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Abstract. A combined dataset of near-real-time multi- 1 Introduction
satellite observations and in situ measurements from a
high-resolution survey is used for characterizing physical- _ _ )
biogeochemical properties of a patch stretching from theThe eastern Mediterranean (EM) is a semi-enclosed ex-
coast to the open sea in the Levantine Basin (LB) of thetremely oligotrophic basin. Due to significant evaporation
eastern Mediterranean (EM). Spatial analysis of the comihat exceeds runoff and precipitation (POEM group, 1992),
bined dataset indicates that the patch is a semi-enclosefe Mediterranean imports from the North Atlantic upper
system, bounded within the mixed layer and separatedvater with low nutrient concentrations and exports nutri-
from ambient waters by transport barriers induced by hor-€nts through the mid-depth water outflow (e.g. Siokou-
izontal stirring. As such, the patch is characterized byFrangou etal., 2010; Krom et al., 2010; Tanaka et al., 2007,
physical-biogeochemical properties that significantly differ 2011). Within the EM, the Levantine Basin (LB) is the most
from those of the waters surrounding it, with lower salin- Oligotrophic region, with low nutrient and low chlorophyll
ity and higher temperatures, concentrations of silicic acid(LNLC) concentrations, especially during the stratified pe-
and chlorophyllz, and abundance &ynechococcuand pi- riod (late spring to early autumn) (Berman et al., 1986;
coeukaryote cells. Based on estimates of patch dimension¥acobi et al., 1995; Herut et al., 2000; Kress and Herut,
(~40km width and~25m depth) and propagation speed 2001). The EM nutrient budget (Krom et al., 2004, 2010)
(~0.09ms1), the volume flux associated with the patch is Shows significant nutrient inputs, mainly and P, via at-
found to be on the order of 0.1 Sv. Our observations suggestospheric deposition (Herut et al., 1999a, 2002a), while in
that horizontal stirring by surface currents is likely to have anthe northern LB Si inputs are dominated by riverine sources
important impact on the ultra-oligotrophic Levantine Basin (Kogak et al., 2010).
ecosystem, through (1) transport of nutrients and coastally Despite the basin's ultra-oligotrophic nature, the LB
derived material, and (2) formation of local, dynamically iso- coastal areas are often characterized by relatively high sur-
lated niches. In addition, this work provides a satellite-basedicial chlorophyll a (Chl) near the coastline, as evident
framework for planning and executing high-resolution sam-from satellite observations (D'Ortenzio and Ribera d'Algal
pling strategies in the interface between the coast and th€009; Groom et al., 2005). Since chlorophyll is a proxy to
open sea. phytoplankton biomass, this infers on the higher nutrient
concentrations in the coastal waters compared to the open
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Fig. 2. Satellite-derived maps of the Levantine Basin of the East-
ern Mediterraneafn) chlorophylla concentrationgb) sea surface
temperature(c) surface currents an@) finite size Lyapunov ex-
ponents, from 22 August 2011. The boxes mark the area shown in
Fig. 3. The red lines in panel d highlight the unstable manifolds
constraining the patch from the north and from the south (see text).

Formation of mesoscale Chl patterns often results from hor-
izontal stirring (Martin, 2003) that may be generated by me-

N andering of the surface alongshore currents (Gertman et al.,
32 33 34 35 32 33 34 35 36 2010). As recently shown, transport barriers induced by the

| B stirring may control the spatial distribution of phytoplankton,
0.03 01 [mg/m3] 03 ! through the formation of dynamical boundaries that prevent

mixing between water bodies with different physical and bio-
Fig. 1. Distribution patterns of surface chlorophyliin the Levan-  geochemical characteristics (Lehahn et al., 2007; Huhn et al.,
tine Basin of the eastern Mediterranean, emphasizing the abundané&012). Multi-satellite observations show that such dynami-
of mesoscale structure extending from the coastal area to the opecal boundaries may separate between ecological niches that
sea at four different dates. To reduce the area masked by cloudire dominated by different phytoplankton types (d’Ovidio et
the images are composed of 8 consecutive days. Throughout th3|_’ 2010), and can form quasi-isolated planktonic systems
manuscript, surface chlorophylland temperature images are de- nat are separated from their surroundings for several months
rived from MODIS-Aqua 1 km data. (Lehahn et al., 2011). In addition, it was shown that dynam-
ical boundaries may form barriers and trap passive scalars
sea waters. Similar elevated Chl levels at sites along the IsEVen at small scales of 1-10km (G|Iqor et _al., 2009). Th'$
raeli coast were also recorded by hyper-spectral remote sen uggests that the coast-to-open-sea intrusions observed m_the

B represent not only transport of coastal waters with their

ing surveys (Herut et al., 1999b, 2002b). Intrusion of these™ ", . :
nutrient-enriched coastal waters into the open sea often stim2n'que characteristics, but also isolated systems that are sep-

ulates local plankton blooms that take the form of distinct ar_ated from ambient yvat_ers by transport barriers associated
mesoscale<{ 10— 100 km) Chl patches stretching from the with the surface veIO(_:lty f|e|d. - .
coast to the open sea for periods of days to months (Barale The C””ef“ study. Is aimed a_t characterizing and estimat-
et al., 2008). The persistence of these widely spread intru!"Y the possible environmental impacts of coast-to-open-sea
sion structures (Fig. 1) suggests that they have an importar{Ptr.u‘.c"OnS on th_e pelagic water of the LB. We focus_ on an
impact on the pelagic LB ecosystem individual intrusion event that took the form of a distinct

' Chl patch stretching from the Mediterranean coast of Is-

rael to the open sea (Fig. 2a). This event represents similar
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long-term ongoing events observed along the coast of Israe3s.2 @ X 0.63
and other EM coasts (Fig. 1). We characterized the patch’ i 0.4
physical, chemical and biological properties, in comparison 33 ‘ . 0.25
to the properties of the waters surrounding it. The strategy | M 5 0-16
for the research was as follows. First, the patch and its trans32.s \ 8'3)6
port barriers were identified from analysis of near-real-time 0:0 4
satellite data. Then a high-resolution field campaign, cover-32.6 {7, A 0.03
ing the area of the patch and its vicinity, was launched. The 14 Out ' 0.02
sampling strategy for the campaign was planned and imple 32.4 \
mented based on satellite-based estimates of the patch exte >~ 3 mg/m
sion, and on continuous on-board measurements of surfac33.2 ) 30
temperature and fluorescence. ‘ 295
33 S : »
2 Data and methods 328 % 285
‘ 28
2.1 Satellite data 32613 In s
. '|A Out '
Surface currents were obtained from the AVISO database32.4 : ” oc27

(http://www.aviso.oceanobs.conDuring the period exam-
ined in this study, the distributed global product was a com-Fig. 3. Sea surfacéa) chlorophylla and(b) temperature associated
bination of altimetric data from Jason-1 and -2 and Envisatwith the intrusive patch observed on 22 August 2011. Solid black
missions. The dataset was comprised of daily near-real-timédines mark the attracting LCSs constraining the patch from the north
sea-level-anomaly data files, gridded on/&1x 1/8° Mer- and from the south. Dashed white lines mark the sections presented
cator grid. This product also included the mean dynamic to-in Fig. 4. The letters A, B and C denote the sections delimited in
pography field RioMed (Rio et al., 2007). The use of satellite Fig. fla—c, respect.ively. B.Iue. stars and red triangles reprgsent the
altimetry in the area close to the coast is difficult and maylocatugns of sampllng stations andout of the patc_h, res_pectlvely
lead to errors in the calculated velocity field. Major obstacles(0¢2tion of the stations with respect to the patch is defined accord-
are land contamination of the radar altimeter measurements'r,]g the sections in Fig. 4). Numbers denote station names.

and the difficulty to accurately correct the effect of environ-

mental factors such as tides and atmospheric conditions. Thgyastal zone. the waters can be considered as case 2. where
altimetry dataset does not include measurements at d|stanc%?)tica| properties are mostly influenced by mineral particles
of less than~ 10km from the coastline. _orcolored dissolved organic matter (Morel and Prieur, 1977).

_ Transport barriers between fluid domains were delim-ag in Bignami et al. (2007), we thus point to the limitations
ited by identifying attracting Lagrangian coherent structuresys ihe term “chlorophyll” as used in this paper, and note that

(LCSs; Haller and Yuan, 2000) in the satellite-derived SUr-yhere may be differences between the satellite retrievals data
face velocity field. In recent years, novel approaches for 10-54 in situ values.

cating material transport barriers in two-dimensional flows
were introduced (Haller 2011; Haller and Beron-Vera 2012).2.2 |n situ measurements
Here, the barriers are identified as ridges of local maxima in
the field of finite size Lyapunov exponents (FSLE) (Boffetta The cruise was conducted aboard the FMkmonaon 22—
et al., 2001). This method has been shown to be efficient i4 August 2011, when the patch was distinctly evident in
detecting transport barriers that delimit the spatial distribu-satellite images of sea surface chlorophyll (Fig. 2a). We sam-
tion of oceanic tracers such as surface chlorophyll and templed 19 stations that represent the conditiorendout of the
perature (d’Ovidio et al., 2004, 2010; Lehahn et al., 2007). patch (Fig. 3; the criterion for defining stations in and out of
Surface Chl and sea surface temperature (SST) were dahe patch is described in Sect. 3). In each station continuous
rived from the Moderate Resolution Imaging Spectrora- profiles of pressure, temperature, salinity, dissolved oxygen,
diometer (MODIS) aboard Aqua. The dataset was comprisednd fluorescence were measured using the Sea-Bird SBE 911
of 1km images, obtained from the ocean color data distri-plus CTD system, interfaced to a SBE Carousel equipped
bution site bttp://oceandata.sci.gsfc.nasa.go@atellite re-  with twelve 8L Niskin bottles. In addition, at 13 stations,
trieval of Chl in the Mediterrenean Sea are often overes-water samples for the determination of nutrients, Chl and pi-
timated, among other reasons due to the presence of susephytoplankton were collected using Niskin bottles at four
pended Saharan dust and coccolithophores in the water cosampling depths: two at the upper mixed layer (surface and
umn (Claustre et al., 2002; d’Ortenzio et al., 2002). Further-base of the mixed layer), one at the minimum salinity layer
more, since the study area is close to and influenced by th€Minsg), and one at the deep chlorophyll maximum (DCM).
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In addition, continuous measurements of temperature, salinthe surrounding waters) in the sea surface temperature field
ity and Chl fluorescence of surface waters were performedFig. 2b).
along the cruise track using an additional CTD and a flow- These patch characteristics are similar to the relatively
through system. high Chl and SST in the nearby coastal region. This spa-
Duplicate water samples for the determination of nutri- tial continuity in high Chl and SST levels suggests that the
ents were collected in 15mL acid-washed plastic scintilla-waters in the patch originate in the coastal area. This hy-
tion vials and were immediately frozen. Nutrients were de-pothesis is strongly supported by the westward direction of
termined in the laboratory using a segmented flow Seal An-surface currents associated with the patch (Fig. 2c). Further
alytical AA-3 system by the methods described by Krom examination of the surface currents’ impact on the properties
et al. (1991) and Kress and Herut (2001). The precision ofof the patch was carried out by detecting transport barriers
the nitraternitrite, orthophosphate and silicic acid measure- through identification of attracting LCSs from the satellite-
ments were 0.02, 0.003 and 0.06 uM, respectively. The lim-derived velocity field (Fig. 2d). More specifically, we focused
its of detection were 0.08 uM, 0.008 uM and 0.03 uM for ni- on the attracting LCSs adjacent to the patch (red and black
trate+ nitrite, orthophosphate and silicic acid, respectively. lines in Figs. 2d and 3, respectively). In accordance with the
The concentrations reported are the average values. Samplagpothesis of the patch resulting from westward advection of
of 1.8cn? for picophytoplankton enumeration were fixed coastal waters, the adjacent attracting LCS forms a dynami-
immediately upon collection with 20 pL of 25 % glutaralde- cal “corridor” delimiting the patch from the north and from
hyde, retained at room temperature for 10 min, frozen in lig-the south. The southern edge of the patch remarkably coin-
uid nitrogen and stored at80°C until analysis within 2  cides with the adjacent attracting LCS (Fig. 2d), suggesting
months from collection. Before analysis in the laboratory, the latter acts as a dynamic patch boundary (DPB) that sepa-
samples were fast-thawed at37 and excited in a flow cy- rates between the patch and the waters south of it. The closest
tometer — FACScan Becton Dickinson — fitted with an Argon attracting LCS to the north is found approximately 20 km to
laser (488 nm) for 10 to 15min, or until 30000 cells were the patch’s northern edge. This discrepancy can be attributed
counted (Marie et al., 2005). Taxonomic discrimination wasto insufficient resolution (in space and time) of the satellite
based on the following: cell side scatter — a proxy of cell vol- altimetry data.
ume; forward scatter — a proxy of cell size; and orange and The ability of attracting LCSs to delimit transport bar-
red fluorescence of phycoerythrin and of Chl (585 nm andriers that shape and separate marine systems with distinct
630 nm, respectively). Samples for Chl determination werephysical-biogeochemical properties was recently shown in a
filtered through GF/F filters that were folded, wrapped in alu- number of studies (Lehahn et al., 2007; d’Ovidio et al., 2010;
minum paper and frozen. Chl was measured fluorometricallyHuhn et al., 2012). Here, this ability is tested through contin-
following extraction with 95 % acetone (Holm-Hansen et al., uous in situ measurements of temperature and fluorescence at
1965). The results were used to calibrate the CTD fluoresthree sections across the DPB, which is delimited by the un-
cence profiles. stable manifold adjacent to the patch’s southern edge (Fig. 4).
In agreement with the notion of unstable manifolds bound-
ing marine systems, the crossing of the DPB (black squares
3 Results and discussion in Fig. 4) is associated with strong fronts in temperature and
fluorescence, with both fields going from background (i.e.
The intrusive patch characterized in this work is distinctly outside the patch) levels to maximum patch levels over short
identified as a positive Chl concentration anomaly (Fig. 2a).distances of less than 5 km.
The patch boundaries are delimited by the location of the The surface properties of the water body associated with
Chl front, which separates the area of high Chl associatedhe patch (derived from the satellite and continuous in situ
with the patch from its low-Chl surroundings. On average, datasets), strongly suggest that it can be considered as a dy-
satellite-derived Chl concentrations are 0416.08 mgnt3 namically isolated or quasi-isolated system (Lehahn et al.,
(mean and standard deviation, respectively; unless state®011), whose physical, chemical and biological properties
otherwise, the same notation is used hereafter) within theare significantly different from those of its surroundings.
patch, and 0.06:0.03mgnT? in the surrounding waters. This view of the patch is further examined by comparing a
The patch, which extends from the eastern coastline toseries of depth profiles in stations in and out of the patch
wards the open sea, covers an overall area of approximatelgFig. 5). The location of the stations (with respect to the
4000 kn? (~100km in length and-40km in width). The  patch) was defined objectively according to the location of
lifetime of the patch, deduced from analyzing a sequencehe fronts in surface fluorescence and temperature (blue stars
of Chl concentration maps (not shown), is about 45 daysand red triangles in Fig. 4, for stations in and out of the patch,
(from 30 July to 12 September), a period during which its respectively).
shape and size vary. The Chl patch overlaps a similar struc- In agreement with previous late summer measurements
ture of warmer waters (average satellite-derived tempera{D’Ortenzio et al., 2005), the water column is well stratified,
ture of 28.6+ 0.4°C within the patch vs. 28.2 0.2°C in with a distinct mixed layer reaching a depth of approximately
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0,06 beo 808 where circulation is disturbed by the complicate topography
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Z 004 29.6 § Further elucidation of the link between the patch proper-
5 1 bo.a ;& ties and horizontal transport by surface currents was obtained
® 0.02L |8 by the extraction of satellite-derived Chl time series over 4
292 regions of interest (ROIs) located at equal distances (0.2
0 ‘ ‘ | ‘ ‘ 9 along the patch’s main axis (Fig. 6a). For all 4 ROIs, Chl
324 325 326 327 328 329 33 evolution is characterized by a distinct increase in surface
Latitudes [degrees] chlorophyll concentrations (Fig. 6b). The timing of Chl in-

crease varies between the 4 ROIs, starting near the coast (ROI

Fig. 4. In situ measured surface temperature (green) and fluoresyy » 4 graqually advancing as the distance from the coast in-
cence (blue, arbitrary unit) along three meridional sections orthog-Creases Following the assumption that the patch is driven by
onal to the patch’s main axis (dashed white lines and correspondin )

letters in Fig. 3). Blue stars and red triangles mark the locations O?]orlzontal 'tra.msport of p.roductlve coastal Waters, the differ-
sampling stations in and out of the patch, respectively. Numbers de€Nces in timing (of Chl increase) can be interpreted as the
note station names. The black square marks intersection with thme required for the patch to cover the distances between
southern dynamic patch boundary (DPB), associated with the atthe ROIs, thus providing a measure to the patch propaga-
tracting LCS adjacent to the patch’s southern edge. Note the changiéon speed. Dividing the distance between the ROIs and tim-
in scale between the different panels. ing of chlorophyll increase provides an estimated propaga-
tion velocity of approximately 7.4 kmday (~0.09 ms?),
which is in agreement with the velocity of the surface cur-
25m (Fig. 5a). Within the mixed layer, water associatedrents (0.1 ms1). Considering the above-described patch
with the patch (blue points in Fig. 5) is less dense (24.75—dimensions £ 40 km width and~ 25 m depth) and propaga-
25.5kg nT), less saline (38.9-39.2) and warmer (292D tion speed, we estimate the outflow volume of coastal water
than that outside the patch (25.5 kg™ 38.9-39.4 and 28—  associated with the patch (and responsible for its formation)
29°C, respectively; red points in Fig. 5). For greater depths,to be on the order of- 0.1 Sv. Though representing a tran-
water density, salinity and temperature do not exhibit sig-sient short-term~ 10 days) event, this is a remarkable vol-
nificant differences between waters in and out of the patchyme flux of water, which is comparable to main EM water
Hence, we deduce that the patch corresponds to a distinct wgrathways, such as the mean outflow from the Aegean Sea
ter body whose physical properties differ significantly from (e.g. averages of 0.4 Sv for the years 1987-1994 (Nittis et
those of ambient waters, and which is associated with isoq|., 2003) and 0.7 Sv for the years 1988-1993 (Rupolo et al.,
lated horizontal transport through the25m mixed layer.  2003)).
The low-salinity water within the patch most likely orig-
inates from a local coastal upwelling due to alongshore
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chlorophyll map showing the patch’s extensi@m) Temporal evo-

lution of surface chlorophyll concentrations at the 4 regions of in-

terest along the patch’'s main axis. shown, a possible source for the high levels of silicic acid

is discharge of nutrient-enriched freshwaters from springs

(Weinstein et al., 2006).
The patch is also characterized by a distinct biogeochemi- Abundance ofSynechococcusells at the surface was 2-
cal signature. A significant inorganic chemical indicator is fold higher inside the patch than outside of it, with maximal
silicic acid (Si(OH)) (Fig. 7a, b). Si(OH) concentrations abundances at stations 11 and 12 20’ and 2.5x 10’
within the patch are higher by 22-35 % than outside of it atcells L~1, respectively) (Fig. 7c, d). At the stations out of
the surface and at the mixed-layer depth (MLD). Inside thethe patch Synechococcusbundance was low, ranging from
patch, Si(OH) ranged from 1.3t0 2.2 pmole kg atthe sur-  4.9x 10° to 1.2x 10’ cells L™1, except for surface wa-
face, and 0.8 to 1.6 umole kg at the MLD. The linear rela-  ter of the coastal stations 1 and 8 where high abundances
tionship (P < 0.05, R? = 0.5) between Si(OH) concentra-  were observed (2.8 10’ and 2.4x 10 cells L1, respec-
tions and temperature for surface water represents a consetively). The vertical trend irSynechococcuabundance re-
vative behavior of mixing between two end-members, shal-mained the same witk 2-fold increase in average cell num-
low coastal waters, warm and enriched with Si(@Hind  ber at the stations in rather than out of the patch. Picoeukary-
open sea pelagic water, colder with lower levels of Si(OH)4 ote abundance was higher at the patch stations compared
(Fig. 8a). No similar signal is identified for N@NO2 to the surroundings by 1.5-2.3 times throughout all depths
nor for PQ,, whose concentrations were low and similar sampled (Fig. 7e, f). This enrichment was also reflected
at all stations (0.5-1.0 pmolek§ and close to the detec- in the significant linear relationshipP(< 0.05, R? = 0.62)
tion limit (0.007 umole kg?), respectively). As previously between picoeukaryote abundance and temperature at the
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surface and MLD samples (Fig. 8b). Inside the patch, surface
picoeukaryote abundance is relatively constant (4 x 10°
cells L~1), increasing toward the MLD (station 11, 2<1L0°
cells L~1) and Minsg (2.7 x 10° cells L™1). Prochlorococ-
cus abundance did not show any significant spatial trend,
with values ranging from 1.5 10’ to 1.8x 10’ cells L1

and 3x 10P to 1 x 10 cells L1 for stations located in and

out of the patch, respectively (not shown). This is explained 2.

by the fact that in the Mediterranedrochlorococcusare
usually associated with deep chlorophyll maximum (low-
light species,~ 100 m), and are thus not affected by the in-
trusion of waters at the upper 25 m of the water column. It
is reasonable to assume that the higher abundan8grd-
chococcusnd picoeukaryotes inside the patch was a result of
available nitrate and phosphate supplied from the near shore.
Their utilization decreased the concentrations in seawater

3355

pear regularly at different locations around the basin’s

periphery. Furthermore, since coastal environments are
globally highly productive areas (Chavez and Smith,

1995), the suggested impact of horizontal stirring is

likely to be important at the coast-open sea interface
around the globe, especially at oligotrophic areas.

Formation of localized niches that are separated from
their surrounding by transport barriers, and are thus
subject to different dynamics. As recently shown by
d’Ovidio et al. (2010), such fluid dynamical niches may
sustain different planktonic communities, and can play
a key role in the dynamics and maintenance of plank-
tonic biodiversity in the interface between the coastal
area and the open sea.

and masked any differences between the waters in and oyt Finally, we note that the accurate detection of transport
of the patch. We note that heterotrophic bacteria could als@2'Tiers from near-real-time satellite altimetry data, together
consume inorganic N and P but were not measured durind"'th the proven ability to plan and execute a high-resolution

this study. The relatively high Si(Oll)concentration found
inside the patch suggests that most of the Si(OMas not
utilized and remained in the seawater.

4 Summary and conclusions

In this work we integrated near-real-time multi-satellite

sampling strategy, provide a promising framework for effi-
cient rapid response in cases of pollution events in the inter-
face between the coast and the open sea.
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