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a b s t r a c t

The SeaWiFS data set covering the period 1997–2007 is used to develop a framework for a comprehensive

description of the inter-annual variations in chlorophyll a concentration (Chla). For each grid cell, the

monthly Chla series is decomposed into seasonal, irregular and trend-cycle terms with the Census X-11

technique that is an iterative band-pass filter algorithm. This approach allows variations in the annual

cycle, while the trend-term isolates the multi-annual evolution in the mean level of the signal. The patterns

with relatively large inter-annual variations are selected using the variance due to the trend-term with

respect to the total variance, and are compared with maps of monotonic trends derived by a non-

parametric Kendall analysis. Most of these patterns are identified in the subtropical domain (301S–301N),

even though there are patterns with strong variations at mid-latitudes, particularly in the Northeast

Atlantic and South of Australia. The time series found within each pattern of interest are found coherent.

Conversely, the ensemble of spatially averaged time series of Chla trend-terms shows a diversity of

evolutions, with rather monotonic changes for all or part of the period, abrupt shifts or low-frequency

oscillations, sometimes coupled with a modification in the amplitude of the annual cycle. Some of these

series are correlated with climate indices, and those in subtropical regions usually show a negative

correlation with the equivalent trend-term calculated for sea surface temperature. The identified inter-

annual signals should be further monitored with longer time series and can serve as test cases for

biogeochemical models.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The sensitivity of the algal communities to the physical
environment (temperature, stratification, wind regime, sea ice
cover) is expressed across a range of space and time scales (Mann
and Lazier, 1996), and long-term climate changes are expected to
affect marine phytoplankton in terms of biomass and species
composition for entire ocean regions (e.g., Sarmiento et al., 2004;
Bopp et al., 2005). The assessment of inter-annual changes in
phytoplankton populations and the understanding of the climate
effects on ocean biology requires appropriately long data series. In
that respect, satellite ocean color is a precious asset since it now
provides a synoptic view of the phytoplankton biomass distribu-
tion for an extended period. Specifically, the global coverage
provided by the Sea-viewing Wide Field-of-view Sensor (Sea-
WiFS) offers a 10-year time series of consistent, well calibrated,
data record of chlorophyll a concentration (Chla) that is
ll rights reserved.
particularly suitable for temporal analysis (McClain et al.,
2004a). Significant changes in the level of phytoplankton Chla in
response to long-term climate changes have already been illu-
strated at global scale by previous works using the SeaWiFS data
record and regression analysis (McClain et al., 2004b; Gregg et al.,
2005; Behrenfeld et al., 2006; Polovina et al., 2008; Irwin and
Oliver, 2009). However, more complex variations like abrupt non-
linear changes may affect marine ecosystems (Stenseth et al.,
2002; Hsieh et al., 2005; Kirby and Beaugrand, 2009), and
oscillations or regime shifts have been detected at basin scales,
in the Pacific (e.g., Karl et al., 2001; Chavez et al., 2003) or the
Atlantic (e.g., Beaugrand and Reid, 2003). Data series need to be
analyzed in this context.

The first aim of this study is to identify at global scale the
major inter-annual patterns in the Chla record over the 10-year
SeaWiFS period. The second objective is to describe their main
temporal evolution with a much greater level of detail than
currently documented. Practically, two statistical approaches are
considered. Firstly, the presence of significant monotonic trends
in the Chla signal is examined by classical non-parametric
statistics. In addition, Chla monthly time series are broken down
into seasonal, irregular and trend components using the Census
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Table 1
Climate indices provided for the various ocean basins. The column data refers to the data used to derive the index. The MEI uses sea surface temperatures, surface air

temperatures, sea-level pressure, zonal (i.e., east–west) surface wind, meridional (i.e., north–south) surface wind and total amount of cloudiness. Data sources are reported

below the corresponding indices.

Name (acronym) Location Data Reference

Multivariate ENSO Index (MEI) Tropical Pacific Cf. legend Wolter and Timlin (1998)

Source: http://www.esrl.noaa.gov/psd/people/

klaus.wolter/MEI/mei.html

Pacific Decadal Oscillation (PDO) 4203N SST Mantua et al. (1997)

Source: http://jisao.washington.edu/pdo/

North Atlantic Oscillation (NAO) North Atlantic Atm. pressure Hurrell (1995)

Source: http://www.cgd.ucar.edu/cas/jhurrell/indices.html

Tropical Northern Atlantic (TNA) 551W–151W, 51N–251N SST Enfield et al. (1999)

Tropical Southern Atlantic (TSA) 301W–101E, 201S–01 SST Enfield et al. (1999)

Niño 1+2 901W–801W, 101S–01 SST Rayner et al. (2003)

Niño 4 1601E–1501W, 51S–51N SST Rayner et al. (2003)

Indian Ocean Dipole Mode Index (DMI) E-W gradient SST Saji et al. (1999)

Source: http://ioc3.unesco.org/oopc/state_of_the_ocean/sur/

Southern Annular Mode (SAM) 401S–651S Atm. pressure Marshall (2003)

Source: http://www.nerc-bas.ac.uk/icd/gjma/sam.html
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X-11 decomposition method. This approach allows year-to-year
changes in the shape of the annual cycle, thus providing informa-
tion on the inter-annual variations of this part of the signal.
Consequently, the X-11 trend-term is not affected by inter-annual
changes in seasonality and is well adapted to describe the non-
linear multi-annual changes in the series (Pezzulli et al., 2005).
The study first presents these statistical approaches and then the
results for the global ocean. Specific patterns with a relevant
inter-annual variability are selected using the relative contribu-
tion of the X-11 trend-term to the total variance and are
described using the outputs of the two complementary temporal
analyzes. Even though investigating the factors driving these
patterns is not an objective of the present work, some trend
patterns are discussed with respect to temperature and climate
variations.
2. Material and methods

2.1. Satellite data

The satellite product is the concentration of Chla in the upper
layer of the ocean derived from the SeaWiFS sensor and asso-
ciated algorithms (reprocessing R20091), and obtained as Level-3
monthly files from the U.S. National Aeronautics and Space
Administration (NASA). Practically, Chla is obtained after atmo-
spheric correction by the OC4v6 algorithm (modifications
of O’Reilly et al., 2000). The Chla record is mapped on
50-resolution cylindrical equidistant grids (9.26 km at the equa-
tor) for the period November 1997 to October 2007. The analysis
is conducted on aggregations of 3�3 grid cells (corresponding to
a resolution of 27-km) to increase the spatial coverage and reduce
the noise but the main observed patterns are otherwise not
affected (not shown). On a global scale, the uncertainties asso-
ciated with this Chla product have been assessed as a root-mean-
square difference of 0.31 for log-transformed data (Gregg and
Casey, 2004; this is likely lower for the reprocessed product used
here), but it is acknowledged that higher discrepancies can be
found at regional scales, particularly in coastal waters (see,
e.g., Hyde et al., 2007; Mélin et al., 2007, and references therein).
This problem is mitigated by focusing the analysis on open ocean
waters, to the exclusion of coastal waters and regional seas. Some
1 see http://oceancolor.gsfc.nasa.gov/REPROCESSING/R2009/
biases might still exist in specific regions but should not affect the
large-scale analysis performed in this work that is focusing on
relative temporal variations.

As ancillary data, a coincident series of sea surface tempera-
ture (SST) is obtained from the Physical Oceanography Distrib-
uted Active Archive Center (PODAAC, NASA) as the Pathfinder
data set (version 5, Evans et al., 2009). The data are mapped on a
4-km equidistant grid. Only the grid points with the highest level
of quality flags are considered in the analysis.

2.2. Climate indices

Climate indices are integrated descriptors of one or more
facets of climate variations on various spatial scales that have
proved helpful in interpreting time series of ecological variables
(Stenseth et al., 2003; Martinez et al., 2009). Some are used here
to provide background information with respect to the observed
variability in Chla (see Section 4). Table 1 provides the list of
indices that are mentioned in the text, together with their sources
and other appropriate information.

2.3. Statistical analysis

This sub-section provides a detailed description of the statis-
tical approaches used in the study.

2.3.1. Data pre-processing

The statistical analysis is conducted at the level of each grid
point, taking into account the spatial variations in the temporal
coverage of the data record. Specifically, there are regions with
persistent cloud cover and/or a high solar zenith angle, conditions
leading to the absence of satellite coverage. In practice, if valid
data values for a given month m (for example January) and grid
point are present less than 50% of the years (over a potential
maximum of 10), all values for m are removed, in effect creating
for that grid point time series with an annual cycle of varying
length, or period, pr12 (for the example, from February to
December). Among these series, those with more than 25% of
missing values are excluded.

The remaining missing data have been filled using the eigen-
vectors filtering method described in Ibanez and Conversi (2002)
that is based on the use of orthogonal components reflecting the
major temporal patterns of the original data. This iterative
procedure consists in applying a series of principal component

http://www.esrl.noaa.gov/psd/people/klaus.wolter/MEI/mei.html
http://www.esrl.noaa.gov/psd/people/klaus.wolter/MEI/mei.html
http://jisao.washington.edu/pdo/
http://www.cgd.ucar.edu/cas/jhurrell/indices.html
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analyzes (PCA) computed on an auto-covariance matrix based on
the original series, plus several replicates of it lagged progres-
sively in time. The missing data are then estimated from the
combination of the filtered series derived from the major princi-
pal axes and eigenvectors extracted from the PCA. This method
has the advantage of preserving the temporal structure imbedded
in the series.

2.3.2. Trend detection

The presence of monotonic upward or downward trends in the
Chla time series has been assessed using the non-parametric
seasonal Kendall test. It is especially suitable for non-normally
distributed data, data with missing values and outliers, or non-
linearity, and it also accounts for seasonality in the time series
(Gilbert, 1987). The null hypothesis H0 assumes the randomness
of the data set X and of Xm, the seasonal sub-samples of X

(i.e., here the monthly sub-series, with m¼ 1,2, . . . ,p).
The test is based on the computation of a suite of Mann–

Kendall statistics (Sm) applied to each separated month m which
are then combined to conclude on the presence of long-term
monotonic changes in the original time series (Hirsch et al.,
1982):

Sm ¼
Xnm�1

i ¼ 1

Xnm

j ¼ iþ1

sgnðXjm�XimÞ ð1Þ

where nm is the number of valid data for the month m, and
sgnðXjm�XimÞ ¼ 1 if Xjm�Xim40, 0 if Xjm�Xim ¼ 0, and �1 if
Xjm�Ximo0.

The overall test result is equal to the sum of the monthly
statistics: S ¼

Pp
m ¼ 1 Sm and would follow, under the null

hypothesis and for a large data set, a normal distribution of mean
0 and variance Var(S) (computed as in Hirsch et al., 1982).

The standardized value of S, denoted Z, is then computed as

Z ¼

ðS�1Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðSÞ

p
if So0

0 if S¼ 0

ðSþ1Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðSÞ

p
if S40

8><
>: ð2Þ

A positive value for Z indicates a monotonic upward trend
while a negative value reveals a downward trend in the series.
The null hypothesis H0 is rejected at level a if jZjZZ1�a=2 (two-
tailed test).

The magnitude of the trend is evaluated by the non-parametric
slope estimator adapted by Hirsch et al. (1982) from Sen (1968)
which is robust against extreme values and seasonality in con-
trast to a classical linear slope estimator (Gilbert, 1987). The Sen’s
slope (b, expressed in % yr�1) is the median of individual slopes,
bmij, found for each monthly sub-sample:

bmij ¼
Xmj�Xmi

j�i

� �
ð3Þ

for all pairs (Xmj, Xmi) with m ¼ 1,2, . . . ,p and 1r io jrnm.

2.3.3. Time series decomposition

A record of values X(t) can be decomposed as (Shiskin et al.,
1967):

XðtÞ ¼ SðtÞþTðtÞþ IðtÞ ð4Þ

where S, T and I represent, respectively, the seasonal signal, the
trend (or trend-cycle), and an irregular (or residual) component.

The Census X-11 procedure (Shiskin et al., 1967) results from
numerous modifications and improvements of the early decom-
position ‘‘Method I’’ and then ‘‘Method II’’ developed in the 1950s
and 1960s at the US Bureau of Census. This method is currently
used as a standard tool in economics. The latest versions include
various refinements mostly useful for diagnostic and modelling
purposes (Findley et al., 1998), but the core of the procedure has
remained very close to the initial X-11 algorithm. In this study,
the decomposition of the data time series is performed using a
simple version of the Census X-11 method that was recently
adapted by Pezzulli et al. (2005) for application to time series of
sea surface temperature (SST) at global scale, and that appears
suitable for large scale computations.

The X-11 algorithm applied to any time series X(t) of
specific periodicity p can be decomposed into three successive
steps (Pezzulli et al., 2005) that are now described for
completeness:
�
 Initial estimates:
(a) A first estimate of the trend-cycle component is obtained

from the annual-centered running average of the initial
series X(t). If p, the specific periodicity of the time series, is
even, then T(t) ¼ MA2�p (XðtÞ) with

MA2�pðXðtÞÞ ¼ ½Xðt�ðp=2ÞÞþ2Xðt�ðp=2Þ�1Þþ � � � þ2XðtÞ

þ � � � þ2Xðtþðp=2Þ�1ÞþXðtþðp=2ÞÞ�=2p ð5Þ

If p is odd, a symmetric filter MAp is used, with
MApðXðtÞÞ ¼ ð

Ptþðp=2Þ
t ¼ t�ðp=2Þ XðtÞÞ=p.

(b) A seasonal running mean ðSMA2�2Þ is then applied to the
trend-adjusted series (X(t)�T(t)) to derive seasonal coeffi-
cients avoiding any confusion with inter-annual (trend)
signal. The seasonal running mean for sub-series for the
month m is

SMA2�2ðXi,mÞ

¼
ðXi�1,m�Ti�1,mÞþ2ðXi,m�Ti,mÞþðXiþ1,m�Tiþ1,mÞ

4
ð6Þ

where ðXi,m�Ti,mÞ is the series sub-sample for each month
m ¼ 1,2, . . . ,p and the year i¼ 1, . . . ,n.

The resulting series is then normalized by subtracting its
annual-centered running mean (see step (a)) leading to a
seasonal series with approximately a null mean value for
any of its sub-series of p consecutive terms.
�
 Revised estimates:
(c) An improved estimate of the trend component T(t) is

obtained by applying, similarly to the step (a), an annual
filter to the seasonally adjusted series (X(t)�S(t)). How-
ever, in this case the simple annual-centered running
average is replaced by a Henderson (1916) trend filter of
weight h ¼2p�1. This filter operates a good smoothing
action while preserving the local polynomial trends of
orders 2 and 3.
�
 Final estimates of the trend and irregular components:
(d) The step (b) is repeated on the revised trend-adjusted

series (X(t)�T(t)) to derive a refined final estimate of the
seasonal component, S(t).

(e) The final estimate of the trend component T(t) is obtained
by repeating the step (c) on the revised seasonally adjusted
series (X(t)�S(t)).

(f) The residual series that accounts for sub-annual variations
is computed as I(t) ¼ X(t)�S(t)�T(t).
Importantly, the Census X-11 algorithm produces improved
estimates of both seasonal and trend terms which are computed
alternatively, allowing a proper separation of these two signals.
An important feature of the Census X-11 procedure is that the
seasonal term is determined locally in time, ensuring that the
annual cycle of each year is not biased by uncorrelated events
occurring at other times. Simultaneously, this allows inter-annual
variations in the shape of the annual cycle contrarily to a
climatological description of seasonality (i.e., a fixed annual
cycle, Vantrepotte and Mélin, 2009, 2010). An implication is that
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the trend-cycle term T(t) does not contain any additional (and
improper) variations related to inter-annual changes in season-
ality. Consequently, the X-11 trend-cycle component is able to
reproduce more properly long-term evolution in the mean level of
the variable under study, and it has been shown to be particularly
well adapted to model climate variations (Pezzulli et al., 2005).

The total variance sX2 of the original time series X can now be
written as

sXðtÞ2 ¼ sSðtÞ2þsTðtÞ2þsIðtÞ2þ2 covðSðtÞ,TðtÞ,IðtÞÞ ð7Þ

where sSðtÞ2, sTðtÞ2 and sIðtÞ2 are the variance associated with
the seasonal, trend and irregular components, respectively and
cov(S,T,I) includes the covariance terms between these three
components. Considering that the covariance terms account for
only a small percentage of the total variance (typically o5% in
absolute value), the relative contribution r2

z of each component z

(where z ¼ S, T or I) to the total variance of the signal (expressed
in %) can be approximated as r2

z ¼ 100sz2=sX2.
This time series decomposition is performed on both Chla and

SST data records.
3. Results at global scale

3.1. Monotonic trend analysis

The focus of this sub-section is the identification of the open
ocean regions presenting significant long-term monotonic
changes in Chla over the SeaWiFS period. The slope of the
Fig. 1. Trend in phytoplankton Chla over the 10-year SeaWiFS time period detected co

from non-parametric seasonal Kendall statistics ðpo0:01Þ. The boundaries of the eco

lines (a).
monotonic trend (expressed in % yr�1) over 10 years of SeaWiFS
data is shown in Fig. 1, with Fig. 1b displaying only the areas with
a statistically significant trend ðpo0:01Þ. The absence of data
coverage for the grid points at high latitudes is explained by the
filtering conditions on the number of valid data records
(see Section 2.3.1).

A strong negative Chla trend is found in most of the sub-
tropical gyre areas, namely the tropical North Atlantic, the south-
western part of the South Atlantic gyre (from �1% to �3% yr�1),
the southeast Indian Ocean (�2% to �3% yr�1), a large part of the
northern tropical Pacific as well as the south Pacific gyre (from �3%
to o�5% yr�1). It is also seen in smaller areas like the eastern
sector of the Southern Ocean, south of Africa (40–501S, �1 to
�3% yr�1). A strong decrease in the Chla level is found for a large
area of the Northeast Atlantic (40–551N; 10–301W), with a trend
amplitude varying from ��3% to o�5% yr�1.

Areas with a statistically significant positive trend (Fig. 1)
include the southern part of the Arabian Sea (+2% to +4% yr�1),
Pacific areas offshore North and South America (+1% to +3% yr�1),
and regions located south of Australia (+2% to +5% yr�1). Addi-
tionally, the 10-year data set shows a significant increase in Chla
in a large region located in the northern part of the South Atlantic
gyre (from +1 to +4% yr�1, 15–301N; 201W–51E) that contrasts
with the decrease found southwest of this oceanic domain. The
strongest upward Chla trends among the open ocean regions are
found southeast of Australia (i.e., Tasman Sea) with trend slopes
being Zþ5% yr�1.

These results are generally comparable with past studies,
among others, with those of Behrenfeld et al. (2006) over the
nsidering all the grid points (a) and displaying only the significant values detected

logical and biogeochemical provinces by Longhurst (2007) are reported as black
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period 1997–2006 (with trends illustrated in terms of depth-
integrated Chla or primary production without distinguishing
levels of statistical significance), and of Henson et al. (2010). They
are also similar to the results obtained by Vantrepotte and Mélin
(2009) with a simple linear regression on the deseasonalized series
(from a previous version of the SeaWiFS record), even though the
patterns with a statistically significant signal are fewer and smaller
in the present case based on the Kendall statistics. It is interesting
to note that some of the large areas of the ocean, identified as
separate provinces (sensu Longhurst, 2007, Fig. 1a), may display
two large-scale patterns of opposite trends (e.g., South Atlantic or
South Pacific), emphasizing the need to study these patterns at an
appropriate scale. Finally it is underlined that the monotonic
trends detected over a decade currently cannot be attributed to
global climate change (Henson et al., 2010), but could just be the
signature of natural oscillations of frequency shorter or longer than
10 years. In fact it is the objective of the current study to document
those temporal variations that are ultimately responsible for the
presence of significant changes over the decade.
3.2. Census X-11 seasonal and trend terms

Fig. 2 shows the global distribution of the relative contribution
of the variance associated with the Census X-11 seasonal and
trend-cycle terms to the total variance of Chla, respectively r2

S

and r2
T .

The seasonal cycle dominates the Chla signal in the mid-
latitude regions where r2

S can represent up to 95% of the total
Fig. 2. Maps of the relative contribution to the total variance of the Chla signal of (a) th

X-11 temporal decomposition procedure (in %).
Chla variance. Globally, the X-11 procedure, that allows variations
in the annual cycle, captures a greater part of variance than
classical time series decomposition approaches that assume a
strictly periodical annual cycle (Vantrepotte and Mélin, 2009).
From the X-11 output, the global average value for r2

S , computed
over all grid points, equals 64% (715%), while it is only 36%
(719%) with the assumption of fixed seasonality (Vantrepotte
and Mélin, 2009), demonstrating the benefit of the approach for
studying phytoplankton phenology. Moreover, the spatial varia-
tions found in the increment of seasonal variance induced by the
use of the X-11 procedure provide indications on the stability of
the phytoplankton seasonal fluctuations. For instance, the max-
imum increment in variance induced by allowing a variable
annual cycle is detected in the Equatorial Pacific (� þ40% of
variance) revealing the importance of inter-annual variations of
the annual cycle in this region, while the increment is only 17% in
the Mediterranean Sea characterized by a very regular phyto-
plankton seasonal cycle. More details are given on this topic
by Vantrepotte and Mélin (2009).

Logically, the very high values for r2
S found in the sub-tropical

bands are accompanied by relatively low contributions for the
trend-cycle, with r2

T o15% (Fig. 2(b)). Conversely, the trend-cycle
term is a major contributor to the Chla temporal variance in
equatorial and tropical waters indicating a large inter-annual
variability in these areas. The largest relative contribution of T to
the total variance of the Chla signal is seen in the tropical and
equatorial Pacific, specifically in large areas of the North Pacific
Equatorial Countercurrent province, the Western Pacific Warm
Pool, and the northern part of the South Pacific Subtropical Gyre,
e seasonal component ðr2
S Þ and of (b) the trend component ðr2

T Þ, derived from the
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with r2
T values varying from 40% up to 75%. To a lesser extent, a

relatively strong trend-cycle component is found in the equatorial
Atlantic as well as in two large areas located in the Indian Ocean,
in the equatorial band and the southern subtropical gyre (r2

T 40–
50%). Finally, patches of high r2

T are visible in some isolated areas,
such as the convergence zone of the Southern Ocean or various
coastal regions.
3.3. Patterns of interest and trend shape

In Sections 3.1 and 3.2, areas where Chla levels have experi-
enced major (monotonic and non-monotonic) long-term changes
during the last decade have been identified with two distinct
approaches. The agreement between the trend results delivered
by the seasonal Kendall analysis and the X-11 procedure is
however not systematic (compare Figs. 1 and 2). Some regions
may show a strong X-11 trend component (i.e., high r2

T ) whereas
no significant long-term monotonic change can be detected, and
vice versa, depending on how these statistical models represent
diverse inter-annual signals.

We propose to use the information delivered by these two
methods to identify areas presenting relevant inter-annual pat-
terns in phytoplankton biomass, and to derive more complete
regional statistics needed to investigate the nature of the
observed changes in Chla. In practice, a distinction is done
between time series showing:
1.
Fig
incr

wit

com

Atla
a significant increasing monotonic trend associated with a
strong (1a) or a weak (1b) X-11 trend-cycle component,
2.
 no significant monotonic change associated with a strong X-11
trend-cycle component,
3.
 a significant decreasing monotonic trend associated with a
strong (3a) or a weak (3b) X-11 trend-cycle component.

This classification requires defining the strength of the trend-
cycle T. The value of r2

T seems a relevant indicator for this
classification but it is modulated by the contribution of the annual
cycle to the total variance, r2

S , itself very variable in space
particularly with latitude (Fig. 2a). At mid to high latitudes, a
significant inter-annual variation might still be associated with a
low r2

T , the Chla signal being dominated by the annual cycle
(Longhurst, 1995), whereas r2

S is generally lower at low latitudes.
. 3. Classification resulting of the comparison between results of the classical tre

easing monotonic trend associated with a strong (a, dark red) and a weak (b, light

h a strong X-11 trend term (green), (3) a significant decreasing monotonic trend a

ponent. Boundaries of the regions of interest considered for regional statistics for t

ntic Ocean (regions A1 to A3), the Indian Ocean (I1 to I3) and the Southern ocean
To account for these differences, the global ocean is partitioned
into three biomes according to Longhurst (2007), i.e., polar biome,
westerlies or mid-latitude biome, trade winds or low latitude
biome (excluding the coastal biome from the analysis). For each
biome, r2

T and sðr2
T Þ are calculated as the average and standard

deviation of r2
T , respectively. A grid point is classified as exhibit-

ing a relatively strong trend-cycle if r2
T is larger than the thresh-

old sðr2
T Þþr2

T . Modifying this threshold within reasonable bounds
does not affect the main results described below (not shown).

Fig. 3 shows the spatial distribution of the resulting classes
with specific color codes (1a and b, 2, 3a and 3b). The boundaries
of the major oceanic regions of interest (ROIs, individuated by a
rectangle), selected to encompass the most relevant patterns and
to derive average time series, are over-plotted on the figure:
seven areas in the Pacific Ocean (P1 to P7), three in the Atlantic
Ocean (A1 to A3) and in the Indian Ocean (I1 to I3), and five in the
Southern Ocean (S1 to S5). Even though the choice of the ROIs is
not exhaustive, it considers the main areas with a relevant signal
in each oceanic basin and illustrates the variety of the trend
patterns that can be identified from the X-11 outputs.

Considering the different classes existing within each ROI,
regional statistics are computed for the total signal X and the
X-11 seasonal and trend terms. Distinguishing the classes 1a and
1b, or 3a and 3b, does not provide additional information
regarding the shape of the regional average time series (not
shown). Therefore statistics are presented jointly for the classes
1a and 1b, and 3a and 3b. The spatial averages and standard
deviations are computed for the grid points of a given class (or
color) within a ROI, and thus represent statistics for a pattern of
interest (POI) and not for the entire ROI. Patterns associated with
classes are noted with the superscripts ‘+’, ‘0’ and ‘� ’ (positive,
non-significant, and negative monotonic trends, respectively, as
defined in Section 3.1).

The average regional series are computed from normalized
individual series (associated with single grid points), with X(t)
and T(t) normalized by their mean, and S(t) and I(t) normalized by
their standard deviation. The analysis thus focuses on the shape of
the temporal variations, independently of their actual amplitude.
Potential outliers for each monthly statistics are removed by
excluding data points lying further than three standard deviations
from the regional mean. Moreover, monthly statistics associated
with sparse data coverage are excluded: for a given month and
area (i.e., each pattern for each ROI), the record is not considered
nd analysis and those of the Census X-11 derived trend term: (1) a significant

red) X-11 trend-cycle component, (2) no significant monotonic change associated

ssociated with a strong (a, dark blue) and a weak (light blue, b) X-11 trend-cycle

he X-11 terms are overlaid in blue line for the Pacific ocean (regions P1 to P7), the

(regions S1 to S5).



Fig. 4. X-11 terms regional statistics associated with the patterns of interest of the Atlantic Ocean: (a) A1� , (b) A2� , (c) A3+, and (d) A3� (see definition of the regions

in Fig. 3). From the left to the right, panels show the average normalized time series for X(t), S(t) and T(t) (black line), respectively, with the envelope figuring the dispersion

of the data around the regional average signal ðx7sÞ. Climate indices and average SST X-11 trend-term (see text) associated with each POI are over-plotted on the T(t) time

series (right-hand axis). The correlation coefficient between the regional average Chla and SST X-11 trend signals is reported on the right-hand figure with the associated

level of significance: ‘ �’ : po0:05,‘‘ ��’’ : po0:01,‘‘ ���’’ ,po0:001, otherwise: not significant.
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if the valid data cover less than 60% of the total number of pixels
composing the area. The average trend term T(t) obtained for SST
is also computed over each POI, and is then scaled by the overall
average SST.

The average time series for the POIs selected in the Atlantic,
Pacific, Indian and Southern oceans are presented in Figs. 4, 5, 6,
and 7, respectively. In general, a relatively low dispersion (quan-
tified as standard deviation and represented by gray envelopes) is
found around the regional average signal. For instance for T(t),
mean coefficients of variation (ratio of standard deviation and
average) vary from 11% to 17%, from 10% to 18%, from 11% to 15%
and from 9% to 14% for the regions identified in the Pacific,
Atlantic, Indian and Southern oceans, respectively, while max-
imum values do not exceed 32%. This underlines the relative
homogeneity of the trend patterns within the selected areas,
which is a remarkable result considering the very large extent of
some of the considered ROIs (Fig. 3).

The classes introduced above are variously illustrated in Figs.
4–7. Some regions show a continuous change in their mean level
of Chla while the seasonal fluctuations remain stable in time.
These areas are mainly associated with a X-11 trend-term of
relatively low variance (classes 1b and 3b, Fig. 3). A second
category includes areas presenting a strong trend-cycle term of
the Chla signal (i.e., high r2

T ) that is more like a shift or peak
events. The latter case might be associated with an actual change
in the average Chla level over the period investigated, expressed
by a statistically significant monotonic linear trend (classes 1a or
3a, Fig. 3). However, this is not systematic, with the cases of class
2, that are relevant inter-annual variations not picked up by a
linear trend analysis. Finally, the observation of the averaged
quasi-periodic X-11 seasonal term reveals that significant linear
trends detected in some regions are associated with a change in
the amplitude of the Chla seasonal variations. These patterns are
detailed for each oceanic basin in the next section.
4. Results at basin scale

In Figs. 4–7, left-hand, central and right-hand columns show,
respectively, the total, seasonal and trend-term series. For the
latter, the trend-terms T are shown for both Chla and SST. When
assessing the relationships between different series, Pearson’s
correlation is used with its associated level of significance. All
correlation coefficients indicated are highly significant
ðpo0:001Þ, unless specified otherwise.

4.1. Atlantic ocean

As anticipated in Section 3.1, a large area of the Northeast
Atlantic (approximately centered at 481N–201W, ROI A1� ,
Fig. 4(a)) is characterized by a statistically significant monotonic
trend (��3% to o�5% yr�1). The result of the X-11 temporal
decomposition shows that it is associated with a decline of the
trend-term T between 2001 and 2004 and contemporaneously
with a clear decrease in the amplitude of the Chla seasonal
fluctuations: the amplitude of the annual cycle S averaged over
2003–2007 is 42% lower than the average over 1998–2002. The
Northeast Atlantic appears prone to inter-annual (including
decadal) biological variability. Particularly, the regime shift affect-
ing this region (as well as the North Sea) in the mid-1980s has
been well documented and included an abrupt increase in
phytoplankton biomass (e.g., Reid et al., 1998; Raitsos et al.,



Fig. 5. As Fig. 4, with the X-11 terms regional statistics associated with the patterns of interest of the Pacific Ocean: (a) P10, (b) P20, (c) P3+, (d) P2� , (e) P4� , (f) P5� ,

(g) P6+, and (h) P7+.
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2005) and changes in species composition (Leterme et al., 2006).
Computed from Coastal Zone Color Scanner (CZCS, 1978–1986)
and SeaWiFS data processed in a consistent manner (Antoine
et al., 2005), the difference between the two Chla records
averaged over 1999–2002 (SeaWiFS) and 1979–1981 (CZCS)
shows a large positive signal in a location strikingly similar to
A1� , suggesting a reversal of past variations. Ecosystem changes
affecting the Northeast Atlantic have been diversely related to
climate indices like NAO (Drinkwater et al., 2003); compared to
the 1980s and the first half of the 1990s, the NAO index was in a
more neutral state between 1997 and 2007, but no significant
correlation between NAO (Table 1) and the trend-term T has been



Fig. 6. As Fig. 4, with the X-11 terms regional statistics associated with the patterns of interest of the Indian Ocean: (a) I1+, (b) I20, and (c) I3� .

Fig. 7. As Fig. 4, with the X-11 terms regional statistics associated with the patterns of interest of the Southern Ocean: (a) S1+, (b) S2� , (c) S3+, (d) S4+, and (e) S5+.
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found over that period. It is worth adding here that the timing of
the North Atlantic bloom seems more directly related to NAO
than its magnitude (Henson et al., 2009a). The relation between
the trend-terms T of Chla and SST is not clear even though their
correlation is significant (r¼�0.37). A more in-depth analysis is
needed to unravel the mechanisms behind the pattern A1� .
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The inter-annual variations in Chla in the tropical North
Atlantic show a reduced amplitude of the annual cycle after
2000 (�39% from the period 1998–2000 to 2001–2007) and a
steady decrease of the trend-term T after a peak in the winter
1998–1999 (region A2, Figs. 3 and 4(b)). The marked increase in T

in 1998 mimics a similar pattern in the Equatorial Pacific
(see Section 4.2), suggesting the impact of teleconnections in
tropical dynamics (Wang et al., 2009). The region has experienced
a general increase in SST and upper-ocean stratification
(Behrenfeld et al., 2006; Good et al., 2007), evoking the effects
of a diminished supply of nutrients in the euphotic layer. The
Tropical Northern Atlantic (TNA, Fig. 4(b)) index, that represents
SST anomalies in the region 551W–151W, 51N–251N, as well as the
SST trend-term T document this increase in temperature after a
minimum in 1999–2000. The Chla T signal of the POI A2� is found
negatively correlated with both TNA (r¼�0.38) and the SST T

series (r¼�0.59). The inter-annual changes in SST in the tropical
Atlantic have been linked to an intermingled set of factors
including anthropogenic influence (Santer et al., 2006), natural
variability and the radiative impact of dust aerosols transported
from Africa (Foltz and McPhaden, 2008; Wong et al., 2008; Evan
et al., 2009). These aerosols make ocean color remote sensing
fairly challenging in that region, suggesting some caution in the
results.

The ROI A3 (Fig. 3) contains two patterns of opposite trends in
the northeast (increasing, A3+) and southwest (decreasing, A3�)
South Atlantic subtropical gyre (Figs. 4(c) and (d)). Conversely, the
amplitude of the Chla annual cycle S for the region has known
only small variations. The general evolution of both trend-terms T

is monotonic to the exceptions of some low-frequency oscilla-
tions and a reversal of T in the southwest sector over the period
2005–2007 (Fig. 4(c)). The two patterns A3+ and A3� appear to
form a dipole with a high correlation coefficient (r¼�0.77) and
are correlated to the Tropical Southern Atlantic (TSA, Figs. 4(c) and
(d)) index (r¼�0.56 and +0.43 for A3+ and A3� , respectively),
that quantifies SST anomalies over the box 301W–101E, 201S–01, in
the northern fringe of the ROI A3. For the POI A3� , the coincident
decrease of Chla with an increasing SST (r¼�0.70, Fig. 4(d)) is
consistent with a scenario of increased stratification and lower
nutrient availability (Behrenfeld et al., 2006). Similarly, in the
northeastern part of the ROI A3, the SST and Chla T terms are
negatively correlated (r¼�0.31) but there are large departures in
this relation (Fig. 4(c)). In that part of A3, the link between
stratification, SST and Chla might be additionally modulated by
remote forcing from the productive West African coastal area
(Signorini et al., 1999).

The four patterns illustrated in the Atlantic Ocean are char-
acterized by a significant monotonic change over the period that
reinforces the covariations between the trend-terms T. The
correlation between Chla T for the four POIs has an amplitude
jrj varying between 0.57 and 0.79, and are all negatively corre-
lated with the corresponding T term for SST, but this does not
necessarily entail that the observed patterns result from a
coherent basin-scale phenomenon.
4.2. Pacific Ocean

In the Pacific Ocean, the largest patterns of interest are located
in the subtropics. Two patterns in the tropical Pacific display
values of r2

T above the selected threshold without being asso-
ciated with a significant monotonic trend (Figs. 2 and 3, patterns
in green). They occupy the eastern part of the north Pacific
countercurrent province (pattern P10) and a large area going
obliquely from the eastern part of the Warm Pool across the
Pacific equatorial divergence (P20). These two patterns are away
from the Equator in the eastern Pacific since this area is asso-
ciated with a low value of r2

T despite the large phytoplankton
blooms that can be observed centered on the Equator after El Niño
events (Ryan et al., 2006). The two trend-terms T are well
correlated (r¼0.84) and show a large increase in 1998 and 1999
(Figs. 5(a) and (b)). This feature reflects the influence on the
phytoplankton community of the El Niño event of 1997–1998 and
the transition to the subsequent La Niña period (Chavez et al.,
1999; Behrenfeld et al., 2001). In the ROI P1, T then decreases
from 2000 to 2002, whereas T for P20 shows other inter-annual
oscillations associated with subsequent El Niños (McPhaden,
2004, 2008) with peaks at the end of 2003 and 2005 and in the
boreal winter of 2007. The link between biology and the physical
oscillations of the Pacific tropics is quantified by the correlation
coefficients found between the Chla T series analyzed for the POIs
P10 and P20 and regional climate indices (Figs. 5(a) and (b)) like
the Multivariate ENSO Index (MEI, r¼�0.72 and �0.75, respec-
tively), and the Pacific Decadal Oscillation (PDO, r¼�0.56 and
�0.41, respectively). The Chla T series are also well correlated
with the equivalent series for SST (r equal to �0.91 and �0.56 for
P10 and P20, respectively).

The pattern detected in the ROI P3 extends the pattern P20

eastward to the Peruvian coast (Fig. 3). The trend-term T displays
a minimum in 1998 and a sharp increase in 1999, as for P10 and
P20, but differently it keeps increasing steadily to the end of 2003
to start a slight decrease thereafter (Fig. 5(c)). This evolution is
translated into a statistically significant positive monotonic trend
over the period. No significant correlation is found with the MEI
and PDO indices; however, a significant negative correlation
(r¼�0.40) is found with the Niño 1+2 SST anomaly index that
reflects eastern tropical Pacific ENSO conditions, off the coasts of
Peru and Chile, as well as with the POI-averaged SST T term
(r¼�0.66), a covariation strongly influenced by the first 2 years
of the record (Fig. 5(c)).

In the ROIs P2 and P4, two patterns with a large negative
monotonic trends are found (Figs. 1 and 3), in the northern central
part of the South Pacific subtropical gyre (pattern P2�) and from
the western Pacific Warm Pool going northeastward along the
southern fringe of the subtropical gyre (in P4, actually prolonged
across the entire basin). The two patterns of the trend-terms
exhibit different temporal evolutions: in the case of P2� , T first
increases in 1998–1999, and decreases steadily from the end of
2001 to 2005 (Fig. 5(d)), whereas for P4� , there is a sharp
downward shift in 2001, followed by rather stable values, with
the exception of a peak at the end of 2005 contemporaneous with
post-El Niño conditions (Fig. 5(e)). Moreover in the case of P4� ,
the amplitude of the Chla annual cycle appears reduced after
2001 (a reduction of 50% from 1998–2001 to 2002–2007). The SST
and Chla trend-term series appear inversely related, with correla-
tion coefficients of �0.62 and �0.95 for P2� and P4� , respec-
tively. Moreover, the Chla T series are significantly correlated with
variations of the PDO index (r¼�0.39 and �0.43, for the north-
ern and southern Pacific, P4� and P2� , respectively). This basin-
scale oscillation that exerts an influence on marine ecosystems in
a large part of the Pacific (Chavez et al., 2003), presented mostly
negative values (cool phase) in 1998–2002 and positive values
(warm phase) until 2005. The two subtropical patterns are also
correlated with the MEI, albeit to a lesser extent (r¼�0.37 and
�0.32, respectively). Conversely, the P4� pattern appears well
correlated with the Niño4 SST anomaly index (r¼�0.79) describ-
ing the western tropical Pacific El Niño conditions (Fig. 5(e)).

Three patterns are selected at higher latitudes in the Pacific
Ocean, one in the northwestern basin (POI P7), associated with a
positive monotonic trend, and two contrasting patterns in the
mid-latitude South Pacific, in the western central subtropical gyre
(P5) and in the eastern part of the gyre abutting on the Chilean
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upwelling (P6), associated with negative and positive trends,
respectively (Figs. 1 and 3). The Chla annual cycles, much more
pronounced than for the tropical regions discussed previously,
appear stable over the period, even though that of P7 show a
slight increase in amplitude. Chla trend-terms T are fairly mono-
tonic with some oscillations (Figs. 5(f)–(h)). They are not sig-
nificantly correlated with the MEI, and only the patterns P6+ and
P7+ show a weak correlation with the PDO (r¼ +0.32 and +0.33,
respectively). A common element found for these three patterns,
as for the other Pacific POIs, is a negative correlation with the
local trend-term of SST even though to a varying extent. The
correlation for P5� (r¼�0.53) seems to originate from a suite of
inverse oscillations, whereas the result for P7+ (r¼�0.87) is
influenced by higher SST T values in 1998–2000 and lower values
in 2005–2007.
4.3. Indian Ocean

The Indian Ocean contains the three categories of patterns
discussed in Section 3.3. The regional average statistics for the
southwestern Arabian sea (pattern I1+, Fig. 3) reveals that the
detected significant increase in Chla occurs mostly from 1998 to
2003 (Fig. 6(a)), whereas the Chla trend-term experiences a sharp
drop in 2006. In parallel, the intensity of the phytoplankton
annual cycle, which shows typical bi-annual maxima, appears to
increase significantly over the period investigated (by 60% from
the period 1998–2000 to 2001–2007). Goes et al. (2005) related a
significant increase in Chla in the western Arabian Sea over the
period 1998–2004 with stronger summer monsoon winds rein-
forced by the land–sea thermal gradient. The present results
show that the trend in Chla has been at least partly reversed
in 2006–2007. Moreover, it did not affect the eastern Arabian
Sea, as underlined also by Prakash and Ramesh (2007). A sig-
nificant correlation (r¼�0.38) is found with the Indian Ocean
Dipole Mode Index (DMI, representing the SST east–west
gradient, Fig. 6(a)). An inverse correlation is found with the ROI
SST trend-term (r¼�0.52) that shows a large drop in 1998, and
individual inverse oscillations, particularly in the last 3 years of
the period.

A pattern of high r2
T is detected in a large area of the central

Indian Ocean (pattern I20, Fig. 3), whereas no significant linear trend
in Chla is detected over the period investigated. Rather the trend-
term T shows isolated pairs of Chla peaks (Fig. 6(b)). At the
beginning of the series, T decreases and increases again to reach a
maximum in January 1999, an oscillation related to the strong ENSO
episode (Murtugudde et al., 1999). Two other peaks are observed in
2004 and 2005, a period with ENSO in a mostly warm phase
(McPhaden, 2008) and a mostly negative state of the DMI. Coin-
cident inverse peaks are seen for the SST trend-term, contributing to
strengthen the overall relation between SST and Chla T series over
the period (r¼�0.36). The Chla trend-term T then decreases in 2006
and stays low in 2007, a period of positive DMI (Vinayachandran
et al., 2007; Behera et al., 2008). This is translated into a significant
negative correlation between T and the DMI (r¼�0.46). On the
other hand, there is no significant correlation with the ENSO MEI.

The region I3 (Fig. 3) encompasses a pattern in the southern
subtropical gyre of the Indian Ocean with a significant monotonic
trend of decreasing Chla (I3� , Fig. 1). The trend-term T reveals
that the negative overall trend is due to a steady decrease in Chla
starting in 2000 (particularly marked from mid-2000 to mid-
2002), whereas T shows a sharp increase in 1999 (Fig. 6(c)). Much
of the Indian Ocean has experienced an increase in SST in the
decades 1960–1990s (Alory et al., 2007), so that, as for other
subtropical gyres, the observed changes in Chla seem consistent
with a scenario of increased stratification and decreased nutrient
inputs (Behrenfeld et al., 2006). On the other hand, the Chla
trend-term decrease from 2000 to the end of 2005 merely
brought its value back to that observed at the beginning of the
series, and the Chla and SST T terms are not correlated. Interest-
ingly, the trend pattern T observed for this POI is very similar to
its counterpart found in the southern subtropical Pacific (pattern
P2� , Fig. 5(e), r¼ +0.81) that is situated at a similar latitude.
Differently than for the equatorial Indian Ocean (pattern I20), no
significant correlation is found with the DMI, whereas the
correlation with the MEI is r¼�0.38.

4.4. Southern Ocean

A strong signal in terms of monotonic trend and r2
T (Figs. 1 and 2)

is found in the Tasman Sea (pattern S1+, Fig. 3). Examining the X-11
decomposition outputs, it appears that the overall increase in Chla is
prompted by a large steady increase of the trend-term T starting in
2002 after 4 years of stability (Fig. 7(a)). These variations are weakly
correlated with the corresponding SST trend-term, even though the
SST T is on average lower after 2002. Moreover, the Chla annual cycle
has an increasingly large amplitude after 2000 (an increment of 59% if
considering averages over 1998–2002 and 2003–2007), and the
nature of the annual cycle appears changed in the second half of
the period considered. In the period 1997–2002, the annual cycle
shows a primary austral spring bloom, followed by a secondary fall
bloom (Murphy, 2001; Tilburg et al., 2002), whereas subsequent
years display a broader single maximum. The Tasman Sea has
experienced a trend in physical variables (e.g., increasing temperature
and sea surface height) over the approximate period 1995–2002
(Sutton et al., 2005; Qiu and Chen, 2006) that is part of a general
pattern of the South Pacific subtropical gyre (Roemmich et al., 2007).
This has had an impact on the Tasman Sea marine ecosystem and
fisheries (with a decline in the hoki stocks, Bradford-Grieve et al.,
2004). This trend in physical variables has started reversing after
2002. The results presented here in terms of Chla increase after 2002
might indicate a return to previous ecosystem conditions.

Four fairly small POIs are detected in the Southern Ocean at
latitudes between 401S and 551S. In the western Indian Ocean sector
of the Southern Ocean, a pattern of decreasing Chla is detected
southeast of Africa (pattern S2� , Fig. 3), associated with a steady
decrease of the trend-term T after 1999 (Fig. 7(b)). Conversely three
patterns are related to an average Chla increase, in the Atlantic
sector offshore Patagonia, in the Pacific sector and south of Australia
(S3, S4 and S5, respectively), that show diverse variations of T, with
increases in 1998, 2003 and 2006 for S3 (Fig. 7(c)), an increase after
2002 for S4 (coincident with that displayed by S1) (Fig. 7(d)), and an
average increase between 1999 and 2004 for S5 (Fig. 7(e)). These
four Chla T patterns tend to be positively correlated with the SST
trend-term counterpart (r between +0.12 and +0.64), and are
variously correlated with the Southern Annular Mode index
(SAM, Figs. 7(b)–((e)) which is a dominant mode of atmospheric
variability in the Southern Hemisphere (Marshall, 2003), with r

equal to +0.32 ðpo0:001Þ, �0.19 ðpo0:05Þ, �0.31 ðpo0:001Þ and
�0.46 ðpo0:001Þ for S2 to S5. They are also inter-related, with the
correlation between S3, S4 and S5 varying between +0.45 and
+0.55, and S2 anti-correlated with these three POIs (r from �0.63 to
�0.70). Finally it is relevant to note that the region S2 might be
affected by significant changes in terms of wind and ocean circula-
tion (Cai, 2006; Biastoch et al., 2009), that might impact the light
and/or nutrient supply of the phytoplankton population in the area.
5. Conclusions

The first achievement of this study is the selection of patterns
showing a significant inter-annual variability across the global
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ocean using the 10-year SeaWiFS-derived Chla data series. The
patterns of variations have been identified after decomposition of
the Chla signal into seasonal and trend components by the Census
X-11 technique. This approach has proved to be a valuable tool to
analyze the Chla satellite-derived record in terms of variations in
the annual cycle (S) and long-term evolutions (T). The selection of
patterns of interest (POI) is based on the relative contribution of
the trend-term to the total variance. Even though the test
employed for selection could be refined, the set of selected POIs
serves its purpose well and provides a framework to characterize
the inter-annual changes affecting the Chla record. The POIs
analyzed are distributed in all major oceans except at high
latitudes because of the restrictions associated with data avail-
ability. The identified POIs have been classified into three cate-
gories: some are associated with a significant monotonic trend,
increasing or decreasing, whereas some others, mostly located in
the tropical band, are not. These latter patterns would be ignored
if considering only areas displaying a statistically significant
monotonic change. An important result is that the series inside
each POI show coherent variations.

The work has then proceeded with a comprehensive and
detailed description of the inter-annual variations associated with
each selected pattern. In most cases, a slope of linear regression
appears as a very incomplete descriptor of change, and in fact, the
most striking result of the present study is the diversity of trend
patterns illustrated, even at the scale of sub-basins (Figs. 4–7).
Some trend-terms are fairly monotonic over most (both A3 POIs
in the South Atlantic, P7+ in the Pacific, or S2� in the Southern
Ocean) or only part (A1� in the Northeast Atlantic, or S1+ in the
Tasman Sea) of the period, whereas others display shifts or a set
of multi-annual oscillations. Furthermore some time series show
clear variations in the annual cycle (A1� and A2� in the North
Atlantic, P4� in the Pacific, I1+ in the Arabian Sea, S1+ in the
Tasman Sea).

Biogeochemical models experience difficulty in reproducing
inter-annual trends and shifts in marine Chla or primary produc-
tion (e.g., Schneider et al., 2008; Henson et al., 2009b). The set of
globally distributed patterns of inter-annual variability illustrated
here (Figs. 4–7) appears as a template on which to test present
and future models on their ability to faithfully represent phyto-
plankton large-scale multi-annual variations. Another related
challenge is to identify the drivers behind these changes. Chla
variations may be the translation of changes in phytoplankton
biomass, the Chla-to-carbon ratio in algal cells or population
floristic shifts (Behrenfeld et al., 2008; Boyd and Doney, 2002).
These in turn result from a complex set of pressures (physical,
chemical or biological top-down controls) that act on the entire
marine ecosystem at various time scales. Correlation analyzes
conducted here confirm that Chla inter-annual signals can often
be linked to climate indices (e.g., Bidigare et al., 2009; Martinez
et al., 2009; Boyce et al., 2010) but more work is certainly needed
to go beyond these representations. Linear trends of decreasing
SeaWiFS-derived Chla have been identified in subtropical gyres
(e.g., Polovina et al., 2008), and discussed in the context of a
scenario of warmer SST and increased stratification, whereas at
higher latitudes the same scenario, with higher temperatures in
cold waters and alleviated light limitation, might lead to an
increase in Chla (Behrenfeld et al., 2006; Doney, 2006). This
scenario has received additional support by considering much
longer, decade-long, time series derived from in situ data (Boyce
et al., 2010). The correlation analysis applied to the Chla and SST
trend-terms and presented at the scale of each POI also tends to
support this scenario, particularly for most subtropical regions.
For higher latitudes, the results are contrasted, with a positive
correlation coefficient significant only for S2, S4 and S5. As noted
several times in the text, some high correlation coefficients are
strengthened more by coincident pairs of individual oscillations
than by the existence of overall simultaneous monotonic signals.
Ultimately, the diversity of temporal patterns shown here (for
Chla and for its relation with SST) and the rather short time period
considered (10 years) caution that more work is needed to
validate the proposed scenario at the scale of separate regions,
particularly in the context of climate change, and to unravel how
other factors perturb it. Continuing this effort relies on the
extension of the satellite temporal coverage and the creation of
a multi-mission consistent climate-quality data record.
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