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[1] This paper analyzes the spatial time series of surface chlorophyll (Chl) from the
Sea-viewing Wide Field-of-view Sensor and sea level anomaly (SLA) from altimetry
satellite data from July 2002 to December 2007 in order to characterize the influence
of the regional circulation on the phytoplankton biomass in the Balearic Sea.
Correlations between Chl and SLA at seasonal and interannual time scales were examined
using the singular value decomposition (SVD) method of the cross-covariance matrix
between Chl and SLA. Both seasonal cycles are negatively correlated in the whole basin,
indicating that the nutrient availability in the surface layer for biological uptake is
associated with the changes in the water column stratification. The coupled patterns, by
applying the SVD method to Chl and SLA deviations from their seasonal cycles, identify
three distinct biological responses to the circulation. The first pattern (explaining 70% of
the covariance between Chl and SLA) indicates Chl enhancements around the Balearic
Islands related to the Balearic current reinforced by the Northern current. The second
pattern (12% of the covariance) shows that the peninsular coast is rather isolated from
the regional surface circulation and its behavior is determined by the Ebro river
discharges and land runoff. The third pattern (9%) represents higher Chl values along
the peninsular slope and lower Chl around the Balearic Islands linked to the Northern
current crossing the Ibiza channel without feeding the Baleric current.
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1. Introduction

[2] Despite of its enclosed basin geomorphology and
limited geographical dimensions, the Mediterranean Sea is
a highly variable system because of the variety of physical
processes interacting at basin, subbasin, and mesoscale
levels [Robinson and Golnaraghi, 1994]. Multiple driving
forces, such as deep water convection, thermohaline circu-
lation, and ocean-atmosphere interaction, are responsible for
this variability and strongly modify the regional phyto-
plankton patterns. Since the Mediterranean Sea is nutrient
limited, its biological production is closely coupled to the
physical processes that provide nutrients to the surface. In
addition, the generally narrow shelves of the Mediterranean
are influenced by riverine inputs [Robinson, 2007]. Tran-
sitions from mesotrophic coastal conditions to oligotrophic,
or even ultraoligotrophic waters, therefore occur at relative-
ly short distances from shore compared to other seas [e.g.,

Pedrós-Alió et al., 1999], linking coastal and oceanic
environments.
[3] Besides this significant variability, the Mediterranean

Sea is characterized by a marked seasonal cycle affecting
both ocean physics and phytoplankton dynamics [Larnicol
et al., 2002; Bosc et al., 2004]. The development of an
upper mixed layer by summer solar heating, and the
convective processes caused by winter cooling and strong
winds, trigger seasonal changes in the near-surface circula-
tion and in the mesoscale activity [Send et al., 1999]. The
response of phytoplankton biomass to this seasonal physical
forcing follows the typical temperate cycle, increasing in
winter and with very low chlorophyll values during summer
[Bricaud et al., 2002]. The spring bloom is generally
triggered by winter mixing and the concomitant nutrient
input to the surface layer rather than by water column
stabilization processes [Barale et al., 2008]. Indeed, the
onset of the bloom may begin as early as November, and
decline starts before significant stratification is evident in
surface waters [Bosc et al., 2004].
[4] Within the processes that regulate regional distribu-

tions, mesoscale advection strongly affects physical and
biogeochemical properties in the Mediterranean. Remote
ocean color data has provided synoptical and quantitative
information on phytoplankton biomass distributions and
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optical properties over the past decades [e.g., D’Ortenzio et
al., 2002; Barale et al., 2008]. However, ocean color data
alone provide a limited understanding. An advance in the
comprehension of the mechanisms that drive the dynamic
regime of marine ecosystems requires accurate depiction of
the circulation, and its influence on the observed biomass
patterns. Altimetry satellite data provides the basis for the
estimation of synoptic current fields and also contains
information on the thermocline depth [Mellor and Ezer,
1991]. The combination of data from ocean color sensors
with information on flow fields depicted from altimetry
gives us the potential to improve our understanding on the
variability of marine ecosystems. For example, Wilson and
Adamec [2001, 2002] compared chlorophyll (Chl) and sea
level anomaly (SLA) using SLA as an indicator of changes
in the thermocline depth. In contrast, Lehahn et al. [2007]
and Leterme and Pingree [2008] investigated the effect of
the geostrophic velocity derived from satellite SLA on the
redistribution of satellite Chl.
[5] In this work we were interested in the features

concerning phytoplankton distribution in the Balearic Sea,
a connection area between the Liguro-Provençal basin in the
north and the Algerian basin extending to the south to the
African coast (Figure 1). The presence of the Balearic
Islands imposes flow restrictions significantly conditioning
regional main flow patterns and exchanges among both
regions [Pinot et al., 2002]. In the north, the Liguro-

Provençal basin is characterized by strong atmospheric
forcing and ocean convection during winter [MEDOC
Group, 1970]. The Algerian basin in contrast, is dominated
by intense mesoscale eddies and their interactions with the
unstable Algerian current [Millot et al., 1997]. As a conse-
quence there are significant differences in the two different
regimes that affect the north and the south of the Balearic
Islands. The Balearic Basin is thus a transition zone that
plays a key role for the general circulation in the western
Mediterranean Sea [López-Garcı́a et al., 1994].
[6] The major aspects of the ocean circulation in the

Balearic Sea are well known, and have been described by
several authors [e.g., Font et al., 1988; Pinot et al., 2002].
The circulation is characterized by the presence of two
permanent density fronts along the peninsular continental
slope (the Northern current), and over the northwestern
insular continental slope (the Balearic current). The North-
ern current transports cooler, more saline waters from the
Liguro-Provençal basin southward [Garcı́a-Ladona et al.,
1996]. This current exits the basin through the Ibiza
channel, or recirculates cyclonically over the insular slope
forming the Balearic current. Warmer, fresher waters from
the Algerian basin also feed this latter current through the
Mallorca and Ibiza channels, and extend along the eastern
coast of the Balearic Islands [Pinot et al., 1995]. This
general pattern is the average picture of a highly fluctuating
circulation characterized by relevant spatial and temporal
variability, with a large variety of mesoscale features [La
Violette et al., 1990].
[7] Within the general oligotrophic character of the Med-

iterranean this complex physical framework drives signifi-
cant differences in the biomass productivity. In the Liguro-
Provençal basin vertical mixing, associated with the strong
atmospheric forcing and the deep convection, contributes to
increasing primary production in relation to other Mediter-
ranean areas [Lévy et al., 1998, 2000]. Conversely, the
biomass production in the Algerian basin is generally poor,
although mesoscale eddies might represent large areas of
enhanced biological activity [Taupier-Letage et al., 2003].
Therefore, the Balearic Sea experiences a highly dynamical
nature as a consequence of its transitional character between
both basins. To the north and along the peninsular conti-
nental shelf, biomass is enhanced by the higher productivity
of waters from the Liguro-Provençal basin and by new
nutrients, particularly phosphorous, supplied by the runoff
of major rivers [Estrada, 1996]. Conversely, around the
Balearic Islands, primary production is generally poor,
among other reasons because wind-induced vertical mixing
is reduced and runoff is scarce [Massutı́ et al., 2008].
Furthermore, there is evidence that the arrival of water from
the Liguro-Provençal basin advected by the Northern Cur-
rent increases plankton productivity [Fernández de Puelles
et al., 2004; López-Jurado et al., 2008].
[8] The objective of this study was to investigate the

potential impact of the regional circulation on the variability
and distribution of phytoplankton biomass in the Balearic
Sea, using remotely sensed satellite data. The study is based
on a combination of satellite data: surface Chl from the Sea-
viewing Wide Field-of-view Sensor (SeaWiFS) as a proxy
of phytoplankton biomass, and sea level anomaly (SLA)
from altimetry satellite data to characterize the circulation
variability in the Balearic Sea. First, we analyzed the spatial

Figure 1. (a) Location and (b) bathymetry (m) of the
Balearic Sea.
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and seasonal variations of Chl and SLA. We then explored
the possibility that deviations from the local seasonal cycle
of Chl have comparable spatial and temporal patterns with
the SLA.

2. Data and Methodology

2.1. SeaWiFS Data

[9] SeaWiFS surface Chl data were obtained from NASA
Goddard Space Flight Centre (http://oceancolor.gsfc.nasa.
gov/) for the period July 2002 to December 2007 in the
Balearic Sea (Figure 1). The data set includes level 3
standard processed 8 day maps of Chl on a 9 km regular
grid generated using the Ocean Color 4-band algorithm
version 4 (OC4v4) [O’Reilly et al., 1998]. Given that the
Mediterranean Sea is relatively free of clouds, and to the use
of 8 day composites, scarce data gaps (less than 4%) due to
cloudiness were interpolated using objective analysis. Fol-
lowing previous studies in the Balearic Sea [Pinot et al.,
1995], the length scales of the interpolation was set to 20
km and the e-folding time scale to 10 days. We also
interpolated Chl data in space to the SLA grid (see section
2.2). All operations on Chl data were carried out on a
logarithmic scale in order to respect the lognormal distri-
bution of Chl [Campbell, 1995].
[10] Several studies have demonstrated that satellite-

retrieved Chl through standard algorithms (such as OC4v4)
in theMediterranean Sea is affected by a calibration problem,
and displays a bias when compared to in situ observations
[Bosc et al., 2004; Volpe et al., 2007]. This problem has been
attributed to peculiarities in the environmental bio-optical
characteristics of the Mediterranean with respect to other
oceanic regions having similar ranges of Chl. Since we were
primarily interested in the influence of circulation on the
phytoplankton biomass, we focused our analysis on the Chl
horizontal gradients rather than on the absolute values. We
used Chl data as a proxy for the phytoplankton biomass in the
mixed layer. Although satellite-retrieved Chl is limited to the
optical depth, a high correlation exists between the depth
integrated and the satellite Chl in most of the cases [Morel
and Berthon, 1989].

2.2. Altimetry Data

[11] SLA fields in the Mediterranean created by merging
TOPEX/Poseidon, ERS1/2, Geosat Follow-On, Jason-1,
TOPEX/Poseidon interleaved, and ENVISAT altimeter
measurements, were obtained from AVISO (http://www.
aviso.oceanobs.com/) for the period July 2002 to December
2007. The data set includes 7 day maps of SLA on a
1/8 degree (�12.3 km) regular grid data interpolated in time
and space from a combined, intercalibrated altimeter using a
global objective analysis [Le Traon et al., 1998]. The length
scale of the interpolation and the e-folding time scale were
set to 100 km and 10 days [Pujol and Larnicol, 2005]. To be
consistent with the temporal resolution of Chl data, we
interpolated SLA data in time to the Chl 8 day window.
[12] SLA as measured by altimetry is particularly difficult

to interpret for characterization of the circulation due to the
lack of an accurate knowledge of the mean dynamic
topography (MDT). We therefore used a MDT derived from
a high-resolution ocean general model of the Mediterranean
Sea using temperature/salinity climatology data [Jordi and

Wang, 2009]. We derived geostrophic currents by finite
differences of the sea surface height (SSH), which is
computed as the sum of MDT and SLA. Currents in the
Balearic Sea are in good geostrophic balance, and the use of
the geostrophic approximation to estimate the circulation is
thus valid [Pascual and Gomis, 2003]. In addition, tidal
currents are very weak and inertial oscillations only occur
after severe storms, mainly in autumn and winter [Jordi and
Wang, 2008].

2.3. Climatological Patterns and Seasonal Cycles

[13] The climatological patterns and seasonal cycles of
Chl and SLAwere calculated to the best fit by least squares
to the time average, and the annual and semiannual har-
monic components at each grid point

f tð Þ ¼ Aþ B1 cos
2p
T1

t � t1ð Þ
� �

þ B2 cos
2p
T2

t � t2ð Þ
� �

; ð1Þ

where f stands for the Chl or SLA time series at a given grid
point, t is the time, A is the climatological pattern (time
average), B1 and B2 are the annual and semiannual
amplitudes, T1 and T2 are the annual and semiannual
periods and t1 and t2 are the annual and semiannual time
phase.

2.4. Coupled Patterns

[14] The cross-covariance matrix between any two spatial
time series with the same data length in time, but not
necessarily the same spatial domain, contain rich informa-
tion about the spatial relationship between the two series.
The structure of the cross-covariance matrix can be system-
atically reduced to identify coherent pairs of spatial patterns
that explain as much as possible of the mean squared
temporal covariance between the two spatial time series.
This singular value decomposition (SVD) method of the
cross-covariance matrix was described in detail by
Bretherton et al. [1992]. The spatial time series s(t) and
z(t) at each of the grid points can be expanded in terms of a
set of Ns and Nz patterns (Ns and Nz are the vector
dimensions in s and z)

s tð Þ ¼
XNs
k¼1

ak tð Þpk ð2aÞ

z tð Þ ¼
XNz
k¼1

bk tð Þqk : ð2bÞ

[15] The time series ak(t) and bk(t) are the expansion
coefficients and the vectors pk and qk are the corresponding
spatial patterns. The cross-covariance matrix between the
spatial time series is

Csz ¼ hs tð ÞzT tð Þi; ð3Þ

where h i denotes the time average and the subscript T the
transpose. It can be shown that if pk and qk are the kth
singular vectors of Csz, the cross covariance between the
kth expansion coefficients is equal to the corresponding
kth singular value. The SVD expansion can be ordered such
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that the first mode corresponds to the largest singular value,
and so on. The percentage of the covariance explained by the
k mode, the squared covariance fraction (SCF), is

SCFk ¼
hakbki2

k C k2 ; ð4Þ

where the squared Frobenius matrix norm is the total amount
of squared covariance summed over all entries in C

k C k2¼
XNs
i¼1

XNz
j¼1

C2
ij: ð5Þ

[16] We applied this SVD method of the cross-covariance
matrix to extract patterns in the Chl deviations from the
seasonal cycle that are coherent with the SLA deviations
from the seasonal cycle. The method is being widely used in
climate research, which faces the same challenge as in the
present study in trying to identify nondeterministic signals.
In oceanography Wang et al. [2003] used SVD to evaluate
ocean model simulation and to compare this with actual
observations, and Suselj et al. [2008] used SVD to relate the
sea surface height in the Mediterranean with the atmospheric
conditions.

3. Results

3.1. Climatological Patterns

[17] Biomass production in the Balearic Sea is closely
associated with local and regional factors that supply
nutrients to the mixed layer, such as vertical mixing, river
discharges or nonpoint sources of runoff [Barale et al.,
2008]. The climatological pattern (or time average) of Chl
shows a zonal gradient with higher values near the Iberian
coast (Figure 2a). This pattern is related to the land runoff
and the Ebro river discharge, as reflected by the highest
values of Chl in the adjacent waters off Ebro delta.
Conversely, lower values of Chl are observed around the
Balearic Islands where there is no supply of nutrients from
land runoff [Massutı́ et al., 2008]. North of the Balearic
Islands a weaker north-south gradient is observed, which is
attributed to differences in vertical mixing associated with
the strong atmospheric forcing in the Liguro-Provençal
basin.

[18] The MDT, representing the climatological pattern of
the SSH, and the associated geostrophic currents (Figure 2b),
match well with the major characteristics of the circulation
in the Balearic Sea. The Northern current flows southward
along the continental slope of the Iberian Peninsula and
recirculates cyclonically over the northwestern slope of the
Balearic Islands forming the Balearic current [Font et al.,
1988]. This latter current is reinforced by water coming
from the Algerian basin through the Balearic channels
[Pinot et al., 2002]. The southern area, where very few
observations are available, is less affected by these current
systems; although it is influenced by mesoscale eddies
detached from the Algerian current [Millot et al., 1997].
The MDT shows the flow generally directed to the northeast
in this area.

3.2. Seasonal Cycles

[19] The annual components (amplitude and time phase)
for the seasonal cycle of Chl data are shown in Figure 3.
Maximum amplitudes occur along the coast of the Iberian
Peninsula to the south of Ebro river delta. Secondary
increases are also observed in the northern region. By
definition from equation (1) the annual phase is the time
of the bloom peak. The seasonal Chl maximum occurs in
January southwest of the Mallorca channel and 2 to 3 week
later in the peninsular shelf and further North, which agrees
with previous observations in the region [Morel and André,
1991; Bosc et al., 2004]. As for other regions of the
Mediterranean Sea the seasonal cycle in the Balearic Sea
is characterized by a single peak [Bosc et al., 2004], and
consequently the semiannual amplitude of the seasonal
cycle is less significant (about 10 times) than the annual
amplitude (not shown).
[20] The seasonal cycle of SLA reveals that the annual

amplitude is relatively homogenous in the Balearic basin,
with values between 8 and 11 cm (Figure 4a). A large part
of this signal is induced by the steric effect [Larnicol et al.,
2002], which represents the expansion and contraction of
the water column due to its heating up and cooling down
with seasonal atmospheric change. Maximum SLA occurs
at the end of summer (Figure 4b). The analysis suggests a
slight lag (�10 days) in the shelf of Mallorca and Menorca,
and a larger lag (�20 days) in the Iberian shelf. The
contribution of the semiannual amplitude to the seasonal
cycle is less than 2 cm (not shown). Since gradients in the
annual and semiannual amplitudes are very smooth, this

Figure 2. (a) Climatological pattern (time average) of Chl (log10(mg/m3)) over the period July 2002 to
December 2007, and (b) MDT (cm) and associated geostrophic currents in the Balearic Sea. The white
lines indicate the 200 m isobath.
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seasonal cycle does not generate significant geostrophic
currents.
[21] Previous studies on the coupling between physical

and biological processes have used SLA as an indicator of
changes in thermocline depth [e.g., Wilson and Adamec,
2002]. To analyze the relationship between SLA and the
water column stratification in the Balearic Sea, we used
hydrographic data from the MedAtlas historical database
(http://www.ifremer.fr/medar/). Figure 5 shows the time
evolution of monthly averaged density (sq) profiles in the
northern (2�E–4.5�E, 40.5�N–41.5�N) and southern (2�E–
4.5�E, 38.5�N–39�N) open sea areas of the Balearic Sea.
During summer the thermocline depth is about 50 m and the
water column is highly stratified, although the stratification
is stronger in the southern area. As the year progresses the
winter atmospheric regime mixes the water column. The
correlation between the time evolution of density profiles
and the SLA seasonal cycle is greater than 0.86 (at 99%
level or more) in the upper 50 m and decreases
progressively with depth in both areas, indicating that
SLA seasonal cycle is a good indicator of the upper layer
stratification in the Balearic Sea.
[22] To establish the link among the Chl and SLA

seasonal cycles we examined the correlation between both
seasonal cycles at each grid point. Figure 6 shows that both
seasonal cycles are significantly negatively correlated (at
99% level or more). The highest (absolute) values of
correlation are in the northern part of the basin, and between
the Iberian Peninsula and the Balearic Islands, whereas the
lowest values are in the coastal areas of the Iberian
Peninsula (south of the Ebro river delta) and around the

Balearic Islands. Lower values for the correlation are also
observed southeast of the Balearic Islands.
[23] This negative correlation between Chl and SLA in

temperate regions is usually associated with the availability
of nutrients to the euphotic zone for biological uptake [e.g.,
Lévy et al., 1998]. The summer stratification inhibits the
vertical flux of nutrients toward the surface layer and limits
any new production on behalf of regenerated nutrient
sources. In contrast, the winter mixing allows the entrain-
ment of nutrient-rich subsurface waters fueling phytoplank-
ton growth. This strong nutrient constraint on the seasonal
occurrence of phytoplankton production weakens in coastal
waters that receive nutrient inputs from land, which can
explain the lower values of correlation in the coastal areas.

3.3. Coupled Patterns

[24] From Figure 6 it is clear that the Chl and SLA
seasonal cycles are highly correlated, particularly in oceanic
areas. We analyzed the Chl and SLA deviations from their
respective seasonal cycle with the aim of resolving other
physical processes that may affect the biological response in
the Balearic Sea. Figure 7 shows the correlation between the
Chl and SLA deviations. Significant correlations (at 95%
level or more) are mostly negative and concentrated in front
of the Gulf of Valencia, between Mallorca and Ibiza, and
along the northwestern slope of the Balearic Islands. These
areas coincide with the path of the Balearic current. Waters
from the Liguro-Provençal basin and the Algerian basin can
fuel the Balearic current [Pinot et al., 2002], which suggest
a relationship between the water origin and the phytoplank-
ton biomass.

Figure 4. (a) Annual amplitude (cm) and (b) time phase (days from 1 January) of SLA. The white lines
indicate the 200 m isobath.

Figure 3. (a) Annual amplitude (log10(mg/m3)) and (b) time phase (days from 1 January) of Chl. The
white lines indicate the 200 m isobath.
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[25] To further investigate this process, coupled patterns
between Chl and SLA deviations from the seasonal cycles
were calculated using the SVD method. Figure 8 shows the
spatial patterns for the first mode, which explains 70% of
the covariance between the Chl and SLA deviations (that is,
SCF1 = 0.70). Both patterns are scaled to represent the
amplitude of Chl and SLA deviations associated with one
standard deviation of the corresponding expansion coeffi-
cients. The pattern of Chl deviations shows high values in
the region influenced by the Balearic current and southeast
of Mallorca and Ibiza, whereas the northern areas display
values close to zero and hence does not contribute to this
mode. The corresponding pattern of SLA deviations shows
an intensification of the Northern current. Part of this
current recirculates in front of the Gulf of Valencia inten-

sifying the Balearic current, which veers westward in the
Mallorca channel. It should be remembered that our analysis
concentrates on the Chl and SLA deviations from the
seasonal cycles. High (low) values therefore indicate inten-
sification (reduction) with respect to the seasonal cycle.
Likewise, currents represent variations in relation to the
climatological pattern of geostrophic currents associated
with the MDT (Figure 2b). Therefore, this pattern represents
Chl enhancements around the Balearic Islands associated
with a stronger Northern current that fuels the Balearic
current.
[26] The spatial pattern for the second mode is shown in

Figure 9, accounting for 12% of the covariance between the
Chl and SLA deviations. Low Chl values are observed in
the entire domain, except over the peninsular shelf where
relative large Chl values are concentrated south of the Ebro
river delta, suggesting a contribution of the Ebro discharges.
According to Salat et al. [2002], the Ebro discharges tend to
flow southward along the coast. Local Chl enhancement is
also observed in the large bays of Mallorca. The SLA
spatial pattern reveals geostrophic currents from the Alger-
ian basin to the northern parts of the Balearic Sea through
Mallorca and Menorca channels. These currents recirculate
north of Mallorca intensifying the Northern current. The
low Chl values are therefore associated with water trans-
ported by these currents from the Algerian basin. The
intensified Northern current does not allow the exchanges
between the nutrient-rich waters from the Ebro river and the
poor open waters. As a consequence these nutrient-rich
waters are isolated over the peninsular shelf.
[27] Figure 10 shows the spatial patterns for the third

mode, which accounts for 9% of the covariance between the
Chl and SLA deviations. The Chl pattern presents a dipole
structure with positive values in the northwestern Balearic
Sea and negative values around the Balearic Islands and in
the southeast corner. The corresponding SLA pattern shows
the intensification of the Northern current. Conversely to the
first mode, the Northern current does not feed the Balearic
current and crosses the Ibiza channel. Note that current
deviations over the northwestern shelf of the Balearic
Islands are opposite to the mean circulation, indicative of
a weakening of the Balearic current.

Figure 6. Correlation between Chl and SLA seasonal
cycles in the Balearic Sea. Correlations are significant
above the 99% confidence level. The white lines indicate
the 200 m isobath.

Figure 7. Correlation between Chl and SLA without the
seasonal cycle. The black lines encircle regions which are
significant at the 95% confidence level or more. The white
lines indicate the 200 m isobath.

Figure 5. Time evolution of monthly averaged density
(sq) profiles in the (a) northern and (b) southern areas of the
Balearic Sea. The averages corresponds to the hydrographic
data from the MedAtlas historical database inside the box
for the northern area (2�E–4.5�E, 40.5�N–41.5�N) and for
the southern area (2�E–4.5�E, 38.5�N–39�N).

C11005 JORDI ET AL.: CIRCULATION AND PLANKTON IN BALEARIC SEA

6 of 11

C11005



[28] In summary, Chl deviations from the seasonal cycle
in the Balearic Sea depend on the intensification or reduc-
tion of the two permanent density fronts (the Northern and
the Balearic currents) and the interaction between them. The
peninsular shelf is rather isolated from this currents system
and it is influenced by the Ebro river discharges. The time
evolution of the first three modes of the Chl and SLA
deviations is shown in Figure 11. The expansion coeffi-
cients for the first, second, and third modes of Chl and SLA
deviations are correlated at 0.39, 0.47, and 0.54, respective-
ly (significant at 99% level or more). Although the regional
circulation plays a key role on the distribution of phyto-
plankton biomass in the Balearic Sea, the correlations
suggest that processes other than currents are also signifi-
cant. Biological processes related to food web dynamics are
expected to play an important role.

3.4. Examples

[29] To illustrate the coupled patterns between Chl and
the regional circulation in the Balearic Sea we show the Chl
as measured by the SeaWiFS and the SSH as the sum of the
MDT and the SLA measured by altimetry satellites on
specific days. Figure 12 shows the coupling between Chl
and SSH on 5 January 2003. According to the expansion
coefficients (Figure 11) the first modes of Chl and SLA
deviations are negative on this date. Therefore the Chl and
SLA deviations are contrary to the spatial patterns for the
first mode (Figure 8). Higher Chl values are concentrated in

the northern part of the Balearic Sea and in front of the
peninsular slope, whereas the Northern and the Balearic
currents are weaker than normal. The peninsular coast
however, presents the highest Chl values. It is also interest-
ing to observe two patches of high Chl associated with two
anticyclonic eddies between the Northern current and the
peninsular coast.
[30] The situation is the opposite on 15 December 2006

(Figure 13), when the expansion coefficients for the first
modes of Chl and SLA deviations are positive. The situation
is similar to that illustrated by the spatial patterns for the
first mode (Figure 8). Chl values increase in the region
influenced by the Balearic current and the area between
Mallorca and Ibiza associated with an intensification of the
Northern and the Balearic currents. However, the highest
Chl values occur along the peninsular coast as in the
previous case. Note that these values reflect the inputs of
the Ebro river and land runoff, which are almost permanent
during the year as shown by the climatological pattern of
Chl (Figure 2a). The Northern current flows closer to the
coast than the previous example, and no eddies develop
between the current and the coast.

4. Discussion

[31] This study analyzes the variability of the surface Chl
in the Balearic Sea over seasonal and interannual time
scales and how it relates to the variability of the SLA, as

Figure 8. First spatial patterns of (a) Chl and (b) SLA deviations from the respective seasonal cycles.
Vectors are the geostrophic currents associated with the SLA deviations. The patterns are scaled to
represent the amplitude of Chl and SLA deviations associated with 1 standard deviation of the first
expansion coefficients. The white lines indicate the 200 m isobath.

Figure 9. Second spatial patterns of (a) Chl and (b) SLA deviations from the respective seasonal cycles.
Vectors are the geostrophic currents associated with the SLA deviations. The patterns are scaled to
represent the amplitude of Chl and SLA deviations associated with 1 standard deviation of the second
expansion coefficients. The white lines indicate the 200 m isobath.
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a proxy of changes in the water column stratification and
variations in the regional circulation. Larnicol et al. [2002]
and Bosc et al. [2004] observed that both Chl and SLA are
dominated by a marked seasonal cycle in the Mediterranean
Sea. Our results show that both seasonal cycles are nega-
tively correlated in the Balearic Sea, indicating the typical
behavior of temperate regions associated with the availabil-
ity of nutrients in the mixed layer: summer stratification
blocks upward entrainment of nutrients from deep water and
winter mixing brings nutrients to the surface [e.g., Cushing,
1959]. This typical seasonality has been recurrently ob-
served in the Mediterranean [e.g., Morel and André, 1991;
Bosc et al., 2004].
[32] However, Chl and SLA seasonal cycles are modu-

lated by other processes at smaller temporal and spatial
scales. The SVD method applied to Chl and SLA deviations
identifies three patterns or regions with fairly different
behaviors in the Balearic Sea. First, the region around the
Balearic Islands is characterized by higher phytoplankton
biomass associated with an intensification of the Northern
and Balearic currents. The second pattern is related to the
coastal areas of the Iberian Peninsula, where phytoplankton
biomass is enhanced by local nutrient inputs of continental
origin, especially those related to the Ebro river. Finally, a

stronger Northern current linked to weaker Balearic current
results in an increase of the phytoplankton biomass over the
peninsular slope and in the northern boundary of the
Balearic Sea, and a decrease around the Balearic Islands.
[33] The question that arises is how biological and

physical processes are coupled to give rise to those patterns.
With the exception of the peninsular coastal areas, the
biological response at interannual time scales is associated
with variations in the Northern and Balearic currents. It is
well known that the Liguro-Provençal basin is characterized
by relatively high levels of nutrients due to the strong
atmospheric forcing [Lévy et al., 1998, 2000], where the
Algerian basin is occupied by nutrient-poor waters [Taupier-
Letage et al., 2003]. Therefore, the Northern current can
favor the southern spread of water from the Liguro-Proven-
çal basin that ultimately feeds the Balearic current trans-
porting nutrients and, possibly, enhances production in the
Balearic Sea. In contrast, the presence of nutrient-poor
water from the Algerian basin in the Balearic Sea can
reduce the standing stock. In this context, the dominant
fluctuations of the expansion coefficients have periods of
few months (Figure 11), which may be indicative of the
time required for the horizontal transport of water and its
constituents from its origin to the Balearic Sea.

Figure 10. Third spatial patterns of (a) Chl and (b) SLA deviations from the respective seasonal cycles.
Vectors are the geostrophic currents associated with the SLA deviations. The patterns and vectors are
scaled to represent the amplitude of Chl and SLA deviations associated with 1 standard deviation of the
third expansion coefficients. The white lines indicate the 200 m isobath.

Figure 11. Normalized first (red line), second (green line), and third (blue line) expansions coefficients
of (a) Chl and (b) SLA deviations from the respective seasonal cycles.
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[34] Other possibility explaining the coupled patterns is
the water column stratification limiting the availability of
nutrients in the mixed layer, similar to the coupling between
seasonal cycles. As shown by Figure 6, waters in the
northern part of the Balearic Sea and in the Liguro-Provençal
basin are less stratified than the southern waters. As a
consequence, the presence of southern waters imposes
further water column stability, thereby reducing the avail-
ability of nutrients for primary production. The replacement
of these southern waters by northern waters (transported by
the Northern current) may result in a progressive mixing of
the surface layer, which allows the vertical flux of nutrients
for biological uptake. Since these processes are fully three
dimensional, it is difficult to elucidate which one (horizontal
transport of nutrients or vertical flux) is responsible for the
coupled patterns using satellite data. In addition, the impact
of biological processes may also play an important role.
[35] Furthermore, frontal mesoscale dynamics, such as

filaments or eddies, have also been shown to enhance
productivity off the Balearic Islands [Pinot et al., 1995].
Although Figure 12 shows two patches of high Chl asso-
ciated with two eddies between the Northern current and the
peninsular coast, the spatial resolution of the satellite Chl
and SLA data used in this study cannot fully resolve all of
the space scales associated with mesoscale variability in the
Balearic Sea. In this context, Lathuilière et al. [2008]
evaluated the role of mesoscale dynamics on the surface
Chl variability along the northwest African coast, examin-
ing the eddy kinetic energy derived from satellite SLA data.
However, the spatial scales of frontal mesoscale structures
in the Balearic Sea are smaller than in the Atlantic Ocean
[La Violette et al., 1990].

[36] Similar to the spatial scales, our data set consists of
8 day composites and shorter time scales cannot be re-
solved. For example, biological processes such as phyto-
plankton growth and grazing have time scales of few days
(less than 8) in the northwestern Mediterranean [Lévy et al.,
1998; Basterretxea et al., 2007]. To investigate how these
biological processes affect the relationship between Chl and
SLA, we applied the SVD method to the Chl and SLA
deviations from the seasonal cycles varying the Chl as a
function of time lag with respect to the SLA. Although the
coupled patterns are similar to those obtained at zero lag
(Figures 8–10), the maximum correlations for the expan-
sion coefficients occur at zero lag and decay progressively
at larger time lags. This indicates that we used composites
over time duration larger than those biological processes
and thus the time lag of the biological response to the
physical processes was removed.
[37] Other studies have previously analyzed the coupling

between biology and physical processes using satellite Chl
and SLA [e.g., Wilson and Adamec, 2001, 2002; Lehahn et
al., 2007]. In particular, Wilson and Adamec [2001] exam-
ined the correlations between Chl and SLA using empirical
orthogonal functions (EOF) analysis, both separately and
jointly on the two fields. Joint EOF analysis can be an
alternative to the SVD used here to calculate the coupled
patterns. In general, if the coupled patterns are similar to the
dominant EOFs of the individual fields there is little
difference between joint EOF and SVD. However, if the
coupled patterns are dissimilar from the EOFs, but are still
smooth in the sense that they project principally onto only
the leading few modes of the individual fields, then SVD
may be superior to joint EOF [Bretherton et al., 1992]. In

Figure 12. (a) Chl (log10(mg/m3)) and (b) SSH (cm) and associated geostrophic currents on 5 January
2003. The white lines indicate the 200 m isobath.

Figure 13. (a) Chl (log10(mg/m3)) and (b) SSH (cm) and associated geostrophic currents on 15
December 2006. The white lines indicate the 200 m isobath.
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the present case correlation between the first principal
component of the Chl and SLA EOF analysis is only
�0.11 (significant at 92% level). EOFs of the individual
fields are thus not very similar, and SVD provides much
better representation than joint EOF analysis.

5. Conclusion

[38] The existence of correlations between surface chlo-
rophyll (Chl) from SeaWiFS and sea level anomaly (SLA)
from altimetry was investigated as an indicator of coupling
biological and physical processes in the Balearic Sea. The
seasonal cycle of Chl is typical of temperate regions, being
negatively correlated with SLA in the whole basin. Al-
though biological processes may also play a relevant role,
the interannual variability and distribution of phytoplankton
biomass in the Balearic Sea is dominated by responses to
the regional circulation. The phytoplankton biomass
increases around the Balearic Islands when the Northern
current fuels the Balearic current. In contrast, the phyto-
plankton biomass decreases around the Balearic Islands and
increases along the peninsular slope when the Northern
current flows southward without reinforcing the Balearic
current. This behavior indicates a role of the water mass
transported by the Northern current on the variability of the
phytoplankton biomass. The coastal areas along the Iberian
Peninsula are rather independent of the regional circulation,
and Chl concentrations are controlled by the Ebro river
discharges and land runoff.
[39] The use of the singular value decomposition (SVD)

method to link Chl and SLA is a quick and easily accessible
way of capturing the circulation patterns driving the bio-
logical variability. This methodology represents a simple
alternative to more sophisticated coupled physical-biological
ocean models. Furthermore, the importance of advection in
controlling the spatial distribution of phytoplankton bio-
mass is highlighted by the possible coexistence of marine
organisms from the Liguro-Provençal and the Algerian
basins in the Balearic Sea, suggesting that the two basins
are ecologically connected through the dispersal of individ-
uals by ocean currents. In this context this study can help in
the identification of the scale of connectivity, or exchange,
among marine populations, and the determination of the
factors driving this exchange; although there are factors
involved in determining the level of connectivity, such as
organisms swimming capabilities or encountering suitable
settlement habitats, which cannot be fully addressed with
this methodology.
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López-Garcı́a, M. J. L., C. Millot, J. Font, and E. Garcı́a-Ladona (1994),
Surface circulation variability in the Balearic basin, J. Geophys. Res.,
99(C2), 3285–3296, doi:10.1029/93JC02114.
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