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Abstract

In our study we investigated the hydrodynamic circulation of the Gulfs of Patras and
Corinth through modelling. To this end, ROMS was used to numerically calculate the
parameters of the waters for these peculiar semi-enclosed basins. Several oceanographic
forcings were used with an emphasis on the tides and the winds. With several simulations,
each focusing on a specific element, we were able to describe more accurately the dynamics
under the surface to complete what was previously done. The high velocity currents
(0.6 m/s at the Patraic end of the strait) were validated through ADCP and satellite data,
proving that modelling can be trusted to fill the gap in the in situ data over these two gulfs.
Our simulations, mainly based on the month of May 2023, allowed us to understand the
importance of the tides, especially in the Rio—Antirio Strait. There, the bottom currents are
the strongest while the center of the Corinthian Gulf remains quiet. The surface dynamics
were observed to be sensitive to the tides, the winds and the season, but general patterns
were still highlighted for the oceanographic circulation of the gulfs.

Keywords: hydrodynamic circulation; tide-induced circulation; numerical study; bottom
currents; strait dynamics

1. Introduction

The ocean dynamics in the Patraic and Corinthian Gulfs are important since they
affect their environmental impacts. These two gulfs separate continental Greece from the
Peloponnesus. Even though they are considered as gulfs, they display a very enclosed
morphology that plays an important control over their oceanographic dynamics [1-3]. For
a long time, the Gulf of Corinth has been studied by geologists due to its fault network
and active seismicity [4-9]. Despite significant study on the geology of the Corinthian
Gulf, its oceanography is not yet fully understood and well described. Old studies of this
peculiar oceanography were conducted by Lascaratos et al. in 1989 [2] and by Poulos et al.
in 1996 [10], featuring early stages of satellite images in the first and in situ CTD data
from 1983 for the second. The techniques and the methodology have evolved since then
and having a new look over this important area might bring light over key features of the
dynamics in the gulf.

Since 2000, no publicly available in situ data has been evidencing the whole oceano-
graphic circulation of the Gulfs of Patras and Corinth. To counter this lack of in situ data,
a recent study has been published by analyzing satellite data over a 14 year period by
Caterina and Hubert-Ferrari in 2025 [1]. This study was useful in describing the surface
dynamics and only presented a hypothesis for the bottom circulation. The use of modeling,
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which would give information over the whole water column for any given time, is there-
fore a great interest in understanding the dynamics. Modelling efforts have already been
conducted for the Gulf of Patras [11,12], over the Rio—Antirio Strait [3] which connects the
two gulfs, as well as the Gulf of Corinth itself [13], but these were more focused on the
causes of the dynamics rather than the description of the circulation and its 3D complexity.

Getting to understand the complexity of the hydrodynamics over the whole water
column with an emphasis over the surface and the bottom phenomena appears to be the
key to assess any geomorphological or geological interpretation made in the Corinthian
Gulf. Moreover, it has already been assessed that the Rio—Antirio Strait plays a crucial role
over the control of the dynamics [1,3,14] and the impact over the geomorphologies and the
biodiversity [14,15]. Being able to see its impact over the whole Corinthian Gulf is one of
the reasons that modelling this area is important.

In this paper, we aim to model the hydrodynamic circulation of the Gulfs of Patras and
Corinth to address the current lack of understanding regarding the circulation of the water
at depth, as well as the consequences of the seasonality of the winds over these basins. This
will be achieved mainly using ROMS modelling complemented by scarce in situ data and
satellite imagery.

2. Settings of the Corinthian Gulf

The Gulf of Corinth separates continental Greece from the Peloponnesus. Its western
connection to the Patraic Gulf is the Rio—Antirio Strait, while at the east, the connection
with the Aegean Sea is a small, manmade one through the Corinth Canal. The Gulf of
Corinth is considered as elongated since it is 120 km long and 40 km wide at maximum
(Figure 1). Its deepest point lies at around 900 m deep, and the gulf presents steep slopes,
particularly in the south. The Patraic Gulf is smaller, almost circular, since it is 20-25 km
wide. This Gulf is also shallower (120 m deep). The connection between these two gulfs is
the 18 km Rio—Antirio Strait area, which plays a very important role in the hydrodynamics
of the basins. The strait’s bathymetry deepens from west to east, from ~50 m depth to
~100 m depth [14,16].

22.00°E 22.50°E 23.00°E
= -~ - = a - TR
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Figure 1. Bathymetry map of Patraic and Corinthian Gulfs with identification of specific locations of
the area.
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Previous studies about the general oceanographic phenomena in the Gulfs of Pa-
tras and Corinth evidenced surface dynamics with the presence of several eddies and
upwellings based on sea surface temperature (SST) [1,2]. The main eddies are a cyclonic
gyre in the Patraic Gulf and, for the Corinthian Gulf, an anticyclonic gyre in front of the Bay
of Itea and a cyclonic gyre in front of the Bay of Antikyra (locations on Figure 1; [1]). The
main inferred upwellings are located at the exit of the Rio—Antirio Strait in the Corinthian
Gulf and in the smaller Gulf of Alkyonides. These upwellings appear on the northern coast
of the Gulf of Corinth, while the main surface flow seems to travel close to its southern
coast from the strait towards Corinth center.

Regarding the winds over the Gulf of Corinth, they appear to be mostly easterly 70%
of the time and stronger in winter [17]. The Rio Strait area is dominated by stronger eastern
winds while the dominant wind direction near the eastern end of the Corinthian Gulf is
from northwest [17]. Winds are considered as a key factor for the hydrodynamics of both
the Patraic and Corinthian Gulfs [2,11,13].

3. Materials and Methods
3.1. Regional Ocean Modeling System

The model Regional Ocean Modeling System (ROMS) was used to perform all the
simulations [18]. This model was used due to its strength regarding resolution of coastal
areas since the Corinthian Gulf is narrow enough to be considered as a coastal area in terms
of modelling. Also, it seems ROMS performs well in strait areas and enclosed basins, as
already been shown by several studies [19,20].

One of the key features required for these simulations is the terrain-following ap-
proach [18] since the dynamics near the seabed were the focus of this study. ROMS’s
approach of vertical levels with o-coordinates allowed us to get less numerical errors than
z or s grids near the bottom.

The horizontal spatial resolution of the model was, for this study, fixed by the
bathymetry dataset from GEBCO with a resolution of ~450 m (15 arc-second). The
bathymetry was computed to build a ROMS initial grid with manual corrections for
the low bathymetries before interpolating the initial conditions. First, a smoothing of the
bathymetry was made (rmax = 0.8; strength of the smoothing) to conserve hydrostatic
consistency and avoid large bottom gradient due to the sigma system construction of the
model [21,22]. Then, the manual corrections were mainly focused on low bathymetries
over the whole domain. They consisted in the addition of +5 m for each point between 0 m
and 10 m, +10 m for each point between 10 m and 30 m, and +5 m for each point between
30 and 35 m. Points deeper than 35 m were observed as correct in the shallower area of the
gulf. These variations were based on the high resolution bathymetry of the strait presented
in Rubi et al. (2022) [14].

For the borders, the grid was built to only consider one open connection, at the far west
of the area, between the Ionian Sea and the Gulf of Patras. All other borders were considered
closed, even the Corinth Canal opening, since with its shallow depth and 30 m width it is
not considered as a proper oceanographic connection [23]. The specific ROMS parameters
of the grid were specified to be: Tcline (width (m) of surface or bottom boundary layer in
which higher vertical resolution is required during stretching) = 50, 8s = 5 (S-coordinate
surface control parameter, 0 < 8s < 10), 6b = 4 (S-coordinate bottom control parameter,
0 < 8b < 4), nlevels = 32 (number of vertical adaptative layers). The equation chosen for the
vertical transformation was the improved formulation of Shchepetkin (2005) (Equation (2)
in [24], extracted from [22]) and the one for vertical stretching was the Shchepetkin (2009)
improved double stretching function (Equation (2.3) in [25] for the surface and Equation
(2.4) in [25] for the bottom).
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Therefore, the vertical repartition of the levels is focused on the surface and the
bottom. Preliminary tests indicated that surface and bottom refinement were necessary
to achieve accurate simulations. Given that near-bottom dynamics were a focus of this
study, maximum refinement (6b = 4) was applied for the bottom [25]. This translates to a
repartition of the 32 levels, as shown in Figure 2, for the entirety of the modelled domain.
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Figure 2. Repartition of 32 vertical adaptive levels over a section cutting through the whole domain.
The colored map represents the bathymetry of the Gulfs.

Finally, the preparation of the initial grid was made using Julia scripts [21] where all the
inputs are retrieved from the CMEMS [26] or the ECMWEF for the winds. From the CMEMS,
we retrieved modelled data for the temperature, the salinity, the sea surface elevation, and
u and v movements. In order to force the tides in the model, as we suspect them to have a
strong influence over the dynamics [14], we used data from the TPXO Tidal Model [27,28].
From this model, the parameters of the tides (velocity of the currents, amplitude and
phases) were exported over the whole domain to serve as tidal boundary conditions. The
open boundary conditions were set at the extremity of the grid between the Patraic Gulf
and the Ionian Sea; the rest of the boundaries were considered closed. This calibration was
done by setting the west border of the model as open under “RadNud” conditions for the
3D velocity, and the temperature and the salinity in the “roms.in” initiation script [21,22].
“RadNud” implies radiation boundary condition with nudging [22].

To analyze different outcomes, several setups were tested with different time periods
or forcing fields. The final time periods were the months of January 2023 (winter case),
May 2023 (reference time), and September 2023 (summer case). Each month was simulated
separately due to model running time and available memory storage. Having three seasons
modelled allowed us to see the different impacts of the stratification of the thermocline
since we expected it to be stronger in summer than in spring and stronger than in winter.
The initial conditions for the 3 different months were roughly the same: the bathymetry
stayed identical in the 3 simulations; only the dates for the initial oceanographic conditions
retrieved from CMEMS [26], the winds from ECMWE, and the initial date for the TPXO



J. Mar. Sci. Eng. 2025, 13,1827

50f 20

Tidal Model [27,28] changed according to the month simulated (1 January to 31 January
2023, 1 May to 31 May 2023, and 1 September to 1 October 2023).

May 2023 was selected and after used as reference for this study since we collected in
situ data that could help us with the validation of the model.

To assess the impact of the wind on the hydrodynamic circulation, three cases were
considered for different simulations of the month of May 2023. First, the baseline case
where the winds are not modified from the ECMWF model. Second, the case where the
wind was neglected by setting its velocity to 0. Third, a stronger-wind case where the
wind velocity was multiplied by /3 (to increase shear-stress by 3), resulting in a threefold
increase in surface shear stress. This increase is set to this value to not exaggerate the shear
stress and to fit to maximal wind velocities observed by Koletsis et al. (2014) [17]. This
increase will also affect other parameters such as sensible heat and latent heat, like real
atmospheric changes would.

For all these simulations, the spin-up time of ROMS with our external data as initial
conditions was around 7 to 8 simulated days. Therefore, the output analysis started on
the 9th day for the simulations. The main outputs on which the simulations focused
were the temperature, the salinity, the currents (u and v), and the sea surface elevation.
These outputs were chosen to have a good overview of the current dynamics at a very
high resolution.

3.2. Data for the Validation of the Model

Acoustic Doppler Current Profiler (ADCP) data were collected in collaboration with
Oceanus-Lab [29] from the University of Patras (Greece) during a marine campaign ex-
tending from 12 May 2023 to 19 May 2023. ADCP data were collected and calibrated with
sound velocity profiles on the water column using a Valeport MiniSVS-P. Then, the ADCP
data were temporally linked with Patras tidal curves for the measured period [30] and
analyzed with Ocean Data View (ODV 5.6.2) software [31] to be displayed as “real-time”
sections through area of interest to cross-validate the model. They provide direct in situ
measurements of currents throughout the water column, enabling validation of both surface
and near-bottom circulation in the model.

In addition, model outputs were compared to L3 level satellite data coming from
the CMEMS Database [26,32]. These data were downloaded for the month of May 2023
as NetCDF files and spatially analyzed through Julia language as daily maps. Their
resolution was 0.01 degrees (36 arc-second) which is 2.4 coarser than the model output
(GEBCO data source, 15 arc-second = ~450 m). This difference in resolution can provide
inaccurate quantitative comparison of the dataset without using an interpolation tool. Thus,
to overcome this resolution difference, only semi-qualitative general patterns and a mean of
the SST satellite data were used to validate the model. Moreover, sea surface temperature
(SST) from L3 satellite data is our only available satellite dataset to compare it to the model
since neither salinity nor water height are measured or calculated for the Corinthian Gulf
through CMEMS L3 or L4 levels database.

Tidal gauge data from the Flanders Institute of the Sea (VLIZ) [33] were used to verify
the Sea Surface Height (SSH) of the ROMS output model. These data were also used
to be certain of the high and low tide periods to understand flow directions under the
tide influence.

4. Results
4.1. Model Validation

Due to the section location, we were able to compare the westward current velocities
from the ADCP data to the model output from the 17 May of 2023 between 8 a.m. and
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9 a.m. (local time). When visually comparing the two sections, from the model and from
the ADCP, the same dynamics can be observed (Figure 3). At the time and location of the
section, a strong westward current (0.5 m/s) is observed at the middle of the water column
and near the bottom. Eastwards currents are present in the north part of the section (on the
right hand) with a smaller velocity (0.2 m/s). The velocity range computed by the model is
the same as the one collected by the ADCP. On the ADCP section, there is a rough “jump”
in the effective depth of the data regarding the high velocity westward currents “patch”.
Even with this kind of variation in the ADCP data, the model can be validated at least to
the location of the section.
Westward currents (m/s) section Westward currents (m/s) section

at 21.728°E at 21.728°E
ROMS Modelling on 2023-05-17T08:00:00 ADCP Data

Depth (m)
Depth (m)

Lon: 21.728°E Lon: 21.728°E

70

38.28 38.29 38.30 38.31 38.32 38.28 38.29 38.30 38.31 38.32
Latitude Latitude

Figure 3. Qualitative comparison for validation of model with ADCP data from 21.728° E south to
north section at entrance of strait from Patraic Gulf.

In addition to the ADCP data, model results were compared to satellite-derived SST
fields to evaluate surface temperature accuracy. Using a map of the temporal average
SST from the satellite data we were able to compare it with an interpolated map for the
temporal mean modelled temperature at the subsurface (1 m below sea level) for the
same month (Figure 4). To get to these averages, a mean over every time steps was done
for both datasets to get only one map for the mean. Differences in a few areas may be
attributed to gaps in satellite data due to cloud cover, which limits the number of available
time steps contributing to the monthly average. Also, the model overestimates SST by
approximatively 1 °C in the central basin. Temperature discrepancies may also result
from the difference in measurement methods: satellites retrieve sea surface temperature
(SST), whereas the model provides bulk temperature, which can exhibit slight deviations
even when sampled at approximately the same depth. Overall, modelled SST patterns are
consistent with satellite observations.
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Figure 4. Mean temperature for subsurface of May 2023 represented by (A) ROMS output and
(B) satellite data.

4.2. General Circulation Patterns
4.2.1. Patraic Gulf

Using a model of the hydrodynamics allowed us to observe continuous events both in
space and in time. By looking at the SST, the Patras gyre can be identified. According to the
seasonal simulations, the Patras gyre varies in direction and intensity depending on the
month of the year (Figure 5). On average for the month of May and September the gyres is
cyclonic and with strong velocities like it was previously described [1,2,11-13]. During the
month of January 2023, the gyre appears to be anticyclonic, with stronger average velocities
near the northern coast of the Patraic Gulf.
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Figure 5. Mean velocities in m/s modelled at surface. (A) January 2023; (B) May 2023; (C) Septem-
ber 2023.

The inflow of the warm Ionian waters in the gyre follows the south coast of the Patraic
Gulf while the cold waters are mainly along the northern coast (Figure 4). The northern
part of the Gulf seems to be always dynamic, even in winter, possibly due to the influence
of the Rio—Antirio Strait. Exchanges with the Rio—Antirio Strait are also evidenced with
alternate flow roughly every 6 h according to the tides (Figure 6). Waters coming to Patras
through the strait are often colder than the surface Patras waters. Corinth exiting’s waters
follow the north coast of the Patraic Gulf, being captured by the gyre movement. Tidal
amplification appear to be the strongest in the Rio—Antirio Strait, and this impacts the SSH
of the Patraic Gulf that rises according to the tides that are more evidenced in Corinth
(Figure 6), suggesting another parameter controlling the high connectivity of the two gulfs.
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Figure 6. Impacts of tides over currents and Sea Surface Height (SSH). (A) Distribution of u and
v (m/s) at bottom for strait area according to tidal slope taken at Aigio [33]. (B) SSH (m) at green
dot location in center of strait showing high and low tides for 17th of May 2023 from ROMS output.
(C) SSH (m) map at low tide (17 May 2023 at 9 am). (D) SSH (m) map at high tide (17 May 2023 at
3 pm).

4.2.2. Corinthian Gulf

The gyre in front of the Bay of Itea, already observed through satellite data [1], is also
observable and consistent for the month of May 2023 (Figure 5B). A smaller cyclonic gyre
is observed near the Cape of Akrata. This gyre might be formed due to the bathymetric
influence of the cape that serves as a direction guide or a gutter for the water flow. The
gyres in front of the Bay of Antikyra appears to be more complex in terms of position and
amplitude than what was previously described using only satellite images [1]. The main
gyre in front of the Bay of Antikyra always appears cyclonic for the modelled periods.
During the month of May, its extension is smaller than during winter or summer (Figure 5).
Also, during the month of May;, this gyre is less strong and is divided into smaller gyres.
These patterns are validated trough satellite data as all of these features were already
described [1,2]. The circulation in the Alkyonides area seems to be still on average during
winter and spring while in summer the surface circulation goes clockwise in the bay and
seems to be an extension of the Antikyra gyre (Figure 5C).

The entrance of the Corinth Gulf (the Rio—Antirio Strait area) remains the coldest area
of the domain in terms of SST (Figure 4) [1]. The modelled phenomenon occurring in this
area explains what was deduced before [1,14]. By doing a vertical section through the
strait (Figure 7), it appears that, according to the phase of the tide (Figure 6), the deep and
cold water coming from the Gulf of Corinth does not always cross the strait. With the
upsloping due to the steep rise in bathymetry, the bottom currents reach the subsurface.
If the surface current flows towards the Patraic Gulf, which is the case during ebb tide
(Figure 6), the whole water column can be displaced towards the west with strong bottom
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current entering the Patraic Gulf. If the surface current is going towards the Corinthian
Gulf (during flood tide; Figure 6), the bottom currents are then brought to the surface and
reflected to the Corinthian Gulf. In this second case, cold water reaches the surface which
lowers the SST near the East of the Rio—Antirio Strait.
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Figure 7. Section of modelled strait displaying temperature (°C, colors) of water and current direction
and intensity (m/s, arrows) under two different tidal dynamics. A zoom on SSH variation is displayed
over each section. (A) Section during low tide and (B) section during high tide according to SSH and
tidal gauge data [33].

The behavior of the internal wave generated by the density difference of the waters
and the interaction between the surface and the bottom currents can be associated to the
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tides and their directions (Figures 6 and 7). This conclusion is supported by the observation
of a shift in current direction every 6 h (Figures 6 and 7), consistent with the tidal phases at
this location [14,33,34]. Since the Rio—Antirio Strait lies in a microtidal context [3,13,34-36],
as part of the Mediterranean Sea, the maximal tidal amplitude observed is less than 30 cm
(Figure 7) [30,33] which appears irrelevant compared to the depth of the adjacent basins. In
this case, the tide impact is more reflected by the presence of an internal tide due to the
bathymetric variations of the strait [3,14], rather than the small amplitude of the waves
(Figure 7).

4.3. Wind Impact over the Patras and Corinthian Gulf

To answer the question about the wind being one important factor over the surface
dynamics in the Gulfs of Patras and Corinth we observed three situations.

For the Patraic Gulf, the wind plays an important role as in the “no wind” situation,
the waters along the northern coast stay still on average (Figure 8). Thus, when no easterly
winds are present over the gulf—easterly winds being present over the month of May
2023 (Figure 9)—only the southern part of the Patras waters is dynamic overall. When the
easterly winds are enhanced, the Patras gyre velocities are therefore enhanced. With these
observations, the Patras gyre can be considered as wind-driven since it disappears when
there is no wind and is enhanced when the wind is enhanced. Regarding SST, increasing
the wind will decrease the temperature by around 2 °C on average. The “no-wind” case
will result in a 2 °C increase for the average SST of the Patraic Gulf (Figure 8).

22.00 22.25 2250 22.75 23.00 23.25 <l v

22.00 22.25 22.50 22.75 23.00 23.25

22.00 2225 2250 2275 23.00 2325

Figure 8. Comparison of effects of winds for May 2023. Left: mean SST maps (the scale is in °C),
right: mean velocities at the surface (m/s). (A) Normal winds, (B) no winds (velocities set to 0),
(C) enhanced winds (shear stress multiplied by 3).
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21.6 21.8 22.0 22.2 22.4

Figure 9. Mean wind direction and velocity for May 2023.

At the Rio—Antirio Strait location, it appears that winds have few effects other than
changing the water temperature (Figure 8). Water movement does not change despite the
wind being absent or enhanced. This information is relevant to identify that the rising from
the colder bottom waters from the Corinthian Gulf is due to an upsloping or an upslope
flow (Figure 7), rather than a wind-driven upwelling [37]. Indeed, the cold surface waters
are still present even in a “no-wind” case.

In the Gulf of Corinth, the gyres have different behavior depending on the wind
intensity. The gyre in front of the Bay of Itea appears less strong in the “no-wind” situation.
This might be due to the general direction for the wind over the month of May 2023 that
would have induced a movement of the surface waters towards the west. Despite not being
a clear gyre movement, anticyclonic circulation can still be observed in front of the Bay of
Itea (Figure 8). In the enhanced wind simulation, the gyre is larger, anticyclonic, and has
less interactions with the waters in front of the Bay of Antikyra.

Still in the enhanced wind simulation, the dynamic in front of the Bay of Antikyra
appears on average less circular but still with a cyclonic movement. The cyclonic movement
in a big and unique gyre is present in front of the Bay of Antikyra in the “no-wind”
simulation (Figure 8).

4.4. Dynamics at the Bottom

While surface dynamics have been described several times for the Corinthian
Gulf [1,2,11,13], evidence of bottom dynamics is sparse in the center of the Corinthian
Gulf [10] or focused on the Rio—Antirio Strait [14]. ROMS simulations provide new in-
sights into bottom dynamics. With an overview of the mean velocities at the bottom of
the Corinthian Gulf, three main regions can be observed: the Rio—Antirio Strait, the deep
Corinth Basin and the surroundings of the Zoodochos Island (Figure 10).

The Rio—Antirio Strait is the most energetic area of the gulf. The high-velocities bottom
currents of the strait have already been investigated [14] but the modelling offers a new
perspective for their origins (Figure 10D). It seems the origin of these high velocities is the
bathymetric constriction that the strait presents. Indeed, the bathymetric constriction be-
tween the deep Corinthian Gulf and the Rio—Antirio Strait (350 m in 45 km; Figures 1 and 2)
forces bottom waters to flow upslope, accelerating as they approach the narrower and
shallower sections of the strait. The slope becomes steeper in front of the Mornos Delta
where bottom velocities start reaching a maximum of 0.5 m/s. In the strait sensu-stricto,
maximum velocities of 1.3 m/s are found near the most constricted area. The strongest



J. Mar. Sci. Eng. 2025, 13,1827

13 of 20

38.2

38.1

38.0

38.1

currents, on average, are the ones that exit the Corinthian Gulf through the bottom of the
strait to reach the Patraic Gulf (Figure 10A).
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Figure 10. Maps of bottom current magnitudes (colors; in m/s) and directions (arrows) over May
2023. (A) Mean for May 2023, (B) maxima for May 2023, (C) U-velocities at red dot location (center
of the deep Corinthian Basin) over simulated time, (D) zoom on maximal velocities at bottom of
Rio—Antirio Strait.

From the strait to the center of the Corinthian Gulf, the velocities at the bottom de-
crease as the depth increases. Some higher local velocities can be found near the steep
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depth increases, mostly along the southern coast of the gulf. In the center of the Corinthian
Gulf, the average speed for the bottom current velocity is close to 0.01 m/s. The maximum
velocities in the area can reach up to 0.25 m/s but it seems that these velocities are located
near the slopes of the basin. A near 0 m/s average velocity indicates that there are varia-
tions in the directions of the currents indicating the presence of different directions flow
(Figure 10C). This observed shift in direction was already evidenced by in situ data from
Poulos et al., 1996 [10] with a shift every 2 to 3 days. This flow seems to reach at maximum
around 0.05 m/s, which is very slow compared to the strait area velocities. By looking
at their directions during the month of May 2023 (Figure 10B), the bottom currents in the
central part of the Corinthian Gulf follow a cyclonic circulation with the stronger currents
following the southern coast of the gulf.

The bathymetric rise from the deep Corinth basin to the shallower Alkyonides basin
presents an area where bottom currents are stronger than the average ones in other parts
of the Gulf (except in the Rio—Antirio Strait; Figure 10). The currents near the Alkyonides
are unidirectional as they are mainly going towards the west. They follow the bathymetric
depression through the canyons in the area going towards the deep Corinth Basin, exiting
the enclosed bay of the Alkyonides. Due to the presence of the Zoodochos Island and
the relatively steep bathymetric rise, the Alkyonides Gulf appears separated from the
main Corinthian Gulf body. The presence of the island creates a local dynamic with
very low velocities on average (Figure 11). Also, the bottom waters from the Alkyonides
appear to leave this gulf by cascading at the bottom, through the canyons, towards the
Corinthian Gulf.
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Figure 11. Vertical section over Alkyonides Gulf of average temperature (colors, °C) and currents
(arrows, m/s) for May 2023.

4.5. Influence of the Tide

The influence of the wind previously discussed was mainly observable for the surface
dynamics. For a specific simulation, we did not use any tidal forcing to determine the
importance of the tidal forcing compared to the wind forcing. On one hand, the enhance-
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ment or the negation of the wind mainly affected surface dynamics and not that much
the bottom (Figure 8). On the other hand, negating the tides results in differences in the
whole water column dynamics, particularly near the Rio—Antirio Strait (Figure 12). The
Patraic Gulf appears to be affected by the neglection of the tides but with a smaller range
of modifications.
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Figure 12. Comparison between (A) direction and intensity (m/s) of mean surface currents under
influence of tidal forcing, (B) direction and intensity (m/s) of mean surface currents without tidal
forcing and (C) direction and intensity (m/s) of mean bottom currents without tidal forcing.
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The fact that these areas are more sensitive to the tides might be linked to two factors.
First, the tides are forced at the boundaries of the grid which in our case corresponds to
the western part of the Patraic Gulf. Second, these areas are the shallowest of the domain,
particularly the Rio—Antirio Strait. Therefore, the tidal amplitude (even if it stays in the
microtidal range; Figures 6 and 7) appears relatively stronger in those areas rather than in
the deep Corinthian Gulf. Nevertheless, not accounting the tide in the simulations does
not provide velocities strong enough to be compared to what is observed through in situ
data near the Rio—Antirio Strait (Figure 3) [14]. Due to its bathymetry, the deep Corinthian
Gulf is less affected by the tides (Figure 12), the differences between the two simulations
being very close to 0. This also indicates that surface phenomenon in the center part of
the Corinthian Gulf is more wind driven than tide driven. The difference between the
simulations resides in the fact that the Corinthian Gulf is considered microtidal [3,14,34-36],
therefore tides have low impact over the general circulation. The only place where the
impact is higher is in the Rio—Antirio Strait due to the tidal amplification associated to
straits [36,38-45]. There, even if the tidal amplitude is very low (less than 30 cm [30,33]) the
tidal currents affect the whole water column, particularly the bottom, due to the presence
of an internal wave (Figures 6, 7, 10 and 12).

5. Discussion
5.1. Genreal Circulation Patterns

From West to East, the surface circulation is similarly modelled to what was already
described [1,2]. The Patras gyre is well represented, regardless of the season or the wind
influence. New insights are for the Rio—Antirio Straight area. The strait area still appears
as the coldest of the region (Figures 4 and 8) and the vertical sections and the analysis of
the currents at depth allow to understand the impacts of the circulation over the surface
temperature. Near the strait, what was interpreted as upwellings [1,2] now appear more
like upsloping. The water coming from the depth of the Corinth Basin is forced to move
upwards due to the steep bathymetric rise from the center of the gulf to the Mornos Delta.
More variations of the bathymetry are located near the strait sensu-stricto, causing the
colder waters to move faster near the bottom due to the shallowing of the bathymetry
(Figure 7).

Going towards the center of the gulf, the surface gyres previously described are also
present in the numerical simulations. The intensity and location of the gyres change
according to the wind intensity (Figure 8) and the seasons (Figure 5), but overall they
remain at the same location. Regarding the bottom circulation in the center of the Gulf,
few descriptions were previously made by Poulos et al., 1996 [10]. With our model we
were able to better understand the patterns of the bottom circulation. The center of the
Corinthian Gulf can be described as quiet with maximal velocities not exceeding 0.1 m/s.
Also, it appears that the direction of the currents is shifting every 2 to 3 days (Figure 10C),
similar to what was observed through in situ data by Poulos et al. in 1996 [10].

In the Alkyonides Gulf, the waters seem to be trapped in an enclosed basin due to
the presence of the Zoodochos Island. During the months of May and September 2023
(Figure 5), an anticyclonic circulation is observable at the surface, allowing the waters to
circulate back towards the Corinthian Gulf. By observing the average behavior for the
currents for the month of May 2023, high velocity flows are found at the bottom of the
canyons from the Alkyonides to the Corinthian Gulf (Figure 11). With the modelling, no
clear evidence of the suspected upwellings [1] in the Alkyonides was found. The closest
phenomenon to an upwelling was the internal dynamics of the Alkyonides due to the
presence of the Zoodochos Island increasing the local bathymetry, constraining the waters in
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the small gulf. Despite the presence of currents going upwards (Figure 11), no significative
temperature flows can be observed to qualify this phenomenon as upwelling.

5.2. Main Forcings for the Hydrodynamic Circulation

With our simulations we explored the effect of enhancing the winds as well as negating
it and the tides. With the winds, mainly the surface circulation was affected (Figure 8). The
Patraic Gulf appears quite steady regardless of the wind intensity if this wind is blowing to
the west, as was the case for May 2023. The size, intensity, or even direction of the gyres in
the Corinthian Gulf also depend on the wind.

For the tides, the center of the Corinthian Gulf, at least at the bottom, is not affected by
their presence or absence since the surface modification of the dynamics does not reach the
deepest part of the gulf. The Patraic Gulf, by being shallower, seems to have its bottom
dynamics affected by the non-inclusion of the tide forcing. The water still moves following
a cyclonic circulation but with lower velocity (Figure 12).

The critical region under the influence of both winds and tide is the Rio—Antirio
Strait area and the waters in front of the Mornos Delta. In this area, tidal currents are
needed to generate the observed velocities (Figures 3, 6 and 12) [14]. Without the tides,
dynamics in the whole water column are observed to be quieter around the strait. In
a “no wind” scenario, tidal dynamics overcomes the movement induced by the winds
and dynamics are still present. Tidal dynamics are prevalent over the Rio—Antirio Strait,
particularly when it regards the overflow of the strait from the deep Corinth waters. Under
ebb tide, bottom waters are going towards the Patraic Gulf (Figure 6), overflowing the
strait (Figure 7). Under flood tide, the deep-water Corinth’s flow is not crossing the strait
and is then flowing back towards the Corinthian Gulf (Figures 6 and 7). This dynamic
related to the tide is observed to be the opposite of what was previously described [14] but
appears to be very consistent with the observed current direction and SSH (Figures 6 and 7).
Our observations of the changes in the current direction at this location suggest a different
origin from what was already observed by Aspioti and Fourniotis (2025) [13]. In their study,
the direction towards the Patraic Gulf occurs under the influence of a 4 m/s NE wind and
the flood tide, while the flow going to the Corinthian Gulf was observed under ebb tide
and 4 m/s SW wind conditions [13]. In our study, we associate these movements more
likely to the tides rather than the winds, classifying the strait as a tidal strait in a microtidal
context [14,36,43]. Indeed, when the tides are negated, no evidence of strong movement
are observed (Figure 12) and movement towards the Patraic Gulf appear during ebb tide
(Figure 6). The role of the tide or the winds could be investigated further to understand in
which proportion they affect the current direction near the Rio—Antirio Strait.

6. Conclusions

Our study presented a description of a numerical point of view over the hydrody-
namics circulation of the Patraic and Corinthian Gulfs. The combined forcing of the winds
and the tide over the model proved that they both are needed to study the oceanographic
dynamic. Both the Patraic and Corinthian Gulfs are sensitive to the winds but are even
more dependent on the tide, particularly for the bottom dynamics. Over all the seasons
observed (January 2023, May 2023, and September 2023), the dynamics appear to be steady
in time with the presence of surface gyres in the Patraic and Corinthian Gulfs.

The most sensitive location of the area in terms of dynamics is the Rio—Antirio Strait
where the most energetic sea area is observed. Very high bottom velocities, up to 1.3 m/s
can be found and related to the tidal influence in a relatively shallow area. The tidal
induced movement over the bottom water is controlling the exchanges between the two
gulfs, allowing the overflow, or not, of the deep Corinth waters over the Rio—Antirio Strait
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to the Patraic Gulf. While in shallow waters the dynamics are strong, in the deep center of
the Corinthian Gulf, bottom velocities appear to close to 0 m/s, making the central part of
this basin very quiet.
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