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Abstract

Holocene climate records from the Mediterranean are marked by pervasive millennial to centennial-scale climate variability. Here, we investigate East-
West Mediterranean atmospheric and oceanic teleconnections by computing phase-relationships between oxygen isotope (5'®0) records generated on
Soreq (East) and Chorchia (West) spelaeothems, as well as between §'80 and carbon isotope (3'*C) records from planktonic and benthic foraminifera
from core PSO09PC (East, Levantin Basin), ODP Site 963D (Central, Sicily Strait), and core KESC9-14 (West, Ligurian Basin). These marine sites are
all located at intermediate water depths (560—460m depth). Hence, the benthic foraminiferal 5'®0O records reflect mainly the intermediate ocean
temperature/3'80 of the water mass, and the benthic 3'*C is a proxy for the intensity of water flowing at the studied depth called Levantine Intermediate
Water (LIW). For both western and eastern cores, the planktonic stable isotopic records reflect the climate-induced activity of the nearby river system.
We find broadly in-phase relationships between the spelaeothem §'®0 records and between the planktonic §'®0 and §'*C records at most multi-
centennial and millennial periodicities. This is indicative of closely linked (hydro-) climatic conditions in Southern Europe, the Levant, and North Africa
over the last 8000 years. Conversely, at intermediate water depths, we find a distinct out-of-phase relationship between the East/Central and West
Mediterranean benthic 5'80 and §'3C records at 1000-2000years periodicities. We interpret this see-saw pattern as indicative of a persistent regional
influence of LIW on oceanographic conditions in the intermediate depths of the eastern basin. Conversely, we suggest a strong influence of the modified
Atlantic Ocean inflow (MAW) in the intermediate water formation in the Western Mediterranean (‘Winter Intermediate Water’; WIW). This WIW
overprints, at least partially, the LIVV signal that reaches the western Mediterranean causing the out-of-phase relationship between the east and the west
oceanographic signals at intermediate depths.
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Introduction precipitation, and river runoff, much more strongly than the open
ocean (MedECC, 2020). Therefore, the Mediterranean Sea has a
much shorter turnover rate (about one-tenth) compared to the
global ocean (Schroeder et al., 2016), which makes the water
mass particularly sensitive to ocean-atmosphere exchanges and
thus should have a high potential to respond to the millennial

Climate change is already having substantial physical impacts
that affect natural and socioeconomic systems across the world,
and yet may facets of the intricate climate machinery still chal-
lenge the research community. Amongst the many gaps in our
knowledge of the functioning of the climate system, the role of
ocean-atmosphere exchanges, the most dynamic component of
the climate, remains poorly understood (e.g. Bye, 1996; Cabos
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Holocene climatic variability. Consequently, the Mediterranean
Sea was repeatedly highlighted as particularly sensitive to
human-induced global warming by the successive Intergovern-
mental Panel on Climate Change (IPCC) reports (AR5, AR6).
For instance, the warming of the circum-Mediterranean has been
shown to be about 20% above the global average (e.g. Jia et al.,
2019; Mirzabaev et al., 2019; Stocker et al., 2013). Lower mean
precipitation, increased chance of flash floods, greater aridity,
drought, and water scarcity (among other impacts) have been
projected for the Mediterranean surrounding countries under
continued fossil fuel emissions (IPCC, AR6, working group 1,
Masson-Delmotte et al., 2021). Thus, understanding the low fre-
quency (millennial) component of past climate change is impor-
tant to study the mechanisms of the natural (hydro) climate
variability of the circum-Mediterranean area, and the regional
specificities within this area, which is ultimately essential to
improved predictions on all timescales.

In the case of the Mediterranean region, most of the cyclic cli-
matic patterns recognized at sub-Milankovitch timescales (<20ka)
during the late Pleistocene and Holocene were mostly related with
Dansgaard—Oeschger (D-O) oscillations and Heinrich events (e.g.
Cacho et al., 1999, 2000, 2001; Martrat et al., 2004; Moreno et al.,
2005; Naughton et al., 2009; Shackleton et al., 2000; Sierro et al.,
2005; Sprovieri et al., 2012). This demonstrates the strong link
between the Mediterranean Sea, the North Atlantic climates, and
the African monsoon regimen (e.g. Sanchez Goii et al., 2008;
Sprovieri et al., 2012). Another set of millennial warm/cold and
humid/arid climate shifts is also frequently recorded in many
marine and continental records of the western-central Mediterra-
nean regions (Desprat et al., 2013; Di Rita et al., 2018; Magny
et al., 2013; Rodrigo-Gamiz et al., 2014) and were linked to the
pervasive 1500 * 300 year-Bond cycles. However, while it is well-
known that the Holocene exhibits a millennial-scale climate vari-
ability over the Mediterranean Sea, the spatio-temporal patterns
and underlying processes are not fully deciphered yet. For instance,
in the central Mediterranean, terrestrial records show North-South
palaeohydrological contrasts (Magny et al., 2013) which are inter-
preted as latitudinal shifts in response to changing NAO (North
Atlantic Oscillation) phases. Also, even if it is still debated, some
authors assess the existence of a Mediterranean Oscillation (MO)
with opposed precipitation and/or temperature anomalies between
the northwestern and southeastern basins (Conte et al., 1989; Diin-
keloh and Jacobeit, 2003; Fletcher et al., 2013; Palutikof et al.,
1996) suggested to result of an NAO teleconnection over the last
century (Roberts et al., 2012). However, from those studies, none
explore the possible expression/connection of those Holocene mil-
lennial cycles on/with the marine realm.

In the Mediterranean Sea, a direct consequence of the atmo-
sphere-sea exchanges is the modulation of the flow rate/produc-
tion of the modern intermediate Mediterranean waters (LIW and
WIW). For instance, the production rate of LIW was shown to be
affected by the amount of freshwater input to the eastern basin
from the Nile River ultimately controlled by the East Africa/
Indian monsoonal activity at year to centennial time scales and
thus to the seasonal climatic variability (Hennekam et al., 2014;
Incarbona and Sprovieri, 2020; Mojtahid et al., 2015; Rohling
et al., 2015). On orbital time scales, a similarly persistent mon-
soonal forcing controls the amount of Mediterranean Outflow
Water, which is also governed by LIW production in the eastern
basin (Bahr et al., 2015). Another mechanism implied in the mod-
ulation of the production rate of the LIW is the outbreaks of cold
and dry air into the Levantine basin from the northern continental
regions. Those winds cool the surface saline waters causing occa-
sional downwelling in the Rhodes Gyre, which forms the Levan-
tine intermediate water (LIW, Figure 1). In the western basin, an
additional intermediate water, the Winter intermediate water
(WIW) (Juza et al., 2013, 2019; Petrenko, 2003; Salat and Font,
1987) is also produced under strong north westerly winds cooling
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Figure I. (a) Map of the region with site locations. For

marine sediment cores, number | corresponds to the western
Mediterranean Core KESC9-14, number 2 indicates eastern
Mediterranean Core PSO09PC and number 3 the central
Mediterranean Site ODP 963 (Incarbona and Sprovieri, 2020). For
the cave spelaeothems, Site ‘a’ marks the position of the Corchia
Cave spelaecothem (Bar-Matthews and Ayalon, 201 ), and Site ‘b’
displays the position of the Soreq Cave spelaecothem (Zanchetta
et al,, 2007). The main area of LIW formation is highlighted by
the shaded area. The arrows mark the main intermediate-ocean
circulation pathway (Millot and Taupier-Letage, 2005). Both the
western and eastern basins are highlighted on the map in different
colours and are separated by a red line that indicates the Strait

of Sicily, which constitutes the boundary between the two basins.
(b) Schematic of the Mediterranean Sea circulation. AW: Atlantic
water; MAW: modified Atlantic water; WIW: winter intermediate
water; LIW: Levantine intermediate water; WMDM: Western
Mediterranean deep water; EMDM: Eastern Mediterranean deep
water.

surface waters along the continental shelves of the Gulf of Lion
and the Balearic Sea (Figure 1). The intricate relationship between
the flow rate of intermediate water and climatic variability in the
Mediterranean region makes it an ideal location for investigating
the teleconnection between climate and intermediate circulation
at the basin scale.

The cross spectral analysis is a tool that helps to identify joint
variability between two variables and to assess the phase (lead/lag)
between them (e.g. Jevrejeva et al., 2003; Jury et al., 2002; Rigozo
et al., 2007). In this study, we quantified for the first time, the
phase relationships between the Eastern, central and Western Med-
iterranean, using both terrestrial (i.e. caves) and marine (i.e. sur-
face and intermediate waters) archives. These phase computations
assess periodic leads and lags between records, and highlight cli-
matic/oceanic teleconnections on multi-centennial and millennial
time scales over the last 8000 years. We document an out-of-phase
relationship between benthic foraminiferal isotope records (both
83C and 8'0) and broadly in-phase relationships between the
planktonic foraminiferal and spelacothem isotope records. These
findings support the notion of a well-connected atmosphere-sur-
face ocean system that operates largely in tune on millennial tim-
escales throughout the past 8000 years. Furthermore, we infer that
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the flow rate of the intermediate waters in the western Mediterra-
nean basin (i.e. LIW) were periodically reduced by stronger incur-
sions of Atlantic Water (AW) leading to a partial decoupling from
the LIW dynamics in the eastern basin in the past 5000 years.

Oceanographic settings and study
sites

Today, the surface Atlantic water (AW) entering the Mediterra-
nean Sea through the Strait of Gibraltar is driven by the combina-
tion of dry summers and relatively cold winters, and follows an
anti-estuarine circulation. The resulting excess evaporation in the
basin causes a steady increase in salinity towards the east of the
basin and strongly modifies the AW which quickly becomes the
Modified Atlantic Water (MAW, Figure 1). Under this water
mass, the LIW, the most voluminous water-mass produced in the
Levantine Sea, is flowing (Lascaratos et al., 1993; Millot, 1999;
Millot and Taupier-Letage, 2005; Skliris, 2014). The LIW flows
westward between 200 and 500 m depth (Figure 1), crossing the
Sicily Strait and entering into the Tyrrhenian Sea (Gasparini et al.,
2005; Lermusiaux and Robinson, 2001; Millot, 1999) towards the
Ligurian Sea and the Gulf of Lion (Millot, 1999).

To utilize cross-spectral analyses effectively, it is necessary to
compare geochemical records that respond to the same processes.
Therefore, to examine the potential east-west phase relationship
of LIW dynamics, we specifically chose marine proxy records
that meet the following criteria: (i) well dated marine archives
located at water depths along the LIW trajectory, with readily
available geochemical records from the middle to late Holocene
known to capture LIW properties (i.e. temperature, flow rate), (i7)
marine archives with similar depositional settings and (iii) a suf-
ficiently high sedimentation rate during the Holocene to capture
periodicities at the centennial and millennial scales. Various
approaches have been employed in studies investigating the
dynamics of intermediate circulation in the Mediterranean Sea.
These include the analysis of foraminiferal ecology, grain size,
Nd isotopes, and benthic §'3C (e.g. Angue Minto’o et al., 2015;
Colin et al., 2021; Duhamel et al., 2020; Fach et al., 2021; Hen-
nekam et al., 2014; Incarbona and Sprovieri, 2020; Le Houedec
et al., 2020; Rohling et al., 2015; Toucanne et al., 2012). Never-
theless, amongst the existing records, only few possess both com-
parable depositional settings and comparable geochemical
records (in terms of resolution and proxy interpretation). Further-
more, as an pioneer exploration of the East-West phase relation-
ship of LIW during the Holocene, we specifically searched for
sites located at the two extremes of the LIW path (the Levantine
and Ligurian/Gulf of Lion basins) as well as one site positioned in
the middle of the LIW pathway. We selected three marine sedi-
ment cores: (1) KESC9-14 in the western Mediterranean from the
Ligurian Sea (43.31°N, 7.11°E, Le Houedec et al., 2021), (ii)
PS009PC (32°07.7'N, 34°24.4'E, Hennckam et al., 2014; Le
Houedec et al., 2020) in the eastern Mediterranean, from the
Levantine Sea and (iii) ODP Site 963 (Hole D) (37°02.148'N,
13°10.686'E, Incarbona and Sprovieri, 2020) in the central Medi-
terranean, close to Sicily Strait (Figure 1). The three cores are
located at similar water depths, respectively at 537, 552, and
469 m below sea level, and are positioned on the LIW trajectory.
Most importantly, these three cores produced a benthic foraminif-
eral 813C records that was shown to trace the activity of the LIW
over the Holocene. The eastern and western cores were analysed
for the §'3C and 8'®0 ratios of benthic and planktonic foraminif-
eral calcite, at comparable time resolutions. This resulted in reso-
lutions of 130 and 80 years (on average) for the benthic records,
and 75 and 38years for the planktonic records, for western site
KESC9-14 and eastern site PSO09PC, respectively. The central
site was analysed for benthic §'3C and '30 records which have
comparable time resolutions to the two other cores (around
98 years).

In addition to the marine proxy records, we selected two well-
known cave spelacothem records that border the eastern and
western basins, to assess the atmospheric component of potential
East-West teleconnections. These records were already exten-
sively studied and were shown to be comparable for periodicity
analysis (Zanchetta et al., 2014) and to be representative of the
regional climate of their respective areas: Soreq Cave for the East
Mediterranean Levantine region (Bar-Matthews et al., 1999,
2003; Bar-Matthews and Ayalon, 2011) and Corchia Cave for the
Western Mediterranean Ligurian region (Regattieri et al., 2019;
Zanchetta et al., 2007, 2011).

Methods

Age models

We recomputed all ages using ‘R’ software (Bchron package; R
Core Team, 2020) using the calibration curve ‘Marine20’ (Reimer
et al., 2023), mainly because (i) the age models of the three marine
sediment cores were initially built using different software pack-
ages and calibration curves (Hennekam et al., 2014; Incarbona and
Sprovieri, 2020; Le Houedec et al., 2021) and (i) to obtain precise
and accurate age control, which is needed to obtain meaningful
phase computations. For the computation a reservoir age of
400 = 50years obtained from the Global Marine Reservoir Data-
base using the average of the nearest reservoir ages (http://calib.
org/marine/) was applied. An additional local reservoir correction
(AR) of 21 £ 63 years was incorporated in the age model of Site
PS009PC as suggested in Hennekam et al. (2014). This correction
was based on 'C analyses of recent shell material near the core
locality (Reimer and McCormac, 2002). New recomputed age
models are presented in Figure 2 (data available in the Supplemen-
tal Materials). Chronological differences between the Corchia and
Soreq Cave isotopic records were previously investigated and
found to fall within the uncertainty of each site’s individual age-
model (Zanchetta et al., 2014). We infer that the §'0 records of
both caves can be analysed for phase relationships using the pub-
lished age models without further adjustment for the middle to late
Holocene (Bar-Matthews and Ayalon, 2011; Zanchetta et al., 2007).

Resampling strategy and time series analysis

For the western Mediterranean core KESC9-14, benthic and
planktonic stable carbon (8'3C) and oxygen (8'30) isotopes were
measured at an average resolution of 10 and ~5cm, respectively
(Le Houedec et al., 2021). This corresponds to a resolution of
~100 to ~250years for the Late-Holocene and middle Holocene
time intervals, respectively. For the eastern Mediterranean core
PSO09PC records, benthic and planktonic foraminiferal isotope
records have a sampling resolution of ~150years for the studied
time period (Hennekam et al., 2014; Le Houedec et al., 2020) For
the central Mediterranean Site ODP 963D, the planktonic and
benthic foraminiferal sampling resolution range from 80 to
100 years on average respectively for the Late-Holocene and Mid-
Holocene time intervals (Incarbona and Sprovieri, 2020). To
avoid aliasing effects, only periodicities >800years will be dis-
cussed here. Prior to frequency and phase-computations, we lin-
early interpolated records at a step average of 75years for the
planktonic records, 150 years for the benthic records and 50 years
for the cave records (Supplemental Materials).

Frequency spectrum analysis (Figures 3—5) were performed
on the linearly interpolated records using RedFit spectral analysis
on PAST 4.03 software (Hammer et al., 2001). Frequencies are
significant when above the null hypothesis (Monte Carlo).

Time-averaged (i.e. from 8—-0ka) phase computations were per-
formed using Blackman-Tukey cross-spectral analyses (BT) calcu-
lations with the software programme Analyseries (Paillard et al.,
1996). Phase relationships are only depicted when frequencies are
coherent above the 80% and 95% confidence levels (shaded and full
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Figure 2. Age models of marine cores KESC9-14 (Ligurian Basin), ODP 963D (Sicily Strait) and PSO09PC (Levantine Basin). Age models were
calculated using Marine20 curve in Bchron R package (R Core Team, 2020).
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Figure 3. Benthic foraminiferal 5'3C and 8'0 records from the western (Core KESC9-14), central (Site ODP 963), and eastern (Core
PSO09PC) sites. (a) Benthic foraminiferal stable isotopic records from the three cores. The shaded areas highlight the intervals in which
the records appear visually to be variable on millennial time scales (b) RedFit periodograms of the records. The red line represents the null
hypothesis (red noise model) above which the periodicities are significant. The main periodicities of the benthic records are indicated.
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Figure 4. Planktonic foraminiferal §'>C and §'80 records from the western (Core KESC9-14), central (Site ODP 963), and eastern (Core
PSO09PC) cores. (a) Planktonic foraminiferal ™!'3C and ™80 records from both cores. The black lines are the 5-point moving averages, used
for the computations of the RedFit periodograms. The shaded areas highlight the intervals in which the records appear visually to be variable
on millennial time scales. (b) RedFit periodograms of the records. The main periodicities of the planktonic records are indicated. The red line
represents the red noise null hypothesis above which the periodicities are significant.

colours, respectively, see Figures 6-10). In addition, time-evolutive
phase coherence and phase-relationships between eastern and west-
ern archives was investigated through wavelet coherence (WC)
computed on R software (R Core Team, 2020) using the ‘Biwavelet
package’ (Gouhier et al., 2018). The WC computation reveals areas
of high common power scaled with 7* significance, which is esti-
mated using the Monte Carlo method. Evolutive phase relationships
above 95% level of confidence are shown as arrows that are super-
imposed on the phase coherence plots. In-phase relationships are
indicated by arrows that are pointing to the right, and anti-phase
relationships by arrows that are pointing to the left. Upward (down-
ward) pointing arrows indicate that the second (first) variable leads
the first (second) variable by T1/2.

Results
RedFit spectral analysis

The main periodicities observed in the planktonic and benthic
880 and §"C records from the three marine sites are around

900-1100years (Figures 3 and 4), in agreement with what has
been previously published on these records (Hennekam et al.,
2014; Incarbona and Sprovieri, 2020; Le Houedec et al., 2020,
2021; Mojtahid et al., 2015). A secondary concentration of spec-
tral power is observed in the periodicity range between 1400 and
1800 years, which is present in both the planktonic and benthic
8'80 and 8'3C records from the three sites. Power spectral results
of the cave data (Figure 5) reveal that the main centennial and
millennial periodicities observed in the benthic and planktonic
8'%0 and 8'°C records are also expressed in the spelacothem §'%0
records.

Coherency and phase relationships between benthic
foraminiferal isotope records

Wavelet coherence (WC) and cross-spectral analyses (calculated
in the frequency domain) are robust against small-to-modest
changes in the age model (up to 160 years, supplemental data, i.e.
changes in the time domain). The Blackman-Tukey cross-spectral
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analyses exclusively involve phase calculations that are appropri-
ate for the resampling resolutions of the utilized records. No com-
putations are conducted for centennial periodicities below

500 years, as they are not adequately resolved.

The 8'3C records. Wavelet coherence (WC) calculations on the
eastern and western benthic foraminiferal 5'3C records show a
highly significant coherency for the 900—1300 year periodicities
over the last 5 kyrs (#2>0.70) (Figure 5a). From this
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computation, an anti-phase relationship with high significance is
expressed for the 900-1300year periodicities (confidence
level=95%). Furthermore, we find a coherence of periodicity
around 1400 years over the 4-8 kyrs time interval, but with lower
significance (#2=0.65). Averaged over the 8-0ka time interval,
similar anti-phase results are found with the Blackman-Tukey
(BT) phase computations. Furthermore, although with lower sig-
nificance, but still above=80% confidence level, the BT phase
computation shows that an anti-phase relationship also exists
between the eastern and western benthic foraminiferal 8'3C
records for the higher 1400-1600years periodicities. Between
the central and the western benthic foraminiferal §'°C records,

the coherency is highly significant for the 900-1600 year period-
icities, and both the WC and BT computation display an almost
completely anti-phase relationship for this range of periodicities
(Figure 6a). Between 5.5 and 1ka the WC reveals coherence at
the 400—600 year periodicity, which is also marked by a near out-
of-phase relationship. The results from WC obtained between the
central and eastern §'3C records indicate high coherency for peri-
odicities between 900 and 1800 years (Figure 7a). Both WC and
BT results indicate that the central benthic foraminiferal §'*C
record from Site 963 lead the western benthic foraminiferal 5'3C
record of the PSO09PC core by a quarter of cycles on all period-
icities between 1000 and 2000 years.
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The §8'80 records. The WC analysis performed on the benthic
foraminiferal §'%0 records from both eastern and western cores
(Figure 5b) is highly significant (7> > 0.85) for the 1500-2000 year
periodicities across the entire 8—0ka time interval. In addition, a
significant coherency (72=0.60) for the 1000-1500year period-
icities is present for the time interval between 6 and 3 ka between
the benthic foraminiferal 8'%0 record. From the WC analyses, we
find an anti-phase relationship between benthic foraminiferal
8'80 records from East and West on the 1500-2000 year period-
icities. The time-averaged BT phase computations support these
findings and highlight further anti-phase relationships down to
1000 years periodicities, albeit with less significance. The benthic
foraminiferal 8'0 record of the western and central cores show
strong coherency for periodicities around 1300 and 1800 years
(Figure 6b). From the WC computation, we derive that the records
are in-phase for those periodicities. The WC results are confirmed
by the BT computations that show a fully in-phase relationship
between the benthic foraminiferal 3'%0 records from both sites for
the 1000-2000 year periodicities. Between the central and eastern
benthic foraminiferal 3'%0 records (Figure 7b), we find that the
8'80 record of the eastern core (PSO09PC) leads by a quarter of
cycles the 8'%0 record of the central site (Site 963) on periodici-
ties ranging between 1000 and 1500 years.

Coherency and phase relationships between
planktonic foraminiferal isotope records

For both the planktonic foraminiferal 8'*C and 'O records
(Figure 8a), the 900-1000year periodicity is in coherence of
phase from 8 to 4.5ka, while the 1500-1700 frequencies are
highly coherent between the eastern and western records
(r*>0.80) over all the studied time interval. A clear in-phase
relationship was found between the two 8'3C records and an
almost in-phase relationship (i.e. about one-eighth of cycle
delay of the western record) was found between the two §'30
records for all periodicities between 800 and 1700 years. These
results are broadly supported by the time-averaged BT cross-
spectral analysis (Figure 8b).

Coherency and phase relationships between cave
oxygen isotope records

The coherence and phase analyses (Figure 8a) between both east-
ern and western caves indicates a strong correlation for periodici-
ties <800 years, and at around 1100 years between 8 and Ska. WC
analysis does not show a clear phase relationship (Figure 9a).
However, from the BT computation (Figure 9b) we observe a lead
of'a quarter of cycle of the western record at the periodicities from
800 to 1100 years. Both analyses show a lack of coherency on the
periodicities ranging from 1200 to 1800 years periodicities.

Discussion
Proxy record significance for phase computations

To investigate atmospheric and oceanic teleconnections between
the eastern and western Mediterranean basins during the Holo-
cene, it is necessary to make sure that the proxies used respond to
similar processes (e.g. temperature, runoff, circulation). The most
recent publications on the three marine sediment records interpret
the benthic foraminiferal 8'3C signal as reflecting LIW ventilation
(i.e. flow rate) with little/no effect of productivity and organic
matter flux to the seafloor, and the 8'80 as a proxy for bottom
water temperature/5'%0 signature of the sea water (Incarbona and
Sprovieri, 2020; Le Houedec et al., 2020, 2021; Mojtahid et al.,
2015). Due to the location of cores KESC9-14 and PS009PC, that
is, in front of the Var and Nile river mouths, respectively, their
planktonic stable isotopic signals are strongly influenced by the

fluvial discharge. The planktonic foraminiferal 8'°C signal
depends on the dissolved inorganic carbon (8'3C-DIC) of surface
waters, which in the two studied regions largely depends on con-
tinental inputs brought by the local rivers and thus on the regional
hydroclimate (Hennekam et al., 2014; Le Houedec et al., 2020;
Mojtahid et al., 2015).

Planktonic foraminiferal $'30 from the eastern site PSO09PC
likely reflects the Nile activity and therefore precipitation on the
African continent (Hennekam et al., 2014; Le Houedec et al.,
2020). Similarly, the planktonic foraminiferal 8'%0 record from
the western site KESC9-14 appears to be modulated by the activ-
ity of the Var river system that responds to the European hydrocli-
mate (Le Houedec et al., 2021). As such, those two planktonic
8'80 records are respectively tracking the two primary climatic
influences on the Mediterranean Sea, one from the warm climatic
domain of Africa, and the other one from the mild climate domain
of mid-latitude Europe. Therefore, the planktonic §'3C and &80
records from the eastern and western sediment cores are well-
suited for investigating potential lead-lag and/or phase relation-
ships between the large-scale atmospheric (precipitation) changes
of the two regions. The central marine Site 963, however, is
located in open marine waters and the planktonic foraminiferal
8'3C and "0 records from this site are interpreted as indicators
of surface ocean primary production and sea surface tempera-
tures, respectively (Incarbona and Sprovieri, 2020). As such, the
process driving the planktonic stable isotopic variability at Site
963 is too different from those driving the variability of the two
other cores, and therefore these proxies were not used for phase
computations. Lastly, the 80 records from both the Corchia
(western region) and Soreq (eastern region) caves are reliable
proxies for regional precipitation (Bar-Matthews et al., 1999;
Regattieri et al., 2019), thereby again reflecting regional climatic
conditions.

East-west ocean-atmosphere teleconnections in the
Mediterranean

Millennial scale in-phase atmospheric teleconnection. Our find-
ings from the cave 8'0 results based on the WC and BT phase
computations (Figure 10) agree with previous findings (Zanchetta
et al., 2014) based on data peak correlations. Zanchetta et al.
(2014) described: (i) coeval multi-centennial climatic events
between Soreq and Corchia §'0 records for the 6-4ka intervals
for which we report an in-phase relationship (<800 years) and (i)
a lack of agreement between 7 and 6 ka, which likely corresponds
to the ~% lead of the western cave for the 700—1100 year period-
icities in our BT phase analysis (Figure 10). The absence of cor-
relation between the two cave §'%0 records between 7 and 6ka
has been interpreted to be the result of a decrease in the effective
moisture in the Soreq region (Zanchetta et al., 2014). Alterna-
tively, the ~V cycle lead of the western cave 8'%0 record with
respect to the eastern one, may suggest that hydroclimatic changes
on multi-centennial time scales between 7 and 6 ka initiated in the
West and gradually moved eastward, thereby revealing perhaps
an Atlantic influence on atmospheric rainfall patterns during this
specific period. Anyway, and because the ~4 lead of the western
cave is found during a short period of the middle to late Holocene,
we consider that both eastern and western cave records coeval
climatic oscillation which are broadly in-phase for the 900—
1700years periodicities. This suggests that hydroclimate condi-
tions between the eastern and western circum Mediterranean
regions were relatively closely coupled on multi-centennial to
millennial timescales for the last ~8ka as already suggested by
Zanchetta et al. (2014). The planktonic records are in agreement
with the cave records by showing a broadly in-phase relationship
on multi-centennial to millennial time scales between eastern and
western sites for all periodicities from 900 to 1700 years, albeit
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with small deviations from a perfect in-phase relationship. From
the eastern Mediterranean planktonic stable isotopic records, the
500-1000 year periodicities during the early to middle Holocene
have been interpreted to reflect the solar-forced variability in
North African monsoon strength (Hennekam et al., 2014). Simi-
larly, the planktonic stable isotopic records of the western Medi-
terranean Site KESC9-14 were interpreted as the solar-forced
variability of the precipitation regime in Europe (Le Houedec
et al., 2021). Periodicities ranging between 1300 and 1800 years
documented in the planktonic foraminiferal §'%0 and 8'*C records
from Sites PSO09PC and KESC9-14 is a feature widely observed
in geochemical records from the Atlantic Ocean (Bianchi and
McCave, 1999; Bond et al., 1997; Campbell et al., 1998; O’Brien
et al., 1995; Sirocko et al., 1996). For the Holocene, this range of
periodicities in the Atlantic Ocean has been linked to internal
forcing (i.e. variability of the north Atlantic oceanic circulation,
Broecker et al., 1999; Debret et al., 2007; McManus et al., 1999).
It is interesting to note that, at this range of periodicities, there is
no phase relationship between the cave records (Figure 10). This
seems to support the hypothesis of an oceanic origin for the 1300—
1800 years cyclicity. Conversely, we interpret the (near) in-phase
signal in both planktonic and cave records within periodicities
between 900 and 2000years, as evidence of a well-mixed and
interconnected atmospheric system between the two Levantine
and Ligurian regions of the Mediterranean with no substantial
lead or lags were able to establish. While there is evidence for
local climatic modulation across the Mediterranean Sea at shorter
timescales (e.g. Ait Brahim et al., 2018; Conte et al., 1989; Di
Rita et al., 2018; Dormoy et al., 2009; Jalut et al., 2000; Magny
etal., 2013; Peyron et al., 2011), our findings indicate that, within
this range of periodicities, the surface hydro-climatic evolution
between the Levantine and Ligurian basins was closely linked on
multi-centennial to millennial time scales over the last 8 kyrs.

Millennial scale anti-phase oceanic teleconnection. In stark con-
trast to the planktonic and cave records, we observe distinct out-
of-phase relationships between both benthic foraminiferal §'°C
records from the eastern and western sites, and from the central
and western sites (Figures 6 and 7) for the 10002000 years peri-
odicities. Because the benthic 8'*C record from these three sites is
thought to reflect the flow strength of the LIW, this would mean
that the central Site 963 is under the same LIW influence as the
eastern site. This interpretation is supported by the phase-relation-
ship between benthic foraminiferal 3'*C records from the eastern
and central sites, that are closer to an in-phase relationship than to
being out of phase. In short: millennial LIW dynamics at Site 963
record predominantly an East Mediterranean oceanographic sig-
nal. Furthermore, our data indicate that the LIW flow rate intensity
is modulated differently for periodicities ranging from 1000 to
2000 years between the central-east and west Mediterranean basins
(i.e. weak/strong intensity in the central-east/west correspond to
strong/weak intensity in the west/central-east, respectively). These
out-of-phase signals cannot be explained by the effect of the time
needed for the LIW to bring a signal from the eastern to the west-
ern basin because the overturning Mediterranean circulation is ~50
to 100 years (Millot and Taupier-Letage, 2005).

This central-east/west antiphase in the benthic §'3C records
for the 10002000 years periodicities occurs in a context of an
in-phase atmospheric teleconnection between the eastern and
western basins (cf. Section 5.2.1). As such, we invoke from these
opposite phase-relationships that the benthic §'3C records respond
primarily to oceanic processes that seem to differ between central/
eastern and western basins. In the Mediterranecan Sea, MAW and
LIW play a central role in the thermohaline circulation contribut-
ing to the dense water formation in this enclosed basin (Bethoux,
1980; Bryden et al., 1994; Bryden and Stommel, 1984; Candela,
2001; Tsimplis and Bryden, 2000; Vargas et al., 2006). We

hypothesize that the out-of-phase relationships between the two
basins at the 1000 and 2000 year periodicities, may relate to an
impact of Atlantic Ocean water on intermediate water formation,
happening more prominently in the western Mediterranean. The
Atlantic Ocean is marked by a millennial mode of variability (i.e.
Bond cycles), which is roughly expressed in the periodicity range
between 1300 and 1800 years (Bianchi and McCave, 1999; Bond
et al., 1997; Campbell et al., 1998; O’Brien et al., 1995; Sirocko
et al., 1996) and linked to the north Atlantic oceanic circulation
(Broecker et al., 1999; Debret et al., 2007; McManus et al., 1999).
The presence of, what we interpret to be, an Atlantic spectral fea-
ture (i.e. the ~1500 years periodicity) was previously identified in
palaeoclimatic records from the western Mediterranean. An
Atlantic influence on the Mediterranean was previously hypoth-
esized as a potential mechanism influencing precipitation rate and
storminess events in the Gulf of Lion on millennial timescales
(Azuara et al., 2020). In addition, we propose that periodic
changes in Atlantic thermohaline circulation on millennial time
scales, also impacted the oceanic circulation in the Mediterranean
and affected the strength and/or production rate of the Western
Intermediate Water (WIW) in the western basin. Indeed, although
the main branch of the MAW flows along the southern Mediter-
ranean margin and through the strait of Sicily, a small branch of
the MAW has an anti-clockwise circuit along the coastline of the
western basin and bathes the Ligurian Sea (Millot, 1999). Argo
float data revealed that in the Ligurian Sea, WIW, LIW and MAW
water masses are hardly distinguishable, in terms of temperature
and salinity, due to vertical mixing (Fedele et al., 2022). In the
present-day western basin, the WIW is seasonally produced under
the effect of cool north westerly winds in the Gulf of Lion and
Balearic Sea (Juza et al., 2013, 2019; Petrenko, 2003; Salat and
Font, 1987). Therefore, we suggest that the transport of less saline
waters, such as MAW, might change the depth of pycnocline and
affect the WIW production rate as well as the LIW incursion into
the western Mediterranean basin.

The clear out-of-phase relationship obtained from benthic
3'80 records between eastern and western sites is in agreement
with benthic 8'*C for the periodicities ranging from 1000 to
2000 years (Figure 6). This means that, in addition to an east-west
modification of the LIW flow rate, we also modify the physical
parameters (i.e. temperature, salinity) of the water mass. This sup-
ports the cyclic contribution of the MAW flow into the western
Mediterranean basin, which influences the temperature/salinity of
both the WIW and LIW due to regional mixing (Figure 1). Flow-
ing eastward, the MAW is highly modified in terms of salinity and
temperature (e.g. Pinardi et al., 2019; Theocharis et al., 2002;
Vargas-Yanez et al., 2017; Wiist, 1961), the strait of Sicily reduces
its west-east flux, and the more regional origin the LIW forma-
tion, minimize the direct influence of the Atlantic water masses in
this basin. One could argue that such changes in surface water
properties (temperature/salinity) under the influence of MAW
must be recorded in the planktonic §'%0. However, due to the
proximity of our eastern and western sites to major river systems,
we think that the seawater isotopic signature was overprinted by
the river inputs. The benthic foraminiferal §'*0O phase results
obtained with the central site ODP 963D appear to be largely in
phase with the western site while it is in one-fourth of cycle out of
phase with the eastern site. This recorded signal may be due to the
intermediate geographical position of site ODP 963D leading to
an ‘in between’ temperature and salinity properties of the flowing
water mass.

Conclusions

In this study, we assemble terrestrial and marine climate stable iso-
topic proxy records on which we applied cross-spectral analysis to
investigate the atmospheric and oceanic teleconnections between
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the eastern, central and western Mediterrancan. We find that the
atmosphere and surface ocean are well coupled and marked by
climate records (temperature, precipitation) that show similar vari-
ability. Furthermore, this variability is found to be largely in-phase
on multi-centennial to millennial time scales between the Levan-
tine and the Ligurian regions over the last 8 kyrs.

In stark contrast, we find that Levantine intermediate waters
flow rate is marked by a distinct out-of-phase relationship between
the eastern/central and western Mediterranean for the 1000—
2000year periodicities. We speculate that this see-saw pattern
reflects the intrusion of Atlantic Water into the West Mediterra-
nean modulating the rate of formation of the WIW in the western
basin. Differential mixing of WIW/LIW with MAW at centennial
and millennial time scales in the Western Mediterranean may high-
light the expression of similar cycles found in the Atlantic region.
At the same time, in the eastern basin the LIW remained under
persistent regional climatic/oceanographic influence.

We assess, for the first time, phase relationships on multi-cen-
tennial and millennial time scales (i.e. Mid to Late-Holocene) and
show that phase computations can be used successfully to inves-
tigate East-West atmospheric and oceanic teleconnections in the
Mediterranean Sea. We emphasize that the main limitation of
using such technique reside in the availability of comparable
datasets (depositional setting, depth, proxy used and its signifi-
cance and time resolution) between the studied areas. To further
investigate intermediate to deep water circulation patterns
between the eastern and western Mediterranean, we suggest fol-
lowing up with studies using other geochemical proxies (e.g.
Neodymium isotopes) for both regions, and generating better
resolved time series.
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