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ABSTRACT

Hydrographic measurements in the southeastern Levantine basin are analyzed, and the climatological water
masses of the region and their seasonal variations are identified. We observe the formation of the salty and
warm Levantine Surface Water layer (LSW); we characterize the subsurface Atlantic Water layer (AW); and we
describe the properties of the thermocline waters, called Levantine Intermediate Waters (LIW). The baroclinic
dynamical modes are computed for the climatological stratification parameters. The empirical orthogonal function
(EOF) analysis of the vertical shear profiles shows that considerable energy is contained in the second EOF at
the thermocline and deep levels. Maps of the baroclinic streamfunction field referred to 700 meters are displayed:
16 instantaneous flow field realizations show an intense mesoscale eddy field never revealed before in the region.
‘The space scales of the eddies are about 100 km and a smaller scale (6070 km) variability is also evident. The
eddies are persistent, e.g., stationary for over a season, and there are periods in which only a single eddy center
is present embedded in an almost quiescent flow. The velocities in the strong jets at the border of the eddies
are of the order of 20-40 cm s~ at the upper thermocline levels. The water mass analysis fo this eddy field
shows that the AW and LIW salinity properties are distributed in filaments and patches: the maximum salinity
cores of LIW are trapped in the anticyclones found in the region. An event of salinity ventilation (down to 200
m) is described that seems to involve the homogenization of the salinity properties but not convective mixing
of the density structure. The traditional picture of the basin currents is compared with the mesoscale flow
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analyzed here, and we speculate upon possible mechanisms of water mass transport.

1. Introduction

The Mediterranean basin is divided into two major
sub-basins by the shallow sill of the Strait of Sicily. The
Eastern basin (Fig. 1a) can also be partitioned into two
major regions, the western Ionian basin and the eastern
Levantine basin. Qur study is concentrated in the
southeastern Levantine basin, consisting of the region
between Cyprus and the coasts of the Middle East
(Fig. 1b).

The whole Mediterranean is a concentration basin,
i.e., evaporation exceeds precipitation and runoff
(Carter 1956). The thermohaline circulation of the ba-
sin has been described by Wust (1961), and the water
masses of the eastern and western basins have been
characterized by Lacombe and Tchernia (1972) and
Morel (1971). They consist of three distinct water mass
layers: 1) a layer of Atlantic Water (AW) between the
surface and approximately 100 m entering from the
Strait of Gibraltar and characterized by low tempera-
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tures (about 15°C) and low salinity (varying between
36.5%0 west and 38.5%0 east of Sicily); 2) a layer of
Intermediate Levantine Water (LIW) between 200 and
600 m that corresponds to a subsurface salinity max-
imum (=38.5%0) and is formed in the eastern Levantine
basin; and finally, 3) the deep waters down to the bot-
tom. Only AW and LIW are exchanged between the
Western and Eastern basins because of the shallow sill
at the Strait of Sicily. The deep waters of the Eastern
and Western basins are formed separately: in the Adri-
atic Sea for the Eastern basin (Moskalenko and Ov-
chinnikov 1965) and in the Northern Balearic basin
for the Western basin (Stommel 1972). The depths and
the temperature-salinity characteristics of the three
water mass layers vary in each subregion of the two
basins due to intense air-sea interaction processes and
vertical mixing with adjacent layers. One of our aims
is to compute their structure in the southeastern Lev-
antine basin.

Previous studies of the kinematics of the general cir-
culation currents of the Mediterranean Sea are scarce,
probably due to the lack of data covering the whole
basin. In Fig. 2 we show the most commonly cited
picture of the general circulation of the two basins (Ov-
chinnikov 1966). The surface currents are depicted as
entering the Strait of Gibraltar, branching in the Bal-
earic basin and Tyrrenian Sea, and flowing through
the Strait of Sicily into the Eastern basin., They form
a meandering current along the Libyan coast and pro-



OCTOBER 1988 ARTUR HECHT, NADIA PINARDI AND ALLAN R. ROBINSON

a)
20 2s 20 38
3 —9¢ ¢ o =.__.» .8 » _w
TRIESTE
HEPT RS A
(TYRR
60 sakoeta S8
MAYORCA \~
35
LEVANTINE
I BASIN
|
% f
WESTERN BASIN EASTERN BASIN
b}
3 32 33 34° 35° 36°
.y, T . . .:".

,’350

34°

33°

32°

L)

31

FIG. 1. (a) The Mediterranean basin geography and nomenclature of major sub-basin seas. (b) The topography
of the southeastern Levantine basin is displayed together with the station locations indicated by a black circle
and a number. A series of cruises, occupying some or all of the stations indicated, are described in the text. The
rectangular box (220 X 270 km?) indicates the domain in which the objective analysis is carried out.
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FIG. 2. Winter surface currents from dynamic height relative to 1000 m (reproduced from Ovchinnikov 1966).

gress up to the Levantine basin. Thus, the currents are
generally cyclonic, forming large gyres in the Ionian
Sea and southeast of Rhodes. The flow has character-
istic velocities of 1-10 cm s™!. At 500 m (not shown)
the currents continue to be generally cyclonic, but the
flow appears to be more distorted by the topography
of the basin, breaking up into smaller gyres. At the
Strait of Sicily the flow is reversed with respect to the
surface, indicating a general outflow of LIW into the
Western basin. The seasonal varniations of this circu-
lation pattern are unknown apart for a general weak-
ening of the currents during summer. In particular, the
southeastern Levantine basin emerges as an area of
weak currents, branching before reaching Cyprus and
continuing into the southeastern Levantine basin to
form a weak cyclonic gyre. Thus, in this region, the
general circulation transport is northeastward. .

The thermohaline circulation of the eastern Lev-
antine basin has been the subject of more detailed
studies because of the importance of intermediate and
deep water formation processes. The Rhodes gyre (Ov-
chinnikov 1984), the Eagean Sea (Oszoy et al. 1981),
and the region offshore of Egypt (Morcos 1972) were
indicated as regions of LIW formation processes, but
no clear definition of the kinematics and dynamics of
such events or of subsequent water spreading mecha-
nisms is available.

A program of investigations in the Eastern Medi-
terranean basin, Physical Oceanography of the Eastern
Mediterranean (POEM, Unesco 1984), has started an
intense measurement and modeling effort to describe
and interpret the circulation features of this basin. As
part of the POEM effort we have analyzed a long time
series of hydrographic data collected in the southeastern

Levantine by IOLR (Israel Oceanographic and Lim-
nological Research, Ltd.). The currently available in-
formation on this region consists of some 400 deep
casts (Anati 1977). Most, if not all of them, are sparse
bottle casts, i.e., 10 to 20 measurements per cast, and
were collected by various ships employing different
methods of data acquisition and reduction. The IOLR
database consists of some 500 CTD casts (that is prac-
tically continuous), carefully supervised for consistent
methodology. Thus, in our opinion the inclusion of
the historical database will not contribute significantly
to our investigation and presentation of the climatology
and instantaneous flow variability of the region. The
results show an energetic mesoscale flow field with spa-
tial scales of several tens of kilometers. The eddies ap-
pear to be stationary for more than a season and they
trap waters with distinct water mass properties from
the rest of the ambient water masses.

In section 2 we present the data description; in sec-

. tion 3 we define the climatological and seasonal water

mass structure of the region; section 4 calculates em-
pirical and dynamical modes of the vertical shear of
the currents; section 5 presents the time and space scales
of the mesoscale geostrophic flow field and section 6
its water mass properties. Finally, in section 7 we sum-
marize the analysis and discuss the results.

2. Data acquisition

The present investigation is based on an analysis of
the data collected during a series of 17 cruises, MC11
to MC27 (MC stands for Marine Climate), carried out
in the southeastern Levantine basin by the RV Shik-
mona of the IOLR. The cruises. were carried out over
a period of five years, from February 1979 to August
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1979 HMCH — MC 12 -~ MC13

1980 ——MC14 —iMC15
1981 —iMC 6 —Mc17 —iMC18 —MC
1982 i MC 20 4 MC 21
1983 F—MC 22 F—iMC23 ——1 MC 24

1984 —iMC 25 FIMC 26 FMC 27

FIG. 3. Cruise schedule line.

1984 (Fig. 3 and Table 1). Each cruise lasted for about
ten days and was planned so as to occupy the same
grid of 28 stations situated at 0.5° intervals in a rec-
tangular domain defined by the latitudes 32°00,
34°30'N, and longitudes 32°3(, 34°30E (Fig. [b). The
position of the vessel on station was determined by
satellite navigation. During each cruise station 10 was
occupied twice, once at the beginning of the cruise and
again at its end. During some of the cruises additional
stations were carried out or casts were repeated in order
to verify some of the observed features or to acquire
additional data.

The bottom topography in the domain where the
MC cruises was carried out (Fig. 1b) is varied and in-
cludes some shallow regions as well as a very conspicu-
ous feature, the Eratosthenes seca mount, which rises
steeply 2000 to 800 m below sea level. The Eratosthenes
sea mount is situated at 33°40'N, 32°45E and is sur-
rounded by stations 27, 28, 30 and 31. The measure-
ments were carried out with a Neil Brown CTD and
were calibrated against samples collected on each up-

TABLE 1. Timetable of MC (Marine Climate Program) cruises.
From left to right: name of cruise, starting and ending date of cruise;
number of stations at least 700 m deep; last four digits of the Julian
day calendar indicating the mid-day of cruise.

Number
of Mid-Julian
Cruise Date stations day
MCl11 01 Feb-07 Feb 1979 16 3907
MCI12 25 Apr-06 May 1979 25 3993
MCI3 29 Jun-06 July 1979 24 4056
MCl4 02 Sep-23 Sep 1980 25 4494
MCI15 20 Nov-02 Dec 1980 25 4569
MCI16 22 Feb-10 Mar 1981 25 4665
MC17 20 May-29 May 1981 22 4748
MCI18 20 Aug-31 Aug 1981 25 4841
MCI19 24 Nov-05 Dec 1981 30 4936
MC20 04 May-14 May 1982 26 5098
MC21 03 Dec-17 Dec 1982 28 5314
MC22 17 Mar-26 Mar 1983 26 5414
MC23 08 Jun-28 Jun 1983 30 5502
MC24 05 Oct-26 Oct 1983 34 5622
MC25 12 Feb-23 Feb 1984 27 5747
MC26 22 May-31 May 1984 31 5846
MC27 30 Jul-08 Aug 1984 25 5915

cast at 12 predetermined levels. The samples were col-
lected with a General Oceanics rosette and consisted
of 24 samples for salinity determination (two from each
bottle), as well as 12 protected and 6 unprotected ther-
mometer temperatures. The salinity of each sample
was determined with a Guildline Autosal salinometer
in the shore laboratory at the end of the cruise.

Both the downcast as well as the upcast CTD mea-
surements were recorded; however only the downcast
data was subjected to further processing. This consisted
of correction for the time lag of the temperature sensor
(see Fofonoff et al. 1974), smoothing with a decimating
average spanning ten measurements, bin-averaging
around every 1 decibar, and eliminating extreme values
from every bin (i.e., those measurements that exceed
two standard deviations). A final validation procedure
consisted of the visual examination of the 7--S diagrams
and the vertical temperature and salinity profiles.
Moreover, the relative spread of the salinities and the
temperatures for each cruise, and in particular the rel-
ative deviations of these parameters in the waters below
1000 m, were also inspected. The computations of the
parameters necessary for our investigations followed
the algorithms described in Fofonoff and Millard
(1983). For the present investigation we used only those
stations where the measurements were carried out to
a depth of at least 700 m (Table 1).

3. Water masses of the region

a. Climatology

In order to describe the climatological properties of
the region, the data from all the MC cruises were av-
eraged, level by level, for each parameter. Obviously,
the number of measurements available at each level
diminished with depth. Thus, the database for the up-
per layers consisted of about 500 measurements of each
parameter, while only about 360 such measurements
were available at 1000 decibars and only about 50 at
2000 decibars. Even 500 measurements may not be
sufficient for the computation of representative cli-
matological parameters; thus, using the term ““clima-
tological profile” may only be defensible in the sense
that data obtained during later cruises, such as the
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FIG. 4. (a) Climatological temperature profile as a function of depth (0-2500 m). (b) Climatological salinity profile as a
function of depth (0-2500 m). The +1 standard deviation profiles are also indicated. (c) As in (a) but for depth 0-700 m. The
different layers characterizing the water masses of the region are indicated by horizontal lines. Abbreviations are explained in

the text. (d) As in (c) but for the salinity profile.

POEM cruises, appear to fall within the standard de-
viations of the “climatological profile.” This term
should therefore be accepted as a convenient reference
relevant only in the restricted time frame of the MC
cruises.

The climatologicdl temperature and salinity profiles
(Figs. 4a, b) appear to indicate that these parameters
are practically constant and have almost no standard
deviation from about. 700 m to the bottom. Indeed,
the temperature drops from 13.79 + 0.09°C to 13.35
+ 0.01°C. These changes are very small when com-
pared to the vertical variations that occur in other parts
of the ocean (e.g., Emery and Dewar 1982; or Taft et
al. 1983). Wust (1961) as well as Moskalenko and Ov-
chinnikov (1965) define as deep those waters with a
temperature below 13.6°C and a salinity lower than

38.7%o, and place them at depths exceeding 600 m.
But the southeastern Levantine basin is warmer and
saltier, and such waters would only be found at depths
of at least 900 m (Figs. 4a, b). Therefore one should
consider defining the deep waters of the southeastern
Levantine basin by higher values of temperature and
salinity. In view of the vertical gradient of the temper-
ature and the salinity profiles (Fig. 4a, b), we define
the Deep Water (DW) as those waters that have a tem-
perature of 13.8°C or lower and a salinity of 38.74%
or lower. Such waters are found at a depth of about
700 m, which is one of our reasons for choosing 700
m as a reference level for dynamic height computations.

The expanded diagram of the climatological tem-
perature profile (Fig. 4c) shows a steep decline in tem-
perature in the upper few meters of water, followed by
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a shallow inversion at a depth of about 10 m. The
absolute difference between the extrema of this inver-
sion is only about 0.5°C. However, the presence of this
feature in the profile at a level at which we have many
measurements must indicate the persistence of this
phenomenon. Below the inversion, temperature drops
smoothly from a maximum of 21.6° to 16.5°C at the
bottom of the seasonal thermocline at about 100 m.
Farther below, the temperature continues its smooth
decline and reaches a value of about 14.0 + 0.2°C at
the bottom of the permanent thermocline, at about
500 m.

The expanded diagram of the climatological salinity
profile (Fig. 4d) shows a steep increase in salinity from

the surface to about 10 m. The climatological salinity

at this level reaches a value of 39.07%o and, taken in
conjunction with the high climatological temperature
at the same level, it suggests the effects of the local
summer surface temperature warming and evaporation
rates, which produce the Levantine Surface Water
(LSW). Below this maximum the climatologica! salinity
profile decends to a minimum of 38.86% at a depth
of about 75 m. This minimum should be ascribed to
the presence of subsurface Atlantic Water (AW) (La-
combe and Tchernia 1960). Farther below, the cli-
matological salinity trace reaches a secondary maxi-
mum of 38.97%. at 240 m. This maximum should cor-
respond to the Levantine Intermediate Water (LIW)
{e.g., Wust 1960). Judging from the climatological
temperature profile at the appropriate levels, neither
the AW nor the LIW appears to have any conspicuous
temperature characteristics. In Figs. 4c, d transition
regions are designated by a T prefix and the removal
of the W suffix. Thus the transition region between
LSW and AW is denoted by TLS-AW. This applies to
all the transition regions.

The climatological 7—-S diagram (Fig. 5) has a char-
acteristic S shape, which emphasizes the maximum sa-
linity and temperature of the LSW, the minimum sa-
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FIG. 5. Climatological T-S diagram showing the
different water masses.
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TABLE 2. Water mass definitions and layer depths. Salinity (S in
%0) and depth (D in meters) of the LSW, AW, LIW and DW layers
for the climatological and seasonal (winter, spring, summer, autumn)
averages.

LSW AW LIW DW

Climatic S =>38.95 <38.87 >38.94 <38.74

D 0-40 65-95 200-310 t> 685
Winter S — — *38.98

D— — 75-325 t= 695
Spring S *38.96 *38.83 *38.96

DO0-15 25-100 170-310 t= 680
Summer S *39.11 *38.77 *38.98

D 0-25 25-105 135-315 =690
Autumn S *39.24 *38.86 *38.94

D 0-70 80-110 230-270 t> 675

* Maximum or minimum in the defined layers.
t Minimum depth at which the salinity starts to be <38.74.
N.B. The first 3 to 6 m of water are not taken into account.

linity determined by the AW, the second maximum
in salinity determined by the LIW, and finally the range
of low salinities of the DW. The determination of the
boundaries of the layers of those water masses must
take into account the seasonal distribution of the pa-
rameters and will be dealt with below. In Table 2 we
indicate the layer depths and salinity values used to
identify the different climatological water masses.
The squared Brunt-Viisild frequency profile (Fig.
6) was computed from the global average of the
smoothed temperature and salinity profiles. Its domi-
nant feature is the pronounced shallow depth (40 m)
maximum, which resembles similar features observed
in the eastern North Atlantic Brunt—Vdisili frequency
profiles (Emery et al. 1984) and is probably due to the
stabilizing effect of the “fresher” AW. Below this max-
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FIG. 6. Brunt-Viisili frequency square profile, N2,
as a function of depth.
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imum, the profile decreases steeply to the bottom of
the seasonal thermocline (about 160 m). Eventually it
reaches a depth of about 800 m where, due to the lack
of temperature and salinity vertical gradients, the
Brunt-Viisild frequency becomes practically zero. The
main thermocline is described by the differing gradient
of the profile between 160 and 400 m; however there
is no pronounced subsurface N*(z) maximum. Only a
visible change in the value of the gradient appears at
about 250 m. This slight inflection in the profile is
probably due to LIW. A similar inflection observed in
the North Atlantic Brunt-Viisilad profiles is also at-
tributed to the Mediterranean waters that spread west-
ward from the Strait of Gibraltar (Emery et al. 1984).

b. Seasonal characteristics

The definition of seasons in the atmosphere or in
the ocean is always a controversial subject (see e.g.,
Trenberth 1983). In the Eastern Mediterranean Sea,
Anati (1977) used all the available historical data to
compute the monthly changes in heat stored in the
upper 200 m of water. Assuming that seasonal changes
do not penetrate below this level, he defines winter as
the period of minimum heat storage and summer as
the period of maximum heat storage. Essentially, Anati
(1977) defines February, March and April as winter,
and July, August, September and October as summer.
The remaining months, May and June on the one
hand, and November, December and January on the
other, he defines as spring and autumn transition pe-
riods. Anati’s computations preceded the MC cruises;
however, the heat storage computed from the data of
those cruises is in good agreement with his results
{(Hecht et al. 1985). Hence, we have chosen to adopt
Anati’s definition of the seasons in the Eastern Medi-
terranean Sea. For the investigation of the seasonal
properties of the MC region, the cruises were grouped
according to these previously defined seasons and the
data within each group were averaged level by level.
Obviously, the averages for each season are based on
far fewer measurements than the climatological aver-
ages: we have three cruises for autumn, four for sum-
mer and winter, and six for spring. Due to this limited
sample size in all the seasons, the seasonal averages
should be viewed cautiously. Moreover, in bad weather,
in order to prevent damage to the CTD, the measure-
ments had to begin at a depth of a few meters. As a
result, the averages in the surface layers cannot be con-
sidered representative, since more often than not, they
are based on an insufficient number of measurements.
Our description therefore begins at a depth of 4 to 6
m. In Table 2, the layer depths and salinity maxima
are listed for every season, and we will now describe
the seasonally averaged temperature and salinity pro-
files.

The winter average temperature of the surface layers
(Fig. 7a) is about 16.6 + 0.6°C. The temperatures di-
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minish gently with depth and from 16.0°C (at about
170 m) coincides downwards with the climatological
temperatures. The winter average salinity of the surface
layers (Fig. 7b) is about 38.82 *+ 0.16%0. The salinity
increases with depth towards the LIW layer where, at
about 245 m, it attains a maximum of 38.98 + 0.06%o
at a temperature of 15.5 + 0.5°C. The T-S diagram
(Fig. 7c) clearly depicts the subsurface salinity maxi-
mum of the LIW. However, in neither the 7-S diagram
nor the vertical salinity profile is there any clear, un-
equivocal indication of the presence of the AW. This
does not preclude the presence of AW in the region,
as we will see in section 6. However, we cannot exclude
the possibility of intense vertical mixing between the
LSW and AW layers, which could homogenize the sa-
linity properties in a unique TLS-AW/TA-LIW layer.

The spring average temperature of the surface layer
(Fig. 8a) is about 21.7 + 2.9°C. The surface waters
have warmed considerably, and we can observe the
beginning of the formation of the seasonal thermocline.
The large standard deviation in the temperatures of
the surface layers indicates some inhomogeneity in the
warming of the region but mainly the internal vari-
ability. We will return to both subjects later in this
paper. The decreasing temperatures in the deeper layers
begin to coincide with the climatological temperature
of 16.0°C at a depth of about 170 m, i.e., at about the
same level as in the winter profile. The spring average
salinity of the surface layers has also increased signif-
icantly and is about 38.96 + 0.15%o (Fig. 8b). We can
observe the beginning of the formation of the seasonal
halocline, but in addition to the deep maximum of the
LIW, the most conspicuous feature of this profile is
the salinity minimum (38.83 + 0.12%0) at about 50 m.
It is misleading to interpret this enhancement of the
AW signature as an indication that during the spring
we have intrusion of SW into the domain. Even though
the process of AW penetration in the region is present,
its seasonal cycle cannot be elucidated by looking only
to these average profiles. As we will see in section 6,
the abundance of AW in the domain is associated with
an intense mesoscale eddy field at the border and inside
of which we can trace tonguelike AW intrusions in all
seasons. In the spring the LIW has a maximum salinity
of 38.96 + 0.05%. at about 245 m, where the temper-
ature is 15.5 = 0.4°C. Both water masses, the AW as
well as the LIW, are conspicuous on the 7-S diagram
(Fig. 8c), where one can aiso note the beginning of the
formation of LSW.

The summer average temperature in the surface layer
(Fig. 9a) reaches its yearly peak of 25.3 + 2.4°C. Nev-
ertheless, at about the same depth as before, ie., 175
m, temperatures have dropped to the level of the cli-
matological values, i.e., 16.0°C. The summer-average
salinity in the surface layer (Fig. 9b), 39.11 £ 0.14%o,
is not vet at its yearly peak but is representative of the
high salinities attained by the LSW (see also the 7-S
summer diagram in Fig. 9c). The minima of the AW
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FIG. 7. Temperature (a) and salinity (b) profiles and T-S diagram (c) for winter cruises average.

is 38.77 + 0.12%o at about 50 m, and the maxima of
the LIW is 38.98 + 0.04%0 at about 245 m, where the
temperature is 15.5 = 0.3°C.

Finally, as the cooling begins, the autumn average
temperature of the surface layers (Fig. 10a) drops to
20.7 £ 1.2°C while the salinity increases to 39.24
+ 0.09%0 (Fig. 10b). The upper mixed layer is well
established and contains the LSW that decends down
to about 40 m. As in the other seasons, the average
temperatures in the autumn descend to their clima-
tological value (16°C) at a depth of about 170 m. The
minimum salinity (Fig. 10b) of the AW (38.86
+ 0.22%o0) appears at about 85 m. The maximum sa-
linity of the LIW (38.94 £ 0.02%0) appears at about 245
m, where the temperature is 15.4 + 0.4°C (Fig. 10c).

As the AW moves from the Strait of Gibraltar to the
Levantine basin, its salinity changes drastically. At the
Strait of Sicily, for example, the characteristic salinity
is 37.5% (Morel 1971), while at the Strait of Crete
(Hecht 1986) as well as in the Cilician basin (Ozsoy et
al. 1981) the characteristic salinity is 38.6%s. Any def-
inition of the AW is therefore a strictly local one. In
view of the climatological and seasonal salinity profiles,
we define the AW as the upper layer of water whose

salinity is less than 38.87%. (see Table 2). This layer is
particularly visible in the spring and summer average
profiles. We cannot exclude the possibility that its
abundance during this period is associated with the
presence of the LSW layer, which prevents the AW
from mixing and evaporating.

As we have pointed out before, the LIW is charac-
terized by a subsurface maximum in the salinity profile.
Since this maximum does not necessarily have the same
magnitude all over the basin, the LIW has been defined
differently in different regions of the Mediterranean
Sea (e.g., Morcos 1972; Ozturgut 1976; Ozsoy et al.
1981). In view of the climatological and seasonal sa-
linity profiles described above, we define the LIW as
the subsurface layer whose salinity is at least 38.94%o
(see Table 2). As we have seen, such a layer is present
throughout the year at a depth of about 245 m (Table
2) and has a temperature of 15.5 + 0.4°C.

As the foregoing description has indicated, in the
region of the MC cruises the main seasonal changes in
temperature take place only to 170 m. Below this level
each of the seasonally averaged temperatures is
identical with the climatological temperature (16.0
+0.4°C), thus supporting Anati’s (1977) findings.
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Taking the maximum salinity of the LIW as a reference
point, the changes between winter and spring or spring
and summer (from 38.98 # 0.06%o to 38.96 + 0.05%
to 38.94 + 0.04%o, see Table 2) are within the bounds
of the standard deviations of our measurements and
are therefore not significant. However, the change be-
tween summer and autumn (from 38.98 + 0.04% to
38.94 £ 0.02%0) could be significant, and this indicates
a dilution of the LIW with waters that could come
from either the AW or the DW. The parallel increase
in the autumn salinity of the AW may indeed point to
an exchange of water between the LIW and the AW,
although this is not necessarily so, since the AW can
also enhance its salinity through an exchange of water
with the LSW. At the same time, the increased thick-
ness of the TLI-DW layer in autumn indicates that
mixing with the DW is active, such that the LIW
reaches its lowest seasonal salinity value.

What we have here is a low salinity body of water

sandwiched between two saltier layers, the upper one "

warmer and the lower one cooler than the fresher waters
between them. At the interface between the AW and
the LSW we have the classical situation that could in-
duce double-diffusive instability (e.g., Turner 1974). A
comparison between the relatively smooth winter av-

erage salinity profile (Fig. 7b), the only season in which
there is no definite average AW layer, and the “jagged”
average salinity profiles (Fig. 9b, 10b) exhibit irregu-
larities between the LSW and the AW layer that closely
resemble the pictures presented by Turner’s (1978, see
Figs. 3 and 5) experiments depicting intrusion into a
density gradient. The evidence is even more dramatic
when one compares particular stations, such as station
19 from MC24 of October 1983 (Fig. 11a) and the
same station from MC25 of February 1984 (Fig. 11b).
At the other interface, between the AW and the LIW,
we have warmer fresher waters above cooler saltier wa-
ters. As far as double-diffusion instability is concerned,
this is a stable environment, and therefore the mixing
of fresher waters into the LIW, whether from above or
below, must be implemented by other processes.

In order to gain additional insight into the annual
cycle, the cruise average temperatures and salinity pro-
files as well as the corresponding 7-S diagrams and
N(z) profiles were arranged according to the middate
of the cruise, irrespective of the year in which the cruise
took place (Table 1 and Fig. 12). Thus we have at least
one realization for each month except January and
April. Since there is practically no seasonal variability
below a depth of 500 decibars, and in order to enhance
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FIG. 9. As in Fig. 7 but for summer cruises average.

the clarity of the figures, the profiles are depicted only
down to this depth.

The lowest surface temperatures of the series, about
16°C, were encountered during MC22, which was car-
ried out in March in the middle of the oceanic winter.
During this month the temperature is almost uniform
from the surface to 500 decibars. The salinity profile
exhibits a barely discernable minimum in the surface
layers, at least in two of the four winter average profiles.
The signature of the AW occurs within one standard
deviation of the mean profile. The maximum of the
LIW is quite conspicuous in the salinity profile as well
as on the 7-S diagram. Moreover, it appears to produce
a slight inflection in the Brunt-Viisild frequency pro-
file, which is otherwise almost a straight line.

During the following months, as the temperature of
the upper layers increases, we can observe the forma-
tion of the LSW and the seasonal thermocline. The
surface layer temperature reaches its peak (27.2
+ 0.6°C) in August (during MC 18), when we can ob-
serve a shallow mixed layer extending to about 20 de-
cibars and a very steep thermocline.

The increased heat and evaporation produce LSW
that reach their peak salinity (39.45%0) at the end of
the summer, during MC24 of October 1983. In parallel,

the minima of the AW become more conspicuous.
Eventually, during the later part of the year, the LSW
cools down and the two upper layers mix until they
form the single water mass present during the winter
season. One should be aware, however, that some of
the fluctuations in the strength and depth of the AW
minima, e.g., the change from MCl4 to MC24 to
MCI15 (in Fig. 12 from 38.65 to 38.85 to 38.75%0), are
due to the variability of the mesoscale eddy field be-
tween these cruises (see sections 5 and 6). Thus, if one
looks at sequential cruises the changes appear to be
more regular. From MC14 to MC15, September to
November 1980, for example, the salinity minimum
increases from 38.65 to 38.75%o; from MC18 to MC19,
August to November 1981, the salinity minimum stays
at the same level 38.75%o.

The entire process of surface water formation and
mixing can be followed in the series of 7-S diagrams
and the Brunt-Vdiisild frequency profiles in Fig. 12.
As the LSW develops its identity and the density gra-
dient between the LSW and AW increases, a shallow
subsurface maximum develops in the Brunt-Viisila
frequency profile, indicating an increase in the stability
of the two layers. This maxima reaches its peak (3.0

* X 1073 cps) in August and then diminishes toward the
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FIG. 10. As in Fig. 7 but for autumn cruises average.

winter, when it disappears and the profile becomes al-
most uniform from the surface to the bottom, e.g.,
cruise MC22 of March 1983. However, the other N(z)
winter profiles (MC11, MC25, MC16) show a discern-
able (but small in amplitude) thermocline maximum,
between 200 and 300 m, which contributes to the N(z)*
inflection shown in Fig. 6 at about the same depth.
Another conspicuous feature of the salinity profile
as well as of the 7-S diagram is the maximum related
to the LIW. This feature is present throughout the year,
changing very little in salinity and temperature from
one month to another. MC20 presents the only anom-
alous salinity profile and 7-S diagram. The salinity
profile is almost uniform from the surface down to the
LIW layer, and the 7-S diagram is also indicative of
the process of homogenization of the salinity properties.
The temperature profile is not remarkably different
from the others in the same period. As we will discuss
later, between MC19 and MC20 a process of LIW for-
mation has occurred, which has ventilated the salt
properties of the layers of the upper main thermocline.

4. Dynamical and empirical modes

In this section we describe the vertical structure of
the flow field via the study of the baroclinic dynamical

modes (DM) and empirical orthogonal functions
(EOF). The DM are defined as the eigenfunctions,
¢.(2), of the vertical structure equation (Pedlosky 1979)

[

) (1

¢nz) = _>‘n2¢n

with ¢,, = 0 at z = 0, z = 1600 m, the latter corre-
sponding to the average depth of the region. The sub-
script z indicates partial differentiation, f; is the value
of the Coriolis parameter at the central latitude of the
region (33.5°N), and N*(z) is the climatological Brunt-
Viisild frequency profile shown in Fig. 6. The eigen-
values of (1), denoted by A, are the square of the in--
verse of the internal Rossby deformation radii, R,. We
solved (1) numerically using a shooting method with
a vertical grid spacing of 8 meters.

The results are presented in Fig. 13 for the first three
baroclinic DM; the Rossby radii of deformation are
12.4, 6.4 and 4 km. These small values of the internal
Rossby radii are usually found between 50° and 60°N
of latitude in both Atlantic and Pacific oceans (Emery
et al. 1984). The first baroclinic DM has a zero crossing
at 360 m and the second at 70 and 540 m. The shape
of these baroclinic DM is similar to those of other re-
gions (Smith et al. 1985; Pinardi and Robinson 1987,
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McWilliams et al. 1986); the first baroclinic DM is up-
per thermocline intensified, and the second has its
maximum amplitude at the top of main thermocline
(approximately 180 m). The zero crossings are quite
shallow, corresponding to the relatively shallow ther-
mocline structure of the region. The zero crossing of
the first baroclinic DM approximately defines the bot-
tom of the main thermocline (Fig. 6), which encom-
passes the LSW, AW and LIW layers. The second
baroclinic DM has its maximum amplitude in the TA-
LIW layer. Since such a layer is pervasive in the salinity
structures previously discussed, we expect an enhanced
role played by the second DM to explain the baroclinic
variability of the mesoscale currents of this region (see
section 5).

In order to use a high-resolution multilevel quasi-
geostrophic model in the near future, we tried to solve
the centered finite difference eigenvalue problem for
(1) with the fewest vertical levels necessary to maintain
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an accurate description of the A\ and ¢, as given by
the highly resolved shooting problem. With eight levels
located at 30, 80, 120, 160, 230, 330, 490 and 1100
m, the eigenvalues are calculated to be 12.7, 6.6 and
4.1 km for the first, second and third baroclinic DM,
respectively. Moreover, the vertical shape of the first
two vertical modes is well reproduced with respect to
the highly resolved shooting problem. Thus, we con-
sider eight levels sufficient to describe the major features
of the average stratification of the region, and these are
used to describe the flow field throughout the paper.

The EOF are a set of orthonormal functions in the
interval between the surface and the average bottom
of the region. It can be shown via the calculus of vari-
ations (Kutzbach 1967) that the EOF representation is
optimum, in the sense that maximum variance may
be accounted for by choosing in order the eigenvectors
associated with the largest eigenvalues of the appro-
priate covariance or correlation matrix (Lorenz 1956).
Here we calculated the EOF of the geostrophic pressure
field in two different ways: the first uses pressure de-
viations from the horizontal average (EOF), as has been
widely done in oceanography (De Mey and Robinson
1987; Smith et al. 1985); the second uses pressure de-
viations normalized by the standard deviations (NEOF)
and has been used more commonly in meteorology
(Lau 1981).

We start from the geopotential anomaly defined by

P 1 1 )

A= b n S TP 55,0,
where P, is the pressure reference depth chosen to be
700 m; p is the density profile at each x, y station and
P is the pressure corresponding to each of the eight
levels described above. The reference level at 700 m
was chosen because it is the deepest level for which
there are 25 to 30 stations for each cruise (see Table
1); hereafter we exclude MC11 because it has too few
stations. It is also the top of the DW layer, in which it
is reasonable to expect the baroclinic currents to go to
zero. We transform the geopotential anomaly in geo-
strophic streamfunction, ¥, by using the relationship
V¥ = AD/fy, dimensionally. This geostrophic stream-
function contains only the baroclinic part of the flow
field and is then defined up to the unknown barotropic
part of the total current field. We nondimensionalize
the streamfunction field by the factor UyL,, where U,
is the typical velocity scale equal to 1 cm s™! and Ly is
the horizontal scale length chosen to be 15 km or ap-
proximately the first internal Rossby deformation ra-
dius. Furthermore, we define the streamfunction de-
viations ateach level /=1, - - -, 8 as¢j(x, y, ) = Y(x,
¥, 0) = {¥i(0)}, where {,()} = N~' 2V ¢y(x;, y;, ) and
N is the number of stations in each single cruise or in
the total dataset. To calculate the EOF we consider
only the stations at which we have at least eight levels
of data: N varies between 18 and 25 for each cruise
and is about 360 for the whole dataset.
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FIG. 13. Dynamical mode amplitudes for the first (1),
second (2) and third (3) eigenvectors of Eq. (1).

The first EOF method considers the covariance ma-
trix

_ i
- @

with I, J = 1, - - -, 8 levels. The eigenvectors of this
matrix are the EOF decomposition of the vertical shear
of the flow field; they take into account both the cor-
relation and the different variance at the selected levels.

If we normalize the N measurements by their stan-
dard deviation at each level, we obtain instead of (2)
a correlation matrix.

C'IJ

i )
NV {7}

We call NEOF the eigenvectors of (3). The use of nor-
malized variables ensures that each level is of equal
importance in determining the form of the represen-
tation. This weighting procedure (normalization) pre-
vents the first eigenvectors from being dominated by
the levels with largest variance.

In Fig. 14 the EOF of each single cruise horizontally
averaged vertical profile is presented as a function of
depth. Figures 14a, b show the first and second EOF.
The first EOF has a surface and middie thermocline
intensified signature. The second EOF profiles are TA-
LIW/LIW intensified and sometimes also bottom in-
tensified. Using the total number of stations in the da-
taset we calculated the climatological EOF shown in
Figs. 14c, d. These profiles are centered around a mean
value of the single cruise EOF. In Table 3 the percentage
of variance accounted for by the first and second EOF
at each level is listed. Down to 160 m (level 4) the first
EOF accounts for more than 90% of the variance with
the exception of four cruises (MC14, MC15, MC24,
MC25) where the contribution of the second EOF starts
to be as high as 15%~-50%. At the LIW levels (5-6) the
second EOF accounts for more than 25% in the same

Cy=
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four cruises and about 10%-20% for the rest. Below
the thermocline (levels 7-8) the first and second EOF
share about the same contribution in variance; more-
over the total variance accounted by the sum of the
two EOFs can be as low as 5%-50%. In conclusion, at
the lower levels the second and higher EOF modes be-
come as important as the first EOF mode in describing
the variance of the profiles. This is due to the large
difference between the variance at the upper and lower
thermocline levels, so that the covariance matrix is
dominated in the first eigenvectors by the upper ther-
mocline levels. With this representation, any extrap-
olation of the near surface information down to 1100
m using only the first and second EOF is subject to
large errors.

In Fig. 15 we show the climatological and cruise by
cruise NEOF. The shape of these eigenfunctions is very
different from the EOF of Fig. 14 since this time, all
the levels are weighted equally. The first NEOF shows
that variability is highly correlated between the AW
and the TLI-DW layers (80-490 m) and anticorrelated
with the DW layer (1100 m). The second NEOF is
more variable between cruises than the EOF and is
generally lower-thermocline intensified. The variances
accounted for by these NEOF are shown in Table 4.
The first EOF accounts for more than 90% in all the
cases down to 330 m, and the second becomes com-
parable to the first NEOF at 1100 m. Even at 490 m
(level 7) the second NEOF accounts, at maximum, for
about 10% and only for three cruises (MC12, MCl14,
MC25). The sum of the first and second NEOF ac-
counts for more than 90% of the variability at all levels.
The first climatological NEOF (Fig. 15¢) accounts for
more than 90% down to 330 m and only 60%-80%
deeper; in this representation the sum of the two cli-
matological NEOFs accounts for about 84% of the
variability at 1100 m.

In summary, the EOF analysis shows that the baro-
clinic flow is upper-thermocline intensified and that
the baroclinic shear is contained in the first'330 m of
the water column. The second EOF shows a TA-LIW
intensified signature, In the LIW layer the variance ac-
counted for by this EOF can be as high as 20%-50%.
The sum of these EOF cannot account for the variance
at 1100 m for the reasons explained before. The NEOF
are shown to be a complementary view of the vertical
variability of the eddy field: the combination of the
first and second NEOF can explain over 95% of the
variance at all the levels.

In conclusion, we have calculated the percentage of
EOF energy contained in each DM. We can do this
because the EOF are an orthogonal and complete set
of eigenfunctions over which we can expand any other
vertical shape. In this case we expand the DM of our
system. The first baroclinic DM contains 82% of the
energy of the first EOF while all the others account
equally for the rest. The second baroclinic DM contains
92% of the energy of the second EOF.
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FIG. 14. First (a) and second (b) EOF for each cruise (MC12-MC27). Climatological (c) first and (d) second
EOF. The horizontal lines indicate the layer depths as computed in Fig. 4c, d.

5. Space and time scales of the geostrophic flow field

In this section present the objective mapping of the
streamfunction y at the eight levels described in section
4. For each cruise the stations used (see Table 1) are
at least 700 m deep, but not all of them reach 1100 m.
Thus, we extrapolated the streamfunction into the
deepest level using a least squares projection method
on the NEOF amplitudes. We use the individual cruise
NEOF and not the climatology NEOF since the second
one varies appreciably, both in amplitude and in vari-
ance, from one realization to the next. The result is
that we can form eight levels of baroclinic stream-
function for each cruise at all the stations for which
we have information down to 700 m. This dataset is
used in the present paper for the kinematic description
of the flow field and will be used in the future for model
initialization and dynamical studies. In the Appendix
the procedure of extrapolation is explained in detail.

The ¥(x, y, z, t) data are objectively analyzed using

an isotropic, homogeneous and steady correlation
function of the form (Carter and Robinson 1987)

. r2 1 r2
cn = (1 -~ ?) exp(— 5 5-2-)
with r?=x?+ y2
The domain size is 220 X 270 km? in the longitudinal
and latitudinal directions (see Fig. 1b) and the inter-
polation grid size is 5 km. The parameters a and b are
chosen to be 60 and 40 km, since previous studies of
this region (e.g., Robinson et al. 1987) have shown that
these values give an accurate description of the me-
soscale eddy field as revealed by a fine resolution me-
soscale survey and suggest that even with this coarse
resolution sampling, these correlation values produce
the correct space scales of the mesoscale features.
We calculate the streamfunction deviations y* = ¢
— (¥ from the global time and space average of the
streamfunction field at each level, denoted by (¥ ). In
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TABLE 3. Variance accounted by the first (1) and second (2) empirical orthogonal functions (EOF) at each level and for each cruise.
“Climatic” means that all the stations are considered (~360).

Level
Cruise EOF 1 2 3 4 5 6 7 8
MC12 1 98.8 99.7 99.9 98.4 92.3 78.3 43.3 9.1
2 1.0 0.3 — 1.2 7.5 19.4 32.6 31.5
MC13 1 99.1 99.9 1.0 99.4 96.4 919 94.7 86.5
2 0.9 0.1 —_ 0.6 3.6 7.6 38 0.6
MCl14 1 84.5 83.2 58.6 474 320 22.3 16.3 0.1
2 15.5 15.9 41.3 52.4 66.9 73.0 67.0 32.1
MCI15 1 94.1 99.9 92.1 84.5 71.9 57.9 50.3 412
2 59 — 7.7 15.4 27.7 39.3 43.6 38.1
MC16 1 97.0 99.8 99.5 96.2 87.6 94.8 79.7 25.9
2 29 0.2 0.5 3.7 11.9 2.1 9.4 52.0
MC17 1 94.7 99.7 99.6 97.9 91.5 719 68.2 244
2 5.3 0.2 0.3 2.0 8.3 21.0 21.7 17.0
MC18 1 84.3 99.1 96.0 92.5 829 - 729 63.0 26.2
2 15.7 0.7 4.0 7.5 16.6 25.6 26.5 5.4
MC19 1 - 939 99.6 99.5 98.4 94.2 88.6 88.1 5.8
2 6.0 0.3 0.4 1.5 5.6 9.8 9.1 —_
MC20 1 98.9 99.2 99.3 99.3 96.0 720 49,7 41.1
2 0.5 0.7 0.6 0.1 2.4 26.9 49.9 57.0
MC21 1 96.8 99.6 99.2 98.1 93.3 83.0 80.5 50.7
2 3.1 0.2 0.6 1.9 6.4 144 13.6 9.7
MC22 1 97.6 99.6 99.9 99.3 94.7 74.9 56.0 11.0
2 2.3 0.3 —_ 0.6 5.2 24.3 40.8 69.0
MC23 1 88.2 98.6 99.6 97.3 90.4 77.0 64.1 38.3
2 11.8 1.4 0.3 2.6 9.6 22,6 344 448
MC24 1 60.4 97.8 824 77.2 74.2 72.0 71.6 44.7
2 39.6 1.6 17.3 22.7 25.6 25.8 224 37.1
MC25 1 90.8 98.8 98.2 78.9 38.9 26.6 19.2 14.1
2 9.1 1.1 1.3 20.7 60.8 72.6 77.5 82.2
MC26 1 90.7 98.5 ' 99.8 99.1 94.8 89.4 81.8 68.9
2 9.0 1.4 —_ 0.8 5.2 10.2 16.2 8.1
MC27 1 74.4 98.0 99.4 97.0 91.0 83.7 73.2 63.6
2 25.0 1.8 — 2.6 8.8 14.5 19.3 30.3
Climatic 1 84.8 97.4 90.2 82.0 64.2 46.4 33.8 22.6
2 15.0 1.2 9.2 17.7 32.3 39.6 339 15.8

Fig. 16 the ¢* field is presented for level 5. We show
this level (230 m) because it is well within the main
thermocline region (Fig. 6) and shows no qualitative
differences with the 160 m level, which is in the sea-
sonal-main thermocline transition region.

The flow field immediately reveals the presence of
strong mesoscale eddies embedded in a broader scale
flow field (see MC12, MC13, MCI15, MC17 and
MC18), which filaments and meanders around them.
The domain contains two to three eddies with a wide
variety of space scales from a diameter of ~100 km
or greater to smaller scales of the order of 60-70 km.

Moreover, we find periods in which the flow is popu-
lated by a single eddy center (MC19 and MC24-
MC27). We divide the 16 cruises into three periods:
the first from MC12 to MC21, in which the flow field
shows several eddy centers and sometimes a discernible
northeastward general circulation flow coming either
from the western or southern side of the domain; the
second from MC22 to MC23, which shows a much
more quiescent flow field and smaller spatial scale
variability (~60-70 km in diameter); and the third
from MC23 to MC27, which is dominated by a single
eddy center and a very weak cyclonic general circula-
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F1G. 15. As in Fig. 14 but for NEOF.

tion transport throughout the region. We now proceed
to describe the variability in the three periods.

The first period shows the largest pressure pertur-
bations (MCI12, MC13, MC16, MC19, MC20); be-
tween the surface and 230 m, the vertical shear can be
as high as in the case of MC13 (Fig. 17a) or weaker as
for MC19 (Fig. 17b). In this period there is always visual
coherence between the flow at 80 and 490 m, and the
flow at 230 m except for MC12, MC14 and MC20 as
shown in Fig. 18 (compare Fig. 16 with Fig. 18a). MC14
shows a qualitatively different picture at the surface
than at depth, and MC20 shows almost no signature
of the anticyclonic eddy at 490 m (Fig. 18b), while a
dipolar structure (a high/low eddy pair) is evident at
230 m. During this period, the anticyclonic eddy in
the northwestern side of the domain persists for over
a season near the seamount of Fig. 1b. The velocity
field for MC13 is shown in Fig. 19. This period shows
the strongest upper thermocline currents in the jets at
the border of the eddies: 30-40 cm s™! at 80 m, 20 cm
s~'at 230 m, and 2.5 cm s7! at 490 m.

MC19 and MC20 show some of the most interesting

and singular eddy fields in the first period. In Fig. 16,
MC18 shows an anticyclone located near the center of
the domain and one similar to the anticyclonic eddy
present from MC12 in the northwestern corner of the
domain. From MC18 (August 1981) to MC19 (Nov-
Dec 1981) the flow changes qualitatively: the north-
western eddy weakens, and at the center of the domain
only an isolated round eddy is left with an almost
quiescent ocean surrounding it. We note that the cir-
cular shape of this eddy is well resolved by the data,
since a few more stations were carried out between
station 21, 26 and 22 of Fig. 1b to define the extent of
the eddying motion. On the southern edge of this fea-
ture only a weak low pressure center is present. Five
months later (MC20), the high pressure center has
weakened (by a factor of ~2), and it has paired with
a cyclonic eddy at its southeastern border. The cyclonic
eddy is small in diameter, and its vertical extension
and strength is shown in Fig. 18b. The jets between
and around the two eddies are of the order of 30 cm
s at 80 m and 5 cm s~! or more at 490 m (Fig. 19).

The second period is remarkably different from both
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TABLE 4. Variance accounted by the first (1) and the second (2) normalized empirical orthogonal functions (NEOF) at each level
and for each cruise. “Climatic” means that all the stations are considered (~360).

Level
Cruise NEOF 1 2 3 4 5 6 7 8
MCi12 1 96.3 96.7 97.6 98.2 98.8 97.9 84.6 47.3
2 2.5 2.8 2.3 1.6 0.4 0.9 14.9 50.9
MC13 1 98.7 99.3 99.5 99.6 99.1 98.2 98.9 89.1
2 0.1 0.1 0.2 0.4 0.6 0.3 0.2 10.8
MCl14 1 61.1 92.4 98.1 99.0 98.6 96.1 87.8 304
2 30.2 7.2 1.7 0.5 0.1 29 11.6 61.7
MCI15 1 90.2 96.0 98.9 99.4 99.3 97.8 95.5 82.7
2 8.7 37 0.9 0.3 — 1.3 4.0 14.0
MCi6 1 98.6 99.1 98.8 97.7 95.0 98.5 92.9 56.1
2 0.0 0.2 1.0 2.2 4.1 0.3 6.5 43,7
MC17 1 91.7 96.6 98.1 98.9 99.2 97.3 91.0 46.3
2 6.3 29 1.8 1.0 0.2 0.9 7.7 51.3
MC18 1 84.9 98.5 99.5 99.7 98.9 97.0 89.6 64.4
2 — — — — — —_ 0.9 35.1
MC19 1 94.1 98.6 99.6 99.7 99.1 97.4 97.3 13.4
2 0.2 _ — — 0.1 — 0.4 86.4
MC20 1 96.6 96.7 96.8 97.3 98.8 96.5 89.4 84.1
2 2.6 3.1 32 2.6 0.4 2.6 10.6 15.0
MC21 1 96.6 98.5 99.1 99.4 99.2 97.4 97.6 84.2
2 1.0 0.6 0.4 0.3 0.1 — 1.0 14.3
MC22 1 94.5 96.8 98.0 98.9 99.7 96.8 90.4 47.6
2 4.8 3.0 1.9 1.0 — 1.9 8.0 - 49.1
MC23 1 88.3 95.9 98.7 99.6 99.6 97.7 94.4 79.8
2 10.7 39 1.2 0.3 — 1.4 49 17.0
MC24 1 65.5 97.9 99.5 99.5 99.4 99.0 98.0 89.1
2 33.2 1.7 — 0.1 0.3 0.4 0.3 5.1
MC25 1 71.6 82.9 91.6 98.9 96.5 923 87.0 81.9
2 27.9 17.0 8.3 0.8 3.1 7.4 11.9 16.4
MC26 1 91.0 97.0 98.8 99.6 99.4 98.2 95.4 81.8
2 7.8 2.8 1.0 0.2 0.2 1.0 29 14.3
MC27 1 73.3 94.9 98.4 99.5 99.3 97.8 95.0 89.3
2 25.3 5.1 1.3 —_ 0.6 2.0 4.1 8.8
Climatic 1 81.1 94,2 97.0 97.9 96.5 92.8 85.6 62.3
2 10.5 49 2.7 1.2 _ 33 13.0 22.3

period 1 and 3. Figure 18a and Fig. 16 show the vertical
contrast of this flow field: the small eddies have a mid-
dle thermocline intensified signature, and no discern-
able northward general circulation transport is present.
Moreover, the flow field evolves from MC22 to MC23
in a2 much more chaotic way and no clear connection
can be made between the two different realizations,
while before, for the same time lag (see MC12 and
MC13), the flow was more temporally coherent. In
section 6 we will see the anomalous water mass distri-
bution of this mesoscale eddy field.

In the third period, an eddy center with a diameter

somewhat larger than 100 km persists in the northeast

.corner for almost a year. Its vertical extension is re-

markable, being a strong pressure anomaly down to
490 m (see Fig. 18b). In Fig. 19 the velocity field is
shown for MC26. The swirl speed in the first 200 m is
of the order of 10-20 cm s™' and 5 cm s™! at 490 m.
It is the second highest velocity at this depth after
MC20. The shape of this eddy changes between MC24-
25 and MC26-27: it seems to oscillate between a
slightly elliptical and circular shape, and a high pressure
center is sometimes excited at its border during MC24
and MC27.



VOLUME 18

JOURNAL OF PHYSICAL OCEANOGRAPHY

1338

'SONJEA [EAIDIUT INOJUOD PUE WINUIIXEW ‘WNUWILIW 93 SYBJIPUT SIIBY MOJoq [ PUE XEW ‘Uny SY L "%0F UeY} 101BaI3 S0UBLIEA 10112 J1RIIPUL
Seare papeys Ay ‘(1xa) a9s) 0797 Aq pazI[eUOISUIWIPUOU JIE sanfea oY ‘dew Yoo SACQE PaYedIpUl ST IaqUINY JSINID Y} :3SINID YOS IO (W OEZ) § [9A3] 18 PIOY 47 UL 9] 01
00+3 00°G = IJ 00+306°2=10 00+306°¢- 12 00+3067¢- I
10+39h=XVYN [0+3G0°2-=NIN 10+319°¢=XVYN 10+30%°|-=NIW 10+¢0°C=XVN [0+3G11-=NIN  10+310°C =XVN (0+399°-=NIN
- < '3 T " “ =

\
v
]

iy

85k

004305219
MK 10+366D XYW _10+361°L-+NIN

LIONW 004300~ 19
10+306°G-XYN_(0+3E21-

00+306°¢ =19
‘[ =XV 10+3¢¢°1-=NIN




1339

NADIA PINARDI AND ALLAN R. ROBINSON

’

ARTUR HECHT

OCTOBER 1988

(ponuuoD) 91 "O14

00+062=19 00+306°¢= 1) 00+06°¢= 1) 00+306°¢ = IJ
10+310Y =XVN 10+3€0°1-=NIN [0+310°7 =XVW 10+31G1-=NIN 10+352°¢=XVW 10+3121-=NIN [0+398°C =XVN 10+3£9'1-=NIN

\

Sam-”
L

i
N7 N = N , hk
Le N 0:3052-10 2N uz0gze19 SCOW 0+300¢-19 7SN 0043082 =19

10+30U°L=XYW 10+31€'1-=NIN 10+398'1=XVW 10+306'-=NIW 10+3p0=XVN 10+3€6°1-=NIN ,_owmmm.m.xs‘ [0+349'1-=NIN

X o

T
1
- ¥
*




VOLUME {8

JOURNAL OF PHYSICAL OCEANOGRAPHY

1340

"610JN 10§ 10q (8) U sV (q) "sexnioid g} 2A0qE Poyeorpur syidap 1 £ 1D 10f PIRY A UL (2) LT Ol

10-36L9< 1) 10-361°9- 1 00+305¢-13
00 300C~XYN 00 3[9°G-=NIN J9L=XYN 00 322¢-=-NiN {0 36S°2-XVYN 00 360°9-=NIN
% " \ % p X N’

llllll

00+300°G =
10+306°8=XVN 10+36bL-~
258

i0+300't - 19 10+300°1- 19
¢0+391'L=XVYN [0+300°L-~NN ¢0+392°L =XVN 00+3009--NIN

(D



1341

ARTUR HECHT, NADIA PINARDI AND ALLAN R. ROBINSON

OCTOBER 1988

00+359°L =XVYN

(panuzuo)) *L1 "O11

10-619- 10 10-36L9-1) 00+362'1-10
00 +390'1-=NIN 00 +€0°¢ =XVN 00+3G2"2-<NIW NIN

00+300°G = 19
10+35G=XYN 10+345°2-=NIN

7~

wool

woet
00 +300°G-19 00+300°G=I) 00 +300°G = 19
10+£0°9+XVN  10+3£9°C-=NIN 10 +306°9=XVN  10+3bb'2--NIN 10+3bh°L-XVN 00+399°L-=NIN




JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 18

MiN=-4,94E+01
CI = 5.00E+00

MIN=-1.64E+01 NIN=4.27E+0l
C1 - 5.00E+00

b)
MC 12

MAX = 1.24E+00

NAX-T.21E+06

MiN=-354E +01
C1-5.00E+00

NIN--2.53E+00 MAX=-6.58E+00
CI- 6.75£-01

CL+1.35E+00

NiN=-395E+00 MAX= 1.28E+01

MIN--T.1TE+00 MAX=1.TIE+0I
Cl-1.35€+00

FIG. 18. (a) The y* field for MC14, MC22, MC23 at 80 m. (b) y* field for MC12, MC20, MC25 at 490 m. These fields should be compared
with the maps of Fig. 16, showing the streamfunction at 230 m.

In conclusion, this flow field shows an energetic me-
soscale variability never revealed before in this region.
Furthermore, no clear seasonal variations in the
strength of the flow field are recognizable, and the ed-
dies persist in the region for more than a season. There
are examples of isolated eddy centers with baroclinic

velocities of the order of 20-30 cm s™! at 230 m. The
horizontal structure of these isolated eddy centers is
sometimes circular and extends throughout the main
thermocline region.

Even though the dataset consists of almost five years
of data, the persistence of this peculiar eddy field could
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MC26

MC20

MC13

230, 490 m. Arrows below pictures indicate velocity in cm s,

]

MC20, MC26 at 80

F1G. 19. Instantaneous velocity field for MC13

The mean velocities range from approximately 10 cm
s'at80 mand Scms ! at 230 m down to 1 cm s~}

highly bias the computation of an average velocity field. metic average of the velocities of all the realizations.

However we did calculate this average. Figure 20 shows
the mean velocity structure as calculated by an arith-
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FIG. 20. Mean velocities at 80, 230, 490'm.

at 500 m. This picture shows that a possible surface-
to-midthermocline northeastward transport is confined
in the meandering jet located in the northern part of
the domain. The deep flow (490 m) shows an eddylike
structure due to the contributions of MC20 and the
MC23-27 eddy fields. These mean flow features are
not reconcilable with the general circulation flow di-
rection indicated by Ovchinnikov (1966) (see Fig. 2).
The persistence of this mesoscale eddy field makes it
difficult to determine the background general circula-
tion transport.

The emerging picture is that mesoscale variability
dominates the instantaneous flow, deforming and
sometimes masking the general circulation flow field
we believe to be present in the filaments surrounding
the eddies. The northeastward general circulation
transport in Fig. 16 is perhaps present in the jet seg-
ments around the eddy borders. This variability is sim-
ilar to other energetic mesoscale eddy fields present in
the northwestern Atlantic (Hua et al. 1986; Pinardi
and Robinson 1987) and in the California Current
(Mooers and Robinson 1984; Robinson et al. 1986).
This is the first time its presence has been acknowledged
in this part of the World Ocean. Moreover, we further
believe that this dataset shows a kind of mesoscale
variability that is almost unknown and has never been
captured in other open ocean regions. First, the eddies
seem to have no significant westward propagation, ap-
pearing stationary in the time range of 2 to 3 months.
Of course, we should expect slow Rossby wave phase
speeds because of the small internal Rossby radius of
deformation and the horizontal scales of the eddies
(~100 km). If we calculate the first baroclinic Rossby
wave period for a horizontal wavelength of 200 km,
the result is ~900 days, i.e., more than twice the cor-
responding first Rossby radius of deformation wave
period in the western North Atlantic. Topographic in-

~

teractions are expected to be important; the anticyclone
in MC12 (Fig. 16) is located over the seamount of Fig.
1b, and this could explain its persistence in that part
of the region. Second, some of the eddies show an ex-
treme spatially coherent structure with very little ellip-
ticity and a strong signature even below the main ther-
mocline (490 m). Persistent monopole structures have
been captured, lasting for over a season, in the same
region.

6. Water mass structure of the eddy field

In this section we describe the distribution of the
AW and LIW water masses within the eddy field de-
scribed in the previous section. We identify the AW
masses by salinity values less than 38.87%0 at 80 m
and the LIW by salinity values greater than 38.94% at
230 m. We have chosen these two levels since in all
seasons they are inside the layers that are characterized
by these two water masses. Figure 21 presents maps of
the salinity anomalies. We have chosen to show the
maps for each season that present the two extreme dis-
tributions of water masses within the eddy field.

Figure 21a shows the winter conditions for MC22
and MC16. The AW is distributed around the high-
low dipole of MC16 (see Fig. 16). We know therefore
that AW is also present in the domain during winter.
Due to its nonuniform horizontal distribution, it
amounts to almost zero AW signal in the domain av-
erage profile of Fig. 12. In contrast, MC22 shows the
total absence of AW at this level. Together with MC21,
to be discussed later, it is the only example of such an
anomalous high salinity field at 80 m. Moreover, this
salinity anomaly structure shows a very smooth gra-
dient that has no similarity with the small-scale geo-
strophic flow shown in Fig. 16 for the same cruise. At
230 m the LIW anomalies have a different structure
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in the two cases: MC16 shows a tonguelike distribution
of LIW around the border of the anticyclonic eddy in
the northwestern side of the domain, while MC22 dis-
plays a small-scale pattern all above the limiting value
of 38.94%.. Thus, the small-scale eddy structure of the
geostrophic ¥ field is due to the integrated contribution
of the LIW intensified small-scale salinity eddies.

The spring conditions are shown for MC17, MC20
and MC23 in Fig. 21b. MC17 shows a large-scale sa-
linity anomaly pattern of AW with small eddylike fea-
tures embedded in it, similar to the case of MCI16.
MC20 presents a different picture with no AW in the
domain and a positive salinity anomaly extremum lo-
cated in the northeastern corner of the domain, where
an anticyclonic eddy will appear distinctly during
MC24 (see Fig. 16, MC24). The 230 m salinity field
for MC20 shows very little LIW at this level, but an
increase of salinity has occurred between 80 and 160
m, which has ventilated the salt properties of the upper
layers of the thermocline in the position of the anti-
cyclonic eddy (see Fig. 23). In contrast, MC17 shows
weak anomalies of LIW distributed around the larger-
scale eddy field. The other spring cruises (for example
MC23) show patterns of salinity distribution with in-
termediate characteristics between these two extreme
cases.

In Fig. 21c the summer conditions are shown for
MC14 and MC27. MC14 shows a small-scale eddy field
of AW that is unlike MC27, in which the AW is con-
fined at the border of a large-scale positive salinity
anomaly at 80 m. Thus, even in summer, the abun-
dance of AW in the region is intrinsically coupled to
the mesoscale eddy field. In this season, however, the
tendency is generally that of MC14: AW anomalies
embedded in a larger-scale eddy flow. At 230 m the
LIW structure is either patchy (MC27) with strong sa-
linity eddy anomalies or composed of weaker anom-
alies at the borders of the geostrophic flow field (MC14).

Autumn conditions are shown in Fig. 21d for MC21
and MC15. As usual these are two extreme conditions:
MC21 shows no AW signal detectable above an anom-
aly value of 0.04% and MC15 shows a filamenting
large-scale AW flow with small-scale positive and neg-
ative anomalies embedded in it (see also Fig. 16). Notice
in MC21 the strong gradients of salinity along a jetlike
feature meandering through the domain between
higher and lower positive anomalies. The LIW consis-
tently shows a more patchy pattern in strict spatial cor-
relation with the y eddy field. MC21 contains the only
few patches of high positive salinity anomalies, while
MCI15 has weaker LIW anomalies distributed around
the eddy field of Fig. 16.

In summary, the abundance of AW in the domain
is not directly connected to a particular season, and it
is locally distributed in jets, filaments and patches. The
LIW structures are always visually coherent with the
streamfunction field variability, and the strongest
anomalies are associated with the anticyclonic stream-
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function centers. The process of AW intrusion into the
domain can be followed in Fig. 21 by looking at the
time sequence of MC21, MC23 and MC27 maps.
MC21 (Fig. 21d) shows no AW present at 80 m. Six
months later (spring), MC23 (Fig. 21b) shows small
tonguelike negative salinity anomalies of AW entering
from the southern part of the domain. A positive
anomaly of salty water, a remnant of the northern side
of the jet present in MC21, occupies the rest of the
domain and will remain there for a year, as shown by
MC27 (Fig. 21c¢). The positive anomaly in the north-
western corner corresponds to the anticyclonic pressure
center present in the domain from MC24, The AW
that has been intruding between MC21 and MC23 re-
mains confined in the southern part of the domain
without mixing or spreading with the northern high
salinity core. '

We now look at the vertical distribution of water
masses within some of the eddy features shown in Fig.
16. Figure 22 shows a salinity and temperature cross
section for MC12 across the anticyclone located in the
northwestern side of the domain. The temperature
cross section shows that the isotherms are depressed to
at least 490 m, the depth at which we have a complete
set of salinity and temperature measurements. Embed-
ded in this temperature eddy field there is a core of
LIW that extends 50 m around 330 m, and jetlike
low-salinity cores that cross the eddy at 80 m. The core
of LIW is trapped within the eddy, which persists in
the region for more than a season and is the deepest
we could find in this dataset. Thus, the LIW trapped
in this anticyclonic eddy is probably “old,” or formed
somewhere else and transported within the eddy into
the domain. In Fig. 22 we have also displayed three
salinity profiles at three stations centered across the
eddy: the deep “core” of LIW is evident in each of
them.

Figure 23a shows a cross section of MC19 anticy-
clone and Fig. 23b the corresponding maps for MC20.
MC19 shows that, at the end of the summer, a high
salinity core has formed at the surface levels. Weak
(~38.94%) salinity cores of LIW are evident in the
position of the cyclonic circulation at depths of 160
and 330 m trapped inside the anticyclone. Further-
more, at about 80 m, centered in the anticyclonic eddy,
there is a core of salinity minimum. Six months later
(MC20, Fig. 23b) the picture has changed noticeably;
in the position of the anticyclonic eddy the isohalines
surface, and now the salinity is almost uniform from
80 to 160 m (it varies from 39.0%o to 38.96%0). We
think that this event is an example of an LIW “for-
mation” process, which has ‘“ventilated” the upper
thermocline water masses in the position of the anti-
cyclone. The salinity homogenization area is approx-
imately 60 km in diameter, corresponding to the central
core of the anticyclone. We observe that the salinity
properties have been homogenized from the surface to
~200 m indicating mixing of the AW and LSW layers



1346 JOURNAL OF PHYSICAL OCEANOGRAPHY

a)

~
i

N
N

80m

T
s

MIN=-2.36E-01 MAX=6.52E-02 NIN=9.14E-02 NAX-2,13E-
C1 - 2.00€-02 C1-2.00E-02 e

\
4
'y
i 3
'
\

X/
=)

QO

230m

©)
-

NiN=-2.36E-01 MAX- 4.22€-02 MIN--5.84E-02 MAX=1.57E-01

CI- 2.00E-02 ¢ = 2.00E-02
b)
MC 20
%)J "
80m \ng
MIN=--6.36E-02 NAX1.59E-01  MIN=-1.32E-01 MAX<1.81E- 61
C1-2.006-02 €1 -200E-02
v N
——
('\
° G
230m Q =~
R, 19
[ A\

MIN--6.32E-02 MAX-1.T4E-02 MIN=-1.93E-01 MAX-6.19E-02  MIN=2.6TE-02 MAX~=1.28E-01
CI - 2.00E-02 CI+2.00E-02 C1-2.00E-02

FiG. 21. Salinity anomaly distributions at two different levels, 30 and 230 m. The value subtracted
is 38.87 at 80 m and 38.94 at 230 m. Positive (negative) anomalies indicate LIW (AW) at 230
(80) m, respectively. The min, max and CI below frames indicate the minimum, maximum and
contour interval values. (a) Winter conditions for MC16 and MC22. (b) Spring conditions for

MC17, MC20 and MC23.

VOLUME 18



OCTOBER 1988 ARTUR HECHT, NADIA PINARDI AND ALLAN R. ROBINSON 1347

c)
80m
NIN--1.22E-01 MAX=2.18E-01
CI - 2.00E-02
20m
N\ a
NiK=-4.556-02 MAX=4.20E-02 NiN-T.87E-03 RAX-1£2€-01
CI «2.00E-02 CI<1.00E-02
9 Mc2i MC15

230m

NiN=-3.20E-02 MAX<9.57E-02 ‘NIN--UIE 02 MAX= 3.1 0
CI- 2.00E-02 C1 »2.00E-0. HoEte

FI1G. 21. (Continued) (c) Summer conditions for MC14 and MC27.
(d) Autumn conditions for MC21 and MC15.

present during MC19, which formed water with inter-  profile of Fig. 12. However, no strict conditions of ver-
mediate properties between the two (LIW). This un- tical density homogeneity, are observed. Thus, either
usual salinity distribution is also evident in the average  the density vertical mixing has occurred much earlier
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than at the time of MC20 or no convective overturning
has occurred. In the first case, the typical “chimney”
has not survived and stratification is quickly reformed
inside the eddy. In the second case, the surface eve-
poration fluxes responsible for the increase in salinity
of the LSW layer have not been enough to provoke the
convective mixing, but other vertical diffusive insta-
bilities could have homogenized the salinity properties,
forming new LIW salty water.

Another example of LIW core trapped in the eddy
field is given by the cross sections of Figs. 24a and 24b.
The persistent anticyclonic eddy in the northeastern
corner has a patch of LIW with salinity above 39.08

trapped around 160-230 m during the winter (MC25) °

and between 120-160 m during the summer (MC27).
Since the depth of this LIW patch is closer to the surface
than it was in the case of MC12 (Fig. 22), we think
that this water could have been formed somewhere
close to our domain shortly before this eddy entered
the region of observation. In other words, this LIW has
probably been formed more recently and has not yet
sunk to greater depths as in MC12,

A series of T, S and o, profiles is shown in F1g 25.
The profiles were obtained at station 16, centered in
the core of the anticyclonic eddy (see Fig. 1b), for
MC24, MC25, MC26 and MC27. The temperature
profile is almost homogeneous below 150 m, while
above it we can see the seasonal changes induced by
air-sea interaction processes. The salinity traces are
also uniform, and large mixed layers are formed during
the winter season down to 100 m. The ¢, profiles re-
main unchanged for almost a year below 150 m. Be-

tween 300 and 500 m, however, all the profiles show
small changes in properties, a possible indication of
mixing between the LIW and the TLI-DW layers. The
waters of this eddy are more uniformly warm and salty
than in any other eddy found in the region (compare
with MC12, Fig. 22). This same eddy but for a different
period is also described by Feliks and Itzikowitz (1987).

In conclusion, this analysis shows that the salinity
field is dominated by eddylike structures. The more
saline LIW is found to be generally trapped inside the
anticyclones observed in the region. Furthermore, the
vertical extent of the core of maximum salinity is of
the order of 100 m, and it varies from eddy to eddy
from a central depth of 330 up to 160 m. The smaller-
scale eddies in the geostrophic streamfunction field (see,
e.g., MC22 and MC23), are composed of LIW inten-
sified patches. This confirms the findings of a fine scale
resolution survey carried out in the same region (Rob-
inson et al. 1987). We have captured an event of salinity
homogenization that has ventilated the water mass
properties down to 200 m connected with an-anticy-
clonic eddy. Both AW and LIW show filaments and
small spatial scale patches distributed around the jets
at the border of the larger-scale eddy field.

The question of the formation and spreading of LIW
in the Eastern Levantine basin has been addressed by
Wust (1961) via the core method, and more recently
by Ovchinnikov (1984). The latter shows that in the
Northern Levantine basin the LIW formation regions
are located in the central core (a few tens of kilometers
in diameter) of cyclonic eddies. The spatial scales of
the mixing region agree with the salinity ventilation/
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homogenization process we have reported here; how-
ever the o, distribution inside our anticyclone is not.
homogeneous as in the Ovchinnikov (1984) data. As
discussed previously, this could be ascribed to the dif-
ferent timing of the measurement or to a different pro-
cess that does not involve convective density mixing.
We observe the increase of salt in the upper main ther-
mocline levels due to the intense vertical mixing be-
tween the AW and LSW layers formed during the
summer, without the homogenization of density. In
conclusion, this LIW renewal process seems to have a
sporadic character and to happen in anticyclonic cen-
ters, in contrast to well-known cases of deep-water for-
mation (Killworth 1979). Furthermore, because of the
long time scale of movement of the eddy field here
described, the speed at which this water mass spreads
is expected to be very small. Moreover, because the
water masses are trapped inside the persistent eddy
field, the general presence of LIW in the basin, far from
the source regions, could be connected to the rate of
transfer of water properties between the eddies or to
their movement across the basin. Recently, Holloway
et al. (1986) have studied the stirring of a passive tracer
field concentrated initially inside an eddy center. Their
results show that the eddy can carry the tracer within
it for a long time, but that there will be leaking of the
tracer due to explicit diffusion or to interaction with
the background flow. We believe that this mechanism
of tracer or water mass transport could be active in the
Levantine basin, as shown by the presence of this in-
tense mesoscale eddy field.

7. Summary and discussion

In this paper we have presented the climatological,
seasonal, and instantaneous kinematical properties of
the mesoscale flow field in the southeastern Levantine
basin. First, we characterized the water mass properties
of the region, both climatologically and seasonally, us-
ing a S-year-long dataset of temperature and salinity
measurements. In this time and space average repre-
sentation, the vertical profiles of temperature and sa-
linity indicate the presence of different water mass lay-
ers: the LSW layer, warm and salty (see Table 2) formed
during the summer season by intense evaporation and

heat exchanges with the atmosphere; the AW layer,’

pronounced in spring, summer and autumn seasons;
the LIW layer, represented by a subsurface salinity
maximum and present throughout the year; and the
deep layer below 700 m. Between these layers are tran-
sition layers with intermediate properties that combine
aspects of the aforementioned water mass layers. The
depth of these transition layers varies appreciably from
season to season. The seasonal temperature changes
are felt down to a depth of 170 m, which defines the
depth of penetration of seasonal heat exchanges with
the atmosphere. Inspection of the vertical averaged
profiles indicates the possibility of double diffusive
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mixing processes at the interface between the AW and
LSW layers. Vertical mixing could be active between
AW and LIW and between LIW and DW; in fact, the
thickness of the transition layers increases appreciably
during spring and autumn seasons. The cruise-by-cruise
averages of the water properties show the seasonal cycle
that culminates in the formation of a steep seasonal
thermocline during the spring-summer seasons. The
thermocline region is denoted by a moderate N2 sub-
surface inflection corresponding to the layer of LIW.

The baroclinic dynamical modes and EOF of the
streamfunction profiles have been calculated. The first
Rossby radius of deformation is small, and the second
dynamical mode is LIW layer intensified. We expect
the second dynamical mode to be important for the
dynamics of the mesoscale eddy field, since a large
amount of its energy is contained in the second EOF.
The latter is shown to account for about 20%-50% of
the variance at the thermocline and deep levels.

The instantaneous flow field has been objectively
mapped, and time and space scales of the variability
have emerged: the spatial scales are of the order of
~ 100 km (an eddy diameter), but a smaller space scale
variability also seems to be relevant, even though the
coarse data sampling pattern does not allow us to be
conclusive. However, recent studies (Robinson et al.
1987) have shown that adequate resolution measure-
ments can detect an energetic space scale variability of
the order of 60-70 km.

A new kind of mesoscale variability, never detected
before in the ocean, seems to characterize the region:
isolated and persistent eddies dominate the flow field,
and no westward propagation of features is evident.

. The time scale of the persistence varies between 6

months and a year. During this time the eddies are
almost stationary in the region, undergoing noticeable
changes in.their strength and shape.

The velocity field peaks in the jets and current seg-
ments around the eddy centers. The velocities in the
jets are of the order of 30-40 cm s™! at 80 m, 20 cm
s7! at 230 m; and 5 cm s' at 490 m. The general
circulation northeastward transport emerges from an
average of the velocity field only in the northern part
of the domain. The transport is contained in a mean-
dering current within an intense eddy field.

The analysis of the water mass properties of this me-
soscale field shows that AW and LIW are simulta-
neously found in small patches and filaments around
the eddy field and that any conclusion about the abun-
dance of water mass species in the region from the
average profiles could be misleading. We found that
the LIW spatial distribution is highly correlated with
small-scale variability in the streamfunction field. In
most cases the LIW is found in patches trapped inside
anticyclonic eddies. The abundance of both AW and
LIW is not correlated with the seasons. Moreover, AW
intrusion processes are present, and their spatial struc-
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ture is connected to tonguelike filaments wrapping
around the intense mesoscale eddy field. An event of
salinity ventilation/homogenization has been captured
in an anticyclonic eddy center, hinting at a localized
process of renewal of upper thermocline waters.

Acknowledgments. We are greatly indebted to the
crew of the RV Shikmona and her skippers, A. Zur
and A. Ben-Nun; to the scientists of the IOLR Physical
Oceanography Department, Y. Bishop and Z. Rosen-
traub; and to our technical staff, G. Brokman, J.
Mouwes, R. Sela and M. Udel, whose hard work, sup-
port and patience made our endeavors feasible. We
particularly thank Wayne Leslie of Harvard University
for assistance in programming. This work has been
carried out at Harvard by A. Hecht during a sabbatical
year, and financial support by IOLR is greatefully ac-
knowledged. The work of the other two authors has
been supported by NSF Contract OCE-85-18487 to
Harvard University. We thank also the Intergovern-
mental Oceanographic Commission.

APPENDIX

We describe here the procedure of extrapolation to
1100 m of each station profile of ¥ by using the cruise

by cruise NEOF profiles. To apply these eigenfunctions
we have to scale the streamfunction field by the stan-
dard deviation at each level; we estimate the variance
at 1100 m only from the available stations in each
cruise. The normalized streamfunction anomaly ¥"(x,
¥, 2, 1) = ¥'/{Y'?}'/* where ' is defined in section 4, is
taken to be represented by

¢”(xi, Vis Zes t) = a(xi’ YVis t)¢lNEOF(Ze)

+ B(xi’ Yis t)¢2NEOF(ze), (Al)
where i indicates the station, X;, y; its geographical po-
sition, and z, the level. The combination of ¢,"*°F and
&,NEOF captures at all the levels more than 90% of the
variance, so that we can disregard any higher mode
contribution in (A1). The third and fourth ¢, E°F are
usually in the noise level of the matrix inversion cal-
culation (because of the small eigenvalue to which they
correspond), and we do not use them. To evaluate o
and 8 we use a simple least squares fit on the ¢,~E°F
amplitudes at each station and for each level available
at that particular station. We then rescale by the stan- -
dard deviation at each level to obtain ¥’. The residual
variance of the least squares projection is of the order
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of a few percent for the first seven levels, where we
have all the stations. In other words, using only two
NEOF we can reproduce the available data to within
a few percent. We think that this vertical extrapolation
procedure is more valuable than any horizontal ex-
trapolation technique we could have tried via objective
analysis.
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