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1. EXECUTIVE SUMMARY
Impact of dense water formation - The PERLE (Pelagic ecosystem response to dense water formation in the
Levant experiment) action aims at describing the formation and spreading of Levantine Intermediate Water
(LIW), and determining its role in the distribution of nutrients and on the structuration of the planktonic
ecosystems in the eastern Mediterranean. The LIW is one of the most crucial water mass of the Mediterranean: it
contributes to most of the sub-surface water and salt transport between the eastern and western basins of the
Mediterranean, it plays a key role in the deep convection both in the North Western Mediterranean and in the
South Adriatic, and it fills nearly all the intermediate layer of the Eastern basin, where it is prone to vertical
exchanges with the surface layer that supply nutrients to the photic layer and support a significant fraction of the
primary production. Modeling at regional (Levantine basin) and large (Mediterranean) scales will be an
important component of this action. It aims at improving the simulation of the LIW formation mechanisms and
locations, and better assess the effect of the regional physical conditions (including transient mesoscale
structures) on the occurrence of blooms disrupting the ultra-oligotrophic character of the Levantine basin.
The PERLE project results from a joint reflection and a share of implementation between two components of the
MISTRALS program: MERMEX and HYMEX
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2. PELAGIC ECOSYSTEM RESPONSE TO DENSE WATER FORMATION IN THE
LEVANT EXPERIMENT (PERLE) - A MERMEX-HYMEX PROJECT
RESPONSIBLES
MERMEX : Fabrizio D’Ortenzio (LOV, Villefranche/mer), Pascal Conan (LOMIC, Banyuls/mer), Xavier
Durrieu de Madron (CEFREM, Perpignan), Franck Dumas (SHOM, Brest), Thibaut Wagener (MIO, Marseille)
HYMEX : Claude Estournel (LA, Toulouse), Pierre Testor (LOCEAN, Paris)

PERIOD
2017 – 2020
The 4-year project is centered both on a series of cruises in the eastern Mediterranean Sea (planned in 2018-2019
in collaboration with eastern Mediterranean partners) and on strong modeling developments.

PARTICIPANTS
A total of ~ 50 scientists from 9 French laboratories and 7 laboratories abroad.
French Participants: LOV (Villefranche/mer); MIO (Marseille); LOMIC (Banyuls/mer); LSCE (Gif/Yvette);
LOCEAN (Paris); CEFREM (Perpignan); LA (Toulouse); SHOM (Brest), CNRM (Toulouse)
French Collaborators: SEDOO; DT-INSU
Foreign Participants having declared interest on the project: OGS ( Italy); HCMR (Greece); METU (Turkey);
IOLR (Israel); Hebrew Univ. (Israel); UoC (Cyprus); NIOF (Egypt), IKI/RAS (Russia)

RATIONALES
The Mediterranean is characterized by two major thermohaline cells (Figure 1) that steer the circulations of the
western basin (with the deep water formation in the Gulf of Lion) and of the eastern basin (with the deep water
formation in the Adriatic and Aegean Seas since 1995, Tsimplis et al., 2006). These two cells are connected by a
third thermohaline cell, which unlike the previous ones, concern the entire Mediterranean. It is driven by the
formation of Levantine Intermediate Water in a geographical region between Rhodos and the Middle East coast.
The LIW water mass is clearly identified by concomitant sub-surface maxima of temperature and salinity, which
are ubiquitous all over the basin, although they are observed at different depths over the water column (i.e. 300700m). The different depth positioning of the LIW (and, consequently, its modified T/S characteristics) reflects
the transformations that the LIW experiences during its spreading in the Mediterranean. In fact, following its
formation in the Levantine area, the LIW flows westwards, enters the Ionian through the Cretan Passage where it
can split into two branches (according to the circulation regime of the northern Ionian), one flowing northward
towards the Adriatic Sea, and the other one flowing westwards to reach the Sicily Channel. A similar bifurcation
occurs after passing the Sicily Channel in the Western Mediterranean, where one branch flows northwards to
reach the Ligurian Sea and the other flows around Sardinia and along the west coast of Corsica to join the first
branch in the Ligurian Sea. A variable fraction of LIW escapes the Mediterranean through the Strait of Gibraltar.
Its transit into the Atlantic (with so-called meddies) is easily identifiable and seems to participate in the salt
intake necessary to force the deep convection in the North Atlantic.
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Figure 1. Sketch of the circulation
of the major water masses in the
Mediterranean Sea
AW : Atlantic Water;
LIW: Levantine Intermediate Water
WMDW: Western Mediterranean
Deep Water;
EMDW: Eastern
Deep Water

Mediterranean

The LIW is probably one of the most crucial water mass of the Mediterranean: it plays a key role in the deep
convection both in North Western Mediterranean and in South Adriatic, it contributes to the hydrodynamic
exchanges in straits (Sicily and Gibraltar), it fills nearly all the intermediate layers of the Eastern basin, those
where nutrients are most easily remobilized under the action of physical mixing (even if limited). It is well
known that the hydrological and biogeochemical characteristics of Mediterranean deep water depend upon the
surface water mass present during the winter mixing phase, but they also reflect the change in the properties of
the eastern water masses, with an estimated delay of about 30 years (transit time from eastern to western basin)
(Millot, 2009; Millot et al., 2006). Hence, the LIW is THE water mass that contributes to most of the sub-surface
water and salt transport between the eastern and western basins of the Mediterranean. Moreover, it appears to be
prone to vertical exchanges with the surface layer in the Eastern basin, and therefore able to supply nutrients to
the photic layer and support a significant fraction of the primary production.
Most of our knowledge about LIW derived from an intense effort of the POEM (an international cooperative
effort) and the GOIN (an initiative of the former USSR) observation projects conducted during the mid-80s-mid90s. Both projects elucidated many of the phenomenological and theoretical questions concerning the Eastern
Mediterranean circulation (Gertmann et al., 1994; Malanotte-Rizzoli et al., 1997; Ozsoy et al., 1993; Popov,
1991; Robinson and Golnaraghi, 1995; Robinson et al., 1992; Özsoy et al., 1989).
Nevertheless, many problems and questions remain and require further investigation and confirmation.
Knowledge and data gaps still exist on LIW formation mechanism, on its variability, and more importantly in the
context of MERMEX, its role in the biogeochemical cycles of the basin. Moreover, climatic changes already
significantly affected the thermo-haline properties of the LIW (Schroeder et al., 2017) and are likely to impact
the functioning of the ecosystems (Durrieu de Madron et al., 2011).
From the hydrological and physical points of view, two main questions are still open on the LIW dynamics:
LIW formation areas - The region of LIW formation is generally assumed to be the oceanic area interested by
the Rhodes Gyre (Lascaratos, 1993). This region is characterized by a cyclonic circulation, which preconditions
the water column by uplifting isopycnals depths and inducing LIW formation under specific atmospheric
conditions (Lascaratos and Nittis, 1998). LIW formation was observed also in other regions: Sur et al. (1992)
also observed LIW formation in the whole northern Levantine Sea concomitant with Deep Water formation in
the Rhodes Gyre. Nittis and Lascaratos (1998) proposed that intense atmospheric forcing could induce LIW
formation on the regions bordering the Rhodes gyre, in particular, the southeastern areas. Finally, Moutin and
Prieur (2012) evidenced LIW formation in the core of the Cyprus gyre. In conclusion, although the Rhodes gyre
region appears as the focal point for the LIW formation, a complete description of the LIW formation in coastal
and off-shore areas of the eastern Mediterranean is missing.
LIW forcing factors - LIW formation process appears as a specific combination of hydrological
preconditioning and atmospheric forcing factors (Nittis and Lascaratos, 1998). The relative contribution of the
two mechanisms is, however, not completely clear (see the previous section) and the current hypothesis is that
interannual variability of atmospheric forcing could modify the rate of formation of the LIW. Additionally,
recent hypothesis (Gačić et al., 2011; 2013) advocated that internal variability of Ionian circulation (as induced
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by large scale atmospheric patterns) could alter surface circulation in the Ionian Sea, inducing then substantial
modification of the sub-surface hydrographic structure with eventual repercussions on the LIW formation. Ozer
et al (2016) indeed shows a decadal variation in salinity and temperature of surface and intermediate waters in
the eastern Levantine basin that could be related to the reversal of the circulation in the North Ionian Gyre.
Specific winter regimes of the northern Atlantic, such as the East Atlantic pattern and the East Atlantic/West
Russian pattern, are identified as favourable to strong buoyancy losses and therefore dense water formation in
the eastern Mediterranean (Josey et al., 2011; Papadopoulos et al., 2012). Overall, the complex interactions
between water column characteristics (in particular stratification) and atmospheric forcing driving LIW
formation are not completely understood.
The incomplete description and comprehension of the LIW formation and dynamic imply several knowledge
gaps on the biogeochemical cycles of the Levantine area, and, more importantly, of the whole Mediterranean
basin.
Oligotrophy of the basin: - The intermediate position of the LIW and its low residence time were posited (Crise
et al., 1999; Crispi et al., 2001; Moutin and Prieur, 2012; Pujo-Pay et al., 2011) to explain in part the
oligotrophic feature of Eastern basin. The LIW would act as a kind of "conveyor belt" which, by intercepting the
sinking organic matter issued from the surface biological production and transporting it to the west, would
prevent the formation of deep stock of nutrients in the Eastern basin. Anyhow, the average atmospheric forcing
cannot mix the water column beyond 100-200 meters deep (D’Ortenzio et al, 2005, Houpert et al., 2015). This
shallow mixing prevents any significant injection of nutrients from the nutrient-rich LIW to the nutrient-depleted
surface layer, because the mixed layer does not extend down to the nutriclines. However, ocean color satellite
observations show that algal growth episodes can occur in spring (D'Ortenzio and d'Alcala, 2009, Mayot et al.,
2016). This implies that locally and under certain conditions (perhaps related to extreme weather events and/or to
the coincidence with mesoscale structures) an effective transfer of nutrients to the surface layer is possible (as
recently shown using Bio-Argo profiling floats, Pasqueron de Fommervault et al., 2015).
Stoichiometric balancing: The Mediterranean Sea (and in particular its eastern part) is known for its anomalous
values in nutrient stoichiometry as compared to other oceanic provinces (Bethoux and Copin-Montegut, 1988;
Ribera d'Alcalà et al., 2003; Krom et al., 2005; Pujo-Pay et al., 2011). Similarly, the difference between the
depths of the nitracline and phosphacline (the former frequently associated with thermocline whereas the latter
being usually found at greater depths) was suggested to follow a strong west-east gradient (Pujo-Pay et al., 2011,
Moutin and Raimbault, 2002). Tanaka et al., 2007 suggested this gradient to be the first indication of the strong
phosphate limitation in the eastern basin, and to have important biogeochemical consequences. This gap between
the two nutriclines was considered at a maximum of about 50 m in the Western basin (Conan et al., 1999) but
reached more than 100 m (Pujo-Pay et al., 2011) or 600 m (Ediger and Yilmaz, 1996) in the Levantine basin and
300-400 m in the south-eastern Ionian Sea (Klein et al., 2003). Nevertheless, the use a radioactive isotope of
phosphorus to quantify the change in phosphate availability (Moutin et al., 2012) to estimate phosphate
concentrations give similar depths for the nitracline and this “other phosphacline”, in complete contradiction
with the other findings. Furthermore, recent work indicated that the top of the phosphacline coincide with the top
layer of LIW in the Levantine basin, showing an important role of the intermediate water in the shaping of the
distribution of nutrient (Van Cappellen et al., 2014). Moreover, a deeper and higher oxygen minimum layer
(OML) is observed in the Eastern basin than in the western basin: the core of the OML in the eastern basin is
located below the LIW whereas it is located at the LIW depth in the western basin (Pujo-Pay et al., 2011, Tanhua
et al. 2013). This difference is mirrored by the nutrient maximum layer. This OML results from the
remineralization of the organic matter produced in the surface layer and the oxygen supply from the diffusion
and advection processes. In the Eastern basin, the stronger stratification and the complex morphology seem to
limit the spreading of new, dense and more oxygenated waters into the deep waters. However, the ventilation
process and its impact on the deep waters evolution have been poorly observed and need further investigations.
Biological effects: The complex stoichiometry of the basin induces specific biological effects that are only
partially understood. Such a discrepancy is clearly illustrated by the first comparison of the elemental
stoichiometry of the different dissolved and particulate compartments of each basin in figure 9 in Pujo-Pay et al.
(2011). In the Eastern basin, very few is known about the role of the prokaryotic communities on the regulation
of biogeochemical cycles (C, N, P), which may substantially explain the anomalous values in nutrient
stoichiometry and its relation with primary production. Indeed, numerous studies in the Western basin revealed
the influence of prokaryotic diversity on the regulation of remineralization activities (Pulido-Villena et al.,
2012), whereas studies in the eastern basin are scarce. Particular attention should be taken on particle-attached
prokaryotes diversity and activity, for which role on biogeochemical cycles are underestimated and not taken
into account in numerical models (Ghiglione et al. 2009). In such oligotrophic environments, multiple strategies
are used to alleviate phosphorus limitation, like sulfolipid synthesis, grazing by chlorophyll-containing
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nanoflagellates, phosphatase alkaline synthesis by both photosynthetic eucaryotes and prokaryotes, photoheterotrophy, dark nitrogen fixation The microbial loop prevails on the classical food web in the EMed, with a
large production of DOM as compared to that of POM. Additionally, the relationship between primary
production and prokaryotic production clearly shows a significant difference in the functioning between the
Western and the Eastern sub-basins (Pulido-Villena et al., 2012), although observations are critically missing to
comparatively understand the coupling/uncoupling of the productions in the two sub-basins. Other differences
between the two sub-basins are observed in the DOC contribution to carbon export. The nature (i.e. semi-labile
(SLDOC), semi-refractory (SRDOC,...) and eventually the fate of these high amounts of DOC produced in the
euphotic layer in the Emed are still poorly characterized. In fact, DOC removal in the core of the LIW is likely
due to the microbial mineralization and to the export of SLDOC during the LIW travel from the Levantine Basin
to the Sicily Channel (Santinelli, 2015), and DOC accumulation and possible sequestration appears tightly
coupled with phosphate availability (Thingstad et al., 1997; Moutin, 2000; Van Wambeke et al., 2002;
Guyennon et al., 2015) and/or phytoplankton diversity (Conan et al., 2007). In addition, there is a surprising
homogeneity of the stoichiometric ratios of the matter mineralization in the East as well as in the West, which
tend towards the canonical Redfield values. In fact, very few observations are however available in the Eastern
basin, in particular during winter time (i.e. when LIW forms) and over the presumed areas of LIW formation.
All the above indicates that the Levantine area, although have a critical impact on the whole Mediterranean
functioning, is still tremendously undersampled, de facto preventing the verification of the existing theories (see
Figure 2 for an example of data availability for two core biogeochemical parameters, Chl and NO3).

What is particularly tricky is that existing theories on the phytoplankton development (i.e. Behrenfeld and Boss,
2014) have only marginal applications in the eastern Mediterranean Sea. For the most based on the role of
physical forcing, they only slightly consider the role of internal biological mechanisms, of the nutrients
unbalancing and of the role of phytoplankton traits. All these processes, which seem to affect the biogeochemical
dynamics in the Levantine area more than the “simple” physical forcing (Siokou-Frangou et al., 2010), require a
dedicated experimental effort.

Figure 2. Spatial distribution of Chl-a-Fluorescence (left panel) and Nitrate (right panel) profiles in the
historical data base (between 1961 and 2010 for NO3, and from 1994 and 2014 for the fluorescence (from
Lavigne et al. 2013, and Lavezza et al. 2010)
The choice of this experimental site was decided on the basis of new scientific knowledge, such as the definition
of Mediterranean "eco-regions" or "bio-regions" (Reygondeau et al, 2014). The correspondence, in the
Mediterranean, of deep and intermediate convection regions like the northwestern Mediterranean, the Adriatic
Sea and the Rhodos Gyre, with areas of high biological variability, evidences the importance of studying these
sites that are crucial for the Mediterranean pelagic ecosystems. These sites have also significant gaps in terms of
observations and understanding of the physical-biogeochemical coupling. After the northwestern Mediterranean
(studied in the framework of the first phase of Mermex, 2012-13 Dewex Experiment, Estournel et al. 2016,
Mayot et al. 2017), Adriatic (studied by the Italians, 2013-14 ADREX experiment), the Rhodos Gyre (presumed
as the main LIW formation region) remains the last major site to investigate.
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OBJECTIVES
PERLE aims at determining the role of LIW in the general context of the Mediterranean basin. Specifically, it
will focus on
●

The characterization of the regions of formation and the description of formation phases (preconditioning, formation, and spreading); the Rhodes Gyres area is generally considered as the main
area for the LIW formation, although various authors advanced different/complementary sites (i.e.
Turkish coastlines, permanent dynamic structures on the southern areas). The timing of the LIW
formation at Rhodes is generally indicated at the end of the winter, although it could be anticipated (or
retarded) if other areas are confirmed to form (or pre-form) LIW. The spatial, seasonal and interannual
variability of the forcing factors (prevalently atmospheric) could strongly impact on the formation areas
and timing, although, again, uncertainness on the formation areas make ambiguous the role of the
forcing factors.

●

The description and analysis of its impact on dissolved oxygen, nutrients distribution and
planktonic production; generally observed around 250/350 meters depth, the LIW occupies the layer
where the gradients of the main macro-nutrients are the sharpest. It is then often hypothesized that the
LIW strongly participate in the distribution of these elements and that it deeply impacts on the
oligotrophy of the area (or at least on the weak biomass response). However, available observations on
the vertical, geographical, seasonal and interannual variability of nutrients have two main limitations: 1)
they are almost all effectuated during summer 2) the very low concentrations of the Levantine area
avoid accurate estimations of the gradients. Overall, observations of inorganic elements supporting
primary production are scarce.

●

Improve our modelling performances by using the historical and the newly collected data: even if
it is recognized that LIW is the conveyor belt for the climatic signal from the eastern Mediterranean to
the western Mediterranean and to the Atlantic, it is also a water mass whose formation and propagation
has been little studied by models and above that, has not been the subject of a concerted effort by the
modeling community. The interweaving of communities of physical modelers ranging from process
studies to the climate community is promising because of the importance of (sub)meso-scale
circulations) that regulate formation rates in the Rhodes gyre and which "organize" the dispersion of the
LIW in the Levantine basin (Lascaratos and Nittis, 1998). Concerning biogeochemistry, two issues
constitute priorities. The first one is to improve the representation of the biogeochemical/biological
functioning of the Rhodes gyre and the surrounding ultra-oligotrophic regions. The network of
biogeochemical measurements covering the organic and inorganic compartments of C, N, P measured
in different seasons and with precision is a prerequisite for improving the biogeochemical models. The
second point, in the longer term, concerns the sequestration and subsequent degradation of organic
matter that falls from the surface and which ultimately leads to the export of nutrients to the western
Mediterranean and then to the Atlantic. Properly representing this process, which results from a fine
balance between the physical export of organic matter and remineralization / nitrification, is major for
the modeling the future evolution of biogenic elements and marine ecosystems in the Mediterranean.

SCIENTIFIC STRATEGY
The PERLE strategy is based on two essential approaches:
●

An intensive field works activity: the concentration of all the observation means (cruises, moorings,
gliders, profilers, and satellite) of the key physical and biogeochemical parameters in an experiment
lasting one full annual cycle, and the use of longer-term observations from existing and future
observation systems (Figure 3).

●

A massive modeling effort: the implementation, validation, and improvement of physicalbiogeochemical coupled models to reproduce the past and new observations, spatially and temporally
interpolate the data from the experiment, simulate the recent trends on the basis of observations and the
future with scenarios.

The two approaches are intimately connected and form a package in which the observation effort is closely
related to the needs and modus operandi of the models and, conversely, models are involved in the definition of
the observing strategy for the operational phase. During the interpretation phase, the experimental and modeling
approaches also interact and overlap (e.g., models appear to be effective spatial and temporal interpolators).
MERMEX 2016-2020 prospectives
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Task 1. Field works
To observe the LIW formation and spreading, and its effect on the nutrient distribution and the
planktonic ecosystem structuration.
The proposed field work is an adaptation of the strategy used during 2012-2013 DEWEX experiment in the
northwestern Mediterranean (carried out in the framework of MERMEX and HYMEX projects, Estournel et al.,
2016, Mayot et al., 2017) and the 2013-2014 ADREX experiment in the Adriatic/Ionian seas (carried out by
Italians colleagues in the framework of the PERSEUS FP7 program) on the impact of dense water formation on
pelagic ecosystems. We are thus targeting a "temporal" approach (i.e. the concentration of observation means in
the same area on an annual cycle), which will allow to compare the results of DEWEX and ADREX experiment,
with an equivalent experiment in the eastern Mediterranean, and thus to assess these different trophic systems.
From an observational standpoint the major constraints are:
● Addressing a region far from the French coasts will increase the logistical constraints, but it will also
allow to setup an action of international dimension by fostering collaboration with Italian, Greek,
Cypriot, Turkish, and Israeli scientists, as well as enabling the integration of competences, supports, and
implementation means. The PERLE proposal has been setup and is supported by a large
international community (see later for details of the international institutes participating).
●

LIW formation appears strongly dependent of pre-conditioning. Although the Rhodes gyre region is
established as the preferential area of formation, pre-conditioning regions and timing appear less
understood. Geographically, observations indicate that pre-conditioning occurs in a large area extending
from Crete to Cyprus, where pre-conditioned LIW was observed. Circulation patterns (though not well
established) seem to concentrate pre-conditioned LIW in the Rhodes Gyres area, where specific
atmospheric forcing determines the LIW formation (apparently in a pure 1D framework, see Lascaratos
and al. 1993, and Lascaratos and Nittis, 1996). After formation, LIW flows westward and its
circulations patterns are established to occur along the Cretan island. Modifications (by mixing with
subducted waters of Aegean origin) are however hypothesized at the Cretan and Kithira straits. In the
Ionian, LIW is relatively well tracked. A large survey of the Levantine basin over a complete
seasonal cycle is required to identify the main patterns of circulation of the pre-conditioned and formed
LIW.

●

The biogeochemical response at the surface (as inferred by satellite data) seems relevant only in the
Rhodes region (although blooming area is extending southwest in comparison with the supposed LIW
formation region). The observed bloom is submitted to a strong interannual variability (Mayot et al.
2016), in particular concerning the spatial extent of the surface showing the high value of chlorophyll.
A specific survey on the Rhode Gyres area (i.e. the region exhibiting the surface bloom) is also
required.

●

The stock of nutrients and the position of the sub-surface maximum of biomass appear relatively
homogenous eastward of the Cretan Island, although recent observations from autonomous platforms
indicate that a sub-surface variability exists (De Fommervault et al, 2015). Few indications, however,
exist to elucidate if this variability is driven by the seasonal cycle or by local (i.e. mesoscale) processes.
A network of autonomous biogeochemical platforms is required to characterize the main
characteristics of the sub-surface seasonal variability for nutrients and biomass and to infer on the effect
of local, small scales, influences.
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Figure 3. (Left) Positions of the available T/S profiles in the Levantine area. Colors indicate the depth of the
isopycnal level 29.05 (considered as a proxy for LIW; blue color indicates shallow values, red color deep
values). Data are obtained from Coriolis data base and include CTD, Argo and gliders profiles.
(Right) Stations network planned for the PERLE 1/2/3 cruises and existing observing systems (red stars:
moorings; Yellow lines: glider endurance lines; blue lines: hydrographical section)

Task 2. Modelling
To improve the coupled physical-biogeochemical numerical modeling
Physical and biogeochemical modeling will be involved at different stages of the project. Coordination will be
provided at the international level to share identical versions of the datasets, models initial states and organize
intercomparisons through the definition of common metrics.
●

Climate modeling: the representation of the transitions and trends observed in the Mediterranean since
several decades are a focal point of the MEDCORDEX program dedicated to the study of climate in the
Mediterranean regions. As such, the dense and intermediate water formations, the signatures of these
changes, are ideal benchmarks for intercomparison exercises. The different ocean models (with
identical meteorological forcing) show a high variability of the maximum mixed layers in the Levantine
basin, some of which showing each year unrealistic values of mixing over 2000 m (Figure 4). PERLE
should provide to the climate community a one-year data set with quantitative estimations that all
models will be able to confront. This exercise will be all the more fruitful as it will be shared with the
community of process studies and the observing community as was the case with the DEWEX
experiment (see the special issue of JGR-Oceans).

●

Process studies: hydrodynamic models at high resolution will be used to model LIW formation and
spreading. As during DEWEX, the regional analysis will be generated starting from operational
analyses (Copernicus and Mercator-Ocean), by intensively using the in situ data (from ships and
autonomous platforms). A major point will be to represent the recurrent and/or permanent and semipermanent mesoscale structures, which condition the upper layers dynamics in the Levantine basin and
influences the preconditioning. The different regions of water formation including the coastal ones will
be identified. Budgets of heat and salt will be established to disentangle the role of 1D processes driven
by surface heat losses and horizontal processes, namely the advection of light water by baroclinic
eddies in the formation zone. The high resolution will allow representing the mesoscale and
submesoscale eddies responsible for the LIW spreading and the main pathways of the LIW in the
Levantine basin.

●

Coupled hydrodynamic biogeochemical processes. Coupled physical-biogeochemical numerical
modeling will be used to determine how regional physical conditions do act on the occurrence of
blooms observed in the area of LIW formation. During such event, mixing processes are likely to uplift
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sufficient nutrients in the euphotic layer with a possible time lag between nitrate and phosphate due to
the decoupling of nutriclines. The shallow mixed layer depth in the LIW formation zone compared to
the northwestern Mediterranean should reduce the light limitation during winter. A correct timing of
the mixed layer and of restratification by baroclinic eddies in the hydrodynamic models should allow
examining the validity of current theories on the factors triggering the bloom. How the interactions of
major current veins with mesoscale eddies will impact the nutrients and organic matter distribution in
the Levantine Basin will be studied.

Figure 4. Comparison of the yearly maximum of the
mixed layer depth (upper plot), and dense Mass
Formation Rate in the Rhodos gyre region based on
“evaluation runs" of different climatic simulations.
Dashed blue line: NM8_ARPERA
Dashed green line: NM12_ARPERA
Dashed black line: ALERMO30_ARPERA
Solid green line: NM12_ALDERA
Solid red line: MIT12_ALDERA
For the MLD computation either the turbocline
depth, i.e. adopting the criterion of the vertical
mixing exceeding the threshold of 5 cm s-2 (NM12
simulations), or the criterion of a homogeneous
density (within 1% from the surface) are considered
as representative of the actual mixing in models.
Yearly dense water formation rate was computed as
the volumes (in Sv) of water formed within the MLD
and exceeding the given density threshold of 28.95
during the period from December to April of each
year. (M.V. Struglia, pers. comm.)
●

Biogeochemical modeling. Biogeochemical modeling will have to meet several challenges. First, they
will have to represent the decoupling of the nutriclines, which is specially marked in the Levantine
basin (of course this should not be to the detriment of the modeling of other regions as the western basin
where this decoupling is much lower). The second point is to understand how the decoupling of
nitracline and phosphacline impacts the composition of plankton bloom (presence of diatoms or not and
their size if present, the dominance of intermediate or small cells, etc.) and consecutively the
composition, mean size and amount of exported matter following the bloom? The quantification of
carbon export and sequestration in the LIW will also be an objective which presupposes additional work
on the biogeochemical processes affecting detrital organic carbon production and removal, not only in
the euphotic layer but in deeper layers, and especially in the 100-500m of the LIW. The models at the
basin scale will be expected to represent the increasing concentration of nutrients and decreasing
concentration of dissolved oxygen along the pathways of LIW from the formation area to the western
basin (the oxygen minimum is a clear signature of the LIW in the northwestern basin). The observations
network should allow contrasting the Rhodes gyre with the ultra-oligotrophic regions encircling it to
understand how these ecosystems differentiate and what are the physical and biogeochemical controls
of the planktonic ecosystem in each of these bioregions.

The coordination group will organize strong interaction between modelers. Several modeling groups are already
declared their interest for PERLE. Others will be contacted. Different communities from the climate to process
studies and operational services will be involved. The expertise of the observation community will be
systematically sought for the quality of data, the definition of metrics.
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Objectives of modeling
●

properly simulate the regional circulation in the Levantine and the water formation

●

improve the biogeochemical models

●

simulate the bloom in the Rhodes gyre and the associated budget of C, N, P

●

simulate the impact of LIW in the Mediterranean basin

Modelling activity
●

need for an initial state : assess the quality of operational analyses, reanalyses and datasets such as EN4
or the specific Mediterranean one developed at IMEDEA by G. Jordà

●

if needed develop a regional analysis based on recent in-situ data and altimetry

●

assess the quality of various atmospheric forcing (with the specificity of the complex topography
influencing the wind field)

●

evaluate the volume of new water formed, pathways of spreading

●

evaluate the import of nutrients in the euphotic zone

●

organic matter, primary production, planktonic communities, export: comparison with observations.
Iterations with the other working groups

●

intercomparison of models

●

interannual simulations

IMPLEMENTATION: FIELD WORK
Objectives of field works
The primary objectives of the PERLE field works will be:
1. a better definition of the formation areas (and possibly of the main forcing factors)
2. the role played by the LIW in redistributing macro nutriments and of its effect on primary producers
Some secondary objectives are also identified (although they need refining), aiming to a better assessment of;
1. the inorganic stocks (in particular during winter): POC, DOC, etc
2. the primary production and export
3. the Levantine intermediate and surface circulation (in particular to assess the flow from formation
areas)
4. the bio-optical behaviors of the Levantine waters
5. the meso-scale activity
6. the secondary producers and the grazing

Cruises plan
Four cruises are planned over a complete annual cycle for the period 2018-2019 (Figure 5).
●

PERLE 0:
Organizing entity: CNRS (FR)
Status: Programmed
Objective: set up of autonomous network
Period: June/July 2018
Vessel: Tethys-II (FR)
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●

PERLE 1:
Organizing entity: SHOM (FR)
Status: Programmed
Objective: LIW preconditioning, fall nutrients distribution
Period: October 2018 (3 weeks)
Vessel: PourquoiPas? (FR)

●

PERLE 2
Organizing entity: CNRS (FR)
Status: Preparation of application to French National Fleet (deadline September 2017)
Objective: LIW formation, winter nutrients distribution, biomass growth
Period: February to mi March 2019 (6 weeks, 2 legs)
Ship: Thalassa (France)

●

PERLE 3
Organizing entity: CNRS (FR)
Status: Preparation of application to French National Fleet (deadline September 2017)
Objective: LIW fate, summer nutrients distribution, coordination with Go-Ship
Period: July 2019 (2 weeks, 1 legs)
Ship: Thalassa (France)

Figure 5 - Calendar of the different cruises with respect to the seasonal evolution of the climatological surface
Chl-a in the region of the Rhodos gyre
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Stations typology
Four type of stations are planned (see table below for a more accurate description of parameters)1:
1.

“Zeus”2: CTD cast and “basic” parameters water samples (blue points in figure 5);

2.

“Tarhun”3: as “Zeus” + biogeochemical parameters, mostly particulate elements (yellow points in figure 5);

3.

“Dagon”4: as “Tarhun” + tracers + primary and bacterial production + zooplankton (white points in figure 5)

Stations Array
The array (Fig. 6) is designed for the PERLE-1 period (19 days on site). It means that it will be actually feasible
to the PERLE-2 cruise (20 days on site), and PERLE-3 (20 days on site).
•

“Zeus”5 (88 stations): CTD cast and “basic” parameters water samples (blue points in figure 2). The “Zeus”
stations will be located on a grid with an increased station density along the slope and in the centre of the
Rhodos gyre.

•

Tarhun”6 (17 stations): as “Zeus” + biogeochemical parameters, mostly particulate elements (yellow points
in figure 2). The “Tarhun” stations are a subset of the “Zeus” stations and will be located on a cross, centred
on the southern part of the Rhodos gyre, with the two branches following respectively an east-west (around
35°N) and a north-south section (around 28.5°E).

•

“Dagon”7: (5 stations) as “Tarhun” + tracers + primary and bacterial production + zooplankton (white points
in figure 2). The “Dagon” are a subset of the “Tarhun” stations and will be positioned at the extremity of the
“Tarhun” transects and in the central cross-over point, to explore the different ecosystem scenarios (coastal
vs open ocean, very oligotrophic vs less oligotrophic). One “Dagon” station will be used for
intercomparison with the 2008 BOUM and 2018 Med-Ship cruises.

For the CTD, Zeus and Tarhun stations: Only one surface-to-bottom cast will be done . Once a day (at midday)
an additional surface-to-300 m cast will be done at Zeus stations for IOPs/EOPs. Depending on the depth of the
water column, these stations will be performed in 0.5 to 3.5 hours (4.5 hours with additional IOPs/EOPs cast). At
ZEUS stations, bio-optic measurements will be carried out for measuring phytoplankton pigment, quantum yield,
and excitation characteristics using Phyto-PAM fluorometer analyzer.
For the Dagon stations : Three surface-to-bottom casts, one extra surface-to-300 m cast, and 6 plankton net tows
will be done. Depending on the depth of the water column, these stations will be performed in 17 to 22 hours
Turbulence measurements will be performed twice a day over the full depth, around midday and midnight with
the autonomous profiler, VMP6000, that will be deployed just before the CTD and recovered just after it.

1

Considering the international and mythic character of PERLE, the name of the differents PERLE stations are
inspired by the ancient mythology of the Eastern Mediterranean civilisations.
2
the king of gods in ancient Greek mythology.
3
the Hittite god of weather
4
an ancient Mesopotamian Assyro-Babylonian and Levantine deity also present in the H.P. Lovecraft pantheon
5
the king of gods in ancient Greek mythology.
6
the Hittite god of weather
7
an ancient Mesopotamian Assyro-Babylonian and Levantine deity also present in the H.P. Lovecraft pantheon
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Tab. 1 – Detailed description of the casts to be performed and parameters to be measured for the different types
of stations
Station
type

Parameters from
sensors

Parameters from
water samples
st

Parameters from
water samples
st

Cast#

all

1 cast

1 cast

Depth
range

Surface-Bottom

Surface-Bottom

Surface-Bottom

CTD

CTD, L-ADCP
Dissolved oxygen
Fluorescence
Turbidity, CDOM
PAR / S-PAR
LISST, UVP

Zeus

CTD, L-ADCP
Dissolved oxygen
Fluorescence
Turbidity, CDOM
PAR / S-PAR
LISST, UVP

NO3, NO2 (1:2)**
PO4, Si(OH)4 (1:2)**
NH4 (1:2)**
DOC (1:2)**
Flux cytometry**
Pigments (1:3)***
DO (1:3)***

Tarhun

CTD, L-ADCP
Dissolved oxygen
Fluorescence
Turbidity, CDOM
PAR / S-PAR
LISST, UVP

NO3, NO2 (1:2)**
PO4, Si(OH)4 (1:2)**
NH4 (1:2)**
DOC (1:2)**
Flux cytometry
Pigments (1:3)***
DO (1:3)***

DIC / AT/pH
POC, PON, POP
DON, DOP
Bacterial diversity

Dagon

CTD, L-ADCP
Dissolved oxygen
Fluorescence
Turbidity, CDOM
PAR / S-PAR
LISST, UVP

NO3, NO2 (1:2)**
PO4, Si(OH)4 (1:2)**
NH4 (1:2)**
DOC (1:2)**
Flux cytometry
Pigments (1:3)***
DO (1:3)***

DIC / AT/pH
POC, PON, POP
DON, DOP
Bacterial diversity

Parameters from
water samples
2

nd

cast

Surface-Bottom

Parameters from
water samples
rd

3 cast
Surface-Bottom

Specific
parameters
Extra cast or
Net vertical tows
Surface 300m

IOPs/EOPs
(1 per day)
(midday cast)
VMP6000
(2 per day)
(midday-midnight
casts)

Radioactive Tracers
231
230
( Pa and Th)
Primary and
bacterial production
(cast before dawn)

Lipidic tracers
(aliphatic hydrocarbons,
n-alkanols, alkenones,
diols/keto-ols, sterols
and fatty acids )

Zooplankton
(WP2 triple net
vertical tows at
night and day)

HMW DOM

(*) SBE9/11/32 CTD/sampler systems (Sensors, 21 bottles, 12 L Niskin bottles)
(**)

(1:2) Every second stations

(***)

(1:3) Every third stations
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Figure 6 – (Top) Situation of the
study
area
in
the
eastern
Mediterranean. (Bottom) Network of
CTD stations for the PERLE-1/2/3
cruises. Black stars indicate the
position of the moorings to be
deployed during the PERLE 1 cruise.
Stations nomenclature : Zeus stations
(blue dots), Tarhun stations (yellow
dots), and Dagon station (white dots)

Cruise authorizations
Laurent Mortier proposes to write a very short note on the PERLE experiment to inform rapidly the French
Ministry of Foreign Affairs (which is charge to verify EEZ issues). In parallel, specific contacts with the
Turkish, Greek and Cyprus office devoted to delivering authorizations (through the colleagues involved in
PERLE) could be initiated.

MERMEX 2016-2020 prospectives

Page 16

Sept 2017

Autonomous network plan
Profiling Floats - The fleet of Argo and Bio-Argo floats (5 T/S France, 5 T/S Italy, 6 BioArgo France, 6 T/S/O2
France) will be deployed on the PERLE-0 cruise (June 2018). It has also been decided to keep 20% of the floats
available for the next PERLE cruises, to eventually sample important regions not covered (mixed patch, bioregions, eddies). Parking depths and deployments areas are still under discussion (i.e. monitoring of the LIW
spreading vs staying in the region). Possible adaptive sampling strategy has been discussed and explored but are
still under debate. A working group on floats has been established (see later “Stations parameters and
autonomous platforms WG”).
Gliders - National frameworks are not always favorable but significant activity is planned for PERLE. The
french team plans to deploy gliders for a total period of 24 months. The greek Team plans to monitor the Cretan
passage throughout the year if technical problems are solved in the next months, or a section south of Crete
across the boundary circulation. Italians could provide 2 gliders for a total period of 6 months, and Cyprus fleet
could be partially used, if not interference with the long-term monitoring of South Cyprus region. Israeli gliders
will monitor the boundary circulation off Israel as an upstream monitoring system for the PERLE region,
throughout the year. PERLE gliders activity will be then focused on the East-West "Cyprus/Crete" transect
(already done in the past as a "radiator" in 4 months and could be done in about 3 weeks if direct). There is the
possibility to deploy gliders during PERLE-0 and PERLE-1 cruises and also from small boats at local support
bases for glider operations, that could be set up in Crete, Rhodos and Cyprus. A working group on gliders is
decided (see later “Stations parameters and autonomous platforms WG”).
Moorings - Two moorings (ADCP + microCats sensors) will be deployed during PERLE-1 cruise by France
(SHOM) in the Kasos and Karpathos straits and they will be recovered nine months later. A plan to deploy a
deep mooring in the center of the Rhodos gyre has been discussed with contributions from Greece (sediment
traps), Cyprus (microcats, acoustic release, and floatation), and France (current-meters, acoustic release). The
availability of the French instruments and how to recalibrate the microcats needs to be checked. A working
group on moorings has been established (see later “Stations parameters and autonomous platforms WG”).
Surface drifters - 30 surface drifters (10 from Italy-OGS, from 20 France-SHOM) are available for the project.
Preferential deployments areas are in Asia Minor Current, along the Southern coast of Turkey, in the core of the
Ierapetra eddy, and in the Rhodos gyre region. They will be deployed during PERLE-1 (20) and during PERLE 2
cruises (10). A dozen or so of free-drifting meteorological buoys from France (Marisonde from Meteo France),
with complete atmospheric instrumentations and 300m long thermistance chain, are also available. They will
probably be deployed during PERLE-2 cruise. A working group on drifters has been defined (see later “Stations
parameters and autonomous platforms WG”).
Complementary platform networks are presented in figure 7.
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Fig. 7 Complementary platforms networks: CTD sections, moorings, glider, seasoar, profiling floats, drifters /
marisondes. The dark and light grey areas correspond respectively to the bioregion of enhanced surface Chl-a
content and to the region where the 29.05 isopycnal is shallower than 150 m. The crosshatched areas are
regions to be monitored by Turkish, Cypriot and Israeli partners.

Data policy
All PERLE data will be shared after data quality control. The database archive has not been decided yet (might
be SEDOO who is in charge of MISTRALS programs or CYBER, but also regional data centers). Autonomous
platforms data will be stored and distributed by Coriolis Data center
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Stations parameters and autonomous platforms WG
Working groups have been defined to facilitate the discussions and to prepare scientific, logistical and
administrative issues. Note that additional parameters/platforms (i.e. not listed in the table) can be still
implemented, although, at this stage, they are very difficult to integrate into the PERLE experiment. People
interested in a parameter/platform should contact the parameter leader.

Parameters/Plateformes

Leader

CTD, FLUO, BB, O2, LISST, UVP, LADCP

Xavier Durrieu de Madron (demadron@univ-perp.fr)

Macronutrients

Pascal Conan (pascal.conan@obs-banyuls.fr)

Winkler

Thibaut Wagener (thibaut.wagener@mio.osupytheas.fr)

DOC

Mireille Pujo-Pay (mireille.pujo-pay@obs-banyuls.fr)

HPLC

Fabrizio D’Ortenzio (dortenzio@obs-vlfr.fr)

Primary and Bacterial
Production/Respiration

Pascal Conan (pascal.conan@obs-banyuls.fr)

Carbonates

Thibaut Wagener (thibaut.wagener@mio.osupytheas.fr)

Nano Nutrients

Elvira Pulido (elvira.pulido@mio.osupytheas.fr)

Zooplankton

Maria Grazia Mazzocchi (grazia@szn.it)

Particulate Matter

Aris Karageorgis (ak@hcmr.gr)

Biomarkers

Alexandra Gogou (agogou@hcmr.gr)

Biodiversity and Cytometry

Jean-François Ghiglione (jean-francois.ghiglione@obs-banyuls.fr)

R/V

Xavier Durrieu de Madron / Pascal Conan

Gliders

Pierre Testor (pierre.testor@locean-ipsl.upmc.fr)

Drifters

Franck Dumas (fdumas@shom.fr)

Moorings

Laurent Coppola (coppola@obs-vlfr.fr)

Profiling Floats

Fabrizio D’Ortenzio (dortenzio@obs-vlfr.fr)

Remote Sensing

Fabrizio D’Ortenzio (dortenzio@obs-vlfr.fr)

Modelling

Claude Estournel (claude.estournel@aero.obs-mip.fr)
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CALENDAR

The 2017 activity will be primarily devoted to the international coordination, in the framework of specific
actions with contributing partners. The shiptime proposal for the French cruises in 2019 (i.e. PERLE 2 and 3)
will be submitted in September 2017.
Preliminary studies will be primary devoted to studies of existing data/simulations, which should provide
scientific results to prepare and support the design of the experiment. These studies should be also integrated into
the ship applications documents, in general for all the countries, and, more specifically, for the French ships
applications. Four axes have been identified:
●

Reappraisal a reanalysis of the existing databases in the Levantine area; identification of seasonal and
spatial patterns; remote sensing multi-platform analysis;

●

OSSE in the Levantine area, to validate implementation plan and the cruise(s) an autonomous platform
strategy;

●

Evaluation and adaptation of numerical systems in the region, adaptation on the basis of the existing
and recent (i.e. autonomous platform, BioArgo) observations

Most of the field work will concentrate from mid-2018 to mid-2019, and the most of the resources will be
devoted to the cruises, the autonomous network operations, and the samples analysis.

MISTRALS CONTEXT
PERLE is completely inscribed on the MISTRALS working plan, as defined 10 years ago. The project is multilaboratories (in French), multi-program (in the MISTRALS framework, but also in more general context),
strongly international (not only at European level, but also, and more importantly, it involves Middle East
countries) and, by definition, multi- and inter- disciplinary. For the MISTRALS projects, few details are given in
the following (for the international context, see next paragraph):
●

MISTRALS-MERMEX: PERLE is on the continuity of the two main past actions of MERMEX.
PERLE will apply methods, approaches and scientific background developed (and successfully
exploited, Estournel et al, 2016, Mayot et al, 2017, several papers in under press in a JGR Special
number) of DEWEX. PERLE will also strongly coordinates with PEACETIME project (see also later
for links with CHARMEX), by partially sharing geographical regions of interest. In particular,
PEACETIME data will be used to have very recent information on the Eastern Med, PEACETIME
contributed to the realization of the autonomous network for PERLE, and modeling results on the
atmospheric radiative transfer in the Mediterranean will be used in the modeling effort of PERLE.

●

MISTRALS-HYMEX: PERLE is a real MERMEX-HYMEX actions. The two communities discussed
and realized project and implementation plans in strong collaboration. PERLE will be a case study for
the MEDCORDEX initiative strongly linked to HyMeX.

●

MISTRALS-CHARMEX: on the continuity of the collaborations during PEACETIME, discussions
are on going to verify the level of involvement of the CHARMEX community in PERLE. Scientifically,
the region is considered as high priority. Implementation plans and involvement are under discussion.
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INTERNATIONAL CONTEXT
At the international level, a lot of non-French researchers are involved in discussions for collaborating in the
project since early 2015. The present implementation plan describes the general philosophy of the operations
(which will be carried out in a pan-Mediterranean coordination), pointing out the activities which will be directly
coordinated in a French framework (MERMEX and HYMEX).
The PERLE experiment has been prepared in collaboration with research institutions from riparian countries of
the eastern Mediterranean since 2015 in the framework of the European project PERSEUS where X. Durrieu de
Madron was responsible for the workpackage dealing with environmental issues at basin scale for the
Mediterranean and the Black Sea. Several meetings were held with HCMR in Athens (Greece), METU in
Erdemli (Turkey), IOLR in Haifa (Israel), OGS in Trieste (Italy). A first common meeting was held in Brussels
in December 2015 for the common agreement on the structuration of the experiment, then in Athens in
September 2016 for the overall implementation plan, and in Aix-en-Provence in April 2017 for the French
cruises and autonomous platforms plans. A presentation of the project was made during the HYMEX
international conference in Barcelona in July 2017.
The privileged interlocutors of the riparian countries are :
Cyprus
•

D. Hayes - Oceanography Centre, University of Cyprus (UoC), Nicosia

Greece
•

D. Velaoras, A. Gogou, A. Karageorgis, S. Zervoudaki, S. Psarra - Hellenic Center for Marine Research
(HCMR), Athens

•

V. Zervakis, University of the Aegean, Mytilíni

Italy
•

G. Civitarese, P.M. Poulain - Istituto Nazionale di Oceanografia e di Geofisica Sperimentale (OGS), Trieste

•

M. Ribera d’Alcalà, R. Casotti, M.G. Mazzocchi - Stazione Zoologica Anton Dohrn, (SZN) Napoli

•

C. Santinelli, Italian National Research Council, Institute of Biophysics (IBF), Roma

Israel
•

H. Barak, I. Gertman, A. Lazar, Israel Oceanographic and Limnological Research (IOLR), Haifa

•

H. Gildor, Hebraic University of Jerusalem (HUJI), Jerusalem

Turkey
•

B. Salihoglù, H. Örek - Institute of Marine Science – Middle East Technical University (IMS-METU),
Erdemli

Egypt
•

M. Saïd - National Institute of Oceanography and Fisheries, Alexandria
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3.

FINANCIAL ALLOCATIONS, IN CASH OR IN KIND

PROVISIONAL YEARLY ALLOCATIONS OF MISTRALS FUNDING
YEAR

REQUESTED

ALLOCATED

2016

MERMEX (10 K€)

2017

MERMEX (10 K€)

2018

MERMEX (80 K€)
HYMEX

2019

MERMEX (120 K€)
HYMEX

2020

MERMEX (80 K€)
HYMEX

CO-FUNDINGS
PERLE
Granted
NAOS

2009-2019

280 K€

2018

In-kind (6 floats approx
140K€)

Planned
LEFE-GMMC
FOND DE SOUTIEN AUX CAMPAGNES

2019

50 K€

ANR-TUBITAK

2018-2020

120 K€

ANR-PERLE

2019-2021

Others
FP7-PERSEUS

2016

10 K€

SHOM

2018-2019

In-kind

OGS, Italie

2018-2019

In-kind

CNR, Italie

2018-2019

In-kind

HCMR, Grece

2018-2019

In-kind

IOLR, Israel

2018-2019

In-kind

UCY, Chypre

2018-2019

In-kind

METU, Turquie

2018-2019

In-kind
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