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JaMES W. MURRAY,* ZAFER Tort and EMIN Ozsovi

(Received 13 April 1990; in revised form 11 January 1991; accepted 1S January 1991)

Abstract—Using hydrographic data collected by CTD during five cruises of the 1988 Black Sea
Oceanographic Expedition, from 16 April to 29 July 1988, we describe the distribution of potential
temperature (8), salinity (S), and potential density () throughout the water column. The salinity
and density increasc rapidly with depth, while temperature decreases to a minimum at S0 m in the
cold intermediate layer (CIL). All three variables increase slowly with depth in the deep water. The
hydrographic properties of the upper 200 m varied little over the duration of the 1988 expedition.
Significant differences are observed when the 1988 data are compared with the 1969 Adlantis 11 data
set. All of the 1969 data are warmer at a given salinity than the 1988 datatoa depth with a salinity of
about 21.0%. Possible causes for these changes are increased heat loss to the atmosphere and
decreased freshwater input. The most distinctive feature in the decp water is a homogeneous
benthic bottom layer that extends from about 1700 m to the bottom. There is a single pronounced
step in all hydrographic propertics at the top of this layer. Vertical transport across the upper
boundary may be controlled by double diffusion driven by geothermal heat flow. The predicted
double-diffusive heat flux agrees with geothermal heat flow to within a factor of 5. A simple box
model with surface, entrainment and deep-water reservoirs is used to modcl the entrainment
process and the residence time of deep water in the Black Sea. The results supgest that the
Bosporus inflow entrains water with propertics of the CIL. The ratio of entrainment to Bosporus
inflow is 3.3. Assuming a Bosporus inflow of 312 km’ y~', the resulting residence time of the deep
water is 387 years. A total CO; balance is used to calculate the flux of carbon into the deep water
and a YC balance is used to calculate the pre-nuclear value of A" C = —200%. in the entrainment
water. This highly depleted value would have resulted in an apparent age of 1400 years for the CIL
and, probably, the surface water as well. If the carbon flux of biological origin was depleted to the
same extent this may account for some of the differences in scdimentary chronology based pn e
dates and varve counts.

INTRODUCTION

Tie Black Sca is anoxic because of its strong vertical salinity stratification (CAsPERS, 1957,
SoROKIN, 1983) caused by excess of precipitation and river run-off over evaporation
(ToLmAZIN, 1985a). The deep water has a higher salinity duc to the inflow of Mediterra-
nean water which enters through the Bosporus. The depth of the halocline in the Black Sea
reflects a balance between the freshwater and seawater inflows. This density gradient
inhibits mixing and is the origin of the stability of the anoxic (oxygen-hydrogen sulfide)
interface. The overall halo-circulation is estuarine in nature, which is the reverse of that for
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the Mediterrancan. Bascdona preliminary dataset from the 1988 U.S.~Turkish Black Sea
Expedition, MURRAY ef al. (1989) suggested that there may have recently been an upward
displacement of the constant density (isopycnal) surfaces due to an increase in salinity ata
given potential temperaturc. These changes could be duc to cither natural or man-made
variations in climate and river run-off. Fasticnuk and AYZATULLIN (1986) also have
suggested that a recent decrcasc in freshwater input is causing a vertical smoothing of the
salinity gradient. \‘

In this paper we examine the temperature and salinity rclationships in the Black Sea
using the complete data set collected during the five cruises of the 1988 expedition on the
R.V. Knorr (MURRAY and 1ZDAR, 1989). Specifically we cxamine the temperature and
salinity rclationships in the upper layer and evaluate the question of systematic changes.
We discuss the hydrographic structurc of the deep water including the benthic bottom
layer. Finally, we present simple box madel calculations that give new insights into the
ventilation and residence time of the deep water of the Black Sca.

BACKGROUND '

The early hydrographic data of the Black Sea were summarized by NEUMANN (1944) and
CaspErs (1957). The detailed 1969 data from the R.V. Atlantis 11 (A11-49) arc the most
usclul reference data sct (BREWER. 1971: SPENCER and BREWER, 1971) because of their high
quality, regional coverage and carcful documentation.

The surface mixcd layer has a relatively low salinity that varics from 17.5 to 18.5%0
depending on the scason and the proximity to river input (especially in the northwestern
region). The temperaturc varics scasonally in the surface layer due to solar heating and
decreases with depth toa minimum located at a depth of approximately 50 m in the central
basin and as decp as 100 m near the margins (Ocuz et al., in press). This temperature
minimum is identifiable throughout the Black Sca and has been called the cold intermedi-
ate layer (CIL). Below the CiL is the pcrmanent halocline (50-200 m) which separates the
surface water from the deep water. The isopycnal surfaces above 300 m are dome-shaped
and shallower in the central parts of the Black Sca reflecting the gyre-like circulation. In
the decp water the vertical salinity and potential temperature gradicnts arc small, but both
propertics increasc continuously to maximum values of about 22.33%. and 8.904°C,
respectively, at the bottom (Fig. 1).

The CIL is a major featurc of the upper water column and deserves further discussion
(Fiuirpov, 1965; GEORGIEY, 1967; TOLMAZIN, 1985a). The 8°C isothermal surfaces are the
commonly accepted upper and lower boundaries of the CIL, and the layer is deeper and
thicker near the margin of the Black Sea than in the center. This cold water is apparently
not a remnant of locally produced winter water because at most locations the surface water
does not get sufficiently cold (especially in the eastern half of the sca). ToLMAZIN (19853)
summarized evidence suggesting that the water in the CIL originatcs in an arca of intense
cooling in the northwestern shelf (NWS) region and spreads horizontally throughout the
Black Sea on an isopycnal surface. Ovcminnikov and Porov (1987) have recently argued
that the waters of the CIL also form in the winter in the central cyclonic eddies. Spiral
outflow of the newly generated CIL water occurs along the dome-shaped isopycnal
surfaces. For both mechanisms of formation the severity of winter conditions determines
the volume of CIL formed. Recent data by OGuz et al. (in press) suggest that both
mechanisms are probably important. '
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One of the major new observations made during the 1988 expedition was a suboxic zone
where oxygen and sulfide cxist at ncar-zcro concentrations (MURRAY et al., 1989;
Cobisroti et al., 1991; JORGENSEN et al., 1991). It has been hypothesized that the origin of
this suboxic zone may be due to cither variations in the rate of formation of the CIL
(MURRAY et al., 1989) or plumes of Bosporus inflow (BUESSELER ef al., 1991).

The temperature and salinity distributions in the deep Black Sea, below the halocline,
have not previously reccived much scrutiny, in part because the variations arc small and
because of a general lack of detailed hydrographic data (especially by CTD). Srencer and
BrewEr (1971) combined data from several stations collected during the 1969 Adantis I
cruise and concluded that there was a lincar salinity—potential temperaturce relationship
from a salinity of about 20.0%. to a salinity of 21.9%. and potential temperature of 8.83°C,a
depth range of about 75-400 m. Below this depth the waters were almost isothermal to
about 900 m where the propertics were 8.84°C and 22.24%.. In the deep water from 900 to
2100 m there was another lincar 0-S relationship, with values increasing to bottom water
vathues of 8.91°C and 22.41%.. Both SOROKIN (1983) and Tor and CLARKE. (1983) have
proposcd that the increasc in potential temperature below 400 m could be accounted for by
geothermal heat flow. SPENCER and Brewrr (1971) argucd that the homogencous water
from 400 to 900 m represented the main horizontally advective decp-water input of
Bosporus origin. They proposcd that the deep water below 1000 m was renewed only by
eddy diffusion.

Radiocarbon analyses by Ostr.unn (1974) on samples collected in 1965 suggested that
the decp water from 300 to 1700 m had a uniform "'C age of about 1000y supporting the
notion that Mediterrancan source water penetrates at this depth. Water below 2000 m had
an age of about 2000y. inferring that it was rencwed less frequently during times of
abnormal climate conditions. Carbon-14 analyses of samples collccted in 1984 (OstLUND
and DyrssEN, 1986) indicated that all deep waters helow about 1400 m have an apparent
age of 2000 y. The apparcnt age gradually decreases to about 1470 y at 600 m. The tritium
(Tor and CLARKE, 1983) and chlorofluorocarbon (J. BUrLiSTER, personal commuhication)
distributions suggest that samples shallower than about 500 m have been contaminated by
¢ from atmospheric nuclear weapons testing. OSTLUND and Dvrssen (1986) suggested
that some of the OstLuND (1974) "¢ samples may have been contaminated during
collection and thus some of the ages appearcd young.

Tritium analyses on samples collected in 1975 (Tor and CLARKE, 1983) decreasc to below
detection (<0.2 TU) at 900 m and then increased to above zero in the two deepest samples
at 1745 and 1939 m. The presence of tritium helow 1500 m inferrcd that Black Sea surface
water is cntrained by the sinking Mediterrancan plume and that at lcast some of this water
penctrates all the way to the bottom. The 1988 tritium distribution was similar to-that of
1975 except that no anomalics were detected in the deep water (OstLuND, 1990). Torp and
CLARKE (1983) constructed a three box maodel for the Black Sca using tritium and IHec data
and geothermal heatflow. They calenlated that the deep box (1000-2000 m) and middle
box (<400-1000 m) had residence times of 400 and 125 y. respectively. This approach was
probably not valid. however, because they did not take heat input associated with the
Bosporus inflow into account. The tritium and *C analyses appear to suggest different
rates of deep-water rencwal, and thesc inconsistencies have not yet been reconciled. Top
and CLARKE (1983) concluded that the “old™ radiocarbon ages may be due to redissolution
of “dead” carbonate carbon from the sediments.
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Toe et al. (1990) rccently uscd a calculated *He sediment flux and water column *He
analysis to cstimatc that the water column of the Black Sea has a residence time of
850 + 300y. They regarded this as an upper limit.

The major uncertainty for understanding the ventilation of the Black Sca is with regard
to the degrec of entrainment by the Mediterrancan plume and its depth of injection
(Fiuierov, 1968; Frieprich and StANEv, 1989). Here we define entrainment as the mixing
of Mcditerrancan water of Bosporus origin with ncar-surface Black Sca water to produce
the hydrographic propertics of the new Black Sca deep water. At a rate of Mediterranean
water input of about 190 km* y~" (SpencEr and Brewer, 1971) it would take about 2700 y
to displace the deep volume (>50m) (5.20 X 107 km™) of the Black Sea (SvErpRUP ef al.,
1942). There arc two main problems with this simple approach. The first is that significant
catrainment must occur to modify the high salinity Bosporus input. The potential
temperaturc of the Black Sca deep water is 8.9°C, and the inflowing Mediterranean water
in the Bosporus has a ycar-around temperature of about 14°C (GunnrrsoN and OzTUR-
Gut, 1974). The high salinity (35%.) Mcditcrrancan inflow must entrain cold surface or
ncar-surface Black Sca water to form Black Sca deep water. OstLunn (1974) used a
salinity balance to estimate that the ratio of entrained water to new inflow was 4:1.
Boupreau and LEBLOND (1989) constructed a modcl of the evolution of the salinity of the
Black Sea. They uscd entrainment theory, which assumes that the entrainment coefficient
at a given location is a function of the slope, to estimate that this ratio was 1:4.
Entrainment will decrcase the deep-water residence time if all the water flows into the
deep Black Sca. and thus it is important to understand the rates and dynamics of this
process. ;

‘The second problem is that after entrainment the Bosporus inflow may not necessarily
sink to the bottom (FiLirrov. 1968; Rootir, 1986). Instcad it may sink to an intermediate
depth dictated by the conditions of interior stability and buoyancy flux and spread
horizontally on the isopycnal surface appropriate to its density (Ozsoy e al., in press).
TorMazIN (1985Db) has shown that traces of Mediterrancan water can be found near the
Bosporus at various depths from 200 1o 1000 m. Tor and Crarke (1983) usced helium and
ncon analyses as traccrs to show that these plumes exist. BUESSELER ef al. (1991) have used
cesium isotopes to describe shallow ventilation of the Black Sea.

METHODS

Hydrographic data were collected during all five cruises of the 1988 Black Sea
Occanographic Expedition (Murray and 1zbar, 1989). These cruises were conducted
from 16 April to 29 July 1988. The data were collected using a rosctte-CTD package
cquipped with 30 or 5 1 Go-Flo Niskin bottles. The rosctte also contained a SeaTech
transmissometer and fluoromcter. The pressure. temperature and conductivity data were
acquircd using a Scabird SBE-9/11 CTD. Calibrations of the threc scnsors were done in
March and September 1988, before and after the expedition. Salinities were analysed
manually during the expedition using an inductive salinomcter and agreed with the CTD
values to within 0.003%.. The data were processed following the procedures and recom-
mendations given in UNESCO (1988). The raw data were edited, filtered and then
compacted and interpolated to the ncarest 1 m hin. Valucs of depth, salinity, potential
temperaturce, sigma-f and sipma-0 were calculated using the equations given in UNESCO
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(1983). A hydrographic data report has been published (Wintes ef al., 1989) that gives data
forevery 2 m from 6 to 100 m, cvery 5 m from 100 to 250 m and then every 25 m from 250 m
to the maximum depth. There were 221 CTD casts conducted over the 3} month period.
These data arc available from the University of Wasiﬁngton and through the National
Oceanographic Data Center (NODC). The overall precision of the hydrographic data set,
bascd on repeated casts into the benthic boundary layer, was about 0.001°C and 0.002%o.
The accuracy of the temperature and salinity data, as determined by the difference in the
calibration of the scnsors before and after the expedition, was better than 0.001°C and
0.001%., respectively.

RESULTS

Representative complete water column profiles of salinity. potential temperature, and
potential density (1,) are shown in Fig. 1. The corresponding potential temperature vs
salinity diagram is shown in Fig. 2. These data arc from Black Sca cruisc 3 (Sta. 2)
Hydrocast 21 on 7 Junc 1988 at 42°50.53'N and 31°58.85°E and are representative of the
central western basin. This location is in the center of the western gyre near the long-term
sediment trap station BSKI. At this location salinity increases rapidly with depth from a
surface value of 18.289%a to a value of 22.091%. at SO0 m. 1t continucs to increase with
depth to a maximum valuc at the bottom of 22.321%.. The potential temperature decreases
sharply from a surface valuc of 16.664°C to a minimum valuc of 6.970°C at 44 m in the CIL,
and then increases to 8.773°C at 200 m. Over the rest of the water column potential
temperature increases slowly to a maximum valuc at the bottom of 8.906°C. The potential
density (o,) increascs smoothly with depth from 12.804 at the surface to 17.223 at the
bottom. Overall, potential density is primarily controlled by the salinity.

The strength of the vertical density stratification (dp/dz) is commonly expressed as the
squarce of the Brunt-Viiisili frequency, N, calculated as

5
N* = —glpdp/dz. (1)
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Fig. 3. The Brunt-Viiisili frequency plotied as N in (h™")? for the (a) upper 200 m and (b) the
region (1000-2000 m) across the benthic bottom layer.

The stability is very large in the upper 200 m, and N? ranges from 50 to >200 h™2, then
decreases to low valucs (<1) in the deep water (Fig. 3). Similar values of about 100 h~2at
the oxygen zero horizon were calculated by Brewer (1971).

The 0-S rclationship is similar to that shown by SpeNcER and BREwER (1971); however,
lincar regions arc less evident, especially from salinities 0f 20.0 to 22.0%.. In full-scale plots
(Figs 1 and 2) the 0 and S distributions look similar to previous data, and deep-water
variations arc small.

We attempted to usc our data to dermine the origin of the CIL. BoGusiAvskiy ef al.
(1976) presentcd a chart of isothcrms of the CIIL using a synoptic data set collected in May
1973. Their results suggested that the origin of the CIL is in the northwest shelf region.
Using a similar approach we plotted in map view the lowest temperature recorded at each
location during the 1988 expedition. We also examined the temperature on the character-
istic density surface of the CIL (0, = 14.6-14.7). Using our data set we could discern no
systematic regional variation in the temperature of the CIL. The explanation for this is
probably because the temperature at the minimum tended to increase with time at some
locations during our sampling period (April to July). In addition, no stations were
occupicd in the Exclusive Economic Zones of the U.S.S.R.. Romania or Bulgaria. There
were not enough stations occupicd during any of the five individual cruises to obtain
sufficicntly detailed resolution to address this problem.

Depth profiles of S, # and g, using enlarged vertical scales, are shown in Figs 4 and 5 to
illustrate features in the mid-water and deep-water column. Potential temperature
increases to a maximum of 8.849 at 475 m (Fig. 4). It then decreases to a slight minimum of
8.845 at 600 m followed by further increase with depth. Salinity and o, increase smoothly
with depth through this region with only a hint of a slight inflection. The prominent feature
below 1000 m is a homogencous benthic bottom layer (Fig. 5). The depth of the top of this
benthic bottom layer, defined as where # deviates from the mean value by greater than
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0.002°. is about 1740 m and varics littlc with time or spacc (Table 1). Similarly the average
properties of the benthic bottom layer (determined from 25 casts at different times and
locations) show very small variation and no horizontal gradicnts (Table 2), i.e. the lo
standard deviations for potcntial tempceraturc and salinity are 0.0012°C and 0.0020%o,
respectively.

An cnlargement of the 0-S diagram (Fig. 6) is especially intriguing because it is evident
that there are no lincar 0-S regions in the deep water. On the contrary, the values below
500 m (S = 22.1%0, 0 = 8.845) vary continuously with depth and could not b formed by
simple two end-member mixing. The naturc of the curvature suggests an additional source
of heat. Because of its uniform @ and S values, the benthic bottom layer appears only as the
last data point in this plot. : :

One station (BS5-HC51) was occupicd in the Bosporus near the northern sill (60 m sill
depth) and the vertical profiles of @ and S arc shown in Fig. 7. The inflowing Mcditerra-
nean water at the bottom has values of 0 = 14.2 and S = 36.7%. which arc within the range
of values reported by GUNNERSON and OzturcuT (1974). The inflowing Meditcrrancan
water is the only source of saltin the Black Sca, and this is an important constraint on the
box model calculations that follow.

DISCUSSION ;
Ventilation of the upper 200 m

MURRAY ef al. (1989) suggested that CI1. water formed during the past 10-20y with a
higher salinity (and density) than in the past. perhaps due to annual or decadal-scale
variations in climate and river run-off. Variability on these scales was also cmphasized by
KiMmrE ef al. (1990). Decreased run-off from Sovict rivers (TOLMAZIN, 1985a) would be an
additional cffect superimposed on the natural variability. The changes reported by
Mugray ef al. (1989) were bascd on comparison of .S and g data from a station occupicd
in 1988 in the center of the western gyre (BS3-2) with data collected in 1969 at a nearby
station (AI1-1445). There was little difference between the potential temperature profiles;
however, the salinity in 1988 was higher by about 0.1%, over the 50-200 m depth range.
Evaluation of possibic hydrographic changes requires a morc detailed examination of the
completc 1988 Black Sca data sct from all five cruiscs including variability on different time
scales. In order to concludc that comparisons over a multi-year period are valid we first
must evaluate the regional variability over daily and monthly time scales. Factors that can

Table V. Deptlht of the top of the henthic howndary

layer determined using the data in 25 m hins as

presented in White ct al. (1989). Average depths

determined using all the casts at each location during
the VORR expedition

Station Depth (m)
BSK I (western pyre) 179 +52 (n=17)
BSK 1T (center) 1706 £33 (n=12)
BSK 111 (castern gyre) 1728 (n=2)

BSC (near Bosporus) 1738 +25 (n=4)
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Table 2. Average values of potential temperature,
salinity and potential density in the bottom boundary
layer of the Black Sea. Also given are the Vo standard
deviations. These values were determined using data
obtained from 25 CTD casts spread throughout the
Turkish Exclusive Economic Zone of the Black Sra

Parameter Value

Potential temperature (0) R.9057 + 0.0012°C
Salinity (S) 22.3212 + 0.0020%0 ‘
Potential density (i,) 17.2233 + 0.0015

introduce variability on these time scales include internal waves, mesoscale processes (e.g.
cddics) and variable horizontal and vertical transport.

MugrAY (in press) analysed the variability in hydrographic parameters at two stations
repeatedly occupicd during the 4-month 1988 cxpedition (center of the western gyrc at
BSK T; 32°E, 40°50'N and between the castern and western gyres at BSK I1; 34°E,
43°00'N). The depths studicd were the center of the CIL and a depth in about the middle of
the suboxic zonc. The depth of the CIL was chosen because this is a depth where lateral
injection is thought to be important and the potential for variability is large. The middle of
the suboxic zone was picked becausce it is in the middle of the pycnocline where internal
waves might be important and because of the geochemical importance of that zone.
During the time interval of a typical 3- to 4-day station occupation, during which multiple
hydrocasts were taken, the variations in depth, temperature and salinity of the CIL were
=2 m, <0.03°C and <0.03%., respectively. The characteristic minimum time constant for
internal waves (= 22N ™), calculated using the density gradient at this depth, ranges from
0.5 to 0.9 h, and no systematic variability was scen at thesc, or any other, frequencies.
From April to the end of July there was no systematic variation with time in any of these
properties in the CIL (depth range 38-42 m) at BSK 1. At BSK II. howevér, the depth

Fig. 6.
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Fig. 7. Profiles of (a) salinity and (h) potential temperature from a station (BS5-HCS1; July 198R8)
located in the northeastern end of the Bosporus,

range of the CIL was slightly deeper (45-51 m) and the potential temperature increased
progressively by 0.5°C from April to July. In the middic of the suboxic zone at both
locations, 72 m at BSK I and 76 m at BSK 11 the variability in 0 and S was less than that in
the CIL and no systematic changes were obscrved with timc. The rapid migrations, by
several tens of meters, in the depth of the pycnocline at ncarshore station locations
reported by KempE ef al. (1990) were not observed in any of our ncarshore or offshore data.
We also conducted yo-yo-type repcat CTD casts over periods of 3-4 h at ncarshore
stations (e.g. BS3-3) and observed only small variability (=2 m). In the absence of good
winter hydrographic data it is not possible to conclude whether the small variability
documented above holds for an annual basis.

Multi-ycar variability also requires carclul cxamination. Stations All-1445 and All-
1463 were occupicd in 1969 and arc located near our 1988 sites BSK 1 and BSK I,
respectively. At BSK I the temperatures are in cxcellent agreement with the 1969 valucs.
The salinity (and density) were higher by 0.2 and 0.4%. in all 1988 samples than 1969 as
reported by MURRAY et al. (1989). At BSK 11, however, the comparison is different. The
temperature, salinity and density at a given depth were all higher in 1969 than at any time
sampled during 1988, and by large amounts (0.4°C and 0.7%). The systematic differences
can be illustrated by comparing the upper 200 m salinity profiles at BSK 1(BS3-2 with All-
1445) (Fig. 8a) and BSK I (BS3-6 with All-1463) (Fig. 8b).

In addition to these two sets of comparisons, six more 1969 All stations can be compared
with 1988 Knorr stations. Of these, threc arc ncar the Turkish coast and three are in the
eastern gyre region. The three comparisons near the Turkish coast all had a higher salinity
at a given depth in 1988 than 1969, while the comparisons in the castern gyre showed.the
reverse. KEMPE ef al. (1990) have also pointed out the difficulty in comparing salinity vs
depth profiles from different ycars. The problem with this approach is that depth profiles
are a function of local currents and mixing and eddy fields and arc thus highly dependent
on the time of observation. The appropriate way to cvaluate whether there have been
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large-scale hydrographic changes is to comparc data at a given density or in the form of 8-S
diagrams, All of the stations occupicd at similar sites in 1969 and 1988 and suitable for
comparison arc included in the 0-S diagram in Fig. 9. Even though comparisons of the
salinity vs depth profiles suggest much variability, when viewed as a 0-S diagram the data
present a consistent pattern. All of the 1969 data are warmer at a given salinity than the
1988 data down to a salinity of about 21.0, which corresponds to a depth of about 100 m in
the central Black Sea. Such diffcrences could not be due to changes in surface currents or
internal waves as suggested by KEmpE et al. (1990).

There are two possible explanations for the change in the 0-S relationships. The first is
that the upper layers of the Black Sca are significantly colder in 1988, cxcept perhaps for
the core of the CIL (6.75°C; 18.5%a) which appears to be unchanged. Over the upper 200 m
the average temperature decrcase .of 0.5°C yields an integrated heat loss of about
8.2 x 10 calem™2 or 34 x 10° J em~2, Over 19 y this corresponds to an average annual
cooling ratcof432 calem ™2y~ (or 1800 J cm ™2 y~"). Typical vaiues of the net annual heat
flux between the ocean and atmosphere at mid to high latitudes range from 20 to
100 keal em™ 2y~ (Bupvyko, 1963; WORTIINGTON, 1972). It is certainly plausible that the
heat loss needed to explain the changes in the 0-S distributions could be due to a small but
consistent variation in the natural annual heat flux; however, calculations to test this
hypothesis arc beyond the scope of this paper.

The sccond explanation is that for the depths below the CIL (about 45 m) the salinity ata
given temperature was higher in 1988 than it was in 1969. For depths above the CIL the
temperaturce is controllcd by scasonal solar radiation. This alternative could be due to
increased Mediterrancan input as a result of decreased river outflow (ToLmAzZIN, 1985a).
The intcgrated salinity difference, times the volume of the upper 200 m, is equivalent to an
additional influx of Mediterrancan water of about 20 km? y~ " since 1969. This volume is of
the same order of magnitude as the decrease in river inputestimated by ToLMAZIN (1985a).
The best estimates of the Bosporus input range from 180 to 312 km? y~! (SPENCER and
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BReEWER, 1971; GUNNERsON and OzTurGuTt, 1974; SorokIN, 1983; UNLUATA et al., 1989).
Such a change in Mcditerrancan input could have easily gone unnoticed.

The ventilation of the upper layer (c.g. 50 ta at least 150 m) of the Black Sea appears to
occur very rapidly. BuesseiLER ef al. (1991) have usced the pulse-like input of Chernobyl
cesium isotopes (1*'Cs and 'YCs) to show that ventilation of the upper layers occurs by the
lateral injection of a 1:10 mixturc of inflowing Mcditerrancan water and CIL water. The
entrainment process is thought to occur ncar the Bosporus followed by isopycnal
transport. Multiple interleaving layers of water masses with differing histories thercfore
must be considered in the interpretation of any vertical profile. The chemocline thus
should be viewed as a rcgion of strong lateral ventilation, with small variations casily
accounting for the changes in the 0-S rclationships described here.

Itis clear that changes have occurred in the temperature and salinity relationships in the
upper 200 m of the Black Sca. The above calcutations suggest that both the heat loss and
salinity increasc alternatives arc plausible, and with the existing data we cannot distinguish
between them. If these variations arc of a cyclic nature due to natural climatic cycles there
should be no cause for alarm. If, however, the changes are duc to diversion of freshwater
inflow we should expect a further unidirectional decrease in the vertical salinity gradient
with conscquences regarding the distribution of oxygen and sulfide that are difficult to
predict. For this reason we feel that the 0-S relations in the Black Sca should be carcfully
monitored.

Deep-water features

The hydrography of the decp water of the Black Sea contains interesting features that
must reflect variability in the deep ventilation. The salinity increases smoothly through
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most of the water column below 200 m (Fig. 4a). The potential tempcrature, however, has
amaximum at about 475 m and decreases by about 0.005°C to a shallow minimum at 600 m
(Fig. 4b). The origin of thesc fcatures is not easy to determine based only on the
hydrographic data. They could represent the relatively recent lateral injcction of warmer
watcer at 475 m or colder water at 600 m. In some cases there is considerable fine structure
at the temperature maximum, suggesting an intrusive origin. Itis clear, however, that cold
water has to originate at the surface while warm water is associated with Bosporus inflow.

The stability ratio, R, is defined as the ratio of the stability duc to the stabilizing
component relative to the instability duc to the destabilizing component (Turner, 1973,
IMBoDEN and WUEST, in press). Throughout most of the water column in the Black Sea
salinity increases with depth and is the stabilizing component for the density structure,
Thus, the stability ratio in the Black Sea is defined as the relative density gradient due to
salt divided by that duc to temperature. ‘

_ B st )
? adoidz’ ¢
where a is the thermal expansion cocfficient (=—p™! dp/dT) and # is the haline contrac-
tion coefficient (=—p~! dp/dS) (p being the density, T the tempcrature and § the salinity).
If R, becomes much greater than 1, the destabilizing component can be ignored.

The stability ratio approaches a maximum (actually + ) at 475 m (Fig. 10a) because the
tempcerature gradient passes through an inflection. Large values of R, indicate that
changes in salinity arc the largest influence on the density gradient, and this suggests that
the temperature maximum at 475 m has a Bosporus origin. It is very unlikely that this
temperaturc maximum is a stcady-state featurc.

The single mostinteresting featurc of the deep Black Sea is the benthic bottom layer that
extends from about 1750 m to the bottom (Table 1, Fig. Sa—). This pool of water has very
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uniform properties (Table 2), and there arc no discernible regional gradicnts in either the
propertics or the depth of the upper boundary (Table 1). The existence of a basin-wide
layer with uniform depth and propertics supgests cfficient homogenization by convectively
driven motions. The lack of clevated concentrations of dissolved silica, ammonia and
other constituents of known benthic origin, and the occasionally detectable tritium values
.(Top and CLARKE, 1983), indicatc that this is not a relic layer. The top of the layer can be
identified by a sharp density step (Fig. 5¢) that also shows up as a maximum in the Brunt-
Viisiili frequency (N) (Fig. 3b). The valuc of NZincreases from background values of less
than 0.1 h™2 to a maximum value of about 0.3h~2. The sharp step in hydrographic
propertics at the interface at the top of the benthic bottom layer should be smoothcd out by
diffusion. Tts presence suggests that the uniform bottom layer is produced and maintained
by convection, possibly driven by geothermal heat flow from the scdiments. TURNER
(1969) described similar interfaces at the top of the Red Sea brine layers.

The gradients of heat and saltin the decp Black Sea arc hoth negative upward, and thus
it is possible that vertical transport is controlled by double diffusion. Double diffusion
occurs when the gradients of temperature and salinity have the same sign and thus have
opposite clfects on the density. The case such as in the Black Sca, where salinity is the
stabilizing component, is called the diffusive regime. A master variable for double
diffusion is the stability ratio. R, (TURNER, 1965, 1973). Doublc diffusion comes into play
when 1 < R,,<D4r/1)s~7() and is cxpected 1o become stronger as R, approaches 1
(TURNER, 1965). The value of R, in the deep Black Sca. progressively decreases with
depth as the influence of temperature hecomes greater and reaches a value of 2 just above
the benthic bottom layer (Fig. 10b). A source of heat is nccessary to drive this double
diffusion, and it could be heat associated with cither Bosporus inflow or geothermal heat
fiow. The inflow of heat associated with Bosporus inflow is the most important source for
the Black Sea as a whole. 1t is not possible to construct a heat budget for the benthic
bottom layer alonc; however, we cxpeet that the relative importance of geothermal heat
flow should be larger. :

There have been a number of theoretical and experimental studics describing the
processes that occur when a lincarly stratificd salt solution is heated from below (TURNER
and STOMMEL, 1964; TURNER, 1965. 1968, 1973 HUPPERT and LinpEN, 1979). Convective
stirring first produces a layer at the bottom that is well mixed. This layer does not continue
to grow indefinitely. Because heat diffuses faster than salt, asecond laycr eventually forms
above the first followed by a third layer and so on. In time. many such laycrs should form
with sharp interfaces scparating turbulent convecting regions. Eventually the bottom
layers coalesce to form a thicker bottom layer (Hurpert and LINDEN, 1979). Natural
environments where this typc of double diffusion are thought to occur include the Red Sea
brines (TURNER, 1969), the Canada Basin in the Arctic Ocean (PADMAN and DILLON, 1987,
1988, 1989) and Antarctic lakes (110ARE, 1960). The distributions in the Red Sea brines are
similar to those in the Black Sca in that the 100 m thick well-mixed bottom convective
laycrs have single sharp interfaces at their top. The Red Sca differs from the Black Sea in
that it has two such convective laycrs.

Existing theorics of mixed-layer development in a double diffusively stratified fluid have
been derived from laboratory cxperiments combincd with basic encrgy balances. We can
attempt to comparc the characteristics of the Black Sca benthic layer with the available
models to sce if they support the double-diffusion hypothesis. TURNER (1968) and HUPPERT
and LINDEN (1979) estimated the time required for the formation of a laycr with thickness
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/i (time required for the propagation of the convective front from the bottom to its present
position) from ;

1= (hla)’ll}'s,, 3)

where H, = —(galllpC,)) and S, = ~1gB(dS/dz) arc the normalized forms of the bottom
heat flux (/) and initial salinity gradicnt (dS/dz), respectively. Taking a = 1 (TURNER,
1968) or a = 1.7 (Hurrert and LiNDEN, 1979), H = 0.9 X 10~%cal cm~?s™" (ERricksoN
and SiMMons, 1974), 1 =400 m, a = 0.13 x 1073, 8= 0.78 x 10~ and dS/dz = 0.024%./
1000 m, we estimate the time of growth asf = 120r 34 y, depending on the choice of a. This
estimate appcears to be too short for the benthic bottom layer of the Black Sea, which is
thought to have a residence time on the scale of hundreds of years. ‘

According to TURNER (1968), therc is a maximum thickness /1, reached by the convective
layer when the diffusive boundary layer above it breaks down and a secondary convective
layer is formed:

"R, tr V7 ey
hy, = I IS C))

where x and v arc the thermal diffusivity and molecular viscosily, g is the acceleration of
gravity and R is a crilical Raylcigh number given by Hurrert and LINDEN (1979) as
R.= 10" Taking %= 1.5% 1077 and v=1.5x 107" m?s~! we find Iy =43 m which
would have been reached in less than a year after the initiation of the heat flux.

The failure of the above models to yield reasonable predictions suggests a basic
diffcrence between the theory and the observations. Indeed. recent cxperiments by
FerNANDO (1987) have indicated the possibility of diffcrent regimes in the development of
the convective laycr. Initially, the layer thickness incrcascs as h ~ "2 as given above, until
it reaches a critical thickness of

hc = C(’I/N“)”Z = C,{L’ZS‘;:‘/J (5)

which occurs at about 1 =860 N ' = 6105, (h, = 20 m and f. = 1 month for the Black
Sea), where N2 = 25, in the notation of FERNANDO (1987), with the constants evaluated
experimentally as C =415 and ¢ = 34.6, respectively. After that time, the growth is
slowed down considerably, because the interfacial entrainment by cddies becomes
inclficicnt and the only remaining component of transport is the molecular diffusion. In
fact, although rcliable predictions of the growth rate cannot be made in this regime, the
development of the mixing layer almost comes to a stop.

TurNER (1973) has shown that for the diffusive regime the fluxes of salt, heat and
bouyancy depend on R, and the temperature step between the layers (AT) according to
the 4/3 flux law. Thus

agFy = (0.32IR?)(g/x1)"(g)((aAT)"), (6)

where R, and AT, the temperature step at the interface, are the main variables.
Occanographic mcasurements suggest that this laboratory-bascd 4/3 flux law is valid to
within a factor of 2 uncertainty, and it has been applied to diffusive regime staircases in the
ocean (KerLEY, 1989). The calculation of ., according to the Turner equation, converted
to a thermal flux for the conditions at the top of the benthic bottom layer, is shown in Table
3. The predicted double-diffusion thermal flux (Fyy,) is 0.074 W m™~2, which is within a
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Table 3. Calculation of the double-diffusive vertical thermal energy (Fpy,) flux for the conditions just above the
benthic bottom layer in the Black Sea using the TurnEr (1973) and Krirey (1990) equations

Turner 4/3 flux law

For the diffusive regime (TURNER, 1973) the following 4/3 flux law equation can he used to calculate the vertical
temperature flux.

Fy= l!fzﬂ‘32/R3,(g/m')mx(aAT)‘“".
where
a=131x 10°5K"" = cocllicient of thermal cxpansion
w=1.3%10"7m2s" " = diffusion cocfficicnt of heat
v=1.3% 10" m?s™! = viscosity
g=98tm 572 = gravity acccleration.
Assume
R,=2.0 = obscrved value at 1700 m (Fig. 10).

Assume that AT corresponds (o the temperature step at the top of the benthic hottom layer (Fig. Sh).
AT = 0.005°K,

Thus

Fy =176 % 10 *ms "' K.
Convert Fy to a thermal flux:

Fyy = CyFy.
where
p=4.2X% 10° T m™ K" = heat capacity of water.
Thus
Fip=74x 1 2ym2s”! = thermal encrgy flux
=0.074Wm~2

KeLLEY (1990) equation

Fy = WaC(gha) " x(ad )",

where

-
|

C— .02 exp (ARRYTY)

0.059

Fr=1.28x 107 ms " x

Fyp=0.054 Wm™2, 5

!
|

It

factor of 5 of the measurcd geothcrmal heat flow (1 x 107 cal em~2s7" or 0.40 Wm™?)
(ERricksoN and SIMMONS, 1974). Krriry (1990) recently has shown that the flux values at
low R, are overestimated by cquation (6). Using his modificd equation, we calculate a
thermal flux of 0.052 W m ~%(Table 3). Both of these approaches have an uncertainty ofat
least a factor of 2. Within these uncertainties, the thermal flux across the top of the benthic
bottom layer agrees well with the geothermal heat flow. This agreement supports, but docs
not prove, the argument that vertical transport across the sharp boundary at the top of the
benthic bottom layer is controlied by double diffusion. driven by geothermal heat flow.
The density flux ratio for the diffusive regime is cqual to
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pr;
Ri= 7
= aFy Q)

Turner (1965, Fig. 7) showed that for values of R, greater than 2 the density flux ratio has a
constant value of 0.15. Using this valuc we calculate that the value of Fg equals
4.22 x 107" ms~", and thus the predicted double-diffusion salt flux across the diffusive
interface at the top of the benthic bottom layer (pfg) cquals 4.29 x 10 ~7 g m~2s~'. The
predicted ratio of the temperature to salinity flux cquals:

Fy -1

— =41.7K% . , (8)

Fs

The region in the deep-water cohimn above the benthic bottom layer is more problema-

tical. At first glance the physical propertics appear to increase smoothly with depth (Fig.
5). If double diffusion is occurring we would cxpect a scrics of steps of predictable
thickness to cxist above the bottom convective layer (TURNER, 1968; FlurpERT and LINDEN,
1979). For the Black Sca conditions the predicted step thickness is about 1 m. Slightly
smaller-scale lengths (0.2 m) arc calculated from R, and N using an cquation presented by
KeLLLy (1989) for the dimensionlcss layer thlckncsq It would not be possible for us to
resolve steps with this dimension in our data. We have looked at the original data of all the
decp CTD casts in detail and tried to find evidence for staircase structure above the benthic
bottom layer. Two examples arc shown in Fig. 11. In some cascs, like BS4-11 (Fig. 11a),
the potential temperature decreases smoothly with decrcasing depth. In others, like BS4-7
(Fig. 11b), temperaturc maxima occur with a vertical dimension of about 20 m. Maxima of
this type are not uncommon for double diffusion (c.g. PApmAN and DiLLon, 1988) and
suggest diffusive instabilitics. Howcver, they could equally well reflect ventilation layers
of Bosporus origin. Our present data set is not sufficient to enable us to reach a conclusion
about the rolc of double diffusion in this region.

Bosporus inflow, entrainment and deep-water ventilation

The trend of increasing potential temperature and salinity with depth (Fig. 1) is due to
input of relatively warm and salty water from the Mediterranean and Sca of Marmara
through the Bosporus. A profile in the Bosporus (Fig. 7) shows that the inflowing bottom
water in late July 1988 had a potential temperature of about 14.0°C and a salinity of 36.0%o.
The long-term average salinity of the Bosporus inflow has been estimated to range from
about 38.0%0 (GUNNERSON and OzTURGUT, 1974) to 35%. (Sorokin, 1983; UNLUATA ef al.,
1989). The valuc of 35%. appcars to be the best estimate for the long-term average. Water
with this salinity is not observed in the deep Black Sea; thus cntrainment of the Bosporus
inflow must occur with water of lower salinity to produce decp water with a salinity of
about 22.33%.. The fact that thc Bosporus is the only source of salt is an important
constraint.

As a first approximation the main basin of the Black Sea can be viewed as a low-salinity
surface layer overlying a high-salinity deep layer. A simple box model with surface,
entrainment and deep-water rescrvoirs can be used to lcarn more about the entrainment
process and the residence time of deep water in the Black Sca (Table 4). This model is
similar to that used by Bouprrau and LEB1LOND (1989) to model the increase in salinity in
the deep Black Sea during the Holocene. A box of unknown volume is used to simulate the
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Fig. 11, Enlargements of the potential temperature and salinity profilesin the region from 1200 m
10 the top of the benthic bottom layer: (a) Sta. BS4-11 HC-1. (b) Sta. BS4-7 HC-1.

entrainment process. Stcady-statc equations are written for the decp-water balances of
water, salt and heat (Tablc 4). There are three equations and four unknowns. We assume
that the salinity of the entrained water (Si;) is 18.5%o. i.c. representing the salinity of the
surface water down to the CIL (about S0 m). The results that follow arc not very sensitive
to this assumption. A variation of 0.5% in the salinity of the entrained water (Sy:) changes
the residence time by only 10%. We usc the deep box salt balance to solve for the rate of
formation of dcep box water (Qp,) and the entrainment volume (Qy;). We assume an
average Bosporus inflow of 3.12 X 102km*y ! as determined by UNLUATA ef al. (1989).
The resulting ratio of entrainment to Bosporus inflow is Qp:/Qy 3.30. Assuming an area of
the Black Sea below S0m of 3.7 x 10" m? the resulting average upwelling velocity is
3.6 my~'. This compares with a valuc of 0.8 m y ™! calculated using Bosporus inflow (Qy)
alone.

We have ignored geothermal heat flow in the deep-water heat balance cquation. We can
justify this for the deep Black Sca as a whole because the heat input associated with the
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Bosporus inflow is the dominating factor. Assuming the valuc of Q,, calculated above, the
heat input is given by

deep water heat input = V;, X Ty, X C, X p
—13.4x 107 km*y! x 8.906°C x 0.97 cal g~"°C™" x 1.017 x 10'*

3% 107sy”!
=379 x 10°cals™". 9

gkm™?

The corresponding input from the scdiments is

scdiment input = gecothermal heat flow X scdiment area
=1 x 107 %alem 257" x 2.0 x 10" em?
2% 10°cals™", (10)
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For the deep box of the Black sea, heat input associated with the inflow from the Bosporus
is almost 200 times greater than sedimentary heat flow. Itis not possiblc to determine how
much of this Bosporus inflow goes into the benthic bottom layer, thus, this argument does
not invalidate our earlicr suggestion that convection in the benthic bottom layer is driven
by heat flow. ‘
The deep-water heat balance can be solved for the average temperature of the entraincd
water (T¢), and the resulting valuc is 7.36°C. Examination of the temperaturc—salinity
diagram indicates that the entrained water must be cither winter surface water or CIL
water (Fig. 2). Decp-watcr inputis thought to occur year round (UNLUATA, 1989), thus we
arguc that the CIL is the main source of the entrained water. BUESSELER ef al. (1991) have

Table 4. A simple three hox model for the Black Sea to determine the amount of entrainment (OQy:), the
temperature of the entrained water (1) and the residence time of the deep water (tpw). The transport terms (Q)
have units of km''y ™!

Surface

On

(o]
Qu1— — Op

Entrainment Deep

where

Qyp = river input

Qg = Bosporus input

Qr. = cntrainment

Op = Oy + Oy = rate of formation of decp water.

Deep box balances (3)

Water On+Qr=0p
Salt On-Sn + QS = Op-Sp
Heat OnTu+ Oy Te=0n-To.

Known variables (5)
QOn+ Sp. Tn S T,

Unknown variables (4)
Qr. Sk, Te, Qoo

Values assumed

p=3.12%x 107 km'y™! Q:="? Op =1
Sp = 35.0% S = 18.5% Spy=22.33
Ty = 14.0°C Ty, =7 Tp = 8.906.

Thus

Op = 13.44 x 107km’ y™!
O = 1032 x 107 km’y™!
Ou/On = 3.30
Ty =7.36°C
fiyw = 387 y (using volume below S0 m of 5.20 % 10,
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reached a similar conclusion for water [rom 50 to 150 m on the basis of ccsium isotopes. For
this depth range the extent of entrainment is larger and the fraction of CIL entrained is
about 90%. When obscrved on a large scale the temperature and salinity of the Black Sea
deep water [all approximately on a straight line joining CIL water and Bosporus bottom
water (Fig. 12). Assuming a volume of the deep Black Sea below 50 m of 5.20 x 10° km?,
the residence time of deep water with respect to Vi and Vi is 387 y. For comparison, a
Bosporus inflow of 1.80 x 102km®y~' (SpencEr and Brewer, 1971) results in a deep-
water residence time of 670 y. The only way that the residence time of the deep Black Sea
could approach 2000y would be if the input to the decp water was the same as the
Bosporus inflow with no entrainment. Bounpreau and LEBronD (1989) concluded that it
took about 6000y to cstablish a stcady-state salinity distribution; however, their model
incorporates much less entrainment than is required here.

Hydrographic obscrvations by LATiF ef al. (1991) support our arguinent that the
entrained watcr is from the CIL. As part of a hydrographic survey conducted during the
1988 expedition, they traced the inflowing Bosporus watcr across the shelf of the
southwestern Black Sca. Using a detailed CTD survey they determined near-bottom
salinity along the inflowing channcl. It is clear from thcir data that most of the entrainment
occurs in the 50-100 m depth range. By the time the inflow reaches the 100 m contour it has
a salinity between 22 and 23%.. The core of the CIL is also in this depth range, suggesting
that horizontal mixing produces the entrainment flow.

The decp-water residence time of the order of 500 y is much less than the reported 'C
ages of 2000 y (OstLunp and Dyrssen, 1986). To address this problem we necd to first use
this box modcl approach to calculate the flux of carbon into the deep box and then to
construct a *C balance.

The total CO, balance for the deep water of the Black Sea can be written as

QuCy + QuCe + Jeo, = CpCo, (11)

where Q is transport as dcfined before and Cis the concentration of total CO,. Based on
the analyses of Gover et al. (1991) we assume Cyy = 2000 zemol kg ™', Cy; = 3100 gemol kg™!
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and Cy, = 4100 emol kg~ '. The resulting valuc of Jcor, 15 16.9 % 107 ol y™', which on
an arca basis is equal to I, = 4.56 mol Cm™ 2y~ It is not nccessary to divide this flux of
total CO, into its organic carbon and calcium carbonate fractions for this purposc. The
AMC values of the organic carbon and calcium carbonate fractions of the scdiments arc the
samc (CALVERT et al., 1987).

The "'C balance for the deep water of the Black Sca can be written as

OuCuRy + QuCy:Ry: + IR = Q),CyRyy + Vi, CyRpA, (12)

where Q and Carc the mass transports and total CO, valucs, respectively, Ris the Y'C/'?C
ratio, Jis the input of total CO; and 2 is the decay constant for 'C. Assuming that the
pre-nuclear AYC valucs of the Bosporus_inflow and deep Black Sea are —50%
(R = 0.950) and —220%. (R, = 0.780), respectively (Ostiunn and DyRSSEN, 1986), we
calculate that the A™C of the entrained water from the CIL is —200%o (Ry: = 0.800). Since
itis assumed that the CIL is replaced annually with surface water (TOLMAZIN, 1985a) this
implies that the same value would apply to the surface water as well. In other words, the
pre-nuclear “apparent” "C age of the surface water of the Black Sca would have been
about 1430y, The implications for Black Sca ventilation is that deep waler upwells to the
surface and is then cooled and removed from the atmospheric contact to form the CIL on a
time scale that is rapid comparcd to atmospheric "'C equilibration, which is of the order of
10y (Brorckrr and PenG, 1974). The CIL is then entrained with the Bosporus inflow to
become the inflow into the deep Black Sea. The "C age of the deep Black Sea should thus
be calculated relative to an input value much more depleted that the value of
AYC = —~50%, normally assumed.

If the "C in the surface Black Sea was depleted to the extent calculated here this may
help resolve some of the controversy about the sedimentary chronology. A major featurc
in the Black Sea stratigraphy is the boundary between the organic-rich sapropel called
Unit 1T and the overlying black and white laminac called Unit I (Ross and DFGENs, 1974).
Ross and Degens reported "'C dates that placed the Unit 1711 boundary at 3090 y. Cal.verr
et al. (1987) used AMS 'C analyscs to date this boundary in two cores as 3600 and 4000 y,
respectively. Counts of the laminae, assuming they arc annual varves. leads to an age of
900-1000 y (DrGENS ef al., 1980: Nrvr ef al.. in preparation). Hay ef al. (1991) arguc that
the aluminium accwmulation rates support the younger dates. DEGENS ef al. (1980) and
CALVERT et al. (1987) argucd that the "C dates were about 2000 y too old because of the
input of old terrestrial organic carbon. Recent organic geochemical analyses, however,
suggest that these sediments contain only trace amounts of terrigenous material (HEDGES,
personal communication). In addition, the "'C dates on CaCO, and organic carbon are the
same. We propose that the '*C dates are old beeause the A'C of the surface water of the
Black Sea was highly dcpleted and thus the carbon fixed by plankton and the resulting
carbon flux to the sediments had an apparent age of approximatcly 1400 y.
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