 4.5 K in the northwestern Mediter-
ranean. The Adriatic experiences the strongest cooling with
up to 8 K. The anomalies of reconstructed winter tempera-
tures relative to observed instrumental data show a quite sim-
ilar pattern with a weak cooling in the Levantine and maxi-
mal cooling (more than 6 K) of the northwestern Mediter-
ranean. The model underestimates the cooling in the inflow-
ing Atlantic water, which is a consequence of the forcing
from the global ESM. In the reconstructions, the winter cool-
ing in the Adriatic is rather small, clearly not consistent with
the strong cooling in the model. However, the two recon-
struction methods show large deviations at this location. The
ANN proxy estimates yield systematically smaller climate
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changes than the RAM estimates. Temperature differences
between the two estimates of 2 K are not infrequent.

The simulated change in summer SST (Fig.9) is domi-
nated by the strong east-west gradient with a weak cooling
(2 to 3 K) in the Levantine and more than 6 K in the Gulf
of Lion and the Adriatic. The general pattern of tempera-
ture change derived from the proxy estimates is quite sim-
ilar, but the model underestimates especially the cooling in
the northwestern Mediterranean, which amounts to values of
10 K or more in the proxy reconstructions. There is, however,
a substantial depth dependence of the simulated temperature
anomaly, as is revealed in a comparison of the summer sur-
face temperature signal with the signal at 37 m depth.

The simulated annual mean SST difference between LGM
and CTL (Fig.9) shows the same gradient between the Lev-
antine and the Gulf of Lion as the summer and winter signals.
With respect to reconstructions, the model underestimates
this gradient. In general, the model is closer to the ANN
reconstructions. The alkenone derived temperature changes
(relative to the core top data) suggest slightly less cooling
in the western Mediterranean than theHayes et al. esti-
mates. In the eastern Mediterranean the cooling derived from
alkenones ranges from 2.7 to 10.1 K. This suggests that these
data might not only record changes in annual mean temper-
ature, but potentially also changes in season and/or depth of
the plankton production.

The reconstructions from assemblages of foraminifera
have formally been performed for temperatures at 10 m
depth, but the foraminifera are living over a wider depth
range. Thus, it might be more appropriate to compare the es-
timates with the temperatures integrated over a depth range
corresponding to the habitat of the foraminifera. Doing this
in a proper way would require to repeat the estimation of the
transfer function using depth integrated temperatures as in-
put data. In winter this problem is not relevant as the vertical
temperature gradient is small due to the deeper winter mixed
layers.

An earlier estimate of LGM SSTs in the Mediterranean
by Thiede (1978) agrees quite well with the general pat-
tern of the simulated SST differences between LGM and
present.Thiedereports the presence of a rather cold water
mass protruding in a narrow tongue southward from the east-
ern Aegean as far south as 33◦ N, which is absent in the re-
construction fromHayes et al.(2005) and in the simulations.
Bigg (1994) reported a change in simulated annual mean SST
between his LGM and control simulations with a clear east
west gradient with more than 4 K cooling in the Alboran Sea
and less than 1 K at the Libyan coast.

In the simulation of the LGM in the atmosphere model,
the orographic forcing exerted by the Fennoscandian ice
sheet causes a southward displacement of the belt of west-
erly winds over Europe (see Fig.10). This disturbance is
essentially barotropic. In summer, this leads to enhanced
advection of cold and moist air of Atlantic origin over the
gap between the Alps and the Pyrenees onto the northwest-

ern Mediterranean. This results in enhanced cloud cover
and precipitation (see Fig.6) over Spain, southern France
and northern Italy. The increased soil moisture amplifies
the evaporative heat loss and thus the surface cooling. The
shortwave radiation reaching the surface is reduced here and
over the western Mediterranean due to the enhanced cloud
cover with a maximal effect in the Gulf of Lion (approxi-
mately 12 W/m2 less absorbed short wave radiation than in
CTL). The enhanced winds over the northwestern Mediter-
ranean (see Fig.10) amplify the advection of cold air onto
the Gulf of Lion, leading to a cooling of the ocean surface by
sensible heat flux. The stronger near-surface winds (Fig.10
right) enhance turbulent vertical mixing, thus distributing the
summer warming over a wider depth range in run LGM than
in CTL (see Fig.8). The wind induced mixing is increased in
JJA by almost 50% in the northwestern Mediterranean, in the
Tyrrhenian Sea by even 67%. The result is a rather strong sur-
face cooling in run LGM in the northwestern Mediterranean
compared to the rest of the Mediterranean. At 37 m depth this
anomalous cooling pattern has essentially vanished, creating
a cooling pattern which is very similar to the winter pattern.
The ability of the model to reproduce this pattern realistically
for present day becomes obvious by comparison of CTL with
the MEDATLAS climatology.

The enhanced inflow of moist and cool Atlantic air into
the Mediterranean was also suggested byKuhlemann et al.
(2008) from changes in reconstructed glacier equilibrium
line altitude.

In the Alboran Sea the winds are weaker for the LGM
summer than for present (see Fig.10). The reduced wind in-
duced mixing enhances the vertical temperature gradient (see
Fig. 8). The simulated summer surface temperature anoma-
lies are clearly warmer than the reconstructions. If the re-
constructed temperatures contain a subsurface signal as well,
this could explain part of the deviation between model and
reconstructions (see Fig.9).

At 1401 m depth the simulated cooling between LGM and
CTL is approximately 3.1 K in the Ionian and the Levantine
and 4.7 K in the western basin.

The basin averaged annual long-term mean heat loss from
the Mediterranean (see Table2) is almost unchanged. The re-
duced heat loss by evaporation is compensated by increased
heat loss by sensible heat fluxes and longwave radiation. The
reduction in downward longwave radiation is only partially
compensated by the reduced upward longwave radiation.

5.2 Salinity and circulation

During the LGM the global mean salinity was approximately
1‰ higher than today due to the lower global sea level.
The salinity anomaly for the Atlantic, which was derived
from simulations with the coarse resolution ESM, is close
to this value. The simulated surface salinity anomaly in the
Mediterranean is substantially higher than this (see Fig.11).
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Fig. 10. Simulated summer (JAS) winds from the atmosphere model in m/s. The left panels show the near-surface winds, the right panels
the wind at 700 hPa. The top panels show LGM, the bottom CTL. The data have been averaged over 20 model years.

The western Mediterranean is saltier by approximately 1.9‰
with higher values in the Tyrrhenian.

Surface salinity in the eastern Mediterranean increases by
almost 2‰ in the Levantine compared to CTL. East of Sicily,
in the region with deep convection in LGM, the salinity
anomaly is almost 3‰ . The salinity here has typical values
between 40.8 and 40.9‰ , only about 0.1‰ lower than the
salinity maximum in the central Levantine. Regions with re-
duced salinities are the Adriatic and the plume of the Nile,
which is extended in the LGM simulation due to the en-
hanced discharge from the Nile. In the Aegean, the increase
of the salinity reaches maximal values, which is a conse-
quence of the lacking outflow from the Black Sea and the
associated tongue of relative fresh water in the northern and
western Aegean (cf. Fig.11). At a depth of 1401 m the salin-
ity increase is 2.1‰ in the eastern basin and 1.7 ‰ in the
western basin (not shown).

At first the increased salinity gradient between the
Mediterranean and the Atlantic for the LGM seems to be
counterintuitive in view of the fact that the net freshwater
loss for the LGM is only 60% of the present value. However,
the effect of the reduced exchange across the straits due to
the lower sill depths, which leads to longer exposure times
of the Mediterranean water masses to a net evaporation, is
dominating (see below).

Table 2. Annual mean basin average heat fluxes for the Mediter-
ranean in W/m2.

CTL LGM

absorbed shortwave radiation 168.2 169.3
net longwave radiation −68.1 −73.1
latent heat flux −96.4 −89.5
sensible heat flux −7.7 −11.2
total 4.0 4.5

Using strongly simplifying assumptions,Thunell and
Williams (1989) estimated that the eastern Mediterranean
was saltier by 2.7‰ compared to today, which is in close
agreement with the model result. Their estimate of the salin-
ity changes in the western Mediterranean is 1.2‰.Myers et
al. (1998) estimated even higher values for the salinity in-
crease in the Levantine and used them as forcing for their
model simulations.

Bigg (1994) showed only small changes in salinity be-
tween his LGM and CTL simulations, but his simulation was
much too short (21 years) for substantial salinity anomalies
to develop and it is rather unlikely that a steady state was
reached. The control simulation ofBigg (1994) revealed
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Fig. 11. Top: simulated annual mean surface salinity (colours, con-
tour interval 0.2‰) and climatological maximum mixed layer depth
(isolines, contour interval 250 m) for LGM. For CTL see Fig.3.
Bottom: anomalies of surface salinity LGM minus CTL wth a con-
tour interval of 0.2‰.

massive problems to reproduce the current Mediterranean
ocean climate (e.g. an outflow from the Strait of Gibraltar of
0.1 Sv, no deep water formation neither in the eastern nor in
the western Mediterranean) and his simulations were much
too short.

In the LGM simulation, the higher river runoff into the
Adriatic has lead to an estuarine circulation pattern without
deep convection (see Fig.11 top). Deep water formation in
the eastern basin is concentrated in the northern Ionian. The
highest surface salinities (except for some almost isolated
coastal points) are simulated in the central and southwest-
ern Levantine. However, densities are not high enough to
allow the formation of Levantine intermediate water, which
can be attributed both to the reduced difference in salinity in
the region of deep convection and to the relatively low winter
cooling. The increased Nile discharge reduces the increase in
surface salinities in the Levantine.

In the western Mediterranean, the Gulf of Lion is the main
source of deep water in LGM. Here the local surface salinity

reaches a maximum due to the mixing of surface waters with
underlying warm and salty outflow water originating from
the Strait of Sicily. By exposing this salty water to strong
surface cooling, sufficiently dense water is formed. A similar
process takes place in the western Tyrrhenian Sea resulting in
formation of deep intermediate and occasionally even deep
water.

Myers et al.(1998) obtained quite different changes in
deep water formation. In their LGM simulation, the main site
of deep water formation in the eastern basin was the Rhodes
gyre region. For the LGM they prescribed the strongest salin-
ity increase at the eastern margin of the Levantine. The
anomaly pattern prescribed in their simulations is quite dif-
ferent from the pattern obtained in the simulations presented
here, where the strongest increase in surface salinity occurs
east of Sicily and in the Aegean (see Fig.11). Thus, the com-
pletely different response of the circulation can be explained
by their prescribed surface salinity anomaly. Their simula-
tion shows an estuarine circulation in the Adriatic as well.

Various attempts have been made to test for the potential
existence of multiple steady states of the Mediterranean cir-
culation at LGM. All simulations seem to converge towards
a similar state. The formulation of the boundary conditions
with calculation of the heat fluxes from bulk formulas using
atmospheric quantities and the actual model SST is a variant
of the so called mixed boundary conditions (restoring of the
SST towards a prescribed value and flux condition without
restoring for salinity), which for the global ocean are known
to overestimate the sensitivity of deep water formation cells
towards perturbations (e.g.Mikolajewicz and Maier-Reimer,
1994). In the Mediterranean, however, this problem is proba-
bly less severe, as there are no strong oceanic heat transports
involved, which could be modified and feed back onto the at-
mosphere. Additionally the Mediterranean is much smaller
and surrounded by land, which also should make the formu-
lation of the thermohaline boundary condition more appro-
priate for the current problem than for the problem of inves-
tigating the stability of the thermohaline circulation of the
global ocean.

The deep outflow of Mediterranean water through the
Strait of Gibraltar reaches only 0.40 Sv, approximately 50%
of the 0.81 Sv in CTL. The corresponding inflow is given
by the necessity to balance the outflow and the net fresh-
water loss of the Mediterranean. The density difference be-
tween Mediterranean water and the adjacent Atlantic water
increases from 2 kg m−3 to 3 kg m−3. In both cases the gradi-
ent has been estimated on the model level above the sill. The
salinity difference increases from 2.5 to 3‰. In LGM the out-
flowing Mediterranean water is approx. 2 K colder than the
water in the Gulf of Cadiz. This increases the density dif-
ference, whereas in CTL the temperature difference between
Alboran Sea and Gulf of Cadiz is small and the density dif-
ference is almost entirely determined by salinity. The deep
outflow from the Ionian Sea through the Strait of Sicily is
reduced from 1.06 Sv to 0.63 Sv.
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A similar reduction of the outflow of Mediterranean water
through the Strait of Gibraltar has been found in the model
study ofMyers et al.(1998) with a somewhat stronger out-
flow. Bigg (1994) did not simulate substantial changes in
Mediterranean outflow through the Strait of Gibraltar.

The reduction in transport through the Strait of Gibraltar
by a factor of 2 is consistent with the reduction that would be
caused by the lower sea level and the reduced cross-sectional
area of the strait under the assumptions of hydraulic control
in the Strait and overmixing in the Mediterranean (Bryden
and Stommel, 1984; Rohling and Bryden, 1994). Alham-
moud et al.(2010) found a similar dependence of the deep
outflow from the sill depth in coarse resolution ocean GCM.

Using the analytical model of hydraulic control,Rohling
and Bryden(1994) yield of reduction of the outflow to 53%
of the present value due to a change in sill depth correspond-
ing to the one applied in our simulations. In a sensitivity
experiment with present-day forcing but with the sill depths
in the Straits of Sicily and Gibraltar reduced to LGM values
(SILL, see Sect. 5.3), the Gibraltar outflow was reduced to
53% of CTL, which is identical to the results from the simple
model. Taking into account the changes in net evaporation of
the MediterraneanEM to 60% of the CTL valueEM0 would
lead to a further decrease.Rohling and Bryden(1994) sug-
gested a dependence of the outflow of Mediterranean water
QM on the net evaporationEM relative to a reference state
(indicated by the additional subscript 0, the subcript M indi-
cates Mediterranean properties)

QM

QM0
=

2

√
EM

EM0
. (1)

This would yield an additional reduction to 41% of the CTL
value, thus overestimating the effect compared to the numer-
ical model.Rohling(1999) used the dependence

QM

QM0
=

3

√
EM

EM0
(2)

based on results from the box model described byMatthiesen
and Haines(2003). This relation yields a total reduction to
45% of the CTL value. Both formulas overestimate the re-
duction in outflow (to 41 and 45%, respectively compared to
50% of the numerical model) as they do not take the temper-
ature contribution to the density gradient into account, which
enhances the outflow and thus compensates largely for the
effect of the reduced net evaporation.

Following e.g.Bryden and Kinder(1991), the Mediter-
ranean outflow through the strait of GibraltarQM can for the
case of hydraulic control and overmixing be expressed as

QM = α

√
1ρ

ρM
gw2h3 (3)

whereρ is the potential density,w andh are width and depth
of the Strait of Gibraltar.α is a dimensionless factor.Bryden

and Stommel(1984) estimate it to be 0.25 with the assump-
tion that the interface between the two layers is at half depth.
Farmer and Armi(1986) showed that the lower layer has to
be thinner and giveα = 0.208 for the maximum exchange
solution.

If the density difference between lower and upper layer
in the Strait of Gibraltar1ρ is entirely determined by the
salinity difference, it can be expressed asβ1S, whereβ is
the derivative of the density with respect to salinity. For a
steady state, the equations of salt and mass conservation yield

1S =
EM

QM
SA, (4)

where the subscript A indicates Atlantic properties.
Combining Eqs. (3) and (4) yields

QM =
3

√
α2βSA

ρM
h3w2gEM . (5)

Neglecting the changes inρM leads immediately to the
conclusion that the Mediterranean outflowQM is propor-
tional to the depth of the strait and the third root of the net
freshwater loss of the MediterraneanEM . The long-term
mean exchange through the Strait of Gibraltar in the model is
clearly subcritical, but the flow in the strait is quite variable
due to the variable forcing.

The changes in the meridionally integrated zonal stream
function (see Fig.12) show the formation of eastern Mediter-
ranean deep water around 15◦ E and its subsequent eastward
spreading. The formation of deep water in the Gulf of Lion
around 5◦ E is not captured well by this quantity, as much of
the spreading occurs southward. Only the deep inflow into
the Tyrrhenian Sea around 10◦ E as a negative cell and the
deep outflow into the Alboran Sea are captured by this quan-
tity. In LGM, the main overturning cell with intermediate
water becomes shallower due to the shallower sills and the
intensity is reduced in accordance with the overflows over
the sills. In both simulations, salty surface waters are down-
welled to the depth of intermediate water in the southwestern
part of the Levantine, while upwelling is predominant in the
northeastern part. There is some tendency of an intensifi-
cation of the deep overturning cell in the western Mediter-
ranean.Alhammoud et al.(2010) found a similar response
in an idealized Mediterranean setup of on ocean GCM in re-
sponse to a shallowing of the sill depth.

In LGM, the near-surface currents especially in the west-
ern basin intensify (see Fig.13) due to enhanced wind forc-
ing. Apart from a strong cyclonic gyre in the Tyrrhenian, the
basic current structure is similar. The changes in the eastern
basin are substantial. The cyclonic circulation in the Adri-
atic has vanished. The closure of the Bosphorus leads to
strong changes in the surface circulation of the Aegean. The
northern Ionian is characterized by a strong cyclonic gyre.
The eastward flow along the coast of Egypt has substantially
weakened.
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Fig. 12. Meridionally integrated zonal overturning stream function
in Sv. Positive values indicate clockwise circulation. The x-axis
shows longitude, the y-axis depth in m on a logarhithmic scale.
The top panel shows CTL, the bottom panel LGM. Contour value is
0.1 Sv, white indicates values smaller than±0.05 Sv.

5.3 Sensitivity experiments

One of the main uncertainties in the LGM experiment is the
hydrological forcing, especially the Nile discharge. In order
to test the potential effect of inadequate hydrological forc-
ing, two sensitivity experiments for the LGM were carried
out. In experiment LGM-N2 the discharge of the Nile was
doubled compared to LGM, in experiment LGM-N0 the Nile
was completely eliminated. The annual mean changes in
net freshwater flux of the Mediterranean resulting from this
relative to LGM are±9700 m3 s−1. Both simulations were
started in year 99 from the same state as LGM and integrated
for 1500 additional years. Surface salinity and winter mixed
layer depths from these experiments are shown in Fig.14.

It is obvious from comparison of Figs.11 top and14 that
the Nile discharge has a strong influence on the surface salin-
ities in the eastern Mediterranean. A removal of the Nile
increases the surface salinities in the eastern Mediterranean
by approx. 0.7‰, a doubling reduces them by 0.9‰. In
the western basin the effects on a basin average are approxi-
mately 50% of the effects in the eastern basin, but the south-
ern part is affected only weakly, as it is dominated by the
properties of the inflowing Atlantic water. For both basins

Currents 27m

LGM

                   4                   8                  12  cm/s   

Fig. 13. Currents at 27 m depth for LGM. Colours indicate the flow
speed in cms−1, vectors both direction and speed. Only a subset of
vectors has been plotted. For CTL see Fig.5

the salinity at depth strongly follows the changes in the east-
ern basin. The plume of the Nile discharge propagates in a
cyclonic circulation near the coast around the Levantine. The
consequence of a reduction of the Nile discharge is a reversed
east-west salinity gradient in the eastern Mediterranean. The
smaller the Nile discharge, the higher is the salinity gradi-
ent between the Rhodes gyre and the northern Ionian. With
a doubled Nile discharge the gradient is reversed and the
highest salinities are found in the Ionian. These changes in
the salinity gradient have immediate consequences for the
amount of LIW formed: whereas it is absent in simulation
LGM-N2, it is strongly enhanced in simulation LGM-N0. In
the latter simulation, a substantial amount of dense water is
formed in the Aegean, but it is, when reaching the Levantine,
not dense enough to form bottom water, it only penetrates
to 1200 m depth. This, however, could be an artifact due
to the model’s difficulties to represent deep overflow plumes
adequately. In run LGM-N0, the center of convection in the
Ionian is shifted towards northeast. Deep convection occurs
at the continental slope off western Greece. In run LGM-N0
the convection in the Tyrrhenian is strongly reduced due to
the higher density of the water passing through the Strait of
Sicily.

The anomalies in sea surface temperatures between these
three LGM simulation (not shown) are generally small due
to the formulation of the upper boundary condition for tem-
perature. In experiment LGM-N0 the deep temperatures in
the eastern basin are generally somewhat warmer due to the
higher contribution of LIW. This effect is as large as 0.4 K on
a basin average around 400 m. In the western basin the entire
deep part is warmer by 0.6 to 0.8 K.

The circulation changes in experiment LGM-N0 with sup-
pressed Nile discharge are much more similar to the circu-
lation changes found inMyers et al.(1998) than the base-
line LGM simulation, however, deep water formation in the
northern Ionian is important in all LGM simulations.
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Salinity and convection depth         

a
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Fig. 14. Simulated annual mean surface salinity (colours, con-
tour interval 0.2‰) and climatological maximum mixed layer depth
(isolines, contour interval 250 m) for sensitivity experiments. The
panels show the LGM experiments with modified Nile discharge:
suppressed (LGM-N0) and doubled (LGM-N2) Nile discharge and
the present day sensitivity experiment with reduced sill depths in
the Straits of Gibraltar and Sicily. Cf. Figs.11 top and3.

The outflow rates of Mediterranean water through the
Strait of Gibraltar in the experiments LGM-N0, LGM and
LGM-N2 are 0.43, 0.40 and 0.34 Sv. The relation between
deep westward flow through the Strait of Sicily and the net
evaporation in the eastern Mediterranean is similar. The out-
flow rates in the three experiments are 0.69, 0.63 and 0.48 Sv
with a net freshwater loss of the eastern Mediterranean in run
LGM of 18 900 m3 s−1. For both straits the model results
suggest for the LGMQi ∝ E

1/3
i , whereQi is the outflow

through the strait andEi the net freshwater loss east of the
respective strait.

In the sensitivity experiment SILL the effect of the lower
sill depths in the LGM is investigated. The set up of this ex-
periment is identical to run CTL except that the sill depths
of the Straits of Gibraltar and Sicily are set to LGM values.
This run was initialized from year 499 of CTL and integrated
for 1300 years. The lowered sill depth of the Strait of Gibral-
tar resulted in a reduction of the Mediterranean outflow to
0.44 Sv. The hydrological budget was almost unchanged.
Due to the longer residence times, the salinity inside the
Mediterranean increased (see Figs.14). In the eastern basin
the mean surface salinity increased by 1.8‰. The formation
of LIW is increased compared to run CTL. In the western
basin the reduced amount of inflowing Atlantic water pene-
trates further to the north than in CTL. The outflow through
the Strait of Sicily of 1.07 Sv is similar to the outflow in the
control simulation (1.06 Sv), but the separation between deep
outflow and near-surface recirculation is less clear than in run
CTL.

Variations in the flow through the Strait of Gibraltar due to
changes in evaporation and sill depth between the different
experiments show a similar relation, as would be expected
by hydraulic control and the assumption of overmixing (see
Eq.5), although the flow - at least in the long-term mean – is
subcritical.

5.4 Effect of downscaling

The approach to downscale the results from coarse resolution
coupled atmosphere-ocean models using first an (often re-
gional) high-resolution atmosphere model is rather standard.
This high resolution atmopheric forcing can then be used to
force a high-resolution ocean-only model. This approach has
been used e.g. bySomot et al.(2006) to investigate future
changes in Mediterranean ocean climate in response to an-
thropogenic climate change. The approach used here is es-
sentially similar. This leads to the question, what additional
information has been obtained by the downscaling.

The comparison of the SST anomalies simulated by the
regional model (see Fig.9) compared to the anomalies sim-
ulated by the coarse resolution ESM (see Fig.15) shows
quite some similarity, indicating that the response in SST
is modified only to a small degree by the downscaling.
The coarse resolution ESM (atmospheric resolution approx.
3.75◦, ocean resolution in the Mediterranean between 180
and 250 km) simulates essentially the spatial gradients in
SST change between LGM and CTL found also in the re-
gional model. The circulation changes in the atmospheric
component are rather similar to the changes in the higher
resolution model with enhanced inflow of cold and moist At-
lantic air due to topographic forcing.

Due to the lack of resolution the changes in the exchange
across the Straits of Gibraltar and Sicily are not reproduced
well in the ESM’s ocean component. Nevertheless, the ESM
produces a larger gradient between Atlantic and Levantine
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SST anomaly LGM-CTL from ESM       
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Fig. 15.Simuated SST anomalies LGM-CTL from the ESM in K. Winter (JFM), annual, and summer (JAS). The data have been interpolated
onto the grid of the regional model. Cf. Fig.9. The land sea mask has been interpolated from the ocean component of the ESM.

salinity during the LGM. Reliable estimates of changes in
salinity, circulation and deep water formation inside the
Mediterranean etc. are beyond the capability of the ESM.
Here the downscaling with a regional ocean model definitely
adds valuable information.

Attempts to force the regional ocean model directly with
the atmospheric forcing from the ESM failed to produce a
realistic ocean climate. Especially the wind stress forcing
turned out to be a major problem preventing a realistic sur-
face circulation inside the Mediterranean ocean. The use of a
coupled regional atmosphere-ocean model, as has been done
for the problem of anthropogenic climate change (e.g.So-
mot et al., 2008) could further increase the effective resolu-
tion, but the required spin-up times of more than 1000 years
for LGM climate are prohibitively expensive. Periodically-
synchronous coupling techniques like the one applied by
Mikolajewicz et al. (2007a) could help to circumvent this
problem. The computationally expensive atmospheric model
component is integrated only for part of the time. The
stand-alone ocean component, which requires long integra-
tion times due to the inertia of the deep ocean, is integrated
in the remaining time with fluxes derived from the fully cou-
pled integration periods.

6 Summary and conclusions

With a chain of model simulations it was possible to repro-
duce the LGM ocean climate. Whereas the changes in the
pattern of deep water formation in the western Mediterranean
are moderate, the differences in eastern Mediterranean deep

water formation are substantial. Deep convection in the
LGM simulation is concentrated in the region east of Sicily,
LIW formation in the Rhodes gyre is only weak. However,
the changes in the eastern basin are strongly sensitive to the
strength of the Nile discharge. In the LGM simulation the
Adriatic is an estuarine basin, whereas it is the main source
of deep water in CTL. The lowered sea level during LGM re-
sults in reduced sill depth for the Strait of Gibraltar. The con-
sequence is reduced exchange across the sill, which in turn
leads to stronger salinity enrichment in the Mediterranean in
relation to the inflowing Atlantic water than at present, in
spite of reduced net evaporation during LGM.

The model reproduces the pattern of Mediterranean sur-
face temperature change between LGM and the present
estimated from distributions of foraminifera, although the
summer cooling in the Gulf of Lion is underestimated in the
model. This pattern is almost entirely set by the simulation
with the coarse resolution ESM. This can be explained by
the temperature restoring, which is implicit in the use of
calculating heat fluxes from bulk formulas with prescribed
atmospheric input data and modeled SST. Only in regions
with strong changes in air-sea heat exchange (like e.g.
regions with deep convection or intense upwelling), substan-
tial changes in SST can occur.

The strong summer cooling in the northwestern Mediter-
ranean in LGM relative to the present can be explained by
enhanced advection of cold and moist air of Atlantic ori-
gin across southern France. Whereas in the CTL simula-
tion the vertical near-surface ocean temperature gradient is
quite large in summer, the stronger winds and the associated
enhanced vertical mixing at LGM substantially reduce this
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stratification, distributing the reduced summer warming over
a larger depth interval. The consequence is a strong surface
cooling between LGM and the present, but only a moderate
cooling at the levels immediately below. This strong vertical
gradient in the euphotic zone has so far not been accounted
for in the reconstructions. Here, a consideration of the depth
interval where the foraminifera actually are living, might im-
prove the realism of the reconstructions. For consistent esti-
mation of the climate change, the reference data set needs to
be determined from core top data.

The presence of a small ice sheet or enhanced glaciation
in the Alps in the ESM setup could have enhanced the cool-
ing over land and thus amplified the episodic cooling by
northerly winds. This would impose a strong additional cool-
ing in the Gulf of Lion and a weak additional cooling in the
western Mediterranean. This could also reduce the differ-
ence in the amplitude between the modeled and reconstructed
summer SST in the northwestern Mediterranean. Additional
improvement can be expected from ongoing LGM simula-
tions with the latest generation of climate models.
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