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Abstract. In this work the ability of nesting two hydrody-
namical models, the high-resolution Cretan Sea shelf model
and the lower resolution regional ALERMO model, was in-
vestigated. A new database was developed by objectively
analysing raw climatological data from the MODB database
enriched with in situ measurements collected by the Insti-
tute of Marine Biology of Crete. Prior to nesting with the
ALERMO model, the Cretan Sea model was integrated using
this new hydrological database, in order to investigate the ca-
pability of the model setup to describe the phenomenology of
the Cretan Sea. Results show that the model can successfully
reproduce the complex general circulation characteristics of
the area, such as the dipole of a cyclone and an anticyclone,
and the flow reversal between winter and summer. As a next
step, the shelf-model was one-way nested with the ALERMO
model and was integrated on a climatological basis. The evo-
lution of the circulation characteristics of the Cretan Sea was
compared, qualitatively and quantitatively, against the results
of the regional model, and proved that the nesting between
the two models can provide reliable information while over-
coming at the same time the computational constraints im-
posed by high-resolution models.

Key words. Oceanography: general (continental shelf pro-
cesses; numerical modelling) – Oceanography: physical
(general circulation)

1 Introduction

The Cretan Sea is the largest and deepest basin in the south
Aegean Sea, bounded to the north by the Cyclades plateau
at the isobath of 400 m, and to the south by the Cretan Arc
Islands (Fig. 1a). Its communication with the Levantine and
the Ionian Seas takes place through the Cretan Arc Straits.
An average depth of 1000 m and two deeper troughs in the
eastern part, 2561 and 2295 m deep, comprises the main to-
pographic features of the Cretan Sea.
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Several scientific projects, covering a much wider area
with emphasis on the Cretan Sea (POEM, Theocharis et al.,
1993; MTP-PELAGOS, Balopoulos et al., 1996; CINCS,
Georgopoulos et al., 2000), provided important information
and advanced our knowledge on the hydrodynamics of the re-
gion, suggesting an interannual variability and a significant
contribution of the Cretan Sea to the deep layer structure of
the eastern Mediterranean.

As revealed by the above-mentioned projects, the hydro-
logical structure of the basin is complex, characterized by
mesoscale spatial and temporal variability, which is not nec-
essarily seasonal. The main circulation features are an anti-
cyclone in the central to west part and a cyclone in the east-
ern part of the region (Theocharis et al., 1999), while other
rather transient eddies contribute to the complex circulation
pattern. The two main gyres seem to be present in the area
for the whole year, but their exact position, shape and inten-
sity change seasonally. Meandering currents and jets without
well-defined time scales interconnect the gyres.

The presence of five distinct water masses constitutes the
hydrological picture in the Cretan Sea. Less saline Modified
Atlantic Water (MAW) (38.7–38.8 psu), along with saline lo-
cal surface water, share the surface and subsurface layers to
a depth of 70 m. MAW is carried by the Mid-Mediterranean
Jet (MMJ) within the surface and sub-surface layers from the
western Ionian, and enters the Cretan Sea mainly through
the southern part of Antikithira and occasionally through
the Kassos Straits. Following an eastward route it spreads
along the northern coasts of Crete, becoming saltier as it
mixes with more saline waters until it disappears. During
the winter period its signature may disappear due to the in-
tense vertical mixing. Below MAW and down to a depth of
100 m the Cretan Intermediate Water (CIW) can be identi-
fied over the entire area by its subsurface salinity maximum
(exceeding 39.1 psu). It is formed locally in the Cretan Sea
and is slightly warmer and saltier than its underlying Levan-
tine Intermediate Water (LIW), which has with core salinity
and temperature values of 38.9–39.1 psu and 14.7–16.9◦C,
respectively, and is observed to a depth of 600 m. LIW is
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Fig. 1. (a)Map of the wider area of the Cretan Sea.(b) Model domain and bathymetry.

formed in the Levantine and the south Aegean Sea during
February and March, under the influence of dry and cold con-
tinental air masses (Georgopoulos et al., 1989; Theocharis et
al., 1988). Mesoscale processes play an important role in
its formation and spreading. It lies mostly under the MAW
with a core depth fluctuating from 50 to 600 m. Its signa-
ture is salinity maximum found mostly in the subsurface but
also in the surface layers, when and as it is being formed.
The LIW spreading is very slow and its core salinity in the

eastern Ionian and the Cretan Passage reaches approximately
38.9 psu (Theocharis et al., 1999), while its temperature is
14.5◦C at the sill depths (Theocharis et al., 1993). Transi-
tional Mediterranean Water (TMW) occupies the layers un-
der the LIW at a depth of 700–1600 m. This water mass has
occasionally been detected in several regions. In late sum-
mer 1987, temperature and salinity distributions in the Cre-
tan Sea revealed waters that were relatively colder (14.25◦C)
and slightly less saline (38.88–38.90 psu) than the intermedi-
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ate waters. These occupied the deep layers (650–2000 m) of
the eastern Cretan basin. Waters with transitional character-
istics were also observed at the same depths in other regions
of southeast Aegean, including the Eastern Straits through
which these waters seem to enter the Aegean. TMW, entering
the south Aegean mainly through the Kassos and Antikithira
Straits at very low speeds (∼5 cm/sec) after following two
opposite paths, fills the intermediate layers of the basin be-
low the CIW.

Below 800 m there is a thick layer extending right to the
bottom, called the Cretan Deep Water (CDW), with salin-
ity exceeding 39.01 psu and a potential temperature of about
14◦C. This is the only layer that does not seem to be affected
by the mesoscale variability of the region and at the same
time it is of prime importance in the hydrology of the Eastern
Mediterranean Sea (Theocharis et al., 1993). Understanding
the complicated hydrological structure and circulation pat-
terns appearing within the Cretan Sea area calls for high-
resolution numerical modelling efforts. At the same time,
a limited area model of the Cretan Sea requires the maxi-
mum possible information on the open boundaries, since the
general circulation of the central and eastern Levantine area
controls a great part of the circulation characteristics of the
Cretan Sea.

In this work we present the Cretan Sea shelf-model setup
and the modelling effort based on the concept of nested shelf
models, within the framework of MFSPP (Mediterranean
Forecasting System Pilot Project).

2 Materials and methods

2.1 Model domain and initialisation

The computational domain for the Cretan Sea model covers
the area between 23.575◦E to 26.3◦E and 35.075◦N to 36◦N.
It uses a spherical coordinate system consisting of 38× 110
grid points with a horizontal grid resolution of 1.5 min both
in latitude and longitude. In the vertical there are 24 layers of
variable thickness with logarithmic distribution near the sur-
face for greater accuracy where velocity gradients are larger.

The model’s bathymetry was obtained from the US Navy
Digital Bathymetric Data Base – DBDB5 – (with a nominal
resolution of 1/12◦

× 1/12◦) by Cressman’s (1959) objec-
tive analysis technique. A Shapiro (1970) filter of third order
was also applied to the interpolated bathymetry, in order to
perform the necessary smoothing (elimination of small-scale
noise). The model’s bathymetry is shown in Fig. 1b.

The model’s climatological run was initialised with the
Mediterranean Ocean DataBase (MODB-MED4) (Brasseur
et al., 1996), which consists of seasonal temperature and
salinity profiles on a 1/4◦

× 1/4◦ horizontal grid enriched
with in situ measurements collected by the Institute of Ma-
rine Biology of Crete. These data were mapped on the model
horizontal grid using the same objective analysis technique
as before. Additionally, initial velocities were set to zero. A
second run, with the Cretan Sea model nested, as explained

Table 1. Acceptable distances for “inside” and “outside” values
used in the Reiniger-Ross scheme for interpolating observed level
data to standard levels

Standard Standard Acceptable Acceptable
Levels Depths distances for distances for

inside values outside values

1 0 5 200

2–10 10–200 50 200

11–13 250–400 100 200

14–17 500–800 100 400

18–21 900–1200 200 400

22–25 1300–1750 200 1000

26–33 2000–5500 1000 1000

below with the Levantine and Aegean Eddy Resolving Model
(ALERMO) (Korres and Lascaratos, 2003, hereafter KL02),
was initialised directly from ALERMO’s temperature, salin-
ity, velocity 3-D and free surface elevation 2-D fields ob-
tained during the third year of its climatological run. These
data were objectively analysed so that they could be mapped
onto Cretan Sea model domain.

2.2 Data analysis

In order to examine the ability of the model to reproduce
the main general circulation features, taking into account
the nesting techniques, a series of simulation experiments
took place. Table 2 depicts the two main simulation exper-
iments presented here. For the needs of initialisation and
forcing of the model data from the Mediterranean Oceano-
graphic DataBase (MODB) and 10-day averages resulting
from ALERMO model were analysed.

The primary source for the historical temperature and
salinity data sets used in the first experiment was the MODB
(raw data covering the period 1900 to 1995). A substantial
amount of additional historical data was used from in situ
measurements collected by the Institute of Marine Biology
of Crete (IMBC). An analysis of these data, as well as the
vital step of quality control of the physical parameters took
place, in order to create an improved database required for
the implementation of the model. These data were season-
ally analysed at standard oceanographic analysis levels be-
tween the surface and sea bottom. Due to the scarcity of
data the examination of the annual cycle was done by com-
posing all data regardless of the year of observation. MODB
data include measurements from CTDs and the related STDs,
hydrographic casts (station data) with various bottles, and
bathythermographs of the mechanical (MBT) and expend-
able (XBT) varieties. In addition, the collection of CTD pro-
files of the area of Heraklion (IMBC measurements) was in-
cluded. Figure 2 depicts profiles with spatial distribution of
raw data and the number of observed data points.
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Table 2. The two main simulation-experiments

Experi- Initial Heat fluxes Boundary conditions
ment conditions

SI-MO T, S: seasonal, Monthly T, S: Upstream advection. On inflow

MODB Budyko-Bignami T,S prescribed by MODB

data set Baroclinic velocities:

Sommerfeld radiation

Barotropic velocities:

Flather boundary condition with

zero prescribed barotropic velocity

and free surface elevation

Free surface elevation: Zero-gradient

SI-AL T, S: 10-day Evaporation by T, S: Upstream advection. On inflow

ALERMO Kondo-Bignami, T, S prescribed by ALERMO

averages Total heat flux Baroclinic velocities:

from ALERMO prescribed by ALERMO

data set Barotropic velocities:

Flather boundary condition with

barotropic velocity and free surface

elevation prescribed by ALERMO

Free surface elevation: Zero-gradient

In the water column down to a depth of 2000 m, 25 “stan-
dard levels” were used, including the surface level (0 m).
These levels represent the following depths: 0, 5, 10, 15,
20, 25, 30, 35, 40, 50, 80, 100, 120, 160, 200, 240, 280, 340,
420, 500, 620, 850, 1250, 1750, and 2000 m. Observed data
that did not occur exactly at a standard level were interpo-
lated to standard level data. Any method used to make ver-
tical interpolation from observed readings to standard level
values must be as accurate as possible without creating spuri-
ous features; the method chosen is a modified Reiniger-Ross
scheme (Reiniger and Ross, 1968) using four observed val-
ues surrounding the standard level in question, the two clos-
est shallower values and the two closest deeper values. The
closest shallower and deep values are referred to as “inside”
values, and the two farthest shallow and deep values are re-
ferred to as “outside” values. All must be within the depth
difference criteria shown in Table 1. The modifications to
the Reiniger-Ross method are as follows: The first accepted
value was used directly as the surface value. Here subjec-
tive quality control was performed to exclude all extremes.
Then, for the Reiniget-Ross interpolated values that did not
fall between the two nearest observed readings (observed val-
ues directly above and below it) a linear interpolation was
substituted. If four points were not available to perform the
Reiniger-Ross interpolation, such as at the beginning or end
of a profile, then a three-point Lagrangian interpolation was
performed, and where this was not possible, a linear inter-
polation was used. This occurred mainly when, as noted

above, the outer max depth criteria were violated, or when
an additional check was violated, or finally, when there were
only two surrounding values in a profile. For observed val-
ues taken directly at a standard depth, direct substitution was
used.

Due to the lack of data in some areas, certain empirical cri-
teria were applied, and as a part of the last processing step,
subjective judgment was used. Any parameter values flagged
as spurious in an observed level check were excluded from
the calculation of standard level values. The total number
of observations that fall into the desired area and used in the
study were 217 CTD observations (29 from MODB and 188
from IMBC), 73 MODB BTL observations, and 978 MODB
BT observations. Finally, density checks, where possible,
and subjective quality control were performed. All available
(quality controlled) observations were averaged in each box
for each month (for the surface data) and for each season dur-
ing the 95-year period. Bias corrections, if applicable, were
made to each individual observation before averaging. Due
to the uneven distribution of these quality-controlled data, in
the modelling domain, and in order to fill the missing gaps,
data were treated as station data and were objectively mapped
onto the model’s grid using the Cressman (1959) technique.
For consistency it was decided to use the same objective anal-
ysis technique for all data needed for the Cretan Sea model
run, although comparison with bi-linear interpolation method
was used in one of the experiments giving similar results.

For the next experiments, the 10-day averaged 3-D fields
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Fig. 2. Spatial distribution of(a) CTDs,(b) Bottles, and(c) Bathythermographs in the modelling domain.

of temperature, salinity, and velocity, resulting from the
third year of ALERMO’s climatological run, were objec-
tively analysed over the Cretan Sea model grid (and if nec-
essary, were smoothed by a first-order Shapiro filter to elim-
inate small-scale noise), in order to provide lateral and sur-
face (temperature and salinity) boundary conditions. Objec-
tive analysis was also performed for the March temperature
and salinity profiles for the needs of model initialization, as
well as for the atmospheric data that were necessary to drive
the climatological runs of the Cretan Sea model. The at-
mospheric data set, described in KL02, consists of monthly
fields of wind stress components, net heat flux, net short-
wave radiation and evaporative heat flux fields. These data

were computed by KL02 using 1979–1993 ECMWF reanal-
ysis 6-hour atmospheric parameters of wind velocity, air tem-
perature, relative humidity and optimally tuned bulk formu-
lae. Cloud-cover data necessary for heat flux computations
were taken from COADS 1979–1993 monthly data set, while
monthly SST fields for the same period came from Reynolds.

2.3 Model description

The Cretan Sea model is an implementation of the 3-D
Princeton Ocean hydrodynamic Model (POM) (Blumberg
and Mellor, 1987). POM is a primitive equation, time de-
pendent,σ -coordinate, free surface, and split mode (external
– internal) time step model. It calculates the following equa-
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tions for the velocityUi = (U, V, W), temperatureT , and
salinityS.
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An embedded second moment turbulence closure sub-
model (Mellor and Yamada, 1982) is contained that gives the
vertical eddy viscosity and diffusivity parametersKM and
KH . The analogous horizontal parametersFU , FV , FT , and
FS are calculated through the Smagorinsky (1963) formu-
lation. The densityρ = ρ(T , S, P ) is calculated from the
UNESCO equation of state adapted by Mellor (1991). The
solar radiation fluxQs is directly added to the heat Eq. (3)
through the term∂R/∂Z, where

R(z) = Qs

[
T reλ1z + (1 − T r)eλ2z

]
. (5)

The transmission coefficientT r in Eq. (5) is set equal to
0.77, while the attenuation coefficients areλ1 = 0.666 m−1

andλ2 = 0.0714 m−1, corresponding to Jerlov’s (1976) wa-
ter type II classification. The double exponential distribution
is derived from Paulson and Simpson (1977) and parame-
terises in an optimal way the selective absorption of the short
and longer wavelengths in the vertical. The first exponential
term in Eq. (5) represents the rapid attenuation of the solar
radiation in the upper 5 m due to the absorption of the longer
wavelengths, while the second exponential accounts for the
attenuation of short wavelengths below 10 m.

2.4 The simulation experiments

2.4.1 The first experiment setup

The first simulation experiment (SI-MO – Table 2) was inte-
grated for a 3-year period using monthly climatological heat
flux and wind stress fields, as derived from the ECMWF
1979–1993 6-hour reanalysis atmospheric parameters data.
For the derivation of net long-wave radiation at the sea sur-
face the Bignami formula (Bignami et al., 1995) was used
while evaporative and sensible heat flux fields were derived
from Budyko formula (Budyko, 1963). The net short-wave
radiation at the sea surface was computed using Reed’s for-
mula (Reed, 1977) and COADS monthly cloud cover data for
the period 1979–1993.

For the first simulation experiment (SI-MO) open bound-
ary conditions are used along the west, north, and east bound-
aries. Upstream advection Eq. (6) is used for the temperature
T and salinityS, and where there is an inflow,T andS are
specified directly by the MODB monthly climatology (prop-
erly interpolated in time).

ϑT

ϑt
+ U

∂T

∂x
= 0 (6)

The normal barotropic velocities at the model boundaries
are described by the Flather (1976) boundary condition (7),
assuming that the prescribed valuesU0 andς0 are zero at the
boundary:

U = U0 + ε

√
g

H

(
ς0 − ς

)
. (7)

In Eq. (7) ε = ±1, depending on the position of the open
boundary (−1 for an eastern or northern boundary, and
+1 for a western or southern boundary). The tangential
barotropic velocities at the open boundaries of the model
are set equal to zero. For the baroclinic velocities (in-
ternal mode) at the open boundaries a Sommerfeld’s one-
dimensional radiation condition was applied using an inter-
nal wave phase speedci =

√
gH × 10−3 (H is the local

water depth). Finally, a zero-gradient condition was used for
the free surface elevation.

2.4.2 Nesting with the intermediate model (ALERMO)

The Cretan Sea model (fine grid model) is one-way nested
with the ALERMO model (coarse grid model) through a fi-
nite difference simple technique, which guarantees volume
conservation between the two models and efficient radiation
of unwanted disturbances out of the modelling area. One-
way nesting means that the boundary conditions of the fine
grid model are prescribed by the prognostic variables ex-
tracted from the coarse resolution model, while the solution
of the latter is not modified by the solution of the fine grid
model in their common overlapping area.

The ALERMO model is an implementation of the POM
model within the eastern Mediterranean region (east of
20◦E), with a 1/20◦

× 1/20◦ horizontal resolution and 31
levels in the vertical. It was integrated for a 3-year period
using the climatological wind stress fields as derived from
the ECMWF 1979–1993 reanalysis data and the heat flux
fields which were derived diagnostically from an 8-year
integration of the global Mediterranean general circulation
model OGCM (the Modular Ocean Model implemented
within the Mediterranean region with a 1/8◦

× 1/8◦ hori-
zontal resolution and 31 levels in the vertical; Pinardi and
Masetti, 2000) and forced with the same monthly climatol-
ogy of wind stress and the Kondo-Bignami heat fluxes data
set. During the last year of the ALERMO model integration,
all prognostic variables of the model (free surface elevation,
barotropic and baroclinic velocity fields, temperature and
salinity) are stored in the form of 10-day averages for further
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use.

Lateral boundary conditions

The nesting with the ALERMO model is applied along the
three open boundaries (west, east and north) of the Cretan
Sea model. The ALERMO 10-day average prognostic vari-
ables are interpolated onto thex − z andy − z open bound-
ary section of the Cretan Sea model at each time step of the
model integration. Spatial interpolation is done using the
Cressman objective analysis technique, while the interpola-
tion in time is linear. The constraint of volume conservation
between the two models is applied as follows. Assume that
U INT

C is the interpolated ALERMO velocity onto the Cretan
Sea model open boundary section andn̂ is the unit vector nor-
mal to the boundary section. Then, the interpolated velocity
field U INT

C · n̂ is corrected in such a way that:

l2∫
l1

ςF (l)∫
−HF (l)

U INT
C · n̂ dz dl =

l2∫
l1

ςC (l)∫
−HC (l)

UC · n̂ dz dl , (8)

wherel1, l2 are the extremes of the open boundary section,
while HC , ςC and HF , ςF stand for ALERMO and Cre-
tan Sea model bathymetries and free surface elevation at the
open boundary under consideration.

The boundary condition for the normal barotropic veloc-
ity at the open boundary is a modified Flather (1976) con-
dition, which efficiently allows interior disturbances – due
to possible mismatches between coarse and nested values –
to pass out through the lateral boundary. Flather’s condi-
tion has already been tested by Palma and Matano (2000)
in a 3-D POM model setup resulting in a reasonably good
performance. This specific boundary condition assumes a
Sommerfeld-type radiation condition with a one-dimensional
version of the continuity equation to yield an equation for
the normal barotropic velocity at the open boundary. As-
suming thatUF , ςF are the normal to the boundary section
barotropic velocity component and the free surface elevation
of the Cretan Sea model at its open boundary section, then
the boundary condition can be written as:

UF = U
INT
C ±

√
gHF

HF + ςF

(
ς INT

C − ςF

)
, (9)

where U
INT
C =

1
HF +ςF

ςF∫
−HF

U INT
C dz and ς INT

C is the

ALERMO free surface elevation interpolated along the lat-
eral boundary section area. The upper sign(+) in Eq. (9)
is for the western or the southern boundary, while the lower
sign (−) applies to the eastern or the northern boundary of
the model. The tangential barotropic velocity, sayV F , at the
open boundary is directly prescribed from ALERMO:

V F = V
INT
C . (10)

The internal mode velocities (normal and tangential) at
the open boundary are also directly prescribed from the
ALERMO model:

UF = U INT
C , VF = V INT

F . (11)

To update the temperature and salinity values at the open
boundaries, an upstream advection scheme is used whenever
the normal velocity is directed outwards from the Cretan Sea
modelling area:

∂TF

∂t
+ UF

∂TF

∂n
= 0,

∂SF

∂t
+ UF

∂SF

∂n
= 0 . (12)

In cases of inflow through the open boundary, tempera-
ture and salinity are prescribed directly from the interpolated
ALERMO temperature and salinity profiles:

TF = T INT
C , SF = SINT

C . (13)

Finally, for the free surface elevation at the open boundary
a zero-gradient condition is adopted:

∂nF

∂n
= 0 . (14)

Forcing data

i. Momentum:

The momentum budget at the surface takes the form:

ρ0Km

∂uh

∂z

∣∣∣∣
z=0

= τ (15)

whereτ is the wind stress provided by ECMWF perpetual
year monthly climatology, as described in KL02.

ii. Heat budget:

The heat budget boundary condition at the surface is:

ρ0cpKH

∂T

∂z

∣∣∣∣
z=0

= Qr − Qs + ca

(
TALERMO− T

)
, (16)

whereQT is the total heat flux field diagnosed from the third
year of the ALERMO climatological run (using an analo-
gous boundary condition) and mapped onto the Cretan Sea
model grid. The solar heat flux termQS is directly inserted
into the temperature Eq. (3), as already discussed, and thus,
it is subtracted from the total heat flux term in the surface
heat budget boundary condition specification. Monthly cli-
matological fields ofQS have been calculated by KL02 using
the Reed formula (Reed, 1977) and monthly cloud coverage
values from the COADS data set spanning the period 1979–
1993. The termca(TALERMO − T ) whereca is set to 10W
m−2C−1 andTALERMO is the ALERMO model SST, acts as
a weak adjustment to the ALERMO total heat flux field.

The OGCM perpetual integration experiment upon which
the ALERMO model is based was forced with the Kondo-
Bignami heat flux data set, plus an additional heat flux
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Fig. 3. Simulation SI-MO:(a) Basin averaged kinetic energy time series,(b) Basin averaged salinity time series, and(c) Basin averaged
temperature time series. Simulation SI-AL:(d) Basin averaged kinetic energy time series,(e) Basin averaged salinity time series, and(f)
Basin averaged temperature time series.

correction termco(T
∗
−TOGCM), whereco = 25W m−2C−1

and T ∗ is a monthly SST observational climatology. The
Kondo-Bignami data set, as discussed in KL02, corre-
sponds to a strongly positive (+17.3W m−2) annual heat
budget for the whole Mediterranean region. This data set
is then adjusted twice, first in the course of the OGCM
climatological integration and second in the course of the
ALERMO integration within the eastern Mediterranean area.

iii. Salinity budget:

The salinity boundary condition at the surface is as follows:

KH

∂S

∂z

∣∣∣∣
z=0

= S
(
E − P

)
+ c2

(
SALERMO− S

)
(17)

where S and SALERMO represent the Cretan Sea and
ALERMO model sea surface salinity respectively. The evap-
oration rateE was calculated from the latent heat fluxQe,
as provided by the Kondo-Bignami climatological data set
described in KL02:

E =
Qe

ρLv

(18)

In the above expressionLv is taken to be equal to 2.5008×

106 Jkg−1, and ρ = 1023 kgm−3 is the density of sea-
water. The precipitation rateP is obtained from Jaeger’s
(1976) monthly precipitation climatology, initially mapped
on a 5◦ × 2.5◦ grid. The appearance of the correction term
c2(SALERMO − S) in Eq. (17) accounts for the imperfect
knowledge ofE − P (especially ofP ). In this termc2 has
been set (upon sensitivity studies) equal to 0.7 m/day.
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Fig. 4. Schematic configurations of the
main circulation features for(a) late
winter 1986, and(b) late summer 1987.
(After Theocharis et al., 1993).

3 Results

The Cretan Sea main experiments are listed in Table 2. After
the first year of the simulations both circulation and thermo-
haline water structure reach a quasi-steady state, as is shown
in Fig. 3, with the basin average kinetic energy of the systems
reaching a repetitive pattern, reflecting a quite fast response
to the applied forcings.

4 Observations

The observational evidence about the circulation character-
istics of the Cretan Sea is rather limited due to the spa-
tial/temporal scarcity of the data collected within this par-
ticular area. In addition, the important interannual variability
characterizing the whole eastern Mediterranean general cir-
culation (Pinardi et al., 1997) further obscures the climato-
logical characteristics of the Cretan Sea. The analysis of the
data collected during March–April 1986 (POEM-II-86) and
September–October 1987 (POEM-V-87) revealed an intense
meso-scale flow field within the Cretan Sea, coupled with the
general circulation and sub-basin scale features of the Levan-
tine basin. A strong seasonal cycle was observed involving
flow reversals from the winter to summer period. During the
winter of 1986, for example, the intense Asia Minor Cur-
rent (AMC), which flows along the northwest border of the
Rhodes gyre, branches to the north and enters the Aegean
through the eastern straits of the Cretan arc (Theocharis et

al., 1993). The most intense inflow was observed through the
Kassos strait. This branch bifurcated again in the eastern part
of the Cretan Sea, forming a westward and a northward flow.
The westward flowing branch meandered inside the Cretan
Sea along a large, multi-centered cyclonic flow region, reach-
ing the western straits of the Aegean Sea. During the summer
of 1987, on the other hand, an eastward current meandered
north of Crete, interconnecting a series of cyclonic and an-
ticyclonic eddies (Theocharis et al., 1993). Waters coming
out of the Aegean through the Kassos and Karpathos Straits
and some inflow from the Levantine basin to the Aegean Sea
along the Rhodes Straits are observed.

5 The MODB-based experiments

For the first experiment (SI-MO), the MODB data are used
and the results of the third perpetual year are presented. The
model results show circulation features similar to those de-
scribed by Theocharis et al. (1993) (Fig. 4). Velocity fields
and streamlines for the months of February and August at the
subsurface (30 m) and mid-depth (280 m) are shown in Fig. 5.
The Cretan Sea seems to be dominated by a succession of cy-
clonic and anticyclonic eddies. A cyclonic circulation pattern
and a westward flow are the main characteristics of the win-
ter and late winter, while a meandering eastward current is
the prevailing characteristic of the summer and late summer.
These main structures are also persistent in the mid-depths.
According to Theocharis et al. (1993), this flow reversal
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Fig. 5. Circulation patterns in the modelling area of the Cretan Sea corresponding to the third perpetual year simulation SI-MO.(a) Winter
(February) sub-surface (30 m),(b) Winter (February) mid-depth (280 m),(c) Summer (August) sub-surface (30 m),(d) Summer (August)
mid-depth (280 m).
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Fig. 6. Salinity profiles of the third per-
petual year of SI-MO during late sum-
mer, (a) at the sub-surface (30 m), and
(b) cross section at latitude 35.85 N.

between winter and summer is the most important feature of
the Cretan Sea. During winter an expanded central cyclone is
identified south, close to Crete’s shore, as a generic response
pattern to the westward current (Figs. 5a, b), exhibiting sea-
sonal variability in terms of its intensity, form, and position,
occasionally forming a two-lobe structure, and remaining the
major feature of the season, while other smaller anticyclonic
eddies to the north of the current contribute to the complex-
ity of the circulation pattern. During this period currents are
weaker than those in summer, when the flow reversal is the
most prominent and intense characteristic. In early summer it
manifests itself as a strong eastward current following a me-
andering pathway with an eastward direction and contribut-
ing to the development of three anticyclones to the south of
the flow and two cyclonic eddies to its north (Figs. 5c, d).

In the Ionian Sea, MAW can be detected by its subsur-
face salinity minimum throughout the year (Manzella et al.,
1988). As it enters the Cretan Sea through the Cretan Arc

Straits, surface water of higher temperature and salinity cov-
ers MAW, its salinity increases (38.7–8.9 psu) and can be de-
tected in several regions as a subsurface (30–200 m) salin-
ity minimum (Theocharis et al., 1993). During late summer,
following the eastward current, it spreads along the northern
coasts of Crete (Fig. 6a). Along its route, it becomes saltier
as it mixes with more saline waters. Figure 6b shows a cross
section at latitude 35.85 N during the same period (Septem-
ber), where major water masses (MAW, CSW, LIW) are de-
tected.

6 The ALERMO-based experiments

Next, the flow field of the Cretan Sea, as it emerges from the
climatological model, run nested, as described in Sect. 2.4.2
(SI-AL), is presented. In Fig. 7a the late winter (March)
sub-surface (30 m) circulation pattern of the southern Aegean
Sea, corresponding to the climatological model run of the
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a) 11-20 MARCH  (30 m)

b) 11-20 SEPTEMBER  (30 m)

Fig. 7. (a)Winter (11–20 March) subsurface (30 m) circulation pattern for the southern Aegean, corresponding to ALERMO’s climatological
run (third year). Dashed line denotes Cretan Sea model domain.(b) Same as (a) but for summer (11–20 September)

ALERMO model, is presented. An intense AMC is observed
along the northern border of the Rhodes gyre, which then en-
ters the southern Aegean Sea through the eastern Cretan Arc
Straits. The AMC branches entering the southern Aegean
Sea through the Kassos and Rhodes-Karpathos Straits merge
into a unique westward current just after their entrance,
which flows at approximately 36◦N. An intense current en-
ters the Aegean Sea along the eastern coast of Crete and im-
mediately meanders to form a cyclonic eddy located to the
northeast of Crete. At 25.2◦E the current turns to the north
to merge with the westward flow at 36◦N. The whole system
moves south-westwards and finally exits through the Kithira-
Antikithira straits. In conclusion, during this season, the
Cretan Sea circulation characteristics are controlled largely
by the Levantine origin waters flowing into the Aegean Sea
through the eastern Cretan Arc Straits. Also, the dipole struc-
ture observed (the anticyclone located at 24◦E–36◦N and the
cyclone located at 25.2◦E–35.8◦N) is clearly connected with
the meanderings of the intense westward flow to the north of
Crete.

The relevant flow pattern corresponding to the Cretan Sea
model is shown in Fig. 8a. A rich mesoscale field intercon-
nected with currents and current filaments shows up within
the eastern part of the modelling domain. The intense west-

ward current entering the Cretan Sea midway at the eastern
boundary is directly specified at the open boundary condi-
tions. The same holds for the cyclonic eddy occurring to the
south, which is also exhibited by the ALERMO model in this
area. The division of the westward flowing current into two
branches is also observed in the ALERMO model results,
but here it is captured in more detail. The northward branch
merges at the northern boundary with an incoming flow, as
shown in Fig. 7a. Subsequently, it is provided as a boundary
condition from the lower resolution grid to the fine grid as
an incoming flow at the northern boundary, merged with the
broad current that continues to flow to the southwest and fi-
nally exits through the western boundary of the domain. The
anticyclonic curvature of the flow observed at the northwest
corner of the domain corresponds to the lower part of the
anticyclone existent in the ALERMO model flow field and
located further north.

The sub-surface circulation pattern during late summer
(September), corresponding to ALERMO’s run and shown
in Fig. 7b, exhibits significant changes compared to the win-
ter circulation. The saline waters of Levantine origin enter
the southern Aegean mainly through the Rhodes – Karpathos
Straits and move to the northwest towards the Cyclades
plateau. A secondary current entering through the Kassos
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(A)

(B)

Fig. 8. (a)Winter (11–20 March) subsurface (30 m) circulation pattern for the Cretan Sea, corresponding to SI-AL run (third year).(b) Same
as (a) but for summer (11–20 September).

Straits also follows the same pathway. Thus, the intense
westward current at 36◦N, very evident during the winter pe-
riod, is completely absent. The same happens with the north-
ward flow entering the southern Aegean Sea along the eastern
coasts of Crete during winter. As a result, the intense meso-
scale activity observed during winter relaxes completely, al-
though there is some signature of a cyclonic circulation at
the eastern edge of Crete and at 25.2◦E–35.8◦N. An inter-
esting feature during this period is the existence of a south-
ward flow at approximately 24.7◦E, emanating from the Cy-
clades plateau area. As it moves towards Crete, this south-
ward flow turns to the west and exits the Aegean Sea through
the Kithira-Antikithira Straits. Thus, during the summer pe-
riod the intensity and the morphology of the current system
to the north of Crete shows significant changes as compared
to winter.

In Fig. 8b the response of the Cretan Sea model to this
altered situation is shown. Waters enter the modelling do-
main through the eastern and northern boundaries and form
a westward flow along the Cretan coasts. Although this in-
trusion is consistent with the prominent cyclonic circulation
at the eastern edge of Crete observed during winter, it has
completely disappeared now and might be attributed to the
altered curvature and the intensity of the inflowing westward
current imposed by the ALERMO model. A series of meso-
scale cyclonic/anticyclonic features is still evident inward to

the northern boundary of the model.

7 Conclusions

This work undertakes a series of high-resolution studies of
shelf processes, within the framework of MFSPP (Mediter-
ranean Forecasting System Pilot Project). Among the var-
ious simulation experiments that took place, two main ex-
periments were presented here. In the first one, observations
from the climatological MODB data sets were objectively
analysed, and along with the analysed data collected through
the POEM project, set the stage for a high-resolution sim-
ulation by providing data against which model results were
validated. The model results were found to be in good agree-
ment with the observations, revealing mesoscale and smaller
scale cyclonic and anticyclonic eddies interconnected by in-
tense currents and jets. The main features of the area are
a westward flow and a general cyclonic circulation pattern
during the winter, and a meandering eastward flow during
the summer. The appearance of MAW during the summer in
the western regions of the area and its transportation further
eastwards by the currents, as well as the existence of other
types of water (CIW, LIW), are shown in the model results.
In order to account for forcing that may originate from out-
side a local region, a nesting technique is adopted. Nesting
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is a means of embedding a high-resolution domain inside a
lower resolution domain.

In the nesting experiment, the shelf high-resolution Cre-
tan Sea model was one-way nested with the lower resolu-
tion regional ALERMO model, and the evolution of the flow
features on the high-resolution grid was compared against
the lower resolution grid. During winter the Cretan Sea cir-
culation characteristics are controlled largely by the Levan-
tine origin waters flowing into the Aegean Sea through the
eastern Cretan Arc Straits and are revealed in the area as an
intense westward current. A dipole structure of a western
anticyclone and a central eastern cyclone, as well as the in-
tense westward current, are identified both by the shelf and
the regional models. The summer circulation pattern of both
models exhibits significant changes compared to the winter
circulation. The intense winter westward current has dis-
appeared due to the movement of the saline waters of Lev-
antine origin entering the southern Aegean mainly through
the Rhodes – Karpathos Straits, to the northwest towards
the Cyclades plateau. However, a series of mesoscale cy-
clonic/anticyclonic features is still shown close to the north-
ern boundary of the models.

The Cretan Sea’s nowcasting/forecasting shelf area should
be the goal of a future operational forecasting system. To
achieve this goal, a numerical tool was developed by nest-
ing a high-resolution shelf model with a lower resolution re-
gional model. This work can be viewed as a first step to-
wards establishing a system for understanding the local and
regional, persistent and transitional or recurent flow features,
which, in a second step, through the development of data as-
similation techniques, will lead to operational applications.
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