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Abstract

Being a semi-enclosed basin of the Mediterranean Sea, the Aegean Sea has a complex hydrology that plays a significant role
in the hydrology of the Eastern Mediterranean Sea. Its interaction with many sub-basins, along with its contribution towards the
formation of deep and intermediate water, makes it an ideal case for the study of hydrological changes in transitional areas. Since
2010, the operational monitoring of the basin has been significantly enriched by the deployment of autonomous free-drifting
profilers (Argo floats) under the framework of the newly formed Greek Argo Research Infrastructure activities. In this study, the
hydrological status of the area is examined for the period 2010-2017 using the temperature and salinity profiles acquired from
Argo floats that operated in the basin. The profiles are analyzed together with complimentary remote sensing and model outputs
datasets in order to present the spatio-temporal distribution of the co-existent water masses and shed light on hydrological features
and changes that took place throughout the basin in an attempt to reassess its hydrological status during the last decade. The dis-
tribution of the physical properties in different sub-regions and their interaction is examined reconstructing a general picture of
strong latitudinal gradients in the 7-S and o, fields from the upper layers towards the deeper zones. Interannually, findings indicate
changes in the Aegean water masses structure within the water-column. Deep homogenization in the upper layers is recorded
mainly during the winter periods of 2011-2012, 2014-2015, and 2016-2017 in the southern, central, and northern parts of the area
accordingly. The observed dense water formation events, along with mixing and advection appear to alterate the water column
physical properties structure and affect the dynamics of the surface and sub-surface dominant water masses in the Aegean. The
results further highlight the valuable information that can be extracted from the operation of free-drifting profilers in enclosed

marginal seas similar to the Aegean case.
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Introduction

The Aegean Sea is a semi-enclosed marginal basin
of the Eastern Mediterranean with complex topographi-
cal and hydrological features (Theocharis et al., 1993).
The southern Aegean communicates with the Levantine
and Ionian Seas via the Cretan Arc Straits whilst, the
northern communicates with the Black Sea via the Dar-
danelles Straits (Fig. 1). The Aegean acts as a “host” ba-
sin for distinct water masses that interact and are either
formed within, or originate from its adjacent basins. The
dominant water masses that populate the water column,
from the upper layers to the deep layers are: a) The high
salinity Levantine Surface Water (LSW) (Lascaratos et
al., 1993), b) the low-salinity Black Sea Water (BSW)
and Atlantic Water (AW) in the upper-layers zone (Zerva-
kis et al., 2000), ¢) the Cretan Intermediate Water (CIW)
and the Levantine Intermediate Water (LIW) with high
salinity signals (Velaoras et al., 2014) and, d) the East-
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ern Mediterranean Deep Water (EMDW) and the Cretan
Deep Water (CDW) that fill the deep layers of the ba-
sin (Theocharis et al., 1993). These water masses create
fronts, interact and exchange properties in the different
sub-basins of the Aegean Sea determining, along with
the atmospheric forcing, the physical properties distri-
bution within the water column. Such an example is the
distinct strong saline front in the northern part between
the BSW and Levantine originated water masses. Being
the strongest buoyant input for the wider Aegean Basin,
the BSW inflow is a major factor that determines both
stratification, and circulation patterns, which alternate
due to the interannual variability and intense seasonality
of the BSW inflow rates (Androulidakis & Kourafalou,
2011; Tzali et al., 2010). With regards to the North Ae-
gean circulation patterns, coastal and rim currents, and
features such as the Samothraki Anticyclone, are largely
controlled by both the Dardanelles plume and wind forc-
ing since northerly winds promote the south-westward
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Fig. 1: A: Schematic representation of the dominant water masses input into the Aegean’s upper layers; Atlantic Water (AW),
Levantine Surface Water (LSW), Black Sea Water (BSW). B: Argo profiles mapped in the Aegean for the period 2010-2017. The
sub-regions selected for the spatial analysis are presented: North Aegean (NA), Central Aegean (CA), Myrtoan Sea (MS), Cretan

Sea (CS), Western and Eastern Cretan Straits (WCS & ECS).

transport of BSW towards the southern Aegean (Androul-
idakis & Kourafalou, 2011). Nevertheless, in Tzali et al.
(2010) it is further argued that the intensity of BSW in-
flow may determine the general circulation of the North
Aegean overpowering the wind and thermohaline forcing
whilst, in Tragou et al. (2003) it shown that the vertical
buoyancy fluxes across the upper and intermediate layers
of the North Aegean determine the dense water exchange
rates between the northern and southern Aegean.
Focusing on such large scale water mass exchanges
and production, the most important feature of the Aegean
Sea is the Dense Water Formation (DWF) events depicted
in the area, identifying it as one of the major sources of
deep water masses for the wider area (Theocharis et al.,
1999). Regarding the latter, it was in the early 1990s when
a dramatic climatological and hydrological transient was
observed in the Eastern Mediterranean. The transient
known as the Eastern Mediterranean Transient (EMT)
(Theocharis et al., 1993; Roether et al., 1996; Klein et
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al., 1999; Malanotte-Rizzoli et al., 1999; Lascaratos et
al., 1999) resulted in a massive dense water outflow from
the Aegean to the lonian and Levantine deep horizons
via the Cretan Arc Straits. The event has been described
as one of the most intensive DWF events that had taken
place during the last decades in the Aegean basin. The
Aegean undertook the role that was previously assigned
to the Adriatic and became the new major source of deep
water for the Eastern Mediterranean alterating the hydrol-
ogy of the wider area. During the EMT, large amounts of
CIW and CDW spread out from the Aegean’s southern
straits into the Ionian and Levantine basins occupying
the deeper layers and lifting the pre-existing EMDW by
several hundreds of meters (Roether et al., 2007). Stud-
ies on the EMT have associated the event with several
mechanisms related to meteorological anomalies, alter-
nation of the basin’s general circulation patterns, climatic
variability, etc., (Theocharis et al., 1999; Lascaratos et
al., 1999; Zervakis et al., 2000; Tsimplis & Josey, 2001;
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Roether et al., 2007; Skliris, 2014). After the late 90s, the
DWEF events in the Aegean decreased, however, the area
has been reported to have returned to a similar status of
reoccurring DWF events during the last decade (Cardin
et al., 2015; Schroeder et al., 2013) with DWF precondi-
tioning being identified in the Aegean Sea (Kassis et al.,
2016; Kassis et al., 2015; Velaoras et al., 2014). Several
recent reports have suggested that the Eastern Mediterra-
nean is again presenting processes and EMT-like events,
although at a lower intensity (Velaoras et al., 2015; Car-
din et al., 2015).

The introduction of autonomous free-drifting profilers
(Argo floats) in marginal seas has significantly enriched
oceanographic monitoring and produced enhanced data-
sets during the last decade. Such evolution is the outcome
of the combined activities of Euro-Argo Research Infra-
structure and the National Argo initiatives. For enclosed
under-sampled seas like the Aegean, the Argo monitoring
coverage provided us with new records of the physical
properties of the water-column. This information is ex-
tremely valuable and allows for more enhanced oceano-
graphic studies regarding this area which is characterized
by the aforementioned complexity. Taking advantage of
these newly-introduced datasets, with this study we are
attempting to update the current hydrological status of the
Aegean Sea by assessing and analyzing the latest accumu-
lated Argo profile data in order to describe the area’s re-
cent hydrological evolution. The spatiotemporal changes
and trends of the thermohaline properties are investigated
through the analysis of the acquired profiles, along with
satellite and model data, during an 8-year (2010-2017)
period. The dominant water masses signals are presented,
with a focus on the area’s main sub-regions, in an attempt
to describe their hydrography and interaction. Taking
advantage of the unprecedented coverage of field mea-
surements in the area, we attempt to reconstruct its most
recent hydrographic picture and highlight the importance
and necessity for the expansion of the Argo network in
marginal seas.

Materials and Methods
Argo T/S profiles

The main dataset used for this study consists of all
available temperature, salinity, and pressure (7-S-P)
profiles (1049 profiles) acquired from Argo floats since
2010, when the first Greek Argo float was deployed in
the Cretan Sea under the Greek Argo Infrastructure activ-
ities (Kassis et al., 2015), and until the end of 2017. The
area of study consists of a rectangular-shape area from
22.25° E to 28° E and 35.2° N to 40.5° N. In total 1049
profile data were acquired from the Coriolis Data Assem-
bly Centre (www.coriolis.eu.org/Observing-the-Ocean/
ARGO). Only 7-S-P values that have passed the automat-
ic quality control procedure and were flagged as “good”
(Wong et al., 2020) were used for further analysis that
also included a delayed-mode assessment of the data as
described in Kassis et al. (2020). All the Argo profilers

Medit. Mar. Sci., 22/2 2021, 347-361

are equipped with the SBE 41/41CP CTD (Conductiv-
ity, Temperature, Pressure) pumped MicroCATs (www.
seabird.com/products), with accuracies of 0.002° C for
T, 0.005 psu for S and 2.4 dbar for P. However, the esti-
mated accuracy for operating floats for practical salinity
is approximately 0.01 psu (Riser et al., 2016). The floats
in the Aegean are configured to perform five-day cycles,
drift at 350 m depth, and acquire profiles from 1,000 m
depth to the surface, according to the MedArgo specifica-
tions (Poulain et al., 2007).

Before the data analysis, a further assessment of the
profile data was performed, by applying additional sta-
tistical checks and visual inspection, to exclude dubious
data. This included a check on the profile location, the
pressure monotony and the accordance of the maximum
pressure with the profile’s location bathymetry. Moreo-
ver, potential spikes were removed, taking into account
thresholds referring to the climatology of the wider
area (Kassis & Korres, 2020), whilst shallow profiles
(< 100 dbar) or profiles with sparse data were excluded.
A vertical interpolation was further performed using the
piecewise cubic interpolation method in order to respect
the data monotonicity and the local minima and maxi-
ma (Kassis et al., 2015). Similarly to Kassis & Korres
(2020), this study focuses on the actual field data in-
terpretation thus, further spatio-temporal interpolation,
statistical fitting, and grid production that would induce
unknown errors dependent on subjected analysis choices,
were avoided. This however preserved the profile distri-
bution heterogeneity in space and time as shown in Table
1. The interpolation was applied from the depth level of 5
m down to 1000 m (values above 5 m depth were exclud-
ed due to the salinity uncertainty that is introduced from
the floats” pump inactivation near the sea surface). After
the interpolation, every data-point (7-S-P) that did not
include all parameter values was excluded from further
analysis. The final dataset consisted of 1024 valid pro-
files (approximately 4% of the values were removed due
to the aforementioned data quality control procedure) and
was spatiotemporally classified per year and sub-region.
The area was divided into 6 sub-regions (Eastern and
Western Cretan Straits, Cretan Sea, Myrtoan Sea, Central
and North Aegean) according to topographic criteria and
the distinct hydrological features that each area repre-
sents (Fig. 1). Parameters such as potential temperature,
potential density - ¢,, Mixed layer Depth (MLD), and
Brunt-Viisild Frequency (BVF), were also calculated
for each profile whilst, a statistical analysis was also per-
formed for the estimation of the minima — maxima, mean
values, and Standard Deviation (STD), per area, year and
depth level. The squared BVF field is a useful indicator
for the buoyancy instabilities of the water column and it
has been estimated using the following equation (eq. 1):

N2 =99

> dz eq. 1

Where g is the gravitational acceleration, p the poten-
tial density and z the water depth. For the estimation of
MLD, the de Boyer Montégut et al. (2004) method was
used with joint threshold criteria of 7'and 5, 01 0.2° C and
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Table 1. Number of valid profiles per region and year.

Year Eastern ?retan Western .Cretan Cretan Sea Myrtoan Sea Central North Total
Straits Straits Aegean Aegean
2010 7 37 44
2011 48 48
2012 5 10 13 28
2013 4 14 28
2014 21 4 47 8 14 94
2015 74 32 46 43 21 90 306
2016 8 22 43 5 14 53 145
2017 15 27 77 69 10 135 333
total 130 929 325 125 45 292 1024

0.03 kg m~ respectively and surface reference level was
set to 10 m in order to avoid the diurnal heating of the
surface layers as described in Kassis et al. (2016).

Additional supportive datasets

For the investigation of the surface temperature varia-
bility in the study area, we analysed the satellite Sea Sur-
face Temperature (SST) anomaly field. For that scope,
the Copernicus Marine Environment Monitoring Service
(CMEMS) reprocessed L4 SST dataset was used. The
product provides the Mediterranean SST anomaly from
the CNR-ISMAR-GOS Pathfinder pentad climatology
(Pisano et al., 2016; Nardelli ez al., 2013). This dataset is
a bias-corrected version of the CMEMS NRT L4 AVHRR
data at a resolution of 0.0417° x 0.0417° along with the
error estimation dataset. The accuracy of the SST NRT L4
products has been assessed and the mean bias and stand-
ard deviation error for the MED HR NRT L4 product
have been estimated using a comparison to independent
drifter data for the period January-December 2014 which
were provided by the CMEMS-OSIQUID-010-001-V1.2
INSITU TAC. Further information regarding the dataset
along with its quality information can be found at: http://
marine.copernicus.eu/documents/PUM/CMEMS-SST-
PUM-010-004-006-012-013.pdf, and

http://marine.copernicus.eu/documents/QUID/
CMEMS-0SI-QUID-010-004-006-012-013.pdf

Additional to the SST data analyses, the air temper-
ature anomaly field has been examined over the study
period. For this scope, we retrieved data from NOAA Na-
tional Centers for Environmental Information, Climate
at a Glance: Global Time Series, published December
2020 (https://www.ncdc.noaa.gov/cag/). The temperature
anomaly data come from the Global Historical Clima-
tology Network-Monthly (GHCN-M) data set and In-
ternational Comprehensive Ocean-Atmosphere Data Set
(ICOADS). The two datasets are blended into a single
product to produce the combined global land and ocean
temperature anomalies with respect to the 1981-2010
base period. More information on these datasets can be
found at https://www.ncdc.noaa.gov/monitoring-refer-
ences/fag/anomalies.php.
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For the investigation of the surface and sub-surface
salinity field in the North Aegean, the CMEMS product
MEDSEA MULTIYEAR PHY 006 004 E3R1 is used
(Escudier et al., 2020). This physical reanalysis product
is generated by a numerical system composed of a hydro-
dynamic model, supplied by the Nucleous for European
Modelling of the Ocean (NEMO) and a variational data
assimilation scheme (OceanVAR) for temperature and
salinity vertical profiles and satellite Sea Level Anoma-
ly along track data. The model horizontal grid resolution
is 1/24° (ca. 4-5 km) and the unevenly spaced vertical
levels are 141. Further information and details regarding
this product are available at http://marine.copernicus.eu/
documents/PUM/CMEMS-MED-PUM-006-004.pdf;

http://marine.copernicus.eu/documents/QUID/
CMEMS-MED-QUID-006-004.pdf; https://doi.
org/10.25423/CMCC/MEDSEA MULTIYEAR _
PHY 006 004 E3RI.

Results
Physical properties distribution in the water column

Regarding the whole area of study, temperature and
salinity ranges were calculated for different depth zones.
Remarkably, high spatiotemporal variability is depicted
in the water column and wide ranges are recorded for both
properties. Thus, in the surface zone (5-50 m), potential
T and S span from 13.02° C to 27.93° C and 36.01 psu to
39.54 psu respectively whilst, for the sub-surface layer
(50-150 m) these ranges are 12.99° C to 25.44° C and
37.17 psu to 39.69 psu. Accordingly, in the intermediate
(150-350 m) and deep-intermediate (350-650 m) zones,
the ranges are 13.32° C to 17.93° C, 38.4 psu to 39.37
psu, and 13.52° C to 16.17° C, 38.76 psu to 39.24 psu re-
spectively. For the deeper zone (650-1000 m) the estimat-
ed ranges are 13.34° C to 14.89° C and 38.73 psu to 39.12
psu. The wide range of 7-S is associated with seasonal
and inter-annual variability and the different hydrological
characteristics of the Aegean’s sub-regions. Regarding
the latter, large differences are presented for both proper-
ties between the southern and the northern part. These are
regulated from both internal mechanisms of surface water
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formation, such as precipitation and evaporation fluxes,
and the surface water inflow from the adjacent sub-basin.

Water masses in the Aegean’s sub-basins

Signals of the dominant water masses have been iden-
tified within the different sub-basins of the Aegean Sea.
In the northern part, there is the direct effect of Darda-
nelles BSW outflow, marked by its characteristic low sa-
linity signal, which also affects the central and southern
Aegean waters. In the Cretan Sea, there is a similar signal
associated with the AW intrusion from the west and a high
salinity signal associated with the LSW from the east. In
the Cretan basin, warm and high salinity water masses
dominate the upper layers throughout the whole period of
study whilst, in the North Aegean the cold and fresh wa-
ter signals alternate seasonally and interannually. The av-
erage temperature profiles for each region indicate strong
horizontal gradients between northern and southern areas
that reach 1.5°C for depths below 100 m (Fig. 2A). The
average salinity profiles also present differences espe-
cially in the upper and deep layers (Fig. 2B). Especially
in large depths of the northern part, salinity is presented
noticeably higher. Accordingly, the water density of the
deep zones in the North Aegean is considerably higher as
a result of the presence of colder and more saline water
masses (Fig. 2C). However, these large differences are
mainly assigned to the lower temperatures recorded in the
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northern part (Fig. 2D). The Myrtoan and Central Aegean
sub-regions present intermediate characteristics between
the Cretan and North Aegean. However, in the deep lay-
ers, their physical properties are similar to the ones in
the Cretan Sea (Fig. 2). The Theta-S diagram constructed
from all 7-S measurements in each sub-region highlights
the different status of the thermohaline properties regard-
ing the geographical area and depth zone (Fig. 2D). In
this graph, only values below 100 m are plotted in order
to avoid the representation of intense seasonal variabil-
ity. The results confirm the previously observed differ-
ences between Cretan and North Aegean in the 100-500
m and 500-1000 m zones. In the upper zone (100-500
m), the Cretan water masses depict increased salinity and
potential temperature, reflecting strong signals of LIW/
CIW. For the North Aegean, this zone is more extended in
terms of the Theta-S field depicting water masses similar
to Myrtoan and Central areas including LIW masses and
signals of BSW which has deepened its core below 100
m. In the deeper zone, the o, potential density of the Cre-
tan Sea water masses slightly exceeds 29.2 Kg m™ on the
contrary, the recordings in the northern sub-basin present
masses significantly denser that reach 29.45 Kg m>.

Variability of the salinity field

The inter-annual variability of the salinity field in
each sub-region has been investigated for different depth

®® 100-500m
@0 500-1000m _—

38.8
Practical salinity (psu)

38.9 39 391

Fig. 2: Average profiles with their associated STD for potential temperature (A), salinity (B), potential density (c,) (C), and The-
ta-S diagram (D) for the Cretan Sea (red), Myrtoan Sea (green), Central Aegean (orange), and North Aegean (blue) for the period
2010-2017. In D the light colours represent the 100-500 m layer whilst dark colours represent the 500-1000 m layer (only for the
Cretan and North Aegean cases). The black-dotted rectangular areas are indicative of the Black Sea Water (BSW) and Levantine

Intermediate Water (LSW) Theta-S signals.
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layers of the water column (Fig. 3). For simplicity rea-
sons, only the average salinity is presented in this graph
excluding the STD which is in general low (<0.09 psu)
for all sub-regions and depth zones, with the exception
of the North Aegean surface zone in 2015 and 2016 when
the STD recorded 0.1397 psu and 0.1328 psu accord-
ingly, and was most probably related to the spatially
heterogeneous profile distribution across the area. Ac-
cording to this analysis, the salt content of the sea sur-
face does not present large interannual variability in the
southern areas including the Eastern and Western Cretan
Straits where the LSW dominates. Especially regarding
the Eastern Cretan Straits and the Cretan Sea, the surface
salinity field is ranging between 39 psu and 39.25 psu
with the higher values depicted in the former reflecting
the strong influence of the LSW inflow in the south Ae-
gean from its eastern borders (Fig. 3A). In the Cretan ba-
sin, the high salinities (approximately 39.4 psu) recorded
in 2010 are significantly reduced in the following years
remaining lower than 39.27 psu (Fig. 3A). For the central
and northern areas, the available data after 2014 suggest
a general increase of the salinity that is probably related
to significantly weaker BSW presence at its western part
where 2014 and 2015 profiles overlay (Figs. 1B, 3A).
However, the abrupt salinity increase that is recorded in
the North Aegean during 2017 is also related to the in-
creased number of profiles at the south-eastern borders
of the sub-region. The surface layers of these areas are
less affected by the BSW presence, on the contrary, LSW
presence is stronger compare to the more high latitudes.
In previous studies, it has been demonstrated that the

BSW-LSW front oscillates between southeast of Lemnos
island in the summer period, to the northeast of the island
in winter, a fact that is attributed to the Etesian winds
(northerlies) that dominate during the late summer peri-
od (Zervakis & Georgopoulos, 2002). An investigation
on the sub-surface salinity field, as derived from model
estimations, shows good agreement with these findings.
The monthly average salinity field in August, when the
BSW presence is particularly strong (Tzali et al., 2010),
presents a distinct latitudinal gradient at the eastern part
with salinities ranging from 39.2 in the south to 34.8 psu
in the north whilst, in the western part values range be-
tween 37-38 psu accordingly (Fig. 4). Moreover, an in-
crease in salinity is shown after 2014, which is the year
with the strongest recorded BSW signal (Fig. 4). More
specifically, at the entrance of the Dardanelle Straits (40°
N, 26° E) salinity at the 10 m depth level increases from
36.4 psu in August 2014, to more than 37 psu in August
2016 (Fig. 41).

In the underlying zone, between 200 m and 300 m
depth, the major changes in the average salinity are de-
picted in the Cretan Sea (Fig. 3B). The recorded decrease
of approximately 0.13 psu between 2010 and 2013 de-
picts the weakening of the LIW core that was previously
dominant in the area whilst, for the Cretan Straits an in-
crease has been recorded during the same period. In the
following years, a general increase is presented however,
the salt content remains well below the 2010 status. In
the Myrtoan Sea, Central, and North Aegean the available
data suggest relatively high variability with salinity peaks
during 2015 and 2016 accordingly (Fig. 3B).
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Fig. 3: Yearly salinity average per depth layer and sub-region during the period 2010 -2017. A: 5-20 m, B: 200-300 m, C: 500-650
m, D: 800-1000 m. The associated STD has been estimated to be less than 0.09 psu in all cases with the only exception of North
Aegean surface zone (A) when in 2015 and 2016, it exceeds 0.13 psu.
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Fig. 4: Monthly average sub-surface (10.54 m depth) salinity field of the North Aegean produced by numerical simulation for the
following time periods: A) August 2010, B) August 2011, C) August 2012, D) August 2013, E) August 2014, F) August 2015, G)
August 2016, H) August 2017. In panel I, timeseries of the same field are presented for the location 40° N, 26°E, indicated by the black
circle in panel A. The salinity field is acquired from the CMEMS product: MEDSEA_ MULTIYEAR _PHY 006 004 E3R1

A more persistent salinity decrease, with an approxi-
mate rate of 0.025 psu yr', is presented in the 500-650 m
depth zone in the Cretan basin from 2011 until 2015, indi-
cating a major change in the water masses occupying these
layers (Fig. 3C). Such a decrease is also evident in the
deeper zone (800-1000 m) (Fig. 3 D), resulting in an over-
all decrease of the salt content especially in the southern
areas of the Aegean. In order to visualize the spatial salin-
ity distribution in the area of study, all the salinity records
are classified into low —medium— high values and plotted
for distinct depth levels (Fig. 5). This distribution clear-
ly shows the south to north negative salinity gradient in
the upper layers (Fig. 5SA). This picture is reversed for the
deep layers where a positive latitudinal salinity gradient is
present and described by lower salinities in the southern
and higher salinities in the northern part (Fig. 5D). More
specifically, the 20 and 50 m levels depict high salinity
records reflecting the dominance of LSW not only in the
southern part but also in the Central Aegean and the centre
of the North Aegean basin. In the latter, low salinity sig-
nals are also recorded, representing strong BSW presence
which follows a general cyclonic pathway along the west-
ern Aegean coast towards the Myrtoan Sea (Fig. 5A). This
is in good accordance with previous studies describing the
pathways of the BSW in the western half of the Aegean
basin (Kourafalou & Barbopoulos, 2003). Regarding the
200 and 300 m levels (Fig. 5B), the high salinity signal
of LIW is apparent mainly in the southern part with some
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additional records in the eastern part of the Central Aegean
area. In the north, the low salinity signals well below 38.9
psu, which are recorded in the 200 m and 300 m levels,
probably depict deep homogenization that has deepened
the BSW core (Fig. 5B). Regarding the 500 and 600 m lev-
els, a wide span of salinity values is apparent in the Cretan
Sea and its southern borders, reflecting intense inter-annu-
al variability and water masses exchanges from the Cretan
Straits (Fig. 5C). In the North Aegean basin, high salinity
is recorded in its central and north-western parts. The same
picture is presented in the deeper levels (800 m and 1000
m) however the recordings are fewer (Fig. 5D) due to the
shallow bathymetry in large parts of the Aegean basin.
The intense variability of the salt content in the inter-
mediate and deep layers of the Cretan Sea, as depicted in
Figures 3 and 5, is further examined with the statistical
analysis of the salinity profile data in the area. The year-
ly salinity average depicts a strong salinity shift in the
whole water-column which is particularly interesting for
the 500-900 m depth zone where it depicts an average
decrease of more than 0.15 + 0.02 psu between 2011 and
2015 (Fig. 6A). In this zone the intense salinity shift is ob-
served in 2013, however, for the overlying layers, it start-
ed during 2012. During this year and especially in 2013,
the LIW core disappears from the area’s water-column
thermohaline status whilst, strong signals of the slightly
colder and significantly fresher Transitional Mediterra-
nean Water (TMW) are recorded to occupy the intermedi-

353



<> 20m
[ som
== §<38.6 psu
== 38,6<5<39.1 psu
=5 >39.1 psu

Latitude

=
25 26

<> s00m

[ eoom

- $<38.9 psu
== 38.9<S< 39 psu
=S >39 psu

— T S sl : S
3 2o S o e, o
IR e L S
/ s >
\ <> 200m q
[ 300m

w5 <389 psu
== 38.9<5<39.1psu
=S >39.1psu

C . . . . L . . 1B
20 21 22 23 25 27 28 29 30
Longitude
T T (\\//\;ﬂ\__\‘ = T S T
<M
A w?b,% =7 <> 8oom 7
i [ 1000m
o b stod L de Azt
3/ %Q{%“’ & = §<38.9 psu 7
X o = M == 38.9<S5<39 psu
i{& h . % i}‘ =S >39 psu
38 +
37
36
35 ; D

Longitude

25 26
Longitude

Fig. 5: Spatial salinity distribution classified in low (blue), medium (green), high (red), in different depth levels derived from all
Argo float recordings for the period 2010-2017. A: 20 and 50 m, B: 200 and 300 m, C: 500 and 600 m, D: 800 and 1000 m. In

panel D the examined sub-regions are indicated as in Figure 1.

100,

200

300

400

—2010
—2m
2012
2013
—2014

Depth (m)

600

700

800

200

01
2016
—2017

T 5 1
| -
|
e~ |
5 “ i
|
L e i T
ring gk 1
5 3 # L
g | _— B ™ '
€ ® 2011 v N |
L —10 an S
Fof _—eans — ___—T o= -~ i
£ 2013 T 2 " !
g v [T g
1 | — ' o M et
K 15 ™MW P uw/cn - ——]
signalarea, A Signal area =
=3 S
1af /
13 L I L . . E|

psu

Potential Temperature (°C)

387

388 39.1 392

39
Saliniy (psu)

Fig. 6: Yearly average salinity profiles in the Cretan Sea (A), Theta-S diagrams in the Cretan Sea in the depth zone 100-1000 m
during 2010-2013 (B), and for all years (C). The black-dotted rectangular areas are indicative of the Transitional Mediterranean
Water (TMW) and Levantine or Cretan Intermediate Water (LIW/CIW) Theta-S signals.

ate and deep intermediate layers (Fig. 6A, B). During the
following years the yearly average salinity profiles are
similar and present a relatively weak and shallow LIW
core (~ 39.14 psu at 150 m) and a strong negative halo-
cline until the 750 m depth horizon reaching a salinity
minimum of approximately 38.9 psu (Fig. 6A). However,
the average profiles do not homogenously represent the
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salinity field for the sub-basin mainly due to the temporal
heterogeneous profile distribution. The Theta-S diagram
of all the profiles reveals a wide span of the 7-S records
after 2014 (Fig. 6C). During 2016, some extreme salinity
signals are also observed but are only related to 5 shallow
profiles at the eastern borders of the sub-basin. In 2017,
the densest water masses are observed at the south-east-
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ern borders of the Cretan basin with g, exceeding 29.26
kg m3 (Fig. 6C). In general, and especially for the years
2016 and 2017, the measurements comprise characteris-
tics of both (pre-2012 and after-2012) periods neverthe-
less, it is still the latter status that dominates in the arca as
derived from the majority of the profiles.

Thermohaline variability at the Aegean’s southern
borders

In order to investigate the thermohaline status of the
Aegean’s southern part, the profile data from the western
and eastern areas outside the Cretan basin (Fig. 1 WCS
& ECS) are further processed. The associated Theta-S
diagram (Fig. 7A) depicts the inter-annual variability of
the two areas for the layers below 200 m. As shown, the
eastern part presents a wider 7-S distribution depicting
relative warm (16.9° C maximum 7) and high salini-
ty (39.25 psu maximum S) intermediate water masses
whilst, at the western part 7 and S do not exceed 16.52° C
and 39.15 psu respectively (Fig. 7A). In these layers, the
western part also depicts signals of relatively low salinity
(~ 39 psu) during 2012-2013 similar to the signals ob-
served in the Cretan basin during the same period. In the
deep layers the western part presents more homogeneity
with water masses reaching 29.21 kg m maximum den-
sity during 2015, whilst in 2016 and 2017 a slight shift
is observed with densities of below 29.19 kg m™. On the
contrary, the eastern part is roughly divided into 3 distinct
time periods (2010, 2012-2015, and 2016-2017). A major

shift is observed after 2015 and up until 2017 when the
low salinity and density signals are replaced by dense and
saline water masses resulting in the reverse of the west-
east deep horizontal salinity and density gradient. The
2014-2015 deep intermediate water masses of the eastern
part are similar with the signals observed in the Cretan
basin during the same period. The yearly salinity average
profiles also depict these changes (Fig. 7B, C). However,
it is of interest to notice the strong salinity decrease in the
western part’s surface layers between 2012 and 2014, the
absence of a strong LIW signal in the eastern part after
2010, and the salinity increase in the deep intermediate
layers of the same area during 2017 (Fig. 7B, C).

Deep convection and mixing events

The strong spatio-temporal 7-S-0, gradients depicted
within the layers below 100 m reflect the basin’s thermo-
haline circulation, and mixing processes in the water col-
umn. In order to identify the locations of DWF processes,
a further analysis on the dataset has been applied that in-
cluded the estimation of the MLD and the BVF frequen-
cy for each individual profile. Regarding the latter, the
majority of the buoyancy instabilities in the upper layers
are recorded during winter of each year due to the sea-
sonal surface cooling. According to the represented BVF
field three main periods of extended vertical instabilities
are recorded (2011-2012, 2015-2016 and 2016-2017)
(Fig. 8A). The relevant profile locations where negative
BFVs are recorded within the upper 200 m are plotted

Western Eastern
Straits  Straits
.

Potential Temperature (°C)
&
b4

400~

Depth (m)

Fig. 7: Theta-S distribution per year in the Eastern and Western Cretan Straits for depths 200-1000 m (A). The black-dotted
rectangular areas are indicative of the Eastern Mediterranean Deep Water (EMDW), Transitional Mediterranean Water (TMW),
and Levantine or Cretan Intermediate Water (LIW/CIW) Theta-S signals.Yearly salinity average profiles in the Western (B), and

Eastern (C) Cretan Straits.

Medit. Mar. Sci., 22/2 2021, 347-361

355



2011 2013
Years 2010 2012 2014

2015 2016 2017 5
o) i ﬁao
8
6
4
g 2
=
s 0
[
-2
-4
-6
1000kt 1 P iy iRl ! i I b Ay LI L A
100 200 300 400 500 600 700 800 900 1000
profiles
a1 T T T T = =
T %\:ﬂ@—/ Sl e
: G =
a0t W e 1
S P S
N @4«#? @x
39 q{"\_\% &o 0 J
o i 7‘\& 2015
3 J’Jt% e o] np 28 2016
EE] ?5\%? ]
I SO SNV WA R
. > \;s:;' Ty B "’5 “\;
37 »}Wﬂ\ E‘nu B v e q'@ 1
T T S|
R T
36 - b-‘ by VU i// &

N
4

25
Longitude

2] 25
Longitude

Fig. 8: Hovmoller diagram of the Brunt-Viisild Frequency (BVF) squared for each profile (A). Profile locations for each year
where BVF squared is negative within the upper 200 m (B). Profile locations for each year where the Mixed Layer Depth (MLD)

exceeds 100 m (crosses) and 200 m (squares) (C).

for each year (Fig. 8B). Furthermore, the profile locations
depicting MLDs deeper than 100 and 200 m were also
identified and classified on a yearly basis (Fig. 8C). The
co-location of the two distributions gives an idea of the
convection areas due to deep homogenization. According
to this, the northern Cretan Sea during 2012 and 2015, the
Eastern Cretan Straits during 2015 and 2017, the south-
ern Myrtoan Sea during 2015, 2016 and 2017, and the
North Aegean during 2015 and 2017, are the main areas
depicted. The majority of the events are measured after
2015 however, caution should be applied to these results,
as during the period up until 2014 the available profiles
were sparse, and the central and northern sub-regions
have minor or no representation at all.

Sea surface and air temperature anomalies

The monthly SST anomaly, as derived from satellite
data, along with the corresponding air temperature anom-
aly field are investigated in order to mark inter-annual
signals and climatic variability over the Aegean. In Figure
9, the 3-monthly mean SST field has been reconstructed
focusing on the “cold” period (January-March) of each
year so as to assess possible pre-conditioning statuses for
DWEF. In general, positive anomalies dominate with the
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exception of 2012 and 2017 when extended negative val-
ues are present in the basin (Fig. 9 A-H). The estimation
of the air temperature annual anomalies in the Cretan,
Myrtoan, and North Aegean sub-regions depict similar
signals (Fig. 91). It is of interest to notice that the North
Aegean is the area subjected to the largest variability de-
picting the higher and lower peaks during 2014, 2016,
and 2012, 2017 accordingly (Fig. 91). In general, the rela-
tively low temperature records of the air-sea zone during
2012 and 2017 are a factor that probably determined the
convection events described previously (Fig. 8A). Fur-
thermore, negative SST signals depicted in the Eastern
Cretan Straits in 2015, and additionally in the Myrtoan
and North Aegean in 2017, are in agreement with the con-
vection locations identified through the MLD and BVF
combined analysis (Fig. 8B, C, Fig. 9F, H).

Discussion

The Argo dataset has proved a valuable source of infor-
mation regarding the area’s thermohaline properties distri-
bution due to the unprecedented density of profile records.
However, uncertainties may be introduced due to the in-
homogeneous spatio-temporal distribution of the profiles,
especially during the 2010-2014 period when the profiles
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Fig. 9: Satellite SST anomaly field based on pendant climatology averaged for the January-March period of the years: A) 2010, B)
2011, C) 2012, D) 2013, E) 2014, F) 2015, G) 2016, H) 2017. In panel I, the air-temperature yearly anomaly (with respect to the
period 1981-2010) is presented for the 2010-2017 period for the Cretan (red), Myrtoan (green), and North Aegean (blue) sub-re-
gions. The SST field is acquired from the CMEMS product: CMEMS-SST-PUM-010-004-006-012-013.

were sparse. The sparsity of data has prevented the au-
thors from interpolating the discrete data on a regular grid
in order to reduce the impact of the heterogeneous spatial
and temporal distribution. Thus, having acknowledged the
misinterpretations induced due to the spatio-temporal het-
erogeneity, this study focuses on the actual recorded field
values and their presentation and investigation, avoiding
statistical classifications and data interpolation and extrap-
olation methods that can produce unknown errors depen-
dent on subjected analysis choices and arbitrarily selected
parameters. Although it is difficult to quantify the afore-
mentioned uncertainties, the analysis of complementary
numerical and satellite datasets and the level of agreement
with the available in-situ profile data, give us a qualified
picture of the adequacy of the latter.

From the data analysis presented here, important in-
formation is extracted and synthesized regarding the Ae-
gean’s recent hydrographic status. In the surface layers,
high salinity signals dominate in the southern part and
extend in the eastern and northern areas. These signals
are associated with LSW that appear more extended es-
pecially during the early years of the study period. The
LSW signals are dominated by the Asia Minor current
that brings warm and saline water in the south-eastern
Aegean (Fig. 1). This explains the agreement in the vari-
ability of the surface salinity field between the Cretan
basin and Eastern Cretan Straits (Figs 6, 7). According
to this, increased salinities are recorded in both areas in
2010, 2016 and 2017 whilst, lower values are depicted
in 2012. The generally strong presence of LSW since
2010 is related with its increased inflow from the Aege-
an’s south-east borders before and during 2010 due to,
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according to Kress et al. (2014), the general salinity in-
crease from 2005 up until 2010 in the Levantine’s upper
and intermediate layers. In more recent studies, this ex-
tended presence of LSW in the Levantine and its spread,
especially after 2010, towards the west, results in consid-
erably higher surface salinity in the Aegean after 2012
(Kassis & Korres, 2020). Furthermore, the AW and BSW
have depicted only a weak presence in the Cretan basin.
Especially regarding AW, its absence from the Cretan Sea
western boundaries is in agreement with previous studies
reporting a general gradual reduction of the AW inflow
in the lonian that reaches a minimum in 2012 (Kassis et
al.,2017; Kassis & Korres, 2020). In the following years,
only a few profiles present a weak AW signal in the West-
ern Cretan Straits mainly during 2014. Regarding the
BSW, its strong presence is observed only in the Cretan’s
northern and west-central boundaries towards the Myr-
toan Sea especially during 2014 and 2015. This is mainly
related to both BSW outflow rates from the Dardanelles
mouth and the wind field. In the cases of low BSW out-
flow rates, the low salinity signal of the upper layers dis-
appears whilst, the combination of strong outflow rates
and northerly winds may bring brackish waters south-
west, towards the Evia Island area (Androulidakis et al.,
2012a; Zervakis & Georgopoulos, 2002). In the underly-
ing layers, a strong LIW core is observed during 2010-
2011 in the South Aegean part related to increased LIW
production in the Levantine during the previous period,
and associated with the contemporary anticyclonic phase
of the North Ionian Gyre (NIG) during 2011 (Ozer et al.,
2017). Nevertheless, the LIW core is presented shallower
(~ 170 m) and extended only towards the central-east-
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ern parts of the Aegean where is recorded weakened un-
til 2016. In the same depth horizon, low salinity signals
in the North Aegean are related to the deepening of the
BSW after intense surface cooling and vertical mixing
mechanisms that followed mainly due to wind force. The
upper layers deep homogenization is mainly depicted
in the southern borders of the North Aegean after 2015
when the surface BSW signal weakens. On the contrary,
its strong presence, especially during 2014, acts restric-
tively over convection processes since, as described in
relevant studies, it can regulate DWF events acting as an
insulating surface lid (Zervakis et al., 2000).

In general, the salinity spatial distribution presents a
primary south — north, and a secondary east — west posi-
tive gradient for the first few hundred meters of the water
column. Below the 500 m depth horizon this picture is
reversed and the gradients become negative. In the 500-
650 m layer certain areas depict large salinity variability
as a result of DFW events or horizontal advection that
follows DWF events. Such an example is the Myrtoan
basin where the relatively warm and saline deep water is
a result of deep convection that took place in its southern
borders especially during 2015 (Kassis et al., 2016). It
is important to notice that the Myrtoan sub-region also
communicates with the Cretan basin through its deeper
layers. This explains the similar characteristics of the
two sub-basins deep water masses since, after convection
events, interaction and mixing are possible through hor-
izontal advection. On the contrary, for the North Aege-
an, the deep layers are secluded from the southern parts,
exchanging properties only through vertical mixing with
the intermediate layers whilst, dense water exchanges
between the northern and southern Aegean take place in
the same layers due to buoyancy fluxes (Tragou et al.,
2003; Zervakis et al., 2003). Thus, the main interaction
with the southern sub-regions is through the upper and in-
termediate layers circulation. Due to the general cyclonic
circulation pattern, the northern part receives from the
Central Aegean warmer and saline water masses (LSW &
LIW) and feeds the Myrtoan with cold and fresher waters
through the sub-surface circulation. The North Aegean,
deep convection events that took place during the pre-
vious period resulted in the dense water masses filling
its deep sub-basins. For the period of study, the colder
and saltier water masses below 450 m depth between
2015, 2016, and 2017, along with the extended MLDs
and the negative BVFs, suggest DWF events do not seem
to penetrate the 650 m depth horizon. In Velaoras et al.
(2017) such events are explained in the North Aegean
as being due to the exceptionally cold winter of 2016-
2017 that resulted in heat loss comparable to the EMT
period (1992-1993). This is in agreement with our inves-
tigation on the SST and air temperature anomaly fields
that identifies the winters 0of 2011-2012 and 2016-2017 as
heat loss periods that resulted in increased DWF events.
Previously to our study period, atmospheric conditions
have been reported to play a major role on DWF such
as the year 2003 when low winter temperatures resulted
in strong buoyancy losses and new dense water masses
were produced in the surface and intermediate layers of
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the northern Aegean area (Androulidakis et al., 2012b).
According to our data analysis, the locations of the DWF
events are traced to the central-east and central-west parts
of the North Aegean for the winters of 2015-2016 and
2016-2017 accordingly (Fig. 8B, C). Apart from the sea-
sonal surface cooling, these events have been accentuated
by the aforementioned weakening of the BSW presence
and possible wind-induced mixing that resulted in higher
surface salinities which favoured the pre-conditioning of
the area for DWF. Reduced BSW inflow rates that result
in weak stratification of the upper layers, coincide with
maximum atmospheric cooling and thus facilitate ver-
tical mixing (Tzali et al., 2010). This is accentuated by
increased LSW presence. In Androulidakis et al. (2012b)
it is argued that in 2006, the intrusion of more saline Le-
vantine waters increased the sigma—theta of the south
North Aegean region, creating precondition factors for
DWEF events. On the contrary, as suggested in the same
study, the wide spreading of BSW may affect the MLD
variability in the area, promoting the stratification of its
upper layers and counteracting convection processes. In
agreement with the latter, our analysis further shows that
in areas where a wide salinity and density variation is re-
corded, extended MLDs are present (Fig. 5, 8). However
not all areas host actual DWF locations since there are
examples where the previously formed water is advect-
ed from a neighbouring area (Marshall & Schott, 1999;
Schroeder et al., 2017). These are the cases of the Cretan
basin and the Eastern Cretan Straits especially after 2015.
Both signals of the aforementioned strong LIW, and the
CIW that was previously produced from DWF events in
the Cretan basin (Schroeder et al., 2013; Kassis et al.,
2015), become abruptly weaker after 2011. This abrupt
salinity decrease reflects an intensified outflow of these
water masses towards the Cretan Straits (Kassis et al.,
2016). At the same time, the significantly fresher and
slightly colder TMW entered the Cretan basin compen-
sating the outflow (Fig. 6). The presence of TMW alter-
nated the hydrography of the sub-basin and can act as a
tracer for DWF events in the Aegean Sea (Velaoras ef al.,
2015). In this study, the profile analysis in the south Ae-
gean is expanding the picture of the extended low-salin-
ity signals in the Cretan basin. These signals are related
to advection processes and water masses exchanges be-
tween the Cretan basin and its adjacent sub-basins (Myr-
toan Sea, South Ionian, and Eastern Levantine). The be-
ginning of the 7-S shift is traced early in 2012 in the upper
layers (100-300 m) especially for the salinity field and is
most possibly related to subsurface eastward inflow from
the Western Cretan Arc that presented intermediate water
masses with similar thermohaline properties. During the
following year, the salinity decrease is observed deeper
(400-900 m), and the recorded 7-S properties are similar
to the Eastern Straits, suggesting a westward inflow in
the Cretan basin (Fig. 7). In recent years (2015-2017) the
area presents a wide range of salinities comprising both
statuses (before and after 2012). Deep horizontal mixing
is not favoured at the southern borders of the Cretan Ba-
sin due to the shallow topography at the Cretan Straits.
This is the reason why the deep layers inside and outside
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the Straits present different thermohaline characteristics.
On the contrary, for the upper and intermediate layers,
the picture is more homogenized due to water exchange
and mixing. The profile data analysis for the Eastern and
Western Cretan Straits also suggests inter-annual vari-
ability. In general, the western part indicates a more ho-
mogenized 7-S distribution, with a gradual decrease of
the density and salinity of its deep layers after 2015 that
is possibly related to the recessed inflow of LIW/CIW
from the Cretan basin and the strong presence of EMDW
and deep water that was produced in the Adriatic (Fig. 7).
On the contrary, for the intermediate and deep layers of
the eastern part, two peaks in the density-salinity fields
are depicted. The first in 2014, related to exchanges with
the Cretan Sea through the Eastern Cretan Arc, and the
second in 2017 related to the deep homogenization of the
water column that is traced in the area. In general, the
two sub-regions present an inter-annual west-east salinity
gradient that is positive in the upper layers and negative
in the deeper zone.

Conclusions

The recent Aegean hydrological structure derived
from the profile data analysis depicts spatiotemporal
variability of the basin’s physical properties throughout
the examined period. Especially with regards to the salin-
ity distribution, this is determined by interannual changes
that took place in the wider area. In general, the results
highlight a strong positive latitudinal salinity gradient
in the upper layers that is reversed towards the deeper
zones. This fact, along with the presence of colder waters
that are recorded in the northern areas is translated into
an increase, with depth, of the density gradient between
north and south. A secondary west-east positive salinity
gradient that also becomes negative in the deeper lay-
ers is further observed. In general, the strong horizontal
thermohaline gradients at the deep layers are a combined
reflection of convection events that accumulated deep
water masses with different characteristics and advection
processes between the different sub-regions. The most
important features revealed in the different sub-regions
are the following:

- The northern part presents higher variability both in
T and S with strong seasonal signals of BSW mainly
during 2014 that also reached the Myrtoan Basin. The
BSW signal is weakened after 2014 most possibly re-
flecting reduced inflow from the Dardanelle Straits.
Intense seasonal homogenization of the North Aegean
upper layers is observed that deepens the BSW core
below the 200 m depth horizon.

- The increase in salinity of the intermediate layers in
the Myrtoan Sea during 2015 and in the Central Aege-
an in 2016 is related to the deep mixing that occurred
at the beginning of these years in each area.

- Inthe Cretan Sea, the o, potential density of deep wa-
ter masses is far below the densities observed during
the EMT period. Moreover, the DWF events that took
place in the area after 2011 were weak and did not
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ventilate the deep parts of the basin. Both facts sug-
gest a relaxation of the Cretan Sea in terms of deep
convection events.

- Although the Cretan Sea, sub-surface water mass
structure does not resemble an EMT-like status, the
increased salinity of the surface layers due to the
dominance of LSW and the absence of strong BSW
and AW signals ensure the area is pre-conditioned for
DWEF events.

- The dramatic change of the water mass structure of
the Cretan basin had already started in early 2012 as-
sociated with upper layers eastward inflow whilst, the
deep transition is mainly related with the eastern part.

- Outside the Cretan Basin, the variability of both 7 and
S'is strongest in the eastern part which presents signifi-
cantly less dense intermediate and deep water in 2014
than in 2017. The 2014 deep-intermediate water mass-
es have filled large parts of the Cretan Basin. On the
contrary, in the western parts, the water mass exchang-
es are mainly depicted in the upper-intermediate layers.

- The main DWF events recorded in the area are in the
Cretan Sea during 2012, in the Myrtoan Sea and out-
side the Cretan Straits during 2015 and in the North
Aegean and the Myrtoan basins during 2016-2017.

- The latest profile data from Argo floats has proved a
valuable source of information regarding the hydrog-
raphy of the Aegean Sea. Although until 2014 the pro-
files are sparse, the increased data coverage during the
following years can lead to conclusive results regarding
the spatio-temporal variability and trends of the basin’s
physical properties. This fact underlines the necessity
of increased float coverage in the marginal seas that
will lead to enhanced monitoring and investigation of
variable and transitional areas like the Aegean.
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