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ABSTRACT

The civenlation in the novthern Levantine Sea is obtained from combined analyses of den-
sity distribution and current veloeity data devived from CTD and acoustic Doppler cur-
rent profiler (ADCP) measurements réspeetively, The method is hased on multi-variate
estimation, with artificial data inserted at the coasts to satisfy simplificd boundary

conditions.

Experiments have indicated sensitivity of the results to the velative weights and noise
levels of the of independent sets of observations, Independent analyses of (7) frequently
sampled ADCP data along the eruise track (i7) ADCP data at occanographic stations,
and (777) CTD data at stations yi«/'l(lv«l results with varying degrees of suceess in resolving
the small scales and in the realistic detection ‘of eddies and jets, resulting in different
levels of analysis error. The analysis of the combined CTD and ADCD data at stations
yielded the best results. Coastal houndary conditions were sneeessfully simnlated by

data insertion.
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INTRODUCTION

Recent observations in the Eastern Mediterrrancan have revealed complex circulation
features and an active dynamies with basin-wide excursions and interactions amongst
current systems. Coherent eddies, persistent mid-basin and coastal current systems with
meandering jets have been identified in the recent observations (Robinson cf al., 1991;
The POEM Group, 1992; Ozsoy et al., 1989, 1991, 1993). Complexity of the regional
circulation, as well as a lack of synoptic data in the past have deprived the region from

being the subject of detailed investigations leading to a sound scientific understanding,

The Levantine and Jonian Seas are the two major basins of the Eastern Mecditerrancan,
separated by the wide and relatively shallow waters of the Cretan Passage (Figure 1).
The Levantine Sca is occupied by active dynamical struetures with a wide range of
scales (Ozsny et al., 1989, 1991, 1993; Ozsoy and Unliiata, 1992, 1993). The Levantine
Basin has heen thoroughly covered by observations in the last 6-7 years. A mid-basin
jet entering from the Cretan Passage nml'mrrying modificd Atlantic Water bifurcates
into a number of smaller streams which cirenlate around permanent sub-basin scale
gyres and eddies and contribute to the return flows along the consts. The Levantine Sea
is Lthe source region of the Levantine Intermediate Water (LIW), created in the region
as a resull of winler time air-sea interactions.  Seasonal and interannual variations
arc evident in the pattern of civenlation. Every couple of years, the hasin current
systems drift hetween apparent cirenlation modes qualitatively linked with the intensity
of LIW formation. Under extreme conditions, overturning is indueed at the center of
the permanent Rhodes Gyre, resulting in Deep Waler formation, simultancously with
LIW formation (Sur ¢f al., 1992). '

One of the ontstanding features of the observed dynamical fields is the persistence
of the coarse meso-seale to hasin-ceale colierent struetures, which are relatively large
compared to the Rosshy radii of deformation (L = 10 — 15 ki for the first baroclinic
mode). However, superposed on this slowly evolving but swift system of currents, there
is a rich signal in the meso-seale and sub-meso-seale features (Robinson et al., 1987,

The POEM Group, 1992; Ozsoy, el al., 1993).

In parallel with the improved ohservations, progress is being made in the modelling of
Eastern Mediterranean cireulation, General cirenlation models initinlized with climatol-

ogy and driven by atmospherie foreing are being nsed to approach realistic simulations




137

of the circulation consistent with maodel physi('s-(c.g. Malanotte-Rizzoli and Bergam-
asco, 1989, 1991, Pinardi and Navarra, 1992; Zavaterelli and Mellor, 1992; Ronssenov
- et al,, 1993). Dynamical process studies have used models with sinplified physies to
investigate the dynamies in sub-domains (e.g. Robinson et al., 1991h; Robinson and
Golnaraghi, 1992). Quasi-geostrophic ocean models, such as the full feature multi-level
baroclinic model developed at Harvard University, including consistent boundary con-
ditions applicd at coastal boundaries (Milliff, 1990) and in multiply connected ocean

domains (Ozsoy ¢t al., 1992) are convenient for such studies,

In addition to the above cireulation models, specific process models are also being used
to explain the relationships hetween the atmospherie foreing, the cirenlation and the
processes of water mass formation (e.g. Ovehinnikov and Plakhin, 1984; Brenner el al.,
1991; Feliks, 1991; Lascaratos et al., 1993), or to explain eddy generation by instabilities
of coastal currents (Feliks and Ghil, 19‘;)11).

There are also numerous vecent attempts to ealenlate the seasonal or annnal steady
cireulation of the Mediterranean consistent with climatological data and the physics of
advanced cirenlation models (Tziperman and Malanotte-Rizzoli, 1991; Roussenov et al.,
1992; Bergamasco et al., 1993; Brasseur et al., 1993), employing varions types of data
assimilation and inverse teeliniques. Alternatively, the time dependent cirenlation is
computed from quasi-synoptic data (Berganasco, 1993), by making use of adjoint data

assimilation techniques.

Our objective in the following is to improve the estimation of synthesized fields from
observations, and initialize a quasi-geostrophic ocean model with these ficlds. With the
recent addition of a vessel mounted ADCP system, the R/V BIiLIM of the IMS-METU
has increased its data collection eapacity, and we therefore test analysis schemes to
determine how much use ean be made of this inereased data coverage, especially under
conditions of uncven and mixed data distribution. In estimating the initial ficlds, we
utilize independent measurements of the density field obtained by a CTD profiler, and
current measurements obtained by the ADCP system. A multi-varinte method is used
to analyse the (lﬁtn, satisfying boundary conditions at coastal and island houndaries.

We also make tests to ensure that the resulting boundary values are consistent with the

dynamical modes of the model.
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Figure 1 Location map and bathyrhetr}; of the Eastern Mediterranean, including the Levantine
Basin.
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Figure 2 AVHRR satellite image of the Levantine Basin on 24 September 1991, NOAA-
10
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A DESCRIPTION OF TIIE CIRCULATION

We use the observations made during October 1991 in the northern Levantine Sea., The
sutface temperature expressions obtained from an AVHRR satelliteimage during the
same period (Figure 2) shows the cyclonic Rhodes Gyre (the dark/cool region covering a
large part of the basin in the west), encircled by current systems and eddjcs. The warm
region to the south of the basin is the dispersion region of the currents cntering the basin
from the west, embodying many anticyclanic eddies. Of these, the uniform circular eddy
southeast of Crete is a semi-permanent feature which has consistently heen observed in
the same location in the repeated surveys of 1987, 1989, 1990 and 1991 (Robinson et
al., 1991, Ozsoy ct al., 1993). Another anticyelonic eddy is connected to 'tlm Southeast
Cretan Eddy by a filament and extends east towards the interior of the Rhodes Gyre cir-
culation. Other cddies are found along the Egyptian coast. The intense warm spot south
of Cyprus corresponds to the Shikmona Eddy, a permanent feature of the Levantine Sea
circulation (Robinson et al., 1991, (")zsny etal, 1993). A cyclonie region is observed im-
mediately northeast of the Shikmona cddy. The warm region north of Cyprus and along
the Turkish coast is the Asia Minor Cnrrvnﬂ a meandering but permanent feature of
the civenlation. It can be noted that the Rhodes Gyre cireulation is limited to the area
between the islands of Crete and Cyprusin this case, with its peripheral currents largely
bypassing west of Cyprus and not extending further east as it was observed in some
carlier cases (6zsn)' ct al., 1993). The Rhodes Gyre peripheral currents head north near

western Cyprus and reinforce the Asia Minor Current along the west const of Anatolia.

THE DATA

The oceanographic data collected by the R/V BILIM of the IMS-METU in the north-
crn Levantine Sea during October 1991 ineluded CTD station data for temperature
and salinity, and acoustic Doppler eurrent profiler (ADCP) measurements obtained at

occanographic stations aud along the ship's track.

|

The salinity and temperature data were collected by a Seabird Model 9/11 CTD profiler
system at 71 oceanograplic stations nominally spaced at hall degree intervals in the
norhern Levantine Sea, The vertieal vesolution of the data is Tin after hin avernging.
Dynamical height anomaly was computed from the density data, relative to a reference

level of 1000im. The analysis of suiface streamfiunction, based on lydrographic data is
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shown in Figure 3a. It can be verified that the cireulation has much in common with
the AVIIRR satellite data shown in Figure 2.

The current measurements were obtained using an RD Instruments ADCP system with
a vessel-mounted 1500 1> transducer. A bin size of 2m was used in the data collection,
and up to 128 depth bins were sampled, starting from below the ship keel. Ensem-
ble averaging was carried out at half hour intervals at occanographic stations. Under
cruising conditions, the data were ensemble averaged with 10 minute intervals. The
data obtained under way yiclded current velocity profiles at about 1200 positions along
the entire cruise track. The ensemble averaging interval of 10min is n'mrginnlly good
to obtain reliable data during eruising. Due to limitations of aconstie penetration, re-

liable measurements ((90% pereent good) were obtnined only for depths smaller than
200 — 250m.

Although GPS navigation was availuble and position data were collected, they were
not used to compute absolute velocity hecanse of insufficient accuracy and noise prob-
lems. Absolute velocity was computed by adjusting the veloeity profile relative to the
average of the measured currents in a reference layer between 160m and 200m depths.
Although we did not have independent measurements to confirm the absolute currents,
we used geostrophic currents derived from the density field (Figure 3b) to check that
the ADCP reference layer velocities were indeed small. In faet, we added these derived
reference velocity values to the ADCDP reference layer veloeity, and could not nl);orvc
noticable differences in the final ficlds. The ADCP current measurements obtained

at 20m depth along the eruise track during of R/V BIiLIM are shown in Figure 3c.

METHODOLOGY

The integration of available observations into valid initial ficlds of dynamical variables
is a necessary first step in the initialization of a model. The methodology of objective
analysis is widely used for this purpose, and has heen applied to oceanographic fields by
Bretherton et al. (1976), who developed it for both sealar and veetor fields. McWilliams
et al. (1986) further developed the methodology to be applicd to multivariate analyscs
and to the analyses of derived ficlds based on physical laws. Carter and Robinson
(1987) made improved vector analyses of the velocity field. Robinson and Leslie (1985)
combined statistical and dynamical mn;lvls to make improved and consistent estimates

of initial physical ficlds.
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Figure 3.(a) Dynamic height anomaly (em) at 20 m depth computed from CTD data,
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Fignre 3.(h) Currents at 2000 depth devived from the dynamic height anomaly data
and projected on the eruise track by ohjective analysis,
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Figure 3.(¢) ADCP current velocity ensemble averaged every 10 min interval along the
cruise track, afid adjusted by adding the 200 m veloeity field in (D).

Although the ADCP is & modern instrument which has found widespread use in oceanog-
raphy, the large volume of data it can generate is often not immediately available for
interpretation, e.g. for the determination of synoptic or time-dependent oceanographic
ficlds. The measuwrements are often biased by transience resulting from inertial, internal
and tidal fluctuations, and extrancous noise. Reliability is gained by averaging of data
obtained at fixed position i.e. at an oceanographic station. For ADCP data collected
while the ship is under way, time averaging is compromised against unwanted spatial
averaging. Observational errors are inereased considerably as a result of ship motions,

especially in rough seas (Saunders, 1992).

Combined analyses of ADCP and CTD data for improved dynamical field estimates are
rare in occanography. More commonly, the data are patehed together and compared
with other sets of observations for a hetter deseription of cirenlation (e.g. Saunders,
1992). On the other hand, some carlier studies only used ADCP station data, without
attempting to use the full data sets. Walstad et al. (1991) have computed the reference
velocity field from ADCP current velocity measurements at stations, and have added

to this the dynamic height computations to obtain ficlds consistent with dynamics.
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The streamfnetion obtained from dynamic height is generally smooth beeause it is ob-
tained by integrating density using a geostrophic relationship. In addition, it represents
a non-divergent velocity ficld by definition. On the other hand, the measured velocity
ficld can both be noisy and divergent. Although it is poessible to obtain both the non-
divergent and the irrotational veloeity components from current velocity méasurcments
(Robinson and Carter, 1987), it is often the non-divergent part that we are generally
interested in, especially in the case of numerical models. Robinson and Carter (1987)
determine the non-divergent streamfunetion by solving an inverse problem, with cur-
rent observations analysed first to form a regular g;'i(l of velocity data, An :;ltvnmtivc
approach proposed by Bretherton et al. (1976) and McWilliams et al. (1986) is to usc a

correlation model satisfying a non-divergent relationship hetween pressure and velocity.
!
The analysis scheme

We use multivaviate statisties with a non-divergent correlation model to f‘stim:\tc dy-
namical fields from unevenly distributed, large sets of mixed data. Observations of
dynamical height anomaly i obtained from CTD data and ADCP velocity components
u, v are used after normalizing cach variable by the corresponding snmple standard devi-
ation, namely gy, g, and g,.. We estimate a variable, 8, at an analysis point & = (=, y),
from a lincar combination of available observalions of /'y at CTD stations 7, = (zpy¥p),
p=1,... P, and ADCP velocity measurements iy, = (g, 1) at poinls ¥y = (74,v,),
= L;ue: G

(%) =¥n,,, (g—:—') +Zn,, (:—:) +Zﬂm (:—:’) | (1)

q q

The analysis variable 8 stands for either o, u, or v; since normalization is introduced,
the analysis scheme is the same for any one of the variables. For simplicity, we change
the notation to represent alveady normalized variables, and discontinue differentiating

between observation types to write

N
f, = Zo'ts'ﬁ.n (2)
a=1

understanding that {3} is the array of mixed, normalized obscrvations of length N =

P +2Q, and {a} is the nondimensional cocflicient array of equal length.
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Note that the observations contain measurement errors and noise which make them
different from true values ®, by some small amount: @, = P, L e,. Similarly, we expect
that the analysis involves estimation errors relative to the true values: 0, =0, +s,.

The estimation error variance over an ensemble of analysis points 7, b =1,... M is

(53) = (0 = 0)") = () on.d). (3)

Minimizing this variance with respeet to the choice of o yiclds

Oga (D) = (Ordy). (4)

In the above, angled Drackets imply ensemble averages. The coeflivients e i cquation
N 5 1

(4) are determined from statistieal correlation funetions. These are respectively the

autocorrelation of the observations and the eross-correlation of true values versus the

observations, simplificd as

A = (dat) = (Do) + (e4e1) = Cot -+ Ebyg
Crr = (Oxy) = (04 1)).

Note that the matrix of correlations C is a subset of €, hecause it only includes the
correlations of the analysed varialle © with the complete set of measured variables @
(its dimensions are cither 2 x N or Q x N depending on the variable being analysed),
while € includes correlations of the complete set of variables (dimension N x N). It
is also assumed that no correlations exist hetween true values and observations, and
between observation errors for independent measurements. Further, the standard error
variance of the measurements is assumed to have a constant value of E applied to all
measurements. The entries of the correlation matrices A and C are evaluated for each

data pair, based on a correlation model such as the one we present in the following.

The analysis and its variance are then obtained as

N N

ﬂl = ZC"'Z A:_,‘Q‘),,

r=1 =1

(‘3) =Cr, —~ }EiC,,C,,A:,‘.

r=] s=|
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The correlation model

Beeanse ensemble statistics are usually not available, the correlation function is replaced
by a model. For simplicity, we assume statistical homogencity and isotropy, and leave
only few free parameters in the model to be determined by comparison with the observed
data. The model for the spatial correlation of the dynamie height anomaly (4) is sclected
to be

Fpg = {1i:(n/A,)’ﬂg(n/,u)‘...ﬂ;(R/A")"}c—%‘ﬁ)’ (5)

where R = /(Ar)? + (Ay)?, Ar and Ay are the 7 and y distances hetween pairs of

observations, and A; to A, and B are dimensional seales.

The above is an extension of carlier models appearing in the literature (e.g. Bretherton
et al., 1976; Robinson «t al., 1991) t6 include more than the first two terms. To ensure
positive definiteness of the corvelation matvix (real valned wave-number ‘sp(‘ctrum of a
scalar as shown by Bretherton et al., 1976; Denman and Freeland, 1985), we leave out
the term proportional to the first power of the distance, i.c. the only assymctric term

yiclding a gradient at R = 0.

The streamfunction obtained from the mass field (the dynamie height anomaly) involves
assumptions of siall vertical velocities and geostrophy, which constrain the velocity field
to be non-divergent:

i =k x V. (6)

The complete set of correlation funetions, consgistent with the above relation are there-

fore obtained as: ,
[’1'.". —] {1 -I- ll-zl‘? f ay 7"1 + ceafly )'" }(:-‘r /I

= {1 + le‘l"}l'—',/.’
k

==

Fun = (T_‘]? {(}“r-)z"’—”) ‘*‘”}

Fo= o { () =m0 (a~ 1)

o= 2 ()=

1
R, h =
N \/‘l — ”'I 'I” i
1
Fug = ——=eee 1p

1 —a,
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where
p(r) = -l.i?fl = {14 ag(r? = k)rk=2) o=/
! Ly k=2
(12F.J.¢. 2 - 1 1,2 k-2y , —r?/2
o(r)= =35 = {0 =) b 3 an{=r" 4 2k 1t = Kk = 1))} e=r"/
-
Khe=2

. (8a,b)

and a; are dimensionless polynomial coeflicients:

ap = +(B/A)k.

Distance is normalized with respeet to the deeay seale B, such that r = Ax/B, y =
Ay/B, and r = R/D = \/s? 4 y2. Becanse correlation funetions are already divided

by standard deviations of the corresponding variables, a factor proportional to 1 — ay

results in the denominator.
Determination of mode] coeflicients

In principle, it is possible to find the cocfficients A, and B to yield best agreement
between model and observed correlations. We seek to fined them by least squares method,
comparing the experimental correlations Cyiyj (caleulated from the data) with model

corrclations Fig g 52

(S"?) = Z((C\i\'i - F\.‘\,‘)'))

i
where the angled brackets represent averages of data pairs, and the terms in the summa-
tion include the sct of possible correlation functions between variables {x} = {¥,u,v).
Because the model correlation functions are not linear in the cocfficients, i.e. they in-
volve the yet undetermined coeflicient a, in the denominator and the decay scale B in
the normalizations, the least squares procedure requires a double iteration to determine

ay, first by varying B, then for fixed values of B varying a, until best agreement is

found;

The experimental correlation functions C\iv; (averages computed per 20 km square)
derived from the data of Figures 3a and 3e are shown in Figure 4. Note that the u
and v velocity components have decorrelation seales of less than 100 km, while the
dynamic height anomaly ¢ statistics is anisotropic, with seales of ~ 100 and 200 Am in

the principal directions.
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Figure 5.(a) Comparison of experimental and model correlations for a two term repre-
sentation of (7a). The experimental correlations are averaged every 25 kin (horizontal
bars), and the 95 % confidence limits are indicated by vertical bars,

1

r (km)

Figure 5.(b) Same as (a) except the three terms of (Ta) is used.
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The extension of the isotropic correlation model, including an arbitrary number of
terms in (5) proves to be better than the standard model with the first two terms, as
illustrated by comparing two (Figure 5a) and three (Figure 5b) term . representations
against experimentally determined correlations of dynamieal height. The correlation
withi three terms is relatively narrower than the one with only two terms. The difference
between the two fitted functions hecome more distinet in the ease of vector corrclations.
While the two term model (Figure Ga) is smoother and wider (for the same valuc of B),
the three term correlation model (Figure Ga) has better correspondence with the seales
of the observed vector correlations in Figures 4n-f, Beeanse of better agreement with

data, we used the three term model in the following analyses.
Analysis with coastal houndary concditions

In bounded ocean domains, the veloeity field has to obey coastal boundary conditions.
If a sufficient number of observations were available, the information content in the
data would impose the physical offeets of the boundaries. Becnuse the data is often
limited, and beeause statistical analysis methods do not recognize houndary conditions,
the analysed ficlds do not reflect constal constraints. In reality, the observations from
a coastal cireulation would indieate inhomogenons statisties with increasing anisotropy
near the coast, as a result of the effects of shelf topography and the coastline geome-
try. The present-day statistical and munerieal models are far removed from a uniform

treatment of the open ocean and continental shelf vegions.

Basically, the weakness of the analysis to recognize houndaries can bhe dealt with in.
two ways: (1) the use of inhomogencous, anisotropic correlation models adapted to
boundary conditions, (1) insertion of simulated observations at boundarices consistent
with the boundary conditions, In the Iatter case, if only dynamical height data are
used for the analysis, the results depend on a judicious choice of the bhoundary values;
in our earlier studies ((")zsn_\' et al,, 1989), we found the method to be unsatisfactory.
On the other hand, Robinson et al. (1991a) used the equivalent method of specifying
synthetic data for temperature and salinity (density) at selected boundaries. Their
analyses showed that it was impossible to assign a single bonndary value for the entire
Eastern Mediterrancan coast, so that sources and sinks of flow had to be allowed in

some region of the honndary.,

A third approach, nsing the variational inverse method as an alternative to statistical
objective analysis is proposed by Drasseur ef al. (1993). Their methodology also docs

not recognize coastal houndary conditions hut heeanse of smoothness and adveetion
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constraints, scems to produce results approaching (i) above, limiting the influence of

data points to Lthe region inside the physical ocean domain.,

In our analyses, we choose to insert houndary values as artificial observations. Decause
we use a multi-variate scheme, we can insert cither streamfunction or velocity boundary
values, by the following schemes along the houndary: (1) the specification of a stream-
function value ¢ = constant, (ii) the free-slip houndary condlition, requiring the normal
component of velocity to vanish, i - i = 0, or (i17) the no-slip boundary condition, in
which (u, v) = 0. ’

¢

Note that the boundary value specifications (i) and (ii) are cquivalent according
to (6), though the implementation of the second method s less subjective.  The
first method requires a priori knowledge of the constant value to be specified, and
a particular choice of the constant value ean modify the basin cirenlation.  In
the second method, the available observations are interpolated to produce a ve-
locity ficld along the boundary, setting the normal components to zero; the re-
sulting velocity field is then used as bowndary data.  In the third method, we
give zero velocity components as data along the boundary.  The method also al-
lows mixed boundary conditions, with the possibility of assigning a streamfunction

value simultancously with either no-slip or free-slip velocity houndary conditions.

RESULTS

In producing estimates of the streamfunction field, we made simultancous use of the
available CTD and ADCDP observations. However, it soon heenme elenr that the ehojce
of analysis parameters and the distribution of the mixed data determined the quality of
the analysis. A number of experiments were carried out to observe the individual effects
of the available sets of obscrvations, and of the analysis parameters. The measurement
standard error variance was taken as E = 0.1 for all observations, and the correlation
functions corresponding to Figure Gb were used in the analyses. The radius of influ-
cnce around cach analysis point was taken on the order of 120 ki and the number of

obscrvation points entering an analysis were limited to about 15 for each type of data.

The near-surface (20 m depth) ADCP current measurements in Figure 3¢ were analysed
to yield a streamfunction from u,v data alone, shown in Figure 7a. Comparison with
the analysis of dynamical hicight anomaly in Figure 3a is discournging; despite a number

of trials with different parameters, the ficld generated by the analysis is noisy,
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with small scale features embedded in the civenlation. We note that the positions of
major features and their sense of circulation are consistent with the satellite data of
Figure 2 and with the analysis in Figure 3a, despite uneertainties ereated by the small
scales. The generation of small seales appears to be a result of the grvnt number (1133
veloeity vectors) of closely spaced observations containing noise. The error variance
map in Figure 7b shows that the analysis has an average error variance of 0.4, larger
than that specified (0.1) for the observations, This is in agreement with Bretherton et
al. (1976), who found increased analysis error variance when they used obscrvations
spaced at intervals shorter than the horizontal seales of real features. They also showed
that further smoothing of noisy observations tended to inerease and uniformly distribute
the analysis error variance. This result was also confirmed (not shown), hecause our

attempts to smooth the data resulted in further divergenee from realistic analysis ficlds.

As an alternative, we analysed the ADCP current observations obtained at oceano-
graphic stations. The ensemble average currents at 20 m depth, measured every 20
minutes during the ship’s stay at each station, are superposed in Figure 8a. The cur-
rent measurenments appear to be stable in direetion and magnitude, bhut considering the
relatively short periods in which the currents were measured, the variability may be
significant. These measurements were then averaged at each station, and the reference
currents at 200 m obtained from the objective analysis of dynamical hieight data were

added to yicld the velocity field in Figure Sh.

The analysis of the velocity ficld in Figure 8h produced the streamfunction field in
Figure 9a. The corresponding analysis error varianee is shown in Figure 9b. While
the circulation essentially includes the same features shown in the satellite data (Figure
2) and the dynamical height analysis of Figure 3a, the location and intensity of these
features do not correspond with cither set of independent observations. Furthermore,
the ficld generated from the station enrrent measurements is considerably smoother hut
also different from the analysis of continnous eruise track measurements in Figure 7a,
indicating the sensitivity of the analysis to data distribution and quality. Note that the
error variance for the analysis of station data (Figure 9b) is slightly higher than the

analysis of cruise data (Figure 7h).

Next we analysed the dynamical height anomaly data together with the current veloe-
ity. In these test cases we also include different types of coastal boundary conditions.
Assuming there is no exchange between the shelf regions and the deep ocean, we apply
the coastal boundary condition along the 200 m depth contour, smoothed to climinate

sharp curvatures.
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Figure 8.(a) Surface (20 m) current vectors obtained by 30 min ensemble averaging at
oceanographic stations,
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anomaly derived velocity to the averages of (a).




157

2870 280 270 200 2do 3do stto 370 330 ato 380 3do

Figure 9.(a) Surface dynamic height anomaly (em) at 20 m depth, obtained from an
analysis of the station ADCP data of Figure 8.(h),
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Figure 9.(b) .The analysis crror variance distribution.
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Figure 10 Boundary parallel enrrent velocily vectors generated by projection of interior
data on the 200 m depth contonr, ancd keeping the tangential components,

In the no-slip case, we assign zero velocity data along this contour. In the case of the

free-slip boundary condition, we project the ernise-teack ADCDP velocity observations

on the houndary by abjective analysis, and set equal to zero the components normal

to the bonndary. The resulting tangential veloeity estimaltes along the 200 m depth

contour are shown in Figure 10,

The combined analysis of the o and (n.e) data at oceanographie stations, with a free-

slip boundary condition appliced by inserting the bonndary velocity data of Figure 10

yiclds the streamfunetion field of Figure 110, The coastal part of the cirenlation agrees

well with the presenee of houndaries. The analysis with a no-slip houndary condition

results in a slightly different field (Fignre 110), especially near the consts where the

requirement to have vanishing tangentinl veloeity (i.e, a vanishing normal gradient

of 1), forces the maximum enrrents of the jet flows to bhe moved away from coastal

boundaries.

The analysis of combined interior data together with combined houndary values seems

to work hest. The boundary conditions can inehude the const

ant streamfunection

v
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Figure 11.(a) Surface dynamic height anomaly (em) at 20 m depth, obtained from a
combined analysis of the station CTD and ADCP data, and the tangential velocity data
of Figure 10.(h) applicd at the bowndary (free-slip boundary condition),
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Figure 11.(h) Same as (a) except that the boundary velocity components are set equal
to zero (no-slip” houndary coudition).
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assignment, cither with free-slip or no-slip velocity boundaries, as long as the boundary
streamfunction is objectively determined. These mixed boundary data reinforce each
other in Figure 12a, and the difference from Figure 11a is only minimal. A constant
value of v = 3 em was used along the mainland coasts and on the coast of Cyprus,
determined first with a projection of streamfunction values by objective analysis, and
averaging along each coast. The island and basin boundary values were equal in this
case of October 1991 observations, hecanse the jet proceeding west of Cypriis joins the
Anatolian coast without branching to the east, though we note that this need not be

the ease for other realizations of the cirenlation (e.g. Ozsoy et al., 1993).

Finally, note that the analysis error variance is reduced to less than 0.1 in the combined
analysis (Figure 12h). This result shows that the dynamical height observations com-
pensate for the analysis errors of the relatively more noisy enrrent velocity observations.
Note, however, that both sets ol independent observations have comparable weights in
determining the cirenlation, since the civenlation in Figure 12a has better defined ed-
dies, jets and meanders whose features derive from the independent analyses of Figures
3a and 7a. Yet, the multi-variate technique appears to the be best way to incorporate
the cffects of each measurement into the analyis, yiclding estimates bhetter than those
produced from the individual sets of data. This is evident in Figure 12a, which scems
consistent with basic features in Figure 2, including additional detail not presented by

Figure 3a.

. The stratification characterizing the survey period is displayed in Figure 13a. The first
three baroclinic quasi-geostrophic dynamical modes, computed for this N2 profile, with
an average depth of 2400 m assumed for the Levantine Basin, are shown in Figure 13,
Note that the dynamical modes are trapped near the surface (within the first 500 m).
The corresponding Rosshy radii are 12,1, 6.4 and 3.8 km respectively. The vertical
dependence of the coastal values of the houndary streamfunction determined by our
analysis scheme compared well with the first baroclinic cigenmode at model levels. We

will report on the maodel results in a fortheoming publieation, ‘
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Figure 12.(a) Surface dynamic height anomaly (cm) at 20 m depth, obtained from a
combined analysis of the station CTD and ADCP data, and the tangential velocity data
of Figure 10,
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CONCLUSIONS

The dilemma of making maximum use of quasi-synoptic, three-dimensional, yet imper-
fect observational data, and extracting the information content conrpatible with physical
laws, is a modern problem of ocean science. Advances in this field are being made by

developing claborate methods for assimilating data into models.

The Levantine Basin is a region of cohierent ocean structures with complex interactions.
Modelling would gain from improved estimates of initinl fields. Our experience shows
that the best synthesis of the observations in this environment is” done by ‘combined
analysis of the available data, and by applying constraints to satisfy approximate coastal

boundary conditions.

Our attempts to use the continuons measurements of eurrent velocity collected at cruise
time did not produce sufficiently relinble vesults, This may be due to the noise content
of the obscrvations, their distribution and weaknesses of the analysis method. The
effect of a single observation on the analysis ficld is proportional to the correlation
functions shown in Figures 5a,h. For example, the streamf{unection contribution of each
velocity observation is proportional to the F ¢, with an influence function in the form
of a dipole. Superposition of many dipoles creates a noisy ficld unless there is perfect
correspondence between the observations and the model correlation. We believe better

results can be obtained with further improvements in the statistical model.
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