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Abstract

The early Holocene sapropel S1 is an organic-rich sediment layer. The S1 was de-
posited under oxygen-depleted deep water conditions, which evolved as a consequence
of a stagnating deep water circulation and/or enhanced biological productivity. Com-
monly, both of these processes were inferred to be triggered by an enhanced humidity
over the broader Mediterranean area, in particular, by the increased strength of the
African monsoon during the African humid period (AHP) providing strongly enhanced
Nile runoff and nutrient load. However, the exact mechanisms leading to S1 formation
are still being debated. Using a set of model simulations we show that neither en-
hanced biological productivity fueled by increased riverine nutrient input, nor an AHP
climatic induced stagnating deep water circulation combined with enhanced biological
productivity can explain S1 formation. The main reasons are: (i) A purely enhanced
biological productivity cannot overcome the effect of a continuous deep ventilation,
thus, a stagnating deep water circulation is a prerequisite for S1 formation. (ii) The
pre-sapropel period is characterized by low particulate organic carbon (POC) sediment
burial flux, hence, the S1 formation involves no particularly strong riverine induced
eutrophication scenario. (iii) The time frame required for complete oxygen depletion
within the stagnating deep water circulation exceeds the time span between the begin-
ning of the AHP and the onset of the S1 oxygen deficiency, therefore, the AHP climate
is not the cause of S1 formation. Furthermore, it has been proposed that during the last
glacial-interglacial transition time substantial freshening and warming of the Mediter-
ranean upper ocean established a stable density stratification, preventing deep water
ventilation. We show that imposing the climatic signals of the last glacial-interglacial
transition triggers a deep water stagnation, which is persistent over the entire 3.4 kyr of
simulation. Under an oligotrophic regime, the simulated sediment is in accordance with
pre-sapropel sediment core POC burial fluxes. No deep water anoxia develops in the
short time frame of this simulation relative to the temporal extent of the deglaciation
period. The trend of the oxygen consumption suggests that it takes at least 6.5 kyr
until deep water anoxia evolves. The simulated trend of the strength of the deep water
stagnation indicates that a restrengthening of the density stratification, for instance,
through an additional freshwater input, is required to meet the reconstructed spatial
extent and duration of the S1 deposition. An examination of records of epibenthic
deep-sea foraminifera ¢80 supports our findings, and indicates that the stagnation of
the deep circulation started ~6 kyr before the onset of the S1 deposition.

Here we show, for the first time, by means of ocean biogeochemical modeling that the
sapropel S1 formation cannot be explained through the AHP climate, but that it was
triggered by the climatic changes associated with the last glacial-interglacial transition.
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Chapter 1

Introduction

1.1 Motivation and research questions

During the last 5 million years, the Mediterranean marine system responded particu-
larly sensitive to climate change, documented by the repeated occurrence of organic-rich
sediment layers, the sapropels (Ollausson 1961; Cita et al. 1977; Vergnaud-Grazzini
et al. 1977; Thunell et al. 1984; Cramp and O’Sullivan 1999). Sapropel formation
implies the preservation of organic matter under oxygen-depleted deep water condi-
tions (Schmiedl et al. 1998). The most recent sapropel S1 was deposited between
6.5-10kyr BP (Mercone et al. 2000; Schmiedl et al. 2010).

The present-day Mediterranean Sea is characterized by excess evaporation over pre-
cipitation and river runoff. The freshwater deficit establishes an anti-estuarine type
circulation with fresher surface water inflow and more saline water outflow through the
Strait of Gibraltar. Deep water formation in the eastern and western basin provides
the basic ventilation mechanism for the deep sea. The biological productivity of the
open sea is among the lowest observed (Bethoux 1989), caused by the anti-estuarine
circulation and the low riverine nutrient supply, establishing a very oligotrophic regime.
Consequently, the deep Mediterranean upper sediment commonly contains low organic
carbon contents of around 0.1-0.2 % (e.g., De Lange et al. 2008; Mercone et al. 2000).
Thus, compared to the present-day Mediterranean Sea, the deposition of the S1 sedi-
ment layer, with organic carbon contents of 0.2-2 % (e.g., Rohling 1994; De Lange et al.
2008; Mercone et al. 2000), indicates strong changes of the general circulation and/or
biological productivity.

Despite the large scientific community working on the eastern Mediterranean sapro-
pel formation, until now, there is no general agreement on the mechanisms leading
to the S1 formation. Different theories have been invoked explaining the evolution of
the S1 deep water oxygen deficiency. According to the stagnation theory a weaken-
ing/shutdown of the thermohaline deep water ventilation leads to the development of
a deep water oxygen deficiency, which enhances the preservation of the deep-sea sedi-
ment organic carbon (e.g. Sachs and Repeta 1999; Moodley et al. 2005; Mobius et al.
2010). Alternatively, an enhanced biological productivity has been considered as the
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main cause of an increased oxygen consumption through the remineralization of the
enhanced carbon flux, which consequently preserved the organic carbon in the sedi-
ment (e.g. Calvert et al. 1992; Kemp et al. 1999; Martinez-Ruiz et al. 2000). Finally, a
considerable number of studies suggested a combination of both processes (e.g. Rohling
and Gieskes 1989; Howell and Thunell 1992; Rohling 1994; Strohle and Krom 1997;
Stratford et al. 2000; Bianchi et al. 2006; Emeis et al. 2000). These controversies about
the basic mechanism leading to S1 formation motivates our first research question:

e [s the sapropel S1 formation caused by an enhanced biological productivity, or is
a stagnating deep water circulation a prerequisite?

It is widely accepted that climate driven changes supported the required riverine
nutrient input and/or freshwater supply inducing the enhanced biological productiv-
ity and/or stagnating deep water circulation (e.g., Rohling 1994). The timing of the
Quaternary sapropel sequence, including S1, is correlated with orbital induced varia-
tions in insolation, in particular, the minimum in precession cycle, which potentially
induced an intensification of the monsoon over tropical Africa (Rossignol-Strick et al.
1982; Rossignol-Strick 1985; Prell and Kutzbach 1987; Hilgen 1991). The last preces-
sionally induced amplification of the northern Hemisphere seasonal insolation occurred
between ~15-6kyr BP (Kutzbach and Street-Perrott 1985), and has significantly en-
hanced the African monsoon circulation between 14.8-5.5 kyr BP, the so called African
humid period (AHP) (DeMenocal et al. 2000). Traditionally, the AHP, in particular
the monsoon-fed enhanced Nile runoff, was used to explain the source of freshwater
and nutrient supply, provoking S1 formation (e.g., Rohling 1994).

A considerable number of studies also find evidence for an enhanced freshwater supply
from the northern borderlands through enhanced precipitation (Shaw and Evans 1984;
Rossignol-Strick 1987; Cramp et al. 1988; Kallel et al. 1997; Rossignol-Strick 1999;
Kallel et al. 2000; Kotthoff et al. 2008; Spotl et al. 2010), and the melting of the
Rhodope mountain glaciers (Ehrmann et al. 2007). Also the opening of the Strait of
Bosphorus, which occurred either before (Lane-Serff et al. 1997) or during (Sperling
et al. 2003) the S1 deposition enhanced the freshwater and nutrient flux to the eastern
Mediterranean Sea.

Numerous physical ocean-only modeling studies have provided valuable insight into
the response of the eastern Mediterranean circulation under various imposed, and over
time constant, freshwater forcings. Myers et al. (1998), Myers (2002), Meijer and Di-
jkstra (2009), and Adloff (2011) showed that with increasing freshwater input rates to
the eastern Mediterranean Sea, the resulting strength of the deep water stagnation is
increased. Furthermore, it was reported that the origin of the source of enhance fresh-
water regulates the strength of the density stratification. Meijer and Tuenter (2007)
found that an increase of the freshwater input from the northern borderlands, and en-
hanced precipitation over the Mediterranean Sea, are of similar or greater importance
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for the strength of the stratification than that increase of the Nile discharge. Adloff
(2011) showed that an enhanced runoff from the Po river resulted in a stronger deep
water stagnation than that of an increased precipitation, the reconnection with the
Black Sea, or an increased runoff from the Nile river. Until now, however, there is
no clear statement whether a freshwater induced stagnation is a plausible scenario for
S1 formation, since the simulations are either highly idealized, or rather too short to
be conclusive, or the deep water stagnation too weak on the relevant time scales. In
addition, all of these physical ocean-only modeling studies disregard the effects of the
organic carbon, nutrient and oxygen cycling, which are the crucial processes when try-
ing to assess the plausibility of a scenario. Until now, only two ocean biogeochemical
studies focused on S1 formation. Both studies concluded that S1 formation requires a
stagnating deep water circulation combined with a particularly strong eutrophication
scenario. However, both of these studies analyzed the biogeochemical response under
a static ocean circulation, (Stratford et al. (2000) ran a biogeochemical model coupled
“off-line” to a stagnating circulation field of a perpetual year derived from a general
circulation model, while Bianchi et al. (2006) used a one-dimensional ecosystem model),
which does not allow for conclusions on the stability of a freshwater induced stagnation
over time.

Since the Quaternary sapropel sequence shows a strong correlation to distinct minima
in the precession cycle, there is a strong argument that the AHP climate is the main
factor explaining S1 formation (Rossignol-Strick 1985). Based on this hypothesis we
pose our next question:

e Is the climate of the African humid period (AHP), implying a particularly en-
hanced Nile river discharge and nutrient load, a plausible scenario explaining the
sapropel S1 formation?

The climatic changes associated with the last glacial-interglacial transition were also
proposed to trigger a stagnating deep water circulation and S1 formation (Thunell
and Williams 1989; Troelstra et al. 1991; Béthoux and Pierre 1999). The deglaciation
started at around 21.5kyr BP (Shakun et al. 2012). Until the onset of the Holocene,
the last glacial-interglacial transition was characterized by a global warming of around
~3°C (Shakun et al. 2012), melting of the Laurentide and Fennoscandian ice sheets,
~100m sea level rise, and correspondingly a freshening of the Atlantic Ocean (Fair-
banks 1989). Since the last glacial maximum (LGM) was considerable cooler (Hayes
et al. 2005; Mikolajewicz 2011) and the lower sea level accumulated highly saline wa-
ter in the Mediterranean Sea (Rohling and Bryden 1994; Bryden and Stommel 1984;
Thunell and Williams 1989; Mikolajewicz 2011), the Mediterranean deep water was
considerable denser during the LGM than during the early Holocene. Under the rising
sea-level the exchange rate at the Strait of Gibraltar increased, which decreased the
salinity gradient between the Mediterranean Sea and the Atlantic Ocean, so overall
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the freshening effect for the Mediterranean Sea exceeded the rate of freshening in the
Atlantic Ocean (Rohling and Bryden 1994; Bryden and Stommel 1984). Since the deep
water has a longer resistance time than the upper ocean, the deep water properties
possibly legged behind the changes at the surface, which possibly triggered a vertical
density stratification inhibiting deep water formation.

Two modeling studies focused on the effect of the climatic changes of the last glacial-
interglacial transition with respect to S1 formation: Matthiesen and Haines (2003)
simulated the glacial-interglacial transition and found strong changes in the vertical
stratification of the Mediterranean Sea in response to the meltwater pluses 1A and
1B (Fairbanks 1989). Adloff (2011) simulated a continuous freshening of 0.014 psu
per century of the Atlantic inflow, and reported a persistent poorly ventilated state
of the eastern Mediterranean Sea. Since both of these studies disregard the effects
of the organic carbon and oxygen cycling, they could not draw conclusions on the S1
formation. This motivates our next research question:

e Did the climatic changes associated with the last glacial-interglacial transition
period trigger the sapropel S1 formation?

Overall, the uncertainties in the initial climate perturbation(s) and the required
nutrient regime seem large when trying to explain the S1 formation. Therefore, we ask:

e What are the main uncertainties in simulating the formation of the sapropel S17

Despite the uncertainties in the evolution of the deep water oxygen deficiency, the
onset of the S1 deposition is well constrained to occur synchronously, basin-wide, below
1800 m depth (Mercone et al. 2000; De Lange et al. 2008; Schmiedl et al. 2010). Ocean
biogeochemical simulations show a downward propagation of an anoxic oxygen mini-
mum zone (OMZ) from intermediate depth down to the seafloor, with the downward
propagation velocity depending on the circulation scenario and external nutrient input
(Stratford et al. 2000; Bianchi et al. 2006). This motivates our last research question:

e Can we infer from the reconstructed temporal and spatial synchronous onset of
the sapropel S1 deep water oxygen deficiency a circulation and /or nutrient regime
that governs this pattern?

In this thesis, we present time slice simulations using a regional ocean biogeochem-
ical model including a sediment module, forced with daily atmospheric data derived
from global climate model simulations for the pre-industrial and 9kyr BP time slice.
Through the simulation of the pre-industrial time slice we infer the model’s capabili-
ties and inabilities in simulating the large-scale circulation and biogeochemical cycles
with respect to the coarse resolution atmospheric forcing. To simulate the sapropel S1

10
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formation, we impose low and high latitude climatic signals of the late Pleistocene to
mid Holocene, as well as various riverine nutrient regimes, and focus on the oceanic
and biogeochemical response in the eastern Mediterranean Sea. We aim to constrain
the plausibility of our simulations by examining the required time frame for complete
oxygen depletion, by the spatial extent of the S1 oxygen deficiency, and by the com-
parison of our simulated sediment with sediment core observations for the time prior
and during the S1 deposition.

1.2 Thesis Outline

In chapter 2 we give an overview of the models, the regional model setup for the
Mediterranean Sea, and the imposed boundary conditions.

In chapter 3 we analyze the pre-industrial eastern Mediterranean general circulation,
biogeochemical cycles and sediment. Through a comparison of our simulation results to
observations we gain an understanding of the uncertainties in simulating the large-scale
thermohaline circulation and biogeochemical cycles, which arise by forcing the regional
model with a coarse resolution atmospheric dataset.

In chapter 4 we analyze scenarios for sapropel S1 formation. We give a broad pro-
cess understanding of the major mechanisms leading to the development of the S1
oxygen deficiency. We discuss the results in terms of their plausibility to explain the
S1 formation.

Chapter 5 closes the thesis with the main conclusions, and gives perspectives for
future research.

11






Chapter 2

Methods: Models, regional setup and
boundary conditions

2.1 The Max Planck Institute ocean model

The Max Planck Institute ocean model (MPIOM) is a z-coordinate global ocean general
circulation model (GCM) based on the primitive equations for a hydrostatic Boussi-
nesq fluid with a free surface (Marsland et al. 2003). Scalar and vector variables are
formulated on an orthogonal curvilinear C-grid (Arakawa and Lamb 1977). The model
includes isopycnal diffusion of the thermohaline fields following Griffies (1998). For
the vertical eddy viscosity and diffusion the Richardson-number dependent scheme of
Pacanowski and Philander (1981) is applied. Since the Pacanowski-Philander scheme
in its classical form underestimates the turbulent mixing close to the surface, an addi-
tional wind mixing parameterization is included. In the presence of static instability,
convective overturning is parametrized by greatly enhanced vertical diffusion to a value
of 0.05 m? s~!. Heat fluxes at the surface are calculated using standard bulk-formulas
with prescribed atmospheric forcing and modeled SST. Freshwater fluxes are calculated
from prescribed precipitation and river runoff, and evaporation is calculated interac-
tively from latent heat flux.

2.2 The Hamburg ocean carbon cycle model

The Hamburg ocean carbon cycle model (HAMOCCS5) is coupled online to the ocean
general circulation model MPIOM, running with the same vertical and horizontal res-
olution and the same time step. The biogeochemical tracers are transported with
the same advection scheme as the thermohaline fields of MPIOM. HAMOCC is based
on nutrients (dissolved phosphate, dissolved nitrate, dissolved iron), dissolved oxygen,
phytoplankton, zooplankton, dissolved organic carbon (DOC), and particulate organic
carbon (POC) as key variables for the organic cycling. The key variables for the
chemical aspect are dissolved inorganic carbon (DIC), alkalinity, and dissolved silica
(Maier-Reimer et al. 2005). The model contains a sediment module following Heinze

13
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et al. (2003) including opal, silt, POC, and calcium carbonate. In the frame of this
study new processes were introduced into the model:

A semi-refractory DOC pool, which is remineralized to dissolved phosphate and
nitrate with a 10-year decay rate using a constant Redfield ratio C:N:P of 122:16:1.

The POC pools was differentiated into a slow sinking (advected) dead phyto- and
zooplankton, and fast sinking (not advected) zooplankton fecal pellets pool. Both size
classes are remineralized with a constant rate r, and each class has its own sinking
velocity w, set to constant values of 1.5md~!' and 25md~!. The POC flux F at
stationary at any depth z (referenced to zg) is then given by

F(z) = wPOC(zp)e v = Fye w. (2.1)

In the sediment, we introduced a bottom-water temperature (7(—H)) dependent
remineralization rate 7,.q [kmol~' Oy m? s~!] through introducing a quadratic function
given by

Feea = T(—H)?4.8 x 1072 + 1.2 x 1072, (2.2)
for T(—H) > 0., otherwise T(—H) = 0.

Tseq Mimics the Q10 =2 rule between approximately 4°C to 14°C and Q10=4 be-
tween 14°C to 24 °C.

To account for the erosion of particles in the sediment, we introduce a physical
sediment erosion following Lavelle et al. (1984). The erosion rate is dependent on the
fluid motion given by

E = a|7|", (2.3)

where 7 is the fluid bottom stress [dynecm™2], a the erosion rate normalization

[gcm™2 571, The bottom stress is related to the free stream velocity U by

T = pCp|U|U, (2.4)

where Cp is the drag coefficient and was set to a value of 1.6x1073. p is the fluid
density (p = 1.0 gem™3). We chose n = 1.25 and a = 1.0x107%. We only allow for
erosion in the first sediment layer. In addition, the erosion rate E is weighed by the
thickness of the bottom water layer, since with increasing water depth the bottom layer
thickness increases. In the case of stronger erosion than sedimentation, the sediment is
refilled from below with coarse grained not erodible sand. In case the bottom velocity is

lower than 0.01 m s~ 1

erosion is not applied. Eroded POC is added to the slow sinking
advected POC pool, which allows for a lateral displacement of the POC. Similarly,

eroded atmospheric dust can be laterally displaced.

14
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2.3 Regional model setup

We use a regional version of the ocean general circulation model MPIOM, which cov-
ers the entire Mediterranean, the Black Sea and a small part of the Atlantic Ocean
(Mikolajewicz 2011; Adloff et al. 2011), with an horizontal resolution of around 20 km,
and 46 levels in the vertical, of which 8 levels are in the uppermost 100m and 17 levels
in the uppermost 500m. The bathymetry has been derived from ETOPO5 (1988).
During the early Holocene the sea level on average stood ~20 m lower than today. To
account for the sea level reduction, we reduce the depth of each grid box by adding
the anomalies from the ICE-5G reconstructions (Peltier 2004) between present-day and
the early Holocene topography to the standard topography. Consequently, the model
sill depth of the Strait of Gibraltar is reduced from 256 m to 241 m, and the Bosphorus
with the model depth of 12m is closed. Thus, the Black Sea is not included in the
early Holocene simulations. The timing of the reconnection with the Black Sea has
been a matter of debate, and until now, there is no general agreement whether the re-
connection occurred before or during S1 formation (Aksu et al. 2002; Ryan et al. 1997;
Sperling et al. 2003; Soulet et al. 2011). Figure 2.1 shows the early Holocene eastern
Mediterranean bathymetry.

1 1 1 1 1
45N — —
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40N —

35N —

30N T T T T T
15E 20E 25E 30E 35E

NS | | I e

300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600 3900
Bathymetry [m]

Figure 2.1: Early Holocene bathymetry. Adr: Adriatic Sea, Aeg: Aegean Sea, Ion: Ionian Sea,
Lev: Levantine Sea, SO: Strait of Otranto, SS: Strait of Sicily. The boxes indicate the areas
over which we average results for the Ionian and Levantine Sea if not otherwise stated. The
dots represent certain locations used in several other figures (black: North Ionian, red: Deep
Tonian, green: Cretan, blue: Rhodes, grey: Southern Levantine, pink: Cyprus).
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2.4 Boundary conditions

2.4.1 Atmospheric forcing

We run two global climate model time slice simulations, one for the pre-industrial (PR),
and one for the Holocene insolation maximum (HIM) (9 kry BP) climate, to derive an
atmospheric dataset of the same spatial and temporal resolution for both time slices.

The global climate model simulations were performed with the atmosphere-ocean-
dynamical vegetation model ECHAMS5/MPI-OM/LPJ for the corresponding time slices.
The atmospheric general circulation model ECHAMS5 (Roeckner et al. 2003) has been
run in a horizontal resolution of T31 with 19 vertical levels. The global ocean general
circulation model MPIOM (Marsland et al. 2003) has a curvilinear grid with poles
over Greenland and Antarctica, with a horizontal resolution of about 3 °and 40 vertical
levels. The dynamical vegetation model LPJ has the same horizontal resolution as
the atmospheric model ECHAMS5. The PR time slice simulation was run with an
atmospheric COy concentration of 280 ppm, and insolation corresponding to the year
1950. For the HIM time slice simulation, the insolation was adjusted to the Earth’s
orbital configuration of the early Holocene, the atmospheric pC'Os was reduced to
260 ppm, and the topography was changed in particular to include the major ice sheets
following the ICE-5G reconstructions (Peltier 2004). In a previous study Adloff et al.
(2011) gave a detailed analysis of the atmospheric forcing, and showed that the regional
model forced by this early Holocene atmospheric forcing (9K2 simulation in Adloff et al.
(2011)) resulted in a better representation of the upper ocean climate than by using
an atmospheric forcing derived from a global model simulation with changes only in
insolation as a result of changes in the Earth’s orbital parameters.

For both time slices, we drive a 100-year daily data set of near surface air temperature,
dew point temperature, wind speed, wind stress, cloud cover, and downward radiative
shortwave. The upward longwave radiation is calculated from the model SST. The
exact procedure on how the data was derived is detailed in Adloff et al. (2011). The
penetration of shortwave radiation into the ocean is taken from the optical water type
Ib for the Mediterranean and III for the Black Sea (Jerlov 1976).

2.4.2 The open boundary to the Atlantic Ocean

At the western boundary of the Atlantic box a sponge zone encompassing the 5 most
western grid boxes with a restoring to temperature and salinity towards monthly cli-
matological hydrography of the Word Ocean Atlas (WOA 2009) is used in the regional
simulations in order to prescribe the properties of the inflowing Atlantic water. In the
area of the sponge zone a restoring towards sea level height of zero is conducted because
the Mediterranean is an evaporative basin, and hence, the sea level would continuously
sink in the model domain.

16
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Table 2.1: Atlantic Ocean boundary values for nutrients, oxygen and alkalinity (WOA 2009).

Depth Phosphate Nitrate Silica Oxygen Alkalinity

m mmolm™3
50 0.09 1.5 1.75 230 2280
600 0.8 14 6.45 180 2280

In the HIM forced regional simulations the differences between the HIM and PR
simulation with the coarse resolution ESM were added to the monthly climatological
values used for the PR forced regional simulation.

The biogeochemical tracers dissolved phosphate, dissolved nitrate, dissolved silica,
dissolved oxygen, and alkalinity are restored to climatological concentrations derived
from the World Ocean Atlas (WOA 2009) at the western boundary of the Atlantic
ocean. We linearly interpolate between values taken at the mixed layer depth of 50 m
and the values from the depth of the nutricline at 600 (Table 2.1). Below 600 m depth
the values are kept constant. As we have no simulation with the global model including
the carbon cycle available, the same nutrient boundary configuration were applied to
both, the PR and HIM forced simulation.

2.4.3 Rivers

Riverine freshwater input was derived from the UNESCO RivDis database (Vorésmarty
et al. 1998). Only for the major rivers (Danube, Nile, Rhone, Po and Ebro) the seasonal
cycle of discharge was considered. For the Nile and Ebro we consider discharge rates

prior to damming, with mean annual runoff of 2931 m? s~ and 410 m? s !

, respectively.
For the HIM forced regional simulations we added the differences of the river discharges
simulated by the global coupled model to the monthly climatology of river runoff used

for the PR forced regional simulation. The river discharge is summarized in Table 2.2.

Table 2.2: Riverine dissolved phosphate, nitrate and silica input, and river discharge for the

PR and HIM forced regional simulations. Units for nutrients mol s~ !, and for discharge m3s~1.

Note, the refractory DOC pool is not included in the given phosphate and nitrated data.
PR HIM PR HIM PR HIM PR HIM

Region Phosphate Nitrate Silica discharge
Med. 334  39.2 8926 947.2 2033.6 2451.1 10950 13387
EMed. 197 256 573.0 510.1 1153.5 1577.8 7026 9518
WNMed. 13.8 13.5 4437 4371 880.2 873.3 3923 3869
Adria 7.0 6.9 313.6 308.2 479.6 4747 3063 3029
Nile 7.1 13.0 774 1415 498.2 9109 2931 5358
Black Sea 47.2 1061.9 498.2 10391
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Riverine nutrient flux is simulated for the major dissolved nutrients such as phos-
phate, nitrate, silica, iron, DIC as well as alkalinity. Moreover, we included a semi-
refractory DOC pool, which decays to dissolved phosphate and nitrate using a constant
Redfield ratio of C:P:N of 122:1:16 with a decay rate of 10 years. Riverine concentra-
tions of dissolved phosphate, nitrate, and silica were taken from published measure-
ments (Meybeck and Ragu 1996; Ludwig et al. 2003; Nixon 2003; Strobl et al. 2009)
and are included in the model as weighted averages of the freshwater runoff of the
corresponding time slice simulations. For those rivers, for which no measurements
were available, we assigned a mean value of 1.5mmolm™3 for dissolved phosphate,
24 mmol m™3 for dissolved nitrate, and 170 mmol m=2 for dissolved silica. During the
model tuning process, the total nutrient load of dissolved phosphate and nitrate was
too low, therefore, we increased each value by 10 %. The semi-refractory DOC riverine
input was set to be 30 % of the dissolved phosphate input. The riverine concentration
of DIC was set to a constant value of 1000 mmol m~3, and Alkalinity to 0mmol m~3.
Table 2.2 summarizes the riverine nutrient influx.
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2.5 Initial conditions

Table 2.3 summarizes the ocean physical and biogeochemical initial conditions applied
to the regional simulations.

Table 2.3: Initial conditions of physical and biogeochemical tracers. Atl: Atlantic Ocean, EMed:
eastern Mediterranean Sea, WMed: western Mediterranean Sea, Med: Mediterranean Sea.

Tracer Initial value Region Unit
Salinity 38 Med., Atl. psu
Salinity 20 Black Sea psu
Temperature 20 Med., Atl., Black Sea °C
Phosphate 0.35 Atl.,, WMed. mol Pm™3
Phosphate 0.2 EMed. mol Pm™3
Phosphate 3.5 Black Sea mol Pm™3
Nitrate 7  Med., Atl. mol N m™3
Nitrate 0.4 Black Sea mol N m™3
Oxygen 185 Med., Atl. mol Om™3
Oxygen 1 Black Sea mol Om=3
Silica 8 Med., Atl. mol Sim™3
Silica 150 Black Sea mol Sim™3
DIC 2270 Med., Atl., Black Sea mol C'm™3
Alkalinity 2370 Med., Atl., Black Sea mol eqm ™3
DOC 10~*  Med., Atl., Black Sea mol Cm™3
R-DOC 8.2-1077 Med., Atl., Black Sea mol Pm™3
Iron 0.6-1073  Med., Atl., Black Sea mol Fem™3
Phytoplankton 1-107%  Med., Atl., Black Sea mol Pm™3
Zooplankton 1-107%  Med., Atl., Black Sea. mol Pm™3
POC (dead phyto- and zooplankton) 1-1078  Med., Atl., Black Sea mol Pm™3
POC (zooplankton fecal pellets) 1-1078  Med., Atl., Black Sea mol Pm™3
Calcium carbonate 11072 Med., Atl., Black Sea molCm™3
Opal-shells 1-1072  Med., Atl., Black Sea mol Sim™3
Dust 1 Med., Atl., Black Sea mgm™3
Sediment POC 122-10>  Med., Atl., Black Sea mol Cm™3
Sediment Calcium carbonate 1-1072  Med., Atl., Black Sea. mol C'm™3
Sediment Opal-shells 1-1072  Med., Atl., Black Sea mol Sim™3
Sediment clay 0 Med., Atl., Black Sea mgm™3
Sediment sand 2570 Med., Atl., Black Sea mgm™3
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Chapter 3

The pre-industrial Mediterranean Sea

3.1 Motivation

The regional ocean biogeochemical simulations of the early Holocene sapropel S1 for-
mation are forced with atmospheric data derived from a global climate model of the
Holocene insolation maximum (HIM) time slice. This approach, however, might bear
large uncertainties, since the Mediterranean Sea reacts very sensitive to atmospheric
forcing (Pinardi and Masetti 2000). To assess the uncertainty arising from applying a
coarse resolution atmospheric forcing to a regional model, we first force the regional
model with an atmospheric dataset of the pre-industrial time slice derived from the
same coarse resolution global climate model as is later used for the HIM time slice. We
assess the model capability in simulating the large-scale pre-industrial thermohaline
circulation and biogeochemical cycles by evaluating the model results with present-
day observations. In particular, we focus our analysis of the pre-industrial regional
simulation on the processes that are through be be crucial for the S1 formation, such
as, water-mass formation, nutrient and oxygen cycling, biological productivity, and
sediment organic carbon burial. Through this approach we aim to understand the un-
certainty in the predictability of the HIM forced regional simulations arising from the
coarse resolution atmospheric forcing.

3.2 Experimental setup

The pre-industrial regional simulation (CTRL) was performed using the PR boundary
conditions (section 2.4). The CTRL simulation was initialized with homogeneous low
density water conditions (Table 2.3). The initialization with the low density water has
the advantage that the bottom waters are easily replaced by dense surface water, which
allows the model to fully develop the water masses by itself.

After an ocean-only spinup of 500 years we coupled the physical ocean model to the
biogeochemical model, which was also initialized with homogeneous water and sediment
conditions (Table 2.3). In the year 1501, we increase the vertical resolution of the model
from 29 to 46 vertical layers, and run it until the year 100 years (see Appendix A.1
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for details). This entire simulation serves as a spinup for the CTRL simulation. We
continue the CTRL simulation for another 1000 years. All results presented are inferred
from the last 100 years of this simulation if not otherwise stated.

3.3 Results

3.3.1 General circulation

The anti-estuarine type general circulation of the pre-industrial Mediterranean Sea is
driven by the excess of evaporative losses (E) over the precipitation (P) and river (R)
runoff inputs (P-E+R), with fresher surface water inflow and more saline water outflow
through the Strait of Gibraltar. A more detailed description of the fresh water budget is
given by Adloff et al. (2011). The Mediterranean outflow at Gibraltar consists mainly of
intermediate water, formed in the Levantine (LIW), Aegean (AIW), Cretan (CIW) and
Ionian Sea (IIW). Due to the shallowness of the Strait of Sicily and Strait of Gibraltar,
the eastern Mediterranean deep water (EMDW) formed in the Adriatic Sea (ADW)
and the western Mediterranean deep water formed in the Gulf of Lions are effectively
separated from each other and the Atlantic ocean.

We constrain our analysis to the eastern Mediterranean only, because first, the sapro-
pel forms in the eastern basin, and second, the deep water formation in the western
Mediterranean is rather unrealistically simulated. The deep water formation in the
western Mediterranean Sea, occurring in the Gulf of Lions, is very sensitive to the wind
stress and thermal forcing. Cold and dry winds channelized through the complex to-
pography of the Rhone Valley and the Pyrenees, usually occurring in strong bursts of
a few days duration, induce a strong buoyancy loss of the weakly stratified upper and
intermediate waters and cause deep convection processes (Hong et al. 2007; Mertens
and Schott 1998). The downscaling of the winds from the coarse resolution global cli-
mate model is rather imprecise considering these small-scale wind features. In addition,
the thermal forcing seems to warm in the Gulf of Lions, therefore, the buoyancy loss
required to initiate deep water formation is overall too low in our regional model. The
shallow sill depth of the Strait of Sicily separates the deep western basin effetely from
the eastern basin, therefore, the deep western circulation is largely unimportant for the
eastern Mediterranean circulation features.

3.3.1.1 Upper ocean circulation

The near-surface circulation of the eastern Mediterranean is illustrated in Figure 3.1.
Evaluating the model results with present-day observations (Pinardi and Masetti 2000),
we find a good representation of the major circulation features (Fig. 3.1): The Atlantic-
Tonian Stream enters the eastern Mediterranean through the Strait of Sicily and prop-
agates as the Mid-Mediterranean Jet into the Levantine basin, while a small part sep-
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arates and flows northward towards the Adriatic Sea mainly in late spring to summer.
The wind stress (not shown here) and the associated wind stress curl induces the an-
ticyclonic Rhodes gyre in the northern, and the cyclonic Mersa-Matruh gyre in the
southern Levantine Sea. Part of the Asia Minor current along the cost of Turkey flows
northward into the Aegean, and returns together with the Black Sea outflow along the
western Aegean Sea towards the south. The major part of the Asia Minor current flows
west, along the northern coast of Crete, and eventually along the Greek and Albanian
coast into the Adriatic Sea. In the southern Adriatic Sea a cyclonic gyre is simulated,
which is most pronounced in summer and autumn.

Medatlas CTRL
L}
E ‘-‘{-1};\. ]
5 %
Fae [a—
¥
.
=
o ﬁam
N T
LIWIW/ADW/AIW ||| 1% LIW/IW/ADW/AIW |

WA
P e
o NS
AL . ‘v 3 LR Pl
- A 3 >
AE N
' 7t <
1} N
- 1 W2 - B
3 * a 3
RS RSN St

0 50 100 200 300 400 500 600 800 1000 1400

Figure 3.1: Mixed layer depth in February/March derived as detailed in the text for the LIW
including the ITW (upper panel), the ADW and AIW (middle panel), and the combined mixed
layer depth for all water masses (lower panel) for the Medatlas climatology (left column) and
the CTRL simulation averaged over the last 100 years of simulation (right column). Vectors
represent both the direction and speed [m s~!] of the annual mean circulation in 25m.
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3.3.1.2 Intermediate and deep water formation

To asses the locations of intermediate and deep water formation, we first analyze the
mixed layer depth in the various sub-basins. Commonly, criteria to asses the mixed
layer depth are based upon threshold values for og relative to the surface. However,
such criteria are inappropriate to differentiate between predominantly upwelling and
downwelling regions. Water formation in the Mediterranean Sea is strongly precondi-
tioned by cyclonic gyres, leading to a doming of isopycnals and to a preconditioning of
the water column towards thermal cooling during winter. To assess the areas of water
mass formation, we define the intermediate and deep water on isopycnal layers.

Water-mass formation is characterized by the outcropping of isopycnal at the surface.
Instead of simply visually defining the outcropping isopycnals, we rather define a com-
mon criteria that we can also apply to the early Holocene simulations (section 4.3.1.2).
Intermediate water formation should not substantially penetrate the pycnocline, deep
water formation must penetrate the pycnocline. The major source of intermediate wa-
ter formation is in the Levantine Sea, and the major source of deep water formation is
in the Adriatic Sea. Thus, we define intermediate water dependent on the stability in
the Levantine Sea, and deep water formation dependent on the stability of the Ionian
Sea. To determine the pycnocline, we compute the Brunt-Véaisila Frequency N, which
is a measure of water column stability and reaches a maximum at the pycnocline, given
by:

N = g 2. (3.1)

To determine the isopycnal range of the intermediate water-mass in the CTRL sim-
ulation, we plot the Brunt-Vaisila Frequency versus og of the 100-year mean fields
of February/March averaged over the Levantine and Ionian Sea (Fig. 3.2). We define
the lower isopycnal of the intermediate water-mass at the og where the Brunt-Vaisala
Frequency shows a clear increase of water column stability towards the surface, and we
simply add 0.2 og to the lower boundary to obtain the upper boundary of the isopycnal
range (Fig. 3.2). This gives an intermediate water isopycnal range between og 28.98
to 29.18, which is slightly higher than the isopycnal ranges of observations ranging
between 28.85 to 29.1 (Castellari et al. 2000, and citations therein).

To assess the deep water-mass in the CTRL simulation, the upper isopycnal was
defined as the last prominent increase of the Brunt-Vaisald Frequency in the Ionian
Sea, since eastern Mediterranean deep water formation should at least penetrate this
stability layer. The deep water isopycnal is 0@ > 29.16, which is within the range (cg >
29.1) given in other studies (Castellari et al. 2000, and citations therein). The defined
intermediate and deep isopycnal layers were computed for each year of the last 100
years of simulation. The mixed layer pattern was then derived by computing the depth
in which a surface outcropping of the intermediate and deep isopycnal layers occurs in
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Figure 3.2: Brunt-Viisila Frequency versus oo averaged in February/March. First column
Medatlas climatology, second column CTRL simulation. Upper row shows values from Lev-
antine Sea, lower row shows values from Ionian Sea. The red lines indicate the determined
intermediate and deep isopycnal ranges. Colors indicate the density of the scatter, determined
by counting the number of pairs in squared subsections of 100 equally spaced intervals in the
range between 0 to 0.1s~! Brunt-Viisild Frequency and 28.5 to 29.5 0g. See text for more
details on the isopycnal determination. Note that only a subsection of the total isopycnal range
is plotted.

February /March. Since intermediate and deep water formation shows a high temporal
variability, for the mixed layer depth we illustrate the intermediate depth only if 40 %,
and for the deep water if 60 % of the last 100 years show an outcropping at the surface.

To determine the intermediate water layer in the Medatlas climatology (Medar-
Medatlas 2002), we take into account that the high spatial and temporal variability
is smoothed due the spatial interpolation of few observations, especially in deeper lev-
els. To asses the degree of smoothing in the Medatlas climatology, we determined the
CTRL mixed layer depth also for a climatological field averaged over the last 100 years,
and find a reduction of the outcropping of ~100 m compared to the mixed layer pattern
derived by individual years. Thus, we lower the criteria on isopycnal surface outcrop-
ping of the Medatlas climatology by 100 m to obtain the mixed layer depth (compare
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to the upper isopycnal depth for actual surface outcropping (Fig. 3.4, k). The deep
water layer of the Medatlas climatology was assessed as in the CTRL simulation by the
last prominent increase of the Brunt-Viiséila Frequency in the Ionian Sea.

The spatial pattern of LIW, AIW and ADW mixing is similar to the Medatlas cli-
matology (Fig. 3.1) and in general agreement with the mixed layer climatology of
D’Ortenzio et al. (2005).

LIW is formed in the area of the Rhodes gyre. The cyclonic gyre strongly precondi-
tions the intermediate water formation through the doming of the isopycnals, bringing
dense subsurface water close to the surface, where winter cooling leads to the formation
of dense LIW.

The major source of deep water formation is in the southern Adriatic Sea. Figure 3.3
illustrates the meridional overturning stream function across the Adriatic and northern
Tonian Sea. The stream function ¥ gives an indication of the transport of water at
different levels/isopycnals, and can be used to assess the meridional location and rate
of deep water formation. We compute the meridional stream function on both z-levels
given by

U(y, z) = /_ H /E " (w,y, 2 )dad? (3.2)

and isopycnal levels given by

lof=) w
Wpoo)= [ [ owy.ob)duddl (33)
0Omazx E
with 0o € {U@maxa 0Omazr — 0017 ey OQmin + OOL U@min}7

with v representing the annual mean meridional horizontal velocity field at each
location x,y and depth level z or isopycnal level og, —H the bottom of the sea, cgmaz
the maximum and og,;, the minimum annual mean isopycnal levels, FE the lower bound
of the integration in the east, and W the upper integration bound in the west.

In the northern and middle Adriatic Sea, on average the densest water with og of up
to 29.9 forms during winter with temperatures as low as 5.5 °C, indicating shelf deep
convection processes (Artegiani et al. 1997) also visible in the Medatlas climatology
(Fig. 3.4). This very dense northern Adriatic deep water (NAdDW) flows towards the
south, where there is the major location of ADW formation as indicated by the highest
transport rates (Fig. 3.3, a, b), and the intensive mixing (Fig. 3.1). The combination
of winter surface cooling, wind stirring, entrainment of salt from intermediate layers,
and the presence of the permanent cyclonic gyre strongly preconditions open ocean
convection and formation of ADW. The ADW is further transported south into the
Ionian Sea, where on average it spreads into a depth of ~1100m (Fig. 3.3, a).
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Figure 3.3: Meridional overturning stream function integrated across the Adriatic and northern
Tonian Sea for the CTRL simulation. Left column shows the stream function calculated on
a 100-year averaged velocity field, right column shows the stream function during one cold
winter year (forcing year 24). First row shows the stream function calculated on z-levels (Eq.
3.2), second row shows the stream function calculated on cg-levels (Eq. 3.3). The grey colors
represents the deepest topography or non occurring densities. Note the nonlinear spacing of
the isopycnals and the color bar.

EMDW formation, which implies sinking of ADW into the deep Ionian Sea, occurs
only during years with extreme cold winters within the 100-year repeating atmospheric
forcing. The density of the newly formed water during a cold winter year is considerably
higher, and the transport strongly enhanced compared to the mean state (Fig. 3.3, ¢, d).
While the water flows over the sill of Otranto (40°N to 41 °N) considerable horizontal
and vertical mixing occurs, which causes further entrainment of the LIW and overall
leads to a density reduction. The strong mixing during the overflow at the Strait of
Otranto is probably related to the coarse vertical and horizontal representation of the
sill, which does not allow for the simulation of the right bottom dynamics and slantwise
convection, similarly, as has been described in other modeling studies (Wu and Haines
1996; Castellari et al. 2000). South of the Otranto sill the entrainment of ambient highly
saline water increases the density. During the cold winter, a considerable mixing in the
northern Ionian further contributes to southward shift of the maximum transport.

In the central Aegean Sea, the Medatlas climatology and the CTRL simulation show
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the formation of very dense water (Fig. 3.4). This type of dense water formation has
been described as the Eastern Mediterranean Transient (EMT) (Roether et al. 1996;
Klein et al. 1999), which implies that EMDW is no longer formed in the Adriatic Sea
but in the Aegean Sea, overflowing the Cretan Arcs and filling the deep Ionian and
Levantine Sea. In the CTRL simulation, we do not find highly dense water exiting
through the Cretan Arcs and filling the deep basin, indicating that there is no EMT
event simulated by the model. Instead, along the pathway towards the Cretan Sea and
the Ionian Sea the Aegean dense water losses its high density, probably due to intensive
mixing while the water flows over the rough topography of the Aegean Sea. Thus, when
exiting through the Cretan Arcs, the water shows no potential to sink into the deep
eastern basin. Instead, the simulated Aegean dense water spreads mainly through the
western Cretan Arc into the Ionian Sea at intermediate depth.

The CTRL simulation shows significant mixing along the eastern coast of Greece,
where there is the formation of IIW, induced through the entrainment of highly saline
AIW. In contrast, the Medatlas climatology does not show the formation of IIW, possi-
ble because the Aegean dense water sinks to depth and forms EMDW during the EMT.

Table 3.1: Physical and biogeochemical properties of the major water masses. 100 year mean
values of indicated properties for LIW averaged over the Levantine Sea, IITW averaged over the
Tonian Sea, ATW averaged over the Aegean Sea excluding the Cretan Sea, ADW averaged over
the area of the Adriatic Sea with water depth >250m, EMDW averaged over the area of the
Tonian Sea with water depth >1800 m. Water formation rates calculated as 100 year mean of
annual maximum of water formed in the Levantine for LIW, Tonian for ITW, Aegean Sea exclud-
ing the Cretan Sea for AIW, Adriatic for ADW, and transport below 1000 m across 38.82°N
in the Ionian Sea for EMDW. Phosphate, Nitrate and oxygen concentrations in mmol m™3.
Abbreviations: D.: Depth, Form.: Formation rate, bot.: bottom.
LIW mw ATW ADW EMDW

Properties Meda CTRL Meda CTRL Meda CTRL Meda CTRL Meda CTRL

Upper g 28.95 28.98  28.95 28.98 29.1 29.16 29.1 29.16 29.1 29.16

Lower g  29.15 29.18 29.15 29.18

D. Min [m] 212 304 232 242 214 87 145 154 479 471
D. Max [m] 485 439 720 464 366 291 678 747  bot.  bot.
Form. [Sv] 0.41 0.80 0.30 0.68 0.06

T [°C] 15.1 15.2 14.1 15.0 14.1 14.1 13.5 13.7 13.5 13.8

S [psuy] 38.9 39.1 38.7 39.0 38.9 39.0 38.7 38.9 38.7 39.0
Phosphate 0.15 0.14 0.16 0.12 0.16 0.09 0.17 0.09 0.18 0.21
Nitrate 3.0 2.8 4.1 2.48 1.33 1.89 4.23 2.37 4.56 4.29
Oxygen 2074 2224 1994 2282 234.1 2274 209.1 237.0 1924 218.34

The main characteristics of the water masses are summarized in Table 3.1 and illus-
trated in Figure 3.4. The modeled LIW disperses mainly west towards Crete, where
it splits south and north into two branches, with most of the flow to the north and

28



3.3 RESULTS

towards the Cretan Sea. In the Cretan Sea, the LIW again splits into a western and
northern branch, with most of the flow towards the west. The AIW flows south along
the eastern side of the Cyclades Islands to the Cretan Sea, where it intrudes the LIW.
The increase in salinity and temperature in the northeastern Cretan Sea (Fig. 3.4, b) is
the result of the upper layer inflow of LIW to compensate the extra bottom outflow of
the denser AIW. Jointly the highly saline LIW/AIW flows around the Cyclades Islands
into the western Cretan Sea. Since this area receives relatively fresh surface water en-
tering from the Black Sea, the water formed in the southwestern Aegean is fresher and
cooler than the water formed in the central eastern Aegean and the LIW, as can be
seen by the northwest to southeast salinity and temperature gradient in the Strait of
Antikythera (Fig. 3.4, b, f). These dense intermediate water masses then flow jointly
along the coast of Greece towards the northeastern Ionian, where the salt entrainment
triggers IIW formation. While some of the intermediate water enters the Adriatic Sea
on the eastern side, the major part of the intermediate water flows around the western
Tonian Sea towards the Strait of Sicily. The southern branch of the LIW in the area
of the Rhodes gyre initially turns to the south of Crete and flows east, with some part
flowing into the Mersa-Matruh gyre, while the major part flows towards the east and
finally around the south of Cyprus and along the coast of Turkey towards the southern
Aegean Sea, where it joins the northern branch of the LIW. The newly formed ADW
flows out through the Strait of Otranto along the western boundary into the Ionian
Sea, and if dense enough it sinks to depth and forms EMDW.

To asses the general overturning circulation of the eastern Mediterranean Sea, we
compute the zonal overturning stream function, given by

W(z, 2) = /_ H /N iy, 2 )dyd, (3.4)

with u(x,y, z) representing the annual mean zonal horizontal velocity field at each
location x,y and depth level z, —H the bottom of the sea, N the lower bound of the
integration in the north, and S the upper integration bound in the south.

We integrate the zonal overturning stream function over the entire Mediterranean
Sea (Fig. 3.5). The zonal overturning circulation is characterized by two main cells;
The upper anti-estuarine circulation cell with water flowing into the Mediterranean Sea
through the Strait of Gibraltar and the Strait of Sicily further into the eastern Mediter-
ranean, and the return flow at intermediate depth. The second cell illustrates the deep
anti-clockwise circulation, and is only seen in the eastern Mediterranean. While on
the 100-year average the deep circulation cell is only weakly established (0.1 Sv) in the
upper 500 m to 800m, during the cold winter with strong EMDW formation the cell
rapidly expands down to the deepest layers with a maximum transport of up to 0.5 Sv.
This clearly demonstrates that deep water formation events take place during selective
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Figure 3.4: Properties of the intermediate water and deep water averaged in February/March
over the last 100 years of simulation for the CTRL, and on the climatological February/March
field of the Medatlas. a) to d) salinity; e) to h) temperature; i) to j) apparent water age; k) to
n) upper depth of water mass; o) to r) lower depth of water mass. Isopycnals for Medatlas in-
termediate water (first column): og 28.95 to 29.15; CTRL intermediate water (second column):
oo 28.98 to 29.18; Medatlas deep water (third column): og > 29.1; CTRL deep water (fourth
column): g > 29.16; The vectors in 1), n) represent both the direction and speed [m s~1] of
the circulation averaged over the depth of the isopycnal layer.
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Figure 3.5: Zonal overturning stream function (Eq. 3.2) integrated across the Mediterranean
Sea. Calculations are based on a 100-year annual mean velocity field (left), and one a one year
velocity field of a very cold winter year (right) (forcing year 24). The grey colors represents the
deepest topography. Note the nonlinear spacing of the depth levels and the color bar.

years, and that they rapidly ventilate the entire deep eastern Mediterranean Sea.

In the Rhodes gyre the salinity of the LIW is 39.1 psu, which is in good agreement
with climatological estimates ranging between 38.85 to 39.15 psu (Castellari et al. 2000,
and citations therein), and around 0.2 psu saltier than the Medatlas climatology. Also
the LIW temperature in the Rhodes gyre with 15.3°C is in good agreement with ob-
servations ranging between 14.5°C and 16.4°C (Castellari et al. 2000, and citations
therein), however, warmer than the Medatlas climatology. Highest salinities within
the intermediate water layer are simulated in the central eastern Aegean Sea, with
salinities of up to 39.3 psu, around 0.3 psu higher than the Medatlas. The strongest
discrepancy between the Medatlas climatology and the CTRL simulation is within the
Tonian Sea for both salinity and temperature. To a large extent this discrepancy might
be explained by the spreading of the saline LIW/AIW /CIW into the Ionian Sea in the
CTRL simulation, while in the Medatlas the Aegean dense water sinks to depth, which
can be seen by the deepening of the isopycnal layer in Figure 3.4, o. Also, especially in
the central and southern Ionian, observations are sparse and the Medatlas climatology
shows highest statistical errors in this area (Medar-Medatlas 2002).

To assess the strength of mixing and correspondingly physical ventilation, we intro-
duce the apparent water age tracer ageps in the model. This tracer increases its value
linearly with time ¢ in all locations 4, 7, and in all depth levels z, except for the surface
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Zsur face, Where it is kept at zero,

d
%ageM(i,j,Z,t) = 17 (35)

ageM(i7 j7 Zsur faces t) =0.

The ageys shows youngest water in the Aegean and Adriatic Sea (Fig. 3.4 i, j). The
intermediate water in the area of the Rhodes gyre is relatively younger than the ageys
of the surrounding Levantine, however, older than in the AIW, IIW, ADW formation
sites. This water age pattern indicates the doming of the isopycnals in the Rhodes
gyre, bringing older dense water towards the surface, which facilitates the subsequent
formation of LIW. The simulated deep water shows a progressive aging from west to
east, indicating the EMDW flow path.

The relatively fresher tongue of water spreading from the Adriatic into the Ionian Sea
illustrates the (sinking) pathway of the ADW. Overall, however, both the temperature
and salinity of the deep water are higher than observed, which is a surface signal
resulting from the atmospheric forcing and subsequently propagated into the deep ocean
via mixing. The Medatlas climatology shows the spreading of deep water through the
western and eastern Cretan arcs into the deep lonian, which possibly indicates the
EMT, filling the deep eastern Mediterranean with relatively warm and salty water.

3.3.1.2.1 Intermediate and deep water formation rates

The water formation rates were calculated by the annual maximum volume of water
formed within the og range of the intermediate and deep water in the corresponding
sub-basins (Fig. 3.6, Table 3.1).

The mean LIW formation rate is 0.41 Sv. The interannual variability is large, rang-
ing between 0 to 1.8Sv. Using the same procedure to calculate the LIW formation
rate Lascaratos et al. (1993) derived 1.0 Sv from a climatologically forced mixed layer
model, and Castellari et al. (2000) calculated the LIW formation rate to range between
0.5 to 5.8 Sv using an ocean general circulation model forced with different temporal
resolutions of the NCEP atmospheric forcing data and a set of air-sea heat flux bulk
formulas for the period 1980-1988. A mean formation rate ranging between 0Sv to
1.4Sv with a mean value of 0.77 Sv was simulated by Pinardi and Masetti (2000) for
the period between 1978 to 1993.

The mean ATW formation rate is 0.3 Sv with values ranging between 0.0 and 0.75 Sv.
Dense water formation in the Aegean Sea was modeled by Beuvier et al. (2010) for the
period between 1961 to 2000. Their results show Aegean dense water formation rates
with o9 > 29.3 of up to 0.48 Sv during the EMT in 1993, and around half of it during
the cold winters of 1972 and 1976. This shows, that our model simulates several years
with EMT like dense water formation. However, as stated above, the model does not
form deep water of Aegean origin, such as observed during the EMT, since the water
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Figure 3.6: Annual maximum LIW, ATW, ITW and ADW formation rate of the CTRL simula-
tion over the last 100 years of simulation.
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Figure 3.7: Hovmoller diagram of the annual mean water transport rate in the northern Ionian
Sea at 38.82 °N for the last 100 years of simulation. a) calculated on z-levels (Eq. 3.2), b)
calculated on cg-level (Eq. 3.3). The grey colors represents non occurring densities. Note the
nonlinear color scale and the spacing of the isopycnals.
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loses its high density due to intensive mixing while overflowing the rough topography
of the Aegean and Cretan Sea.

Within the repeating 100-year cycle of atmospheric forcing annual maximum LIW
formation occurs mostly in February, and AIW, ITW and ADW formation mostly occurs
in March. There is a 10 to 15 year cyclicity of the maximum LIW, ITW, and more weakly
pronounced also in the ATW and ADW formation rate, which are correlated with the air
temperature. This climate variability might point towards the variability of large-scale
atmospheric pressure patterns such as the North Atlantic Oscillation (NAO). Wallace
and Gutzler (1981) showed, that positive values of the NAO-Index coincide with low
air temperature over the Aegean Sea and the Levantine basin, with winds having a
strong northerly component and warm winters over the western MED. Thus, a positive
NAO-Index might favor a larger water formation rate.

The simulated ADW within the 100-year cycle of atmospheric forcing shows in most
years a formation rate of 0.97 Sv, indicating a complete mixing of the entire Adriatic
volume. However, even a complete mixing of the Adriatic Sea does not imply the
formation of EMDW. To assess the EMDW formation rate we additionally compute
the overturning stream function on both z-levels (Eq. 3.2) and oe-levels (Eq. 3.3)
for the last 100-years of simulation. Figure 3.7 shows the annual mean transport rate
on a transect spanning between Italy and Greece at 38.8 °N. It can be seen that only
selective years show a transport below 1500 m, with the annual maximum transport
rates of 0.48 Sv and 0.68 Sv below 1500 m in the years 24 and 36 of the atmospheric
forcing. On the isopycnal levels, these two very cold years show transport rates of
0.62 and 0.82 below the 29.31 og-level, while the 100-year mean transport below this
isopycnal is 0.04 Sv. Overall, the very large amplitude of the interannual variability of
the EMDW formation rate highlights the variability of the circulation and water mass
structure. This large variability makes it rather difficult to compare the mean modeled
EMDW formation rate to observations indicating a ~0.3 Sv formation rate (Schlitzer
et al. 1991; Roether and Schlitzer 1991; Lascaratos 1993).

3.3.2 Nutrient cycle

The present-day entire Mediterranean Sea is an oligotrophic system, resulting from the
anti-estuarine circulation and the low riverine and atmospheric nutrient input. The
biological productivity, in particular of the eastern Mediterranean Sea, is among the
lowest observed (McGill 1969; Bethoux 1989). At the surface nutrient-depleted MAW
enters the Mediterranean Sea, propagates to the eastern basin, and at depth nutrient-
enriched water flows out.

The annual budget of total phosphate is shown in Table 3.2. The external nutrient
input is largely balanced by the outflow at the Strait of Sicily, while only a little amount
of the total phosphate is buried in the sediment.
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Table 3.2: Annual total phosphate budget [mol s~!] of the eastern Mediterranean for the CTRL
simulation calculated over the last 100 years of simulation. Export production at 113 m depth
averaged over the area of the eastern Mediterranean Sea.

[mol s71]

Rivers 25.6

Net inflow Black Sea 19.1

Net outflow Sicily 40.5

Net flux water and sediment 4.2
Net flux sediment -1.9

Net grain 2.3

Export production 113.8

In a depth below 100 m the modeled profile of dissolved phosphate concentration of
the CTRL simulation compares well with the observational data (Fig. 3.8). In the
first 100 m, the modeled phosphate concentrations of 0.01 to 0.03 mmol m=3 is too low
when compared to the mean concentration of the plotted observed data, however, it is
still in the range of the observed variability. In fact, phosphate concentrations up to
a depth of 80 to 100m have been observed to be close to or even under the detection
limit with concentrations ranging between 0.01 to 0.03 mmol m~2 (Yacobi et al. 1995;
Ediger and Yilmaz 1996; Kress and Herut 2001; Moutin and Raimbault 2002).

For a spatial representation of the nutrient distribution, we show the phosphate con-
centrations within the intermediate and deep water (Fig. 3.9) on the isopycnal surfaces
as defined in section 3.3.1.2, and summarize the water mass characteristics in Table 3.1.
The modeled intermediate phosphate concentrations of the CTRL are in good agree-
ment with the Medatlas. In general, areas of intermediate and deep water formation
appear phosphate depleted due to the surface outcropping of isopycnals into shallow
levels with little nutrient concentrations. Compared to the Medatlas the model sim-
ulates intermediate water formation in the northeastern Ionian with correspondingly
low phosphate concentrations. In the southern Levantine Sea, the slightly higher phos-
phate concentrations compared to the Medatlas result from the too strongly simulated
strength of the anticyclonic Mersa-Matruh gyre, and thus, downwelling and subduction
of the isopycnals into greater depth with higher nutrient concentrations, as shown in
the maximum depth of the intermediate isopycnals in Figure (3.4 o, p). In the Ionian
Sea and the eastern Levantine Sea, the Medatlas climatology shows higher phosphate
concentration, mostly related to the deeper position of the intermediate isopycnals in
this area. The northern Aegean Sea is strongly affected by the nutrient-rich inflow from
the Black Sea.

The CTRL as well as the Medatlas climatology show a pronounced west-east gradient
of increasing phosphate in the deep water (Fig. 3.9). This gradient is established by the
deep water flowing from the Ionian into the Levantine Sea, continuously accumulating
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Figure 3.8: Dissolved phosphate, dissolved nitrate, and dissolved oxygen concentration averaged
over the Tonian and Levantine Sea. The shaded grey area display 2 x standard deviation around
the mean of the WOA climatology, and the shaded red area 2xstandard deviation around the
mean of the CTRL of last 100 years of simulation. Note the nonlinear depth scale.
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Figure 3.9: Dissolved phosphate within the intermediate and deep water of the Medatlas winter
climatology and the CTRL simulation averaged in February/March for the intermediate and
deep isopycnal layers as defined in section 3.3.1.2.
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nutrients through organic matter remineralization.

The averaged profile of dissolved nitrate concentrations of the CTRL simulation is in
good agreement with the observations (Fig. 3.8), with slightly higher nitrate concen-
trations in the upper 150 m and slightly lower concentrations between 200 m and 800 m.

3.3.3 Biological productivity

On a seasonal timescale, primary production is a function of the availability of light and
nutrients. The nutrient availability is dependent on the physical advection/diffusion of
nutrients from the deep ocean to the euphotic zone, the external nutrient input through
rivers, and the recycling of nutrients within the upper ocean. Also the atmosphere is
a source of nutrients through dust desorption (e.g. Ridame and Guieu 2002; Bartoli
et al. 2005; Herut et al. 2005), however, this process is not simulated by the model.
Since only the export production reaches the deep ocean and determines deep oxygen
consumption and sediment carbon fluxes, we mainly focus on export production rather
than primary production.

The geographical distribution of annual and seasonal POC export is shown in Fig-
ure 3.10. Areas of higher production are localized in the eastern Levantine, the Adriatic
Sea, the northwestern Ionian Sea, the Strait of Sicily, and the Aegean Sea.

The high export production in the eastern Levantine and the Adriatic Sea is largely
fueled by the high riverine nutrient input of the Nile and Po rivers. In the Aegean
Sea, high export production is supported by the nutrient-rich surface waters entering
the eastern Mediterranean through the Bosphorus. The inflowing nutrient-rich water
from the Black Sea is mixed with the AIW, and circulates along the coast of Greece
towards the northeastern Ionian and Adriatic Sea. During spring, the intermediate
water formation along the coast of Greece fuels high biological production, indicated
by the continuous, yet, decreasing export production along the flow pathway of the
intermediate water masses towards the northern Ionian. In the western Ionian, the
high export production is fueled by nutrients, which are up-welled by Ekman suction,
resulting from the predominantly south-westerly winds during late spring to early sum-
mer. The enhanced POC export production in the Strait of Sicily is related to coastal
upwelling of nutrient enriched outflowing intermediate and deep water. In contrast, in
the open ocean areas of the Ionian and Levantine Sea export production is rather low.

In spring, as soon as there is sufficient light the phytoplankton bloom develops,
resulting in highest export production. In summer, when there is the highest light
availability, we find enhanced phytoplankton concentrations in a depth between 50 m
and 60 m basin-wide, with highest concentrations in the Ionian and eastern Levantine
Sea in the CTRL simulation, indicating a deep chlorophyl maximum (DCM) (Fig.
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Figure 3.10: Annual mean (ANN), winter (DJF), spring (MAM), summer (JJA), and autumn
(SON) POC export production in 113 m. Note the nonlinear color scale. Export production in
the Black Sea is on average 74mgCm~2d 1.

3.11). In the present-day eastern Mediterranean a DCM is typically observed in a depth
between 80 m and 120m (Krom et al. 1992; Salihoglu et al. 1990; Yacobi et al. 1995;
Herut 2000). However, several observational studies have reported that the DCM occurs
not in the depth of maximum abundance of cells nor carbon biomass (Yacobi et al.
1995; Zohary and Robarts 1998; Psarra et al. 2000). Instead, these studies report that
a DCM is measured because of the light adaption of deep phytoplankton communities
to sub-optimal light conditions, which leads to a higher chlorophyl concentration and
correspondingly a higher carbon-to-chlorophyl ratio (Hense and Beckmann 2008; Wang
et al. 2008). Figure 3.11 shows the DCM derived with a constant carbon-to-chlorophyl
ratio of 60. The investigation of a variable vertical profile of the carbon-to-chlorophyl
ratio in the eastern Mediterranean is beyond the scope of this thesis.

The simulated annual mean export production at a depth of 113m in the east-
ern Mediterranean Sea ranges between 6.7 to 57.4mgC m~2d~! with an average of
9.9mgCm~2d~'. Our results are within the range of observations and other model-
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Figure 3.11: Chlorophyll concentration at the depth of the summer (JJA) DCM (upper panel);
Depth of DCM (lower panel). Units converted using a carbon/chlorophyll ratio of 1:60. Note
the nonlinear color scale.

ing studies. For instance Bethoux (1989) estimated the export production of POC to
range between 16 and 32mgC m~2d~!, Moutin and Raimbault (2002) measured POC
export flux to range between 3.5 and 28.5mgC m~2d ™! in the eastern Mediterranean
in 200m depth between May and June 1996. In 100m depth, Stratford et al. (2000)
modeled an annual mean export flux of 10 mgC m ™2 d~! for the present-day circulation.

The seasonal cycle of the modeled POC flux at a depth of 1450 m and 2616 m averaged
over the last 100 years of simulation compared to sediment trap measurements for the
Ierapetra Deep sediment trap station near Crete (Mobius et al. 2010) is shown in
Figure 3.12. The deep POC flux peaks during summer, between May and June in
1530 m, and between June and July in 2616 m. The time delay between the seasonal
peak in export production at depth is a consequence of the time needed for sinking.
The total variance in the sediment trap observations is much higher than in the model,
with a considerable number of observations being higher than the modeled POC fluxes.
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Figure 3.12: POC flux at 1450 m and 2600 m depth averaged over a small area in the southeast
of Crete. Red line indicates the mean of 100 year of simulation, the red shaded area displays
2 standard deviation around the mean. Dots represent measurements from the Mediterranean
Terapetra Deep sediment trap station southeast of Crete. Dots in the 1450 m panel represent
sediment trap measurements from 1508 m, dots in the 2600 m panel represent sediment trap
measurements in 2689 m (black dots), 2720m (blue dots), 2560 m (green dots). Observations
were taken from Mobius et al. (2010), measured during three periods covering three to seven
month from early 1999 to summer 2007. Note the different y-axes scales between the two panels.

Nonetheless, since we are aiming in modeling the pre-industrial climate, and therefore
assume no anthropogenic fertilization neither through the atmosphere nor through
rivers, we regard the modeled POC fluxes as reasonable.

3.3.4 Oxygen cycle

Sources and sinks of dissolved oxygen in the water column are determined by both
biogeochemical processes and physical mixing. Sources of oxygen are the dissolution of
oxygen by air-sea gas exchange and the release of oxygen by photosynthesis. In the case
of surface layer overstaturation, air-sea gas exchange leads to an evasion of oxygen into
the atmosphere. Ocean mixing transports surface oxygen into the interior of the ocean,
where the oxygen is consumed by remineralization of organic matter fallout within the
water column and the sediment.

The oxygen profile of the eastern Mediterranean shows a maximum at a depth of
~50m (Fig. 3.8), in the climatological fields as well as in the CTRL simulation. Down
to a depth of 200 m the modeled oxygen concentrations are within the range of obser-
vations, while below they are significantly higher.

Figure 3.13 shows the oxygen concentrations within the intermediate and deep water.
The CTRL simulation shows a strong oxygenation at the locations of intermediate and
deep water formation e.g. in the Rhodes Gyre, the Aegean, the northwestern Ionian,
and the Adriatic Sea, and the subsequent spreading of oxygen along the intermediate
flow path. The Adriatic is the source of deep oxygenation via deep water formation.
The spreading of the deep water into the Ionian and Levantine Sea can be clearly seen
by the west-east gradient of decreasing oxygen along its pathway (Fig. 3.13).
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Figure 3.13: Dissolved oxygen within the intermediate and deep water of the Medatlas winter
climatology and the CTRL simulation averaged in February/March for the intermediate and
deep isopycnal layers as defined in section 3.3.1.2.

The strongest difference between the CTRL and the Medatlas climatology is within
the deep water, with oxygen concentrations of up to 30 mmolm~3 higher than the
climatological fields. However, since the general phosphate profile as well as the ex-
port production of organic material (section 3.3.3) and the sedimentation of organic
material (section 3.3.5) are well within the range of observations, the high simulated
oxygen concentrations cannot be attributed to a generally too low biological oxygen
consumption by remineralization of POC. Thus, the dissolution of oxygen and physical
mixing must lead to the too high oxygen concentrations in the CTRL simulation. In the
following, we analyze the rate of over-oxygenation of the deep eastern Mediterranean
Sea in response to the strong oxygenation of the Adriatic Sea.

3.3.4.1 Sensitivity of deep water oxygenation

In this section we quantify the rate of deep water oxygenation in the eastern Mediter-
ranean Sea as a function of the oxygen content of the Adriatic Sea. Therefore, we
perform two model simulations, both with a lower vertical resolution of 29 levels com-
pared to the 46 levels of the CTRL simulation. The CTRL29 was simulated with the
same boundary conditions as the CTRL simulation. After 2000 years of simulation we
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split the OxyRest Adria experiment, in which we re-set the oxygen concentration of the
Adriatic Sea to a maximum concentration of 205 mmol m ™3 below 208 m at each model
time-step. The maximum oxygen concentration was chosen according to the southern
Adriatic depth profile of Manca et al. (2004).
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Figure 3.14: Annual mean dissolved oxygen concentration averaged over the Ionian and Lev-
antine Sea. The shaded grey area display +2 standard deviation around the mean of the WOA
climatology, the shaded red area 42 standard deviation around the mean of the CTRL29 of
last 100 years of simulation, and the light blue shaded area 4+2 standard deviation around the
mean over the CTRL29 of last 100 years of simulation. Note the nonlinear depth scale.

Figure 3.14 shows the oxygen concentration profile of the sensitivity experiments
compared to the CTRL29 simulation and observational datasets, and Figure 3.15 the
time evolution of the deep water ventilation. To approach an equilibrium within this
sensitivity experiment it takes around 1200 years of simulation. Below 600 m depth, the
oxygen concentration is well within the range of observations, clearly indicating that the
oxygenation of the Adriatic is overestimated by the model due to intensive mixing as
described in section 3.3.1.2. Nonetheless, between 150 and 500 m the simulated oxygen
concentration is up to ~20mmol m~3 higher than observed (Fig. 3.16). The source
of the intermediate oxygenation is the AIW spreading mainly through the western
Cretan Arc into the Ionian Sea (Fig. 3.16). The reasons for this strong intermediate
oxygenation by the ATW are most likely the same as in the Adriatic, with considerable
mixing occurring while the water flows of the complex topography of the Aegean Sea
and the western Cretan Arc into the Ionian.
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Figure 3.15: Dissolved oxygen concentration averaged over the Ionian and Levantine Sea be-
low 1841 m for the CTRL29 and OxyRestAdria simulations. We initialize the OxyRestAdria
experiment from the CTRL29 in the year 2000, illustrated as year 0 in this context.

intermediate layer deep layer

[ [ T [ [ .
180 185 190 195 200 205 210 215 220 225 230 235 240 250 270 320
[Oxygen mmol m*® ]

Figure 3.16: Dissolved oxygen within the intermediate and deep water of the OxyRestAdria

simulation averaged in February/March for the intermediate and deep isopycnal layers as defined
in section 3.3.1.2.
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3.3.5 Sediment
3.3.5.1 Sediment particulate organic carbon burial flux

The POC burial flux is determined by the strength of the biological export production
and the remineralization of POC export flux in the water column and the sediment.
Under the same sunlight conditions, the strength of the export production is determined
by the availability of nutrients. In the model two POC size classes are simulated; A
slower sinking dead phyto- and zooplankton pool, and a faster sinking zooplankton
fecal pellets pool. The POC flux in the water column is proportional to the constant
remineralization rate and the constant sinking velocity of the individual POC pools
(Eq. 2.1). The deeper the water column, the longer the POC particles are subjected
to remineralization. Thus, deep-sea sediments receive usually a smaller POC flux than
shelf areas. In the sediment, the bacterial remineralization rate is enhanced in warmer
waters, and reduced with decreasing pore water oxygen concentrations. Moreover,
the remineralization of POC in the sediment is enhanced through erosive sediment
resuspension, which depends on the strength of the bottom water flow.

Figure 3.17 shows the geographical distribution of POC burial flux in the sediment
compared to sediment core derived observations. In general, the deep ocean areas show
lower burial fluxes than areas of intermediate depth, which is the result of the generally
lower production in the open ocean areas and the longer time of the POC particles
in the well oxygenated water column while sinking. The POC burial flux of the deep
ocean areas is in good agreement with the sediment core observations. Lowest burial
fluxes are simulated in the marginal areas, in particular in the Adriatic Sea, Aegean
Sea, the Sicilian-Tunisian Platform and the Nile delta zone. The model simulates a too
strong erosion in these areas. The coarse horizontal and vertical resolution of the model
involves a poor or missing representation of canyon systems, which in reality influence
the water flow along the shelf margins by channelizing the bottom water flow, which
modulates the amount of particle erosion. Moreover, we do not simulate the influx of
lithogenic material from rivers, which would cover the top sediment layer with coarser
grained lithogenic material, and therefore, protect the fine grained POC from erosion
and repeating re-suspension.

Figure 3.18 compares the observed versus the modeled POC burial flux. To account
for the temporal as well as the small-scale variability, we illustrate the £+ 1 standard
deviation of the interannual variability within the last 100 years of simulation, as well
as the maximum small-scale spatial variation within a 2x 2 gridbox window around the
core location. For the observations we account for the maximum variability within the 0
to 1 kyr BP time slice. The temporal variability and spatial-small scale variability of the
simulations overweights by far the temporal variability within the sediment core time
slice observations, and is highest in the shallower locations. While for most locations the
modeled variability is within the range of observations, in particular the core locations
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Figure 3.17: Sediment POC burial flux averaged over the last 100 years of simulation superim-
posed with POC burial fluxes derived from sediment cores. Squares show mean values, triangle
pointing upward maximum and triangles pointing downward minimum of the sediment core data
averaged between 0—1kyr BP. The black line represents the 1500 m contour line. Line shaded
regions show areas where the trend of POC burial is on average lower than -0.05mgC m=2d !
over the last 500 years of simulation, and point shades areas where this trend is higher than
0.05mgC m~=2d~!. Sediment core labels for reference in Figure 3.18. Core labels for allocation
of cores in Figure 3.18. Sediment core data taken from the sites GeoB7608-1 (Bahr 2007), ODP
site 160-970 (Meyers and Bernasconi 2009), MD84-641 (Fontugne and Calvert 1992), BC19 and
SL114 (Slomp et al. 2002), Geo-Tii SL119 (Milker et al. 2006), Geo-Tii SL114 (Schmidt 2007),
Geo-Tii SL148, Geo-Tii SL112, Geo-Tii SL123 (Kuhnt 2008), ODP site 160-964A (Gallego-
Torres et al. 2007) SL 71, #569, #563, #562 (Mobius et al. 2010).
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Figure 3.18: Sediment core POC burial flux versus modeled POC burial flux. Points represent
averaged observed flux of the sediment cores between 0 to 1kyr BP versus 100-year averaged
fluxes of the model. Black horizontal lines represent the maximum temporal variation of the
observations between 0 to 1kyr BP. The black vertical lines shows +1 standard deviation of
the interannual variability within the last 100 years of simulation. Grey dashed vertical lines
represent the maximum small-scale spatial variation of mean values within a 2x2 gridbox
window around the original core location. Colors indicate the water depth of the model girdbox
at the core locations: green < 1000m, 1000 m < red < 2000m, 2000 m < blue < 3000 m, black
> 3000m. Sediment core labels as in Figure 3.17. Note the nonlinear axes scales, and that
the plot size does not always cover the full data range of the temporal and spatial variations of
model results on every point.

between 1000 m and 2000 m are overestimated by the model. However, in these depth
regions the model shows a considerable drift toward lower fluxes (Fig. 3.17).

3.3.5.2 Sediment pore water §'3C isotopes

The distribution of §'3C in dissolved inorganic carbon (DIC) is controlled by a com-
bination of biological and thermodynamic processes. Air-sea gas exchange influences
the isotopic composition of the inorganic carbon, with an equilibrium fractionation
of -6.5 %o in our model setup. On the other hand, biological uptake of COs in the
form of organic matter removes preferentially the light '2C carbon with a modeled
fixed equilibrium fractionation set to -20 %o, resulting in an isotopic enrichment of
the residual inorganic carbon. Remineralization of the organic matter releases the
12C back into the inorganic reservoir. Thus, the biological pump creates an isotopic
gradient, with 6'3C DIC enriched surface water and 6'3CDIC depleted deep water.
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Benthic foraminifera calcify in contract with ambient pore water, and thus, record the
bottom water 6'3C DIC depending on the specific microhabitat (epifaunal or infau-
nal) (Schmiedl et al. 2004). Therefore, the 6'3C DIC provides information on the past
carbon cycling and has widely been used to reconstruct past changes of deep water
properties and organic matter fluxes (Vergnaud-Grazzini and Pierre 1991; Kuhnt et al.
2008; Schilman et al. 2001).
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Figure 3.19: Sediment pore water §'3CDIC averaged between 1.2-2cm depth superimposed
with observed §'3C of shallow inflaunal benthic Uvigerina mediterranea of sediment cores be-
tween 0 and 1kyr BP. Squares show mean values, triangle pointing upward maximum and
triangles pointing downward minimum §'3CDIC of the time slice observations. The black
line represents the 1500 m contour line. Line shaded regions show areas where the trend of
d'3CDIC values is on average lower than -0.02 %o over the last 500 years of simulation, and
point shades areas where this trend is higher than 0.02 %o. Sediment core labels for reference in
Figure 3.20. Core labels for allocation of cores in Figure 3.20. Sediment core data taken from
sites: Geo-Ti SL148, Geo-Ti SL112, Geo-Ti SL123 (Kuhnt 2008), SL78, MC517 (Schmiedl
unpublished data), Ga-110, Ga-111, (Schilman et al. 2001, 2003) SL-31 (Abu-Zied 2001).

Figure 3.19 shows the §'3C DIC of sediment pore water superimposed with observa-
tions of the corresponding time slices. Compared to the simulated surface §'3CDIC
(not shown), the modeled sediment pore water §'3C DIC is ~0.7 %o lower, indicating
the effect of the biological pump. EMDW formed in the Adriatic flows along the bottom
towards the Levantine and continuously accumulates 2C through the remineralization
of organic matter fallout from the surface. Thus, there is a west-east gradient of de-
creasing 6'3C DIC in the sediment pore water. In the area of the Nile plume along the
Israeli, Lebanese and Syrian coast, the additional higher carbon fluxes to the sediment
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Figure 3.20: Observed §'3C of shallow inflaunal benthic Uvigerina mediterranea versus modeled
sediment pore water §'3C DIC averaged averaged between 1.2-2 cm depth. Points show averaged
observed §'3C of benthic foraminifera in the sediment cores between 0 to 1kyr BP versus 100-
year averaged 6'3C DIC of the model. Black horizontal lines represent the maximum temporal
variation of the observations between 0 to 1kyr BP. Black vertical lines represent £2 standard
deviation of the interannual variability within the last 100 years of simulation. Grey dashed
vertical lines represent the maximum small-scale spatial variation of 100-year mean modeled
values within a 2x2 gridbox window around the original core location. Colors indicate the
water depth of the model girdbox at the core locations: green < 500m, 500 m < red < 1000 m,
1000m < blue < 1500m. Sediment core labels as in Figure 3.19.

depletes the pore water §'3C DIC. The northern Aegean shows a high biological pro-
duction, with high organic matter fallout, remineralization and related §'3C depletion.
Due to the inflowing '*C depleted surface water from the Black Sea, mixing in the
northern Aegean can only moderately increase the relatively low §'3CDIC values in
the sediment. The deep sea areas of the eastern Mediterranean Sea is in equilibrium,
however, areas below 1500 m depth in particular in the eastern Levantine and southern
Aegean Sea show a drift towards lower 6'3C DIC values. In contrast, in the Black Sea
in the shallow areas the §'3C DIC values are mostly increasing, while at depth they
show a trend towards stronger §'3C DIC depletion.

The modeled pore water §2C DIC values seem reasonable compared to the obser-
vations, even though the observations only cover the marginal areas (Fig. 3.20) with
only one core site in the eastern Levantine (Geo-Ti SL112 water depth 892 m, label 3)
showing a model depth of 1284 m. While the temporal variability within the 100-year
model time slice is very small, the small-scale variability in these coastal areas is very
high. Also the observations show a rather high variability. The sparse data coverage
concentrated on marginal areas with steep 6'3C gradients is rather unsuitable for a
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model-observation comparison.

3.4 Summary

We have simulated the pre-industrial Mediterranean ocean circulation and biogeochem-
ical cycles using a regional ocean general circulation model coupled to a biogeochemical
model including a sediment module, and forced it by atmospheric data derived from
a coarse resolution global climate model. We assessed the capability of the model to
simulate the large-scale general circulation and biogeochemical cycles under the coarse
atmospheric forcing through a validation with observations. Through this approach, we
gain an understand of the uncertainty in the predictability of the sapropel simulations,
which are performed by the same method of imposing atmospheric data derived from
the same coarse resolution global climate model of the Holocene insolation maximum
(HIM) time slice (Chapter 4).

The model reproduces the intermediate and deep water formation processes of the
present-day Mediterranean Sea. Moreover, the model shows a good representation
of the nutrient-cycling in the intermediate and deep layers. The seasonal particulate
organic carbon (POC) export production and POC flux through the water column are
well simulated. Also the deep-sea sediment POC burial flux is in good accordance with
observations. Due to the well representation of the large scale thermohaline circulation
and biogeochemical cycles, we are confident that the approach of forcing a regional
model with coarse resolution atmospheric data derived from a global climate simulation
can also be applied to the HIM time slice in order to simulate the sapropel S1 formation.

Despite the generally well representation of the large-scale features, there are prob-
lems encountered, all related to the relatively coarse resolution of the atmospheric
forcing and/or the regional model setup:

e The deep water formation in the western Mediterranean Sea is poorly simulated
by the model because the western Mediterranean deep water formation is very
sensitive to small-scale wind features and thermal forcing. Both atmospheric
features are not captured by the atmospheric forcing derived from the coarse
resolution global climate model. Since the shallow depth of the Strait of Sicily
separates the deep western basin effectively from the eastern basin, the deep west-
ern circulation is unimportant for the eastern Mediterranean circulation features.
Therefore, we confidently constrain our analyzes to the eastern basin only, and
we also do so for the HIM forced simulations.

e The model shows problems in simulating the right bottom dynamics, the slantwise
convection, and the bottom flow within narrow channels. Intensive mixing occurs
in the simulation while the water flows over the sill of the Strait of Otranto towards
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the deep Ionian Sea, which leads to an over-oxygenation during the simulated
ADW formation, and correspondingly an over-oxygenation of the newly formed
EMDW. For the simulation of the sapropel formation, at least under a stagnating
deep water circulation preventing the formation of EMDW, this model limitation
becomes irrelevant.

The physical sediment erosion of POC within the marginal areas, in particular,
the Adriatic Sea, Aegean Sea, the Sicilian-Tunisian Platform and the Nile delta
zone is strongly overestimated. Owing to the coarse resolution of the model,
topographic features, such as slopes and canyons modulating the bottom water
flow, are poorly represented. In addition, the simplicity of the model does not
account for riverine sedimentation processes covering the top sediment with coarse
grain material, which protects the fine grained POC from physical erosion. The
too strongly simulated erosion along the marginal areas does not significantly
affect the nutrient nor the oxygen cycling. The deep sea sediment POC burial
flux is well captured by the model. Therefore, we constrain our analyzes and
interpretation of the HIM forced simulations to the deep-sea areas.



Chapter 4

The early Holocene sapropel formation

4.1 Motivation

Sapropel S1 formation implies the evolution of a deep water oxygen deficiency in the
eastern Mediterranean Sea. With a set of model experiments we aim to identify plau-
sible scenarios leading to S1 formation. ’Plausible’ in this context implies that the
simulated scenarios should be in accordance with the sediment observations prior and
during S1 deposition, and the evolution of deep water anoxia should occur within a real-
istic time frame. Knowledge about the required timescale for complete oxygen depletion
can give rise to the climatic event that has triggered the onset of the S1 formation. In
general, the oxygen concentration is a function of the strength of the physical deep wa-
ter ventilation and the biological oxygen utilization through remineralization of organic
matter.

There are large uncertainties concerning the temporal evolution of the deep water
oxygen depletion. Estimates of the time frame required for complete deep water oxygen
depletion range from 400 years (Myers and Rohling 2000) to 640 years (Rohling 1994)
to 1000-1500 years (Schmiedl et al. 2010) to 2100 years (Howell and Thunell 1992) to
~5000 years (Troelstra et al. 1991). Previous biogeochemical model studies showed that
the evolution of the S1 oxygen depletion requires less than 2000 years, and was caused
by a stagnating deep water circulation combined with a significantly enhanced external
nutrient input (Stratford et al. 2000; Bianchi et al. 2006). However, the eutrophication
scenarios imposed in these modeling studies contradict the reconstructed oligotrophic
conditions throughout the glacial-interglacial transition period (Kuhnt et al. 2007).
Given these indications for a basin-wide oligotrophic marine environment, the time
for the evolution of the deep water oxygen deficiency probably exceeds the 2000 years
suggested by biogeochemical model simulations (Stratford et al. 2000; Bianchi et al.
2006).

This controversy motivates us to perform a simple oxygen budget calculation to ob-
tain a rough estimate of the potential time scale for S1 formation. If we assume that the
pre-sapropel particulate organic carbon (POC) export production was characterized by
a similar oligotrophy as in the present-day eastern Mediterranean Sea, we can estimate
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the time needed to deplete the entire deep water oxygen. In chapter 3, we presented
a simulation of the pre-industrial eastern Mediterranean Sea. From this simulation
we can obtain the POC flux to the deep ocean. Assuming that below 1500 m depth
the complete POC flux (1.55mgC m~2d~!) is remineralized consuming oxygen, and
a mean depth of the deep eastern Mediterranean Sea of 3000 m, we can estimate the
oxygen consumption rate

1.55 145 x5 mmelC o b5 & x 17252/ 1500m = 0.044 m2l02.

Assuming that prior to the onset of the stagnation the deep eastern Mediterranean
was well-ventilated with an oxygen concentration of 200 mmol m™3, we can derive the
time frame for complete oxygen consumption below 1500 m

200 M1o02 /0,044 M0 — 4545 yr,

This simple calculation implies a 100 % stagnating deep water circulation, which is
rather implausible. Next, we introduce a small background diffusion of 0.5x107° m?2s~*
to parametrize the effect of eddy diffusion. We determine the diffusive oxygen flux by
assuming a diffusive ventilation of the deep ocean with an oxygen concentration of

200 mmol m=3

200 ™ol02 % 0.5%1070 ™ / 1500 m = 21 ™lO2

mZyr

Distributing the oxygen flux over the entire 1500 m height of the deep stagnating
water column, we obtain the diffusive ventilation rate

21 ™0l02 /1500 m = 0.014 M0

T m2yr T m3yr

We infer the time frame for the evolution of deep water anoxia by
200 MO0z /(0.044 M0 _ 0,014 MI02 ) — 6667 yr-.

Overall this might imply that under an oligotrophic regime even in a completely stag-
nating ocean the time required to develop deep water anoxia is considerably longer than
previously assumed. Potentially, this further implies that the widely proposed enhanced
Nile river runoff during the African humid period (AHP) might not be the climatic event
triggering the deep water stagnation, since the AHP started at 14.8 kyr BP, which would
give in total only 4800 years for the development of the S1 deep water anoxia starting at
10 kyr BP. Overall, this simple budget calculation favors the hypothesis that the deep
water oxygen depletion started earlier in time than the AHP climate, and was possi-
bly triggered by the climatic changes associated with the glacial-interglacial transition
period.

In this chapter, we analyze the most commonly proposed mechanisms for S1 for-
mation, which involve an enhanced biological productivity and/or a stagnating deep
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water circulation. We focus on the oceanic and biogeochemical response under a purely
eutrophicated production regime, the AHP climate, as well as an oligotrophic and
eutrophic realization of the climatic changes associated with the glacial-interglacial
transition. We separate the relative importance of the general circulation and the bio-
geochemical cycles with respect to S1 formation. We analyze the dynamical evolution
of the oxygen deficiency in space and time during the pre-sapropel and sapropel time,
and discuss the results with respect to observations. Finally, we compare our mod-
eled 