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Abstract. The European MyOcean projecht{p://www. ical Northern Atlantic (TNA) and Tropical Southern Atlantic
myocean.eu.oigrovides observations of the ocean dynamic (TSA) indices defined by Enfield et al. (1999) in the At-
topography from altimeter measurements. Three specific infantic Ocean, or the Western, Southeastern and Southwest-
dicators have been developed, based on altimeter data onlgrn Tropical Indian Ocean (respectively the WTIO, SETIO
in order to monitor the ocean state. The first ocean indicatoand SWTIO) indices (Saji et al., 1999). Other observational
observes the positive and negative phases of the ENSO evenssurces may be used. For example, Curry and McCartney
in the tropical Pacific, the El Mio/La Nifia events, since (2001) defined the Bermuda-Labrador Basin Transport In-
1992. The second ocean indicator tracks the contracted aidex, based on subsurface temperature and salinity data mea-
extended state of the Kuroshio Extension. The last ocean insured by ARGO floats, to monitor the strength of the trans-
dicator is dedicated to the lonian Basin in the Mediterranearport in the subpolar and subtropical gyres in the North At-
Sea and permits separation of “zonal-cyclonic” state (1998-antic, a key component of the ocean conveyor belt that af-
2005 and since 2011 up to now) from the “anticyclonic” state fects worldwide climate and the ocean’s inhabitants.
(1993-1996) usually discussed in the literature. In addition, By providing sea surface height measurements globally
it allows identifying a third state in which both the anticy- and continuously, satellite altimetry is a key component of
clonic circulation around the northern part of the basin andthe global ocean observing system, perfectly suited for a
the strong zonal Mid-lonian Jet co-exist (2008—2010). global, continuous monitoring of the ocean variability. For
several years, altimeter data have been used by different
groups to generate global mean sea level trend indicators
(for a recent review, see Meyssignac et al., 2012) that are
regularly provided to intergovernmental bodies. A specific

work has also been performed for the European Environ-

The continuous monitoring of the ocean state, whose role i, . Agency (EEA) in order to provide European seas re-

the earth’s climate is central, has become essential both foéional mean sea level trends for the EEA state of environ-

s;:ientifilc use a?d ;Or informing_irrw]tergovern_rr“an:?I Eoo.liesff.Ofment report (EEA, SOER 2010). The objective of this paper
the evo qtlop of phenomena wit a F’Ote”“a y high signifi- ;¢ 44 highlight the great potential of the altimeter observa-
cant social impact. This can be efficiently done through the

devel t of indicators that id thet .~ “tional system to monitor the ocean state through the gen-
evelopment ot indicators that provide a Synthelic OVeIVIEW o 5454 of indicators. First, we show that altimeter data are

of the state of the ocean climate and help to track trendis relevant as sea surface temperature data for monitoring

1 Introduction

over t|m9 and space. Several ocean stgte_ |nd|cato.rs e EI Niio—Southern Oscillation (ENSO) events by gener-
ready exist (see for example the climate indices publishe ting an altimeter-based EI i indicator. Then, we build

at theh N?/AA Eartr System /R%s/gar;:/h | Laboraéory 7|vett/) two additional ocean indicators of well-known oceanic phe-
‘:’/'Ite t;pth Wwwesbr no(r;\a gOthS”t at C|m:1te|nt ICES 'St nomena, i.e., the contracted/extended state of the Kuroshio
any ot them are based on satellite sea surface {empera urI?xtensmn and the reversal of the surface circulation in the

measurements like the Transfdilndex (TNI) and Nio 3.4
central part of the Mediterranean Sea (lonian Basin). In both
Index (Trenberth et al., 2001) in the Pacific Ocean, the Trop- P ( )
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areas, biological and biogeochemical activities are quite sention and interpolation schemes. A final quality control pro-

sitive to the underlying ocean dynamics, which makes the de€essing is applied on these data to edit possible isolated and

velopment of such ocean state indicators quite relevant. Foslightly erroneous measurements. Finally, information from

example, the position of the Kuroshio strongly determinesthe different altimeters is merged through an optimal inter-

the regions where phytoplankton and hence fish are locategholation to produce gridded SLA fields (Ducet et al., 2000).

Consequently, the prediction and monitoring of the path of The ocean variability can be studied directly from these

the Kuroshio is of huge importance for local fisheries andmaps of SLA (MSLA) or by differentiating them into eddy

hence local economies (Kagimoto et al.,2008). kinetic energy (EKE) through the geostrophic approximation
In the Mediterranean Sea, the reversal of the circulationformulae (Eg. 1).

in the central lonian Basin has been shown to have a strong

impact on nutrient distribution and availability as well as on EKE = —(u:g2 + v;,Z)

plankton abundance and biodiversity pattern variability (Civ- 2

itarese, 2010). Monitoring such changes is essential since thgith u’g = _80SLA andv;, = +§ BSLA7 (1)
variation in biodiversity can have profound consequences on ooy foox
the functioning of local ecosystems. whereg is the gravity andf the Coriolis coefficient.

In both areas, the changes in the current state show a clear Maps of absolute dynamic topography (MADT) will also
signature in the eddy kinetic energy patterns, making the us@e used in the following to analyze surface circulation pat-
of altimeter data perfectly suited to monitor the changes interns. The MADT are obtained by adding the mean dynamic

these two regions. topography (MDT) to the MSLA (Eq. 2).
Section 2 details the data and methods used to define the
three indicators mentioned above. Sections 3, 4 and 5 deMADT = MSLA +MDT (2)

scribe respectively the El Ro indicator, the Kuroshio Ex- ) ) )
tension indicator and the lonian surface circulation indicator. "€ MDT used in Sect. 3 is the CNES-CLS09 MDT (Rio

The conclusion and perspectives are finally given in Sect. 6.6t &, 2011), whereas the MDT used in Sect. 4 is a regional
MDT (Rio et al., 2007) dedicated to the Mediterranean Sea.
Both of them are computed using a combination of in situ
data (surface drifting buoys, ARGO floats, CTD and XBT
casts) and altimeter data.

The altimeter data used in this study are provided by the DU- SLTAC produces global 174 gridded maps of the
ACS system (Dibarboure et al., 2011) and operated by th@lobal ocean as well as T/ggridded maps for regional
Sea Level Thematic Assembly Center (SLTAC) of the My- S€as as the Mediterranean Sea, the Black Sea and the

Ocean project http:/Aww.myocean.eu.ory/ These prod-  Arctic Sea. Both Near Real Time (NRT) and Delayed
ucts are obtained from the Level 2 altimeter data (i.e., Geo-1ime (DT) maps are availabléitp://www.myocean.eu/web/

physical Data Record, GDR), available under three forms:24-catalogue.phpThe ocean indicators described in this pa-

Fast Delivery product and Intermediate product, both used®®" Were developed using both DT and NRT products when
in operational processing, and Delayed Time product, whichvailable.
is a reprocessed product. Although each altimeter mission

is processed separately, consistency between the different Monitoring the EI Ni io—Southern Oscillation
missions is ensured by a homogenization process that con-

sists of applying the most recent corrections, models and.1  Description of El Nifio—Southern Oscillation events
references recommended by agencies or expert groups. The

up-to-date list of corrections and standards are given inThe El Nifio events in the equatorial Pacific belong to a broad
the SSALTO/DUACS user handbook (2011). In addition, a disruption of normal weather patterns which cause drought,
multi-mission cross-calibration processing is applied to en-flooding and hurricanes around the world (Rasmusson and
sure consistency and accuracy of all the data flows from alWallace, 1983).

satellites. Empirical processes are used to minimize long- In normal conditions, easterly trade winds push surface Pa-
wave geographically correlated errors. First, a two-step or-cific waters towards Australia and the Philippines, creating a
bit error reduction is applied using crossover minimization warm pool at the western end of the basin with higher tem-
with a reference mission. Then, a second cross-calibratioperatures and sea level (Philander, 1990). Over the ocean,
process is applied to reduce the residual long-wavelength ethese winds load up with moisture and release it as heavy
ror signal. Once altimeter data have been validated and infains over the warm pool. Meanwhile, at the eastern end of
tercalibrated, different sea level anomaly (SLA) products arethe basin, nutrient-rich cold waters upwell to the surface, fa-
generated using a reference sea surface corresponding to thierable for fisheries (Barber and Chavez, 1983).

1993-1999 period. Data are first projected onto theoretical During an “El Nifio” situation (McPhadden, 1999, 2004),
co-located track positions, using precise cross-track projecwesterly wind bursts at the western end of the basin and

2 Data
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the warm pool drifts eastward into the central Pacific. Thethe order of 1 cm or 0.1 in index value, when the same ref-
trade winds weaken and the storm zone moves eastward witarence is used (i.e., MSLA from DT-UPD from 1993-2010,
the warm pool. Heavy rainfall floods coastal areas of west-since a consistent NRT dataset over a long period is not avail-
ern South America. The thermocline deepens and there iable due to continuous upgrade of the NRT system without
no longer upwelling of cold and nutrient-rich water off the reanalysis). Near Real Time (NRT) products are thus used
coasts of Chile and Peru. The surface waters are warmer ant complete the time series. In order to focus on the inter-
fish stocks dwindle. annual signal, the biannual and annual cycles are removed
During “La Nifia”, which is somewhat the opposite of “El from the data. Furthermore, a 60-day non-geophysical pe-
Nifio”, the trade winds strengthen, shrinking the warm poolriod is also removed in the altimeter products due to aliasing
and cooling the tropical Pacific. The climate becomes drierof tides, orbit and radiometer at the nearly 10-day repeat cy-
and colder off the coast of America. Rain is abundant overcle from TOPEX and JASON. As mentioned earlier, the SLA
Indonesia and upwelling of cold water is more intense alongdelivered by the SLTAC are referenced to a 7 yr time period
the west coast of South America, leading to an abundance of1993-1999). This is short compared to the SST availability

anchovy (McPhadden, 2004). period. We tested the impact of the reference period length on
the results by using either a 7 or 14 yr reference period. Simi-
3.2 ENSO analysis with sea surface temperature lar indexes were obtained in both cases (not shown here). For

better statistical representation, we set the reference period to
As the ocean state linked to ENSO causes strong sothe longest period currently available, i.e., 1993-2010. The
cial and economical damages, several monitorings of theSLA are thus calculated with respect to this mean. The index
tropical Pacific have been already established (e.g., thés built by dividing the SLA by the standard deviation (com-
TOGA/TRITON moored buoy array). UNESCO/IOC cal- puted over the same reference period) and then averaging the
culates weekly the Oceanic i Index (ONI) with the values in the Nio 3.4 area. The output time series is also
Reynolds OIlv2 (Reynolds et al., 2002) sea surface temsmoothed over 3 months to filter out high variability. The re-
perature (SST) analysis, made available through the Intersulting time series is shown Fig. 1. An analysis is performed
national Research Institute Data Librarfyttp://iridl.Ideo.  every week and published on the AVISO website.
columbia.edu/index.htpl The anomaly is calculated rela-  We validate the obtained Ro index by applying the same
tive to a climatological seasonal cycle based on the yearprocess to Reynolds SSTs. The three indices NOAA ONI
1982-2005. For the same purpose, the National Oceanic and971-2000 based period), SST (1993—-2006 based period)
Atmospheric Administration (NOAA) analyses three-month and SLA (1993-2006 based period) are very close to each
running means of Extended Reconstructed SST (ERSST.v®)ther (Fig. 2). The comparison between the NOAA ONI and
anomalies (Smith et al., 2004) in thefidi 3.4 region (3N— the SST mainly shows the impact of the reference period on
5°S, 120-170W). Episodes are identified using an ONI the index, and the two collocated time series show a good
threshold of+£0.5°C, based on the 1971-2000 period. For 0.99 correlation. The SLA index compares well with the
historical purposes, cold and warm episodes are definedNOAA ONI (correlation of 0.88) and the SST index (cor-
when the threshold is met for a minimum of 5 consecutiverelation of 0.89). We conclude that the SLA index is an in-
overlapping seasons. Thus far, the sea surface temperaturedgcator of the ENSO as precise as the SST-based indicator
the main variable used to monitor EIiMi, in particular in  (Fig. 1). Moreover, as SLA data reveal both steric effects in

the Nifo 3.4 area. the whole water column and changes in the eustatic compo-
nent of the sea level, the SLA-based index can therefore iden-
3.3 The altimetry-based El Nfio ocean indicator tify changes better than the SST-based index in areas where

the subsurface steric effects or the eustatic component are
Altimetric sea level anomalies are a good candidate for pro-assumed to dominate the variability.
viding information on EI Niio. Since this area is already well
studied, we first focus on the feasibility of using altimetry to
build an EI Nio ocean indicator before checking the rele- 4 Monitoring the Kuroshio Extension
vancy of altimeter-based indicators for other areas. In order
to compute an altimeter indicator for the ElIfidiLa Nifa 4.1 The Kuroshio Extension
events, we first extracted the idi 3.4 area from the 193
global altimeter maps. The Delayed Time (DT) product is The Kuroshio Extension (KE) is an eastward-flowing inertial
used when available since it is a consistent database usingt in the subtropical western North Pacific after the Kuroshio
state-of-the-art recommendations from the altimetry commu-separates from the coast of Japan &t185140 E. Being
nity. However, there might be a lag of 6 months to a yearthe extension of a wind-driven western boundary current,
between the availability of this dataset and present. The difthe KE has long been recognized as a current system rich
ference between the indices calculated from the two datasets large-amplitude meanders and energetic pinched-off ed-
is primarily a negative bias of the NRT compared to DT of dies (Qiu, 2003). The KE region has the largest sea-surface
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http://iridl.ldeo.columbia.edu/index.html
http://iridl.ldeo.columbia.edu/index.html

548 L. Besseres et al.: Ocean state indicators from MyOcean altimeter products

N

e el

1 1 1 1 1
1994-12 1999-12 2004-12 2009-12 1994-12 1999-12 2004-12 2009-12

DT/NRT = 09 (2071
Sst Standardized

z

o

S

S

Msla Standardized

0
T

[ ©cLs 2012

YEAR YEAR

Fig. 1. Time series of SLA (left) and SST (right) divided by the respective standard deviation over the area and referenced to the 1993—2006
base period. In blue are La i\ events, in red El K.

NING 3.4 (170°W-120°W and 5°S-5°N) 4.2 Kuroshio Extension analysis with sea level

The dominant low-frequency signal of the KE over the last
seventeen years is characterized by a modulation of its zonal
mean flow intensity (Qiu, 2003). This modulation results in
7 two rather different states of the KE: an “elongated state”
o (also called “strong state”) corresponding to a narrow strong
S steady jet (top right panel of Fig. 3), and a “contracted state”
(also called “weak state”) in which the jet is weaker and
- more unsteady, spreading on a wider latitudinal band (top left
. panel of Fig. 3). During the elongated time period, two quasi-
stationary meanders are well developed with their ridges lo-
cated at 14% and 150 E (top and bottom right panel of
Fig. 3, respectively), while they are barely discernible during
contracted phases (top and bottom left panel of Fig. 3) (Qiu
and Chen, 2005). South of the quasi-stationary meanders, the

Fig. 2. Time evolution of SLA in black referenced to the 1993-2006 KE jet is flanked by a tight recirculation gyre whose circu-
base period. In green the SST anomaly from Reynolds fields alsdation increases the eastward transport of the KE from the
referenced to the 1993-2006 base period, and in red the SStocal Sverdrup transport (bottom right panel of Fig. 3). Be-
anomaly from NOAA ERSST.v2 fields referenced to the 1971-2000tween these two main states the KE jet has many intermediate
base period. The latter is plotted from the ascii file obtained atstates of transition and presents either progressively decreas-
ftp:/ftp.cpc.ncep.noaa.gov/wdS2dg/data/indices ing or strengthening trends. The decreasing (strengthening)
of the zonal mean flow intensity can be connected with west-

— SIA
o z ° & 5§ & 8
g & & & & & 8

200,
00;
2006
200y
2008

ic ol d path K d and eastern North Pacific by wind stress curl anomalies during
ergetic elongated path to a weaker contracted and more Cofp . jigterent phases of the Pacific Decadal Oscillation (PDO)

voluted path (Qiu and Chen, 2005). The KE variability has (Qiu, 2003). Yet, El Niio—Southern Oscillation (ENSO) also

been studied by numerous experimental studies, like WEST- ; ; ;
. . . : enerates low-latitude SSH (Sea Surface Height) anomalies
PAC at 152 E, the Kuroshio Extension Region Experiment g ( ght)

KERE) at 143 E and the K hio £ on S Stud that can be propagated northward at midlatitudes via west-
( ) at and the Kuroshio Extension System Study o, boundary currents and hence have a significant impact

(KESS) at 146E, as well as by numerlcal studies (Kramer e on the resulting SSH level of the KE region (Qiu and Lukas,

al., 2011). Here, the ang tlme series of Delayed Time SLTAC 996). The dominant interannual to decadal variability of the

products are used to_lnvestlgqte the low-frequency changes E region is therefore connected with the two main large-

the Kuroshio Extension (KE) jet. scale circulation oscillations of the Pacific: the PDO and the
ENSO, with possible complex coupled interactions.
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Fig. 3. Upper panels: yearly paths defined by the 100 cm contours in the weekly ADT (Absolute Dynamic Topography) fields for the 1997
contracted state (left) and the 2003 elongated state (right). Lower panels: yearly averaged ADT with a 10 cm contour interval and a thick line
denoting 100 cm in the KE region during year 1997 (left) and year 2003 (right).
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Fig. 4. Yearly averaged high-frequency EKE in the KE region during the 1997 contracted state (left panel) and the 2003 elongated state (right
panel).

4.3 The Kuroshio Extension altimetry-based indicator with a 13-month moving average so as to remove the sea-
sonal signal. The remaining variability modes are interannual
When the KE jet is in a weaker (stronger) state, the up-to interdecadal modes. During the period 1993-2011, the first
stream KE path tends to become more (less) variable an¢hode of the HF-EKE EOF (Empirical Orthogonal Function)
regional eddy kinetic energy level tends to be higher (lower)decomposition accounts for 30 % of the total variance. It ex-
(Fig. 4). Yet, this former relationship is rather counterintu- hibits a longitudinal spatial distribution of the signal both
itive since jet stability analysis usually suggests that strongeupstream (141-15F) and downstream (153—-16B) of the
mean flows favor instabilities and lead to more mesoscale acKE jet, with a strong zonal gradient leading to a sign reversal
tivities. This negative relationship between the strength of theabout 150-155E (top panel of Fig. 5). Combined with sign
KE jet and the EKE level is likely due to the interaction of reversals of its temporal component (bottom panel of Fig. 5),
the inflow KE jet with the Izu-Ogasawara shallow ridge south this zonal out of phase in the spatial distribution of the vari-
of Japan (Qiu and Chen, 2005). This plurality and variabil- ance generates a longitudinal bipolarity associated with the
ity of EKE sources suggest that the definition of an oceanictwo opposite states of the KE jet (elongated vs. contracted).
indicator of the Kuroshio jet state is not trivial. A way of The maximum intensities are located upstream in the western
characterizing the dynamics of the region and its variabil-part of the KE in the center of the positive cell.
ity is to decompose the high-frequency EKE (HF-EKE) into  To stick to the El Niio indicator definition strategy, we
empirical orthogonal functions (Fig. 5). Following Brachet have tried to define an oceanic indicator based on a sim-
(2005), the HF-EKE is derived from the 200-day high passple mean boxed EKE, so that this can be easily repro-
filtered SLA in order to extract the mesoscale from the lower-duced. The square box B4(142-149 E, 32-37 N) was
frequency signals. The HF-EKE is then centered and filtered

WWw.ocean-sci.net/9/545/2013/ Ocean Sci., 9, 5860, 2013
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Fig. 5. Mode 1 spatial distribution of the 1993-2011 mean high-frequency EKE EOF decomposition in the KE region (upper panel) and its
associated temporal component (lower panel). The box B1 is localized between 14E-dm932—-37 N in the top panel.

T T T T T T T method (bottom panel of Fig. 5). Blue shaded areas corre-

spond to elongated states periods (1993-1994, 2002—-2004
and 2010-2011), while orange shaded areas fit contracted
states periods (1997-2001 and 2009). For each year of the
orange and blue shaded periods, the yearly path (as defined
in Fig. 6, two top panels) always matches one of the two pat-

terns of Fig. 5. Between these two opposite phases the KE

jet has many intermediate states of transition and presents
: either progressively decreasing (1994—-1997 and 2004-2009)
] or strengthening (2001-2002 and 2009-2010) trends.
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YEAR 5 Monitoring the surface circulation in the lonian
Basin, Mediterranean Sea

Fig. 6. Mean standardized HF-EKE defined in box B1 in the KE
region during the period 1993-30 November 2011 (see Fig. 5 for Bls 1 Decadal oscillations of the lonian surface
spatial location). Blue shaded areas correspond to elongated state circulation

periods, while orange shaded areas fit contracted state periods. The

vertical red line indicates the transition between the Delayed TimeT
(DT) and the Near Real Time (NRT) production modes of the SLA
used for the HF-EKE calculation.

he dominant low-frequency dynamic of the lonian Sea over
the last twenty years is characterized by a decadal oscilla-
tion of its upper layer basin-wide circulation. This modula-
tion results in two rather different states of the lonian sur-
face circulation (I0SC) associated with a reversing of the
found to catch most of the positive pattern when averag-circulation | in the northern part of the lonian Sea from a
ing the HF-EKE (Fig 5). The temporal evolution of the cyclonic mode (also called zonal mode) to an anticyclonic
mean standardized HF-EKE defined in box Bl during themode and vice versa (e.g., Pinardi et al., 1997; Pujol and
period 1 January 1993-30 November 2011 (Fig. 6) showd arnicol, 2005; Hamad et al., 2005; &a et al., 2011). The
similar variations to those obtained for temporal compo-“anticyclonic state” corresponds to the presence of an anticy-
nent of the first mode in the HF-EKE EOF decomposition clonic gyre in the northern part of the lonian Basin (namely

Ocean Sci., 9, 545560, 2013 WwWw.ocean-sci.net/9/545/2013/
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Fig. 7. Yearly averaged ADT with a 10 cm contour interval and a thick line denoting 100 cm in the KE region from year 1993 (upper left
panel) to year 2011 (lower right panel). Data of the Near Real Time (NRT) production mode are used during year 2011, from 26 January to
30 November. Unitin cm.

the anticyclonic North lonian Gyre (NIG)) and is associated put of Cretan Sea Outflow Water (CSOW) from the Aegean
with a weak quasi-zonal jet crossing the lonian Sea from theSea (Roether et al., 2007). Before 1997, the CSOW set up a
west to the east, namely the Mid-lonian Jet (MIJ), top right bottom pressure gradient directed towards the center of the
panel of Fig. 9. Conversely, the “cyclonic state” is related basin and capable of sustaining a stationary cyclonic shear
to a reversal of the NIG (cyclonic NIG) and is associatedin the bottom layer. The resulting raising of isopycnes sub-
with an intense MIJ (bottom right panel of Fig. 9). Between sequently generates an anticyclonic shear in the upper layer
these two main states, the I0SC has many intermediate statéBorzelli et al., 2009). Conversely, after 1997 the outflowing
of transition and presents either progressively decreasing ofAdriatic dense water set up a bottom pressure gradient able
strengthening trends. to sustain a stationary anticyclonic shear in the bottom layer
During the 1990s, a transition of deep water formation ar-and a cyclonic one in the upper layer.

eas occurred from the Southern Adriatic Sea to the Cretan In the following sections, nineteen vyears of
Sea. This transition is called the Eastern Mediterranean TranSLTAC/DUACS altimeter data have been used to in-
sient (EMT) and was followed by a massive dense-water outvestigate the low-frequency changes in the lonian general

WWw.ocean-sci.net/9/545/2013/ Ocean Sci., 9, 5860, 2013
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Fig. 8. Yearly path defined by the 100 cm contours in the weekly ADT fields in the KE region from year 1993 (upper left panel) to year 2011
(lower right panel). Data of the Near Real Time (NRT) production mode are used during year 2011, from 26 January to 30 November.

surface circulation, in order to define an efficient oceanic5.2 lonian surface circulation analysis with sea level

indicator of the different loSC phases.
The setting up of an oceanic indicator of the alternate 10SC

phases — a question that has not been addressed yet in the
literature — is confronted with the same difficulties as the

Ocean Sci., 9, 545560, 2013 Www.ocean-sci.net/9/545/2013/
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Fig. 9. Yearly averaged SLA, centered low-frequency EKE (LF-EKE) and ADT with overlaid total velocity field (left, middle and right
panels, respectively) in the lonian region during year 1995 (top panels) and year 1998 (bottom panels). Units respectivel/sndanz
m. Vector field scale: 50 cmg.

comprehension of the general circulation in the basin, i.e.part of the lonian (top panel in Fig. 10). The temporal vari-
the plurality of the mechanisms brought into play and theirations of mode 2 amplitude reveal prevalently decadal vari-
possible interactions and feedback mechanisms on decadability (bottom panel in Fig. 10). The high-amplitude circular
timescales. Its determination is also made delicate since diffeature of mode 2 coincides with the cyclonic—anticyclonic
ferent types of circulations occur in opposite parts of theNIG circulation pattern as evidenced from the yearly aver-
basin: quasi-zonal jet circulation in the central and south-age ADT current fields (Fig. 16). Therefore, the inversions
ern parts of the basin versus cyclonic—anticyclonic gyre cir-of the NIG are associated with sign reversals of the temporal
culations in the northern part. As for the determination of component in mode 2. Figure 10 shows that the temporal lo-
the oceanic indicator of the Kuroshio jet state, we appliedcations of the NIG inversion is in good agreement with what
an EOF decomposition analysis on the altimeter signal. Yetjs expected for the cyclonic—anticyclonic inversion at the end
as shown by a qualitative comparison between top-left andf year 2005, while the anticyclonic-cyclonic inversion of
bottom-left panels of Fig. 9, the choice of the SLA as a traceryear 1997 occurs later in 1998. Moreover, unlike what can
of the northern [0SC inversions seems to be a more appropribe observed in Fig. 10 for year 1994, the anticyclonic circu-
ate choice than an EKE based tracer. Thereafter, the SLAation pattern is missing in Fig. 10. A more precise view can
has been filtered with a 13-month moving average in ordetbe obtained using a square box S115-20 E, 35-40 N)

to remove the seasonal signal so as to concentrate on intefmarked in Fig. 10), in order to catch most of the mode 2
annual to interdecadal modes. During the period 1993-2011northwestern circular pattern when averaging the SLA. The
the first mode of the SLA decomposition is responsible fortemporal evolution of the mean SLA defined in box S1 dur-
48 % of the total variance, while mode 2 accounts for 14.0 %ing the period 1993—-2011 is shown in Fig. 11.

of the total variance in the Mediterranean Sea (top panel Its variations of the first order are similar to those ob-
of Fig. 10. The spatio-temporal characteristics of mode 1tained with the temporal component of the second EOF mode
are in agreement with trend characteristics found by Criado-of SLA. Furthermore, the north-lonian-focused box average
Aldeanueva et al. (2008) for the period 1992—-2005 and bymethod enables fitting the anticyclonic period of 1993-1996
Vigo at al. (2011) for the period 1992—-2008 (not shown). and its inversion toward cyclonic period with what is ob-
Therefore, the first mode is related to non-seasonal steric angerved on yearly average ADT fields (Fig. 12).
mass-induced contribution, i.e., the non-seasonal component Concerning the cyclonic period of 1998-2005, note that
of the trend. The spatial structure of mode 2 is characterin spite of similar amplitudes of mean boxed SLA in both
ized by a high-amplitude circular pattern in the northwesternphases of the NIG, maps of ADT with overlaid total velocity
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Fig. 10.Mode 2 spatial distribution of the 1993-2011 mean SLA EOF decomposition in the Mediterranean Sea (top panel) and its associated
temporal component (bottom panel). This mode explains 14.0% of the total variance. The box S1 is localized betweds 46620
35-40 N in the top panel.
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Fig. 11. Time series in the lonian region during the period 1993-2011 of mean SLA in box S1 as defined in Figure 10 (top panel), units in
cm. The red level is shown in order to differentiate the NIG phases: the “anticyclonic” phases (above red level) and the “cyclonic” phases
(under red level).

fields reveal an asymmetry in the velocity intensities ac-after 1997. This predominance of the MIJ compared to the
cording to the phase of the NIG. The mean total veloc-cyclonic NIG can be observed on the yearly average ADT
ity modulus defined in box S1 during the period 1993-fields during the period 1998—-2005 (Fig. 12). It must be no-
2011 reveals significantly higher intensities during anticy-ticed that though possible, an overestimation of the MIJ in
clonic NIG (about 5 cm'st) than during cyclonic NIG (about  the MDT field remains weak since: (i) unlike near the coasts,
0.8cmst). Thus, as confirmed by the yearly average ADT data sampling make it possible to correctly detect the stream
fields (Fig. 12) the surface signature of the cyclonic NIG in the central part of the basin, (ii) altimeter errors in that part
may be almost unnoticeable during cyclonic period, which of the basin are weaker than close to the coasts, (iii) the spa-
is problematic for an oceanic indicator based on surface retial distribution of the low-frequency EKE (i.e., derived from
mote sensing. Yet, as observed by Pujol and Larnicol (2005)the 100-day low-pass filtered SLA) in the yearly and monthly
the intensity of the MIJ increases during the cyclonic periodaverage fields (not shown) is consistent with the existence of
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Fig. 12. Yearly averaged ADT with overlaid total velocity field in the lonian region from year 1993 (upper left panel) to year 2011 (lower
right panel). Units in m, vector field scale: 50 cimis

an intense MIJ, and (iv) using drifters Gerin et al. (2009) have4.5 yr from the cyclonic—anticyclonic inversion of the end of
shown that the main feature for the year 2005 is an eastwargiear 2005 to the middle of year 2010.
flow entering the Sicily Strait and crossing the lonian inits  As for the cyclonic year 1998 (bottom-middle panel of
central part. That is why in term of surface circulation, talk- Fig. 9), the MIJ signature is noticeable in the spatial dis-
ing about “cyclonic-zonal” state instead of a fully “cyclonic” tribution of the 2007 yearly averaged low-frequency EKE
state seems to be justified. (LF-EKE) (middle panel of Fig. 13). Yet, unlike for years
Besides the two main patterns of circulation (fully anti- 1995 and 1998, the spatial distribution of the 2007 yearly
cyclonic and cyclonic-zonal), a mixed state is also possibleaveraged SLA does not present a latitudinal bipolarity as-
in which the anticyclonic NIG coexists with the zonal MIJ sociated with the northern and the southern parts of the lo-
as during year 2007 (right panel of Fig. 13). Contrary to yearnian. Instead, the spatial distribution of the SLA for year
1997, this state is not a temporary transition since it has laste@007 is basically different since alternate mesoscale SLA
structures fill the whole basin (left panel of Fig. 13). These
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Fig. 14. Mode 1 spatial distribution of the 1993—-2011 mean low-frequency EKE EOF decomposition in the lonian region (top panel) and
its associated temporal component (bottom panel). This mode explains 12.0 % of the total variance. The level correspefdrtato

been mentioned in order to differentiate phases of weak/strong LF-EKE intensities in relation with the absence/presence of the MIJ, respec-
tively. Five boxes are localized on top panel:E]11-14 E, 36-37 N], E2=[17-18.5 E, 35.5-36.3N], E3=[15-18.5 E, 34.5-35.8N],
E4=[16-19.5 E, 33-34.8 N] and E5=[19.5-22 E, 33-34.5N].

discrepancies (similarities) concerning the SLA (LF-EKE) SLA would not be able to discriminate fully “anticyclonic”
can be generalized for all years over the period 2006—201Gtate period (e.g., 1993-1996) from an “anticyclonic-zonal”
when compared with all years of either the anticyclonic pe-state period (e.g., 2006—2010).

riod of 1993-1996 or the ones of the cyclonic period 1998—

2005 (not shown), which tends to prove that the circulation5.3 lonian surface circulation analysis with EKE

pattern observed during the period 2006—-2010 is related to

a third “anticyclonic-zonal” state of the 10SC. Therefore, an The presence/absence of the MIJ distinguishes fully “anticy-
oceanic indicator that would be only based on mean boxedlonic” from “anticyclonic-zonal” state period (Fig. 12). The
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Fig. 15.Time series of mean LF-EKE in boxes EIE2+ E3+ E4+ E5 as defined in Fig. 14 during the period 1993-2011. Units ATA.
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Fig. 16.Time series of mean standardized SLA minus mean standardized LF-EKE in previously defined respective boxes in the lonian region
during the period 1993-2011: average in boxes S1 and E24 E3+ E4+ E5 (red line) and average in S1 and-EE3+- E4 (blue dashed
line). Level 0 and level 1 have been mentioned in order to differentiate surface circulation phases.

SLA signature of the MIJ is weak (bottom left panel of Fig. 9 ance in the lonian Basin. Top panel of Fig. 14 shows a quasi-
and top panel of Fig. 10); however, as jets are likely to gen-zonal spatial distribution of the signal crossing the central
erate intense SLA gradients, their surface signature shoulgart of the lonian from the Sicily Strait to the Cretan Pas-
be seen in the EKE field. The total EKE decomposition in sage and associated with the MIJ trajectory. The meridional
HF-EKE and LF-EKE has been deduced, respectively, fromspreading of the pattern (abolit df latitude at 17 E) is re-
the low- and the high-frequency component of the SLA, bothlated to the intense MIJ low-frequency dynamics and insta-
computed applying a Loess low-pass time filter to the SLA bilities subsequently responsible for the intense mesoscale
signal in order to extract a signal higher and lower than 100variability in that part of the basin (Hamad et al., 2005).
days. As underlined by Pujol and Larnicol (2005), LF-EKE Therefore, weak LF-EKE intensities correspond to the ab-
clearly evidences the variability of the intensity of the MIJ, sence or to a weak activity of the MIJ, while strong LF-EKE
while HF-EKE rather traduces the mesoscale activity linkedintensities are the signature of a strong activity of the MIJ.
to the MIJ. In the following, we thus focus on the LF-EKE The level corresponding t60.9 has been indicated in Fig. 14
component. Following Brachet (2005), the LF-EKE is then in order to link phases of weak/strong LF-EKE intensities
centered and filtered with a 13-month moving average so asvith respect to the absence/presence of the MIJ, respectively
to remove the seasonal signal. Therefore, remaining variabil{Fig. 12).
ity modes are interannual to interdecadal modes. As for the mean boxed SLA, the possibility to obtain
During the period 1993-2011, the mode 1 of the LF-EKE a more precise view has been tested by using square
EOF decomposition accounts for about 12 % of the total vari-boxes for average. Numerous sensibility tests have been
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done concerning the box locations in order to catch themesoscale eddies, also observed in Gerin et al. (2009). This
highest level of variability and to accentuate previous downward peak may be weakened by choosing another set of
evidenced states of the 10SC. Location of retained boxesdoxes,i.e., S1and ERE3+ E4, thatis, in aregion restricted
is mentioned on top panel of Fig. 14: E11-1# E, to the highest variability areas and located closer to the cen-
36-37N], E2=[17-18.8E, 35.5-36.5N], E3=[15- tral part of the lonian Basin (blue line in Fig. 16). During
18.5 E, 34.5-35.5N], E4=[16-19.5E, 33-34.8N] the “anticyclonic” and “zonal-cyclonic” phases, the red and
and E5=[19.5-22 E, 33-34.8N]. Following G&it et blue lines of Fig. 16 are very similar, which demonstrates the
al. (2011) and Robinson et al. (1991), the averaging area habustness of the indicator. The mixed “anticyclonic-zonal”
not been extended towards high levels of variability south ofphase of years 2006 and 2007 seems to be more sensitive to
the Peloponnesos coast in order to avoid the noise introducebox location, which may be due to its more unsteady nature.
by the Pelops Gyre. The temporal evolution of the mean Finally, the oceanic indicator of Fig. 16 reveals that the
LF-EKE defined in boxes EX E24+ E3+ E4+4E5 during  well-discussed reversals of year 1997 and 2005 are fol-
the period 1993-2011 is shown in Fig. 15. Its variations lowed by another transition from “anticyclonic-zonal” mode
are almost identical to those obtained with the temporalto “cyclonic-zonal” mode, which took place in the middle
component of the LF-EKE EOF first mode. As in Fig. 14, of the year 2010. This observation is strengthened by yearly
a horizontal level (22.5cAs %) has been chosen that (Fig. 12) and monthly average ADT fields (not shown). We
allows differentiation of phases of weak LF-EKE intensities conclude that the low-frequency changes in the 10SC do not
(i.e., corresponding to the absence or to a weak activity ofcorrespond to strictly decadal oscillations.
the MIJ) from phases of strong LF-EKE intensities (i.e.,
corresponding to a strong activity of the MIJ). The mean
boxed LF-EKE of Fig. 15 confirms the absence or the weaké Conclusion and perspective
activity of the MIJ during the fully “anticyclonic” period of
1993-1996, while it clearly shows an intense activity of theIn this paper, new ocean state indicators have been de-
MIJ during both the “cyclonic-zonal” period of 1998-2005 rived from the SLTAC/DUACS altimeter dataset. They en-
and the “anticyclonic-zonal” period of 2006—2010. able monitoring three well-known phenomena, the ENSO
Therefore, an oceanic indicator that would be only basedevents in the tropical Pacific, the Kuroshio Current Extension
on mean boxed LF-EKE would not be able to discriminate state in the northwestern Pacific and the lonian surface cir-
the “cyclonic-zonal” state period (e.g., 1998—-2005) from the culation reversal in the Mediterranean Sea. These indicators

“anticyclonic-zonal” state period (e.g., 2006—2010). were obtained by averaging into specific boxes the altimeter
sea level anomaly or derived eddy kinetic energy informa-
5.4 The loSC altimetry-based indicator tion. Except for the ENSO indicator, for which thefidi 3.4

box is used (initially defined for computing SST-based in-

Thus, it is possible and necessary to combine the oceanidices), the relevant boxes have been defined in order to best
indicator based on mean boxed SLA with the one basedeproduce the principal component time series of the EOF
on mean boxed LF-EKE in order to discriminate fully the variability mode corresponding to the dynamical phenom-
“anticyclonic” state during which the MIJ is absent (period ena for monitoring. The indicator developed in the Kuroshio
1993-1996) from those in which the anticyclonic NIG is able area clearly allows the elongated states periods (1993-94,
to coexist with an intense zonal MIJ (period 2006—2010).2002-2004 and 2010-2011) to be distinguished from the
The time series of the mean standardized SLA minus thecontracted states periods (1997-2001 and 2009). The indi-
mean standardized LF-EKE as previously defined in boxesator developed in the Mediterranean Sea permits separation
S1 (Fig. 10) and E¥ E2+ E3+ E4+ E5 (Fig. 14) is shown  of the “zonal-cyclonic” state (1998—2005 and since 2011 up
during the period 19932011 (Fig. 16, red line). to now) from the “anticyclonic” state (1993-1996) usually

Level 0 and level 1 have been mentioned in Fig. 16discussed in the literature when describing the general sur-
in order to differentiate the 3 lonian surface circulation face circulation pattern of the lonian Sea. In addition, it al-
phases: the “fully anticyclonic” phases (above level 1), thelows identification of a third state in which both the anticy-
“zonal-cyclonic” phases (under level 0) during which the clonic circulation around the northern part of the basin and
cyclonic surface circulation may disappear, and the mixedthe strong zonal Mid-lonian Jet co-exist (2006—2010).
“anticyclonic-zonal” phases (between level 0 and level 1) in  These three indicators will now be updated at each De-
which the coexistence of the two former states is possiblelayed Time reprocessing but also all along the Near Real
Transition phases also appear between level 0 and level I[ime production.
as during year 1997. Note that the downward peak occurring In the future, we want to compare the Kuroshio and the
during year 2007 in Fig. 16 is partly due to a strong anomalylonian Sea ocean state indicators with other available inde-
of LF-EKE as shown in Fig. 14. Yearly (Fig. 12) and monthly pendent data (e.g., SST and surface drifter data), as done
average ADT fields (not shown) indicate that these intensdor the Oceanic Nio Index. Furthermore, we plan to extend
LF-EKE values are partly associated with stationary Libyanour work to other well-known climatic phenomena, like for
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