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Abstract

Water balance of the Black Sea catchment area is studiedamoeh&tric analysis of the Black
Sea basin is performed in order to estimate sea level fluohsaduring the Last glacial cy-
cle. In order to reconstruct the most plausible scenaricdhefBlack Sea reconnection with
the Mediterranean, we integrated various data sets alailalthe literature. These data sets
include meteorological re-analysis (ERA-40), as well ageneliable hydro-meteorological
observations for the present-day conditions. The latteemaossible to correct the re-analysis
data. Hydrological forcing for the past is compiled fromivas sources including pollen re-
constructions and*®0 oscillations. Eurasian ice sheet extension is inferrethfgeological
observations and modelling reconstruction availabletarditure. The latter also has a tem-
poral resolution suitable to calculate the correspondiagigl melt water flux at the times of
deglaciation. It turns out that about 5867 -y~ increase of river discharge into the Caspian
Sea is needed in order to enable a transport trough the Magshto the Black Sea. Further-
more, the mechanisms influencing the variability of the gldiydrological cycle due to the
glacio-eustatic sea level change are investigated witlEdreh System Model of Intermediate
Complexity (EMIC). It is shown that the redistribution ofsseland can have a significant im-
pact on the regional climate. In particular, in the Med&eean area, cooling due to mountain
uplift would cause the hydrologic cycle to shift towardseditonditions, while warming due to
a changed sea-land distribution would cause a shift towaedsonditions. This result and the
above mentioned data are combined to perform an extensigéiséy study of the Black Sea
level response to the changes of the hydrological cycle compts. It is shown that according
to the geological reconstruction of the climate the Black $ater balance remained positive
during the Holocene and the catastrophic flood (the Meditexan waterfall) is not likely to
have happened. However, precipitation and evaporationeath@ sea remain uncertain at that
time. Therefore, we have estimated that the increase otimarevaporation and decrease of
maritime precipitation has to be 1.7 times the present-@dyes in order to achieve a sea-level
drop of 140 m which is hypothesized in the flood theory. Theselts together with geological
observations of the last Quaternary glaciation such asaxysptopes ratio®20, maritime
and ice core record) oscillations and Eurasian ice-shaehsion as an indicator of hydrologi-
cal regime change are used to provide theoretical porsafdikely configurations of the Black
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Sea catchment area. Comparing our results with globalesesd-iit turned out that reconnec-
tion at the penultimate glacial maximum could happen sulydesile all recent reconnections
were more likely gradual. Black Sea water balance was peditiring almost all times. Fur-
thermore, we have investigated alternative possibilthes would cause the Black Sea level to
decrease, changing each individual component of the hygiotycle. Our study indicates that
is it possible to have the Black Sea level draw down for ab& rh in a 1000 - 2000 years
at LGM or Younger Dryas if precipitation decreases (4Bth-y 1 or 150 mm-y 1 respec-
tively) and evaporation decreases slightly less than pitation. New, well-dated geological
measurements in this area is needed to further constrangekan the water budgets.



Zusammenfassung

Die Hydrologie des Schwarzen Meeres und seines Wasseggebhietes wurde untersucht.
Es war das Ziel, die Veranderungen des Meeresspiegeleenéltes letzten glazialen Zyk-
lus in diesem Meeresgebiet und insbesondere die Wiedendemy des Schwarzen Meeres
mit dem Mittelmeer abzuschatzen. Hydro-meteorologif®debachtungen wurden verwendet,
um ERA-40 Reanalysendatensatze zu korrigieren. Der hygisthe Eintrage in der Vergan-
genheit wurde aus verschiedenen Quellen rekonstruiext, Rollendaten und'®0 Variatio-
nen. Die Ausdehnung des Eurasischen Eisschildes wurde eologischen Beobachtungen
und Rekonstruktionen aus der Literatur entnommen. Didicdtsit Auflosung dieses Daten-
satzes erlaubt die Berechnung des Schmelzwasserflussesngdes)bergangs von der Kalt-
zur Warmzeit. Die Berechnungen haben ergeben, dass eiregmss FluRwassereintrags von
500 kn? - a1 in das Kaspische Meer bendtigt wird, um einen Transportilglen Manych
Pass zum Schwarzen Meer zu ermoglichen. Mechanismeniedi@adabilitat des globalen hy-
drologischen Zyklus durch eustatiscAaderungen des Meeresspiegels beeinflussen, wurden
mit dem Erdsystemmodel EMIC untersucht. Es konnte gezesgtien, dass nderungen in der
Land-Meer-Verteilung einen signifikanten Einfluss auf dadsale Klima haben. Insbesondere
im Mittelmeerraum wirde eine Abkuhlung durch vertikalerdgerung der Gebirge den hy-
drologischen Zyklus zu trockeneren Bedingungen versemglvahrend eine Erwarmung durch
eine veranderte Land-Meer-Verteilung eine Verschielmnfguchteren Bedingungen zur Folge
hatte. DiesdJberlegungen wurden zusammen mit den erwahnten Datenén ausfuhrlichen
Sensitivitatsstudie zusammengefasst. Es wurde also idfu$s verschiedener Komponen-
ten des hydrologischen Zyklus auf die Meeresspiegelamgen im Schwarzen Meer unter-
sucht. Es konnte gezeigt werden, dass aufgrund der geohegisRekonstruktion des Klimas
die Wasserbilanz des Schwarzen Meeres wahrend des geddoitzans positiv blieb und da-
her die Theorie einer biblische Flutkatastrophe aus heu8ght zweifelhaft ist. Ein unsicherer
Faktor fur diesen Zeitraum bleibt aber die Summe aus Nsatdag und Verdunstung Ulber dem
Meeresgebiet. Aus diesem Grund wurde eine Sensitivitééssuchung gemacht, in welcher
der Nettoeffekt aus mariner Verdunstung und marinem Nsaidag mit einem Faktor von 1.7
zu den heutigen Werten verstarkt wurde. So konnte eine Bgnles Meeresspigel um 140
m reproduziert werde, wie es in den Hypothesen zur Flutteegafordert wird. Diese Ergeb-
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nisse wurden zusammen mit geologischen Beobachtungeretdésn Vereisung im Quartar
(Verhaltnisse von Sauerstoffisotopen aus marinen- undoBikernen und die Ausdehnung
des Eurasischen Eisschildes als Indikator fur hydrotgsRegimewechsel) benutzt, um the-
oretisch mogliche Konfigurationen des Wassereinzug¢ebides Schwarzen Meeres zu bes-
timmen. Der Vergleich der Ergebnisse mit Zeitreihen debglen Meeresspiegelentwicklung
zeigt, dass Verbindungen zum Zeitpunkt des vorletztenakz Maximums plotzlich auftreten
kdnnen, wobei spatere Verbindungen eher einen gradu€lmrakter habenUber die betra-
chteten Zeitalter war die Wasserbilanz des Schwarzen Mqesitiv. Desweiteren wurden
alternative Szenarien untersucht, die durch individugfiderung der einzelnen Komponenten
im hydrologischen Zyklus zu einer Absenkung des Meeregstsem Schwarzen Meer fihren
konnten. Es stellte sich heraus, dass es zu Zeiten desrigflztizialen Maximums bzw. wahrend
des Jungeren Dryas moglich gewesen ware den Meeresspre§chwarzen Meer um 150 m
in einem Zeitrahmen von 1-2 Millenien zu senken, falls, beigleichsweise etwas geringerer
Abnahme der Verdunstungrate, die Niederschlagsrate urmés@ 1 bzw. 150mm-a—* abn-
immt. Neuere, gut-datierte, geologische Messergebnissdam bendtigt, um didnderungen

in der Gesamtwasserbilanz in diesem Gebiet genauer zurmasti.



Chapter 1

Introduction

1.1 Global and regional sea level changes on the glacial time
scale

The oscillation of the shoreline position along ocean cast around inland water basins (lake
or sea) varies in amplitude over a broad spectrum of tim@scadlhose changes, as a response to
various geological and climatological processes, infledhe relative sea level. On the glacial
time scale £120 000 years, i.e~120 ka), several processes cause sea level fluctuations:

(i) changes within the hydrologic cycle, i.e. redistrilautiof water from liquid to frozen
phase;

(i) changes in ocean volume, i.e. isostatic adjustmentotec uplift or subsidence, coastal
erosion (retreat) or accretion (advance);

(ii) steric effects, i.e. thermal expansion and comp@ssi

All of these processes are global phenomena, but all of themdalso have important re-

gional implications, affecting rise or fall of the relatigea level of land-locked basins. Waxing
and waning of the continental ice-sheet as well as largkest@nges in the configuration of
continental margins and ocean floors will affect global ss@Il However, geomorphological

changes such as crustal rebound from glaciation, tectqatiit ar subsidence, erosion and de-
position, changes in melt-water load, river flow redirectaue to ice-sheet damming, thermal
expansion of ocean waters could have only regional impacteXxample, decoupling the inland
basin from the global ocean.
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One exceptional case, where all those processes took plaicey dhe Quaternary glaciations,
are the Eurasian inland basins (Hig.]1.1). In this thesésfdbus is on the Black Sea catchment
area and its sea level during the Last glaciation period (9420 ka).

1.2 Black Sea region and climate

Several various data sets were used in this thesis to desbelBlack Sea catchment area and
its extension during the past120 ka. Brief reference is given below to the data companed, a
alyzed and used to construct forcing functions and furthigration and synthesis. Complete
data description and their utilization are described inrttespective chapters.

(i) Topography and watershed delineation:

(@) U.S. Department of Commerce, National Oceanic and Apfmesc Administra-
tion, National Geophysical Data Center. 2-minute Griddddb@ Relief Data
(ETOPO2). ETOPOZ2 dataset is supplemented with the Casmarb&hymetry
kindly provided by Caspian Environment Programme,;

(b) Borders of the catchment area are constructed and tedréom Total Runoff In-
tegrating Pathways (TRIP) scheme developed by Oki and| SigB]1
(i) Present-day hydrology:
(a) European Center for Medium-Range Weather Forecas@GM{#F) Re-analysis
data (ERA-40) Simmons and Gibson [2000]);
(b) Black Sea Hidrometeorological Data set (BSHMD), Staawes Penevel [2001];
(c) Global River Discharge Centre (GRDC) Composite Runadfds v 1.0| Fekete et al.
[1999];
(iif) Paleo hydrology:

(a) Climate conditions in Europe during the mid Holocene §&B®), reconstructed
bylCheddadi et all [1997] using modern pollen analogue tigcierconstrained with
lake level data;

(b) Precipitation over land for the the main Lateglaciatliz&lolocene climate oscil-
lations in eastern Europe and Siberia reconstructed byhebiet al. [2002] and
Klimanov [1997] based on analysis of pollen data;

(c) Paleo-discharges of the North-Eurasian rivers recocistd by Sidorchuk et al. [2003]
using the concept of modern analogue channel geomorphology
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(d) Precipitation at the Late Glacial Maximum (LGM) recansted byl Tarasov et al.
[1999] based on pollen analysis;

(iv) Ice sheet extension and sea level proxies:

(a) Global sea level rise since LGM reconstructed by Fakbdh989] and data for
several sites in the Mediterranean are used from Tushingmah®eltier [1993] re-
construction;

(b) Eurasian Ice-Sheet extension based on glacial isosi@jtistment frorm Peltier [2004,
1994] and geological observation in the frame of the Quatgr&Environment of the
Eurasian North (QUEEN) project [Svendsen etlal., 2004, eteand Dowdeswell,
2004, Mangerud et al., 2004];

(c) global sea level rise for the last glacial cycle from Lawket al. [2002];
(d) marine isotope stages;20 oscillation from Raymo and Ruddiman [2004];
(e) 380 oscillation from the Greenland Ice Core Project (GRIP), BRlembers[1993].

Furthermore, for the completeness a mini atlas of the saidimatology in the region is pre-
pared from ERA-40 dataset. Annual mean and seasonal medfs-(December, January,
February; MAM - March, April, May; JJA - June, July, AugustD8 - September, October,
November) are shown on Fids_11.2 (2 m temperatufe€nL3 (precipitation imm-y~1), 2
(evaporation irmm-y—1), [ (mean sea level pressurenifia, and’L6 (wind speed im-s™1).

1.3 Shift of the hydrological cycle — conceptual idealizatin

Even today, we are witnessing dramatic climate changesarticplar in polar regions, they re-

semble similar phenomena that appeared on glacial time sgah in mid-latitudes. At present
day these changes include unusual melting of glacierscegamd permafrost, shifts in patterns
of rain and snow fall, freshwater runoff which also influeradteanges in vegetation pattern.
However, on the glacial time scale (120 ka) those changes exn more dramatic, and not
only in polar regions but also in mid-latitudes. In this wonke have tried to quantify shifts in

the hydrological cycle during the glacial cycle, in partanufor the Black Sea catchment area.

The hydrologic cycle, in particular distribution of evaption and precipitation over the ocean
is one of the least understood elements of the climate sysimn the most up to date data
sets, such as meteorological re-analysis, do not closerragwater balances as they should
[Dai and Trenberth, 2002]. According to efforts in the fraai¢he Paleoclimate Modelling In-
tercomparison Project (PMIP), the understanding of hyajiglal cycle variations is now con-
sidered as one of the most important issues, especiallyciarocirculation changes on decade



4 1. Introduction

to millennial time-scales. The Black Sea and its watershethiideal laboratory to study these
processes. However, taking into account non-linear intenas between the processes that in-
fluence hydrologic cycle and sea level changes mentioneztiios(11, it is obvious that those
phenomena are too complex to be described and predictedibyla snified theoretical model.
Actually, that task seems to be impossible at the presetd st&knowledge and development
of computational technology. Therefore, various typeswharical models are employed to
understand and quantify physical parameters involved @ésdhprocesses. In this thesis, an
Earth-system Model of Intermediate Complexity (EMIC) — Blanet Simulator (PS) is used in
order to understand how eustatic changes of sea level wolllghce hydrologic conditions. It
is shown that redistribution of sea - land can have a sigmificapact on regional climate. In
particular in the Mediterranean area, cooling will favoryaltologic shift towards drier condi-
tions, while warming will cause a shift towards wet condiso The same applies for the globe,
since reaching towards the stadial (cold) state climatgtbbal hydrologic cycle (precipita-
tion - evaporation), appears to have deficit in liquid ph#sgs resulting in decreasing sea level.
Going towards the interstadial (warm) state climate, higdyie cycle intensifies causing sea
level rise. Based on these facts, a conceptual model of thekBbea water balances for the
Late Pleistocene is developed. In the water balance equatends towards stadial (cold) state
climate are considered as drying periods, while trendstasviaaterstadial (warm) state climate
are considered as wetting periods. Using volumetric famstifor the Black Sea basin the sea
level is estimated from various data sets during the lastiglaycle. The undertaken work is
described in five chapters briefly summarized belowChapter [, Surface climate response
to the glacio-eustatic sea level changeés investigated. In particular, we have investigated the
mechanisms influencing the variability of the hydrologicatle. Numerical simulations are
performed with EMIC — PS. The model (EMIC — PS) is describethare detail in chaptefd 2
and[3. We demonstrate that changes of boundary conditieas- (and mask, orography, sur-
face properties) have significant impact on surface clirffate temperature, precipitation, and
evaporation). Furthermore, we have investigated how wthdathanges in regional orography
impact the global climate indexes. This work is describe@hapter3: Sensitivity of climatic
patterns in Europe to changes in coastal line and orographyThe focus is put on the North
Atlantic Oscillation (NAO) and East Atlantic/West RussiBAWR) pattern. The results pre-
sented reveal that the orography in the studied region hagcactrole in the control of regional
climatic patterns, in particular that of the EAWR. In theléoling chapters[{4.15, arid 6), sensi-
tivity studies of the Black Sea water balances are descriBedk Sea level at the Lateglacial

to Holocene transitiorﬁ is described irChapter 4. Paleohydrological data available for the
Black Sea catchment area, analyzed for the period from tseGkacial Maximum (LGM) to

1This work is published with Climate Dynamics, full refereris:
Georgievski G. and E. V. Stanev: Paleo-evolution of the Blaea watershed: sea level and water transport through
the Bosporus Strait as an indicator of the Lateglacial — Eleh@ transition, Climate Dynamics, Vol: 26:6, 2006,
p. 631 - 644, DOI 10.1007/s00382-006-0123-y
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the Holocene, indicate that the water balance of the Blaeks8euld be positive during that pe-
riod, thus, exporting water through the Bosphorus StraihéoMediterranean. However, some
geological observations indicate that the Black Sea leslebduring that period. In the water
balance equation of the Black Sea, the maritime componéttie diydrological cycle remained
the only unknown. Therefore, we have estimated that theass of maritime evaporation and
decrease of maritime precipitation has to be about 1.7 tthepresent-day values in order to
achieve a sea-level drop of 140 m. These results motivatéd psrform an extensivBlack
Sea water balance sensitivity studyn the changes of hydrological components. This work
is described irChapter B. We have applied hypsometric function and water balancatems
with topographic (ETOPOZ2) and hydrological (corrected E&A data. Results indicate that
changes of the continental components have more influeniteddiack Sea level than changes
of the maritime ones. Furthermore, an increase of maritwap@ration could cause a more sig-
nificant sea level fall than a decrease of maritime predipita It is shown that precipitation
has to decrease slightly more than evaporation should aselie order to draw down the sea
level. If they change at the same rate there is no signifidaamge of the sea level. Accord-
ing to geological observation at the LGM there were 4%t y—* and at Younger Drayas 150
mm-y~! less than present-day precipitation. Therefore, it isiptes$o have the sea level draw-
down for about 150 m in 1000 years if evaporation is 850y less at LGM and 5énm-y 1

at Younger Drayas than the present-day evaporation. Inr doderovide a possible scenario
for the Black Sea level changes during the past glacial cyelults from Chaptdid 4 need to
be constrained with the geological observations Chrapter [, Black Sea level during the
last glacial cyclewater-budget calculations are performed with the dataaai for the last
deglaciation with sensitivity analysis to cover for undoamed assumptions. Oxygen isotope
ratio 310, ice core record and marine isotope) oscillations indivatgations between cold
and warm periods. This feature, together with the methodride in Chaptell4 is used to re-
construct the Black Sea hydrological forcing for the pa%20 ka. Geomorphological changes
(river redirection due to ice-sheet damming and melt watad) are taken into account accord-
ing to geological observations. Using hypsometric funtaad water balance equation enabled
us to compute the Black Sea sea level curve and the Bosphaifierofor the last glacial cycle,
during the periods when the Black Sea was isolated from theiteleanean. Analyses of the
results demonstrate that high frequency hydrologicakti@mms even with higher amplitudes do
not cause substantial sea-level changes. It is moderatelbgdtal shift towards dry climate
that results in sea-level decrease if it lasts for a suffttjdong time period. For the Black
Sea level, the duration of the hydrological shifts towandsalimate is more important than the
amplitude of changeChapter [d: Summary and further perspectivesconclude the thesis.
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1.4 Figures
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Figure 1.1: Present-day orography and bathymetry (Note that contotarirals are not linear). Thick black line
indicates border of the Black Sea catchment area in the pdsle thin black line shows borders of the present day
watersheds. Bold letters indicate present day watersh&éd3 oBlack Sea, C - Caspian Sea, A - Aral Sea, and W
- West Siberian Plain (Ob and Yenisei rivers). Red numbeisaviows indicate possible paleo-channels: 1 - the
Turgay Pass, 126 m ASL, 2 - the Uzboy Pass, 57 m ASL, and 3 - tpcMBass, 26 m ASL.
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Figure 1.2: Temperature at 2 nfC) from ERA-40 data (a) DJF, (b) MAM, (c) JJA, (d) SON, and (@)@l mean.
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Figure 1.3: Precipitation (mmy 1) from ERA-40 data (a) DJF, (b) MAM, (c) JJA, (d) SON, and (e)al mean.
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Figure 1.4: Evaporation (mmy 1) from ERA-40 data (a) DJF, (b) MAM, (c) JJA, (d) SON, and (e)@al mean.
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Figure 1.5: Mean sea level pressure (hPa) from ERA-40 data (a) DJF, (b)) JJA, (d) SON, and (e) annual
mean.
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Figure 1.6: Winds at 10 m (ms™1) from ERA-40 data (a) DJF, (b) MAM, (c) JJA, (d) SON, and (e)wal mean.



Chapter 2

Surface climate response to the
glacio-eustatic sea level changes

Mechanisms governing variability of hydrological cycle the glacial cycle time scale (125
ka) are not well understood. Here, we investigate senitbfithe surface temperature and the
hydrologic cycle onto sea level changes (125 m lower thasgmt® and corresponding increase
of land altitude (237 m). Those changes are tested by ruraart system model of intermedi-
ate complexity — Planet Simulator. We demonstrate thatgdsof boundary conditions (sea -
land distribution, orography, surface properties) havigaificant impact on surface climate (2
m temperature, precipitation and evaporation). Furtheemee have investigated the regional
impact of global change in the Mediterranean catchment dtda shown that redistribution
of sea — land can have significant impact on the regional téimlia particular, cooling due to
mountain uplift will cause hydrologic cycle to shift towardryer conditions, while warming
due to changed sea-land distribution will cause shift towavet conditions.

2.1 Introduction

On the glacial-cycle time scale-(20 ka for the past-850 ka) the huge amount of water mass
changes its phase from liquid to frozen state and vice verserefore, extension of the ice
sheet and topography are interdependent with the globdégekrise and fall (see reviews by
Clark and Mix [2002] for the past 20 ka or Lambeck and Chapja€01] for the last glacial
cycle). Going towards a stadial state climate year-roundrdiggical cycle (precipitation -
evaporation) averaged spatially for the globe appearswve déficits in the liquid phase. Thus,
it results in decreasing sea level, while melting of thesbeet results in relative sea level rise.
12
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Here, we intend to investigate how changes of boundary tiondi (orography, sea-land-ice

distribution and surface characteristics) affect the biadyical cycle and surface temperature.
We are also interested to investigate regional implicatioithese global processes, in partic-
ular the Mediterranean catchment area climate. In the retios, we describe methodology
and experimental design, followed by the results in seddh concluding the chapter with

summary and outlook in sectiGnP.4.

2.2 Method and experimental setup

Earth System Model of Intermediate Complexity (EMIC), deped at the Hamburg Univer-
sity [Fraedrich et al., 20054, Lunkeit et al., 2005b,a] —nBtaSimulator (PS), i.e. its atmo-
spheric component is utilized to perform several idealggeriments. The dynamical core of
the Planet Simulator is based on the Portable Universitig&llof Atmosphere (PUMA), which
was developed from the multy-layer spectral model, propbseHoskins and Simmons [1975].
Spectral transform method [Orszag, 1970, Eliasenlet alQJli8 used to solve a dimensionless
set of primitive equations for the moist atmosphere in thezibatal direction, while finite dif-
ference method is employed to integrate equations in thecaedirection. The equations are
integrated in time with a leap-frog semi-implicit time spépg scheme [Hoskins and Simmons,
1975) Simmons et al., 1978], with Robert/Asselin time fijRRobert, 1981, Asselin, 1972]. Pre-
viously,|Fraedrich et all [2005b] used the Planet Simulada@stimate the maximum effect of
vegetation on the Earth’s climate and Romanova et al. [2686¢ investigated the relative role
of oceanic heat transport and orography on the glacial tima

Our computations are performed on T2156° on Gaussian grid) resolution with 5 non equally
spacedo levels. Integration is completed for 40 model years andaget for the last 30
years. In order to investigate response of the surface tanpe and the hydrologic cycle to
the changes of sea-land distribution and orography on theialtime scale, a set of ideal-
ized experiments with prescribed sea surface temperatutesigned (Table—2.1). Geological
observations [Fairbanks, 1989] indicate global sea lexeldown at about 125 m below the
present-day sea level during the Last Glacial Maximum (LGMjlumetric analysis shows
that if equivalent volume of the water (between 0 and -12b6aslos) would be distributed over
the land as a solid phase (ice), it would increase the maumight for additional 237 m.
Therefore, mountains are 362 m higher in our idealized exyats. Not only the topography
changes but also the surface properties of the new landspdive are interested to investigate
trends of hydrological cycle influenced by those modificagio

In our first iteration, testing the response of the hydratagicle to the changes of boundary
conditions in the glacial cycle, we assume that mountaies3&2 m higher than nowadays.
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Table 2.1: Boundary conditions in the description of the Planet Sirtarlauns. SG is surface geopotential
(orography),a is back albedo, SR is surface roughness, SLM is sea — land amalséM is glacial mask. CTRL
is present day control experiment. TOPO experiment is attarzed by increased topography (362 m). For the
MASK experiment sea — land mask is constructed to take irtousnt that new land grids will appear for the sea
level drawdown of 125 m. POMA experiment is a combinatioh@previous two i.e. TOPO and MASK. PELT is
constructed from topography providediby Peltier [2004].

Experiment SG a SR SLM GM
CTRL default default | default | default | default
TOPO CTRL + 362 gpm| default | default | default | default
MASK modified modified | modified | modified| default
POMA CTRL + 362 gpm| modified | modified | modified | modified
PELT modified modified | modified | modified | modified

Additional height is uniformly distributed over the corgimts, i.e. it is an idealized case. This
experiment is called TOPO run (see Tabld 2.1). Secondly, iN¢est the model response to
the sea — land mask changes, keeping the same orographysasatpday, but changing the sea
— land distribution as if the sea level decreased by 125 s @&kperiment is called MASK run
(see Table2]1). In the third iteration we combine both ogéhehanges (experiment is called
POMA run, see Tablg2.1). In order to compare these idealiagi@tions to more realistic
ones, we also perform a simulation with LGM topography froettier [2004] (the experiment
is called PELT run). More details are provided in Tdbld 2.d erthe following subsections.

Although, PS has some disadvantages [Claussen et all, 208&hmon with coarse resolution
EMIC-s (see Table2l2 to compare area of oceans and corgtiimemarious experiments), our
preliminary analysis showed that the Planet Simulator epnoduce reasonably well a hydro-
logic cycle compared to ERA-40 dataset (compare the PStsdfsoin simulation and ERA-40

in Table[Z.B). It is noteworthy that ERA-40 dataset has alsdar problems|[Hagemann etlal.,
2005], and data quality varies during the whole period Gatellite, transitional and satellite
era).

Table 2.2: Area (10°- kn?)of oceans, continents and globe in various datasets

Experiment| sea| land| globe
ERA-40 | 363| 147 | 510
CTRL 364 | 142 | 506
TOPO | 364| 142 | 506
MASK | 333| 173 | 506
POMA | 333| 173 | 506
PELT 333| 173 | 506
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Table 2.3: Global water balance comparison (it0® - kn? - y~1) and surface temperaturé). Comparison for
ERA-40 and Planet Simulator runs.

sea land
E \ P \ T E \ P \ T
ERA-40| 456 | 460 | 16.5| 74 | 119| 9.1
CTRL |425|435|18.5|104|153|14.4
TOPO | 427|433|18.6| 102 | 156| 13.3
MASK |390|395| 18.6| 127 | 182| 15.3
POMA |394|396| 18.7| 125| 183 | 14.1
PELT 405|402 | 18.8| 109| 174 | 13.5

2.2.1 Orography and sea - land - ice mask

One of the responses of the planet, due to eustatic seadeaabe|[Lambeck and Chappell,
2001], would be that mountains will appear higher above & sea level. Two factors will
contribute to the higher appearance of mountains in the mafiguration. The former would
be due to a fall of the sea level and the latter would be hypiotieif the water mass (in the
solid phase) between the lower isobath and the present ddg\sa is evenly redistributed over
the land. Assuming that the sea level decrease for the LGM531 (this estimate varies from
120 to 135 m, check the Clark and Mix [2002] for overview), awtording to hypsometric
calculation on 5-minute global Digital Terrain Model (DTMjountains would appear about
237 m higher. This is the volume of the ocean between 0 andrliddbaths transformed into
solid phase distributed uniformly above the land area. N the land area is considered
above -125 m isobath at the present day. Therefore, if bddttefare taken into account
mountains would appear 362 m higher, compared to present.

Fig. 21 describes in detail how these changes are takermautmunt in the model with only
positive height axis. Absolute changes of idealized topply are shown in Fig. 2.1{a), while
Fig. [Z.1(0) and 2. 1(E) present two possible approaches bddake into account this change in
the model without a negative height axis. Black line pres&@iIRL topography on all three
figures. Green line (MASK) presents changes due to the sehfi@l. Fig. [Z.1(d) shows
the consequences, if suddenly the volume of the water thathg ocean between -125 and 0
isobaths was taken out of the sea. However, since the modgiui have a negative topography
axis, new topography will appear 125 m higher then CTRL togply (Fig.[2.1(8)). The red
line (TOPO) in the Fig[_2.1(h) shows how much topography @indrease, if the volume of the
water mass was redistributed uniformly as ice above the Iandll be the same on the model
axis (Fig[Z.1(0)). Blue line (POMA) shows the increase giagraphy, if both of the two effects
are taken into account simultaneously in the absolute t@pity (Fig[Z.1(d)) and in the model
topography (Fig[_Z.I(b)). However, since we were inteesbeinvestigate isolated effects of
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topography change and sea-land redistribution, we peddrour experiments as described in
the Fig. [2.1(d), i.e. in TOPO experiment we account only f62 3n topography increase,
MASK accounts only for sea-land redistribution, while POM#&mbines both of them. Fig.
[2.1(d) presents zonal changes along thiéd\diatitude of topographies used in simulations.

In the CTRL experiment default orography is used. SinceweRlanet Simulator topography
field does not contain bathimetric data, i.e. all grids repnting ocean on the sea - land mask
have zero value in the topography field, 5-minute global @aigierrain Model (DTM) is used
to construct the sea - land mask for the 125 m decrease of éHe\ss.

Modified POMA orography will have heights different thanaén the new land points calcu-
lated from 5’ global DTM (9.8 (237 + present day bathymetry) gpm) and in old land grids
increased for (9.81362) gpm. Modified MASK (125 m lower sea level) sea - land maskia/
contain more land grids. New land grids would be all those sehtopography value is higher
than -125 m on the 5’ global DTM, those lower or equal -125 magnocean. New sea - land
mask is re-gridded from fine 5’ resolution to T21, using agersalue of 5’ grids in T21 grid.

If the average is bigger than 0.5, then T21 grid is assigned (&). If it is smaller or equal to
0.5, the grid is assigned ocean (0).

Figured 2.1(&) and Z2.1[f) present a sea - land mask for v@drperiments. Blue color presents
sea grids while other colors are land or ice. Kig. Z]1(e)}gmnés topography and mask for the
CTRL experiment. For the TOPO experiment, the same maskeid, umit orography is 362
gpm higher. Fig.[ Z.I{f) presents topography and mask folP@®&A experiment. For the
MASK experiment the same mask was used as for the POMA, buthtams are as high as in
the CTRL experiment. In the PELT experiment topography a&lland-mask are constructed
from|Peltier [2004] reconstruction based on glacial isostdjustment theory as suggested by
Paleoclimate Modelling Intercomparison Project (PMIRuUssaume and Taylor, 2000]. Table
2.1 summarizes the differences in boundary conditions éetvwarious experiments.

2.2.2 Surface parameters

New land or ice grids will have a different role in the modepdading on their surface char-
acteristic. Below are the rules used to prescribe surfagpgpties in our experiments. Since
in this coarse resolution model, the area covered with icearice appears north of ™ and
south of 69S, new land points that appear in that area are assigned twebeAccording to
new land and ice points in the sea - land (sed., land— 0) and glacial mask (ice» 1, sea
or land— 0), new surface properties are assigned to those pointginrdspective fields. For
the new land points 2 m surface roughness, albedo of 0.2 ahd3016 K soil temperature are
prescribed. For the new ice points 0.001 m surface rougharesalbedo of 0.8 are prescribed.
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2.3 Results

We analyzed global patterns of annual mean surface tenuype(at), fresh water balanc@ —

E) (see also Tablgs 2.2 afd12.3) and the correlation betWeand (P — E). We were also
interested to see how these global processes would impgicined climate, in particular in
the Mediterranean catchment area (see Eid. 2.1 for theidmcahd TableE 214 arid 2.5 for the
results). The Mediterranean catchment area was chosea thiadorder of the region is well
defined, it is large enough to be adequately resolved in theseoresolution and significant
changes of the sea—land distribution happen here due tongicigesea level. Although, those
changes are exaggerated in this coarse resolution moagl,aife relevant to some smaller
regions where similar processes take place, such as thk B&ccatchment area.

Table 2.4: Mediterranean catchment area@ - knv)

Experiment| sea | land | Mediterranear
CTRL 4.866| 8.509 13.376
TOPO | 4.866| 8.509 13.376
MASK 1.808| 11.568 13.376
POMA 1.808| 11.568 13.376
PELT 1.499| 11.877 13.376

Table 2.5: Mediterranean water balance (Kmy 1) and surface temperaturéQ), intercomparison for various
Planet Simulator experiments.

sea land
E \ P \ T E \ P \ T
CTRL | 5883| 3006| 19.1| 5332| 6297 | 22.8
TOPO | 6604 | 3000| 18.6| 5403| 6977 | 21.1
MASK | 1643| 735 | 21.5| 5171| 6243 | 24.3
POMA | 1998| 843 | 20.9| 4788 | 6073| 22.5
PELT | 1384| 678 | 22.3| 5023| 6036 | 24.2

2.3.1 Temperature

Fig.[Z:2 shows 2 m annual mean temperature for CTRL (Figad).2¢n and differences TOPO
— CTRL (Fig.[Z22(8)), MASK — CTRL (Figi Z.2(t)), POMA — CTRL ig: [Z-2(d)) and PELT —

CTRL (Fig.[2.2(€)). Comparing anomalies shown on figure2(t),[2.2(d) and Z.2(})), it be-
comes obvious that the POMA experiment is almost a lineagmgsition of TOPO and MASK

experiments. Another, not so expected and somehow asiogisgsult appears when POMA
and PELT temperature anomaly patterns are compared. & twthat they are quite similar,
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although in the POMA experiment topographic uplift due tdevamass distribution above the
earth surface is evenly distributed, while in the PELT ekpent distribution is according to
Peltier [2004]. Above the land, the temperature of PELT a@PD experiments are aboutkl
less than in the other experiments. For all experiments sdace temperature is prescribed
from climatological data. Therefore, more or less similatt@rns of global temperatures ap-
pear in all experiments. However, PELT and TOPO experimappear to be just a little bit
colder than others, even globally. In the MASK experimeasttdmperature above the land ap-
pears to be warmer aboutK. Since boundary conditions in the POMA experiment are linea
superpositions of those from TOPO and MASK worlds, it is tcelgpected that results would
have the same characteristics.

One can conclude from analyzing patterns and numericaégsdhom various experiments that
mountain uplift causes land to be cooler. For example,imfEO experiment, the temperature
above the land is on averageIK colder. However, taking into account averaged atmospheric
lapse rate (6.5 K/km, that is 2.353 K for 362 m) in the TOPO expent it would be warmer at
the same height than in the CTRL experiment, but high nonttaitudes show some significant
cooling and they will be cooler even on the same height asarohiRL experiment.

Although coarse resolution models are not primarily desigto study regional climate, some
local features in our analysis could not be overseen. Oueraxgnts are designed in that
manner that most of the changes of boundary conditions talke jin the certain regions of the
world. These are also the regions where the dramatic changk9lace during the glacial-
interglacial changes. One of those regions is the Mediteaa catchment area. TOPO and
POMA worlds appears to be colder above the land points, WhASK and PELT warmer than
in the CTRL experiment. The biggest cooling is for the TOP®ecabout I7°K, while the
highest warming is #°K in the MASK case.

Comparing results for the globe (Talile]l2.3) and the Meditezan region (Tab[e2.5) one can
see that MASK shows warming in both cases (above the sea awe #te land for the globe
and for the Mediterranean) and TOPO shows cooling in botescabove the land. These two
idealized cases (MASK and TOPO) lead us to the conclusiarmtaeming is caused by sea-
land redistribution, while cooling is due to topographidifipDifferent temperature distribution
between POMA and PELT experiments is not so easy to interptetse differences indicate
non-linear response of temperature change.

One interesting feature that appears in all experimenteeisvarming above the land along the
40°S (Australia and South America, it is similar for the nortindatitude 40N). We assume
that this happens because significant changes of the symfaperties take place in this area,
but it would certainly be interesting to perform further @stigation with fine resolution model
coupled with ocean dynamics.
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2.3.2 Hydrologic cycle

When analyzing the hydrologic cycle, we concentrate on timual mearP — E (precipitation
minus evaporation, or net precipitation) anomaly from CTiRh. This value indicates how
much arid or humid climate appears in various experimeni. [E3 shows? — E for CTRL
(Fig. [2.3(@)) run and differences TOPO — CTRL (Hig. ZB(MASK — CTRL (Fig. [2.3(0)),
POMA — CTRL (Fig.[2.3(d)) and PELT — CTRL (Fid._Z.3(e)). Sianilto 2 m temperature,
P — E pattern in POMA run appears to be a linear superposition@bther two experiments.
While the PELT experiment shows some similarities in patteith others it has also some
specific features depending on ice sheet extension. Pethapsost prominent signal in the
TOPO run is the drying of high northern latitudes and the Nedanean region. The drying
of northern latitudes is slightly amplified in the MASK expeent and most pronounced in
the POMA experiment. From analysis of total water balancesiufor the globe, it turns out
that their values do not change significantly, but ratheir thistribution pattern (Tab[“2.3).
Therefore, regional changes become important.

Analysis of total water balance fluxes for the Mediterraneaichment area provides more in-
sight into processes controlling the region of our majagiiest (TableS 215). The Mediterranean
appears slightly wetter in the MASK, POMA, and PELT experitse Since PELT and MASK
appears also warmer in that region (POMA is also warmer abowveea, but slightly cooler
above the land), this provides some support to the hypathiesi warming would cause a shift
towards a wet hydrologic condition in the Mediterranearaafehe TOPO experiment appears
colder and dryer. Therefore, cooling in the Mediterraneanld/ cause a shift towards a dry hy-
drologic condition. An explanation is that sea-land retstion changes temperature, which
further influences the hydrological cycle. There are muchent@nd grids in MASK, POMA,
and PELT experiments than CTRL and TOPO. Characteristiceo€bntinent i$>— E > 0 and
for the sed — E < 0, therefore catchment with more land surface grids becomeder.

One can argue that results of these idealized experimemntsoanehow in contrast with reality
since low sea level appears during the cold and dry periods as LGM, while here, for

example, MASK experiments with sea level low-stand acyumitlicate warmer and wetter
conditions. In order to understand this, one has to bear ndrtiiat climate change is a non-
linear dynamic system meaning that one process could laigdhebme condition while under
different circumstances the same process could lead tcs#me condition. Here, we have
tried to isolate internal feedback of surface climakeafndP — E) to the changes of boundary
conditions. Which processes will predominate dependsaisexternal (orbital, solar) forcing
and other internal feedback not included in the above cenaibn.
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2.3.3 Correlation betweenT and P—E

Fig.[Z.4 presents correlation patterns for the annual nerapérature, precipitation, and evapo-
ration calculated from ERA-40 data. In the tropical latgytemperature is positively correlated
to the precipitation (Fig._Z.4(a)) above the ocean, whiter#iation is negative above the land.
In the sub-polar, region especially in the southern hengsplrelation is negative, and in the
polar region, mostly positive. In the Mediterranean, datien pattern changes sign. It is neg-
ative in the Eastern Mediterranean and positive in the wegtart of the basin. In the Black
Sea catchment area negative correlation is predominarnhelhorthern hemisphere, north of
45°N latitude the temperature (Fi. 2.4 (b)) is predominatedgitively correlated with evap-
oration, especially above the land and in particular aboastéfn Siberia and Mongolia. In
the southern hemisphere, negative correlation predossnegpecially above the land, while
above the Antarctica, the correlation pattern is positiveFig. the correlation pattern
is shown between the annual meamndP — E. Above the land in the Northern Hemisphere,
negative correlation is predominant. In particular, incbatinental part of the Black Sea catch-
ment area negative correlation is significant at the 5% landlit changes sign above the Black
Sea. In tropical latitudes, correlation is positive abdwe d¢cean, and negative above the land.
Mid-latitude shows predominantly negative correlatiomjle in the sub-Antarctic region and
Eastern Antarctic positive correlation appears.

Fig.[Z.3 presents correlation pattern between annual MeardP — E calculated from various
experiments performed with the Planet Simulator. The taticen pattern for CTRL experiment
is shown in Fig.[Z.5(%) and it is in general agreement withphttern calculated from ERA-
40 data (Fig[ Z.4(t)), that there is negative correlatioovalthe land, and positive above the
ocean. All the other experiments show similar correlatiatigrns indicating the robustness of
this feature. Furthermore, the TOPO experiment (Fig. J)S@mpared to CTRL shows a sig-
nificant change of pattern in the Mediterranean region, itiqadar towards positive correlation
above the sea. All the other experiments (MASK, POMA, PELd, E.5(c) [Z.5(A)[ Z.5()) in
that particular region show a weak shift towards positivealation above the sea and negative
correlation above the land. This is in accord with the glgiatern. Another important result
is that a significant shift toward negative correlation ia ttew land points appears. This result
is in accordance with our previous conclusion. However,maeds to be careful with the inter-
pretation and to keep in mind absolute fluxes and temperétome Tabled 2K and2.5. They
all show positive correlation in the Mediterranean. Pesitorrelation means changesioand

P — E in the same direction. For the TOPO experiment that meamtecahd drier conditions,
but warmer and wetter ones for all the other experiments (MAZOMA, PELT).




2.4. Summary and outlook 21

2.4 Summary and outlook

We were investigating the sensitivity of the surface clienaith the Earth System Model of
Intermediate Complexity (EMIC): Planet Simulator to chas@f boundary (topography and
sea land distribution) condition. We have demonstratetidhanges induced only by slightly
changing boundary conditions could have significant sgymakhe net precipitation and 2 m
temperature fields. Spatial patternf E changes certainly need deeper consideration and
analysis, but this is out of scope in this work. However, img@ot conclusions can be drawn
from the analysis presented above. That is that cooling daa tidealized mountain uplift in
the Mediterranean catchment area would cause shift towthigdBydrologic regimes,, while
warming causes shift towards wet conditions. These chaagesonnected with global cli-
mate change, such as shift in the global hydrological cyahe, they are due to land and sea
redistribution on the glacial time scale. Although the etation pattern betweeh andP — E
may vary above the globe depending on the sea-land disoijuanalysis of absolute fluxes
and temperature (TablesR.4 2.5) indicatesTrextdP — E are positively correlated in the
Mediterranean catchment area. This result together wehatlailable geological observation
provides an useful consideration when developing recoatstn of hydrological conditions in
the Black Sea catchment area during the glacial cycle. Ipteifi@ we will analyze available hy-
drological data for the past 20 ka. Experiments resembliaga conditions (MASK, POMA,
PELT) also imply less precipitation and evaporation, tfaree an additional sensitivity study
is performed in order to investigate how big change® @ndE in the Black Sea catchment
area would be needed in order to cause model changes as digaved sea level minimum
during the past glacial cycle. This analysis is describezhaptefb. In chapté&i 6, we will syn-
thesize results from chaptéis 2 amd 4 together with availataxies to reconstruct hydrological
conditions in the Black Sea catchment area during the p&skd2Changes of circulation pat-
terns could also influenck andP — E patterns, therefore, we are also motivated to investigate
changes of teleconnection patterns due to changes of iog(ehaptef13).

One more puzzle illustrating complexity of the internal dygmics of the climate system could
be of interest for the development of ice-age thed?y- E anomaly becomes reduced above
the northern high latitudes for each experiment. This urateesult implies that changes in
sea - land distribution due to the eustatic sea level dropndmauld be one of the mechanisms
causing the ice-sheet in the high latitudes to stop waximgrdfore, it could trigger (or at least)
amplify termination of the northern hemisphere glaciation
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2.5 Figures
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Figure 2.1: Topography and sea land mask: (a) idealized changes of haigdn absolute coordinate system,
(b) idealized changes of height in model’s coordinate sygteeights> 0), (c) isolated contributions of idealized
changes of height in model, (d) detail of topography charalesg the 40N latitude, (e) topography for CTRL
run (red is the border of Mediterranean catchment area)tqfiography for POMA run. For TOPO run the same
sea-land mask as for the CTRL is used and orography in the pemuts is the same as for POMA experiment.
MASK run uses the same orography as CTRL while the new lamdspaie assigned value of zero orography,
sea-land mask is the same as for POMA run. For the PELT rungigmhy is constructed as suggested in the
frame of PMIP project.
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Figure 2.2: Annual mean temperature at 2 m in K for (a) CTRL, and anom#tigFOPO — CTRL, (c) MASK —
CTRL, (d) POMA — CTRL, (e) PELT — CTRL.



24 2. Surface climate response to the glacio-eustatic sekdbanges

80°N

40°S

80°S
T
100°E 60°W
e I N B R . [ re—— B B B R R
-2000-1500-1000 =500 0 500 1000 1500 2000 2500 3000 3500 —-2500-1200 —600 -250 —150 -50 50 150 250 600 1200 2500

(a) (b)

80°S A A
T T T T T T T T I T T T T T
0° 100°E 160°W 60°W 0° 100°E 160°W 60°W
o L S N N B N B —— | Lo L N N N B B —— |
-2500-1200 —600 —250 —150 -50 50 150 250 600 1200 2500 -2500-1200 —-600 -250 —150 -50 50 150 250 600 1200 2500

(c) (d)

0°
40°S

80°S

0° 100°E 160°W 60°W
Lo L N N N B —— |
-2500-1200 —-600 —-250 —150 -50 50 150 250 600 1200 2500

(e)

Figure 2.3: Annual mean P- E in mm-y~! for (a) CTRL, and difference for (b) TOPO — CTRL, (c) MASK —
CTRL, (d) POMA - CTRL, (e) PELT — CTRL
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Figure 2.4: ERA40 data, correlation between 2m temperature and (a) FE(f)) P— E. Green lines indicates
correlation coefficient at the 5% level of significance.
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Figure 2.5: Correlation between 2m temperature and P-E (a) CTRL (b) TORDMASK, (d) POMA, (e) PELT.
Green line indicates correlation coefficient at the 5% les&dignificance.



Chapter 3

Sensitivity of climatic patterns in Europe
to changes in coastal line and orography

The role of the regional orography in the formation of tel@oection patterns dominating the
climate of Europe is examined through a series of numeriqa¢@ments. The focus is put on
the North Atlantic Oscillation (NAO) and East Atlantic/\WeRussia (EAWR) pattern. These
patterns are first identified on the basis of ERA-40 data amalyAn atmospheric component
of an earth-system model of intermediate complexity — RI&w@ulator, is used to simulate
several 40-years long situations with different orograpiBhanges in the orography in the
individual sensitivity experiments have been specifiedhm tegion between the Minor Asia
and Alps. These changes modify climatic patterns not ordgllg, but also over areas far from
the artificial land (mountain) obstacle. The results presgmeveal that the orography in the
studied region has a crucial role in the control of regiotabatic patterns, in particular that of
the EAWR.

3.1 Introduction

Europe is characterised by contrasting marine and contthelmates extending between sub-
tropical and polar climatic areas. These climates depegéliaon the conditions in the North
Atlantic, however, inland seas (Baltic, Mediterranean Btatk Sea) can not be ignored as an
important climatic factor, as they provide sources of aissas. Over large areas, these basins
are surrounded by high mountain chains, shaping air masepagmation (Fig[Z3]1). Existing
observations suggest a complex climatic system, howesgeregional functioning is not well
known, in particular the feedback to the global climaticteys.

27
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ENSO gives the best example of a coupled ocean-atmospheradton [Philander, 1933,
1985, Cane and Zebiak, 1985]. The relatively clear signs¢®@ated with this teleconnec-
tion pattern are due to the large heat capacity of mixed Jasteong atmospheric and ocean
transports. Unlike the ENSO-case, it is quantitativelyauate clear how the coupling between
ocean and atmosphere over the Atlantic controls the NAO sigraals associated with the NAO
shape the European climate, however these signals aratessynced than the ones associated
with the ENSO. Even less clear are the processes contraltinge local oscillation patterns as,
for instance the Mediterranean Oscillation [Conte et &89 Palutikof et 21, 1996] and East
Atlantic/West Russia (EAWR) pattern Krichak et al. [2002].

So far, observations and atmospheric modelling have notiged clear evidence of interplay
between NAO and EAWR patterns and their physical behavisutill unclear. The major
hypothesis in this chapter is that the European telecommmepéttterns are shaped by the local
orographies, therefore by using results from numericaletiody with different coastlines and
orography, we will try to reveal their sensitivity to thedeacacteristics. A similar issue has
been previously addressed by Kitoh (1997, 2002) where itdgasonstrated convincingly that
changes in orography (e. g. mountain uplift) can substiywthange SST and affect the ENSO
pattern. Recently, Liang etlal. [2005] analysed the rolentitsea distribution in the formation
of the Asian monsoon through a series of idealised numeziqagriments. Our study is similar
to that of Liang et al..[2005], but addresses a different ggoigical area with different climatic
patterns.

The focus in this chapter is on the EAWR pattern, which is eissed with the meridional
transport over Europe. The dominating concept here is basdtie understanding that the
NAO, which measures pressure difference between Azore$séari controls the strength of
the zonal transport and the position of its axis. The EAWR suess the difference between
pressure over the north-western Europe (North Sea) andabgi&h region (Fid._3/2). Because
the line connecting the focal points of the EAWR pattern ms@st zonal, it is expected that this
pattern reveals the climatic evolution of the meridionahsport (almost normal to this connect-
ing line). This transport is expected to be shaped by ordgraphich acts as an obstacle for
the air transport between the northern and southern Eufipere are only several gaps “cor-
ridors”, which could act as pathways for propagation of aasses in the meridional direction.
One of them extends from Ukraine over the Black and Marmaear&aching the Aegean Sea
to the south (Fig=3l1). However these "channels” are not rgeblved in the numerical mod-
els because of insufficient horizontal resolution. Furth@ne, in the coarse resolution models
orographies are much lower than the real orographies,taffesubstantially the meridional
transport, and therefore its variability could be undereepnted.

The above idea becomes clear from the following analysisfR¥-B0 datal[Simmons and Gibson,
2000]. We define the EAWR index as the normalised pressuerelifce between the North Sea
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and Caspian. Then we take the difference between the EAWRveosnd negative situation.
The corresponding horizontal pattern of wind stress cud.(B.2) demonstrates clearly that
the major changes in the meridional transport are obsemaeahd the Black Sea and Balkans,
which is associated with the transition of the curl betwédentivo contrasting regions, the one
around the British Isles, and the one north of the Caspian[ER). Because the area between
the Balkans and Minor Asia is one of the possible corridorgbéng the north-south trans-
port (Fig.[31), the question which we address here is howisemthe results from numerical
models are to changes in orography, which separates nofiloen southern Europe.

The chapter is structured as follows: we first discuss iniGef.2 the teleconnection patterns
over Europe derived from ERA data, then briefly present thdehosed, followed in Section
B3 and Section 3.4 by analysis of the results from simutatend conclusions at the end.

3.2 Teleconnection patterns dominating European climate

This part aims at introducing the major teleconnectiongrai characterising European climate.
The analysis will be based on the ERA-40 data [Simmons anddhib2000], which has a
horizontal resolution of 25 Earlier, similar analysis based on NCEP/NCAR reanalyats d
has been done by [Krichak et al., 2002]. The North Atlanticiltation (NAO), which refers
to a shift in the atmospheric mass between the Iceland lowAaodes high pressure systems,
is known to be the dominant mode of variability of the northeemisphere, in particular the
Atlantic sector [[Hurrell/ 1995]. The NAO index quantifiesetdifference between sea level
pressure between two major pressure centres: the Azordseladdic ones and represents the
phase of the NAO (Fid. 3.3(a)). The North Sea, Labrador S&h Sargasso Sea regions were
identified by Kushniri[1994] as other dominant centres oioact

In the following, the presentation of the teleconnectiotigras will be illustrated using differ-
ences between situations having extreme positive (+) aattheg(-) indices. We first compute
the mean winter (December, January and February) surfassyme for NAO+ and NAO- and
then take the difference between them (ffig. 3]4(a)). THierénce-pattern reveals positive
anomalies over Azores and negative over Island, that giveerece for Azores high and Ice-
landic low to be negatively correlated. Thus changes in thesrvand pressure fields lead to
variability in the strength and pathway of storm systemssirgy the Atlantic and Europe. Dur-
ing the negative phase, the Azores high weakens, the Igelemdshallows, and westerlies also
weaken taking a southern pathway (over the Mediterran&son}h-western Europe is cold and
dry during this period while the Mediterranean area is d@atad by mild and wet conditions.
During the NAO+ phase the situation is the opposite: wasterhtensify and take a northern
path, North-western Europe is warmer and wetter, while tleglisdrranean and north-African



30 3. Sensitivity of climatic patterns in Europe

region is dry and cold. These patterns (east of the Atlahawg their counterparts over North
America (Fig[3.4(q)) thus building a quadruple system.

The NAO system alone can not adequately describe all detadsmate variability over Eu-

rope, in particular Central and Eastern Europe. At leastdther atmospheric oscillation pat-

terns are well known for the European region: the East AtAMest Russia (EAWR) pat-

tern [Krichak et al.| 2002], which is sometimes called NoB#a Caspian Sea Pattern (NCP,
Kutiel and Benaroch [2002]) and the Mediterranean OsaiaMO,(Conte et &l1[1989], Palutikof etlal.
[1996]).

The EAWR pattern has been referred to as the Eurasia-2 paiieBarnston and Livezey
[1987]. The positive winter EAWR pattern involves a high ggere anomaly centre over the
North Sea and a low pressure anomaly over north of the CaSgianUnder such conditions the
penetration of Arctic air masses over the Black Sea is erdthmroviding colder and drier than
normal conditions. The negative NCP is characterised bysédipe pressure anomaly north of
the Caspian Sea and central North Atlantic and a negativealyoover the North Sea. Under
such conditions warmer and wetter than normal air massgmpeate to the north (mainly over
the Black Sea-corridor). What has not been addressed imopiestudies is the fact that this
teleconnection pattern reaches the polar areas. Thusntmady over Asia extending to the
Scandinavian separates the two negative temperature &npomes over Southern Europe and
Mediterranean from one side and Arctic, from another (Fid(c).

Kutiel and Benaroch [2002], who studied the 500 hPa geopiatdreight level at a monthly
timescale, defined the coordinates of pressure centre®ds; 5°N) - (10°E, 55N), North
Sea and (5E, 45N) - (60°E, 45°N), northern Caspian. Because the coordinates of these
centres correspond better to the proposed by these authors (NCP), we will use both
abbreviations in this chapter for the same atmospherieattAccording to the scheme of
[Kutiel and Benaroch, 2002], the minimum difference betwB&P(-) and NCP(+) is expected
over Balkans and the Middle East, which is supported by tladyars of surface pressure from
the ERA data (Fid. 3.4(p)). This teleconnection, which isvaamainly from October to April
[Kutiel and Benaroch, 2002], has a major influence on the &ratpre regime in the Balkans,
Anatolian Peninsula and the Middle East (Fig. 3.4(d)). N@B HAO teleconnections behave
almost independently (compare Hg. 3.B(a) and Fig. 3.3¢b)wse can not predict one index
based on the behaviour of the other.

Although the Mediterranean oscillation (MO) is not the sabjof this study it should be noted
that the MO index is defined by Palutikof ef al. [1996] and @agttal. [1989] as the normalised
pressure difference between Algiers (E136.4N) and Cairo (31.2E, 30.TN). In a similar
way to the NAO, changes in this pressure difference may @aiffew and rainfall patterns in the
region.
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3.3 Numerical simulations

The model used to run climate simulations is the Planet SitoulPS), described into details
in previous chappter. For the purposes of the present stlaige number of sensitivity ex-
periments were carried out (not all of them are discussedisahapter), therefore PS is an
appropriate model, ensuring relatively low computatiomgjuirements, but at the same time
helping us to understand climate phenomena and identifyrésyonse mechanisms. In the
present chapter the emphasis is placed on the interactitmeolominant patterns of atmo-
spheric variability with the land surface.

Three scenarios with different land-mask/orography ammédated aimed at revealing the sen-
sitivity of climatic patterns to local changes of orographythe area between the Alps and
Minor Asia (this area connects/separates) the Black Sedveatliterranean. Our initial idea
was based on the consideration that this marine and lowdegal provides an important cor-
ridor for meridional transport. It was expected that cregata mountain ridge in the model
connecting the high mountains in Minor Asia with the Alps Wbaffect the characteristics
of climate variability in the Northern and Southern Europ¥ter carrying out a number of
sensitivity experiments, it appeared that another hymithe also possible. Mountains in the
low-resolution PS are not sufficiently resolved. For thesesons they are much lower in the
model than in the real world (the Alps are only about 700 m ligthe model and the Balkan
mountains and Carpathians are barely resolved [Fig. B.5{@)s could largely facilitate the
north-south transport thus affecting the dominating @@ections in this region.

In the Control Run (CR) land sea mask and orography are taken the default PS (Fig.
B:5(@)). It is noteworthy that this orography does not cspoand well to the real land-sea mask
in the region of Mediterranean (too large a sea), which istiydsie to insufficient resolution.
In order to keep the present study consistent with the posvapproaches using the PS, this
default orography was not changed. In the first sensitivtyeeiment discussed here, which
we call Mask Experiment (ME) we change locally only the lard shask by substituting part
of the ocean area with land (F[g._3:3(b)). In the second éxyat, which we call Topography
Experiment (TE) we build a mountain ridge of 750 m hight castimg mountains in the Minor
Asia with the Alps (Fig[3:5(¢)). The individual scenariodfet also through the following
parameters in the land surface scheme: (i) the surface bagkgd albedo, and (ii) the surface
roughness (given by the roughness length). Thus the landra@an be water or land with
different albedo, roughness and height. The values plestiare as close as possible to the
ECHAM specifications [Fraedrich etldl., 2005c]. The thresnseios are simulated for 40 years
overlapping with the ERA-40 period.

In the following we analyse the simulations in CR over Ewaagiegion and their consistency
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with the ERA data (Figl=3]16 anld-3.7). Annual mean surfacespmesin ERA-40 data (Fig.
B-6(a)) and in CR (Fid. 3.6(b)) reveal qualitatively simikeorizontal patterns in the European
region. The two data sources replicate well the major certfeaction (Icelandic low and
Azores high). It is noteworthy that in the CR the Icelandiw land its extension to the East is
over-estimated. The wind field in the two data sets is alsditqtisely similar, which is quite
satisfactory bearing in mind the low resolution of CR dathe Bverestimation of the Icelandic
low in the CR dominates both the winter and summer patteritg [§6(C)- Fig[3.6(1)). In
the CR, winter field is more zonal, while the summer patterm@e elongated toward the
Scandinavian Peninsula.

The surface temperature is also similar in the two data §é4$3 7). CR fields are smoother
than these in the ERA-40 data set, as well as slightly warm#ée polar regions, particularly
over the Greenland. The agreement between ERA-40 data armh#s simulated in the CR
(note that the left and right panels in Fig.13.6 3.7 uses#ime contour levels) allows us
to conclude that the PS adequately simulates the major wtirfesmtures, which justifies the
comparison of the results of sensitivity runs with the one€R, which are presented in the
following section.

3.4 Orographic control on the NCP

The temporal variability of the simulated atmospheric bstons in CR (Fig[3.B) resembles
similar variability behaviour as in ERA data. However, tleeresponding curves in Fig-3.8 and
Fig.[333 are far from identical. This can be expected bearnngind that the PS-runs barely
replicate the weak climatic signals in the real case, whielhape are well represented in the
ERA data. While this could be expected in advance, the fattttie variability patterns (both
for NAO and NCP) differ substantially in the three simulatsovas less expected. Although the
characteristic periods do not largely differ, the curvesesponding to the three experiments
reveal that relatively small (and very local) changes irgoaphy and coastal line affect substan-
tially global and regional teleconnection patterns. Tlesuft should motivate further analysis
using coupled atmosphere-ocean models in which global egidnal teleconnection patterns
are expected to be more strongly related to the oceanichitaya

An idea about the impact of changes of orography on atmogpth@w can be gained from Fig.
3.9, where we display the difference between surface wiresstin TE and ME. It becomes
clear from this figure that the mountain ridge in TE tends fecifboth velocity components.
The disturbance due to this obstacle (also seen in the @ifter between CR and the other two
experiments (not shown here)) is confined to Europe and tlaellsHEast.
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The simulated patterns are consistent with the overall @afiens based on hydrodynamic
considerations: velocity magnitude increases of the twlessiof the obstacle. This is more
pronounced for the zonal velocity, which is higher than trexicional one. Thus, as seen from
Fig.[3:9(a) westerlies decrease to the east and west of Hiaa, while the "compensating” in-
crease is north and south of the obstacle (more pronoun@dieynorthern Africa). Similarly,
the dominating northern winds increase east and west oftibade (this is better highlighted
in the Caspian region and south of it) and decreases overtlBggmsouth of it. These changes
result in large disturbances in the vorticity field, as wslimsurface temperature patterns (Fig.
[3.9(c)). The region north and south of the obstacle becoraesier because of the reduction of
the meridional velocity and the increase of the westerlr@sgng warmer air masses from the
North Atlantic. To the east of the obstacle the model simaglatpronounced cooling, extending
from the Caspian to the Red Sea.

Because the main interest of this chapter is on the impactoaf lborography on teleconnection
patterns, we will discuss in the following the differencedvieeen results of three experiments
in this context. To this aim we prepare for each curve in El§.[8AO+, NAO-, EAWR+ and
EAWR- fields as averages of horizontal maps for winter moiitnd~) corresponding to the
extreme positive and negative situations. The differebedseen positive and negative phases
are shown in Fid_310 and Fig—3111 for surface pressure anttthperature.

The overall conclusion from the NAO-pressure maps is thatntlost persistent feature in the
three simulations is the Icelandic low. Azores high is wetinppunced both in CR and ME,

however in TE this feature is not well resolved. Furthermore€R there is a positive pressure
anomaly simulated in the northernmost latitudes, whichasabserved in the ERA-40 data
(Fig.[3:4(@)). This drawback is not (fully) observed in MEqigh gives an indication that the

water coverage in the Mediterranean area in CR, which seerhs bver-represented, could
substantially corrupt some atmospheric teleconnectidhsrefore ME seems to provide more
realistic simulations than CR.

The replication of variability patterns associated wita NiCP is not very successful in the CR,
particularly in the area of North Sea. Additionally, the ggere anomaly centred over Siberia
and extending toward the polar areas in ERA-40 data (Fidb$.4s not well resolved over
the Greenland and Canada in CR. Changing land-sea mask iroktElates to resolving the
anomaly over the North Sea (F[g. 3.I0(c)), however, the kitimns over North America are
still inconsistent with the analysis of ERA-40 data. Onatrevorth noting is connected to the
artificial mountain ridge in TE. As seen in F[g. 3.ID(f) thisange in orography contributes to
the enhancement of the anomaly over the North Sea. Althalgtively small (compared with
the global orography) this change critically affects thedeldehaviour in the polar areas (Fig.
[B.I0(f]). Finishing with the analysis of Fig.-3]110, we haweriention that orographic changes
in ME and TE affect, in a more pronounced way, the patternsciasted with the NCP, which
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is consistent with the general expectation that this pattgpresents north-south transport; the
latter being quite sensitive to land-sea mask and orograpBgstern Europe and Minor-Asia

The degree to which the simulated teleconnection patt@plicate the ones in ERA-40 data
and their sensitivity to "small” changes in orography ahesilrated in Fig[Z3. 111 on the example
of 2m temperature. The NAO pattern is well resolved in CR (para Fig[3.11(®) with Fig.
[B:4(c)). Almost the same is true for the NCP (compare [FigL@®]Jlwith Fig.[3.4(d)). For this
teleconnection, the redistribution of temperature an@salver Siberia and the Caspian region,
from one side and polar regions from another, is the most rtapt This pattern of variability
is associated with the north-south transport of heat, aadgihg the coastline in ME results in
drastic change not only over Asia, but also over the North Acae

Although the NAO-horizontal pattern, as seen in 2m tempeesteems to sustain the orography
change in ME (amplitudes in Fif. 3.17(a) ahd 3.1l1(c) are nathndifferent), the changes in
TE demonstrates that the artificial mountain ridge redusesontrasts about two times. The
situation as seen in the NCP pattern is much less stable.thie(eonal) mountain ridge results
in changing polarity of temperature patterns between Asibplar regions.

3.5 Conclusions

The present study can be considered as a sensitivity agalf/she impacts of orography on
local and global climatic patterns. Apart from theoreticderest, one can ask the question
about whether the results presented here have a practloal Viwo aspects can be mentioned
in this respect: the first is about how successful models #tedifferent resolutions in simu-
lating processes associated with global teleconnectitierpa, and the second is how the land
cover being subject to global change (also associated w#aHhevel change) could affect these
patterns. In chapté&l 2 we were investigating how would ckaraf boundary conditions influ-
ence hydrological cycle. This exercise motivated us togrerfidealized experiments in order
to isolate key mechanism responsible for teleconnectidtees formation. Apart from the
fundamental issue that the teleconnection patterns ajectub air-sea exchange, which is a
problem motivating further modelling studies with coupéthosphere-ocean models, one sees
clearly that simulations in this study of atmospheric Maitity over large areas, shows a strong
dependence on local changes in land cover. As land coverofrigtland-sea mask but also
vegetation, which is represented in the model by differenghness and albedo) has changed
in the area of interest due to anthropogenic and naturadfa¢a substantial part of the Black
Sea became dry during the LGM), it seems important to be abseléquately simulate and
predict atmospheric changes caused by land cover changegr&sent study is one initial step
in this direction, which must be followed by more comprehen$ine resolving modelling.
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Figure 3.1: Region of interest and orography in dm
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Figure 3.2: Vorticity anomaly in s x 10°5, calcualted from ERA-40 data defined as the difference lestwe
EAWR(+) and EAWR(-) situations in Eurasian region.
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Figure 3.3: (a) NAO index and (b) EAWR (NCP) index based on ERA-40 data.
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Figure 3.4: NAO and NCP horizontal patterns represented as differeratevden (a) NAO+ and NAO- surface
pressure (hPa), (b) NCP+ and NCP- surface pressure (hPaNAO+ and NAO- surface temperature (K), and (d)
NCP+ and NCP- surface temperature (K).
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Figure 3.5: Orographies (dm) and land-sea masks in (a) CR, (b) ME, an@c)For the zoomed maps (b, c) only
details are shown since they differ from CR only in the regibrooming.
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Figure 3.6: Annual mean surface pressure (hPa) in ERA-40 data (a) andlJRwinter (DJF) mean surface
pressure in ERA-40 data (¢) and CR (d), summer (JJA) meaacipressure in ERA-40 data (e) and CR (f). Wind
streamlines are also plotted.
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Figure 3.7: Annual mean surface temperature (K) in ERA-40 data (a) andl§Rwinter (DJF) mean surface
temperature in ERA-40 data (c) and CR (d), summer (JJA) medace temperature in ERA-40 data (e) and CR
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Figure 3.8: NAO (a) and NCP (b) indices. Difference between the simdlatsmospheric pressure in Azores and
Iceland (a), and North Sea and Caspian (b).
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Figure 3.9: Averaged for 30 years difference between TE and ME for u-siress in Pa (a), v-wind stress (Pa)
(b), and 2m temperature in K (c).
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Figure 3.10: Difference between surface pressure (hPa) correspondipgsitive and negative NAO (left column)
and NCP (right column) phases. Every two plots from top tédmtare for CR, ME, and TE, correspondingly.
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Figure 3.11: Difference between 2m temperature (K) corresponding tatipesand negative NAO (left column)
and NCP (right column) phases. Every two plots from top tedmotare for CR, ME, and TE, correspondingly.



Chapter 4

Paleoevolution of the Black Sea
Watershed: Sea Level and Water
Transport through the Bosporus Straits as
an Indicator of the Lateglacial-Holocene
Transition

The paleo-evolution of the Black Sea level during the Lategll-Holocene transition is still
unclear, which motivates us to provide new estimates farkaod based on the analysis of
water budget. Hydrological conditions in the Black Sea lvatent area are reconstructed here
using water balance equation, available data, and consifzased on simple theory relating the
runoff ratio with climatic characteristics. In order toiesate the impact of the aridity of climate
we consider two alternative scenarios: (1) climate changieuconstant in time gradient in
precipitation and evaporation over land and sea, and (@gaté change accounting for changes
in the horizontal distribution of precipitation and evagton. Hydrological data are compiled
from available present-day data and paleo-observationsurber of sensitivity experiments
is carried out revealing that the hydrological conditionghe Black Sea watersheds should
have evolved towards a very arid climate (similar to the @néslay climate in the Caspian Sea
area) in order to initiate a drop of sea level-0f100 m below the sill depth of the Bosporus
Straits, as speculated in some recent research. Estiniaes-tevel changes reveal a qualitative
agreement with the coast-line evolution inferred from pad®servations. The Younger Dryas
draw-down of the Black Sea starts at about 13.3 - 13 ka BP, awttaximum lowstand of 104

1This manuscript is published with Climate Dynamics seedfsieference or footnofd 1 in the sectionl1.3 for
the full reference
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m at 11.5 ka BP. In an "arid climate” scenario the sea levathea the outlet at about 8.8 -
7.4 ka BP. Approximately at that time, Mediterranean seall@as about 10 m higher, making
flooding events of the Black Sea possible. However, the aa@nd exact timing of the Holocene
reconnection depends also on other (not well-known) factome of them is the Bosporus sill
depth, motivating further research in this field. Estimaieshe water transport through the
Bosporus Straits are also provided for the time of Lategladblocene transition.

4.1 Introduction

The Black Sea level is very sensitive to changes in the seirfeesh water fluxes and river
runoff. By integrating the variations of global forcing aaevast catchment area, this sea ampli-
fies large-scale climatic signals [Stanev and Perieva, 2000 amplification was extremely
strong in the past, resulting in either: (1) one-way tramsgwough the Straits of Bosporus
(from the Black Sea to the Mediterranean), or (2) sea-leva dnh the Black Sea to a level
below the sill depth under extremely dry conditions, faating transport in the opposite direc-
tion. The evolution of water exchange between the Black &dale Mediterranean is largely
due to changes in precipitation and evaporation over thekBkea and its watershed. The pos-
sibility that the watershed of the Black Sea has changed aliaatly, including the cascading
of water from the Caspian Sea (and perhaps, the Aral Sea anifdkt Siberian Paleo-lake) is
not excluded|[Grosswald and Hughes, 2002]. According todé¢and et al.[[2004] there were
two events of redirecting north flowing rivers by the advagoof the Eurasian ice sheet to the
south in the past 100 000 years (100 ka).

The possibility that Black Sea level may at times have drddpsow the Bosporus sill depth
is supported by the observations of presently submergesbsalasts, caused by periods of
significant net fresh-water deficit [Ryan et al., 11997, Ballet al., 2000]. It has been suggested
that at the same time (see below) the level of the global oeemnalso below the sill depth,
so that the Black Sea had been transformed into an inlandadkeno outflow. After global
sea level has reached the sill depth, a reconnection witM#usterranean occurred. Although
there were at least eight marine flooding events of the Blazkdiring the past three million
years [Ryan et al., 2003] it is still not clear how exactlysagrocesses have developed.

For the most recent (Holocene) intrusion of saline water teapnnection scenarios ("catas-
trophic flood” and "gradual reconnection”) have been pregokased on sediment core data
(dating, appearance, and composition of sediment) andeheal studies (hydraulic properties
of the flow). The necessary (but not sufficient) conditiontfoe catastrophic flood scenario to
take place, is that the Black Sea level should at the time-obranection be below the sill depth.
The reconnection is gradual if the Black Sea level is aboeesil (positive water balance). In
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this case, there is no counterflow in the connecting strédrbehe height of sea level reaches
some critical value above the sill [Lane-Serff etlal., 1997]

Analysis of observations to the east and west of the CrimesamnBula taken during 1993
demonstrated that euryhaline (tolerant to the wide sglnaihges) species suddenly populated
the Black Sea, the vertical profiles indicating an abrupirsedtation above the 150 m isobath.
Based on this evidence Ryan et al. [1997] suggested thaetdwmnection occurred at 7.15 ka
BP (radiocarbon convention age, before reservoir cooegaind that the Black Sea level at that
time stood more than 100 m below the level of the present-dégto Using observations from
the continental shelf off the North Turkish coast, Ballardle [2000] argue that at the time of
reconnection the Black Sea level stood 155 m below the presnsea level.

The scenario of catastrophic flooding assumes that the Iggebdevel rise resulted in a spill of
Marmara Sea water into the Black Sea. The erosion by grawitents has led to scouring the
material from the bed down to the bed rock, which is-&0m [Ryan et al., 1997]. Taking for
the Black Sea level at this time the value of 120 m below prieday sea level, for the basin
area between 120 and 20 m isobaths the value of370° km?, and for the sill height a value
of 20 m below the present-day sea level (global sea levell&t ka BP stood at about -20 m
[Fairbanks| 1989]), and assuming that this volume has b#ed iin two years, yields a rate of
flood transport of~ 370x 10° km3-y~1. This value was suggested by Ryan etlal. [1997] and
corresponds to a flow50 times the present-day freshwater flow (in the oppositeton), that

is a "catastrophic flood”.

Recently, Siddall et al. [2004] presented a schock-resglliydraulic model to test paleo-oceanograph
implications of such a "catastrophic flood” concept, andatoded that observed sediment
waves at 2000 m depth could be explained by a jet stream edmetr by bathymetric con-

tours. However, according to their simulations it will talkkkout 34 years to equilibrate the

levels of the Black and the Marmara Sea, which is much lorigger the estimates bf Ryan et al.
[1997].

Before the work of Ryan et al. [1997] the "gradual reconr@ttscenario was more commonly
accepted based on the evidence that the Black Sea has agusiter balance. This idea was
first explored by Degens and Ro5ss [1972]. Those authors steghyghat the gradual reconnec-
tion and salinification of the Black Sea freshwater withyséiediterranean water occurred in
the period from 9 to 7 ka BP. Later, Lane-Serff et al. [1997] Avers et al. [[2003] analyzed

results from hydraulic control models, and demonstratatlttie time of reconnection could be
on time-scales of decades, but not years as proposed indhestophic flood” scenario. Fur-
thermore, they discarded the possibility of a deep BospsitlB0 m or even slightly deeper).

The important idea proposed by Lane-Serff etlal. [1997] & the reconnection between the
Mediterranean and the Black Sea may have caused a tranfesitan the circulation in the
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Eastern Mediterranean during the last deglaciation, fepth decreased deep water formation
and a higher productivity in the surface water.

The data cored from other locations (near the Sakarya iG&@riir et al. [2001], or the Sea of
Marmara, Aksu et al.l [2002]) reveal that the "catastropheodl’ hypothesis is less probable
than the "gradual reconnection”, because the Black Sedadgyeared to have stood above the
sill at the time of reconnection, permanently exportingevatto the Mediterranean. Further-
more, Mudie et £|..[2004] analysed dinoflagellate cyst addeges from the Black-Marmara-
Aegean Sea corridor, and did not find any evidence suppattiegdea of sudden flooding of
the Black Sea by 100-m-high waterfall of Mediterranean wat&'.5 ka BP.

The direction of water transport in the straits depends ervtater balance of the Black Sea
and its watersheds, and on the level of the global ocean. 1Sona possibilities have been
considered for this sea: (1) estuarine-type basin, andr{@psed basin of the type of the
present-day Caspian Sea. To the best of the present authorgledge, possibilities suggesting
functioning like lagoon-type basin (e. g. the Mediterrarnelave not yet been considered,
except perhaps during short periods of re-connection ketwee two basins. It seems that the
Earth System makes lagoon-type exchange very improbaftledd@lack Sea, due to large river
runoff.

In order to estimate possible Black Sea levels in the pastheeds high-quality paleo hydro-
meteorological and glaciological data, or data producedsibyulations with climate mod-
els. Although there is still much to be desired with respedheir quality and quantity, (see
Kohfeld and Harrisan [2000] for the data from past periodsidagemann et al. [2005] for the
present-day data, e. g. European Center for Medium-Rang¢héfeForecasts, (ECMWF) Re-
analysis data (ERA-40), Simmons and Gibson [2000]), wenohte develop here a first-order
estimate of the paleo-evolution of the Black Sea level basaaptimal use of the available data,
incl. atmospheric analysis data, the latter providing th&tial patterns of water budget. This
chapter can thus be regarded as an attempt to explore thiéwsgnsf the Black Sea level to
climatic (hydrologic) changes in its catchment area. lhisstrelevant to global hydrological
cycles and brings the attention to the idea that by analyaimgistency of fresh water fluxes in
regional (semi enclosed or fully enclosed) seas a furthpranement of the estimates of water
cycles can be expected. In particular, some problems fouritRA-40 data could motivate
further research on the water balances diagnosed by at@espinalyses.

The chapter is organized as follows: the second sectioreptes brief overview of the study
area, description of the available hydrological data, &ed guality in the paleo-oceanographic
context. Method and results are described in the third aedbllowed by Discussion and

Summary in the fourth one.
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Table 4.1: Area of basins and watersheds (in®¥m
Sea Land Total

Black Sea 471180 2410837 2882017
Caspian Sea 392544 3249154 3641697

4.2 Description of Data

4.2.1 The Region

The extended region of our interest includes the Black arspi@aa Sea catchment areas (Fig.
1), but we focus in this chapter on the Black Sea catchmeat @&ig[4.R2) and its evolution
during the past 20 ka. We use a subset of ETOPO2 topographynapdf the watersheds
adopted from the Total Runoff Integrating Pathways (TREP)esne developed by Oki and Sud
[1998]. Areas of the basins and watersheds are given in TBble The Azov Sea and its
watersheds are assigned to the ones of the Black Sea.

The margins of the Scandinavian part of the Eurasian icet $Riegl4.1), as well as the geomor-
phological characteristics of the West Siberian Plain angisian Plain provide a possibility for
the north flowing rivers to divert to the south in case of extegglaciations. Paleo observations
(Mangerud et al. [2004]) indicate that two such events adirie-routing have occurred in past
100 ka BP. Results from the Project Quaternary EnvironmetiteoEurasian North (QUEEN)
have shown that the first event occurred about 90 - 80 ka BPodie tadvance of the Barents-
Kara Ice Sheet, diverting rivers Ob and Yenisei to the Atta¢, Caspian, and the Black Sea.
The next event occurred at about 18-17 ka BP. At that timegtAmage towards the Baltic was
blocked by the Scandinavian ice sheet and meltwater fronmsiderable sector of the ice sheet
flowed over to the Volga River [Mangerud ef al., 2004]. By gmalg gravity cores from the
continental slope in the northwestern Black $ea, Bahrl§2@05] found evidence of meltwater
delivery to the Black Sea from 18 to 15.5 ka BP, probably thiothe Manych Pass (Caspian
Sea transgression). Furthermore, according to Sidorchalk [2003] none of the rivers of the
Russian Plain were fed with glacial melt water during theebédcial to Holocene transition
and at that time both the Ob and Yenisei discharged to thedArct

Alpine glacier retreat and advance could also influence thekBSea water balance [Starkel,
2003]. However, the possibility for Danube tributaries ting Alpine meltwater into the
Black Sea existed for a very short time (about 18-17 ka BPBsd#w® et al. [2005] and refer-
ence therein)._Major et al. [2002] do not exclude the poBsilithat traces of meltwater in the
sediment between 15 and 14 ka BP could be of Alpine and/ord3mamdian origin, indicating
the Younger Dryas cold period. However, to the best of thegmtauthors’ knowledge, there
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exist no quantitative reconstructions of Alpine and otheuntain glaciers that could contribute
meltwater to the Black Sea between the last glacial maximu@&M) and the Present.

Because data which could prove the existence of past lake&ections are controversial (rang-
ing from dramatic changes in watersheds [Boomer let al., P@0tegation of cascading during
the Holocene [Mangerud etlél., 2004]), and because thiskplityss more plausible for earlier
times, we do not address this issue in the present chapté&e d¢a@nnections (incl. rerouting
of rivers) will be addressed in chapf{ér 6. In the presentystwe develop a complementary
method elucidating paleo water budgets focused on thealatamations of hydrologic regime
in the Black Sea catchment area.

4.2.2 Hydrological Data
The Rivers in the Region

The present-day Black Sea catchment area is dominated dyahebe River and the rivers
from the North of the Black Sea (Dnepr, Dnestr, Southern Btigs.[4.1 and[4]2). At the
easternmost part of the Black Sea catchment area, the Raeapproaches the Volga River.
Kuban is the biggest river bringing water from CaucasustimBlack Sea via the Sea of Azov.
The annual discharge of these six biggest rivers (DanubepBm®nestr, Southern Bug, Don
and Kuban) is 270.8m? -y~ 1 [Fekete et dll_1999]. The annual mean contribution of sver
from the Anatolian mountains is only B67 -y and they are not included in the report of
Fekete et al1[1999].

Most of the river runoff (about 30k - y~—1) into the Caspian Sea is due to Volga, Ural and Kura
(see_Stolberg et all. [2003] for more information on the pnésiay Caspian Sea hydrological
conditions).

Constraining Water Balances

For the purposes of the present study we can assume thapipagohn (P), evaporationE)
and river runoff(R) in the individual watersheds averaged over one year or lotiges are
in a steady state, that is, we will neglect changes in thenegateage on land. Then, the flux
associated with precipitation less evaporation abovéoatot area®f — QE (index "¢’ stands
for continent) should present a good proxy of river runofbwéver, this is not exactly/always
the case with some reanalysis products (e. g. ERA-40 dataBe¢ problems arise from (1)
the coarse resolution, which does not sufficiently resdieeliorders of watersheds (the bor-
ders usually follow sharp mountain ridges), and (2) posstsbblems with outflow schemes.
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Consequently, the hydrological cycle is not closed for sevatersheds QF — QF # R), as it
should bel[Dai and Trenberth, 2002, Hagemann et al..|2003hi$ case, we can use indepen-
dent data (e. g. observations of rund®s,s) to constrain water budgets over watersheds, that is
to calibrateQF andQE, which are provided by atmospheric analysis data.

E
The evaporation ratie= %% is an important climatological characteristic of catchtraeas (in
C
the following, if not specifically mentioned, we will refey thean precipitation and evaporation

in km3 accumulated during one year over catchment area or seajhgTliako consideration that

- =R (4.1)

it follows thatR: QE : QF = (1—e) : e: 1. These ratios computed from ERA-40 data scale for
the Black Sea watershed approximately as 1:3.8:4.5, tleati8.84. The runoff ratic =1—e
measures the runoff capabilities of watersheRis-(rQF) and the above scaling can be written
in a more understandable way as:

R:QE:Q0=r:1-r:1 (4.2)

Theoretically there are two extremes: (1) 1, in which caseR — QF, and (2)r — 0, that

is QE ~ QEF, in which caseR << QF. The first case corresponds to a very efficient runoff
(runoff tends to precipitation), the second correspondbéccase when all water provided by
precipitation goes back (directly) into the atmosphere.

Because the evaporation and precipitation from atmosplaelysis data are not perfect we
can correciQE andQF, using above scaling arfé,s, Which is usually more accurately esti-
mated from direct observations. The problem of constrginie paleo-data is more difficult
because there are no estimates from observations of all @moenps of water balance. Our
analysis showed that large inconsistencies exist betw&s4D data and the data from the
Paleoclimate Modelling Intercomparison Project (PMIR)USsaume and Taylor, 2000] simu-
lated for the present-day conditions, in particular onaagl scales. One possibility to provide
paleo-reconstructions would assume that the scaRi@E : QF) holds for past periods. Alter-
natively, we could suggest scaling factors, corresponttirfdifferent) past climatic conditions.

The total annual mean precipitation over sea and catchmeas acales as

Qb =bf (4.3)

where the index d” stands for ocean. According to ERA-40 ddia= 0.15 and 007 for the
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Black Sea and Caspian Sea catchment areas, respectivalgirmlar way

Q5 =aQkt (4.4)

with values for the Black and Caspian Sea areas of 0.28 and fe8pectively (note that we
work with area integrated-fluxes and not with area norméliaues). The above parameters
have not changed much during the last 40 years and give a fast estimate of the dry-
ness of climate, as well as of the exposure of basins and ¢a@hment areas to global at-
mospheric forcing. Obviously, they do not sufficiently dése the responses of local climates
to dominating global patterns associated with NAO and EN&Orifstancel[Arpe et all., 1999,
Stanev and Peneva, 2001]. Nevertheless, they are usedsiohpter to replicate only some
possible long-term trends in climate variability.

For completely enclosed seas (e. g. the Caspian Sea) theebaguation reads

Qb +R=CE. (4.5)
Thus it follows from Eqd 41415 that

b+r
a=-——

P (4.6)

that is, the runoff parametershapes the contrasts between evaporation and precipitater

land and sea. In the limiting case of zero runof{0) the sea is decoupled from the hydrolog-
E P

ical cycle over land an%% = 8—% Large runoff ¢ ~ 1) is indicative for large evaporation over

sea Q5 >> QE).

As mentioned above, there are inconsistencies betweem batnces diagnosed from ERA-
40 data and the ones originating from analyses based onvaltisers. Therefore the next task
is to correct the balances in the atmospheric analysis daitg independent observations (e.
g. Black Sea Hydro Meteorological Dataset, BSHMD _[Staney Baneva, 2001], or Global
International Water Assessment (GIWA) reports for the Gasdeal[Stolberg et al., 2003]).
The correction assumes that the constartisdb are stable, but not perfect because of problems
in the atmospheric analysis data. We cor®ftand Q5 adding to the observed (true) values

P obsand QF °PSsome part of the misfit between ERA-40 data and observatig@§ ERA—
QP ©°bs) andm(QE ERA—QE 99 correspondingly. The value afis optimized in a way that the
river runoffs (relatively well known from observations)cawater balance in the corrected data
do not differ with more thanKkn? -y~ from the observations. Formally, this could be written
as:

(F)’ cor _ (F)’ obs+ m(QE ERA QE 0b5> , (4_7)
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Table 4.2: Black Sea water fluxes (in Kmy 1) and hydrometeorological parameters (non-dimensionalsti-
mated from various sources.

R F & R+Q-5 Q@ & a b
ERA-40 P.—E.=240 229 356 113 1532 1293 0.28 0.15 0.16
BSHMD 336 241 380 197 - - - - 0.22
corrected P.—E. =335 240 378 197 1719 1384 0.27 0.14 0.20

Table 4.3: Caspian Sea water fluxes (in Ray~1) and hydrometeorological parameters (non-dimensional) a
estimated from various sources.

QR-QF & & R+Qhf-QF @& & a b

ERA-40 427 116 342 201 1679 1252 0.27 0.07 0.25
GIWA 300 75 375 0 - - - - 018
corrected 299 76 374 1 1569 1270 0.30 0.05 0.19
E cor _ E obs+ m(QE ERA_ QE obs> 7 (4.8)
P cor
c =" (4.9)
E cor
c == (4.10)

where the indexc&or” stays for correction, 8bs’ for observation andERA for ERA-40 data.
Corrected values for the Black Sea and Caspian Sea are giveable [4.P and_413. During
the budget calibration process, paramegeasadb are slightly changed (compare first and third
lines of Tabled 412 and—4.3).

In the remainder of this chapter we will either assume ghandb have been valid during the
whole period since the LGM, or propose scenarios assumiaigttiey change. Because no
homogeneous hydrological time series exists for the wheteogd from the LGM to present-
day, we use data available for some of the most prominenatiirperiods since the LGM (see
section[4.Z2), and interpolate them linearly to cover teega from 21 ka BP to the present
with time steps of 10 years. All results from computationscdssed in the remainder of the
chapter are reported in calendar years. Radiocarbon yeac®averted to calendar years with
the radiocarbon calibration program Calib Rev5.0.1. Miuand Reimer, 1993].

Present-day Data

The annual mean net water outflow into the Mediterranean atedgdrom observations (BSHMD,
[Stanev and Peneva, 2001]) as precipitation minus evapaorat sea surface plus river dis-
charge into the Black Se&®f — QF + R) ranges for the period 1923-1997 betweeki. y—1
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Table 4.4: Normalized by the area surface annual mean components diyitv@logical cycle (inmm yr-1) for
the Black Sea and Caspian Sea catchment areas (based ortearnealues of the fluxes). Note th&tand O'
(index"n” stands for normalized) differ from a and b in Tdbl]4.2 &ndHeBause of normalization.

R R E P E a b

Black Sea 139 509 802 713 574 14 0.7
CaspianSea 92 191 955 483 391 24 04

and 44kn?-y~1. MeanQf — Q5 andR for this period are -138 and 3361°-y~1. The mean
value for the river discharge (from BSHMD) distributed rigly over the catchment area cor-
responds t@Qf — QE = 139mm-y 1.

Comparison ofQf — QE calculated for the Black and the Caspian Sea watershedsERA

40 dataset with estimates based on observations (e. g. I&Rofa Discharge Centre (GRDC)
Composite Runoff Fields v 1.0, Fekete et al. [1999], GIWAarpfor the Caspian Sea, BSHMD),
demonstrates that water budgets in the global reanalysastddways give correct first order
estimates, which is the case for the Caspian Sea (Tdblésnd.Za®). Therefore, it is neces-
sary to constrain reanalysis data with observations. Tlafasults normalized by the areas of
individual basins/watersheds are given in Tabld 4.4.

Paleo Data

There are several climate oscillations recognized on tbbajlscale since the LGM. We will
quantify the regional hydrological conditions for the mpsbminent of them: LGM {21 ka
BP) when the ice sheets reached their maximum globally; tisetoof the Lateglaciak(15 ka
BP) when the melt-water flux from ice sheets reached its fiestimum (melting water peak,
MP-1); Allergd (~13.4 ka BP); Younger Dryas+{(12.4 ka BP), cold stadial and return to the
glacial condition; Preboreal(11.2 ka BP), warm interstadial; mid Holoceneq ka BP), also
known as a climatic optimum; and the present-day. We coniqalew the hydrological data
from several sources in the geologic literature. Theseatombostly information about precip-
itation over the catchment area or river discharge. Sonsstiaven information about evapo-
ration is given. However, no paleo-information is avai@bboutP, — E, over the lakes/sea.
Because such data are necessary in order to estimate thebattece of individual seas, we
can, in principle, constrain paleo-data with the preseyttiosR : QF : QF and reconstruct
precipitation minus evaporatiof@5 — Q) over the lakes/seas assuming thandb do not
change. This "linear” approach assumes that the changéneéitot conditions does not affect
the basic correlations between components of water balance
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Table 4.5: Paleoreconstruction of the water balance (myn'), used as a base to construct forcing functions in
various experiments.

PALEO Black Sea Caspian Sea
R P-E R P-E

Present 139 -293 92 -764
mid Holocene 189 -399 142 -1144
Preboreal 134 -283 89 -720
YD 110 -231 65 -523
Allerad 144 -303 99 -798
Lateglacial 279 -588 184 -1484
LGM 51 -108 6 -52

1.Cheddadi et al. [1997econstructed climate conditions in Europe during the mubklene

(6 ka BP) using modern pollen analogue technique consttainth lake level data. His esti-
mates suggest that 6 ka BP- E in NW Europe including the Alps was 50-2%0m-y~! less
than the present-day one (drier conditions), while in eadieirope and western Asi — E
was 50-200mm-y~! greater (more humid conditions). Based on this evidencesgePdE over
the land as a proxy variable for the river discharge. In thematations provided below we
assume the low-range (58m-y—! more humid conditions) based on analysis of patterns of
Cheddadi et al! [1997] in the catchment area of the Black $ba.same trend is assumed for
the Caspian Sea. From the above rafi@s QE : QF) for the continental part of the hydrolog-
ical cycle we estimat&; andP;, and then from the correlation betwe®f : QF andQE : QE,
precipitation and evaporation above the sea. Results éoBthck Sea and Caspian Sea are
summarized in Tablé~4.5 and Fig4.3.

2. \elichko et all [2002] and Klimanayv [1997]reconstructed total precipitation over land for
the main Lateglacial/Early Holocene climate oscillationsastern Europe and Siberia. To
plot his maps, Klimanov. [1997] compiled previous reconstinns available in geological lit-
erature with his reconstruction based on the informattatisgical method analysis of pollen
data.| Velichko et al. [2002] performed information-lodieaalysis of pollen data. According
to them, precipitation during the Preboreal, wa5 mm-y~! lower. During the Younger Dryas,
precipitation was 156nm-y~! less than present. During the Allergd there we&b mm-y—!
more precipitation than at present. With the help of[EQ. 4e2can reconstruct river discharge
and evaporation. Using EQ. 4.3 and Eql 4.4 we can confppuaedE, above the ocean.

3. ISidorchuk et al. [2003]reconstructed paleo-discharges of the North-Eurasiansiusing
the concept of modern analogue channel geomorphology. @stayated that river discharge
of Severnaya Dvina, Mezen, Pechora, Volga, and Don durie¢ @M amounted to twice their
present values. Channels and river discharge of these svart to decrease at 15 to 14 ka BP
to reach their present-day values. Here we reconstructataein the same way as in (1).
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4[Tarasov et al. [1999]performed a similar reconstruction las Cheddadi et al. [],991 for
another time slice and another region - the LGM for the For8mriet Union and Mongolia.
Besides the region and the time slice, there is a furtheemdiffce in that the lake level record
contains only one site for that region at the LGM, which wasearmough to reconstrué — E,
but only mean annual precipitation. Their estimate is thacipitation in the main area of our
interest was~450mm:-y~! less than at present. Here we reconstruct the data in thewayne
asin (2).

4.3 Method and Experiments

4.3.1 Water Balance Equations

The traditional water balance equation for a lake is extdridere by adding the fluxes due to
ice melted runoff (IMR) and outflow/inflow from adjacent lakésea). It is assumed that after
the lake reaches a critical levél) the water starts to spill over the outlet into the next lake o
cascade or into the neighboring sea. The time rate of chargkeovolumew

dw/dt=5 Qi (4.11)

where
ZQ._ —Ep)Ao+R+IMR+Dy—D . (4.12)

In the above equationd, is the lake areaD, is the discharge from the upper lake into the
referent lake D, the outflow into the lower lake in the cascade. If the lake llevis below
H, thenD;, = 0 andW could change as a result of imbalance of water fluxez #fH then
W = WpaxandD; = Dy + (P — Eo)Ao + R+ IMR. Note thatA, can vary as a function of lake
level (computed using topography maps). Although the bidggiof Caspian Sea transgression
is not excluded in this model our simulation showed thatetgrial fluxes due to river runoff
from Volga drainage area and IMR (computed fiom Peltier ] @ta as the difference between
ice volumes discharged into the catchment area per uni) tar@not compensate for the large
deficit in fresh water balance at its surface (evaporatiomusiprecipitation). Therefore, the
equilibrium sea level remains below the height of the Mankeass. In view of the specific
balances during the Holocene Hg.—4.12, when applied to thekB$ea reduces to

ZQ. = (Po—Eo)As+R-Dy , (4.13)

whereD is the transport through the Bosporus Straits.
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4.3.2 Experimental Design

We perform several experiments in order to estimate thekB&ea level variations since the
LGM. The experiments can be divided into two groups dependimthe assumptions which
we make for the climate parametexrsandb: (1) with a andb (or their normalized analogues
a" andb", see Table[4]4) corresponding to the present-day landesgaasts, and (2) with
modifieda andb. With (1) we assume that the climate in the individual zonas Ysimilar” to
the present-day climate. The second group of experimentbe&asier explained considering
the difference betweea" andb" in the Black Sea and Caspian Sea area (Tdblé 4.4). Larger
a" in the Caspian Sea area reveals larger contrast betweeaahskea evaporation compared
to the Black Sea. Largdi” in the Black Sea area is mostly due to larger (compared to the
Caspian Sea) precipitation over the sea. It is obvious tiege parameters characterize the
Caspian Sea area as much drier. One could then expect tisdblpashanges of the Black Sea
climate towards drier conditions (as postulated by mangaehers, see Sectibn 4]2.2) could
be roughly represented as a trend of the Black &e@ndb" towards the Caspian Sea values.
The latter is exemplified in TablE—4.6 where the first line esponds to the present-day Black
Sea conditions, and the last line assumes that the BlackX®daite as dry conditions as the
present-day Caspian Sea. In other words, we assume thatatle 8ea climate (expressed by
indicesa andb) could vary between two extreme states: that of the predaypBlack Sea, and
that of the present-day Caspian Sea. One way to quantify chiahges would be to assume
that the climate indicea andb are not stable. This is shown in the- b phase diagram (Fig.
1.4), where the present-day climatic situations of the teiginboring basins are presented by
the empty square and circle. Because the Caspian Sea isedd@ay shift of its state (if the
runoff factor does not change) follows the sloped line=(0.19, Eq[4.4). Unlike the simpler
case of the Caspian Sea, the climatic evolution of the BlazkI8vel is controlled by the strait
transport D), Eqs[4.IP 01"4.13), which is unknown and complicates if@nt the transition

of climate between sea and lake state. Therefore, we wilatiempt to provide here the true
values ofa andb, but rather (by carrying out sensitivity experiments) comnpy them using
the following "quasi-linear” concept. Only when computimgndb we suppose that during the
driest period the values of evaporation and precipitationm(m- y~1) in the Black Sea equal
the present-day Caspian Sea ones. Thus the Caspian Ses inddggated over the Black Sea
and its watershed are used to compute the extreme indiaesb (during the driest period).
The state of the sea corresponding to the extramuedb indices is represented by the crossed-
square. Itis also supposed that the values of indices dalitignes can be computed by linear
interpolation between the present-day ones and the "toesss. In this way, we postulate one
possible evolution scenario presented in Eigl 4.4 by thaethbne.

Ther = constlines give the states under which sea level in enclosed $asias not change.
This follows from Eqs[4]5 and4.4. Under the assumptionyald, = D; = IMR = 0) the
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Table 4.6: Values of 4 and 1" used in sensitivity (SENSO-1) experiments to modify ptesmnhorizontal distri-
bution of hydrological components in the Black Sea basinvaaigrsheds in order to estimate response of the sea
level. Values in the first row ("wet condition”) correspona the present-day situation in the Black Sea catchment
area and values in the last row ("dry condition”) correspotaithe present-day situation in the Caspian Sea catch-
ment area. Other values are linearly interpolated. We asstimat during the dry periods Black Sea hydrological
regime tends to the present-day Caspian Sea hydrologigahes

SENSO a" p"

Black Seal 1.4000 0.7000
Black Sea2 1.6500 0.6250
Black Sea3 1.9000 0.5550
Black Sea4 2.1500 0.4750
Black Sea5 2.2750 0.4375
Black Sea6 2.4000 0.4000

former equations together with Eqs.4.11 &nd#.13 Iea%{[‘—’t@: 0, that is, sea level is constant.
The fastest transition from enclosed basin to estuaripe-basin is along the normal to=
constlines, thus the one corresponding to the dashed line is tddbat state. It is certainly true
that the real situation of changing climatic patterns is momre complex (involving multiple
non-linear mechanisms), and the above considerationddstwrefore be regarded as a very
coarse approach to reconstructing poorly known (docund¢ipizst climate changes.

4.3.3 Results

We perform two control simulations (CTRL-1 and CTRL-2). ITRL-1, forcing functions
(water fluxes) are kept constant throughout the whole pdiiatle [£.4 and first row of Table
H.3). In CTRL-2, forcing functions are constructed fromadptesented in Section 4.2.2 (Table
H.3). Standard depth of the sill in our computations is -40Both CTRL simulations show
that the Black Sea has a positive water balance if the basimatt parametera andb do
not change. Therefore its level stays at the sill depth duttre time when the Mediterranean
(global) sea level was lower. This situation does not acaatea catastrophic flood at the time
of the reconnection with the Mediterranean.

Several sensitivity (SENSO) experiments have been caoigdaiming to answer the ques-
tion: how much should the basic meteorological and hydiokdgonditions in the Black Sea
catchment area change for the Black Sea level to decrease thed sill depth? As mentioned
earlier, a low-stand of sea level could make the catastoogif@nario of reconnection plausible.
Changes in meteorological and hydrological conditionslaseribed by changesa&andb (not
only large-scale evaporation and precipitation, but aésalisea contrasts).

We carry out two sets of sensitivity (SENSO) experimentghénfirst one (SENSO-1) present-
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day water fluxes are modified using combinations of congtaandb" (Table[4.6). Using the
Black Sea topography enables us to compute the evolutidredBtack Sea level starting from
the sill depth at 21 ka BP. The sea level stays at the sill dgpitilow to the Mediterranean) for
the first three pairs of values af' andb" in Table [£6 (see Fig[—4.5). Only after the indices
change so thad" > 2.15 andb" < 0.47 (see also the first row of Table_}.5, which gives the
present-day values) the sea level starts to drop below fttdepth. An increase in evaporation
and a decrease in precipitation above the sealo625 andv-1.6 times, correspondingly, results
in a drop of the Black Sea level t670 m below the present-day sea level (Eig] 4.5). In order
to achieve a sea-level drop of 140 m, as speculated in somestthe increase of evaporation
and decrease of precipitation has to be 1.7 times the presgntalues, that is the dryness
conditions in the present-day Caspian Sea.

Using the "quasi-linear” approach described in Sectionv@gZarry out two SENSO-2 exper-
iments, in which the transition of the Black Sea between tiesgnt and lake-state follows the
dashed line in Fid4l4. In the first experiment (light blueelin Fig.[45) we use present-day
forcing modified by variabl@” andb" (Fig. [4.8).

In the second one (magenta line in Hig.]4.5) the paleo-rénaried forcing is modified as
described above with variab& andb" (Fig. [48). It is noteworthy that in the two SENSO-2
experiments the concept abaltandb" is the same, that is we suppose the same general change
in the climate. In one of the experiments, this change mdesildne present-day precipitation
and evaporation, in the second one, it modulates the ptatign and evaporation constructed
from proxy data. The latter does not well resolve the langamccontrasts.

The evolution of sea level (under enhanced contrast in ¢éjmaveals two lows, one during the
LGM and another one o£104 m at about 11520 yr BP. The structure of the improved paleo
forcing (constructed using the concept of variadl@ndb) is very important, as demonstrated
by the comparison between CTRL-2 and SENSO experiments. Bldek Sea level returns
to sill depth (-40 m in our standard experiment) at about &8P, that is about the time of
"catastrophic flood” as specified by Ryan et al. [2003] (8.dalibrated ka BP is between 9 and
8.7 calendar ka BP when calibrated according to marineGzhlidration curvel/[Hughen et al.,
2004 with Calib software [Stuiver and Reirner, 1993]).

We recognise that the data used in the above computatiorsshaery low temporal resolution.
Furthermore, the possible time of reconnection with the kednean depends on how we
specify the sill depth (Figd—4.7), therefore, we performddidonal computations with various
sill depths (40 m, 30 m, 20 m). Observed sea level rise foouarsites according to Fairbahks
[1989] and Tushingham and Peltier [1993] is also given in. Fg4 (all data are plotted in
calendar years).
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Figure [438 shows the transport through the Bosporus Staitdhe CTRL-2 and SENSO-2
experiments. Maximal transport appears at 15 ka BP for gdeaments with reconstructed
paleo-forcing (CTRL-2: present-dag/' andb", and SENSO-2 paleo: variab& andb" as
given in Fig. [ZB), reaching a highest value of about 488 -y~1. This presents an about
two-fold increase compared to the present-day situatiomf@are black and blue lines in Fig.
K8 (outflow for reconstructed paleo-forcing) with red I[{8ENSO-2), which is outflow for the
present-day forcing modulated by variabéd8sandb").

One could ask the question about how accurate the estinmatssd level in inland basins can
be. Knowing that estimates about precipitation and evdjporare among the most unreliable
meteorological parameters, the answer of the above questiems not to be very optimistic.
Considering the method presented in this chapter as a loregrwe could expect errors in the
estimates of outflow through the straits, which are comparathe errors in the water budget
estimates. One rough example follows from the data preddiyw£heddadi et all [1997]: for
6 ka BP,P — E in NW Europe including the Alps was 50-250m-y—! less today, while in
eastern Europe and western ABia— E; was 50-200mm-y—* greater. Any errors comparable
with the magnitude of changed climatic patterns would taawdrrors in budget (water outflow
estimates) about 10 to 50 percent of the present-day valNesertheless, there is no place
for pessimism here, but rather for motivation to deepen tigetstanding on the watersheds’
hydrological budgets.

4.4 Discussion and Summary

The analysis given here demonstrates one step in bringgegtier meteorological, hydrolog-
ical, and oceanographic approaches to address climatgeharhe last 20 ka. Reconstruc-
tions of hydrological changes in the Black Sea catchmerd heve been carried out using
present-day data, paleo-observations, and theoretinalderations about hydrometeorological
conditions of watersheds. The theory accounts in a verylsimpy for the changing land-sea
contrasts in the large-scale evaporation and precipita@@terns. Water-budget analysis agrees
quantitatively with some available geological observagio

According ta Ryan et al| [2003] the low stand (105 m) of thedRI&ea appeared between 13.4
and 11 ka BP. In our scenarios with enhanced aridity, a lavdstd 104 m is simulated at 11.5
ka BP, but our computations fail to identify the second loanst (-85 m) in this period (8.5
ka BP) suggested by those authors. In our simulations, taekBbea reaches its outlet at 7.4,
8.2 or 8.8 ka BP depending on the sill depth (20, 30 and 40 npentively). According to
various data sources [elg. Fairbanks, 1989, TushingharReltier, 1993], the Mediterranean
sea level would have reached -40 m around 10.6 (Barbadd&sjGauf of Messenia) and 8.9
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(Roussillon) ka BP. At those times, the Black Sea was 84, Bl144nm below the present-day
sea level. For the sill depth at 30 m below the present-dayesed Mediterranean sea water
should have spilled into the Black Sea at 10.3 ka BP (Barbhaudgor the observed sea-level
rise at the Messenia and Roussillon sites reconnectiondameiimore likely gradual because
the two basins reached the sill level at about the same tim2,ka BP. This scenario (sea
level described by the observations in the Messenia anddilaussites) seems to be rather
in agreement with statistical analysis of dinoflagellatst@ssemblages [Mudie et al., 2004]
which does not support the idea of the sudden (shorter thesy§Glooding of the Black Sea.
Obviously, more precise data would be needed to argue aheuirhing and nature of the
Black Sea-Mediterranean connections. We recall that schalhges in dryness could change
the above conclusions.

The major results can be summarized as follows. Qualitgtiveth SENSO-2 (present and
paleo) experiments give very similar results. Compariraylegels for both simulations (Fig.
H.1) reveals that both minima appear at about the same tiraesdcond minimum (Younger
Dryas) having almost the same magnitude in the two expetsndihe differences at the LGM
between two experiments are probably due to uncertaimtigstial conditions.

The qualitative agreement between both experiments ansughgort found in some observa-
tions give credibility of theoretical reconstruction, whireplicates the major climatological os-
cillations since the LGM. The sensitivity experiments destoated that climatic conditions in
the Black Sea area should significantly change in order tdtriesa descent of sea level 8140

m below the present-day sea level. Such a transition coufabbsible only ifthe decrease of
precipitation and increase evaporation above the sea arnmuat least~1.7 times the present
values Comparing this result with present-day observations.(Fagof |Stanev and Peneva
[2001]) we see that the fresh water balance undergoes immegh changes with amplitudes
larger than 1&n?-y~1, which is more than half of the mean fresh water flux. Extregniégh
deviations from the mean ef 2 x 10?kn? - y~1 are observed during 1941 and 1981, however,
these anomalous events had durations of several yeardomwing that the hydrological con-
ditions have changed in the past we cannot exclude a possifithe low stand of the Black
Sea level at the time of reconnection with the Mediterrar(eate that ocean curves in FIg. }.7
are above the Black Sea ones between 11 and 7 ka BP). Obvidaslyer and more accurate
analyses are needed to answer the question about the paletian of the Black Sea level. We
expect that new, well-dated geological measurements snatf@a will help to further constrain
changes in the water budgets [Bahr etlal., 2005].
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4.5 Figures
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topography of the Eurasian ice sheet (EIS) at the LGM accaytt r ]. Red line is Eurasian ice sheet
margin at the LGM according tb Peltle 4]. EIS margin ] is in good agreement with the
LGM ice margin reconstructed by the QUEEN project [Svendset, i 04]. MP
and the red arrow indicate the location of Manych Pass, 26 r.ASindicates Roussillon (42.7N, 3.1E) and M
indicates Gulf of Messenia (37N, 22E), sites with paleocolegions of the Mediterranean sea level.

Figure 4.1: Orography, bathymetry, major rivers in the Black (B) and %as (C) Sea catchment areas and
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Figure 4.2: Orography, bathymetry and rivers of the Black Sea catchraea (lighter area). This map is used to
calculate water fluxes in the Black Sea catchment area. Natele color key applies only for the lighter area.
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Figure 4.3: River discharge, precipitation, and evaporation in the édand Caspian Sea as reconstructed in
section 2.2.4. Full lines are for the Black Sea and dasheskleare for the Caspian Sea
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Figure 4.4: Phase diagram of climatic indices. This diagram gives amidleout the possible evolution of climates
in the Black Sea and Caspian Sea area. The empty circle aratesglisplay the present-day states of Caspian
and Black Sea, the crossed square gives the extreme Blackt&eahat corresponds to the present-day state of
Caspian Sea. Note that we show here indices which are notalmed. The full lines display runoff factor r
computed from Eq.4.4.
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Figure 4.5: Black Sea level. The black, red, blue and green lines ardtsesithe SENSO-1 set of experiments. The
black line is valid also for both CTRL experiments. For CTRId 8ENSO-1 experiments hydrological parameters
a" and B' are constant throughout the whole period as given in Tab& #he light blue and magenta line represent
results from the SENSO-2 experiments. In the latter exgatifmydrological parameters'and B' change in time
(Fig. E8) to distinguish dry (LGM, Younger Dryas) and waiget of Lateglacial, Holocene to present transition)
periods. The black line corresponds to the case withrad b' taken from the first three rows in Table 1.6, the red,
green, and blue lines correspond to the cases Withrad b' taken from the fourth, fifth, and sixth row in TallIe]4.6.
The light blue line is for the present-day forcing modifiedvayiable d' and B' (SENSO-2 present), the magenta
line is for the paleo-reconstructed forcing modified by abte d' and B' (SENSO-2 paleo). First minimum in
SENSO-2 experimnets is shallower then the second onedunlgome other paleo reconstructions) because the
integration is initiated from-40m.
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Figure 4.6: Variations of the hydrological parameters in the Black Se&khment area. Dry conditions (largé'.a
small B") correspond to LGM (21 ka BP) and Younger Dryas (13.4 ka BRjlewet (small a, large b) conditions
correspond to onset of Lateglacial (15 ka BP) and to preskt-
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Figure 4.7: Black Sea level for various sill depths. Green rectanglgsasent global sea level rise as recon-
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Chapter 5

Black Sea level sensitivity to the changes of
hydrologic cycleﬂ

Hypsometric and water budget analysis of the Black Sea limgarformed with topographic
(ETOPO2) and hydrological (ERA-40 corrected with obseorgtdata. According to a simple
theoretical consideration one critical parameter comtigthe Black Sea level could be the ratio
between the continental and maritime area in the catchneat &everal idealized cases and
two cases inferred from observations have been studiedigr ¢o investigate the sensitivity of
the Black Sea level to the changes of components of the hygiaal cycle. Our study indicates
that is possible to have the Black Sea level drop down for &ah60 m in 1000 — 2000 years
if precipitation decreases slightly more than evaporatibarthermore, the sea level is more
responsive to changes of continental components of hygibycle (i.e. river discharge) then
to changes of maritime exchange of water fluxes.

5.1 Introduction

Geological observations reveal that throughout the pastrlion years the Black Sea has
predominantly been a freshwater lake interrupted onlyflgri®y saltwater invasions coincident
with a global sea level high-starid [Ryan etlal., 2003]. Die¢aldrom the global sea and neglect-
ing changes of the Black Sea catchment area due to the eottesfsihe Eurasian ice sheet we
can assume that changes of the Black Sea level depends athlg ohanges of the hydrological
regime in the Black Sea catchment area. According to availaiservations [Mangerud et al.,
2004, Svendsen etlel., 2004], this is true at least sincedteglacial inception (about 15 ka BP)

1The manuscript based on this chapter is submitted for patidic with the special issue of Quaternary Inter-
national
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to the possible time of the last reconnection of the Black \8igathe Mediterranean (about 8
ka BP). In our recent manuscript [Georgievski and Stane@6Pve provide a sensitivity study
of the Black Sea level changes to the changes of the hydoalbgondition on the continental
part of the Black Sea catchment area. Hydrological conustiwwere constrained with available
paleo-observation [Tarasov ef al., 1999, Sidorchukle?2@03, Klimanowv, 1997, Velichko et al.,
2002 ) Cheddadi et al., 1997]. Precipitation and evaparatimve the Black Sea during that pe-
riod (~15-8 ka BP) remain unknown, therefore, for our sensitivityg, we assumed that the
Black Sea level oscillations were driven by changes of tlirdipgical cycle above the sea only
(increase of evaporation and decrease of precipitatiomgldine cold period, and increase of
precipitation and decrease of evaporation during the waernog@). Since geological observa-
tions have low temporal (and spatial) resolution, and threynat available for all hydrological
parameters, we are motivated to investigate sensitivitheBlack Sea level to the change of
each of themi.e. maritime and continental precipitatién E:) and evaporatiorey, Ec). Sim-
ulation with EMIC described in chapter 2 motivate us to dadiliely estimate relation between
continental and maritime hydrological cycle and their icip@n the Black Sea water balance.

In the next section, we provide brief theoretical consitleraabout the sea level. In section
description of the data and methodology are provideduReare described in sectibnls.4,
followed by the disscusion in sectibnb.5.

5.2 Theoretical consideration

We can get general ideas about the governing parametetefees level change, if we consider
the rate of the change of sea ley@ /dt) against the hydrological componeiiBs, Py, Ec, En):

dZ/dt = (Pm- Am/Am—Em- An/Am) + (Pe- Ac/Am— Ec- Ac/Am) , (5.1)

where "A” is area, index " is for maritime, and ¢” for continental, 'P” is for precipitation
and 'E” for evaporation. Both sides of the equati¢n{5.1) could heéded by E¢ - Ac/Am in
order to get a non-dimensional equation:

EmAm
EcAc

dz* /dt = R’ +R", (5.2)

whereR:.* = P;/E; — 1 is the continental contribution arf®y* = Pyn/Em — 1 is the marine
contribution to the non-dimensional relative sea l&Vek % . % For the Black Se&:* > 0

andRy* < 0. From Eq.[BR it becomes clear that for the constant hydicé conditions
(Pe, Pm, Ec, Em = const) the critical parameter for the Black Sea level is the ratiwieen the

maritime and continental are&,/Ac.
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5.3 Data and methodology

To estimate precipitation and evaporation in the Black $¢ehtnent area we use the European
Center for Medium-range Weather Forecast (ECMWF) Re-aia{iERA-40, Simmons and Gibson
[2000]) data corrected with the present-day observatidme @rocess of optimizing data is de-
scribed into details in Georgievski and Stanev [2006], amdHe purpose of our study we will

use results from table 4 in that pa&r‘l’he area of the basin (continental and maritime part) is
calculated from watershed delineation and topographecastiescribed \n Georgievski and Stanev
[2006)].

According to ETOPO2 data, at present ddyig/ A is about 0195, and for the sea levels 50,
100, and 150 m lower than today, it would bel®1, Q135 and 0127, respectively. If we
consider enclosed the Black Sea basin with the present-dagwfor P, E and A, the water
balance of the basin would be positive. Thus, resulting iealevel rise of about 1&m.y 1.

If we assume that the sea level is 50, 100, and 150 m lower thaayt the ratio between
maritime and continental contribution would be changedviatier balance remains positive,
and the sea level would rise 14.3, 13.4 andm®- y 1, respectively (Fig.[.5]1). Although
declining, the water balance remains positive and hydiogdgomponents need to be changed
in order to result decrease in the sea level. If we assumettbse changes are in the limits of
their standard deviation for the present-day data caledlabm ERA-40 reanalysis, it could,
in some case result, in negative water balance. For exanfiple, assume that precipitation
Pm.c = Pmc — Op,,. (Over-line indicates average amdis standard deviation) and evaporation
Emc=Emc— Ok, are decreased to their lower values, the sea level woultyal8mm: y 1
for the present-day sea-land ratio (SO line on the [Eid. Sut)tlwould still rise by 0.7, 1.3 and
1.5mm-y~1, respectively for the sea level at -50, -100, -150 m isobatlosvever, if we assume
that precipitation is decreased and evaporation increfasdideir respective standard deviation,
it would result in an univocal sea level decrease, by 42.1229, 22.8nm-y~L. If we assume
the case inferred from geological evidence, that isi®@ y—* less precipitation and assuming
that evaporation remains at the same value, sea level woafddbwn 19, 11.8, 9.6 and 8.6
mm-y~1 depending on the sea land distribution. Assuming that thes 450mm-y 1 less
precipitation, the sea level would decrease at the follgwates: 89.2, 63.9, 55.5 and 51.7
mm-y~1 for initial levels 0,50,100, and 150 m below level of the Erasday.

From the analysis presented above, we can conclude thataheicertain hydrological condi-
tions not so far from the observed one, even at the presentite could result with negative
water balance on the annual time scale. However, what resmoaiknown is for how long should
such a condition last to result in a significant sea levelegse. That issue would be considered
in the chapteld6.

2Refer to Chaptdfl4 and Tadle®.4 in this thesis



5.3. Data and methodology 73

In order to test the sensitivity of the Black Sea level to tharges of the hydrologic cycle the
same water balance equation for the closed basinlas in @gskijand Stanev [2006] is used.
The time rate of change of the lake volulive

dW/dt = (P — Em)An+R—D (5.3)

where(Pyn— Em)Am presents maritime components of the hydrologic cycle precipitation—
evaporationabove the Black Sea (indew is for maritime);R is river discharge or the conti-
nental part of the hydrologic cycle, i.@recipitation— evaporationrabove the continental part
of the Black Sea catchment ardy;is the transport through the Bosporus Straits.

Our aim is to estimate how much should each component of tieolggical cycle in the Black
Sea catchment area change in order to have a drop down of #ok Blea level about 100
m below the present day sea level as inferred by geologic®rehtion|[Ryan et al., 2003]. In
order that the sea level drops down precipitation shoulcoestised and evaporation increased,
or what is more likely, precipitation has to be decreaseghsilif more than the decrease of
evaporation. First, we investigate theoretical caseslif one of the components changes. That
is, we will decrease only maritime or continental precippita and increase evaporation (Table
51).

Table 5.1: Idealized experiment in which only one component of thedigdical cycle changes. All values are in
mm-y~1. Signs™”,” +”,” 0", indicate direction of change where” indicate decrease, %" increase and '0”
no changes of the hydrological parameter.

maritime continental
Pn | Em P. | Ec
present day 509 | 802mm-y~! | 713| 574
P — 0 0 0
P 0 + 0 0
Em 0 0 — 0
Ec 0 0 0 +

Second, there is a possibility that the precipitation ats@aeand land decreases, but evaporation
remains the same, or precipitation remains the same, bugvgoration above sea and land
increases (Tabled.2).

The former case is suggested by Tarasovler al. [1999] for #s glacial maximum (LGM).
According to them at the LGM, there were 450 to #@n-y—! less precipitation at several
sites in the continental part of the Black Sea catchment arege the drought index suggests
similar or slightly wetter conditions compared to todayrtharmore, they suggest that for the
regional water balance decreased precipitation was lgssrtant than decreased evaporation
due to lower-than-present temperature. However, Ryan [&G03] suggest that a cold climate
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Table 5.2: Experiments in which only maritime or continental compdsaei the hydrological cycle changes for
the same rate. All values are in myr!. ”—" indicate decrease, %" increase and '0” no changes of the
hydrological parameter.

maritime | continental
Pn | Em| P | E

presentday | 509|802 | 713| 574
Pm, Pe - | 0| — 0
Em Ec O | +] 0| +
Pm, PcandEn, Ec | — | + | — +

mode corresponded with an expanded lake and a warm climade mih a shrunken lake.
According to them, the Black Sea oscillations are mostlyeiriby an increase of evaporation
during the warm period which predominate the increase ofipitation. However, none of
aforementioned authors makes clear the distinction betlez continental and the maritime
part of the hydrological cycle. According to the simple ttetial consideration in secti¢n®.2
water balance should be sensitive to the changes of thenemtidil and maritime area. Ac-
cording to our sensitivity study [Georgievski and Stanéd)é] and our results with the Planet
Simulator (refer to Chaptéd 2), maritime and continentahponents of the hydrologic cycle
should change non-linearly or quasi-linearly as a resptmtige change of the sea-land distri-
butions. Therefore, in the third set of experiments, we avestigating cases when parameters
of the hydrological cycle change non-linearly, i.e. evapion is decreased slightly less than
precipitation.

A similar approach is applied for available observationsing available reconstructions of pre-

cipitation for the LGM [Tarasov et al., 1999] and Younger BsyKlimanov| 1997, Velichko et al.,
2002] we have estimated how much should evaporation changeler to draw down the sea

level to the observed value.

5.4 Results

Several sensitivity experiments are performed in ordeesd the response of the Black Sea
level to changes of only one component of the hydrologicalecyTable[51l and Fig[—3.2).
Considering precipitation only (Fi§. 5.2[a) gnd 5.2(b)}urns out that for the Black Sea level
changes of continental fresh water fluxes are more impotfi@rthe maritime ones. Fif. 5.2(a)
indicates that even in the limiting case of very small maréiprecipitation®,, — 0), if all other
components remain the same, the Black Sea level drops do@@+@3 m and remains stable at
that level. In the limiting case whd® — E, i.e. R= 0, the Black Sea disappears in about 7000
years (0805x P line on the Fig[5.2(b) shows that the sea level drops downtabh@00 m in
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about 3500 years, it will take another 3500 years to dry ceiBlack Sea). Itis also interesting
to note that if°. decreases by only 15% i.e. 16¥n-y 1, it will take about 2500 years to draw
down the sea level to 150 m below the present day lev85(R P; line on the Fig.[ 5.2(B)).
Considering evaporation above the sEg)(similar results turn out for the double increase of
Em, i.e. the Black Sea drops down in 2000 years to -150 mEz, line on the Fig[5.2(¢)). For
the increase of the continental evaporatigg) ©f 1.175x more than present-dds, the Black
Sea level drops down 100 m below the present day level in 38@@sy In the limiting case
Ec. — P, i.e. R= 0 same as before, the Black Sea dissapears in 7000 yearsgiem@8d5x P.
line on Fig.[5.2() and (242x E¢ line on Fig.[5.2(d). Considering the individual change of
maritime and continental components of the hydrologiceyrie can conclude that the Black
Sea level would have a more significant response to the chavfgeontinental components
i.e. river discharge than to the maritime components. feuntiore, considering only maritime
components it turns out that changes of precipitation agégible for the sea level compared to
maritime evaporation. This is in accordance with Ryan g2803] which claim that the Black
Sea drop down is driven by evaporation. For the continerdalponents the rate of change
(increase of evaporation and decrease of precipitationplsamilar response of the Black Sea
level. For example, one combination to achieve no-runaifigions is the following E has to
be increased 24.2% aid has to be decreased 19.5%.

Fig.[5.3 (and TablE®l 2) indicate cases when we test decoépsecipitation P) and increase of
evaporationk). Fig.[5.3(d) is the case wh&y andP. change for the same rate and evaporation
remains the same. Fig. 5.3(b) is the case wgandE. change by the same rate @hdemains
the same. Fig[ 5.3(c) whef) is decreased and] increased. Similarity df5l3 with 5.2{b)
and[5.2(d) indicates that continent& @ndE;) components of the hydrological cycle have a
predominant role on the Black Sea level. However, changesaoitime components$, and
En) amplify, i.e. speed up the process of decreasing the seé IEer the cases of no-runoff
(0.805x P line on the Fig.[5.3(§) and.242x E line on the Fig.[5.3()) Black Sea dries out
in about 4000 and 5000 years, respectively. The latter sthls case when botiP) and E)
change (Fig[[5.3(F)). Comparing the results from Figs. Bd@3, it becomes clear that river
discharges play more important role for the Black Sea ldaah the maritime flux exchange.

Our third set of experiments is designed in accordance tatgty with Planet Simulator (see
ChaptefR). Results there indicate that changes of topbgrapa-land mask and surface char-
acteristic influence the non-linear response of the hydioloomponents. For the globe, most
of the experiments indicate that evaporation above the se#gdvincrease, while the maritime
precipitation would decrease. Exception is the PELT case.céntinental components, in all
of the experimentsk is decreased ank; too, not only in the TOPO experiment (see Table
23 in Chaptel]2). However, in the Mediterranean catchmeat all experiments except TOPO
show univocal decrease of all components of the hydrolbgigae (see TablE2l5 in Chapter
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). This is in qualitative agreement with the geologicalaation for the Last Glacial Maxi-
mum (LGM) [Tarasov et all, 1999]. Therefore, here we perfarsensitivity study of the Black
Sea Level response to the decrease of hydrologic cycle coempe. FigC5M shows three cases
of weaker hydrologic cycles, i.e. both precipitation andmwation are decreased by a certain
amount. The former has to be decreased more than the lettedlen to have a decrease in the
sea level. Fig[ 5.4(h) present cases in which precipitgf®rcompared to present day is de-
creased from 35% to 95% and evaporatiBj is decreased from 25% to 94%. It is interesting
when precipitation is decreased to 65% of its present-dayevad his value is suggested for the
East European Plain at Younger Dryas [Velichko &t al., 2002lrns out that evaporation has
to be decreased to 75% of its present-day value in order te aalecrease of the Black Sea
level of 150 m in 4000 years. We have also investigated ottemretical cases in order to find
out if there is a limiting case for which evaporation and jp#ation could be decreased for the
same amount to have a decrease in the sea level. It seemsithat sase does not exid®.
should be decreased more tHamo cause a sea level drop down. If they decrease by the same
rate, the sea level does not change.

Two interesting results were inferred from the geologicestations. The first case is for the
LGM. According to_ Tarasov et al. [1999], there was 450-7%®- y—1 less precipitation at the
several sites around the Black Sea. We take a lower estira@ie average for the whole Black
Sea catchment area, i.e. 460n-y~! less precipitation than today. However, Tarasov 2t al.
[1999] provide only qualitative estimates of evaporatiand it is not easy to interpret drought
index. Here, we provide estimate of how much should evajmoralecrease in order to make
the sea level drop down (Fig. 5.4(b)). Another case is fomgmr Drayas. Fid. 5.4(c) is exactly
the same as Fid. 5.4{b), although it presents a differembg€¥ounger Drayas) and changes
of hydrologic components for different amounts. For exafpt 450mm.y—* lessP and 350
mm-y~! lessE than present, the Black Sea level drops down by 150 in 120§ (&i4(D0)).
The same sea level decrease could happened during the Ydbnges for a decrease of 150
mm-y~1in precipitation and 5énm-y~—* less evaporation than at present (fFig. 5]4(c))

5.5 Discussion

There were several studies during the last 10 years disgupsissible scenarios of the Black
Sea reconnection with the Mediterranean (see Georgienskstanevi[2006]) and reference
therein). Those studies more often relied on geologicaéagion than on numerical mod-
elling. Therefore, results are controversial due to litiotas of geological methods, for ex-
ample dating remains uncertain, and there are sparse Ispradidemporal resolutions. Based
on the water balance equation and topography of the Blackc&ehment area, we provide
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guantitative estimates of how much should components ofiyleological cycle in the Black
Sea catchment area change in order to cause a sea level dvap Qur study indicates that
is possible that the Black Sea level decreased by about 1501000 — 2000 years at LGM
and Younger Dryas if precipitation decreases (4560 y—* and 150mm-y—! respectively) and
evaporation decreases slightly less than precipitatiamweyer, evaporation is even at present,
one of the most elusive meteorological parameter. It is atfan of temperature, wind, and
humidity, all of which are interdependent. Regression (aittitorrelation) model between
present day evaporation (and all the parameters that itndispen) and the past climate con-
ditions inferred from available modelling study and datatkegsis (Paleoclimate Modelling
Intercomparison Project (PMIP) Joussaume and Taylor [p@@ld be the way to resolve the
big question if there was a catastrophic flood on the BlacksBe# or the gradual reconnection
with the Mediterranean.
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5.6 Figures
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Figure 5.1: Changes of the sea level as a response to the changes of tyidadlcomponents ((a):P(b) Ry, ()
E. and (d) B, in mm-y~1) and ratios between sea and land coverage. SO is for the preisy sea level, S50,
S100 and S150 for the sea level at 50, 100 and 150 m lower tlokarytcespectively.
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Figure 5.2: Changes of the Black Sea level, depending on change of oalgamponent of the hydrological cycle
a) maritime precipitation (R), b) continental precipitation , ¢) maritime evaporation (&) and d) continental
evaporation (E).
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Chapter 6

The Black Sea water balance during the
past glacial cycle

The present-day hydrological data for the Black Sea catoharea are considered in parallel
with the global and regional geological observations fer plast~160 ka. Using hypsometric
function and water balance equation the Black Sea level aBadBbsphorus outflow for the
last glacial cycle are reconstructed. Our study indicatssible timing of the Mediterranean
and Black Sea reconnection events. It yields that the resxiom during the last deglaciation
was more likely gradual, while the penultimate deglaciattould result in a sudden infill of
the Black Sea. Furthermore, we provide estimates of the@h through channels (Turgay,
Uzboy, Manych and Bosphorus) between the Eurasian inlasiddé_ake in the West Siberian
Plain, Aral, Caspian, and Black Seas) at the time of theisterce. From the analysis of
reconstructed hydrological forcing it turned out that higlguency hydrological variations
even with higher amplitudes do not cause substantial se@ldbanges. However, a moderate
hydrological shift towards dry climate would result in theadevel decrease if it lasts for a
sufficiently long time. Thus, for the Black Sea level, theation of hydrological shifts towards
dry climate is more important than the amplitude of change.

6.1 Introduction

The Eurasian inland basins and watersheds experiencediticathanges during the Quater-

nary glacial cycles. At the present-day, the Caspian antl @eas are enclosed inland basins

detached from each other, while the Black Sea is weakly adadewith the Mediterranean

through the Strait of Bosphorus. However, this was not a paent configuration during the

Pleistocene. Due to glacio-eustatic sea level changed 20 m the Black Sea detached several
82
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times from the Mediterranean. Geological evidence inégahajor changes of the Eurasian
continental divide, including watersheds’ extensiongnges of sea levels of the inland basins
and the water transport through the passages betweenithangfvud et all, 2004, Ryan ef al.,
2003, Grosswald and Hughes, 2002, Boomer et al.,|Z000, Masn&897]. The region of our
interest is shown on Fig. 1.1V - 116°E and 33N - 86°N). These are the present-day Black,
Caspian and Aral Sea catchment aﬂemd watersheds of rivers of the West Siberian Plain, Ob
and Yenisei. The subject of our interest here is their exmbuduring the Late Pleistocene with
the focus on the Black Sea level and the water transport girthe Bosphorus Strait.

Recent research published by Ehlers and Gibkard [2004] teasded an invaluable resource
for studying Quaternary glaciations. However, it does mofag beyond qualitative estimates of
extensions of the ice-sheets and mountain glaciers. Qatwei understanding is still limited,
e.g. the amount of melt water from mountains (Alps, Car@mesti Caucasus, Anatolian Mt.,
Altai and Kazakh hills, Ural, Pamir) that could contributethe Black Sea water balance. To
the best of the authors knowledge, by the time of preparirsgdtt, quantitative reconstruction
of the Alps Dome during the LGM is not available either. Ap@oim the sparse data, another
source of limitations originates from the fact that geonmmipgy is influenced by tectonic ac-
tivity and isostatic adjustment. Furthermore, heightshefpossible water channels (passages)
between inland basins appear to be areas of strong geolctyittya as well as sedimentation
and erosion. Since these uncertainties present a hugationtto an exact reconstruction of
the evolution of Eurasian catchment areas we propose analitee approach. Our approach is
based on a positive correlation betwd®n E andT established in the chapfdr 2 and sensitivity
analysis described in chapfér 4, complemented with aveilgéological observations includ-
ing 880 isotope oscillations identifying of wet and dry periodsidgrthe Late Pleistocene.
Present-day topography is used for volumetric calculaiwhGlacial Melt Water (GMW) con-
tribution is estimated from Peltier [1994] paleotopognadhis aim to bring these data together
in order to reconstruct hydrological conditions in the Bl&ea catchment area and its sea level
for the past glacial cycle.

The text is organized as follows. Sectionl6.2 contains & brimmary of the geological pro-
cesses in the region during the past glacial cycle. Data asttiods are presented in section
[63. Experimental setup is described in the sediioh 6.#vi@d by the results and discussion
in sectiof&.b. Summary and outlook are provided in se¢fiin 6

1To make our presentation more understandable we will usitiosving terminology: catchment area of the
inland sea refers to the watershed and the basin, i.e. wéeserin watershed to name the continental part of the
catchment area and the term basin to name marine part (in&a)d
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6.2 Extension of the Black Sea catchment area during the
glacial cycle

During the extreme glaciation, the Eurasian Ice Sheet (Bhf)the geomorphological charac-
teristic of the northern coast of Eurasian continent (Eidl) inade it possible for north flowing
rivers to be dammed and together with the Glacial Melt WaBvY{V) re-directed to the south.
One possible river route would form as a consequence of thenBaKara Ice Sheet advanc-
ing on the land, damming and re-directing rivers of the Welségan Plain (Ob and Yenisei)
to the southern inland seas (Aral, Caspian and Black Seajordmg to a recent EIS recon-
struction in the frame of the Quaternary Environment of thiealSian North (QUEEN) project
[Svendsen et al., 2004, Mangerud €etlal., 2004], the last tedeections of Arctic rivers hap-
pened 90 - 80 ka BP. However, there are authors [Grosswaltiagdes| 2002, for example]
arguing that such an event happened even during the LGM.d8uppthe latter speculations
can be found in_Peltier's [1994] data, an earlier reconsitvo®f the ice sheet paleotopography
(past 21 ka) based on glacial isostatic adjustment (GIAw&l@r, a newer reconstruction of
the same author _[Peltier, 2004] is rather in agreement viaéhréecent QUEEN’s-project ob-
servations|[Svendsen et al., 2004, Mangerud et al.,| 2002 daes not support damming and
re-routing of Ob and Yenisei during the LGM. Transgressibthe Arctic Ocean seems to be
more likely during that time [Svendsen et al., 2004].

New waterways to the south could be created, if the margih@&lS intersects borders of the
Caspian or Black Sea catchment areas (from abotE 26 55E, see Fig.[[1]1 for location),
thus, blocking the route of the north-flowing rivers. Theidgtof these possible events is still
a controversial issue, but according to geological obsenvat seems that one such event is
dated about 18 - 17 ka BP [Mangerud €etlal., 2004]. At that timwers flowing to the Baltic Sea
were dammed by the Scandinavian ice sheet, therefore nagdrévom a considerable sector of
the ice sheet and northwest flowing rivers were re-direatgte south to the Volga River. The
above mentioned possibility has been supported by the réoesheet reconstruction at the
LGM [Svendsen et all, 2004, Peliier, 2004]. Furthermorepeding to Svendsen etlal. [2004]
the EIS advanced farther to the south during the PenultiGteial Maximum (PGM). It seems
that, at that time, the Ob and Yenisei as well as the Volga gystem contributed to the Black
Sea water balance.

Not only little is known about the precise time, but also ableow much glacial melt water
was discharged into the northern Black Sea. Utilizing thecept of modern analogue channel
geomorphology Sidorchuk etlal. [2003] estimated that therrilischarge of Severnaya Dvina,
Mezen, Pechora, Volga, and Don during the last deglaciaioaunted to twice their present
volumes. Paleochannels connecting individual basingestao shallow at 15 to 14 ka BP.
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Analyzing gravity cores from the continental slope in thetheestern Black Sea, Bahr et al.
[2006] provide qualitative estimates of possible sourdd3lack Sea waters in the period 28.5
ka BP — 8 ka BP. Due to the Caspian transgression, these waarialghelt water. Dnepr and
Don also drained proglacial waters. Danube showed vari@ibeharge due to melting of the
Alpine glaciers. Don lobe reached its maximum earlier in @uaternary|[Svendsen et al.,
2004, Velichko et gl!, 2004].

Furthermore, extreme glaciation could probably providenssybility for the rivers discharg-
ing at present in to the North Sea to be re-directed to thekB&sa. However, according to
Ehlers et al.l[2004] such a possibility was not likely durthg past two major glaciations.

Apart from the geomorphological changes including glasmgtanother factor that could in-
fluence the extension of the catchment areas and their walk@ndes is the variability of the
hydrological cycle. Furthermore, the above mechanismsatrexdependent one from another
i.e. there is less precipitable water in the atmospherenduperiods of huge extension of the
ice sheets and vice versa.

6.3 Data and methods

In order to estimate water balances and extensions of thersteds, we "corrected” avail-
able present day hydrological data using the global sea ¢ewvee and its proxiesdt80 os-
cillation) to get theoretical values of precipitation anéygoration during the Late Pleistocene.
This correction is based on a sensitivity study of the nragtiprecipitation and evaporation
[Georgievski and Stanev, 2006], positive correlation lesmP — E andT (chaptefR) and!20
oscillations. In the above mentioned research, the evaluaf the Black Sea catchment area
for the period from the Lateglacial inception until the Hodme reconnection with the Mediter-
ranean {15 - 8 ka BP) was addressed. Here, we extend results fromttidyt #r the Late
Pleistocene (last glacial cycle) i.e. sine&20 ka BP until the recent Holocene reconnection of
the Black Sea with the Mediterranean.

6.3.1 Present-day hydrology

For the present-day precipitation (P) and evaporationr{)é Black and Caspian Seas catch-
ment area, we use the European Center for Medium-range @felathecast (ECMWF) Re-
analysis (ERA-40) data [Simmons and Gibison, 2000] comstchwvith the present-day obser-
vations on river discharges (R) [Stanev and Perieva| 200the®t et al., 2003]. The process of
optimizing data (P,E,R) is described in detaillby Geordieand Stanevi[2006] and results are
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summarized in table 4 of that article. We will use the samaesfor the present-day P,E,R in
the Black and Caspian Sea catchment areas as estimated there

The Aral Sea gets most of its fresh water from Syr Darya and Bauya rivers, their discharge
is 60.5km? -y~ [Fekete et all, 1999]. Since the hydrological cycle for thhalSea is not well
resolved in the coarse resolution reanalysis data we usg\@tons in 1960-s. One reason not
to use present-day observation is that in the last 4 dechdesatural hydrological state of this
region has changed due to irrigation. Because the pretgitaver the Aral Sea is small, it is
often assumed that the evaporation~o880mm:y 1 is balanced by the fresh water discharge
[Stanev et al., 2004].

According to the Global Runoff Data Center (GRDC) reportidéte et al., 1999] Ob and Yeni-
sei (at present-day) discharge 96&mP -y~ water into the Arctic ocean. For tHey, — Em
(index "'m” is for maritime, i.e. precipitation minus evapion above the sea) above the West
Siberian Plain which is supposed to have been transforntedaitarge lake during the Pleis-
tocene, we use interpolated value between the presenBglajEn, for the Kara and Caspian
Sea, that i¥y, — En = 342mm-y~ L.

6.3.2 Palaeo hydrology
Precipitation and evaporation

On the glacial time scale, climate oscillates between cotbivearm intervals, one consequence
of which is the shift in the global hydrologic cycle. Duringld-climate intervals sea level falls
because water is evaporated from the oceans and stored ooritieents in frozen phase (e.g.
ice sheets and mountain glaciers). As the climate warmedlesel rose because the melting
of ice sheets returned their stored water into the ocearis.cbmcept (i.e. positive correlation
betweenP — E and T proven in chaptel]2) is used here to estimate paleo pretipitand
evaporation from their present-day values. The correfdigtween the global sea level and the
extension of ice sheet is revealed by the signature of mandece core record of the oxygen
isotope. Therefore, we used marine (Raymo and Ruddimari]266e also Fig[ 6.1(a)) and
ice core (GRIP Members [1993] see also [fig. 6]18¥D isotope oscillation as an indicator of
decrease of the hydrological cycle during glaciation asdimbplification during the interglacial.
We will also compare these results with global sea-levelllations for the last glacial cycle
fromiLambeck et al.[2002] (Fig. 2a in that article).

For the continental precipitatid® (index "c” is for continental), we assume a linear correati
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with 5180, therefore:

P(l:_GM o Pg’D
Pe(t) = S180LGM _ §18QPD (

5180(t) — 5180PP) + PPP, (6.1)

where indexes "PD” and "LGM” stay for the present-day andl#gst glacial maximum values,
respectively. Continental evaporatide) is decreased by the same ratdPas

Pe(t)
pPD

Eco(t) =Ec"- 6.2)
Hydrological indexes "a” and "b” introduced by Georgievskid Stanewv [2006], defining the ra-
tio between maritime and continental parts of the hydraagtle @ = Eyn/Ec andb = Py /Pe),
are also linearly correlated &20:

gLGM _ gPD

a(t) (5180(t) — 5'80PP) 4P, (6.3)

~ 5I8OLGM _ §180PD

bLGM _ bPD

b(t) - (5*80(t) — 5'80PP) + b™P. (6.4)

~ 3180LGM _ §18QPD

Non-linear changes of maritime components of the hydrologcle are taken into account:
Em(t) = a(t) - Ec(t), (6.5)

Pm(t) = b(t) - P(t) (6.6)

Fig. [6.2 presents the reconstruction of the Black Sea freghnfluxes. It reflects some differ-
ences between results based on an ice 88¥@ record (Fig[6.1(B)) and marine oxygen isotope
oscillation (Fig[6.1(a)). Amplitudes &0 oscillation are higher for the GRIP (the Greenland
Ice Core Project) than for the MIS (Marine Isotope Stagesnek This feature is also reflected
in the forcing functions (compare Fifl. 6.4(b) and Hig. 6)R(Differences between GRIP and
MIS records are subject to continuous scientific debatedvatput of our scope here. For the
purpose of this study it is sufficient to note that cores areed in different sites, MIS in the
North Atlantic and GRIP in Greenland.

Glacial melt water

Paleotopography from Peltier [1994], presents one of aoseldublicly available quantitative

reconstruction of the ice sheet volume with an evolutiorinmet Therefore, it is used here to
estimate a glacial melt water (GMW) contribution to the Bl&ea. The data set [Peliier, 1994]
is available with 1 resolution for every 1000 years. The difference betweernvademes at
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different time steps enables us to estimate the GMW, whi¢hascontribution of ice melted
from EIS to the global sea level rise per 1000 years. The gdheoice volume which would
contribute only to the Eurasian inland basins is scaled biditig the length of the EIS that
intersects the individual catchment area with the perimatéhe EIS (see Fid_86l.3). There are
three pathways of southern propagation of melt water: tles of the Black Sea, Caspian Sea
and to the lake in the West Siberian Plain. Tdblé 6.1 showgthmelted fluxes from EIS that
contribute to the water balance of the Black Sea. The maximiu@MW appears at 16 ka BP,
and this time is consistent with the estimate of Bahr et &8I0, who found a good correlation
of sedimentation events in the Black Sea and periods of laig&V. Between 15 and 14 ka BP,
GMW drops to zero.

[kaBP| TF | BF | CF | WSF |
20 | 175156.8] 42920.19] 65221.95 67014.71
19 | 168027.7] 41173.27 62567.31] 64287.11
18 | 161302.3] 39525.29) 60063.02| 61713.99
17 | 142354.5) 34882.34] 53007.55 54464.58
16 | 275962.2] 67621.41] 102758.2 105582.7
15 | 1221525 - : 1221525

Table 6.1: GMW in kn¥-y~1 x 10-8 entering the individual watersheds. BF is the Black Sea GRIWCaspian,
WSF-West Siberian, TF-the sum of all.

Maximum estimated values of GMW for the last deglaciatianatyout 27&n?-y—1. However,
this value is not big enough to produce twice as much increbgeer discharges as noted by
Sidorchuk et al. [2003]. Permafrost melting is not includethat estimate, neither is the melt
water contribution from the surrounding mountain glaci€@sr sensitivity study also indicates
that at least 50&n? -y~ is needed to have a Caspian transgression. Our conclustbatis
during some short periods of the EIS retreat and permafredting a total of 500km? -y 1
GMW was transported into the Caspian Sea.

6.3.3 Water budget

Hypsometric analysis of the Black Sea water balance is padd with ETOPO2 topogra-
phy/bathymetry data. Watershed delineation is adopted [f2ki and Sud|[1998] as described
iniGeorgievski and Stanev [2006]. Water balance equatiextended here to include the GMW
and cascading waterfalls. The time rate of change of thevakeneW:

dW/dt = (Pm— Em)An-+R+GMW+Dy —D; , (6.7)
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where(Py— Em)Am presents maritime components of the hydrologic cycle precipitation—
evaporationabove the Black Sea (indew is for maritime, A, is area of the basiR, is mar-
itime precipitation, ande, is maritime evaporationR is river discharge or continental part of
the hydrologic cycle, i.eprecipitation— evaporationabove the continental part of the Black
Sea catchment area; GMW is glacial melted walgrjs water discharge from the upper lake
in to the lower one an®, is water export to the lower lake into the cascading sequence

6.4 Experimental setup

According to our reconstruction [Georgievski and Stah&d6} based on the paleo-observation
of the continental precipitation (since LGM to Holocen&k Black Sea water balance remains
positive and therefore the only way to get a sea level dropndeas to change maritime com-
ponents of the hydrological cycle (decredeand increas&,,), since they remain uncertain.
Volumetric analysis is performed in accord with geologieaidence |[Mangerud et al., 2004,
Svendsen et all, 2004], ice sheet topography [Peltier,!,190@4], present day topography
(ETOPO2) and watershed delineation [Oki and Sud, 1998]. oAting to geomorphological
properties of the region (Figd._1.1), ice sheet advance at\st Siberian Plain would enable
Ob and Yenisei to form an ice-dammed lake there. Due to geanobtwgical processes (sedi-
mentation and erosion, isostatic adjustment, tectonidtpypkights of the sill of the passages
remain uncertain. Although the bedrock of Turgay Pass isiah0 m above sea level (asl)
[Mangerud et gl., 2004], we assume that due to limitationtioaed in sectiof 611, the lake in
the West Siberian Plain will overflow to Aral Sea when it reexli26 m asl, i.e. present day
height of the Turgay Pass. Similarly, the Aral Sea will spiter to the Caspian when its sea
level reaches 53 m asl, that is the height of the Uzboy Pase.CHspian Sea will discharge
to the Black Sea when it reaches the height of the Manych Baasis 26 m asl. Boundary
condition i.e. extension of the ice-sheet is taken fromlalbée literature.

6.5 Results

The focus is on the Black Sea level and the response of thepwainthrough the Straits of
Bosporus to various forcing mechanisms such as ice meltatgrwrerouting the rivers of the
West Siberian Plain and cascade transport between the #dalaspian Seas and Caspian and
Black Seas.



90 6. The Black Sea water balance during the past glacia¢cycl

6.5.1 Sea-land distribution

Distribution of the sea-land depending on the ice-sheegimand according to our computa-
tion (Eq.[&Y) is shown in Fig—G.4. Time slice #t150 ka BP, corresponding to penultimate
glacial maximum (PGM) is shown on Fig. 6.4(a). At that timé& Bdvanced to the south on the
West Siberian Plain and ice dammed lake was formed. Ob ande&ferdirect their discharge
to the south contributing thus to an increase in the Blackv@dar balance. At the time of ice
melting additional 50&n? -y~ contributed to the Black Sea level rise. Abeud0 ka BP (Fig.
[6.4(D})), ice dammed lake is formed again, but there is no GMWtrédbution from the north of
the Caspian and Black Seas. At the LGM, (Hig._6}4(c)) soméefrivers discharging to the
north were redirected to the Caspian Sea, and thereforeépdsnsgression, contributed to the
Black Sea water balance.

6.5.2 Transport in the passages

Cascading transport constructed from three differentifigrcs shown in Fig.[€]5: Lambeck
Fig. [6.5(d), MIS Fig.[6.5(b) and GRIP Fifl. 6.5(c). In orderctimpare the results, they are
shown for the whole analyzed period (140 ka for Lambeck faycil60 ka for GRIP and MIS
forcing). However, the results (particularly the sea-lgf@r the first several thousands years
should be taken with caution because of initialization pgots. Cascading transports from
the Lake in the West Siberian Plain to the Aral Sea (Turgag)Pasd then through the Uzboy
Pass to the Caspian Sea and the Manych outflow to the BlackaBeaore or less the same
for all three cases. However, the Bosphorus outflow reflemtsesfeatures due to precipitation
and evaporation changes. For the forcing constructed fhremiLambeck sea-level curve (Fig.
[6.5(a)) the Bosphorus outflow ceases only at the LGM, whiefeincing constructed from MIS
oscillation (Fig. [6.5() allows for several thousands gearong shut off of the Bosphorus
outflow at the PGM and LGM, as well as for the shut down assediatith short episodes in
between these two major events. According to forcing cangtd from the GRIP (Fid. 6.5{(c)),
the major events of ceased Bosphorus outflow happened 60 k@Rt LGM with several
short episodes of closed strait in between and before thextvad. Before PGM, estimate of
the Bosphorus outflow ranges from about 500 to B68-y ! mostly due to the Arctic river
redirection. At present-days, it ranges from 200 to RB8-y—1 depending on forcing (water
fluxes constructed from MIS or GRIP). During the period 10 @ok2 BP that is just after the
PGM, which is considered to be a climatological similar pério the one after the LGM, the
Bosphorus outflow was 250 to 4%@+ - y~1. This is almost twice as much as when forcing is
reconstructed from GRIP record. Our estimate of the Manyatfiaw is 520kn? -y~ before
PGM, about 3&knm?-y 1 at 85 ka BP and 10Rn?-y~1 at LGM. Just for the comparison, the
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present-day river discharge into the Black Sea is abouk8#0y .

6.5.3 The Black Sea sea-level

The variations in the Black Sea sea-level are shown on[Fgy.Bue dashed line indicates the
global sea level [Lambeck etlal., 2002] and black line is theecB Sea level according to our
reconstruction. In order to have an inundation of the Blaek&,She Mediterranean Sea level
should be above the sill and the Black Sea should be belowduataeconnection takes place
when the Black Sea is at the sill level, or higher (i.e. Bosphmutflow exists). Comparing
global and the Black Sea level curves for various forcingrih$ out that flooding reconnection
is likely to have happened at the penultimate deglaciatoprding to MIS forcing. GRIP
forcing provides more evidence for the gradual reconneg¢tihile Lambeck forcing, should
not be taken into consideration for the PGM since it spangHerpast 140 ka, therefore not
long enough to resolve initial conditions preceding the P@Me interesting case is indicated
by GRIP forcing at about 70 ka BP. At that time, the Black Sea laglow the sill level and the
global sea level was above the Black Sea level, but not atb@/Basphorus sill. However, the
height of the Bosphorus sill at that time remains uncertdinis case indicates that transient
events of the Mediterranean waterfalls spilling over toBleck Sea are not to be excluded.

6.5.4 Error estimates and discussion

Comparing differences between the results inferred fror8 Btid GRIP forcing, the question of
error estimates arises. Compared to the present-day chahtes hydrologic cycle, which are
not well quantified, the situation for the past periods isrewerse. For example, Tarasov et al.
[1999] estimate 450-75m-y ! less precipitation at the LGM than the present-day, while
our estimate for the present-dayRs= 713mm-y—1. Combining the maximum estimate (750
mm-y~! less precipitation and the same rate of change for the eatipoy for the LGM with
the present-day. and E; would result in negative river discharge, therefore oucwalalion
are based on the minimum estimate (that is 450- y— less precipitation than the present-
day). Thus, any errors comparable with the range of changdéopast hydrologic conditions
would result in errors in water balance estimate about 10%08b of the present-day values.
Nevertheless, there is even more to learn from the disagneeoh MIS and GRIP results. One
important conclusion could be drawn. High frequency oatidhs seen on the GRIP record
do not allow the Black Sea level to draw down. Although, theokiudes of hydrologic shifts
according to the GRIP forcing are higher than those seereiills record, the shifts towards
dry climate in the GRIP case do not last for very long, thuy tten not cause a decrease the
sea-level. If we apply smoothed GRIP forcing, the sea-I€figlire not shown here) appear
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similar to the result inferred from MIS forcing. This yieltisat for the Black Sea level it was
more important how long the hydrologic shift lasted than lsbv@ng changes were.

6.6 Summary and outlook

Geological observation reveal that throughout the pasthiiion years the state of the Black
Sea was predominantly of a freshwater lake interrupted bonéfly by saltwater invasions co-
incident with global sea level high-starid [Ryan €etlal., J0@3ombining the present-day data
with available geological observation for the past glacitle we try to estimate the Black
Sea level and the Bosphorus outflow for that period. Our tegubduce an idea of possible
timing of the Mediterranean and Black Sea reconnectionthEumore, they provide one step
towards understanding how the Black Sea level respondgtchilinges of the hydrologic cycle
in its catchment area. Although, according to this studylaéisé reconnection of the Mediter-
ranean and Black Sea happened gradually, the flood scerarinat be absolutely discarded.
According to Ryan et al! [2003] the Black Sea flood happengst ¥ounger Dryas or "8200
cold event”, and these two events are not well resolved inr@xonstruction. In order to make
some progress, climatological proxy of evaporation wowddhkbeded to constrain hydrologic
cycle more precisely, but this is not likely to become avd#an the nearest future. Further-
more, even the present-day hydrological cycle, in parictiie distribution of evaporation and
precipitation over the ocean is one of the least understéemients of the climate system.
Non-linear changes of hydrologic cycle as a response totheges of orography, surface char-
acteristic and sea-land-ice distribution during the glhcycle are even less understood. We
only tackle those issues performing idealized experimentgder to isolate key mechanism
controlling response of the hydrological cycle to the cleafiboundary conditions (chapfér 2).
Therefore, extensive sensitivity study with the Earthtsgysmodel of intermediate complexity
(or even coupled OAGCM with fine resolution) is needed to eéeepur understanding of global
changes of precipitation and evaporation patterns, dyiagal cycle. Further improvements
could be expected applying regression analysis on clirogicdl proxies from the Black Sea
catchment area. Perhaps, one step could be to estimatdigbésaporation from available
temperature reconstructions by means of regression analygst step towards development
of more complex model of the Black Sea catchment area on #eagkime scale would be to
couple during the events of gradual reconnection the ptedenodel with a simple hydraulic
model of the type presented by Lane-Serff etlal. [1997]. @rottposite side of the strait, model
of similar complexity needs to be developed for sudden B&e infill with the Mediterranean
water. Alternative would be to develop two layer shallowevanodel. In this way designed
model, would provide more insight in the Black Sea stratiftoa constrained by geological
data.
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Figure 6.1: Oscillation of3'80 marine isotope according to data providediby Raymo and Roatil [2004] (a)
and according to ice core record [GRIP Membiers, 1993], (b)
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Figure 6.3: EIS retreat according to_Peltief [1994], superimposed or firesent-day topography (ETOPO?2).
Catchment area borders are adopted from TRIP. The tiny winiés indicate present-day coastline. The ice sheet
topography is displayed by gray scale (0-3000 m with coniot@rval 250 m). The boundary of ice sheet where
it intersects various catchment area is contoured with thiektblue, red and light blue lines to distinguish the
contact zones with the individual watersheds: blue-Blagk, $ed-Caspian Sea, light blue-the lake in the WSP.
Land-sea mask is computed using the water balance modeE(sE&T). (a) LGM 21 ka BP, (b) 16 ka BP, (c) 15

ka BP and (d) 14 ka BP. Corresponding GMW fluxes are given itelafl.
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Figure 6.4: Theoretical portrayals of the sea-land and ice sheet distion on the western Eurasian continent
during the Late Pleistocene (a) penultimate maximwid50 ka BP), (b) about 90 ka BP and (c) last glacial
maximum £20 ka BP).
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Chapter 7
Summary and further perspectives

The Black Sea level fluctuation during the Holocene has beethesl for more than 35 years.
Perhaps there are even earlier works in Russian literatdogever, during the last 10 years,
one prominent event in the Black Sea history has attractedtain from an even broader com-
munity than the scientific one: the Black Sea reconnectidh thie Mediterranean. Two sce-
narios "catastrophic flood” and "gradual reconnection”daeen proposed for the most recent
(Holocene) intrusion of saline (Mediterranean) water itite Black Sea. The necessary (but
not sufficient) condition for the catastrophic flood scemaoi take place, is that the Black Sea
level should at the time of re-connection be below the siitde The reconnection is gradual
if the Black Sea level is above the sill i.e. the water balapicine basin is positive. To make
things even more uncertain, the sill depth at the time ofmaection is not well known either.
However, to the best of the author’'s knowledge, both of tliemaection scenarios are based
either on geological observations or hydrodynamical prtigeeof the flow. Furthermore, both
methods provide support for the catastrophic and gradwalnreection. The controversy of
geological interpretations comes from uncertainties wiking and low temporal and spatial
resolution of observations, while the numerical modelihgydrodynamical properties of the
flow is biased since initial and boundary conditions arernefeé from geological observations.

The problem arises from the fact that at the present stateafledge glacio-eustatic sea level
changes and changes of the hydrological cycle and theidinear feed-backs in the climate
system are not well understood. For example, the hydradbgicle, in particular the distribu-
tion of evaporation and precipitation over the ocean, isafrtbe least understood elements of
the climate system. Therefore, hierarchy of numerical rfeodled conceptual idealizations are
needed in order to make progress integrating geologicargagons into theory. In this thesis,
numerical simulations are performed with the Earth Systeod®l of Intermediate Complex-
ity (EMIC) - Planet Simulator (PS) in order to make some pesgrin our understanding of

99
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the glacial hydrological shift and its regional implicat® Furthermore, comprehensive anal-
ysis of available geologic observation in the Black Seatlvatnt area has been performed
for the period from Last Glacial Maximum until the presealyd. The hypsometric function
with topographic data and the water balance equation withidiggical data were integrated
to reconstruct the Black Sea level from LGM until the possitiine of reconnection with the
Mediterranean. An extensive sensitivity study has beefopraed to cover for unconstrained
assumptions. Finally, all the results have been syntheésuth the available geological obser-
vation in order to provide a reconstruction of the Black Sael for the past glacial cycle.

The results presented could be classified according toaesréeria. For example, qualitative
and quantitative, global or regional. However, the mostarngnt results are summarized be-
low in chronological order (how they appear in thesis). Wedestrate that topographic and
surface property change connected with the glacial sead-r&tistribution have a significant
impact on the surface climate (2 m temperature, precipitadind evaporation). It is shown,
that redistribution of sea — land can have a significant inpacegional climate. In particular,
in the Mediterranean catchment area, where cooling dueetonttuntain uplift will cause the
hydrologic cycle to shift towards dryer conditions, whilamming due to the changed sea-land
distribution will cause a shift towards wet conditions. fh@rmore, it is shown that orography
in the region between Minor Asia and the Alps could have aiatuole in the control of re-
gional climatic patterns, in particular that of the EAWR .€Ble results are used to constrain the
Black Sea water balance. For that purpose, some problerhstigtERA-40 data set in the
Black and Caspian Sea hydrological cycle are recognizeccandcted with available hydro-
meteorological observations. According to our correctiomecipitation above the continental
part of the Black Sea catchment area is #i8- y 1, while evaporation is 57dm-y~1. Above
the sea, we have estimated 508&n- y—* precipitation and 808nm- y—! evaporation. Synthesis
of available paleo-hydrological reconstructions indéctitat the Black Sea water balance has
been positive from LGM until today. Therefore, we perfornsedisitivity analysis to constrain
the unknown components of the hydrological cycle. We havienased that the increase of
maritime evaporation and the decrease of maritime pretipit has to be 1.7 times the present-
day values in order to achieve a sea-level drop down to 140 Imesé results have motivated
us to perform an extensive sensitivity study of the Black I8eal response to changes of each
component of the hydrological cycle. It turned out that gesof maritime evaporatioftf,)
have more control over the sea level than maritime precipitdP,,). Even in the limiting case
for a very small maritime precipitatiori?g — 0), if all other components remain the same, the
Black Sea level would reach the low stand at 22-23 m in legs 1880 years, and remain stable
at that level. However, iE, increases only twice as much as the present-day value, #uk Bl
Sea level would decrease for 150 m in about 2500 years. Fuartre, we have provided an
estimate that is possible to have the Black Sea level dromdidyout 150 m in 1000 — 2000
years if evaporation decreases slightly less (or even resitae same) than precipitation. That
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means for LGM or Younger Dryas if the precipitation decrsa¢80mm-y—1 or 150mm-y 1
respectively, evaporation has to decreaser®&%y 1 or less in the first case and 5&m-y 1

or even less in Younger Drayas. These results together withogical observations for the
last Quaternary glaciation (such as oxygen isotopes ratf®( maritime and ice core record)
oscillation and Eurasian ice-sheet extension) as an itatich hydrological regime change are
used to provide theoretical portrayals of likely configioas of the Black Sea catchment area.
Quantitative analysis of the Black Sea sea-level evoluéind its reconnection history with
the Mediterranean during the pasfi20 ka is provided. Comparing our results with global
sea-level, it turned out that reconnection at the penutgrgkacial maximum could happen sud-
denly, while all recent reconnection were more likely gr@aduThe Black Sea water balance
was positive almost all the time. Furthermore, from the ysialof reconstructed hydrological
forcing it turned out that high frequency hydrological eions even with higher amplitudes
do not cause substantial sea-level changes. In contrakistoat moderate hydrological shift
towards dry climate would result in the sea-level decrebgdaists for a sufficiently long time
period.

Our results provide one step towards understanding how lhekESea level responses to the
changes of the hydrologic cycle in its catchment area. Altjing according to this study, the last
reconnection between the Mediterranean and the Black Sgsehad gradually, the flood sce-
nario has not to be absolutely discarded. The problem isntbato not know how hydrological
components change on the glacial-interglacial time sdakological proxy reconstruction of
evaporation would be needed to constrain the hydrologieayore precisely. Since this is not
likely in the near future, we admit that more extensive desisi studies are needed. In chapter
of this thesis, results from chapf@r 4 are combined wittdtfi® oscillations as an indicator
of the hydrological shift in the Black Sea catchment areawéler, if we combined results
from chaptefb with thé'®0 oscillations, results could be different. It is importamtiote that
the former case is constrained with the geological observaind the change of hydrological
parameters is gradual while the latter is a pure sensitstitgy with the precipitation suddenly
changed to the observed values and evaporation changediacgy. Actually, there are plenty
of possible combinations how the hydrological cycle couldrgye but only some of them are
plausible and have some evidence in geological observatiphysical explanation. EMIC (or
coupled AOGCM) simulations could be used to quantify glatienges of precipitation and
evaporation patterns during the glacial cycle. Furtherroupments could be expected using
proxies from the Black Sea catchment area as an indicatoeband dry periods and perhaps
reconstructing potential evaporation from available terapure reconstructions by means of
regression analysis. A similar approach could be appliedhf® Caspian Sea. This will pro-
vide more accurate timings of Caspian transgression. Téresgome indications how to refine
presented results using the same or similar tools as usdikistudy. However, the program
code written for the purpose of this thesis is designed inenodhodular fashion and it will be
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easy to implement other physical processes, either wheer daia become available or when
we improve our understanding of certain phenomena to betahieodel it. A first step to-
wards a development of a more complex model of the Black Seamm@nt area on the glacial
time scale should be to couple the presented model with aahlidrmodel during the event
of a gradual reconnection with the Mediterranean. On theosipe side of the strait, a model
of similar complexity needs to be developed for a suddenkB&e=a infill with Mediterranean
water. A model designed in this way, would provide more ihsig the Black Sea stratification
synthesized with the geological data. Further developstemtards the integrated model of the
Black Sea could be achieved by coupling with an ocean citiculanodule.

The sensitivity method (volumetric of the basin with the evdtalance equation for the catch-
ment area) described in chaplér 5 could be applied to sone othions of the world. For
example if the precipitation and lake levels are known, tlethod could be used to constrain
evaporation in the catchment basin. One possible invegimgsite could be the Prespa — Ohrid
Lake system. One of the oldest and very unusual lake syst&urope unfortunately is not well
investigated. However, its only outlet except the evaponas the river Black Drin discharging
into the Adriatic Sea. Therefore, reconstructing hydraiabregimes in that region, including
Albanian rivers, could be important even for the Mediteeam circulation since this is the area
of the Adriatic Deep Water formation. Another complemeytarethod to understand atmo-
spheric variations during the past in the region in order &ea big picture of the past climate
in the Mediterranean could be to perform analysis of the terges that could correlate with
circulation patterns such as NAO and ENSO. This could bestnyated on the Mediterranean
microstromatolite timeseries, presented in a talk "Realiscing pelagosite: a Mediterranean
microstromatolite recording recent climate cycles” ginA. Monatanri as he was receiving
the Jean Baptiste Lamarck Medal (2007). He suggested thatittocene climate could be
recorded in the pelagosite stratification.

| hope that in the near future there will be a chance to apptyhous and results presented here
in order to make progress towards deepening our undersoéiclimate change.
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AGCM — Atmosphere Global Circulation Model
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CCM — Coupled Climate Model
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EAWR — East Atlantic/West Russia, climatic index

ECHAM - climate model, developed from tBEECMWF model+
comprehensive parameterization package developiddraburg

ECMWF - European Centre for Medium-Range Weather Forecasts

EMIC — Earth-system Model of Intermediate Complexity

ENSO — El Nifo-Southern Oscillation

ERA — ECMWEF re-analisys

GCM — Global Circulation Model

GRIP — Greenland Ice Core Project

ka — kilo anno, 1000 years

LGM — Last Glacial Maximum

MASK — experiment with changed mask

MIS — Marine Isotope Stage

NAO — North Atlantic Oscillation

PELT — experiment topography constructed from Peltier 200

PMIP — Paleoclimate Modelling Intercomparison Project

POMA — experiment with changed topography and mask

PS — Planet Simulator

SG — surface geopotential (orography)

SLM — sealand mask

SR — surface roughness
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