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Different multidisciplinary data concerning the paleodynamics of sea-level variations in the Caspian and
Black seas are controversial in some aspects. There are at least three paradoxes that are discussed in the
paper. The Paradox No. 1 relates to the Early and Late Khvalynian transgressions that occurred in the CS
during the second part of MIS 3 (~35e25 ka BP) and the Late Glacial epoch (~17e12 ka BP), respectively. It
is unclear what the main source or sources of water were that caused them. Paradox No. 2 emerges from
the comparison of climate events and transgressive-regressive cycles in the Caspian Sea and the Black
Sea. It implies that large sea-level anomalies occurred in accordance with global climate changes
(because they are influenced by climate variations). However, other (not so long-lived) sea-level fluc-
tuations are poorly correlated with climate events. The question is why climatically-induced sea-level
changes did not follow climatic variations. Paradox No. 3 concerns the contradiction between the
massive water discharge from the Black Sea into the Sea of Marmara via the Bosphorus Strait and the
Black Sea level fluctuations in the Latest Pleistocene-Holocene that could not exist simultaneously. It is
shown that Paradox No. 2 has been solved, at least on conceptual level. Solutions to Paradoxes No. 1 and
No. 3 are still lacking: further geological and geochronological evidence as well as climate simulation are
required. Formulation of solutions for these paradoxes should make a major contribution not only to the
problems of the Caspian and Black seas’ paleogeography, but also provide help in explaining the reasons
for inadequate simulation of regional climate changes. This is important in the context of the develop-
ment of models for future climate prediction.

© 2017 Published by Elsevier Ltd.
1. Introduction

The Caspian Sea (CS) and the Black Sea (BS) (Fig. 1) are relics of
the Eastern Paratethys and the largest members of the Ponto-
Caspian Corridor (Yanko-Hombach, 2007).

These basins were repeatedly connected (via theManych outlet)
and isolated from each other during the Quaternary. The BS was
also periodically connected to the Mediterranean Sea (MS) via the
Bosphorus Strait or alternative channel/s (Kerey et al., 2004; Yanko-
Hombach, 2007), and then to the World Ocean via the MS and the
Strait of Gibraltar. The BS is currently connected to the Sea of Azov
alon-institute.org (V. Yanko-

bach, V., Kislov, A., Late Pleis
ns, Quaternary International
via the Kerch Strait. The unique geographical location of these ba-
sins predetermined their environmental conditions and hydrologic
regimes, and it imposed specific impacts on diverse biological
populations (Yanko-Hombach, 2007). Therefore, they act as pale-
oenvironmental amplifiers and as sensitive recorders of climatic
events, in particular for the glacial-interglacial cycles of the East
European Plain and mountains that were responsible for main as-
pects of transgressive-regressive sea-level fluctuations. They also
serve as stratotype regions for the development of the Northern
Eurasian Quaternary stratigraphy (Yanko-Hombach et al., 2017). For
these reasons, the study of their Quaternary geological history has
attracted a lot of attention for more than two centuries (see Yanko-
Hombach, 2007; Yanko-Hombach et al., 2014, 2017 for the refer-
ences) and has made available abundant data for synthesis by the
IGCP 521, INQUA 501, and IGCP 610 projects (http://www.avalon-
tocenee Holocene sea-level dynamics in the Caspian and Black Seas:
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Fig. 1. Current map of Caspian Sea, Black Sea, connecting straits and main rivers (https://earth.google.com) demonstrating all geographical objects mentioned in this paper (Manych
is fragments of spillway, which presumably connected the Caspian Sea and Black Sea).
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institute.org/IGCP610/index.php).
This synthesis has enabled us to conclude that some data ob-

tained through earth science investigations contradict other data
that were obtained empirically. We call these contradictions
paradoxes:

Paradox No. 1 relates to the Early and Late Khvalynian trans-
gressions that occurred in the CS during the second part of MIS 3
(~35e25 ka BP) and the Late Glacial epoch (~17e12 ka BP),
respectively (e.g., Yanina, 2012). It is unclear what the main
source or sources of water were that caused them. As such, we
face a paradox: “The event occurred, but it seems inexplicable
because it cannot be described using reasonable arguments
about its causation.”
Paradox No. 2 emerges from the comparison of climate events
and transgressive-regressive cycles in the CS (Yanina, 2012) and
BS (Balabanov, 2007; Yanko-Hombach, 2007). It implies that
large sea-level anomalies occurred in accordance with global
climate changes (because they are influenced by climate varia-
tions). However, other (not so large and not such long) sea-level
fluctuations are poorly correlated with climate events. The
essence of Paradox 2 is why climatically-induced sea-level
changes did not follow climatic variations.
Paradox No. 3 concerns the contradiction between the massive
water discharge from the BS into the Sea of Marmara via the
Bosphorus Strait (e.g., Aksu et al., 2002) and the BS level fluc-
tuations in the Latest Pleistocene-Holocene (Balabanov, 2007;
Konikov, 2007; Yanko-Hombach, 2007). Both scenarios could
not exist simultaneously.

The main goal of this paper is to provide some ideas on possible
reasons for these paradoxes using empirical methods with a hope
to solve at least some of them and encourage a new round of
research on the interrelation between climate and sea-level
change.
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2. Results and discussion

Paradox No. 1. The Early and Late Khvalynian transgressions
increased water level in the CS to 50 m asl and 0 m asl, respectively
(Yanina, 2012; Bezrodnykh et al., 2017). These transgressions were
preceded by the Atelian and Enotaevian regressions. At their
maximum, the former regression decreased the CS level to �140 m
bsl and the latter to �110 m bsl (Maev, 1994). In total, the Early
Khvalynian transgression rose from �140 m to þ50 m (about
200 m), but Late Lhvalynian transgression rose from�110 m to 0 m
(about 110 m). According to Chepalyga (2007), “In the process of
flooding, the Khvalynian Sea expanded over an area of about one
million km2, up to 1.1 million km2 if the Aral-Sarykamysh basin is
included. The total areawas three times that of the present Caspian
Sea, and the accumulated water volume (which reached 48e50 m
asl at peak flood stage) was twice that of today's Caspian
(130,000 km3).” These transgressions “… left distinct traces in the
morphology of landforms, such as marine terraces, specific coast-
lines, flattened seafloor surface, as well as sculptured and
constructional landformswithin the former spillways: theManych-
Kerch Spillway, and the Bosphorus and Dardanelles Straits”
Chepalyga (2007).

The question is from where could this water come? Several as-
pects of the problem were discussed earlier by Chepalyga (2007).
Was meltwater from the decaying Scandinavian ice sheet a
considerable contributor to the flood (Kvasov,1979), or was it much
higher precipitation in Eastern Europe (up to 600e800 mm per
year) and increased river runoff into the CS (Sidorchuk et al., 2009),
or decreased evaporation rate over the CS, etc.? Whatever it was,
logic dictates that it should have been climatically induced,
significantly contributing to river runoff into the CS.

As the first step, let's consider the main components of the
water budget in the CS that could provide the long-lived inter-
decadal water-level trends under climate change. The water budget
consists of positive and negative components. The former include
tocenee Holocene sea-level dynamics in the Caspian and Black Seas:
(2017), https://doi.org/10.1016/j.quaint.2017.11.030
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river runoff into the basin and precipitation over the CS area. The
latter include outflow from the CS into the Kara-Bogaz-Gol Bay
(KBGB), and evaporation over the CS area.

Themost prominent factors in this regard include changes in the
Volga River runoff, followed by the varying discharge of other
rivers, as well as the randomly fluctuating precipitation minus
evaporation over the sea (Kislov et al., 2014). The fluctuations of the
latter are very important for the realization of interannual anom-
alies, for example, the drop in sea level of the CS during the “hot
2010 summer event” (Arpe et al., 2012), however the long-lived
trend-like level changes were determined by changes in the
Volga River runoff. For example, PMIP1 simulation data show that
river runoff changes are the biggest contributing factor to level
fluctuations in the CS (Kislov and Toropov, 2011). They demonstrate
that decrease in river runoff during the LGM was large enough to
create a substantial drop in the level of the CS (~50 m lower
compared to the present), and thereby causing the Enotaevkian
regression.

If this was so, river runoff could equally increase the level of the
CS to 0 m asl as can be evidenced by geomorphological data syn-
chronous with the Late Glacial (18e13 ka BP) channels around the
Volga River and macromeanders in the river valleys. Their width
and meander wave length is 4e15 times larger compared to recent
ones, and according to Borisova et al. (2006) and Sidorchuk et al.
(2009), they could have been created by extremely high water
discharge events. An increase in river runoff at that time is also
supported by frequency analysis of absolute chronology data clas-
sified according to the magnitude of fluvial activity (Panin and
Matlakhova, 2015).

Recently, the increase in CS water level to 50 m asl was dated
30e35 ka BP (Yanina, 2012, 2014). These data correspond to the
epoch of valley deepening that occurred during the same time in
the late MIS 3 (Panin et al., 2017).

In this way, it is more or less clear that the main source of
additional water for both transgressions was located on the East
European Plain.

The next question is: what was the main source of additional
water over the East European Plain? Using the nomogram linking
the sea level, water balance, and hypsographic curve of the CS
(Sidorchuk et al., 2009), we calculated the runoff volume, which
was required to provide figures for the Early and Late Khvalynian
events. Using today's values of evaporation minus precipitation
over the sea area, we obtained the following result. For the reali-
zation of both events, an increment in river runoff of ~650 and
~450 km3/y, respectively, would have been needed. These amounts
represent approximately 1.5 and over 2 times current Volga River
runoff volumes, respectively.

Assessment of changes in Volga River runoff and quantitative
estimation of mechanisms that influenced them during different
climate epochs could be done using climate models; these enable
us to compare the climate for the referenced and modern (control)
epochs. We use results of the simulations focusing on the second
part of MIS 3 that have been carried out with the help of the
LMDZ.3.3 atmospheric general circulation model (Sima et al., 2013)
as well as some other materials (not included in this paper) that
were sent to us personally. It includes air temperature and specific
humidity anomalies for different events (see below) for the CS
drainage area. For the modern time simulation, the historical
forcings are based as far as possible on observations.

In this numerical experiment, conditions of MIS 3 (corre-
sponding to Early Khvalynian time) are represented in the simu-
lation around the H4 event. The latter consists of a glacial stage
(Greenland stadial, GS) and a warm (Dansgaard-Oeschger, or
Greenland interstadial, GIS) perturbation. In the absence of re-
constructions for MIS 3, sea surface temperatures (SSTs) and sea ice
Please cite this article in press as: Yanko-Hombach, V., Kislov, A., Late Pleis
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at the time was modeled on the GLAMAP2000 reconstruction for
the LGM; this was used in the reference glacial climate simulation
GS. The warm perturbations were obtained by altering only the
North Atlantic surface conditions in the latitudinal band between
30

�
N and 63

�
N. All-year-long zonal SST anomalies of up to ±2 �C

were applied in this band, and sea ice was imposed where the SST
was lower than �1.8 �C.

The Earth orbital parameters needed for the calculation of
insolation flux were set to 39 ka BP values (Berger, 1988), and the
CO2 concentration was set to 209 ppmv. Precise ice sheet configu-
ration at 39 ka BP is absent; therefore, Sima et al. (2013) used the
one for 14 ka BP. It was selected from the ICE-4G reconstruction
(Peltier, 1994) as corresponding to a sea level similar to that at 39 ka
BP, approximately 60 m lower than today with the land-sea mask
adapted to this sea-level position. We stress that the mentioned set
of data could be utilized to estimate not only the main features for
the second part of MIS 3 but, in some aspects, for the Late Glacial
period; this is very important because it allows us to use these
simulations for assessment of both the Early and Late Khvalynian
transgressions.

Based on the 20-year running mean (Sima et al., 2013), we
conclude that climate changes under the above-mentioned orbital
parameters, existence of the Scandinavian Ice Sheet, the CO2

decrease, and decreased SST over the North Atlantic (experiment
GS; see above) led to decrease in precipitation over the Volga
catchment area (~15e20 mm, mean monthly and annually aver-
aged). This promoted a drop in the level of the CS. The same reac-
tion to the presence of the ice sheet, dropping of the SST, and the
CO2 decrease was depicted by Kislov and Toropov (2011). The
transition to awarm stage, realized as a GIS experiment (see above),
adds only ~4 mm (mean monthly and annually averaged) of pre-
cipitation over the Volga River catchment area. So, at least in the
framework of the LMDZ.3.3 model, simulated precipitation would
have had an insignificant reaction to the phase changes of the H4
event. Hence, the model experiment suggests that the stage of full-
flowing rivers leading to the Khvalynian events could not be a
reaction to a strong increase in precipitation over the East Eu-
ropean Plain.

Therefore, we need to consider other factors. Moreover, we can
search for such factors that exceed the negative (see above) effect of
precipitation decrease over the catchment area during the periods
in question.

Another way to explain the appearance of so much additional
runoff was speculated by Kvasov (1979). He proposed that water
concentrated in ice-dam lakes located along the southern boundary
of the last Scandinavian Ice Sheet could penetrate to the Oka River,
upper Volga River, the Pechora River, and the Kama Riverdall
flowing into the Volga River basin. However, there are several
contradictory facts that eliminate any possibility of such a mecha-
nism. For example, the Pechora River seems always to have opened
into the Arctic Ocean (Svendsen et al., 2004), and therefore, the
flow of its meltwater was directed towards the northeast. Besides,
the level of the ice-dam lakes was lower than previously assumed
(Lunkka et al., 2001). All this does not support the hypothesis of a
significant influence of meltwater flow on the Volga River water
volume (Sidorchuk et al., 2009). The role of Scandinavian Ice Sheet
melting during the second part of MIS 3 is not so certain, however.
Based on our use of the ice-sheet reconstruction for 14 ka BP (see
above) as a proxy for late MIS 3, we propose again that meltwater
from the Scandinavian Ice Sheet played a minor role despite some
earth science evidence provided, for example, by Tudryn et al.
(2016).

The lack of a clear quantitative explanation has given rise to a
series of much more speculative hypotheses. Some of them can be
ignored based on theoretical calculations as will be demonstrated
tocenee Holocene sea-level dynamics in the Caspian and Black Seas:
(2017), https://doi.org/10.1016/j.quaint.2017.11.030
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later.
All other speculative hypotheses are characterized by a lack of

geological or geomorphological evidence that could support the
existence of the phenomena under discussion, such as the hy-
pothesis of Grosswald (1998), who proposed that the ice complex
formed during the late Pleistocene on the shelf along the Siberian
arctic coastline could have covered and blocked the mouths of
northern rivers such as the Ob’, Enisey, and Lena, and thus the
water from ice-dam lakes (that emerged within the river's catch-
ment areas as well as meltwater) overflowed into the CS through
different spillways.

Another hypothesis postulates that the source of the additional
water may have been connected to an increase in precipitation over
the Tian ShanMountains due to penetration there of the South Asia
monsoon (Kislov and Toropov, 2007). It was the development of an
old idea that described how snow meltwater outflow could have
been directed from the Amu Daria River toward the Uzboy Valley,
eventually penetrating into the southeastern part of the CS
throughout the intermediate Sarykamish Lake (Varushenko et al.,
1987). However, there is no reliable evidence to support these hy-
potheses; at least, the quantitative estimations are impossible.

Sidorchuk et al. (2009) proposed a much more reliable hy-
pothesis. They suggested that river runoff could have increased
without any increase (or even decrease) in precipitation due to a
decrease in water losses because of a lowering of evapotranspira-
tion over the catchment area. This could have been caused by a
decrease in the infiltration rate into the soil (e.g., a rise in the runoff
coefficient) due to permafrost inherited from the LGM. In addition,
the melting of permafrost could contribute to the runoff as well.
The authors took into consideration that the Volga River basin
during pre- and post-LGM existed under permafrost conditions,
which began to disappear by ~14 ka BP (Velichko, 2009). Under
modern conditions, the runoff coefficient over the Volga River basin
varies from 0.3 to 0.5 (Sokolov, 1952). However, under permafrost
conditions, it could presumably be about 0.6e0.8, as in the recent
river basins under such conditions. For example, similar changes in
the runoff coefficient of the Moskva River basin during Late Glacial
time were reconstructed by Sidorchuk et al. (2009). It was shown
that annual surface runoff concentrating into intensive spring
flooding was 2e3 times greater than current runoff.

It should be noted that during the interval 14e18 ka BP (the time
of the Late Khvalynian event), the pattern of insolation anomalies at
the top of the atmosphere would have been especially high in the
spring months. In turn, an increase in insolationwould have caused
a quick increase in temperature and rapid snow melting, leading to
further intensification of the spring effect and development of
intense flooding. During MIS 3, the pattern of insolation anomaly
during the spring and summer time was approximately the same
(Berger, 1988).

The “permafrost” hypothesis provides the required water vol-
ume for the Volga River runoff, however, its shortcoming is the
absence of quantitative estimation and lack of detailed data about
the permafrost configuration before and after the LGM. So far, it is
unclear whether this source was sufficiently strong to ensure both
the Early and Late Khvalynian transgression.

So, we face a paradox: The event took place, but the reason is
still unexplained because a likely source of “additional water” is still
unknown.

Paradox No. 2. This problem emerges from the comparison of
climate event scheduling and that of transgressive-regressive sea-
level changes of the CS (and the BS as well). On a large scale, a good
correlation can be observed between CS level changes and the
calendar of global climate events during the Quaternary, and
determining reasons for this can be evidenced. For example,
simulation data validate the theory of connection between deep
Please cite this article in press as: Yanko-Hombach, V., Kislov, A., Late Pleis
Data synthesis and Paradoxical interpretations, Quaternary International
regressive stages of the CS (and BS) and mature stages of the late
Quaternary glacial events (Kislov and Toropov, 2011). Another
example is the correlation between CS level variations and changes
in river runoff during the last 2 ka (Panin and Matlakhova, 2015).
But on a smaller or secular-scale, the interrelation between climatic
events and transgressive-regressive cycles of CS level, which are
definitely caused by climate variations, is difficult to assess. For this
reason, the essence of Paradox No. 2 is: Why do secular-scale
climatically-induced sea-level changes reflected by transgressive
and regressive dynamics of the Caspian and Black seas not follow
climate variations? Is this because the CS is not connected with the
World Ocean? Could the system responding to climate changes
have developed chaotic level fluctuations in the CS, and can such
behavior be described analytically?

Using the CS level data set (20 years time-resolved, during the
last 2000 years), we calculated the probability distribution function
(PDF). It describes statistical conditions during the relatively stable
climatic conditions of the Sub-Atlantic phase of the Holocene. It is
very important to stress that such temporal resolution provides an
independence of random variables, because the statistical
connection between sea-level anomalies is revealed over ~20 years
(as will be demonstrated later). Using the Kolmogorov-Smirnov
test, or using the chi-squared test statistic, we assess that the null
hypothesis, which asserts that the sample comes from a population
with a Gaussian distribution, cannot be rejected. A normal distri-
bution is characterized by the mean CS level at �28 m and the
standard deviation at 1.4 m. Note that using the observational data
set (~100 years of records) for the PDF calculation leads to an
incorrect estimation of the PDF; this happens because this time-
series consists of only ~5 independent random variables due to
dependence of annual data.

To explore the mechanism of CS variability, we used a deter-
ministic equation suitable for describing the water budget of any
lake:

dWðtÞ
dt

¼ VþðtÞ � f ðtÞeðtÞ � V�ðtÞ (1)

The right-hand side of Eq. (1) consists of the total river inflow
and outflow of CS waters into the KBGB: the f ðtÞeðtÞ term includes
eðtÞ, which is the evaporation minus precipitation over the sea area
per unit of sea surface, and f ðtÞ, which is the area of the sea cor-
responding to the current level position.

The outflow discharge is determined by the level anomaly. In a
situation where ancient morphological parameters are poorly
known, it makes sense to use the simplest expression.

V�ðtÞ ¼ V�;0 þ ahðtÞ (2)

where a ¼ glH2
0sing
v (Esin, 2014; Esin and Esin, 2014; Kislov, 2016b),

g ¼ 9.81 m/s2, v is the kinematic viscosity coefficient, l is the width
of the stream and H is its depth, and g is the incline.

We utilize the relation between the area and level in the form
(justification of this approach appears below):

f ðtÞ ¼ aþ bhðtÞ (3)

Traditionally, for a reference CS level of �28.5 m,
a ¼ 3.7,105 km2 and b ¼ 1.4,104 km2/m (Kislov, 2016a). For the BS,
a ¼ 4.2,105 km2 and b ¼ 1.0,103 km2/m (Ivanov and Belokopytov,
2011).

A bit of algebra yields Eq. (1) in the following form, which de-
scribes interannual oscillations:
tocenee Holocene sea-level dynamics in the Caspian and Black Seas:
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dhðtÞ
dt

¼ �
�
a

a
� bV�;0

a2

�
hðtÞ � bVþ;0

a2
hðtÞ þ VþðtÞ � V�;0

a
� eðtÞ

(4)

or in a shortened form:

dh
dt

¼ �l1h� l2hþ q (5)

The equation demonstrates that the positive and negative
anomalies of river runoff and evaporation minus precipitation
(concentrating in q) form a deviation of h from the equilibrium
state. Negative feedback expressed by the two first terms of the
right-hand side of Eq. (4) or (5) prohibit the development of large
deviations. There, l1≡t�1

1 and l2≡t�1
2 represent the inverse of the

spin-down times. For the CS, l1 þ l2 ¼ l~0.05 yr�1, corresponding
to a full spin-down time equal to ~20 years (as was mentioned
above).

During the Holocene, fluctuations in Volga River runoff and
variations in evaporation vs. precipitation were influenced by the
same processes as today. Indeed, simulated Holocene climate
changes over the СS, and its adjacent basin of tributaries does not
vary much from simulated ones for the current climate (Kislov and
Toropov, 2007). Detailed analysis shows little change in the winter
mean-state atmospheric circulation as well as in the inter-annual
and decadal North Atlantic Oscillation (NAO) variability (Lu et al.,
2010). Indeed, based on a new pollen-based reconstruction of Eu-
ropean climate, it has been shown that the fingerprints of the mid-
Holocene climate anomalies are entirely consistent with those from
modern analogue atmospheric circulation patterns. The latter are
associated with a strong westerly circulation in winter (positive
NAO) and a weak westerly circulation in the summer associated
with anti-cyclonic blocking (Mauri et al., 2014). The same conclu-
sionwas made by Rimbu et al. (2004a,b) regarding the prevailing of
the NAO positive phase in the early Holocene. However, as for
today, the prevailing of the positive NAO index does not provide the
uniqueness in the behavior of the СS level anomalies. It looks as if
Holocene flood patterns reveal a similar complexity. Spatially
interconnected climate-flood relationships result in multidecadal
to secular variability in flood frequency with strong in-phase or
out-of-phase relations between regions (Benito et al., 2015; Panin
and Matlakhova, 2015).

Such information allows us to conclude that qðtÞ in Eq. (5) can
practically be characterized by the stochastic interannual oscilla-
tions with typical time changes of q that are no more than 1e2
years (see the definition below). In such a frame, we propose that q
represents asynchronous uncorrelated processes whose autocor-
relation function is approximated by:

〈qðxÞqðzÞ〉 ¼ s2qexp
�
� jx� zj

tq

�
(6)

where x and z are different moments and 〈…〉 denotes ensemble
average value. A time-series of river runoff and precipitation minus
evaporation allowed us to calculate the autocorrelation coefficient
rðtqÞ, which is needed to establish a deadtime between consequent
fluctuations (estimation of the tq that follows from the expression
describing the loss of correlation rðtqÞ~0). This was shown to be less
than 2 years. Therefore, we use tq~2 years. The form of the auto-
correlation curve is assumed to be sufficiently acute and is
approximated by the d-function curve.

Because tq≪l�1, we can consider Eq. (5) as a stochastic one,
proposing that slow changes in h are balanced by the statistically
averaged result of the fast fluctuations generated by q. The СS water
Please cite this article in press as: Yanko-Hombach, V., Kislov, A., Late Pleis
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volume (like a massive inertial object) integrates these fast signals
of forcing over a vast area, making the СS level changes quite sto-
chastic. How does such an adjustment work? Consecutive positive
and negative (stochastic) anomalies of water budget do not
completely cancel each other out, and their residual effects accu-
mulate. This process forms (step by step) a deviation that is
controlled by the spin-down processes. From this approach, Eq. (5)
is represented as a stochastic Langevin equation (the foundation of
the Brownian concept).

Another approach was used to calculate sea-level variations in
the basin based on the water balance equation, Eq. (1), but here
changes in precipitation and evaporation over the river catchment
and variations in river runoff were directly a priory tied to the
global paleoclimate calendar using simple considerations about the
hydrometeorological conditions of watersheds (Georgievski and
Stanev, 2006; Thom, 2010). Taking into account some available
geological observations, authors have developed a simple theory
relating the runoff ratio to climatic characteristics.

Returning to the stochastic interpretation of Eq. (5), note that
the probabilistic interpretation is based on the deterministically
constructed model (4), which is based on the physical law of con-
servation of water mass. It is well-known that the solution of Eq. (5)

should be set for the variance (standard deviation). When t≪l�1,
the standard deviation of level variations, is proportional to the
square root of time. Such a feature of a stochastic process is denoted

as red noise behavior. When t≪l�1, the standard deviation does
not depend on time, as defined by Kislov (2016a):

s2h;st ¼
tqs2q
l

(7)

We apply an expression (7) that estimates the upper limit of the
CS variance. Parameters l and tq were estimated above. The vari-
ance, s2q , is determined by taking into account the variance of river
runoff volume and e, which were estimated (only modern obser-
vation data can be used) as 0.026 and 0.007 (m/y)2 (Golitsyn et al.,
1998), correspondingly. Due to their practical independence
(Frolov, 2011), s2q ¼ 0.033 (m/y)2. Using these values, we obtain
using (7) sh;st ¼ 1.15 m, a result that is only slightly smaller than the
empirical estimation (1.4 m). The closeness of the calculated
theoretical sh;st to the empirical value could indicate that the
Brownian concept does not contradict the recorded time-series.
Under these conditions, the CS level dynamics is represented by a
system undergoing random walk.

As was mentioned above, the observed time variations are the
Gaussian random noise. Taking into account the properties of the
Gaussian process, the probability of the time (t*) required to achieve
a prescribed level (h¼a) is given by the formula (Feller, 1968):

pft*g ¼
ffiffiffi
2
p

r
a

εt
�3

2
*

exp
�
� a2

2ε2t*

�
(8)

where ε
2≡tqs2q ¼0.132 m2/y. The most probable transition time is

distinctly expressed only in the case of small deviations when
anomaly a can be achieved in a small number of time-steps. In-
crease in the prescribed deviation leads to a transformation of the
histogram: the peak of the probability function is stretched, and the
uni-modal curve is drastically flattened. This theory manifests that
a large anomaly is a rare and irregular event, and the concepts of
most-probable transition time or average transition time needed to
transit from one state to another lose their meaning.

The adaptation of the hydrological regime of the sea to climate
change is not a response to each perturbation. The CS responded to
tocenee Holocene sea-level dynamics in the Caspian and Black Seas:
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the statistical effect of climatic anomalies at different scales. In
many aspects, the same mechanism should be realized in the BS
system during Early Neoeuxinian (24e17 ka BP) time, when the
Black Sea was a brackish lake (Yanko-Hombach, 2007; Yanko-
Hombach et al., 2017) governed by river runoff changes and evap-
oration minus precipitation like the CS.

Keep in mind that this conclusion is based on simplified physics.
But we are sure that detailed calculations (which hopefully will be
realized in the future) will not change things much.

We now investigate the dynamic regime of the variability in CS
level consistent with its dependence on parameters. For this goal,
we note that the hypsographic curve of the CS (courtesy of A. Panin)
can be divided into three intervals (Fig. 2).

In all, the relationship between area and level can be presented
as linear relationsdsee Eq. (3) dand within each interval, the
variance is described by Eq. (7) (with different l) and the PDF is
presented by Gauss distributions. But, there are two inflection
points, where parameters of the hypsographic curve denote sharp
changes, determining that the variance and consequently the form
of the PDF as well as typical timing of the level fluctuations will be
changed manifesting the transition into another state.

Near the current state of the CS (central range on Fig. 2), the

typical timing of the level fluctuations is calculated as l�1~20 years.
It is important to note that runoff to the KBGB is regulated by
anomalies of the CS level and runoff to the KBGB itself regulates the
amplitude and duration of the CS level anomalies. This spin-down
role of the KBGB, “eating” the water-level anomalies, takes place
only near the current position of the CS level. When the CS level
rises significantly, the KBGB transforms into an ordinary bay,
thereby stopping the runoff of water. Under such conditions (blue

branch on Fig. 2), l�1~50 years, and the variance increases 2.5
times. On the other hand, if the level goes lower, the KBGB would
soon transform into land area. It again stops the water discharge,

and l�1~100 years and the variance increases 5 times (green branch
Fig. 2. Hypsographic curve (HC) of the Caspian Sea (km2) vs. position of its water level (m).
of different colors. Thin white and grey lines in interior (or in vicinity) of these curves are
tributions) corresponding to different ranges of the HC. (For interpretation of the references
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on Fig. 2).
In all three cases, we have Gaussian curves with different

widths, however, the differences are not so strong. So we can
conclude that “super large” anomalies (like the Khvalynian trans-
gressions) are practically impossible. Such an event could not occur
as a burgeoning stochastic anomaly.

The observed transgressive-regressive cycles of the CS level
under the Holocene quasi-steady climate state could result from
the accumulation of small anomalies in the water regime. They
could have occurred without significant changes in external forces.
Thus, Paradox No. 2 has been solved, at least on a conceptual level.

Paradox No. 3. Today, the two-layer (outflow and inflow) hy-
draulic transport of water via the Bosphorus Strait controls water
exchange with the World Ocean, linking the BS with the Sea of
Marmara. Presently, the mass balance through the Bosphorus is on
average ~420 km3/y (outflow) and 200 km3/y (inflow) (Ivanov and
Belokopytov, 2011). However, according to Ozsoy and Unluata
(1998), it is ~600 km3/y and 300 km3/y, respectively. In these as-
sessments, only water budget is the same. The current mass bal-
ance through the Kerch Strait yields on average ~40 km3/y
(outflow) and ~55 km3/y (inflow) (Ivanov and Belokopytov, 2011).
During the first quarter of the Holocene, the water exchange via the
Kerch Strait was replaced by runoff from the Don and Kuban Rivers
into the BS, considering that the BS level lay below the shallow
bottom of the Sea of Azov at the time (~10 m).

The asymmetric transports, mainly via the Bosphorus, are
maintained by the excess of river runoff (~355 km3/y) and evapo-
ration against precipitation ðE � PÞ ~115 km3/y over the BS area. The
water balance is not comparable to the residual of approximately
30 km3/y, and such conditions provide that the surface of the BS is
~30 cm above the level of the Sea of Marmara.

The BS is infilled largely by the discharge of the European rivers,
which provide more than 70% of the water runoff. These rivers
include the Danube River with a mean water discharge of approx-
imately 210 km3/y and other rivers belonging the northwestern
Zero at the x-axis corresponds to �28 m. Three various intervals are depicted by curves
the linear regression lines. Graphs located below the curve are the pdfs (Gauss dis-
to colour in this figure legend, the reader is referred to the web version of this article.)
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shore of the BS (the Dnieper, Dniester, and Southern Bug), which
contribute approximately 54 km3/y. The rivers of the Caucasian and
Anatolian coasts contribute approximately 13 and 10%, respectively.
Snow cover, accumulating during the cold period, mainly forms the
annual discharge of the major rivers.

At the LGM, during the period of lowstand for the World Ocean,
the BS evolved independently. Several quantitative estimations of
the sea-level regime and mass-balance changes were summarized
by Chepalyga (2002), Yanko-Hombach (2007), and Kislov and
Toropov (2011). The next phase (after the LGM) of the large-scale
transgressive cycle was linked to postglacial global warming.
Low-salinity outflows from the Black Sea into the Marmara Sea
were recorded in the early Holocene (Aksu et al., 2002;
Buyukmeriç, 2016). The Marmara Sea inflow to the BS began as
occasional spilling over the Bosphorus (~9e7 ka BP) based on
multidisciplinary data from the BS sediments (e.g., Algan et al.,
2007). The two-way flow regime was established due to the
confluence of both Mediterranean and Black Sea overflows. It was
slow at the beginning, becoming prominent after 7.2 ka BP (Yanko-
Hombach et al., 2011).

Reconstructed sea-level changes in the BS basin for the Late
Glacial and first quarter of the Holocene (11e7 ka BP) have been
discussed in many publications, and they are quite different from
each other (Kislov, 2016b). Half of the curves demonstrate contin-
uous rise without cyclic fluctuations (Aksu et al., 2002; Filipova-
Marinova, 2007; Brückner et al., 2010; Starkel et al., 2015) while
the other half include transgressive-regressive fluctuations of the
Black Sea and differing opinions exist over their occurrence and
magnitudes (Balabanov, 2007; Chepalyga, 2002; Hiscott et al.,
2007; Izmailov, 2005; Konikov, 2007; Konikov et al., 2010; Ryan,
2007; Yanko, 1990; Yanko-Hombach, 2007; Yanko-Hombach
et al., 2011, 2017). There are also long-lasting debates regarding
the role of local tectonics in sea-level changes (Glebov and
Shel'ting, 2007; Brückner et al., 2010; Esin, 2014; Esin and Esin,
2014) as well as correspondence of the BS level changes and
paleohydrological phases to the calendar of climatic anomalies af-
ter the Younger Dryas event (Lericolais et al., 2010; Starkel et al.,
2015).

These level variations (lasting a few centuries to a few thousand
years) must correspond to inflow-outflow water mass fluxes
because changes in salinity cannot generate BS level fluctuations of
more than 2.5 cm per 1000 years (Esin, 2014; Esin and Esin, 2014).

We calculated the standard deviation of the curves presented by
Balabanov (2007), Izmailov (2005), Chepalyga (2002), and Konikov
et al. (2010) considering a formal connection between the ampli-
tude of harmonic function and the variance. They are ~5e10 m;
~7 m; ~7 m and ~4 m, respectively.

As such, the question of the existence, origin, and magnitude of
the BS fluctuations in the Holocene remains open, despite the
widely accepted theory that the changes were climatically induced.
Furthermore, the climate models do not simulate the required large
secular-scale changes of precipitation and river runoff volume
(Kislov and Toropov, 2007, 2011; Kislov et al., 2014).

It is very important to note that, as mentioned above, there is a
fundamental contradiction between a large water volume dis-
charged from the BS into the Sea of Marmara via the Bosphorus
(Aksu et al., 2002, 2016) and a fluctuating character of sea level in
the Black Sea during the Holocene (Balabanov, 2007; Yanko-
Hombach, 2007; Martin and Yanko-Hombach, 2011; Yanko-
Hombach et al., 2011); this forms the essence of Paradox No. 3.
Indeed, if water discharge via the Bosphorus Strait is quite signifi-
cant, the large long-term BS level fluctuations cannot occur because
the excess of outflowing water volume largely depends on the
difference between the BS and the Sea of Marmara levels. It can be
most simply visualized in the context of the mathematical
Please cite this article in press as: Yanko-Hombach, V., Kislov, A., Late Pleis
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approach developed above.
We again use for analysis Eq. (5). First, we estimate the typical

time characterizing the variation of q ¼ qðtÞ. Taking a time-series of
river runoff and precipitation minus evaporation (Stanev and
Peneva, 2002), we calculate the autocorrelation coefficient to
establish a deadtime between consequent fluctuations. Its value is
estimated as tq~2 years.

Taking the typical parameters, we can estimate the efficiency of
spin-down processes characterized by the first and second terms of
the right-hand side of Eq. (4) or (5). Using parameters of the Bos-
phorus (Esin, 2014; Esin and Esin, 2014), it was found that t1 �5
years (Kislov, 2016b). Taking typical values of the water inflow flux
into the BS and parameters of the hypsometric curve of the BS
basin, we found that t2 �500 years. Thus, the first spin-down
process (as was hypothesized above) is a much more effective
mechanism for destroying BS level anomalies due to the levelling
effect of freewater exchange between the BS and Sea of Marmara. It
has prohibited the development of large-scale and long-lived
anomalies since ~11 ka BP, when the BS has been flowing into the
world ocean (Hiscott et al., 2007). After that, due to water exchange
between the BS and Sea of Marmara, the BS level increased. Such
continuous level rise without cyclic fluctuations provided the
empirical grounds for this conclusion.

However, if the BS level variations during Holocene had really
existed as shown by the geological and paleontological records (see
above), it would mean that water exchange via the Bosphorus did
not play an important role as a spin-down process. Now, assume
that the water exchange between the BS and the Sea of Marmara
was not significant. Neglecting the effects of water outflow, the
basic equation for the dynamics of a closed reservoir level may be
written as Eq. (5), where l1 ¼ 0, and the last term depicts the
variation of both river runoff and evaporation minus precipitation.
So, the theory, developed for CS level dynamics, could be used also
for the BS: the variance of BS level variations in the steady state is
described by Eq. (7) but for a different set of parameters. The
variance s2q was roughly calculated as 0.057 (m/y)2 (Kislov, 2016b).
Using these values, we obtain sh;st~7 m. This value is close to the
empirical estimate (see above). This similarity could indicate the
reality of observed paleochanges in BS level, the existence of which
was questioned above. If the outflow had been small, the re-
constructions of Algan et al. (2007) should be corrected.

However, we can now return to a largewater discharge value via
the Bosphorus: intensive water exchange between the BS and the
Sea of Marmara is/was a very effective spin-down process,
destroying BS level anomalies and prohibiting the development of
large-scale anomalies lasting a few centuries or, furthermore, a few
thousand years.

Therefore, the theoretical analysis has shown that the empirical
data are controversial; observed BS level fluctuations during the
first quarter of the Holocene and a large water discharge value via
the Bosphorus could not co-exist simultaneously.
3. Conclusions

Solutions to Paradox No.1 are still lacking. It is more or less clear
that the main source of additional water for both the Early and Late
Khvalynian transgressions was located on the East European Plain.
But the main source of additional water is still unclear. The model
experiment suggests that the stage of full-flowing rivers leading to
the Khvalynian events could not be a reaction to a strong increase in
precipitation over the East European Plain. Other hypotheses about
sources of additional water seam to be even less reliable due to
impossibility of making the quantitative estimations.

Paradox No. 2 has been solved, at least on conceptual level. The
tocenee Holocene sea-level dynamics in the Caspian and Black Seas:
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observed transgressive-regressive cycles of the CS level under the
Holocene quasi-steady climate state could result from the accu-
mulation of relatively small anomalies in the water regime. They
could have occurred without significant changes in external forces.
It should be considered as one of the possible mechanisms
responsible for the generation of a wide range (decadal to secular-
scales) of the CS level stochastic anomalies. Their typical ampli-
tudes can be estimated taking into account the properties of the
Gaussian random noise. As is well-known, the so-called three (two
or one)-sigma rule of thumb expresses a conventional heuristic that
values are taken to lie within three (two or one) standard de-
viations of the mean. It corresponds (using again mentioned
connection between the amplitude of harmonic function and the
variance) to ~6 m (4 or 2 m) anomalies of the CS level.

Solutions to Paradox No. 3 are also still lacking. According to
empirical data, observed BS level fluctuations during the first
quarter of the Holocene and a large water discharge value via the
Bosphorus could not co-exist simultaneously.

Formulation and solutions for these Paradoxes should make a
major contribution not only to the problems of the paleogeography
of the CS and BS, but also to explanations of the reasons for inad-
equate simulation of regional climate changes. This is important in
the context of the development of models for future climate pre-
diction. All this requires further geological and geochronological
evidences as well as climate simulations.
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