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Oceanographic Measurements of 
the West Black Sea: November 26 
to December 14, 1995 

D. Di Iorio, T. Akal, J. Sellschopp, P. 
Guerrini, H. Yuce*, E. Gezgin** 

Executive Summary: 

This report describes the oceanographic measurement program carried out as 
part of SACLANTCEN's Black Sea 1995 project in collaboration with the 
Turkish Navy Department of Navigation, Hydrography and Oceanography. An 
extensive survey was carried out in the Black Sea exit region of the Strait of 
Istanbul (Bosporus). The data described in thii report differ to previous stud- 
ies in this area as it was possible to obtain detailed bathyrnetry from swath 
mapping and thus track Mediterranean water into the Black Sea using high f r e  
quency echo soundings and (conductivity, temperature, depth) CTD profiiing. 
Moored instrumentation recorded detailed Mediterranean i d o w  characteristics 
showing that the flow is intermittent. 

Mediterranean Sea water flowing into the Black Sea forms a thin dense layer 
on the Black Sea continental shelf. The sound speed characteristics of this th i i  
layer are such that the sea bottom can be masked. This localized efiect of 
masking the sea bottom for a range of acowtic propagation angles may dect  
propagation loss and reverberation modelling. Ray tracing from a forward 
looking sonar show that the critical angle is 7 5 O  from the vertical. This implies 
that acoustic transmission into the Mediterranean water is essentialiy zero for 
incident ray angles greater than 75O. This characteristic makes it  difficult to 
detect underwater objects on the sea floor. Sonars closest to  the sea surface 
will transmit more energy through the Mediterranean layer than sonars with 
variable depth capability. In the event of a mine threat in this area, mine 
hunting operations are likely to be ineffective. 

Eng. Capt., Assoc. Prof. Dr. Hiiseyin Yuce, TUNA 
Turkish National Representative, SACLANTCEN 
Scientific Committee of National Representatives, 
Head of the Department of Navigation, Hydrography and Oceanography, 
Istanbul, TURKEY 
** Lt. Erhan Gezgin, 
Department of Navigation, Hydrography and Oceanography, 
Istanbul, TURKEY 
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Oceanographic Measurements of 
the  West Black Sea: November 26 
t o  December 14, 1995 

D. Di Iorio, T. Akal, J. Seilschopp, P. 
Guerrini, H. Yuce, E. Gezgin 

Abstract: 

Mediterranean water inflow into the Black Sea is investigated using acoustic 
and oceanographic data obtained in the Black Sea exit region. Temporal and 
spatial variability in the flow and their relation to atmospheric and sea level 
changes are documented. The turbulent boundary layer formed by Mediter- 
ranean flow over the sea bottom results in turbulent mixing because of hydro- 
dynamic instability. The path of Mediterranean Sea water and the spreading 
on the continental shelf is observed with SWATH bottom bathymetry measure- 
ments, high resolution echo soundings and CTD proaes. The dilution of the 
saline Mediterranean water as it flows and spreads on the shelf is only 6 psu 
before reaching the continental slope, where it sinks to a depth appropriate to 
its density. The Mediterranean effluent is then incorporated in the general cir- 
culation of the southwestern Black Sea. The eastward circulation of the surface 
water is observed using satellite irnagery and shipboard ADCP. 
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Introduction 

The Strait of Istanbul (Bosporus) separates the Black Sea and the Mediterranean 
Sea, two relatively large inland seas of differing hydrological characteristics (see 
Figure 1). Flow through the Strait is a classic example of turbulent exchange flow 
(Tolrnazin, 1985). A high velocity surface current with relatively fresh Black Sea 
water overlies a current running in the opposite direction, transporting the more 
saline bottom water of the Marmara Sea which is of Mediterranean origin to the 
Black Sea. Highly saiine and dense bottom Mediterranean water flows through an 
underwater Canyon which starts at the southern end of the Strait and extends 20 
km into the Black Sea. The Mediterranean bottom water then spreads on the shelf 
at some 80 m water depth and finally reaches the shelf break and sinks to a depth 
at which it finds a common density. 

The exchange through the Strait of Istanbul (Bosporus) plays an important role in 
determining the oceanographic properties in the neighbouring basins. The Mediter- 
ranean i d o w  is the only source of ventilation and renewal of anoxic waters of the 
deep Black Sea. The surplus of fresh water from rivers and precipitation against 
evaporation keeps the surface layer in the Black Sea relatively fiesh and leads to 
higher outflow through the Bosporus than the average amount of saline Mediterran- 
ean water that advances into the Black Sea (~nl i ia ta  et al., 1990). This input/output 
process satisfies the salt balance within the Black Sea. 

This report describes oceanographic measurements taken during a November / De- 
cember 1995 sea trial in the Black Sea exit region. Coliaboration with the Turk- 
ish Navy Department of Navigation, Hydrography and Oceanography (TN DNHO) 
made it possible to obtain a variety of data. The scientific objectivea of this sea trial 
were to obtain detailed bathymetry since available bathymetry was not sufficient, 
sample the water column to locate the Mediterranean d u e n t  and measure the dilu- 
tion, obtain flow characteristics of the bottom water and determine if it is continuoua 
or intermittent and to obtain bottom boundary layer turbulence parameters. 
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Black Sea 

Figure 1 The Black Seu and Marmara Seu basins. Bathymetry and elevation data 
are from the ETOPO5 data base; wastline is from the World Vector Showline data 
base. 
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Experiment 

The sea trial in the Black Sea exit region covered a period of 4 weeks in Novem- 
ber/December 1995. The NATO Research Vessel (NRV) Alliance and the Turk- 
ish Navy Survey Ship (TCG) Cubuklu were the participating units of the research 
program. Initially, oceanographic instrumentation were deployed in the Strait of 
Istanbul (Bosporus) and at the exit region of the Black Sea (see Figure 2). These 
instruments were used to monitor the exchange of Black Sea and Mediterranean 
Sea water. Acoustic instruments consisted of a high frequency (307 kHz) acous- 
tic scintillation system for turbulence analysis and a 600 kHz broad band acoustic 
Doppler current profiler (ADCP) for flow measurements. Two sea level stations at 
opposite en& of the Strait were used to give relative sea level difTerence data and a 
meteorological station monitored wind velocity and air pressure. In order to obtain 
temporal variabiiity in temperature and salinity, TCG Cubuklu was anchored in the 
vicinity of the ADCP for a 36 h period obtaining conductivity, temperature and 
depth (CTD) profiles every half hour; once an hour the CTD was lowered to 60 m 
depth to obtain a 12 min time series. Figure 2 shows a map of the mooring locations 
in the Strait of Istanbul (Bosporus). Table 1 gives the position of each. 

A multi-beam SWATH echo sounder was used to obtain detailed bottom bathymetry 
because Mediterranean flow is determined by the bathymetry. For most of the ex- 
periment NRV Alliance and TCG Cubuklu surveyed the continental shelf, obtaining 
CTD profiles along the Canyon and a 2 rnile grid on the shelf in order to locate the 
Mediterranean effluent and measure the dilution. A high reaolution, high frequency 
(120 kHz) echo sounder was used for two dimensionai imaging of the two layer flow 
structure. Additionai CTD measurements of the Mediterranean bottom water were 
made according to the imaging results. 
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Meteorological S 
CTD Station 

Receiver 

20' 

Figure 2 Strait of Istanbul (Bosporus) showing the location of the ADCP, the 
acowtic scintillation transmitter and receiver, two sea level stations, a metwrological 
station and TCG (7ubuklu CTD station. 

Ins trument Latitude Longitude 
ADCP 41' 13.682' N 29' 8.079' E 
Scintillation transmitter 41° 13.774' N 29O 8.083' E 
Scintillation receiver 41' 13.689' N 29O 8.250' E 
Sea level station (Anadolukavak) 41' 10.750' N 29' 5.750' E 
Sea level station (Fenerbahce) 40' 58.100' N 29' 1.950' E 
Meteorological station 41' 7.000' N 29' 4.000' E 
CTD station 41' 14.050' N 29O 8.317' E 

Table 1 Instrument locations in the Strait of Istanbul (Bosporus) (see Figure 2). 
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Moored Instrumentation 

3.1 Acoustic Doppler current profiler 

The acoustic Doppler current profler was bottom mounted at depth 72.2 m. The 
physical characteristics of thia instrument allow measurement close to the bottom 
boundary ( h t  sample is 2.2 m fiom the bottom). Table 2 lista the relevant set up 
parameters. The ADCP tranamits once every 12 s and obtains a 40 transmission 
ensemble average every 10 min. Three components of current are obtained: N-S, 
E W  and vertical at 1 m bii interval for 50 bins. 

As the ADCP is moored in a location where Mediterranean flow is confined within a 
Canyon oriented appraximately 38O Thie North (as will be shown), the component of 
flow parallel and perpendicular to thia direction is calculated and plotted in Figure 
3. Positive values correapond to flow toward the northeast and northwest for the 
along and cross stream current component reapectively (a right handed coordinate 
system). White is used to denote zero current. Maximum Mediterranean water 
inflow was 80 cm s-' occurring between depths 50-60 m, and maximum Black Sea 
water outflow was 30 cm s-' over the entire layer. The most striking feature of this 
two layer flow dynamics is the change in thickneas of the Mediterranean layer over a 
time scale of 6 days. The cross stream component of the Mediterranean water shows 
two distinct layers flowing in opposite directions as will be discuased. 

Parameter quantity 
Start time 26NOV-1995 13:04 UTC 
End time 13-DEC-1995 11:34 UTC 
Frequency 600 kHz 
'llanamission rate 0.08333 Hz 
Ensemble average 40 transmissions 
Ensemble interval 10 min 
Bin length 1 m 
Totai bins 50 
Depth range 21 to 70 m 

Table 2 ADCP instrument pammeters. 
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Julian Diy 

Figure 3 The wmponent of flow resolued along 38O h e  North and 128O T h e  
North. Mediterranean jlow into the Black Sea (North) is positiue and Black Sea 
outflow (South) is negative; westward flow is positiue and eastward jlow is negative. 

Sifuamwiss shear (38' - 

332 334 338 338 340 342 344 348 
Juiiin Day 

Figure 4 Current shear resolued along and perpendicular to the Canyon. 
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The temporal change in interface depth is most easily seen by the shear shown in Fig- 
ure 4. The shear is calculated at 1 m depth intervals. Maximum shear observed was 
-0.5s-' in the along stream component and 0.15s-' in the cross stream component. 
The temporal change in interface depth (where the streamwise shear is maximum), 
as will be shown, is a result of blockage of the Mediterranean flow as a result of sea 
level differences, which in turn depend on wind speed and freshwater input (Yuce, 
1996). When there is lower layer blockage there is extreme southweaterly flow in the 
upper layer. 

As Mediterranean flow is confined between two boundaries (the bottom boundary 
below and Black Sea water above), a balance of friction, Coriolis force and pressure 
gradient will result in a cross stream shear over the fuil thickness of the Mediterran- 
ean layer. Figure 5 shows profles of the along and cross stream current components 
averaged over 1.2 Julian days when the Mediterranean flow was maximum (between 
Julian day 332 6:35 and 333 10:54) together with the current vectors as a function 
of depth. As the bottom boundary and interface are approached, the current swings 
to the left (Le. westward) rmulting in Ekman-like spirals. This spiraling circulation 
pattern may also be the result of the complex bathymetry that exists within the 
Canyon just South of the mooring location (as will be seen in Section 4.1). 

"1 , , ), 1 
-70 

-20 0  2 0 4 0 6 0 8 0  
QJ-d (cm's) 

" 
50 0  -50 

cnna strealll (cm's) 

Figure 5 Average c u m n t  profire resolved dong (solid curve) and across (dotted 
curve) the canyon together with current vectors at 48 - 55 m and 59 - 70 rn. 
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3.2 Meteorological and sea level data 

Sea level (cm) - Northern Station 

Sea level (cm) - Southern Station 

Sea level difference (cm) 
1 I I 1 1 1 1 I 

60- 

40- 

330 332 334 336 338 340 342 344 346 348 350 
Julian Day 332=28NOV95 

Figure 6 Sea leuel heights at the northern and southern station together with the 
dgerence. 

The sea level data for the Black Sea and Marmara Sea basina are shown in Fig- 
ure 6. The relative difference between the northern (Anadolukavak) and southern 
(Fenerbahce) station shows d u e s  that are high enough to cause blockage of the 
Mediterranean outflow. In fact, when the relative sea level difference is greater than 
40 cm the ADCP data in Figure 3 shows the interface well below the sili depth of 
60 m thus causing blockage of the Mediterranean outflow. O& et al. (1990) show 
from their model reaults that when the absolute sea level difference exceeds 45 cm, 
transport in the lower layer vanishes. 

Meteorological data during the experimental period are shown in Figure 7(a) and 
(b) from the moored meteorological station and from the Meteo system on board 
NRV Alliance respectively. The air pressure data for NRV Alliance and the station 
show an unexplained difference. The temperature from the station shows diumal 
oscillations associated with heating and cooling of the land. Positive (negative) wind 
vectors indicate wind from the North (South). The wind speeds hom the station 
(maximum 6 m s-') are questionable as higher levels were observed during the course 
of the experiment in the Black Sea exit region (10 m s-l). The placement of the 
meteorological buoy within the Strait of Istanbul (Bosporus) is not representative 
of the conditions within the Black Sea. The sea level difierence during this time is 
closely related to changes in barometric pressure and wind. Time delays may exist 

&-. .---q-:: . "..', ; . ,K.~T ,, v. ;i- , . ! ' ? .  .A ; . ' - -  ! 7,: 1: .7TJp7 ,Z, "&r . . - .>* 8 , .  ._.. _ 1 . . . - .. ,- -i. ' - . - *. t\*.s .. .. 9 ' * ' >' .- . T T . > -  :;--7 
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Figure 7 Metwmlogical data ahowing air pwasuw, tempemture and uiind vectora 
from (a) the rnetwrologic~l atation and (b) the Metw aystem on NRV Alliance. 
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because of the response time required for the water masses to react to rneteorological 
changes. 

3.3 CTD time series 

TCG Qu6uA.l~ obtained CTD time series at an anchored station near the ADCP and 
scintillation system (see Figure 2). These time series consisted of profles approxi- 
mately every half hour and a 12 min time series of oceanographic properties once an 
hour at 60 depth. This temporal variability in temperature and salinity structure 
is used to determine the degree of mixing that takes place in the dense lower layer 
and at the interface of the two layen. The 60 m depth was chosen to correspond 
with the acoustic propagation axis of the scintillation system. 

Figure 8 shows colour images of the temperature and salinity profiles over time 
with contours superimposed. The shdow thermocline at 15 m depth shows vertical 
variations possibly associated with advection of imperfectly mixed water. During 
this 36 h time series the interface has increased in thickness by 4 m as a reault of 
mixing at location or advection of mixed water. Also, the salinity contour of 18 
psu becomes shallower, indicating that more salt is entrained into the Black Sea 
water; in contrat there is a decrease in salt content in the Mediterranean effluent. 
For example, calculations of the depth integrated salinity show that the Black Sea 
water (depth 1-48.5 m) salinity increases by 0.4 p u  and that Mediterranean efiiuent 
(depth 48.75-64.25 m) decreases by 0.6 psu. This saiinity variability is associated 
with advection and local mixing. 

The temperaturesalinity relation for the time series profiles is shown in Figure 9 
with contours of ut and sound speed evaluated at 0 dbar pressure; preasure effects 
on sound speed over 60 m depth is approximately 1 m 8-' and therefore has been 
ignored for these contours. The sound speed difference between Black Sea and 
Mediterranean Sea water is 40 m s-l and the density dserence is 14 kg m-3. 
Because of the large salinity range, it is interesting to note that salinity effects on 
sound speed in this environment are important as the contours are diagonal instead 
of horizontal. 

The CTD profiles in conjunction with current profles from the ADCP give a mea- 
sure of hydrodynamic stabiity. This is parameterized by the gradient Richardson 
number, 
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TCG Cubuklu CTD slatin Temperalure (deg C) 

," 
18:OO 332 00:OO 08:OO 12:00 18:OO 333 OO:OO 06W 

Julian Day 332=28NOV1995 

Figure 8 Temperature and scilinity profile time series taken by TCG (7ubuklu at 
the moored station. Contours for temperature are [IO, Ii, 12, 13, 14 OC] and for 
salinétg, [18, 20, 25, 30, 35 psu]. 

Figure 9 Temperature versus salinity for the profiles shown i n  Figure 8. Contours 
of at and sound speed evaluated with no pressure eflects are also shown. 
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Figure 10 The 1 m gradient Richardson number as a function of depth and time. 

where the mean flow as a function of depth resolved along and acrm the canyon 
is U and V respectively. The Brunt-Väisälä frequency is N/(2?r),  po is the mean 
density as a function of depth and g is gravity. If the gradient Richardson number 
becomes large, turbulence is suppressed as the density gradient stabiiizes variations 
caused by current shear; if the gradient Richardson number Ri < 0.25 then shear 
instabilities give rise to turbulent mixing (Monin and Ozrnidov, 1985). 

From our time series measurements we compute the 1 m gradient Richardson number 
as a function of depth and time. The resulta are shown in Figure 10 with the inter- 
face depth shown as a dotted line. Grey shading indicate regions where Ri< 0.25. 
Initially when the interface thickness is small, Ri < 0.25 indicating that shear kuta- 
biiities give rise to mjxing of the two water masses. Later as the interface thickens, 
Ri becomes greater than 0.25 indicating stabiiity across the interface. Within the 
Mediterranean layer between depths 50.60 m the Richardson number is consistently 
0 < Ri < 0.25 aa the stratification is weak and the shear strong. 

Figurea 11 and 12 show 12 min temperature and salhity time aeries respectively 
during a 36 h period at a depth of approximately 60 m which is well within the 
Mediterranean layer. During the measurement, the Mediterranean layer increased 
in thi- by a few metres and the resulting current increased from 0.5 to 0.6 
m s-'. The sampling rate of 5 Hz limits the smailest scale sensitivity to 12 cm 
during a maximum flow of 0.6 m s-'. Thus it is the larger scala that are measured. 
Figure 13 swnmarizea the data by showing the mean and standard deviation for 
each 12 min time series. During this period the mean temperature and salinity of 
the Mediterranean layer at 60 m decreased by 0.2 O C  and 0.6 psu respectively. Also 
the root-mean-square (rms) variability is somewhat greater at the maximum flow 
than earlier. It will be shown however that this variability has negligible &ect on 
acoustic forward scatter. 
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Figure 11 Tempemture time series taken by TCG Cubukiu at their moored station. 
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Figure 11 continued. 
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Figure 12 Salinity time series taken by TCG Cubuklu at their m o o d  station. 
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Figure 12 continued. 
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Figure 12 continued. 
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Figure 13 Mean and standard deviation (ms)  of the temperature and salinity time 
sen'es shown in Figures 11 and 12. 
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Figure 14 A sample sound speed time series together with the frequency spectrum 
for the refmctive index fluctuations. 
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The refractive index defined as n = c,/c, where c, is the mean sound speed dependent 
on temperature and salinity (scalars), can be separated into mean and fluctuating 
components (1 + G) in order to describe the statistics. Assuming isotropic and 
homogeneous turbulence the one-dimensional frequency spectrum for the refractive 
index fluctuations is dehed as, 

where Cqd describes the level of the refractive index fluctuations from scaiam and U 
is the mean current speed advecting the small scale turbulence. Figure 14 shows a 
sample sound speed time seriea with the one dimensional frequency spectrum for the 
refractive index fluctuations (qs = -dl%). A -513 slope and the 95% confidence 
interval is plotted to show that the variability can be modelled as described by Eq. 
(2). The level of the spectrum gives the structure parameter Cqd which will be 
compared to acoustic forward scatter results in the next section. 

3.4 Acoustic scintillation 

A high frequency (307.2 kHz) battery operated acoustic scintillation system (on loan 
from the Institute of Ocean Sciences, Sidney, B.C. CANADA) was deployed within 
the Canyon containing Mediterranean sea water. The transmitter array was deployed 
on the weatern side and the receiver array on the eastern side separated by 280 m 
at a depth of 62.5 m. Each array consists of two transducers separated by 0.2 m. In 
order to keep the transducer array aligned in the direction of flow, a vane and swivel 
were attached to the mooring (see Figure 15). This allows measurement of current 
flow perpendicular to the acoustic axis and measurement of turbulent structures as 
they are advected past the acoustic path. 

Each transducer is horizontal omni-directional with a 10° vertical beam width. Short 
pulses (30 cycles or 0.1 ms) are transmitted with a high repetition rate (16 Hz) 
and with a delay of 20 ms between the two spatially separated transducers. The 
receiver unit complex demodulates the signals, digitizes and caicuiates the acoustic 
amplitude, phase and travel time for the direct path using quadratic interpolation 
of the received enveloped. The data are then recorded on flash EPROM recorder 
cards. Table 3 summarizes the experimental pararneters. 

Two deployments were made: 4.5 days of continuous data were collected on the first 
and 8 days of subsampled data (20 min of data every hour) on the second. The 
data covered a variety of oceanographic phenomena. Figures 16(a) and (b) show the 
ADCP current vectors (with density contours when available) during deployment 1 
and 2 respectively. 

In order to calculate the amplitude, phase and travel time of the acoustic pulse, it is 
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Figure 15 Awustic scintillation mooring description. 

Parameter quantity 
Deployment 1 27-NOV-1995 11:OO to 01-DEC-1995 17:OO UTC 
Deployment 2 05-DEG1995 10:OO to 13-DEC-1995 11:30 U T C  
Transmission rate 16 Hz 
- deployment 1 continuous 
- deployment 2 20 min continuous every hour 
Requency 307.2 kHz 
Pulse width 0.1 ms 
Pulse delay 20 ms 
Digitization rate 153600 Hz (1 sample/2 cycles) 
Path length 282 m 
Propagation direction 124 degrees True 
Transducer separation 
D e ~ t h  

Table 3 Awustic scintillation instmment parameters. 
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Figure 16 The ADCP cumnt vectors (with density wntours [IOId, 1015, 1017, 
1019, 1021, 1023, 1025, 1026.75 kg md3] when available) du~ing (a) deployment 1 
and (b) deployment 2. 

crucial that there is path separation at  the receiver. For exarnple, eigenray tracing 
during the oceanographic conditions of deployment 1 with a source and receiver 
a t  62.5 m depth having vertical beam widths of 10° separated by 280 m, shows 
that there are only two paths: a direct path and a bottom reflected path. As time 
separation between the two paths is 0.45 ms and the pulse length is 0.1 ms, path 
separation is possible. In the second deployment the interface is below the acoustic 
path for much of the time, thus inhibiting bottom reflection but causing reflection 
from the interface. Geometry shows that if the interface is at  least 4.5 m below the 
acoustic path, then path separation is possible. 

Sample acoustic scintillation data (approximately 2 min) during deployment 1 and 
2 are shown in Figure 17(a) and (b) respectively. Sample data is shown at two 
different times for each deployment. During deployment 1, the Mediterranean un- 
dercurrent is strong and then weakens but the interface remains above the acoustic 
propagation axis. Variability in the amplitude exists during strong flow because of 

Report no. changed (Mar 2006): SR-294-UU



Figure 17 (a) Sample awwtic scintillation data during deployment 1 when the 
Meditemnean undercumnt was stmng (U = 0.6m s-' on day 333.1) and weak (U = 
O.lm s-' on day 335.5), (6) Sample awwtic scintillation data during deployment 2 
just befon (day 341.7) and just after blockage (day 345.6). 
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the turbulent nature of the flow. The travel time difference between the two parallel 
paths shows a periodic nature as a result of mooring oscillations. During weaker 
flow, the amplitude fluctuations and periodicity in the travel time difference weaken. 
Since the transmission rate was high (16 Hz) and the mooring oecillations small the 
direct path signal could be tracked. The mooring motion does not d e c t  ampli- 
tude variations but the phase apd travel time cannot be used as a measurement of 
medium properties. 

Deployment 2 occurred during blockage of Mediterranean water so that the interface 
passed through the acoustic path. Sample amplitude and travel time dflerence 
are given before and after the blockage in Figure 17(b). Before blockage when 
the Mediterranean flow is suppressed, the amplitude shows little variability but 
the moorings still undergo oscillations. When the Mediterranean flow is no longer 
blocked large amplitude changes exist which could be the result of strong d g  
between the two very different water masses. During blockage of the Mediterranean 
infiow, the acoustic data for deployment 2 was of inferior quality. This could be due 
to a number of reasons: misalignment of the transmitter/receiver arrays because of 
mooring rotation, inability to track the direct path as the travel time of the acoustic 
signal changes by up to 3.9 ms and finally, path separation was not possible. 

The statistics for the normalized log-amplitude x = h(A/ < A >) (where A is the 
acoustic amplitude and <> denotes a time average), allow measurement of ocean* 
graphic parameters. For example, Figure 18 shows a short time series (40 s) of 
the log-amplitude from two parallel acoustic paths (Tl/Rl and T2/R2). The time 
lagged cross-covariance as shown in the figure, indicates the translation of turbulent 
structures perpendicular to the two acoustic paths separated by 0.2 m. By measur- 
ing the time lag, the current speed is caiculated and shown in Figure 19(a) and (b) 
for each deployment respectively with the ADCP measurement for comparison. Dis- 
crepancies between the scintillation technique and the ADCP can arise for a number 
of reasons. For example, the scintillation measurement is a path average whereas 
the ADCP measurement is essentially a volume measurement at a point location. 
Also because of mooring motion, there are changes in the acoustic path separation 
of 0.2 m. 

The log-amplitude variance, gz shows increased variability associated with the in- 
creasing current. The large variance 0 b ~ e ~ e d  in deployment 2 could be a result of 
turbulent mking between two very dserent water masses as the Mediterranean flow 
becomea unblocked. 

The level of the efFective refractive index fluctuations defined by, 

(Di Iorio and Farmer, 1998) is expressed in terms of the refkactive index fluctuations 
arising from temperature and salinity variability (dm) and those arising from 
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Figure 18 Log-amplitude for two pardkl acoustic paths sepamted by 0.2 m and 
the resulting cmss-couariance. 

the current variability (vectors). The log-amplitude variance allows measurement of 
@,, , through the equation, 

where k is the acoustic wavenumber and L is the acoustic path length. Note that 
the acoustic amplitude variability cannot distinguish between h e  scale variability 
from scalars and that from current. The dominant scale size which contributes 
to the log-amplitude variance discussed by Tatarskii (1971), is the Resnel radius 

= 1.2m. 

Independent measurements of the temperature/salinity structure, as discussed in 
the previous section, compared with Cieff in Figure 20 shows that the dominant 
acoustic scattering is from current velocity variability as ca is at most 10% of ceff. 
Both measurements are sensitive to scale sizes of N lm but the CTD measurement 
is at a point location and the acoustic measurement is a path average. Current v e  
locity fluctuations arise because of hydrodynamic instability as discussed previously. 
Within the Mediterranean layer a balance of friction, Coriolis and pressure gradient 
forces give rise to the resulting flow pattern. 

As velocity fluctuations dominate the acoustic scattering, some interes ting oceano- 
graphic parameters describing the turbulent boundary layer can be calculated. For 
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Figure 19 Current speed measured using acowtic scintillation and ADCP and the 
109-amplz'tude variance for (a) deployment 1 and (b) deployment 2. 
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Figure 20 The level of e&tive refractive index jiuctuations w r n p a d  wtth the 
level of the scalar contn'bution to the refnrctive index jiuctuations. 

example, the turbulent kinetic energy dissipation rate is determined via, 

where co is the mean sound speed at the depth of the acoustic path. Acoustic 
measurements of 6 range from 1 x 10-~ to 5 x 10-~ W kg-'. This parameter is useful 
as it gives the production of turbulent energy caused by shear stresses. Production 
of energy by buoyancy forces are assumed negligible since the Mediterranean layer 
is well mixed. Following Monin and Ozmidov (1985) the balance of production and 
dissipation of energy is then, 

where the shear stresses are given by rZz =< U'W' > and ryZ =< v'w' >. 

To obtain a fint order estimate of the bottom drag coefficient a few assumptions 
are made. Fint  it is assumed that the measurements are made within a constant 
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stress layer where r / p o  = UI = CDu2 and the mean shear follows the law of the w d  
dU/dz = u , / ~ x  where u, is the friction velocity, Co the drag coefficient, N = 0.4 
is Von Karman's constant and z is the distance from the boundary. Neglecting the 
cross channel flow, Eq. (6) reduces to, 

From the path averaged estimates of both U and 6 1Om from the boundary it is 
found that the drag coefficient varies from 3 x 1OP3 to 15 x 10-~. 
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Continental Shelf Survey 

A basic factor in the study of Black Sea and Mediterranean Sea water exchange is 
knowing where the dense Mediterranean water h d s  its way along the shelf toward 
the slope and the resulting mixing that takes place with the cold intermediate water 
of the Black Sea. On the shelf, the Mediterranean flow is expected to follow a 'delta' 
like structure and the salinity dilution is expected to occur quite rapidly compared 
to mixing within the Strait. 

In studying this area the multi-beam SWATH echo sounder was used to obtain 
detailed bottom bathymetry. CTD profiies were obtained along the canyon and on 
a 2 mile grid on the shelf in order to locate the Mediterranean effluent and measure 
the dilution. In addition, a high resolution, high frequency (120 H e )  echo sounder 
was used for two dimensional imaging of the two layer flow structure. 

4.1 SWATH mapping 

SWATH mapping waa used in order to determine the path of the Mediterranean 
infiow into the Black Sea, as available bathymetry was not suf6cient. The results in 
Figure 21 show that there is a narrow canyon extending from the Strait of Istanbul 
(Bosporus). At first the canyon is parallel with the strait and then t m  to the 
northwest where it eventually merges with the continental shelf. A 60 m sill exists 
within the canyon at its widest point. Mediterranean water is confined m d  retained 
within this canyon over a distance of several kilometers until it spreads out on the 
shelf. Accurate depth measurements are made as sirnultaneous CTD profles, from 
which sound speed is calculated, were obtained along the path of the undenvater 
canyon. 

4.2 CTD profiles 

A series of CTD profles from NRV Alliance were taken within the canyon, where 
Mediterrmean infiow was codned to the bottom. The stations are shown in Figure 
22(a) which spans a 36 h period fmm Julian day 330 to 331. Once the detailed 
bottom bathymetry was obtained, TCG Cubuklu was able to foilow the Canyon 
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Figure 21 Bottom bathymetry in the Black Seu exft region using the multi beum 
S WATH echo sounder. 

collecting CTD profiles as shown in Figure 22(a) over a 5 h period on Julian Day 
333. In addition, a two-mile grid of CTD profiles waa obtained fiom NRV Alliance 
and TCG Cubuklu in order to cover the shelf and part of the slope area (see Figure 
22(b)). During good weather conditions it was possible to sample the water column 
close to the bottom in order to determine Mediterranean water characteristics. With 
these measurements the highly saline water was traced over several kilometers and 
its dilution with overlying Black Sea water observed. 

Figures 23(a) and (b) show the temperature and salinity variations along the Canyon. 
The range is calculated from the southernmost CTD station in Figure 22(a) so that 
the bathymetry remains approximately the same for each transect. The images 
depict Mediterranean flow over the sill. Measurements show that the dense water 
enters the Black Sea with a salinity of 36 psu. According to ~ n l u a t a  et al. (1990) 
the Mediterranean enters the Strait of Istanbul (Bosporus) fiom the Marmara Sea 
with salinity 37 psu. Thus, during its passage of 35 km through the Strait, only 1 
psu is diluted with the Black Sea water. As the Mediterranean makes its way along 
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Figure 22 CTD stations by NRV Alliance and TCG (hbuklu (a) along the Canyon 
and (b) taken on a two mile grid. 
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the canyon of the Black Sea, the effluent is diluted to 33 psu. A further reduction of 
3 psu over a 20 km transect. Thus the dilution is expected to continue quite rapidly 
on the shelf until it finally reaches the continental slope. 

The images of temperature in Figures 23(a) and (b) also show the presence of cold 
intermediate Black Sea water. There is a 2 day difference between the measurements 
and on Julian Day 333, when the Mediterranean outflow was at its maximum, the 
cold intermediate water has made its way south toward the sill. 

The temperature and salinity data from the grid stations in Figure 22(b) are shown in 
Figures 24(a) and (b) reapectively. The northernmost and southernmost horizontal 
transects are shown at the top and bottom of the page respectively. The + indicates 
10°C for the temperature profiles and 22 psu for the salinity. The temperature 
profiles show substantial spatial variability because of mixing between the warm 
surface waters and the cold intermediate water. The salinity profiles can be used 
to track the Mediterranean infiow and measure the dilution. These profiles give a 
characteristic temperaturesalinity relation for the Black Sea. The results are shown 
in Figure 25 with contours of at. The cold intermediate water of the Black Sea 
on the continental shelf occurs between depths 50 - 75 m (Özsoy et al., 1993) is a 
permanent feature of the Black Sea. The vertical spread in the interface region is 
a result of the mixing between Mediterranean Sea water and the cold intermediate 
water on the shelf. 

Figure 26 shows the location of bottom salinity values greater than 24 psu which 
indicates the presence of Mediterranean water; deep Black Sea water is 22.3 psu 
beyond 1000 m depth. On the shelf, the Mediterranean water spreads to a few 
metres thick and it is possible that some of the CTD profiles did not reach the layer. 
Nevertheless, the extent of the spreading and the path of the Mediterranean infiow 
can be seen. The salinity values documented here, difTer from those documented by 
Latif et al. (1991). At the 100 m contour they observed salinities ranging between 
20 and 22 psu. Our measurements show salinities of 25 and 30 psu close to the 100 
m contour. These high salinity values imply the formation of a water mass dense 
enough to sink to and hence cause renewal of, the deep Black Sea water. 

4.3 Echo sounding images 

The presence of Mediterranean water is inferred using a high resolution, high fre 
quency (120 kHz) echo sounder (on loan from the Institute of Ocean Sciencea, 
Canada) towed alongside either NRV Alliance or TCG Gubuklu. Figure 27 shows 
sample survey lines taken on the shelf where two dimensional imaging of the Med- 
iterranean flow are observed. Knowing the bathymetry, it was possible to make a 
transect along the canyon and then continue along the shelf where Mediterranean 
water was expected to flow. A number of cross sections along the canyon were also 
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Figure 23 Ternpemture and salinity taken along the anyonfrom (a) NRV Alliance 
on Julian Day 330/331 and (6) TCG ~ubuklu on Julian Dag 333. 
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Figure 24 (a) Temperature (+ = 10°C) and (b) sdinity (+ = 22) profles obtained 
on a two mile grid. 
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Figure 25 Tempemture-salinity diagram for profiles taken on the continental sheif 
and slope. 

Figure 26 Bottom salinity values gmter than 24 'psu. 
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Figure 27 Thnsects along and across the canyon where high resolution echo sound- 
ing images were obtained. 

made, in order to observe the spreading of Mediterranean water on the shelf. The 
100 m contour line shown in Figure 27 indicates approxirnately the start of the 
continental slope. 

The acoustic characteristica and operating parameters for the Biosonica echo sounder 
are shown in Table 4. The narrow beamwidth, the s m d  pulse length and fast 
transmission rate allow high resolution measurements of the two layer structure. 
Sound is scattered by small h h ,  zooplankton and temperature microstructure. 

Figure 28 shows a 35 km transect along the canyon from South to North with tem- 
perature profiles from expendable thermistors (XBTs) superimposed. The images 
have been heavily subsampled (time interval N 2s) so that the 35 km transect can 
be viewed. The survey was conducted on Julian day 348 when the Mediterranean 
in£iow was strong as waa seen with ADCP data in Figure 3. As the depth of the echo 
sounding images is calculated on the basis of a mean sound speed profile, errors in 
the depth can be f 2 m and this may explain why there is a vertical offset between 
some of the XBT profiles and the echo of the pycnocline. 
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Figure 28 Acowtic back smtter images taken over a 35 km tmnsect along the 
Canyon and wntinental slope. 
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Parameter quantity 
Source level 215.3 dB re 1pPa 8 l m  
Beam width 3.8 degrees 
Puhe width 0.2 ms 
Transmission interval 0.2 and sometimes 0.3 s 
Time variable nain 20 lon r 

Table 4 Echo sounding iwtrument pammeters. 

Biological matter distributed at the interface together with temperature microstruc- 
ture contributes to the acoustic back scatter characteristics as discussed by Farmer 
and Denton (1985) for their images of flow over a d l .  Strong back scatter from the 
interface is observed. Measurements show that the normal incidence echo level from 
the interface is 40% that of the bottom reflection. Strong spatial variations in the 
acoustic backscatter are visible at the interface which is presumably associated with 
turbulent mjxing along the canyon. 

The sill at 60 m depth is located 3 km from the entrance to the Strait of Istanbul 
(Bosporus). According to the model results of O@ et al. (1990) the hydraulic 
control for Mediterranean flow into the Black Sea occurs 1 km downstream of the 
sill crest and that supercritical flow encompasses a distance of 1 km North of the 
control section. 

North of the siil, the density current plunges down the sill slope causing the Med- 
iterranean layer to become turbulent. Measurements from a 1996 sea trial showed 
current speeds exceeding 1 m s-' in this area. Further North, the Mediterranean 
layer restratifies into a well mixed layer as is apparent from the temperature profiles. 
As the Mediterranean water flows onto the shelf it becomes very thin as a result of 
spreading as bathymetric control disappears into a delta. The dilution of the effluent 
as seen by Figure 26 occurs quite rapidly beyond the sill because the layer decreases 
to a few metres. 

Echo sounding cross sections along the canyon at locations [0.1 3.2 5.2 8.7 11.3 13.7 
16.3 22.5 28.4 33.51 km in Figure 28 are shown in Figure 29. The cross sections were 
taken on Julian days 333, 330, 331, 333, 333, 348, 348, 348, 348, 348 respectively 
and thus correspond to when the Mediterranean infiow was strong as was seen from 
ADCP data in Figure 3. The depth range coven 60 m and is to scale from image to 
image but the horizontal distances are not to scale and vary. Ten images are shown 
corresponding to the southernmost transect first and the northernmost transect last 
of Figure 27. The range is set so that 0 km corresponds to the location where the 
along canyon transect was taken; negative (positive) range values thus correspond 
to the distance left (right) of the along canyon transect. 

The fint image of Figure 29 is a cross section South of the sill where the ADCP and 
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Figure 29 Acoustic back smtter images taken across the mnyon. Images are shown 
frona southernrnost cross section to northernmost and are located at [O.l, 3.2, 5.2, 
8.7, 11.3, 13.7, 16.3, 22.5, 28.4, 33.5 km] ira Figure 28. 
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Figure 29 continued 
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Figure 30 Echo sounding image with superirnposed sound speed pFofile. The mys 
from a forward lmking sonar a ~ e  also superimposed. 
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acoustic scintillation instruments were moored and where the flow is subcritical. To 
the east of the canyon, the acoustic echoes show a school of fish. The second image 
is taken across the sill. The third image is taken - 2 km North of the sill which 
according to the model results of 0% et al. (1990) is just within the super critical 
regime. 

The fourth and fifth images are taken at the point where the canyon turns to the 
northwest. Because of channel curvature there may be a cross channel circulation 
that causes Mediterranean water to accurnulate on the right, thus spilling over the 
canyon edge. As the flow enters the bend, it is hypothesized that the interfacial 
waters move to the outside of the bend and salty warm water from below is brought to 
the interface on the inside of the bend. This flow structure within the Mediterranean 
layer could cause vertical mixing because of instability and needs to be con6rmed by 
observation. According to O&.u et al. (1991) the regional circulation of the Black 
Sea exit region follows the topography and divides into two parts outside the Strait 
of Istanbul (Bosporus). The h t  continues toward the east and is incorporated with 
the general circulation of the Black Sea. The second is deflected towards the South 
and enters the Strait of Istanbul (Bosporus). This circulation pattern could also 
displace water from the canyon during times when Mediterranean water inflow is at 
a maxirnum. 

Spreading of the Mediterranean effluent has filled adjacent canyons to the left of the 
main canyon as seen by the fifth, sixth and seventh image. As the canyons merge 
with the shelf, the Mediterranean effluent spreads horizontally as seen by the eighth 
image. Finally the last two images correspond to cross sectiona taken just prior to 
the continental slope. These images show the presence of two main shallow canyons 
filled with the effluent. This implies that there could be a major canyon to the 
right of the eighth and ninth image which we did not survey. This canyon would 
correspond to the right most canyon of the tenth image. 

The effect of the Mediterranean sea layer close to the bottom on forward looking 
sonars can be seen in Figure 30. Superimposed on the echo sounding image is a pro- 
file of sound speed. With this sound speed profile, ray traces from a forward looking 
sonar looking outward from 200 to 500 m show that half the energy is reflected from 
the interface. These rays never touch the sea floor. Measurements show that the 
critical angle is appraximately 75' from the vertical (8, = arain(cB/cM)). Rays 
projected at angles less than this will touch bottom and those at angles greater wiil 
be reflected from the Mediterranean sea layer. This environment makes it difEcult 
to detect objects on the sea floor. 
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5 
Large Scale Survey 

Beyond the shelf, the diluted Mediterranean water sinks down the continental slope 
to a depth appropriate to its density and is then incorporated in the eastward general 
circulation of the Black Sea. It is expected to be found as occasional intnisions 
difIering in temperature and salinity to the surrounding water. With this in mind a 
large scale survey was carried out. This survey consists of NOAA satellite images of 
sea surface temperatures and current measurements from the 75 kHz ADCP system 
on board NRV Allaance. 

Parameter 
Survey 1 
Survey 2 
Requenc y 
Tkansmission rate 
Ensemble average 
Ensemble interval 
Bin length 
Total Bins 

quantity 
28-NOV-1995 09:02 to 29-NOV-1995 04:56 UTC 
30-NOV-1995 09:07 to 02-DEC-1995 05:57 UTC 

75 kHz 
0.5 Hz 

60 transmissions 
5 min 
8 m 
16 

18 to 146 m 

Table 5 Ship mounted ADCP instmment parameters. 

5.1 Ship mounted A DCP 

The large-scale general circulation of the southwestern Black Sea is studied using 
the 75 kHz ADCP on board NRV Alliance. Table 5 lists the set up parameters and 
measurement time for this system. Figure 31 shows the ship track and Figure 32 the 
current vecton. The flow from the northwestern Black Sea basin mainly foliows the 
topography. At the exit region the flow divides into two parts, one of which continues 
toward the east, the other interacting with the Strait of Istanbul (Bosporus) Canyon. 
This interaction causes the current to deflect toward the South and enter partially 
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into the Strait of Istanbul (Bosporus). This southerly flow creates an anticyclonic 
flow along the northwest coast as observed in Figure 32(a). Figure 32(b) shows the 
current vectors over a larger space and time scale. When the winds change from 
sout herly to northerly much variability in the current structure can exist during t his 
larger scale survey time. 

5.2 Sea surface temperatures 

The sea surface temperatures during times at which there was no or little cloud 
cover are shown in Figure 33. These satellite images can be useM to outline specific 
oceanographic features namely anticyclonic or cyclonic eddies and oceanographic 
fronts. For example on Nov 27/28 an anticyclonic eddy is presumably featured a t  
the Black Sea / Strait of Istanbul (Bosporus) region. Much variability is shown 
between the November and December images. This can be assumed to be the result 
of strong changes in meteorological conditions. 

Report no. changed (Mar 2006): SR-294-UU



1 - - ship track 2811 111995 9:00 to 2911 111995 5:04 

1 - -  ship track 3W1 ln995 9:00 to M/12/1995 6: 

Figure 31 Ship track for ADCP mecrsurements dun'ng (a) Nou 28-29, 1995 and 
(b) Nou 30 - Dec 02, 1995. 
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Figure 32 Current vectors crs a fuBction of depth obtained jmm the ship mounted 
ADCP during (a) Nov 28-29, 1995 and (b) Nov 30 - Dec 02, 1995. 
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Figure 32 continued. 
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Figure 32 continued. 
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41.9% Layer: 40m to 5Om 

Figure 32 continued. 
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Figure 32 continued. 
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Figure 33 Sea surface tempemtures from NOAA satellite for (a) Novernber 1995 
and (b) December 1995. 
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Conclusion 

This report summarizes the variety of acoustic and oceanographic data coliected 
during the 1995 sea trial in the Black Sea. Significant spatial and temporai vari- 
ability was observed in the Mediterranean flow into the Black Sea. For example, 
the moored ADCP measurements showed temporary but complete blockage of the 
Mediterranean undercurrent. This blockage was shown to correspond to times when 
the relative sea level difference was greater than 45 cm. The ADCP measurements 
also showed that the Mediterranean undercurrent exhibits Ekman spiral currents 
because of bottom and interfacial friction. 

Profiles and time series of temperature and salinity at a fked location showed a 
high degree of between the Black Sea and Mediterranean water. This mixhg 
was observed by the increase in sait content of the Black Sea layer. The CTD and 
current velocity profiles give a measure of shear instability parameterized by the 
Richardson number. It was found that over the 36 h measurement period when the 
Mediterrauean undercurrent was strong, the flow was consistently turbulent, due to 
shear instabilities in the depth range 50 - 60 m. 

The turbulent levels within the Mediterranean boundary layer were oberved using 
an acoustic scintiliation instrument. Analysis of the acoustic amplitude showed 
increased variability with increasing current strength. Given that t he contribution 
of temperature and salinity variations to the total acoustic scattering was found 
to be negligible is was concluded that turbulent velocity variations dominated the 
acoustic scat tering. 

SWATH mapping showed that the Mediterranean flow is codned within a well dt+ 
fined canyon which initially is oriented in the northeast direction and then turns 
toward the northwest. During the SWATH mapping, simultaneous CTD profles 
were obtained in order to measure the dilution of the Mediterranean duen t .  In ad- 
dition, a two mile grid of CTD profiles from NRV Alliance and TCG (7ubuMu showed 
bottom salinity values of 30.3 psu very close to the continental slope indicating that 
the dilution was at most 6 psu. 

High resolution echo soundings gave two dimensional imaging of the two layer flow. 
As the mking between the two very different water masses is turbulent, a strong 
acoustic back scatter is obtained, revealing detailed, interfacial structure. The Med- 
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iterranean effluent was traced along the canyon and the sheif. Observations show 
that on the shelf the Mediterranean flow exhibits a 'delta' like structure. Although 
flow is controlled by topography, spillage over the canyon is observed. Mediterran- 
ean water spreads over a larger area compared with previous findings (Latif et al., 
1991). This thin layer of dense water masks the effects of the sea bottom (100 m 
depth) on acoustic propagation for shallow angles (critical angle, 0, = 75'). 

The large scale ADCP survey shows the general eastward circulation pattern of 
the southwestern Black Sea region. Sea surface temperatures from NOAA satellites 
show a high degree of variability during the experimental period. 
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