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Abstract

The ten-year record of ocean colour data provided by the SeaWiFS mission is an im-
portant asset for monitoring and research activities conducted on the optically-complex
European seas. This study mainly makes use of the SeaWiFS data set of normalized
water leaving radiances LWN to study the major characteristics of temporal variability
associated with optical properties across the entire European domain. Specifically, the
time series of LWN , band ratios, diffuse attenuation coefficient Kd(490) and concentra-
tion of chlorophyll a Chla are decomposed into terms representing a fixed seasonal cycle,
irregular variations and trends, and the contribution of these components to the total
variance is described for the various basins. The diversity of the European waters is fully
reflected by the range of results varying with regions and wavelengths. Generally, the
Mediterranean and Baltic seas appear as two end-members with, respectively, high and
low contributions of the seasonal component to the total variance. The existence of linear
trends affecting the satellite products is also explored for each basin. The interpretation
of the trends observed for LWN and band ratios is not straightforward, but it circumvents
the limitations resulting from the levels of uncertainty, very variable in space and often
high, that characterize derived products such as Chla in European waters. Results for
Kd(490) and Chla are also analyzed. Statistically significant, and in some cases large,
trends are detected in the Atlantic Ocean west of the European western shelf, the cen-
tral North Sea, the English Channel, the Black Sea, the northern Adriatic, and various
regions of the Mediterranean Sea and the northern Baltic Sea, revealing changes in the
concentrations of optically significant constituents in these regions.



Contents

Introduction 2

1 Data and Methods 4
1.1 Satellite Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 Partition of the European Seas . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Temporal Variability of Optical Properties 11
2.1 Mediterranean Sea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.1 Seasonal and Irregular Variances . . . . . . . . . . . . . . . . . . . 11
2.1.2 Trend Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 Black Sea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.1 Seasonal and Irregular Variances . . . . . . . . . . . . . . . . . . . 19
2.2.2 Trend Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3 Baltic Sea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3.1 Seasonal and Irregular Variances . . . . . . . . . . . . . . . . . . . 23
2.3.2 Trend Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.4 Northeast Atlantic Domain . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.4.1 Seasonal and Irregular Variances . . . . . . . . . . . . . . . . . . . 27
2.4.2 Trend Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3 Discussion and Conclusions 38

Conclusion 38

Acknowledgements 41

1



Introduction

Optical remote sensing (ocean colour) is a valuable source of information on marine ecosys-
tems as it provides quantitative estimates of the optical properties associated with sea-
water. These are associated with the concentrations of optically significant constituents,
a major example being the concentration of the pigment chlorophyll a (Chla) that can
be considered as a proxy for algal biomass. Other variables that can be quantified by
bio-optical algorithms include the absorption by chromophoric dissolved organic matter
(CDOM), and the concentration of total suspended matter (TSM). Additionally, optical
properties per se are indicators of the status of marine ecosystems and can be used to
derive characteristics such as turbidity or transparency.

The European seas encompass a wide range of water types (Berthon et al.,
2008), including oligotrophic regions, phytoplankton-rich upwelling zones, and scattering
or absorbing waters, typically in the North or Baltic Seas, a diversity that reflects the
characteristics of the local systems. In fact, the European seas offer numerous examples
of optically complex water bodies, as several factors interact to drive their optical signa-
ture, including biological activity (production and degradation of organic matter), inputs
from the coastline and river outflows, and particle re-suspensions from the bottom. The
prevalence of continental, often relatively absorbing, aerosols, and the existence of shallow
areas (with their possible effect on the light field) are other factors making a consistent
quantitative use of ocean color remote sensing at the scale of the European seas a chal-
lenging task. Logically high uncertainties related with standard ocean colour products like
Chla have been documented for European waters (e.g., Darecki and Stramski, 2004 for
the Baltic; Blondeau-Patissier et al., 2004; McKee et al., 2007 for North, Irish and Celtic
Seas; Sancak et al., 2005, Oguz and Ediger, 2006, for the Black Sea; Mélin et al., 2007;
Volpe et al., 2007 for the Mediterranean). These uncertainties have so far impeded the
full integration of ocean colour remote sensing in monitoring strategies at the continental
scale, even if advancements are noticeable for specific regions.

Simultaneously there is a dire need for an improved characterization of the
European seas. Recent Communications from the European Commission to the Council
and the European Parliament (COM, 2002 539; COM, 2005 504) have recognized that
the status of the European marine domain, faced with various pressures and threats, has
overall been deteriorating over the past decades, a situation prompting the establishment
of ”a framework for Community action in the field of marine environmental policy” (the
upcoming Marine Strategy Framework Directive). The existing legislation for coastal
waters (Directive 2000/60/EC) already specifically calls for the monitoring of various
quality elements (including phytoplankton biomass and transparency) and the assessment
of long-term changes in natural conditions.

In that context, the availability of a ten-year satellite record of optical prop-
erties represents an asset for a comprehensive and consistent assessment of major char-
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acteristics of the European seas. The present work mainly focuses on the analysis of the
temporal variability of apparent optical properties (AOPs), water leaving radiance and
diffuse attenuation coefficient, at the European scale. Analyzes of temporal variability of
the ocean color Chla record have been conducted at global or basin scales (e.g., Yoder and
Kenelly, 2003; McClain et al., 2004) but in that respect AOPs have been comparatively
ignored. Even though the interpretation of results dealing with AOPs is not necessarily
as straightforward as with derived products like Chla, that does not lessen the poten-
tial offered by these data sets. Conversely an advantage is to circumvent the obstacle
represented by the level of uncertainties affecting bio-optical algorithms used to obtain
European-scale derived products. Here standard products of chlorophyll a concentration
are only considered for completeness and with due caution. The first objective of this
study is to analyze the main temporal patterns associated with the various sub-regions of
the European seas in terms of spectral AOPs and to classify them accordingly, therefore
supporting an enhanced characterization of the essential features of European waters. An
accompanying goal is to determine where trends in optical properties, and therefore in
the content of the surface waters, can be detected with the present data records. The
satellite data set, the partition of the European seas and the statistical approach used for
the analysis are first presented. Then results are described and discussed at the level of
separate basins and synthesized at the scale of the European marine domain.

This report corresponds to the final deliverable of the E.C. Joint Research
Centre in the framework of WP3250 of the MARine and COASTal Environmental In-
formation Services (MarCoast) - Water Quality Assessment Service - European Space
Agency GMES Service Element.
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Section 1

Data and Methods

1.1 Satellite Data

The satellite products are based on the imagery from the Sea-viewing Wide Field-of-view
Sensor (SeaWiFS, Hooker et al., 1992). The satellite level-1A data have been acquired
from the Goddard Space Flight Center (U.S. National Aeronautics and Space Admin-
istration) and processed with the SeaWiFS Data Analysis System (SeaDAS) software
package version 5.1.5, that includes the updated calibration procedures associated with
reprocessing 5.2. The analysis of temporal variability is based on Local Area Coverage
(LAC) full-resolution imagery that is more suitable than Global Area Coverage (GAC)
data for analyzes conducted in coastal waters. The resulting data set covers the domain
10◦N-80◦N, 40◦W-55◦E and the period includes seven years from November 1997 to Octo-
ber 2004 (December 2004 being the end of the unrestricted distribution of LAC data). A
similar processing has been conducted using GAC data for the specific purpose of extend-
ing the computation of temporal trends over a 10-year period (November 1997 to October
2007), being well aware that the use of this record for small coastal regions needs caution.

The products hosted by the E.C. Joint Research Centre European archive
(illustrated on http://oceancolour.jrc.ec.europa.eu) that are used in the present work in-
clude the normalized water leaving radiances LWN at the center-wavelengths 412, 443,
490, 510, 555 and 670 nm, the diffuse attenuation coefficient Kd obtained at 490 nm by
an empirical band-ratio algorithm (OBPG, Werdell, 2005) and the chlorophyll a concen-
tration Chla derived from the standard global algorithm OC4v4 (O’Reilly et al., 2000).
The atmospheric correction scheme is based on the work by Gordon and Wang (1994)
and subsequent developments (e.g., Wang et al., 2005 and references therein). The LWN

values are corrected for bi-directional effects (according to Morel et al., 2002) and for
out-of-band contributions (Wang et al., 2001). The processed imagery is then re-mapped
on regular grids with a resolution of approximately 2 km and 9 km for LAC and GAC
data, respectively. Finally, monthly composites are created using the daily maps.

The satellite LWN data are expressed in radiance units, and are therefore
proportional to the solar irradiance. It is thus worth recalling that a trend analysis
related to LWN over the last decade can be safely undertaken considering the temporal
changes affecting the solar irradiance (typically less than 0.1% per decade; Willson and
Mordvinov, 2003 and references therein).
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1.2 Partition of the European Seas

The overall window is split into the major European basins as listed in Table 1.1.

Table 1.1: Definition of the four regions considered for analysis. Grid resolutions are
approximately 2-km.

Notation Description Latitude Longitude
BALT Baltic Sea 52.75◦N-66◦N 3.5◦E-30.5◦E
BSEA Black Sea 40.75◦N-47.5◦N 27.25◦E-42◦E
MEDI Mediterranean Sea 30◦N-46◦N 6◦W-36.5◦E
NEAT NE Atlantic 26◦N-73.5◦N 40◦W-30.◦E

Considering the complexity of describing the variability of spectral quantities
over time and space, a data reduction is performed by considering a partition of the
European waters. The definition of the regions are displayed on Fig. 1.1 to 1.4 with the
corresponding acronyms for the four major domains:

1. the partition of the Mediterranean Sea (Fig. 1.1) reproduces that chosen by Bricaud
et al. (2002), with a additional division of the Adriatic Sea,

2. the Black Sea provinces (Fig. 1.2) are defined on the basis of a division between
western and eastern basins and bathymetry (200 m isobath, see for instance Kopele-
vich et al., 2002), with results computed for the western Black Sea shelf, the western
deep Black Sea, the eastern deep Black Sea, and the Sea of Marmara,

3. the partition of the Baltic Sea (Fig. 1.3) is a synthesis of regions proposed by
the International Council for the Exploration of the Sea (ICES), the Food and
Agriculture Organization (region 27-IIId) and the Helsinki Commission (HELCOM),
as well as common knowledge of the basin features,

4. the partition of the Northeast Atlantic is shown on Fig. 1.4, that follows the parti-
tion by ICES (FAO regions 27 and 34).
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Figure 1.1: Partition of the Mediterranean Sea with: ALBS: Alboran Sea; GLIO: Gulf
of Lions; LIGS: Ligurian Sea; BALS: Balearic Sea; PROB: Provencal Basin; ALGB:
Algerian Basin; TYRS: Tyrrhenian Sea; NADS: Northern Adriatic Sea; CADS: Central
Adriatic Sea; SADS: Southern Adriatic Sea; NIOS: North Ionian Sea; SIOS: South
Ionian Sea; AEGS: Aegean Sea; LEVB: Levantine Basin; MARS: Marmara Sea.

Figure 1.2: Partition of the Black Sea, with: WBLS: western deep Black Sea; EBLS:
eastern deep Black Sea; SBLS: shelf Black Sea; MARS: Marmara Sea (see complete
extent on Fig. 1).
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Figure 1.3: Partition of the Baltic Sea, with: SKAG: Skagerrak; KATT: Kattegat;
BELS: Belt Sea; ARKS: Arkona Sea; SBAP: Southern Baltic Proper; GGAN: Gulf of
Gdansk; GOTB: Gotland Basin; GRIG: Gulf of Riga; NBAP: Northern Baltic Proper;
GFIN: Gulf of Finland; ALAS: Aland Sea; ARCH: Archipelago region; BOTS: Both-
nian Sea; BOTB: Bothnian Bay.

For each province, average monthly time series are computed on the log-
transformed data for normalized water leaving radiances LWN(λ), band ratios with re-
spect to 555 nm ρ(λ), the diffuse attenuation coefficient Kd(490) and the concentration of
chlorophyll a Chla. Outliers (distant from the average value by more than ± 3 standard
deviations) are excluded after one iteration. If the data available for a given month cover
less than 10% of the surface area, the corresponding monthly average is discarded. The
areal average data are then transformed back to the original scale.
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Figure 1.4: Partition of the Atlantic European waters, following ICES/FAO numbering.
Acronyms (used in the text) are defined arbitrarily and do not necessarily match exact
geographical limits. Groups of sub-divisions are indicated by similar colors. NORW:
Norwegian Sea (region IIa); ICES: Iceland shelf (Va); FARP: Faroe Plateau (Vb);
NORS: North Sea (regions IVa to IVc, brown); NWBI: northwestern British coasts
(regions VIa and VIIb, cream); IRIS: Irish Sea (VIIa); CELS: Celtic Sea (regions
VIIf, g, h, j, green); ENGC: English Channel (regions VIId and VIIe, purple); NEAT:
northeast Atlantic (region XII); NWSL: northwest slope (regions VIb, VIIc and VIIk,
blue); BISC: coastal Bay of Biscay (regions VIIIa and VIIIb, red); BISO: offshore Bay
of Biscay (regions VIIIc and VIIId, orange); IBEU: Iberian upwelling (IXa); AZORB:
Azores basin (region X); SWSL: southwest slope (regions VIIIe and IXb, light blue);
MORU: Moroccan upwelling (1.1); CANI: Canary Islands region (1.2). The latter two
provinces are part of FAO region 34, all the others part of region 27.
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1.3 Statistical Analysis

This section describes the statistical analysis performed on the satellite monthly data
records, expressed on a grid-point basis or as area averaged series.

Before the analysis of the time series, potential outliers are removed. First,
a subset of data points is constructed for each month m by taking the value associated
with m for all years, and the corresponding average Xm and standard deviation σm are
computed. Data points lying beyond the range [Xm ± 3σm] are excluded as unrealistic
values (in practice considered too far from climatology). Moreover, the coverage of the
satellite derived data is variable and can be almost completely missing during some months
(typically during winter at high latitudes). These differences in temporal coverage are
treated as follows. If valid values for the month m are present less than 50% of the years,
all values for m are removed, in effect creating synthetic time series with a seasonal cycle
of varying length, or period P <12. The eventual remaining missing data have been filled
using the eigenvectors filtering method described in Ibanez and Conversi (2002), which
presents the advantage of preserving the temporal structure imbedded in the series. In
any case, the percentage of data points to be filled remained lower than 5% for the whole
data set for area averaged time series. For single grid points, for which this percentage
increases, only time series with less than 25% of missing values have been considered.

Monthly time series (Xt) can be considered as the sum of three components
(Shiskin, 1978):

Xt = St + Tt + It (1.1)

where St represents the seasonal term, Tt the trend and It the irregular or resid-
ual component (i.e., signal which is not described by the trend and the seasonal terms).
Various methods have been proposed in order to individuate each of these components
(Makridakis et al., 1998). A simple decomposition approach is to assume that seasonal
fluctuations are stable and rigorously periodical during the period investigated, and to
consider that the long term trend can be described by a linear function (e.g., Yurganov
et al., 1997).

The time series decomposition procedure can be summarized by the following
steps. First, Xt is smoothed by a moving average excluding all the periodical (seasonal)
variations. Classically, a 13-term centered weighted moving average (MA2×12 is used in
order to eliminate the constant seasonality of order 12 while keeping the linear trends
and minimizing the variance of the irregular component, Shiskin, 1978). In the present
case, the smoothing procedure needs to consider the specific annual periodicity P (in
months) associated with each of the time series. Thus, the classical filter MA2×12 has
been substituted by MA2×P (P+1 terms centered weighted running mean) if P is even or
by MAP (P terms centered running mean) if P is odd, as recommended by Pezzulli et al.
(2005). Moving averages induce the exclusion of some data at the extremities of the time
series, and several methods have been suggested to overcome this problem (Findley et al.,
1998). A simple approach consists in replicating the first and last values until necessary
(i.e., ”circular method”, Pezzulli et al., 2005).

The smoothed series is then subtracted from the original series Xt and the
resulting values are averaged for each month of the year, yielding the seasonal component
of the series St. The deseasonalized series, (Xt - St), represents the sum of the trend
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and irregular terms (Tt + It). The trend component Tt is extracted by applying a linear
least square regression on (Xt - St). The statistical significance of the linear change in
the deseasonalized series revealed by Tt (i.e., the slope of the regression) is estimated by
a Student’s t-test. The irregular term It, representing both the inter- and sub-annual
variations of the time series, is finally isolated by subtracting Tt from the seasonally
adjusted series (Xt - St).

The total variance σ2
X of the original time series Xt can now be written as:

σ2
X = σ2

S + σ2
T + σ2

I + 2 cov(Tt, St, It) (1.2)

where σ2
S, σ2

T and σ2
I represent the variance associated with the seasonal, trend

and irregular components respectively and cov(St, It, Tt) is the covariance terms between
these components. The covariance term accounts for only a small percentage of the
total variance (typically <5% in absolute value), and for practical purposes, the relative
contribution of each component to the total variance, defined as σ̃2 and expressed in
percent, is simply approximated by σ̃2 = 100 σ2 / (σ2

S+σ2
T +σ2

I ).
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Section 2

Temporal Variability of Optical
Properties

This section describes the patterns of temporal variability for SeaWiFS LWN and band
ratio monthly time series in the various European regions. It specifically focuses on
the analysis of both spatial and spectral variations of the relative contributions of the
seasonal and non-seasonal (i.e., irregular and trend) variability. In general, the relative
weight associated with the trend component remains relatively low (<15 %) certainly in
relation with the assumption of linear changes. For each major domain, a specific analysis
of the long term trends is then developed.

2.1 Mediterranean Sea

2.1.1 Seasonal and Irregular Variances

In the Mediterranean Sea, the LWN time series at 412, 443 and 490 nm are characterized
by a very high contribution of the seasonal component, with a percentage of σ2

S to the total
variance of the monthly time series between 71% and 96% if the Adriatic Sea is excluded
(Fig. 2.1). The prevalence of a stable and strong seasonal cycle for SeaWiFS water-leaving
radiances at blue wavelengths underlines the importance of the variations in the marine
biological activity for driving the dynamics of the optical properties in the Mediterranean
ecosystems. This general result is modulated by some specific regional features, where σ̃2

I

is relatively higher. This is true in the northern part of the Aegean Sea (AEGS), a case
likely related to the outflow of local rivers and the Sea of Marmara (e.g., Karageorgis et
al., 2008). Higher values of σ̃2

I are also observed in the coastal regions of the Gulf of Lions
(GLIO), particularly west of the Rhône River outlet (dilution area, Lefèvre et al., 1997)
and secondarily for LWN at 412 and 443 nm in the offshore region characterized by a large
space and time variability of the phytoplankton biomass (e.g., Marty et al., 2002; Nezlin
et al., 2004). The fact that the spring bloom in this region is impacted by mesoscale
variability (Lévy et al., 1999) also contributes to an increase in σ̃2

I . In the Alboran Sea
(ALBS), an examination of the maps of σ̃2

I (not shown) reveals high values associated with
the location of the Alboran anticyclonic gyre where large Chla can be observed. Optical
variability has been documented across the jets and fronts found in this region (Claustre
et al., 2000; Ruiz et al., 2001). Besides these regional features, σ̃2

I for LWN(490) is also
greater than 50% over a large part of the Mediterranean coastlines. The results are more
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contrasted in the Adriatic Sea; for instance, the irregular component accounts for 69% of
the variance of LWN(443) in the northern Adriatic Sea (NADS), and σ̃2

S and σ̃2
I are nearly

equal at 490 nm for both central and southern Adriatic (Fig. 2.1). The optical properties
in this basin are affected by coastal and river inputs, particularly along the Italian coasts,
and circulation features associated with wind forcing and mesoscale variability (Bignami
et al., 2007; Mauri et al., 2007). In addition, a variable phytoplankton bloom is a feature
of the southern basin (Santoleri et al., 2003).

Globally, the contribution of the seasonal component at 555 and 670 nm is
the dominant variance term of the area-averaged time series but at a lower level with
respect to the blue wavelengths. Seasonal and irregular variances are found comparable
in the most oligotrophic waters of the eastern Mediterranean (i.e., σ̃2

S ≤ 60%, in the South
Ionian and Levantine provinces, Fig. 2.1), when compared to the other parts of the basin.
This is likely related to the low variability for green and red wavelengths (of a very low
amplitude for the latter) existing in phytoplankton-poor waters. On a grid point basis,
the irregular term tends to be higher than for the area-averaged time series, particularly
in oligotrophic waters, again underlining a lower signal-to-noise ratio of the LWN record
at these wavelengths.

The general dominance of the seasonal fluctuations breaks down for the radi-
ance signal at 510 nm. Actually, σ̃2

S has a clear spectral minimum at 510 nm (and σ̃2
I a

maximum), except for the Adriatic Sea where the variability of scattering likely impacts
LWN(510) (Fig. 2.1). In the framework of a case-1 water bio-optical model, the reflectance
spectrum around 510-520 nm does not vary strongly with Chla (Morel and Maritorena,
2001). The result obtained here is the signature of this ”hinge” point (or inflection point,
Clark et al., 1970) for the Mediterranean open waters.

Logically, the time series for band-ratios between 412 and 490 nm present a
very high seasonality, with σ̃2

S > 80% in most cases (63% for ρ(490) in the northern
Adriatic Sea). This general result holds for Chla and Kd(490) as well. This is shown
by Fig. 2.1 and is confirmed by the related maps, with some variations due to specific
features mentioned previously for LWN between 412 and 490 nm. In line with the results
observed at 510 nm, the seasonal component of ρ(510) has a lower relative variance than
the other band ratios.
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Figure 2.1: Relative contribution (in %) of the seasonal (σ̃2
S , ’4’), irregular (σ̃2

I , ’∗’) and
trend (σ̃2

T , ’◦’) components to the total variance of the time series for SeaWiFS radiances
(at 412, 443, 490, 510 and 555 nm), band ratios (ρ412, ρ443, ρ490, ρ510), chlorophyll a
(Chla) and attenuation coefficient at 490 nm (Kd(490)) in the Mediterranean Sea.
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2.1.2 Trend Analysis

The variance due to the trend does not exceed 8% for the area averaged time series, a result
that remains mostly true on a grid point basis, except for some isolated points. Relevant
(negative) trends, with varying levels of significance, are mainly detected for LWN at 412
and 443 nm in the Algerian, Aegean and Levantine Basins (-0.56% a−1, with p< 0.001 in
the latter case, Table 2.1 and Fig. 2.2). Increases in LWN(443) can be observed in some
parts of the Ionian Sea (Fig. 2.2). The trend for LWN(490) is found negative (-0.22%
to -0.60% per year) for most of the basin, with p< 0.001 for six regions. For a lower
number of areas, LWN at 510 and 555 nm are also found significantly decreasing (see also
Fig. 2.3). The strongest decrease can be noticed for LWN(555) in NADS (-1.60% a−1).
Overall, this decrease of LWN that is detected across the spectrum could be explained by
a decrease in concentrations of scattering particles.

LWN ρ
412 443 490 510 555 412 443 490 510 Kd(490) Chla

S. Adriatic (SADS) - - −0.44∗∗−0.35∗ −0.64∗∗ - - - 0.27∗∗ - -

C. Adriatic (CADS) - - −0.44∗ −0.45∗ −0.89∗∗∗ 0.93∗∗ 0.84∗∗∗ 0.39∗ 0.42∗∗∗ −0.66∗∗ −1.42∗∗∗

N. Adriatic (NADS) - - - - −1.60∗∗∗ 2.06∗∗∗2.13∗∗∗ 1.61∗∗∗ 1.19∗∗∗ −2.00∗∗∗−3.44∗∗∗

Alboran S. (ALBS) - −0.41∗ −0.60∗∗∗−0.27∗ - - - −0.56∗∗ - 1.05∗∗ 1.47∗

G. Lions (GLIO) - - - - −0.45∗ - - - - - -

Ligurian S. (LIGS) - - −0.40∗∗−0.30∗∗−0.59∗∗∗ - - - 0.29∗ - -

Balearic S. (BALS) - −0.30∗ −0.41∗∗∗- - - - −0.39∗ - 0.74∗ -

Provencal B. (PROB) - - −0.22∗ - −0.33∗ - - - 0.28∗ - -

Algerian B. (ALGB) −0.53∗∗−0.41∗∗−0.46∗∗∗- - - - - - 0.64∗ -

Tyrrhenian S. (TYRS) - - −0.32∗∗∗−0.18∗ −0.43∗∗ - - - 0.26∗∗ - -

N.Ionian S. (NIOS) - - −0.26∗∗∗−0.26∗ −0.61∗∗∗ 0.57∗∗ 0.59∗∗ 0.34∗ 0.36∗∗∗ −0.55∗ −1.06∗∗

S.Ionian S. (SIOS) - - - - - - 0.38∗ - 0.23∗ - -

Aegean S. (AEGS) −0.38∗ −0.28∗ −0.35∗∗∗- - - - - - - -

Levantine B. (LEVB) −0.56∗∗∗−0.43∗∗∗−0.43∗∗∗- - - - - - - -

Student t-test probability : − : NS, ∗ : p<0.05, ∗∗ : p<0.01,∗∗∗ : p<0.001

Table 2.1: Percentage of long term linear changes in SeaWiFS derived radiances (at 412,
443, 490, 510 and 555 nm), band ratios (ρ412, ρ443, ρ490, ρ510), chlorophyll a (Chla) and
attenuation coefficient at 490 nm (Kd(490)) from November 1997 to October 2007 (in %
a−1) in the Mediterranean Sea. See Fig. 1.1 for a complete definition of the regions.

Significant trends for band ratios affected only a few regions, mostly the Adri-
atic and the north Ionian Seas (>0 for all band ratios), and the Alboran and Balearic
Seas (<0 for ρ(490)). The largest and highly significant trend is found for the northern
Adriatic, with approximately +2.1% a−1 for ρ(412) and ρ(443) (Table 2.1). Consequently,
opposite trends are found for Kd(490) and Chla in these regions (see also Fig. 2.5 and
2.6). The distributions of trends for band ratios is illustrated by the corresponding map
for ρ(443) which is fairly representative of trend patterns for the band ratios (Fig. 2.4).
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Figure 2.2: Relative linear changes in LWN(443) over the 10-year period SeaWiFS record
(from November 1997 to October 2007, in % a−1) in the Mediterranean Sea. Only the
pixels for which a significant linear trend has been detected are reported (p< 0.05).

Figure 2.3: Relative linear changes in LWN(555) over the 10-year period SeaWiFS record
(from November 1997 to October 2007, in % a−1) in the Mediterranean Sea. Only the
pixels for which a significant linear trend has been detected are reported (p< 0.05).
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Figure 2.4: Relative linear changes in the band ratio ρ(443) over the 10-year period
SeaWiFS record (from November 1997 to October 2007, in % a−1) in the Mediterranean
Sea. Only the pixels for which a significant linear trend has been detected are reported
(p< 0.05).

In the Adriatic, the largest trend signals are found close to the Po River out-
flow, along the Italian coasts, and secondarily in the location of the southern Adriatic
bloom (Fig. 2.4 to 2.6). The studies of Bernardi Aubry et al. (2004) and Tedesco et al.
(2007) have reported an absence of changes in phytoplankton community composition and
Chla, respectively, in the northern Adriatic Sea. However, the time scale of these studies
is different and the measurements were conducted on discrete stations, mostly north of the
Po River delta. Additionally, phytoplankton pigments are not the sole driver of optical
variability in this area. Still, the trend in NADS can, at least partly, be interpreted as a
decrease in Chla; indeed, even though overestimated, the SeaWiFS derived Chla is well
correlated with the observations in the region north of the Po River outflow (Mélin et al.,
2007).

A positive signal in ρ(443) is widespread in the Ionian Sea, particularly south-
east of Sicily, and conversely a negative signal is found at the intersection of the Alboran,
Algerian and Balearic basins (Fig. 2.4). Thus the results for trend analysis performed
on a point by point basis globally confirm the features previously pointed out from the
regional average time series. However, they also reveal the presence of relevant changes
in water optical properties occurring at smaller scales that are totally or partially masked
in regional statistics. For instance, negative trends in ρ(443) (waters relatively greener)
and positive trends for Kd(490) and Chla (Fig. 2.5 and 2.6) can be noticed southeast
of Crete. The latter feature might be related to the recurrent bloom developing in the
Rhodes Gyre (e.g., D’Ortenzio et al., 2003) and to the location of the Ierapetra Eddy,
a zone of large, and recently increasing, eddy kinetic energy (Pujol and Larnicol, 2005).
These changes are associated with an increase in Kd(490), approximately +2.5% a−1. A
positive trend for ρ(443) affects the northern part of AEGS. Except for an independent
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Figure 2.5: Relative linear changes in the diffuse attenuation coefficient Kd(490) over the
10-year period SeaWiFS record (from November 1997 to October 2007, in % a−1) in the
Mediterranean Sea. Only the pixels for which a significant linear trend has been detected
are reported (p< 0.05).

Figure 2.6: Relative linear changes in the chlorophyll a concentration Chla over the 10-
year period SeaWiFS record (from November 1997 to October 2007, in % a−1) in the
Mediterranean Sea. Only the pixels for which a significant linear trend has been detected
are reported (p< 0.05).
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feature in the GLIO associated with the Rhône River outflow, no significant trend is no-
ticed in the northwest Mediterranean. Negative and positive trends in Chla have been
documented, respectively by Goffart et al. (2002) for the Bay of Calvi (Corsica) and by
Marty et al. (2002) at an offshore station in the Ligurian Sea, but both studies use data
up to 1999.
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2.2 Black Sea

2.2.1 Seasonal and Irregular Variances

In general, the relative contribution of the seasonal component to the total variance of the
time series in the Black Sea is relatively low, ranging between 8 and 69% for all variables
(Fig. 2.7). Clearly, for all the SeaWiFS bands, the percentage of variance related to the
seasonal cycle, σ̃2

S, follows an increasing gradient from the more turbid water masses of the
western shelf (32-46%) and Sea of Marmara (31-54%) to clearer waters in the eastern part
of the basin (55-69%, Fig. 2.7). This is associated with a reciprocal decreasing gradient of
the relative contribution of σ2

I , varying from 29-34% in the eastern part (43% at 670 nm)
up to 66% for the western shelf region. These results are consistent with the observations
of Oguz et al. (2002) who underlined the links between meso- and sub-mesoscale structures
(like filaments, meanders) and the ocean color signal in the northwestern Black Sea, and
with the work of Kopelevich et al. (2002) who noticed that the seasonal Chla signal
(derived from Coastal Zone Color Scanner data) was more pronounced in the deep Black
Sea than on the shelf. Strong optical signatures at basin scale are also due to large blooms
of coccolithophores, that contribute to both seasonal and irregular components of LWN

considering their occurrence around June but with varying extent, duration and intensity
(Cokacar et al., 2004; Karabashev et al., 2006). The spatial heterogeneity in the temporal
dynamics of the Black Sea optical properties underline the diversity of environmental
parameters driving the dynamics of the optically significant components of seawater.

Figure 2.7: Relative contribution (in %) of the seasonal (σ̃2
S , ’4’), irregular (σ̃2

I , ’∗’) and
trend (σ̃2

T , ’◦’) components to the total variance of the time series for SeaWiFS radiances
(at 412, 443, 490, 510 and 555 nm), band ratios (ρ412, ρ443, ρ490, ρ510), chlorophyll a
(Chla) and attenuation coefficient at 490 nm (Kd(490)) in the Black Sea.
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A west-east gradient of increasing variance contribution of the seasonal cycle
is also seen for the band ratios (except for ρ(510)) as well as for Kd(490), but σ̃2

S is lower
than for LWN . Interestingly this is accompanied by a gradient of decreasing contribution
due to trend σ̃2

T for the band ratios, from 36-45% on the western shelf to 15-21% in the
eastern basin (Fig. 2.7), and similarly, σ̃2

T decreases from 32% to 13% for Kd(490).

2.2.2 Trend Analysis

The contribution of the trend to the total variance corresponds to highly significant trends
that are detected for all SeaWiFS band ratios (positive trends), as well as Kd(490) and
Chla (negative trends), in the three regions considered for the Black Sea (Table 2.2,
p<0.01 for ρ(412), p<0.001 otherwise). Importantly, results relying on regional average
time series are fully in line with those obtained on a spatial basis (see Fig. 2.9 and 2.10).
On the other hand, for LWN , significant trends (p<0.05) are found only between 412 and
490 nm in the deep basin (approximately +2% a−1), and these changes are mostly affecting
the northern parts (Fig. 2.8). Upward changes in band ratios tend to be stronger for time
series related to the shortest SeaWiFS wavelengths, ρ(412) and ρ(443) (Table 2.2). For
instance in the deep west Black Sea region, an increase of +2.1% a−1 for these ratios is
noted while it is of +1.0% a−1 for ρ(510). Moreover, changes in optical quality of the water
masses are slightly more pronounced in the western Black Sea than in the eastern part of
the basin (e.g., +2.1% versus 1.9% per year for ρ(412) and ρ(443), Table 2.2, see also Fig.
2.9). Interestingly the trends for band ratios, Kd(490) and Chla over the western shelf
are essentially found in the southern part (Fig. 2.9 and 2.10). The significant increase
observed for ρ(490) is obviously translated into a large decrease of Kd(490) values. Over
the 10-year period, regional statistics indicate that Kd(490) decreased by approximately
-1.7% a−1 over the basin (Table 2.2). Finally, the standard Chla product indicates a trend
of approximately -3% a−1. Positive trends for ρ are also observed in the Sea of Marmara,
associated with negative trends for LWN at 510 and 555 nm.

LWN ρ
412 443 490 510 555 412 443 490 510 Kd(490) Chla

Black S. Shelf (SBLS) - - - - - 1.44∗∗ 1.65∗∗∗ 1.34∗∗∗ 1.06∗∗∗ −1.60∗∗∗−3.03∗∗∗

W.Black S. Deep (WBLS) 2.28∗ 2.40∗ 1.89∗ - - 2.10∗∗ 2.14∗∗∗ 1.58∗∗∗ 1.02∗∗∗ −1.82∗∗∗−3.09∗∗∗

E.Black S. (EBLS) 2.26∗ 2.36∗∗ 1.97∗ - - 1.93∗∗ 1.90∗∗∗ 1.44∗∗∗ 0.96∗∗∗ −1.63∗∗∗−2.73∗∗∗

Marmara S.(MARS) - - - −1.83∗ −2.48∗ 2.55∗∗ 1.89∗∗∗ 0.86∗∗ 0.67∗∗ - -

Student t-test probability : − : NS, ∗ : p<0.05, ∗∗ : p<0.01,∗∗∗ : p<0.001

Table 2.2: Percentage of long term linear changes in SeaWiFS derived radiances (at 412,
443, 490, 510 and 555 nm), band ratios (ρ412, ρ443, ρ490, ρ510), chlorophyll a (Chla) and
attenuation coefficient at 490 nm (Kd(490)) from November 1997 to October 2007 (in %
a−1) in the Black Sea. See Fig. 1.2 for a complete definition of the regions.
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Figure 2.8: Relative linear changes in LWN(443) and LWN(555) over the 10-year SeaWiFS
record (from November 1997 to October 2007, in % a−1) in the Black Sea. Only the pixels
for which a significant linear trend has been detected are reported (p< 0.05).

Figure 2.9: Relative linear changes in the band ratio ρ(443) over the 10-year SeaWiFS
record (from November 1997 to October 2007, in % a−1) in the Black Sea. Only the pixels
for which a significant linear trend has been detected are reported (p< 0.05).
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Figure 2.10: Relative linear changes in the diffuse attenuation coefficient Kd(490) and
chlorophyll a concentration Chla over the 10-year SeaWiFS record (from November 1997
to October 2007, in % a−1) in the Black Sea. Only the pixels for which a significant linear
trend has been detected are reported (p< 0.05).

The relative importance of the trend signal for the Black Sea is completely
in line with past and current data sets documenting the interannual variability that has
affected the basin. Large variations of the ecosystem components of the Black Sea in
the last four decades have now been reported in terms of physics (Ginzburg et al., 2004),
chemistry (Konovalov and Murray, 2001) or ecology (Kideys, 2002). They have been
prompted by a complex set of pressures, including impacts from large scale climatic vari-
ability (Oguz et al., 2006), variations in the nutrient and pollutant inputs from the coast
and rivers and their distribution in the basin (Humborg et al., 1997; Yunev et al., 2005),
overfishing (Daskalov, 2002), and the appearance and evolution of invasive species, par-
ticularly gelatinous zooplankton (Kideys and Romanova, 2001; Kideys et al., 2005). The
present study synthesizes the optical signature of these changes using the ocean color
record, and work is in progress to clearly identify the associated drivers (e.g., Oguz and
Gilbert 2007).
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2.3 Baltic Sea

2.3.1 Seasonal and Irregular Variances

The main characteristic of time series for SeaWiFS LWN and band ratios in the Baltic Sea
is the overall high level of variance explained by the irregular component with respect to
the other European basins. This feature is particularly pronounced for radiances at 412
and 443 nm where σ̃2

I is found to explain from 53% to 93% of the total variance in the vast
majority of the Baltic regions (Fig. 2.11). This dominance is also found homogeneous in
space. The residual term σ̃2

I remains the major contributor to the total variance at 490,
510 and 555 nm in the Skagerrak (SKAG), Kattegat (KATT), and the Belt (BELS) and
Arkona (ARKS) Seas, and at all channels in the Northern Baltic Proper region (NBAP).
Conversely, in the Gulfs of Gdansk (GGDA), Riga (GRIG) and Finland (GFIN), the
Archipelago region (ARCH), the Aland Sea (ALAS), the Gotland Basin (GOTB) and
the Southern Baltic Proper (SBAP), the relative contribution of the irregular component
is superseded by the seasonal term as the wavelength increases, particularly at 555 nm,
and to a lesser extent in the red part of the spectrum (Fig. 2.11). A singular situation
is observed in the Kattegat, where a significant seasonal component is detected at 412,
443 and 670 nm, and in the Skagerrak at 412 and 670 nm, whereas the irregular term
dominates between 490 and 555 nm. Similarly, the Bothnian Sea (BOTS) and Bothnian
Bay (BOTB) clearly differ from the other parts of the basin since a relevant seasonal
signal prevails for all the SeaWiFS radiance time series (σ̃2

S > 50% except at 555 nm in
BOTB, Fig. 2.11). This might be the signature of the seasonal cycle of DOM inputs from
land (Zweifel et al., 1995; Schwarz, 2005) impacting the apparent optical properties.

A wide spectral and spatial variability is also observed for the variance terms
determined for radiance band ratios (Fig. 2.11). The seasonal component represents the
main contributor to the total variance (σ̃2

S between 48% and 78%) in the Gotland Basin,
the Southern Baltic Proper and to a lesser extent in the Bothnian Bay region and the
Gulf of Finland (except for ρ(412)). Actually for the main regions of the basin (SBAP,
GOTB, NBAP, GFIN) as well as for GGDA and ARKS, the seasonal contribution to the
variance of ρ increases with wavelength. Inversely, the irregular variations tend to explain
the major part of the temporal variability of band ratio time series in the KATT, BELS,
ALAS, and ARCH areas (σ̃2

I ≈ 50-75%). In GRIG, SKAG and BOTS, σ̃2
S decreases with

wavelength, being dominant only for ρ(412) and ρ(443). For Kd(490) and Chla, the terms
σ̃2

S and σ̃2
I are usually and logically consistent with ρ(490) and ρ(510), respectively. In

the case of Chla, this is explained by the fact that the maximum band ratio algorithm
OC4v4 tends to select ρ(510) in presence of absorbing waters.

With respect to other basins, there are various factors contributing to lower
seasonal contributions to the variance. First of all, because of the ocean color data
coverage, the number of months used for the analysis is restricted to 9 months for most
Baltic regions (down to 7 for BOTB). A higher level of cloud cover is likely to weaken the
potential to accurately represent a seasonal cycle with the appropriate space and time
sampling (Rantajärvi et al., 1998). Then, various studies in the Baltic illustrate that
the amplitudes of LWN are often low, particularly in the blue domain, with a spectral
maximum shifted toward the green (Darecki et al., 2003; Siegel et al. , 2005). This
specificity is related to the well known highly absorbing character of Baltic waters with a
strong contribution of CDOM (e.g., Ferrari et al. 1996). Consequently, the corresponding
low levels of the satellite derived LWN in the Baltic Sea are more affected by noise, again
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Figure 2.11: Relative contribution (in %) of the seasonal (σ̃2
S , ’4’), irregular (σ̃2

I , ’∗’) and
trend (σ̃2

T , ’◦’) components to the total variance of the time series for SeaWiFS radiances
(at 412, 443, 490, 510 and 555 nm), band ratios (ρ412, ρ443, ρ490, ρ510), chlorophyll a
(Chla) and attenuation coefficient at 490 nm (Kd(490)) in the Baltic Sea.
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lessening the potential to detect the seasonal signature. In the more coastal and eutrophic
regions directly influenced by rivers (SBAP, GGDA, GRIG, Wasmund et al. 2001), the
presence of particles counteract the absorption, and all the more efficiently in green bands.
These elements do not mean that the irregular component is entirely an artifact; for
instance the phytoplankton spring bloom is associated with a large degree of interannual
variability (e.g., Wasmund et al. 1998; Fleming and Kaitala 2006). Another element
potentially contributing to the irregular signal is the occurrence of cyanobacteria blooms
with variable intensity, duration and extent. These blooms, associated with a very strong
optical signature when biogenic aggregates are close to the surface, are also characterized
by a high spatial variability at various scales (Kutser, 2004; Zibordi et al., 2006a) and a
large interannual variability (Janssen et al., 2004; Kahru et al., 2007). On the other hand,
these blooms are not necessarily well represented in the LWN standard satellite records
since conditions of surface accumulations are often excluded by the processing software,
mostly because of typically very high LWN values in the near infrared (Kutser, 2004).
Finally a measure of caution is warranted for some shallow waters, particularly in the
southwest corner of the Baltic Sea, where the bottom reflectance might at times impact
the satellite signal (Ohde and Siegel, 2001).

2.3.2 Trend Analysis

In the Baltic Sea, long term changes in water optical properties are very heterogeneous
at both spatial and spectral scales, and only few provinces show significant linear trends
(Table 2.3). This overall feature might be partially related to the high levels of irregular
variations observed for this basin, again emphasizing the high complexity of these waters
from an optical point of view. A negative signal for LWN(490) can be detected for the
regions KATT, BELS, and ARKS. The use of GAC data for these small coastal areas
is not recommended but a significant negative trend in BELS (p<0.05) can also be seen
over seven years with LAC data. For KATT and BELS, a corresponding decrease of
ρ(490) is observed (-0.5% a−1, p<0.05), and an increase for Kd(490). This is somewhat in
contrast with the decreasing trends in Chla found by Wasmund and Uhlig (2003) in the
Mecklenburg Bight for the period 1979-2000. Older time series indicated an increase in
total suspended matter in Danish coastal waters (Højerslev, 1989). Rydberg et al. (2006)
report higher values of primary production after 1997 in KATT and BELS but these are
likely due to a change in measurement method; this followed a clear increase in primary
production before 1980, followed by a slight negative trend in association with a reduction
in nutrient loads. Consistent with this, Carstensen et al. (2004) did not detect trends in
the bloom frequency using field data in the Kattegat for the period 1989-1999.

The strongest trend signals are found for the northernmost regions (Table 2.3;
see also Fig. 2.15 and 2.16 in the next section). There are significant decreasing trends
in ARCH, ALAS and BOTS from 490 to 555 nm, and in NBAP and GFIN at 490 and
510 nm. Consistent results could already be obtained using seven years of LAC data.
A positive trend for LWN(412) can be observed for ARCH and BOTS. Consequently,
large trends in ρ are noticeable for these regions. The increase in BOTS is +3.4% and
+2.1% per year for ρ(412) and ρ(443), respectively. Trends in these regions might be
associated with variability in inputs from land but also in physical conditions, including
sea surface temperature, with a marked increase observed in this region (Siegel et al. ,
2006), and sea ice (Jevrejeva et al., 2004; Meier et al., 2004). A weak positive trend can
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LWN ρ
412 443 490 510 555 412 443 490 510 Kd(490) Chla

Skagerrak (SKAG) - - - - - - - - 0.49∗ - −1.83∗

Kattegat (KATT) - −0.90∗ −1.02∗ - - - - −0.56∗ - 1.21∗∗ -

Belt S. (BELS) - - −1.14∗ - - - - −0.53∗ - 1.08∗∗ 1.69∗

Arkona S. (ARKS) - - −0.64∗ - - - - - - - -

N. Baltic (NBAP) - - −1.24∗∗−0.95∗ - - - - - - -

G. Finland (GFIN) - - −1.09∗∗∗−0.80∗∗- - - - - 0.84∗ -

Archipel. (ARCH) 1.94∗ - −1.11∗∗∗−1.10∗∗−1.20∗∗ 4.57∗∗ 2.41∗∗∗ - - - -

Aland S. (ALAS) - - −1.71∗∗∗−1.51∗∗−1.68∗∗ - - - - - -

Bothnian S. (BOTS) 1.63∗∗ - −1.22∗∗∗−1.18∗∗∗−1.68∗∗∗ 3.38∗∗∗2.13∗∗∗ 0.51∗ 0.60∗∗∗ - −1.69∗∗

Student t-test probability : − : NS, ∗ : p<0.05, ∗∗ : p<0.01,∗∗∗ : p<0.001

Table 2.3: Percentage of long term linear changes in SeaWiFS derived radiances (at 412,
443, 490, 510 and 555 nm), band ratios (ρ412, ρ443, ρ490, ρ510), chlorophyll a (Chla) and
attenuation coefficient at 490 nm (Kd(490)) from November 1997 to October 2007 (in %
a−1) in the Baltic Sea. No trend has been detected for the provinces of the Bothnian Bay
(BOTB), Southern Baltic (SBAP), Gotland basin (GOTB), Gulf of Riga (GRIG) and
Gulf of Gdansk (GGAN). See Fig. 1.3 for a complete definition of the regions.

be seen for Kd(490) in the Gulf of Finland, where Suikkanen et al. (2007) have found
an increase in summer Chla over the period 1979-2003. On the other hand, Raateoja et
al. (2005) do not report trends after 1990 for the spring period at coastal stations of the
Gulf. Noteworthy is the absence of trends for most variables in the Baltic Proper (ARKS,
SBAP, GOTB, NBAP, Table 2.3, see also Fig. 2.14 to 2.18). Long time series have
underlined trends in Chla or primary production in some of these regions (e.g., Wasmund
et al., 2001; Wasmund and Uhlig, 2003; Fleming et al., 2008), and these were accompanied
by changes in nutrient concentrations (Trzosińska, 1990) and Secchi depth (Sandén and
H̊akansson, 1996). Importantly, some of the past changes in the ecological variables of
the Baltic Sea have been associated with shifts (like in the late 1980’s, Alheit et al. 2005).
In any case the detection of trends in terms of optically relevant quantities for the last
decade and the future will require a continuous monitoring with field and satellite data.
Upcoming changes might be prompted by marine protection policies, with the reduction
of nutrient inputs (HELCOM, 2007a), and by multiple pressures from climate forcing
including impacts on sea surface temperature and ice (HELCOM, 2007b; Siegel et al. ,
2006; Meier et al., 2004). Finally, influences from invasive newcomers could also affect
the Baltic ecosystem (e.g., Haslob et al. 2007).
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2.4 Northeast Atlantic Domain

2.4.1 Seasonal and Irregular Variances

The distribution of the variance terms logically reflects the heterogeneity of the provinces
grouped in this vast domain, including oceanic, shelf and coastal areas.

In the offshore oceanic waters, two main patterns of temporal variability can
be distinguished (Fig. 2.12). First, in the southern offshore regions of the domain,
the North Atlantic areas X (AZOB), VIIIe and IXb (SWSL) and the offshore waters
of the Bay of Biscay (BISO, VIIIc,d) a high seasonality is detected for radiances at all
wavelengths except at 510 nm, as already noted for a large part of the Mediterranean
Sea. The percentage of variance represented by σ̃2

S for the area averaged LWN series (510
nm excluded) is usually above 80% (74% for LWN at 412 and 555 nm in BISO). In the
Canary Islands region (CANI), large values of σ̃2

S (>92%) are also found for the spectral
domain 412-490 nm, but σ̃2

S is lower for longer wavelengths (48-66%), a behavior noticed
for Ionian and Levantine oligotrophic waters. Both upwelling regions (Iberian, IBEU, and
Moroccan, MORU) present intermediate spectra, with σ̃2

S in the range 74%-89% from 412
to 490 nm, a minimum of σ̃2

S at 510 nm and higher values at 555 and 670 nm. Overall this
dominance of the seasonal component is preserved on the corresponding maps. However,
for single grid points, σ̃2

I tends to be the largest term for the wavelengths 510 nm and
above. Moreover, σ̃2

I becomes dominant for the coastal strip of the upwelling provinces
IBEU and MORU, regions with small-scale variability (Smyth et al., 2001; Gabric et al.,
1993).

For the more northern offshore sector, the Northeast Atlantic area XII (NEAT),
the areas VIb and VIIc,k (NWSL), the Faroe Plateau (FARP), and the Norwegian Sea,
NORW), the largest seasonal component is detected at 555 nm (σ̃2

S ≈80-90% of the total
variance, Fig. 2.13). Even if not as marked, the pattern is similar for the Iceland Shelf
(ICES). Meanwhile, the contribution of the seasonal term is globally lower than in the
southern part of the domain for radiance time series between 412 and 510 nm (from 55%
to 76%) as well as at 670 nm (42-60%, except 70% for ICES). On a grid-point basis, σ̃2

I

instead of σ̃2
S tends to be the dominant term, underlining how spatial averaging favors

the seasonal contribution in these regions. Actually, for LWN between 412 and 490 nm
as well as for the corresponding ρ, σ̃2

S decreases sharply north of 40◦N, a zone associated
with a strong Chla gradient separating the North Atlantic Drift region from subtropical
waters (Longhurst, 1998). Factors lowering σ̃2

S in the more northern waters include the
local modulation of the seasonal cycle by mesoscale variability (e.g., Robinson et al., 1993;
Garçon et al., 2001), interannual variations forced by the North Atlantic climate, and the
effect of cloud cover on the representation of the seasonal cycle by satellite remote sensing.

For the regions described above, band ratio time series are in general highly
seasonal, especially in the more oceanic regions, with σ̃2

S in the interval 73%-96% (69%
in BISO for ρ(412), and in IBEU for ρ(510), Fig. 2.13). Logically, seasonality is the
dominant signal for Kd(490) and Chla, with σ̃2

S in the interval 74%-91% and 68%-87%,
respectively, with the exception of FARP (66% and 54%, respectively), that might be
linked with large inter-annual fluctuations reported for this area (Hansen et al., 2005).
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Figure 2.12: Relative contribution (in %) of the seasonal (σ̃2
S , ’4’), irregular (σ̃2

I , ’∗’) and
trend (σ̃2

T , ’◦’) components to the total variance of the time series for SeaWiFS radiances
(at 412, 443, 490, 510 and 555 nm), band ratios (ρ412, ρ443, ρ490, ρ510), chlorophyll a (Chla)
and attenuation coefficient at 490 nm (Kd(490)) in the offshore waters of the North-East
Atlantic domain. Roman numerals are for the ICES region (FAO region 27) and arabic
numerals for the ICES FAO region 34.
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Figure 2.13: Relative contribution (in %) of the seasonal (σ̃2
S , ’4’), irregular (σ̃2

I , ’∗’) and
trend (σ̃2

T , ’◦’) components to the total variance of the time series for SeaWiFS radiances
(at 412, 443, 490, 510 and 555 nm), band ratios (ρ412, ρ443, ρ490, ρ510), chlorophyll a (Chla)
and attenuation coefficient at 490 nm (Kd(490)) in the coastal waters of the North-East
Atlantic domain.

Shelf and coastal areas of the domain (i.e., English Channel, ENGC, the Irish
Sea, IRIS, the Celtic Sea, CELS, the northwestern British coasts, and the coastal waters
of the bay of Biscay, BISC) are characterized by a relatively high contribution of the
irregular variations for radiances at 412 nm (σ̃2

I of 59-67%, and 38% for CELS, Fig. ??).
This is not so in the North Sea (NORS), for which σ̃2

S reaches 81%. A dominant seasonal
cycle is observed for the spectral interval 443-555 nm, particularly for NORS, ENGC,
IRIS and CELS, with σ̃2

S explaining from 69% to 93% of the total variance. For these four
regions, σ̃2

S is only slightly lower for LWN(670). Low values for σ̃2
S at 412 nm can be partly

explained by low values of LWN(412) itself (e.g., Lubac and Loisel, 2007), associated with
absorption due to CDOM and non pigmented particles (Tilstone et al., 2005; Vantrepotte
et al., 2007). At longer wavelengths, scattering by particles plays a larger role, for instance
in the Irish Sea (Bowers et al., 1998). The higher value of σ̃2

S at 412 nm for the North
Sea results from averaging over a large area, where this term is rather high in the central
part of the basin and in the Thames River estuary region. Conversely, σ̃2

S is low for
LWN(412) and increases with wavelength in the southern part of the North Sea (German
Bight), a region of high phytoplankton production (Joint and Pomroy, 1993) and with an
optical interplay of CDOM and particles (e.g., Wild-Allen et al., 2002). Other examples
of spatial variability among these regions include a particularly high seasonal component
in the northern part of CELS (i.e., just south of Ireland) and low values along the Biscaye
slope. The waters downstream of the Thames river (the East Anglian plume, easily seen
in satellite images, e.g., Doerffer and Fischer, 1994) are also found with high σ̃2

S for all
wavelengths.

The variability of band ratios is mostly dominated by the seasonal term (Fig.
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??). However, σ̃2
S does not exceed 71% for BISC, and decreases sharply for ENGC, from

88% for ρ(412) to 23% for ρ(490). For Kd(490) and Chla, σ̃2
S is in the interval 60%-81%

and 61%-77%, respectively (except for ENGC, 30 and 33%, respectively). A relatively
low seasonal signal for ENGC, and to a lesser extent for BISC, can be related to the
combination of factors driving optical properties, including the tidal forcing, sediment
re-suspension, or freshwater inputs. Indirectly, variability in these factors also affects the
phytoplankton cycle, adding episodic events to the main seasonal signal (e.g., Aiken et
al., 2004), or creating conditions leading to variations of this cycle, like late winter blooms
(Labry et al., 2001; Gohin et al., 2003).

2.4.2 Trend Analysis

The trend results for the North Atlantic domain are shown by Table 2.4 and Fig. 2.14
to 2.18. It is all the more important to pay attention to the full spatial distribution of
trends as some of the Atlantic regions are large: in some cases of heterogeneous trends,
the use of regional averages might result in unreliable regional statistics.

LWN ρ
412 443 490 510 555 412 443 490 510 Kd(490) Chla

North S. (NORS) - - - - - - 0.58∗ - 0.23∗ - -

Eng.Chan. (ENGC) −0.96∗ −1.14∗∗−1.69∗∗∗−1.74∗∗∗−2.18∗∗∗ - 0.99∗∗ 0.59∗∗ 0.54∗∗∗ −0.67∗∗ −1.30∗∗

Irish S. (IRIS) −1.27∗∗∗−0.87∗∗∗−0.91∗∗−0.88∗∗−1.14∗∗ - - - 0.22∗ - -

Celtic S. (CELS) - - −0.64∗ - −0.88∗ - 0.72∗ - 0.38∗∗ - -

Biscay Coast (BISC) - - - - −0.99∗ 1.17∗∗ 1.19∗∗∗ 0.64∗∗ 0.56∗∗∗ - −1.08∗

Biscay Off. (BISO) - - - - - 1.16∗∗ 1.03∗∗ - 0.40∗ - -

Iberian Upw. (IBEU) - - −0.31∗ - - - - - - - -

NW Slope (NWSL) 0.54∗ - - - −0.57∗ 1.38∗∗∗1.35∗∗ 0.81∗ 0.76∗∗∗ - -

SW Slope (SWSL) 0.83∗∗∗ 0.63∗∗∗ - - −0.63∗∗∗ 1.67∗∗∗1.46∗∗∗ 0.82∗∗∗ 0.63∗∗∗ −0.76∗∗ −1.34∗∗

NE Atl. (NEAT) 0.80∗∗ 0.70∗∗ - - −0.74∗∗ 1.51∗∗∗1.46∗∗∗ 0.88∗∗∗ 0.76∗∗∗ −1.19∗∗∗−2.38∗∗∗

Azores B. (AZORB) 0.96∗∗∗ 0.73∗∗∗ - - −0.55∗∗∗ 1.58∗∗∗1.37∗∗∗ 0.79∗∗∗ 0.71∗∗∗ −1.07∗∗∗−2.15∗∗∗

Norwegian S. (NORW) - - −0.49∗ - −0.45∗ - - - - - -

Iceland Shelf (ICES) - - - - - 0.89∗ - - - - -

Canary Isl. (CANI) - - −0.22∗∗- - - - - - - -

Moroccan Upw. (MORU) −0.49∗∗−0.36∗∗−0.33∗∗∗- - - - −0.34∗ - 0.59∗ -

Student t-test probability : − : NS, ∗ : p<0.05, ∗∗ : p<0.01,∗∗∗ : p<0.001

Table 2.4: Percentage of long term linear changes in SeaWiFS derived radiances (at 412,
443, 490, 510 and 555 nm), band ratios (ρ412, ρ443, ρ490, ρ510), chlorophyll a (Chla) and
attenuation coefficient at 490 nm (Kd(490)) from November 1997 to October 2007 (in %
a−1) in the North-east Atlantic domain. No trend has been detected for the provinces of
the Faroe Plateau (FARP) and northwestern British coasts (NWBI). See Fig. 1.4 for a
complete definition of the regions.
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For the off-shelf domain, trends are detected for the large regions (NWSL,
SWSL, NEAT, AZOB). These results are actually due to a large consistent pattern (seen
for the various quantities on Fig. 2.14 to 2.18) in the areas VIIk and VIIIe, and the
corresponding corners of X and XII. This pattern is associated with a positive trend for
LWN at 412, 443 (Fig. 2.14) and 490 nm (lower in the latter case). Conversely, no
significant trend is found in that region at 510 nm, whereas the trend is significantly
negative at 555 nm (Fig. 2.15). A negative trend at 555 nm is also found in the northern
part of XII. Logically, the large pattern of opposite trends for blue and green wavelengths
result in large and highly significant positive signals for band ratios (Fig. 2.16). For the
regions NWSL, SWSL, NEAT, and AZOB, the trends of ρ(412) and ρ(443) amount to
approximately +1.5% a−1 (Table 2.4). Correspondingly, large negative trends are observed
for Kd(490) and Chla (Fig. 2.17 and 2.18). Opposite to these features, opposite trends
are found for LWN between 412 and 490 nm in the southern part of IXb (decrease) and
for LWN(555) in VIb (increase), associated with negative trends in ρ(443) (Fig. 2.16).

Other isolated features include a decrease in LWN in the blue domain in the
northern part of the Moroccan upwelling (MORU) as well as an increase west of Iceland,
and a decrease of LWN(555) in the southeast of the Norwegian Sea (along the coasts of
Norway) (Fig. 2.15). Positive and negative signals can be observed for ρ(443) (Fig. 2.16)
west and along the southeastern shores of Iceland, respectively. Trends can be also found
for ρ(443) along the northern Moroccan coasts (MORU) (<0) and in the Gulf of Cádiz
(in the area IBEU, or IXa) probably in response to local variations in upwelling and river
discharge (Navarro and Ruiz, 2006). The trends are obviously reversed for Kd(490) and
Chla (Fig. 2.17 and 2.18).

For the shelf regions, a couple of interesting patterns appear. Particularly, a
negative trend is found for LWN at all wavelengths for IRIS and ENGC as well as in
CELS at the southwestern tip of England. The trend in the English Channel mostly
affects the western part and increases with wavelength (reaching -2.2% a−1 for the area
averaged series at 555 nm). In the North Sea, negative trends are also seen for LWN along
the Dutch coasts and downstream of the Thames River. Averaged over the whole NORS
area, these trends are not significant (Table 2.4). Finally a negative signal for LWN(555)
affects some offshore parts of NORS and the French coasts of the Bay of Biscaye (-1% a−1

for the area averaged series). As for band ratios, trends are mostly positive, in the English
Channel (but of lower amplitude than for LWN), the open North Sea, the French coasts
of the Bay of Biscaye (+1.2% a−1 for ρ(443) and BISC), and isolated patterns north and
south of Ireland (Fig. 2.12). Consequently, satellite derived Kd(490) and Chla tend to
decrease for these regions. These results for the central North Sea are consistent with
those of McQuatters-Gollop et al. (2007), showing a decrease between 1998 and 2003 of
Chla obtained by combining Continuous Plankton Recorder (CPR) and SeaWiFS data
(the decrease being actually continuous since 2000). Conversely, no significant trends in
ratios are found for the German Bight, a result in continuity with the coastal series of
McQuatters-Gollop et al. (2007) over the SeaWiFS period, the Chla observations over
1988-1995 of de Vries et al. (1998) for the Dutch coastal waters (in spite of a decrease in
phosphorus load), and the work of Cadée and Hegeman (2002) who show that after an
increase in the 1970’s, the annual Chla was stable in the 1990’s at a coastal station of
the Wadden Sea. Edwards et al. (2006) have illustrated an increase in abundance of some
dinoflagellate taxa along the coasts of southern Norway, including the area of positive
trend for ρ(443) seen on Fig. 2.12, between the 1990’s and the preceding period, but this
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record has been fluctuating over the interval 1997-2002. The different results obtained for
some off-shelf waters (opposite trends for blue and green wavelengths) and the English
Channel (negative trends for all LWN(λ)) underline the information brought by the full
LWN spectrum. The latter might be interpreted as a relative decrease in the load of
scattering particles in the water column, driven by variability in river run-off and/or
wind regime. The off-shelf waters are closer to Case-1 conditions with phytoplankton and
derived elements driving the optical properties, and consequently clearer variations of the
blue-to-green band ratios.

Figure 2.14: Relative linear changes in LWN(443) over the 10-year SeaWiFS record (from
November 1997 to October 2007, in % a−1) in the North east Atlantic domain and in
the Baltic Sea. Only the pixels for which a significant linear trend has been detected are
reported (p< 0.05).
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Figure 2.15: Relative linear changes in LWN(555) over the 10-year SeaWiFS record (from
November 1997 to October 2007, in % a−1) in the North east Atlantic domain and in
the Baltic Sea. Only the pixels for which a significant linear trend has been detected are
reported (p< 0.05).
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Figure 2.16: Relative linear changes in the band ratio ρ(443) over the 10-year SeaWiFS
record (from November 1997 to October 2007, in % a−1) in the North east Atlantic domain
and in the Baltic Sea. Only the pixels for which a significant linear trend has been detected
are reported (p< 0.05).
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Figure 2.17: Relative linear changes in the diffuse attenuation coefficient Kd(490) over the
10-year SeaWiFS record (from November 1997 to October 2007, in % a−1) in the North
east Atlantic domain and in the Baltic Sea. Only the pixels for which a significant linear
trend has been detected are reported (p< 0.05).
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Figure 2.18: Relative linear changes in the chlorophyll a concentration Chla over the
10-year SeaWiFS record (from November 1997 to October 2007, in % a−1) in the North
east Atlantic domain and in the Baltic Sea. Only the pixels for which a significant linear
trend has been detected are reported (p< 0.05).
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An abundant literature has highlighted the regime shift affecting the North
Sea and northeastern North Atlantic ecosystems (west of western Europe) in the mid
1980’s, with an abrupt increase in phytoplankton biomass (e.g., Reid et al., 1998; Raitsos
et al., 2005), and changes in several trophic levels up to fish (Beaugrand and Reid, 2003).
Particularly, these took the form of a northward extension of warm water species, docu-
mented for zooplankton and fish (Beaugrand et al., 2002; Beare et al., 2004; Perry et al.,
2005), variations in phenology (Edwards and Richardson, 2004) and community structure
(Leterme al., 2006), or increases in jellyfish abundance (Attrill et al., 2005). Continuous
monitoring is necessary to be able to detect similar changes in the future and in any case
a departure from the warm biological dynamic regime 1984-1999 (Beaugrand and Ibañez,
2004). In that respect, it is interesting to see that the trends detected west of western
Europe (Fig. 2.16 to 2.18) seems opposite to the large increases in phytoplankton in the
late 1980’s. Changes affecting the North Sea and Northeast Atlantic have been diversely
related to the North Atlantic Oscillation (NAO, see Drinkwater et al., 2003, for reviews),
that entered a period of strong positive index in the 1980’s (Hurrell, 1995). Oscillations of
the NAO index in a more neutral state over the last few years might partly be related to
the observed trend in color. A final comment refers to the study of Antoine et al. (2005),
who processed Coastal Zone Color Scanner (1978-1986) and SeaWiFS data in a consistent
manner. The resulting comparison revealed an increase in Chla between the two periods
in a location strikingly similar to that shown for ρ(443) in the Atlantic offshore western
Europe, again consistent with a reversal of past trends. Clearly, the continuation of mon-
itoring effort is a prerequisite to detect the coming changes in these regional ecosystems,
as they undergo the fluctuations in climate, variations in sea surface temperature (Good
et al., 2007; Gómez-Gesteira et al., 2008), or in water masses (Leterme al., 2008), as well
as in coastal regions the variability in inputs from land or the threat of invasive species
(e.g., Faasse and Bayha, 2006).
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Section 3

Discussion and Conclusions

This study has attempted a description of the space and time variability of the monthly
SeaWiFS record of normalized water leaving radiance over the European marine macro-
region. The standard derived products, Kd(490) and Chla, have also been considered for
completeness, but the uncertainties associated with these products in marginal seas and
coastal waters (particularly for Chla) warrants caution. The synoptic coverage afforded
by satellite remote sensing has been summarized by average time series on a set of regions
partitioning the domain. Overall, the results obtained on a grid-point basis are found
consistent even if departures have been mentioned, particularly for the northern part of
the Atlantic domain. The fact that in general σ̃2

S for a given grid-point is lower than
for the area averaged series was to be expected; besides the reduction of noise by the
averaging process and possible artifacts due to cloud coverage for northern regions, an
analysis performed on a fixed point is restricted to an eulerian framework.

The results shown on Fig. 2.1 to 2.18 are synthesized by a classification of
the European regions according to the relative contributions of seasonal, irregular and
trend terms to the total variance, as shown on Fig. 3.1 for four representative variables
(LWN at 443 and 555 nm, ρ(443) and Kd(490)). The two axes of each graph represent
σ̃2

S and σ̃2
I , and the distance from the point to the dashed diagonal (going parallel to the

axes) quantifies σ̃2
T . It is recalled that here σ̃2

S only pertains to a strictly periodic seasonal
cycle. Fig. 3.1 clearly emphasizes the high heterogeneity existing in the characteristics of
temporal variability for the marine optical properties in the various European waters. The
highly seasonal time series found for the radiance signal and band ratios in the blue part
of the spectrum (i.e., LWN(443) and ρ(443)) for the Mediterranean Sea strongly contrast
with those, strongly irregular, observed in the Baltic and in the Black Sea (western part).
Similarly, the percentages of variance corresponding to the two latter domains are globally
more dispersed than the data of the Mediterranean Sea which appears to be much more
optically homogeneous (except the north Adriatic data). This reflects the differences
existing in the environmental parameters driving the quality of these water masses (like
terrestrial inputs and marine biological activity). In terms of derived products such as
Chla, it is argued here that the low variance associated with the seasonal component for
AOPs in the Baltic Sea underlines the difficulty of accurately extracting the seasonal cycle
of phytoplankton biomass from the ocean color record.
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Figure 3.1: Relative contribution (in %) of the seasonal (σ̃2
S), irregular (σ̃2

I ) and trend
(σ̃2

T ) components to the total variance of the time series for SeaWiFS LWN at 443 and
555 nm, the band ratio ρ443 and the attenuation coefficient at 490 nm (Kd(490)) in the
European waters.

A linear trend affecting the optical characteristics of the water has been found
for different regions of the European seas. These include the Atlantic Ocean west of
the European western shelf, the central North Sea, the English Channel, the Black Sea,
the northern Adriatic, various regions of the Mediterranean Sea and the northern Baltic.
Profound changes are likely to affect the European marine ecosystems, and thus their opti-
cally significant constituents. In coastal waters, variations in precipitation and river flow,
as well as retention by dams, and the varying intensity of re-suspension from the bottom
impact the concentrations of inorganic particles and CDOM. The different trophic lev-
els, including phytoplankton, undergo a complex interplay of pressures, including climate
variability, the effect of which has been mentioned in several occasions in the preceding
sections, the emergence of invasive species and diseases (Carlton and Geller, 1993; Harvell
et al., 1999), overfishing with its potential top-down impacts (e.g., Frank et al., 2005),
and variations in inputs of nutrients and contaminants. In that context northern Euro-
pean waters have been classified as highly to very highly impacted by human activities
(Halpern et al., 2008). The variations in LWN are ultimately the visual manifestation of
these changes when they affect optically significant constituents.
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Even though references have been provided to tentatively relate the present
description to documented analyzes of field observations, it is out of the scope of this
work to explain how the various optically significant constituents in the water drive the
variability in LWN at the scale of the European seas, nor to understand the various trends
that have been detected. This principally requires a set of bio-optical algorithms deriving
the appropriate products for the different European regions with quantified uncertainties.
Moreover, reference long time series of optical properties describing the contributions of
phytoplankton, non-pigmented particles and DOM to the light field would be important
in order to validate the trends obtained by the satellite products, but such data sets are
likely to remain very few. Conversely, the creation of consistent records of continuous
measurements of LWN has been achieved in recent years (Zibordi et al., 2006b). In any
case, the importance of quantifying the concentrations of optically significant constituents
does not lessen that of monitoring LWN per se. The color of the water has long been
considered as a precious indicator of water quality, from the time of the Forel-Ule color
scale (Arnone et al., 2004), and is now considered an Essential Climate Variable (GCOS,
2006). The present work took advantage of a decade-long series derived from one sensor
but continuous monitoring will require a multi-platform approach, a work in progress
considering the differences between sensor products (e.g., Mélin et al., 2008). Constructing
and maintaining a fully consistent record of LWN is thus a high priority.
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Abstract 
The ten-year record of ocean colour data provided by the SeaWiFS mission is an important asset for monitoring 
and research activities conducted on the optically-complex European seas. This study mainly makes use of the 
SeaWiFS data set of normalized water leaving radiances LWN to study the major characteristics of temporal 
variability associated with optical properties across the entire European domain. Specifically, the time series of 
LWN, band ratios, diffuse attenuation coefficient Kd(490) and concentration of chlorophyll a Chla are decomposed 
into terms representing a fixed seasonal cycle, irregular variations and trends, and the contribution of these 
components to the total variance is described for the various basins. The diversity of the European waters is 
fully reflected by the range of results varying with regions and wavelengths. Generally, the Mediterranean and 
Baltic seas appear as two end-members with, respectively, high and low contributions of the seasonal 
component to the total variance. The existence of linear trends affecting the satellite products is also explored 
for each basin. The interpretation of the trends observed for LWN and band ratios is not straightforward, but it 
circumvents the limitations resulting from the levels of uncertainty, very variable in space and often high, that 
characterize derived products such as Chla in European waters. Results for Kd(490) and Chla are also 
analyzed. Statistically significant, and in some cases large, trends are detected in the Atlantic Ocean west of the 
European western shelf, the central North Sea, the English Channel, the Black Sea, the northern Adriatic, and 
various regions of the Mediterranean Sea and the northern Baltic Sea, revealing changes in the concentrations 
of optically significant constituents in these regions. 
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