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The mesoscale eddy field of the Middle Adriatic Sea during 
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Abst rac t - -The  analysis of  the first mesoscale  exper iment  m the middle Adna t ic  Sea reveals the  
horizontal and vertical scale of  the eddy field The  mesoscale  vanabdl ty  is characterized by 10-20 
km m diameter eddies. They are lower the rmochne  intensified, and the velocities in the upper  and 
lower thermochne levels range from 10 to 1 cm s-1,  respectively The  ed&es are small because of 
the local Rossby radms of deformaUon (5.4 and 2.8 km for the first and second internal baroclimc 
mode,  respectively) and because they are second baroclimc mode  intensified The  Levant ine  
Intermediate Water  is found in tongue-hke  features  intruding between the intense eddy field 

I N T R O D U C T I O N  

ThE Adriatic Sea (Fig.l) is an elongated semi-enclosed basin located in the northern part 
of the eastern Mediterranean Sea between Italy and Yugoslavia. The northern Adriatic is 
a shallow continental shelf of average depth of about 35 m, which smoothly deepens in the 
central part; the southern Adriatic has an abyssal basin of about 1200 m and is connected to 
the Ionian Sea through the Strait of Otranto with a sill of more than 800 m. The middle 
Adriatic Sea is characterized by two depressions, the western and eastern Pomo de- 
pressions, deeper than 200 m, connected to the southern Adriatic with a sill of about 
170 m. 

The Adriatic Sea has been widely studied in the past because of important deep water 
convection processes occurring during winter in its northern part (ZoRE-ARMANDA, 1963; 
ARTE~IANI and SALUSa~, 1987) and in its southern part (POLLAK, 1951; OVCrnNNIKOV et al.,  
1987). Furthermore, the general circulation of the two regions has been described (ZoRE- 
ARMANOA, 1963) with particular attention to the northern Adriatic region (FRANCO et al., 
1982; MALANOrrE-RIzzOLI and BERCAMASCO, 1983). From these studies the general 
circulation is known to consist of several cyclonic gyres during winter. In all seasons, the 
middle and southern Adriatic general circulation surface currents consist of a smooth flow 
encircling the whole basin, entering from Otranto and following the Yugoslavian coasts. 
Following the 100 m isobath, this flow turns southward along the Italian coasts approxi- 
mately at the northern border of our study area (see Fig. 1). There is evidence that during 
summer-autumn conditions this flow splits into two separate cyclonic gyres in the middle 
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Fig 1. 
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The Adriatic Sea coastlines w~th the bathymetnc contours The thick hne box indicates 

the region of the CTD survey 

and southern Adriatic regions. The return flow along the Italian coasts is intensified 
(ZORE-AgMANDA, 1956) and at a depth of about 100 m forms a thin bottom boundary 
current carrying the dense water formed during the winter in the northern Adriatic 
(ARTEGIANI et al . ,  1989). 

Evidence for the mesoscale signal and its energetic contribution to the local current 
system for both winter and summer conditions was noted in large-scale surveys carried out 
during the sixties (HENDERSHOTT and RIZZOLI, 1972; F~Nco,  1972) and recent previous 
cruises (ZORE-ARMANDA and GAoc, 1987; ARTEGIANI el al . ,  1987). However, the meso- 
scale variability is practically unknown because of the accuracy required in sampling its 
spatial scales and the need for both salinity and temperature measurements. 

In this article we discuss the first successful mesoscale experiment carried out in the 
middle Adriatic Sea. We analyse a mesoscale resolution hydrographic data set taken in the 
region of the middle Adriatic, and we connect these measurements to the previously 
known general circulation flow. 
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Fig 2 CT D staUon locations super imposed  on local ba thymetry .  The  box corresponds to the  
domain of the oblectwe analysis mapping  The  domain  ~s a box 90 x 100 km 2 , rotated 42 ° 

anticlockw~se and centered at 14.95°E, 42.73°N 

T H E  D A T A  S E T  

The data set consists of 196 casts taken with a Nell Brown Mk III CTD on board the R.V. 
S. L o  Bianco (Fig. 2). They were collected during a period of 4 days starting from 7 
November 1988. The CTD was calibrated at the Saclant Center Laboratory (La Spezia, 
Italy) and the accuracy is _+1.6 dbar for pressure, _+0.005°C and _+0.005 mmho for 
temperature and conductivity measurements, respectively. The stations occupy the 
western Pomo depression and only partially occupy the eastern one, covering an area of 90 
x 100 km 2. The box in Fig. 2 represents the domain of interpolation used in the objective 
mapping of the physical fields. 

The strategy of sampling used in this cruise has been proved to be robust to resolve the 
mesoscale fields of other world regions (MooERS and ROBINSON, 1984; ROBINSON et al., 
1987). It consists of highly resolved measurements at the nominal distance of 2 miles along 
several transects; on the other hand, the transects are separated by a distance of 6 miles. 
This allows a fast coverage of the region to obtain a quasi-synoptic data set (4 days in this 
case). The raw data were converted to practical salinity and averaged every decibar 
(UNEsco, 1988). 

W A T E R  M A S S  A N A L Y S I S  A N D  Q U A S I G E O S T R O P H I C  V E R T I C A L  M O D E S  

To define the local water mass properties of the region, we have averaged the T, S 
profiles between all the stations and calculated the standard deviations. The results are 
shown in Fig. 3. 
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Fig. 3. Upper panel: stations average temperature and salinity profiles (darker hnes) as a 
funcuon of depth enclosed between curves of I S.D The thin third profile indicates the number of 
casts used in the average as a function of depth. Lower panel: T-S diagram for the stations average 

profiles shown m the upper panel 

The profiles can be divided into three vertical regions corresponding to different 
gradients in the T, S profiles. The first, between the surface and 30 m, is characterized by a 
temperature  mixed layer that is partially eroded at its bot tom. In the upper 10 m there is a 
layer of less saline and cooler waters of coastal origin, but we do not separate them from 
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Fig 4. Squared Brunt-Valsala frequency profile calculated from the average T and S profiles 
shown m Fig 2 (dark hne). Barochnic quaslgeostrophlc vertmal modes calculated from the Brunt- 
Valsala profile 1, 2 and 3 m&cate the first three internal barochnic modes with their respectwe 

Rossby radn. 

the mixed temperature layer. We indicate this region simply as the surface water region 
(SW) affected by strong air-sea interactions and coastal waters. 

The second region, located between 30 and 130 m, shows a smooth decrease in the 
temperature profile, while the salinity reaches a subsurface maximum at about 80--90 m. 
The waters belonging to this region are called Levantine Intermediate Waters (LIW) 
because of their subsurface salinity maximum. They are formed in the eastern Levantine 
basin (OvcHINNINKOV, 1984; HECHT et al.,  1988; OZSOY et al., 1989) and they are 
presumably advected into this region. Due to horizontal and vertical mixing, they are 
locally characterized by salinity values >38.6 PSU, while in the region of their formation 
they attain a value >38.9 PSU. In the LIW region the temperature decreases almost 
linearly from 16 to 13°C with no significant changes in the slope at the level of maximum 
salinity. 

The third region, located between 140 m and the bottom of the basin, is characterized by 
very dense waters (11 < T < 13°C and 38.5 < S < 38.6 PSU) probably formed in the 
northern Adnatic by deep winter mixing processes and sunk in this region on their way to 
the Ionian Sea. We call this region the deep water (DW) region. 

The T - S  diagram of Fig. 3 shows very clearly the three different water masses: the SW of 
low salinity, above 16°C; the LIW between 13 and 16°C and with salinity values >38.6 
PSU; the DW below 13°C and with salinity <38.6 PSU. 
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We have calculated the Brunt-Vaisala (N) frequency profile (Fig. 4) using only stations 
deeper than 100 m, so that our N is representative of the open ocean area. The profile has 
two relative maxima located just below the SW region and the LIW region, respectively. 
The enhanced stability of the region of SW is typical of the autumn season while the second 
maxima is probably indicative of the main thermocline layer of the region. 

Using the quasigeostrophic vertical structure equation 

N2(z) 

where ~0 indicates the quasigeostrophic baroclinic modal function, the subscript indicates 
partial differentiation, f0 = 21I sin 00 is the Coriolis parameter  evaluated at the central 
latitude of the domain of interest, N2(z) is the squared Brunt-Vaisala  frequency profile of 
Fig. 4, 42 is the inverse of the squared Rossby radius of deformation,  R, for each modal 
component.  The results of the integration of equation (1) with ~0z = 0 at z = 0 and z = 250 
m are shown also in Fig. 4. 

The first baroclinic mode has a zero crossing at 125 m and the correspondent  Rossby 
radius of deformation is 5.4 km. The second baroclinic mode  has a maximum at about 100 
m and the zero crossings at 50 and 160 m. The second Rossby radius of deformation is 2.8 
km. Such small values of R can be found only in the high latitude arctic regions (EMERY et 
al., 1984). Of course we consider these results to be representat ive only of the autumn 
stratification conditions, but they give between the highest values of the Rossby radii 
because of the enhanced vertical stratification during this season. As shown previously for 
other  parts of the Mediterranean basin (HECHr et al.,  1988), the autumn season coincides 
with the largest values of N in the column of water. Fur thermore ,  we know that in the 
winter season the temperature profiles are practically uniform with depth,  so we expect the 
winter Rossby radii to have the lower bound local values. We point out again that these 
vertical modes and eigenvalues are representative of the open ocean part of our  study area. 

TEMPERATURE AND SALINITY MESOSCALE VARIABILITY 

The temperature and salinity data have been objectively analysed by conventional 
methods (BRETnERTOr~ et al., 1976; CARTER and ROBINSON, 1987) using an isotropic, 
homogeneous correlation function of the form: 

C(r) = ( 1 - ~ 2 ) e x p ( - 2 - ~ 2 ) ;  r2=x2d-y 2, (2) 

with the condition that a /> bN/2. Here  x and y indicate longitudinal and latitudinal 
coordinates,  respectively. The a coefficient corresponds to the zero crossing and b~/2 is 
the e-folding scale of the correlation function. The values chosen for a and b are 30 and 20 
km, respectively, because they are half the regional values found in the southeastern 
Levantine basin which has an internal first Rossby radius of deformation double ours. We 

Fig. 5. Temperature anomalies, T', at several depths (T' = T - T~)" (a) 10 m, Ta = 16.0"C, contour interval 
(c.1.) 0.1*C; (b) 25 m, T a = 16.if'C, c l = 0.1°C; (c) 40 m, Ta - 14.5"C, c I = 0.1°C, (d) 70 m, Ta = 14.5°C, c.t = 
0.05°C; (e) 100 m, Ta = 14.5°C, c 1. = 0.05°C, (f) 120 m, T~ = 14.5, c.1. = 0 05°C. The white, undrawn regions m 

the boxes correspond to expected error levels >40% 
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also calculated the correlation function from the data,  and these values seem reasonable.  
However  the data scarcity and the anisotropy of the sampling pat tern  make  the covariance 
matrix noisy, and we do not present  it here. 

The grid spacing for the interpolat ion is 5 km and the domain is 90 × 100 km 2 (Fig. 2). 
The expected error variance of the measurements  is fixed to be 10%, and the objective 
analysis is carried out with 10 influential points. Pa ramete r  sensitivity exper iments  have 
shown that the objective analysis scheme is not very sensitive to larger values of influential 
points. 

It is important  to point out that  our definition of eddy center  is such that  we have at least 
one closed contour at more than one level. The interpolated t empera tu re  anomaly fields 
are shown in Fig. 5. The t empera tu re  anomaly,  T ' ,  is defined as the deviation of the 
temperature  at that level, T, f rom a uniform reference t empera tu re ,  Ta, e.g. T '  = T - Ta. 

The values of Ta were chosen to be representat ive of the SW layer (T  a = 16°C) and the 
average tempera ture  of the L I W  layer (T  a = 14.5°C). Natural ly these Ta values are 
horizontal and vertical averages,  and the single level values could depar t  positively or 
negatively at each depth. 

The tempera ture  anomalies show a very complicated pat tern  of  jets and eddies with 
different horizontal scales and vertical extension. On the larger scales and at all levels we 
notice the presence of a thermal  front along the nor thern and western sides of the area. 
This front divides the area into a coastal region and a deeper ,  open  ocean region, separated 
approximately by the 100 m isobath contour  line. 

The surface tempera ture  anomalies  (10, 25 and 40 m in Fig. 5a-c)  are characterized by 
two well defined eddies, indicated by I and II.  The  cyclonic eddy (I) is centered on the 
western Pomo depression and its major  axis is about  30 km at 10 and 25 m,  and only 15 km 
at 40 m. Its vertical structure is extremely baroclinic since it disappears  at 70 m. The 
anticyclonic eddy (II) is also shallow but smaller with the max imum diameter  of 15 km at 10 
and 25 m. 

The central L I W  region t empera tu re  anomaly field (70 m) shows a totally different 
variability with smaller t empera tu re  gradients. We define only one eddy at this level, 
indicated by I I I  in Fig. 5. Eddy I I I  is vertically coherent  with the 100 and 120 m levels. 

The two lower levels (Fig. 5e,f) show an intensified jet be tween an anticyclonic (IV) and 
the cyclonic (III)  eddy. The size of these eddies is about  15-20 km in diameter ,  and they are 
located south of the 200 m isobath that defines the western P o m o  depression.  

The salinity anomalies,  S'  (Fig. 6) are defined as the deviations of  the salimty at that 
level, S, f rom a uniform reference salinity value, Sa, e.g. S '  = S - S~. These reference 
values were chosen to represent  the minimum of the average salimties in the SW(Sa = 38.5 
PSU) and the minimum value in the L I W  (S~ = 38.6 PSU).  

The salinity field is dominated  by the large gradients across the 100 m shelf break,  
especially at 10, 25 and 40 m. This salinity front coincides with the t empera ture  front 
described before.  Eddy-l ike structures have little correlat ion with the analogous tempera-  
ture structures in the upper  three levels, except for eddy IV at the L I W  level. Eddy I I I  is 
weak in its L I W  signal as it is found rarely that cyclones have relevant  L I W  anomalies. It  is 

Fig 6 Sahnlty anomahes, S', at several depths (S' = S - Sa)" (a) 10 m, Sa =38 5 PSU, contour interval (c.x) 
0 05 PSU; (b) 25 m, Sa = 38.5 PSU, c.1 =0 025 PSU; (c) 40 m, Sa = 38.5 PSU, c 1.=0 01 PSU, (d) 70 m, S, = 38 6 
PSU, c i = 0 01 PSU; (e) 100 m, S a = 38 6 PSU, c.1. = 0.01 PSU; (f) 120 m, S a =38.6 PSU, c i = 0 01 PSU The 

white, undrawn regions m the boxes indicate expected error variance levels >40% 
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mteresting to notice that eddy IV has both positive temperature  and salinity anomalies, so 
that the net density contribution will be negligible. This is the fate of many LIW-intensified 
anticyclonic eddies that will disappear from the dynamic height field because of the 
opposite effect of temperature and salinity contributions in the equat ion of state. 

The LIW abundance is confined in a tongue-like structure on the right side of the 
temperature frontal system (Fig. 5). This is consistent with the traditional view of the LIW 
transport in the basin: LIW enters the Adriatic from Otranto and follows the Yugoslavian 
coasts, turning cyclonically at the latitude of the Pomo depressions. H e re  we have shown 
that this cyclonic thermocline flow is strongly modulated by the mesoscale field. It assumes 
the structure of a tongue which insinuates around eddy centers. This vein of LIW embeds 
small eddy centers (10-15 km, Fig. 6e,f), which are shown by ext rema in the salinity 
values. The eddy IV exhibits an extreme in the salinity tongue that starts in the northeast  
and turns southward. 

DYNAMIC HEIGHT FIELDS 

The dynamic height field relative to 140 m was analysed for 99 deep casts. This reference 
level was chosen because it marks the upper  end of the DW layer of Fig. 3 and it is shallow 
enough to have an acceptable number  of stations for the mapping. 

The dynamic height field (Fig. 7) shows that the surface flow is dominated by a 
southward meandering jet and in the thermocline levels a single eddy center  occupies the 
region with an intensified jet at its border.  The southward jet can be connected at the 
northern border  of the domain with a piece of westward jet probably meandering around 
another eddy outside our study area. The jet bifurcates around the southern border  of the 
cyclonic eddy, one branch following its path south and the other  turning eastward and 
intensifying the southern border  of the eddy. 

The subsurface-intensified cyclonic eddy is located on the negative temperature  ano- 
maly of eddy III and on the southern side of the western Pomo depression. It has a very 
symmetric core of about 25 km of diameter  at the thermocline levels and it shows a double 
center at the upper  levels (Fig. 7b,c). We expect the topography to be important  to set the 
location and the persistence in t ime of the eddy in this region. All the other  temperature  
eddies have disappeared due to compensating effects between the salinity and tempera-  
ture anomalies. 

The intensification of this eddy at 70 and 100 m (Fig. 7d,e) suggests that an important  
vertical modal component  of the eddy field is second baroclinic. The  first baroclinic mode 
(see Fig. 4) has a zero crossing of about  120 m, and the second baroclinic mode  reaches its 
maximum amplitude at 100 m. Thus this eddy field shows unequivocably a second 
baroclinic component ;  we believe this is evidence of second baroclinic intensified eddies 
that seem to be common in the eastern Mediterranean Sea (HECnT et al., 1988). The eddy 
diameter is thus about  5 times the first baroclinic Rossby radius of deformat ion,  as much as 
in the North Atlantic where the baroclinic eddies have a diameter  of about  5 times the first 
Rossby radius of  deformation.  

Fig 7 Dynamic height anomaly fields at (a) 10, (b) 25, (c) 40, (d) 70 and (e) 100 m; referred to 140 m. The 
average values subtracted and contour intervals (c 1.) are respectwely: (a) -0.098 m, c.i = 0.002 m, 
(b) -0.092 m, c.1. = 0.001 m; (c) -0.085 m, c.1. = 0.001 m; (d) -0 063 m, c i. = 0.0005 m; (e) -0  038 m; c 1. = 

0 0005 m The white, undrawn areas correspond to expected error variance levels >40% 
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Fig 8. Geostrophic velocity arrows m c m  s - 1  at (a) 10, (b) 40 and (c) 100 m of depth• The 
mlmmum, maximum (mm, max) of  the field is indicated on the bottom of  each picture together 

with a reference arrow 

Finally, the baroclinic geostrophic velocities calculated from the dynamic height fields 
(Fig. 8) show that the upper themocline levels velocities (calculated with respect to the no 
motion level at 140 m) are of the order of 10 cm s -1 or slightly less. This velocity field 
suggests the intensification of segments of the jet-frontal structure (Fig. 8a,b), the complex 
branching of the southward directed jet, and the thermocline intensified flow of the 
cyclonic eddy (compare Fig. 8b with Fig. 8c). 
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