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Abstract. The evolution of the Black Sea's salinity after 
the opening of the Bosporus about 7500 years ago is inves- 
tigated using a simple two-box model. The model consists 
of watermass and salt conservation equations, and allows 
for changes in halo cline depth. The paleoceanographic box 
model is forced by present-day Mediterranean inflow and 
outflow, and atmospheric forcings. Analytic solutions for 
the evolution of the box volumes are given. Model salini- 
ties reach 90% of their the present-day values in both boxes 
about 2,500 years after the opening of the Bosporus. The 
evolution of the salinities is shown to be almost independent 
of the evolution of the box volumes, and the results are com- 
pared with the existing paleoceanographic proxy records. 

1. Introduction 

The Black Sea is a semi-closed sea subject to restricted 
water exchange with the Mediterranean and substantial 
river discharge into its northwestern part. Today, it is the 
largest anoxic sea in the world, as there is almost no oxygen 
bdow a of S0-200 

The evolution of the physical processes in the Black Sea 
on geological time scales is controlled strongly by changes 
in the Mediterranean water inflow and outflow through the 
Bosporus Strait. During the last glacial maximum (approx- 
imately 30,000-25,000 years B. P.), when the sea level was 
lower, the Mediterranean inflow ceased and the Black Sea 
became fully enclosed and thus almost a freshwater lake [De- 
gens and Ross, 1974]. 

Recent studies by Jones and Gagnon [1994] and Ryan 
et al. [1997], using carbon dating, have indicated that the 
opening of the Black Sea through the Bosporus occurred 
7,540+130 years B. P., initiating a cascade of saltwater pour- 
ing into a partly emptied Black Sea lake. The salty and thus 
heavier water coming from the Mediterranean sank to the 
bottom and created an interface that separated fresh water 
above from salty water below. This stable stratification led 
to water rich in oxygen (02) at the top and anoxic water 
rich in hydrogen sulfide (H2S) at the bottom [Degens and 
Ross, 1974]. The H2S-rich watermass has thickened up to 
the present, resulting in a 2000-m layer, out of the Black 
Sea's total depth of 2200 m. 
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The purpose of this study is to expand our understanding 
of the evolution of the Black Sea's salination from lake phase 
to sea phase during the Holocene, using a two-box model. 
Several modeling approaches have been taken to understand 
this process [Fonselius, 1974; Boudreau and Leblond, 1989; 
Mamayev, 1994]. 

These modeling studies have explained certain aspects of 
the effect that the opening of the Black Sea had on its sub- 
sequent evolution. But all of them have tuning parameters 
or prescribed fluxes, and lack a satisfactory represention of 
the entrainment of deep waters by the upper layers and of 
surface waters by the Bosporus inflow. 

We present here a time-dependent, self-consistent two- 
box model for the problem at hand. The variable size of 
the boxes permits one specifically to track the position of 
the halocline, and hence of the O2-H2S interface, after the 
opening of the Bosporus Strait around 7540 years B. P. 
At that point, we assume that the first box extends through 
the entire depth of the Black Sea and is filled with fresh 
water. • 

2. Box model 

Our simple box model for the evolution of the Black Sea 
in the late Holocene makes the simplest possible assump- 
tions to obtain results that are as robust as possible. We 
thus assume that evaporation and precipitation rates and 
river runoff have not changed substantially in the last 8,000 
years. 

Murray et al.'s [1991] and Ozsoy and •nliiata's [1997] 
observations suggest that the composition of the Black Sea 
can be very well modeled by two homogeneous boxes. The 
first box represents the less saline, ventilated surface water 
extending to about 150 m depth, and the second box the 
remaining deep water that is anoxic and more saline (see 
Fig. 1). 

The present-day inflow and outflow are fairly well known 
and the only source of salinity is the Mediterranean water 
from the Bosporus inflow. Mass and salinity balance for 
these two model boxes can thus be used to calculate resi- 

dence times and input and output rates. We adopt here Fon- 
selius' approach to compute the present-day rates of down- 
welling and upwelling in the Black Sea using water mass and 
salt conservation. 

ß •When completing this paper, we became aware of the just 
published work of Arthur and Dean [1998], who used a fixed-size 
two-box model. Both our model and the nature of our analysis 
thereof differ from theirs. 
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Figure 1. Schematic diagram of our variable-size two-box 
model for the Black Sea. Fluxes are represented by arrows. 

Water mass conservation for the entire Black Sea is given 
by 

W(•in) W(OUt) -,,• +W•=0, (•) 
where W(• © and W(• øut) represent the present-day Bosporus 
inflow and outflow, respectively. The net freshwater inflow 
Wfw is itself the sum of river inflow, precipitation and evap- 
oration. 

W (aøwn) and W (up) represent the water-mass fluxes from 
the upper to the lower box and vice-versa. The downward 
transport is mainly due to entrainment, diffusion and ver- 
tical advection [Cargert, 1984]. The entrainment is caused 
by the inflow of heavy Mediterranean water through the 
Bosporus Strait that entrains lighter surface water with it 
while flowing down through the upper layer into the lower 
one. The upward transport is due to the same phenomena 
as the downward transport, with the important difference 
that upward entrainment is due to the motion in the upper 
layer being more turbulent than that in the bottom layer 
[Ellison and Turner, 1959]. 

The rate of change of the volume Vx of the upper layer is 

• (t) = w• - w• øu•) + w (u•) - w (•ø•) (•) 
The fluxes between the upper and the lower layer are not 
constant in time, as they are allowed to depend on the thick- 
ness of the upper layer (see Section 4). 

The equations for the salinity in each layer, Sx and 
are based on Knudsen's relation: 

• = [(S• - S•)W (up) - SxWI•]/Vx, (3) 
& = [(& - s•)w (•ø•) + (s• - &)w• ©] 

/(Vo - V•); (4) 

here V0 = • + V2 is the total volume of the Black Sea, V0 
537,000 km 3, and •M is the salinity of the Mediterranean 
water. In Eqs. (2)-(4) time increases from the past (t < 0) 
to the present (t = 0), to that t years B.P. = -t years. 

3. Present-day physical budgets 
In this section we compute present-day budgets for up- 

welling and downwelling, as well as the Bosporus outflow 
and the freshwater flux, by analyzing the model equations 
(1)-(4) for a steady-state case. Solving this steady-state 
system for the salinities yields 

w• © w• 
& - s• w•o•), & - & (• + w•) )' (•) 

The salinity Sx in the upper layer is thus completely inde- 
pendent of the transport between the two layers. This allows 
us to calculate the Bosporus outflow, the net freshwater in- 
flow and the upward and downward transport, given only 
the salinities and the Bosporus inflow. 

By using the salinity values $x = 18.5 ppt and $2 = 22.33 
ppt for the two boxes and $M ---- 35 ppt for Mediterranean 

,• T•r(in) ql water, and the Bosporus in.n. ow vv a = •,•2 km3yr -• de- 
rived from observations by Unliiata et al. [1989], the values 
for the upward and downward transport, the Bosporus out- 
flow and the net freshwater inflow are found to be: 

W(Up) _ 1344kmayr -x, W (ao•n) = 1032kmayr -• ' 
WB (ø•t) -- 590 kmayr -x Wf• -- 278kmayr -x (6) 

The first two values agree with those found by Murray et al. 
[1991] using a different model, while the last two compare 
very well with the values •/,(out) = 605 kmayr -x and Wf - 
300 kmayr -• derived from the observations of •zsoy and 
Onliiata [1997]. 

4. Model solutions for the Holocene 

We now consider the evolution of the two-box model from 

a state where all the water in the Black Sea is contained 

in the fresh "surface" layer. It is clear that the fluxes be- 
tween the upper and the bottom layer are no longer con- 
stant, but are a function of the thickness of the upper layer. 
In addition, the entrainment of surface water by the heav- 
ier Mediterranean water is clearly an increasing function of 
the thickness of the upper layer. When the upper layer is 
thicker, the passage of the Mediterranean water through it 
lasts longer and more water is entrained from the upper into 
the lower layer. Furthermore, as turbulent motion decreases 
with depth [Gargett, 1989], the entrainment,of deep water 
into the upper layer due to its higher turbulence level is a 
decreasing function of its thickness. The exact form of these 
dependences, however, is difficult to determine. 

We write the fluxes as a Taylor series in the deviations 
of the upper-box volume V• from a reference value V• © and 
retain only the two leading-order contributions: 

w (•ø•'•) - w (•ø•'•) + •(v• - v?))/Vo (7) -- - (o) ' 

w (•") - w•)")- •(•a - v•ø))/¬. (8) 

Here V• © is the value to which « (t) converges and it is set 
to today's observed value of about 84,000 km3; superscript 
or subscript (0) all denote therewith present-day values. It 
is clear from the discussion above that c• and fi are positive 
constants, but their exact values can only be estimated. 

We now use the highly simplified time-dependent model 
comprised of Eqs. (1)-(4), (7) and (8) to obtain informa- 
tion about the history of the Black Sea beginning from the 
opening of the Bosporus at to = -7540 years. The analytic 
solution to Eq. (2) using present-day values from 6) for 
Wf• and W(• •t) and Eqs. (7) and (8) for W (up) and W 

can be written as: 

¬ - v•(ø) 
v• (t) = 

exp[- (•+•)•o •o 

exp[-c• + fi t] + V? ) (9) Vo ' 
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If we choose c• q- • = 300 km3yr -•, this simple exponential 
behavior simulates well the evolution of the depth of the 
O2-H2S interface calculated by Dausar [1974], who assumed 
a logarithmic oxygen depletion rate to match existing radio- 
carbon rates for the initiation of sapropel deposition. This 
determines the last important parameter of our model. 

We now turn our attention to the salinity evolution in the 
two layers; it is obtained by substituting Eqs. (7) and (8) 

into (3) and (4), and using the values of Eq. (6) for . (0) 
and W•(• ). The salinities depend on the two parameters c• 
and/• in two ways: directly, since c• and/• appear in Eqs. 
(3) and (4) when substituting for W (•p) and W (dø•øn), and 
indirectly due to the dependence of V• on these parameters 
[see Eqs. (7)-(9)]. The direct dependence is negligible, as 
the terms containing c• and/• only represent a small part 
of the total vertical fluxes (see also Fig. 2 below). This 
immediately suggests that, in deriving the salinities, only 
the sum c• +/• matters, as it does for ¬ (t). 

We investigate the sensitivity of our model results to dif- 
ferent values of c• and/•. To do so, the volume V• (t) of the 
upper layer is obtained analytically from Eq. (9), while the 
salinities S• (t) and S2(t) in each layer are computed by solv- 
ing Eqs. (3) and (4) numerically. The results for different c• 
and/• are shown in Fig. 2. 

The results for c• + •: 300 are totally independent of 
c• or • being zero in the top panel [see also Eq. (9)], and 
the dependence is very small to negligible in the lower and 
middle panel. Choosing c• three times as large (dotted lines) 
or three times as small (dashed lines) does speed up or slow 
down, respectively, the convergence of V• (t) to present-day 
values, but it barely affects the evolution of S• (t) and $2(0. 
Hence today's value for the depth of the upper layer, the 
salinities in the two layers, and the value of c• q- • completely 
determine the evolution of model salinities. The dynamics 
of the salinities is, furthermore, almost independent of the 
halo cline depth. 
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5. Concluding remarks 

We have presented a "minimal" two-box model for the 
late Holocene evolution of the Black Sea, after the start 
of Mediterranean water inflow about 7500 years ago (Fig. 
1). The model's allowing for a variable halocline depth per- 
mits a fairly realistic simulation of the salinity concentra- 
tions above and below the halocline (Fig. 2). All the model 
parameters are determined either directly from present-day 
observations (halocline depth and salinities) or from a fit to 
proxy records of halocline depth (entrainment parameters c• 
and •). The evolution of the salinities is therewith quite ro- 
bust to changes in the ratio c•-to-• of downward-to-upward 
entrainment coefficients. This robustness should allow the 

match of the model's salinity curves to those that may be 
derived from proxy records of the basin's Holocene biogeo- 
chemistry [Murray at al. 1991; Jonas and Gagnon, 1994; 
Ryan at al., 1997]. 

The model's utter simplicity and relative robustness 
make it well suited for a study of, and comparison with 
proxy records on, nutrient evolution [Murray at al., 1991; 
Fonsalius, 1994; Wilkin at al., 1997] and other aspects of 
biogeochemical cycles in this unique, highly anoxic basin. 
The present study's purpose was basic model formulation 
and validation, and so the fluxes of fresh and saline wa- 
ter from river runoff and precipitations vs. Bosporus 

Figure 2. Model solutions for the late Holocene. From top 
to bottom: Volume of upper layer, salinity in upper layer, 
and salinity in bottom layer. Different curves correspond to 
different values of the two parameters: c• = 300 km3yr -• 
and • = 0 solid lines; c• = 900 km3yr -• and • = 0 km3yr -• 
dotted; c• = 100 km3yr -• and/• = 0 dashed; c• = 0 and 
/• = 300 km3yr -• dash-dotted. 

Strait inflow and evaporation, respectively- have been as- 
sumed constant and equal to present-day values. It will be 
of interest to allow for fluxes that vary in time either in 
a prescribed manner, based on paleorecords from the past 
or global-change scenarios for the future, or as a result of 
changes in model variables. 

Acknowledgments. We thank J. D. Farrara for a crit- 
ical review of the manuscript and an anonymous reviewer for 
constructive comments. M.K. thanks the Fulbright Exchange 
Scholars Commission of USA and Turkey and the TUBITAK- 
NATO Science Fellowship program for their generous support. 
This study was partially supported by ONR grant N00014-93-1- 
067 (A.W.), ITU-Research Fund, ITU-DPT grant 121/1998 and 
TUBITAK-DEBAG 94 (M.K.) and an NSF Special Creativity 
Award (M.G.). 



500 KARACA ET AL.: A BOX MODEL FOR THE PALEOCEANOGRAPHY OF THE BLACK SEA 

References 

Arthur, M. A. and W. Dean, Organic-matter production and 
preservation and evolution of anoxia in the Holocene Black 
Sea, Paleoceanogr., 13, 395-411, 1998. 

Boudreau, B. P. and P. H. Leblond, A simple evolutionary model 
for water and salt in the Black Sea, Paleoceanogr., 4, 157-166, 
1989. 

Degens, E. T. and R. A. Ross, In: The Black Sea-Geology, Chem- 
istry and Biology, Mem. Amer. Assoc. Petrol. Geol., 20, Tulsa, 
Oklahoma, U.S. A., 633 pp., 1974. 

Deuser, W. G., Evolution of anoxic conditions in Black Sea during 
Holocene, In: The Black Sea-Geology, Chemistry and Biology, 
E. T. Degens and R. A. Ross, editors, Mem. Amer. Assoc. 
Petrol. Geol., 20, Tulsa, Oklahoma, USA, pp. 133-136, 1974. 

Ellison, T.H.and J.S. Turner, Turbulent entrainment in stratified 
flows, J. Fluid Mech., 6, 423-448, 1959. 

Fonselius, S. H., Phosphorus in Black Sea, In: The Black Sea- 
Geology, Chemistry and Biology, E. T. Degens and R. A. Ross, 
editors, Mem. Amer. Assoc. Petrol. Geol., 20, Tulsa, Okla- 
homa, USA, pp. 144-150, 1974. 

Gargett, A. E., Vertical eddy diffusivity in the ocean interior, J. 
Mar. Res., 42, 359-393, 1984. 

Gargett, A. E., Ocean turbulence, Ann. Rev. Fluid Mech., 21, 
419-451, 1989. 

Jones, G. A. and A. R. Gagnon, Radiocarbon chronology of the 
Black Sea sediments, Deep-Sea Res., 4, 531-557, 1994. 

Mamayev, O. I., A simple model of salination of the Black Sea, 
Oceanology, 34, 756-759, 1995. 

Murray, J. W., Z. Top and E. Ozsoy, Hydrographics properties 
and ventilation of in the Black Sea, Deep-Sea Res., 38, Suppl. 
2, pp. S663-S689, 1991. 

Ryan, W. B. F., W. C. Pitman III, C. O. Major, K. Shimkus, V. 
Moskalenko, G. A. Jones, P. Dimitrov, N. GSrfir, M. Sakinq 
and H. Yiice, An abrupt drowning of the Black Sea shelf, Ma- 
rine Geol., 1..38, 119-.1.26, 1997. 

Ozsoy, E. and Unlfiata, U. T., Oceanography of the Black Sea, I: 
Review of some recent results, Earth Sci. Rev., 42, 231-272, 
1997. 

Onlfiata, •. T., T. Oguz, M. A. Latif and E. Ozsoy, On the 
physical oceanography of the Turkish Straits, In: The Physical 
Oceanography of Sea Straits, L. J. Pratt, editor, NATO ASI 
Series, Ser. C, Kluwer Academic, Norwell, Mass., pp. 25-60, 
1989. 

Wilkin, R.T., M.A. Arthur and W.E. Dean, History of water- 
column anoxia in the Black Sea by pyrite framboid size distri- 
bution, Earth Planet. Sci. Lett., 148, 517-525, 1997. 

M. Karaca, Eurasia Institute of Earth Sciences and Maden 
Fakultesi Genel Jeoloji ABD, Istanbul Technical University, 
Maslak, 80626 Istanbul, Turkey 

A. Wirth and M. G hil, Department of Atmospheric Sciences 
and Institute of Geophysics and Planetary Physics, University of 
California, Los Angeles, CA 90095-1565, USA 

(Received September 14, 1998; revised November 20, 1998; 
accepted December 11, 1998.) 


