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[1] Major patterns of temporal variability associated with
marine particulate backscattering coefficient at 490 nm
(bbp(490), an indicator of the particulate organic carbon con-
centration) and particle backscattering spectral dependency g
(a proxy for the relative proportion between small and large
particles) are investigated with a 10‐year SeaWiFS series.
Generally, the contribution of the seasonal cycle to the series
variance has a similar spatial pattern for g and the chloro-
phyll a concentration (Chla). The spatial distribution of sig-
nificant monotonic changes for g and Chla (reaching up to
±5% yr−1) is also comparable with opposite signs of the
slope, indicating that inter‐annual changes in Chla and aver-
age particle size are often positively correlated. Conversely,
spatial patterns of seasonality and trend found for bbp(490)
often differ from those of Chla and g. Particularly, large sea-
sonal signals for bbp(490) are seen poleward of 45° while
high seasonality for Chla and g is found in two mid‐latitude
zonal belts (∼20°–40° latitude). Significant changes in
bbp(490) over the considered decade are much fewer and
usually not significant in areas where strong positive or neg-
ative changes in Chla have been detected. This suggests that
the changes in phytoplankton have not been translated
in terms of overall particle stock. Citation: Vantrepotte, V.,
H. Loisel, F. Mélin, D. Desailly, and L. Duforêt‐Gaurier (2011),
Global particulate matter pool temporal variability over the
SeaWiFS period (1997–2007), Geophys. Res. Lett., 38, L02605,
doi:10.1029/2010GL046167.

1. Introduction

[2] The suspended particulate matter (PM) pool in the
open ocean is diversely composed of phytoplankton, het-
erotrophic organisms, viruses and organic detritus which
relative proportion and size distribution may vary widely in
space and time. Among properties characterizing the PM
pool, the particle size distribution (PSD) provides relevant
information on marine ecosystem structure and functioning,
conditions the physical transport of particles (including their
export to the deep ocean) and biogeochemical interactions,
and is therefore crucial for modelling marine biogeochem-
ical cycles [Aumont et al., 2003]. However, knowledge on
PM spatiotemporal variability and PSD is still very scarce. In
that context, ocean color remote sensing is a valuable asset.
Various approaches have been proposed to retrieve the
concentration of particulate organic carbon (POC) from

satellite observations [e.g. Stramski et al., 1999; Loisel et al.,
2002]. Moreover, recent works have shown the potential of
using the spectral slope (g) of the satellite‐derived back-
scattering coefficient due to particles bbp for estimating
qualitatively the relative proportion between small and large
particles in the surface ocean [Loisel et al., 2006] and
parameterizing the PSD function [Kostadinov et al., 2009].
[3] Satellite‐derived data have been much used to study

the main patterns of seasonality associated with the chlo-
rophyll a concentration (Chla) [Yoder and Kennelly, 2003;
Vantrepotte and Mélin, 2009] and to identify inter‐annual
changes in the Chla record, highlighting the possible impacts
of climate oscillations on marine biology [Behrenfeld et al.,
2006; Martinez et al., 2009]. Similarly, this study aims at
characterizing the seasonal and trend patterns of bbp at
490 nm and g from the global SeaWiFS 10‐year monthly
data series, and to relate these patterns to those documented
for Chla.

2. Material and Methods

2.1. Ocean‐Color Data

[4] The primary satellite products used in this study are
the spectrum of normalized water‐leaving radiance (LWN)
and Chla derived from the SeaWiFS sensor (reprocessing
2009.1), which are mapped on 5’‐resolution cylindrical
equidistant grids for the period November 1997 to October
2007. The bbp(l) coefficients are determined from LWN(l)
at 490, 510, and 555 nm using the model defined by Loisel
and Stramski [2000] which performance has been evaluated
against in situ data representative of various optical condi-
tions [Loisel et al., 2001]. Assuming a power law for the
spectral shape of bbp(l) ∼ l−g, the spectral slope g is esti-
mated by linear regression of the log‐transformed bbp on
wavelength l. In agreement with theory and in situ mea-
surements [Reynolds et al., 2001], the spectral slope g is
sensitive to variations in the PSD shape. Typically, large g
values are associated with small particle dominated assem-
blages whereas large particles correspond to small g values
[Loisel et al., 2006].

2.2. Statistical Analyses

[5] A pre‐processing is applied to the time series of each
grid point. Calendar months that are under‐represented (less
than 50% of occurrence) in the series are excluded, hence
creating synthetic series with an annual cycle of varying
length P ≤ 12. Time series presenting more than 25% of
missing data are discarded. The eventual remaining missing
data are filled using the eigenvectors filtering method
[Ibanez and Conversi, 2002].
[6] A time series X(t) (here the monthly series of g and

bbp(490)) can be decomposed as X(t) = S(t) + T(t) + I(t),
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where S, T and I represent, respectively, the seasonal, the
trend‐cycle, and the irregular (or residual) components. The
time series decomposition is performed with the Census X‐11
iterative band‐pass filter algorithm that has been introduced
for the analysis of sea surface temperature (SST) by Pezzulli
et al. [2005] and of ocean‐color data by Vantrepotte and
Mélin [2009]. A major feature of the technique is that S(t)
is defined locally in time, allowing year‐to‐year variations
in the shape of the seasonal cycle. Consequently, the esti-
mation of the trend‐cycle term T(t) is not biased by the
influence of inter‐annual variations in seasonality [Pezzulli
et al., 2005]. The relative part of variance associated with
the X‐11 derived components S(t), T(t) and I(t) is estimated
for each grid point in order to identify the main spatial
patterns of temporal variability in the series. Additionally,
the presence of monotonic long‐term change in the data over
the period investigated is assessed from the non‐parametric
seasonal Kendall statistics on X(t). This test, robust against
non‐normality, missing data and extreme values, accounts
for the presence of seasonality in the series. The amplitude
of the detected changes is evaluated by the non‐parametric
Sen’s slope estimator [Gilbert, 1987] expressed in % yr−1.

3. Results

[7] The g series is characterized by the dominance of the
seasonal signal S(t) in two mid‐latitude zonal belts (∼20°–
40° latitude, Figure 1a) with a variance contribution >70%,
contrasting with low seasonal contributions observed in
large parts of the tropical ocean in association with relatively
stable environmental conditions ([Yoder and Kennelly,
2003; Vantrepotte and Mélin, 2009] see auxiliary material

for the contributions of I(t) and T(t)).1 The seasonal contribu-
tion to the variance for g globally reflects that described for
Chla, with some regional differences (Figure 1b) [Vantrepotte
and Mélin, 2009]. Moreover, long‐term monotonic changes
in g and Chla (Figure 2a) are in general inversely related
(even though the levels of significance and amplitudes of the
respective trends might differ). Significant changes in g (p <
0.05), with amplitudes reaching ±5% yr−1 are found in
various regions, coincident with changes detected for Chla
(Figure 2b) [Vantrepotte and Mélin, 2009]. A positive g
signal is seen in the tropical Pacific, in the subtropical gyres
of the Atlantic and Indian oceans, and in the Northeast
Atlantic, while patterns of negative slopes include regions
around Australia, the southern Arabian Sea, Pacific regions
offshore North and South America and the Southeast
Atlantic. Some areas depart from the inverse relation
between g and Chla trends (such as some regions of the
equatorial Pacific and Atlantic) which is in line with the
regional variability in the slope and significance level of
the log(Chla) versus g relationships reported by Loisel et al.
[2006] (see also auxiliary material).
[8] Temporal patterns for bbp(490) differ from those

reported for Chla and seen for g (Figure 1). The importance
of seasonality in the bbp(490) signal is generally low (<50%
of the total variance of the time series) in the entire tropical
and subtropical domain, including in the regions of high
seasonality for Chla and g (Figure 1c). In contrast, strong
and stable seasonal fluctuations are found poleward of 45°,

Figure 1. (a and c) Relative contribution of the Census X‐11 seasonal term S(t) (in %) to the variance of the original time
series for (a) particle backscattering spectral slope g and (c) the particle backscattering coefficient at 490 nm, bbp(490).
(b and d) Comparison of the seasonality patterns derived for the Chla data [Vantrepotte and Mélin, 2009] and those
obtained for (b) g and (d) bbp(490). Points with a high contribution of S(t) to the variance of the Chla series are in blue if the
contribution of S(t) is also high for g or bbp(490), yellow otherwise. Points with a low‐to‐moderate contribution of S(t) to
the variance of the Chla series are in red if the contribution of S(t) is high for g or bbp(490), white otherwise. Seasonality is
considered high if the percentage of variance explained by S(t) is larger than the global average plus 1 standard deviation
(80%, 73% and 74% for Chla, bbp(490) and g, respectively).

1Auxiliary materials are available in the HTML. doi:10.1029/
2010gl046167.
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especially in the Southern Ocean, where high values and
high spatio‐temporal variability for bbp have been pointed
out [Siegel et al., 2005; Loisel et al., 2006]. As for Chla and
g, the seasonal component of bbp(490) is generally stronger
in the North Atlantic than in the North Pacific, this being
consistent with the High‐Nutrient Low‐Chlorophyll condi-
tions found in the latter [e.g., Harrison et al., 1999]. A
major difference with respect to Chla and g is seen for the
long‐term variations: the patterns of statistically significant
change (p < 0.05) detected for bbp(490) are much fewer,
most notably in the Northeast Atlantic and Southeast Pacific
(with slopes varying from −3 to −4% yr−1, and from +1 to
+2% yr−1, respectively, Figures 2c and 2d). These results
suggest that, in spite of relevant changes in Chla, the overall
particle stock has remained fairly stable over the last decade
for most of the ocean.
[9] The observation that the variations in Chla, g and

bbp(490) are very diversely related can be exemplified by two
distinct situations. In the western tropical Pacific [150°W–
155°E; 5°S–20°N], opposite changes have been found for
Chla and g (Figures 2a and 2b). The X‐11 trend‐term T(t)
indicates that these signals mostly result from sharp evolu-
tions in 2000–2001, and that the inter‐annual variations of
these quantities have mirrored each other in this region (r =
−0.98) (Figure 3). Moreover, T(t) for g and Chla and the
time course of the Niño 4 index are well correlated (r =
+0,76 and −0.78 respectively). This index, quantifying SST
anomalies within the box 160°E–150°W, 5°S–5°N, reflects
large scale oscillations in the physical environment; these in
turn affect the regional phytoplankton biomass through their
effect on the nutrient supply [e.g., Behrenfeld et al., 2006].
The present results highlight that the changes in algal bio-
mass are associated with concurrent shifts in particle size.
Conversely, the regional average T(t) signal for bbp(490),
and therefore the PM stock, has shown only a very slight

decrease over the period with none of the large oscillations
affecting Chla or g (Figure 3).
[10] The second example is the largest pattern of signifi-

cant decrease (<−5% yr−1) of bbp(490), observed in the
Northeast Atlantic and accompanied by a similar decrease of
Chla and an increase of g (Figure 4, 15°W–35°W; 45°N–
55°N). The X‐11 decomposition outputs also show that
these variations are associated with a reduction of the
amplitude of the seasonal fluctuations, particularly marked
when comparing the time intervals 1997–2002 and 2002–
2007 (Figure 4). Average S(t) seasonal maximum to mini-
mum ratios computed before and after 2002 decrease by 54%
and 72% for Chla and bbp(490), respectively. Year‐to‐year
variations in g are in comparison less pronounced (−13%
from 1997–2002 to 2002–2007). The patterns observed in
this region can not be significantly related to climate indices
characteristic of the Atlantic basin (e.g. North Atlantic

Figure 2. (a and c) Significant monotonic trends (seasonal Kendall test, p < 0.05, in % yr−1) detected for (a) g and
(c) bbp(490). (b and d) Comparison between statistically significant trend slopes derived for Chla and for (b) g and
(d) bbp(490). Eight categories are defined for points presenting an increasing Chla associated with a positive (red), a negative
(orange) or a non significant (yellow) trend slope for g, those presenting a decreasing Chla associated with a positive (summer‐
sky blue), a negative (dark blue) or a non significant (light‐blue) trend slope for g, and those with no significant trend in
Chla associated with a positive (pink), a negative (purple) or a non significant (white) trend slope for g.

Figure 3. Ten year normalized (by the individual mean)
regional average time series of bbp(490) (blue line), g (red)
and Chla (green) in the western Pacific warm pool. The black
line represents the SST Niño 4 index (http://www.cpc.ncep.
noaa.gov/data/indices).
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Oscillation, Atlantic Multi‐decadal Oscillation indices) and
will have to be explored through a dedicated analysis.

4. Conclusions

[11] Our results highlight the diversity of patterns charac-
terizing the temporal variability of Chla, bbp(490) (a proxy
for particulate matter stock), and the particle backscattering
spectral slope g (an indicator for size distribution).
[12] Besides regional nuances, bbp(490) seasonal and inter‐

annual patterns appear weakly linked to those of Chla. This
is particularly true in the tropical ocean where the seasonal
variations in bbp(490) may be driven by the net accumulation
in the surface stratified layer of small‐sized non‐pigmented
particles (including detritus, bacteria, colloids and viruses),
which are not strictly co‐varying with Chla [Loisel et al.,
2002]. The lack of correlation [Siegel et al., 2005] and/or
temporal shift [Loisel et al., 2006] between bbp(490) and
Chla documented in mid and low latitude regions has been
also attributed to variations in the Chla–to‐carbon ratio due
to temporal changes in the phytoplankton photo‐acclimation
[Behrenfeld et al., 2005]. Finally, systematic variations in
the relation between bbp(490) and POC can not be excluded.
[13] Conversely, seasonality and inter‐annual signals

generally have a similar spatial distribution for g and Chla.
This suggests that the dynamics of phytoplankton and any

covariates are important factors in defining the size spectrum
of the PM assemblage. This result is consistent with the
view that picoplankton‐sized particles represent a biological
background ubiquitously distributed in space and relatively
stable in time [Yentsch and Phinney, 1989; Kostadinov et al.,
2009] that is episodically modulated by bloom events
mainly caused by larger plankton organisms. In that respect,
the variations displayed by Chla and g might be usefully
completed by information on the spatio‐temporal varia-
tions of phytoplankton functional types derived by other
approaches [e.g., Alvain et al., 2008].
[14] It is interesting to note that the variations in g are at

variance with those shown by bbp(490). The analysis pre-
sented above suggests that the variations associated with
Chla are sufficient to induce a significant shift in particle
size but that is not always translated into a detectable (sta-
tistically significant) change in the PM stock as represented
by bbp(490). For completeness, it is stressed here that the
results obtained for bbp do not depend on wavelength.
Identifying the processes underlying this apparent discrep-
ancy requires additional information not amenable to remote
sensing, but these results may be reconciled by considering
the definition of g that makes it sensitive to slight changes in
relative values of bbp at several wavelengths. In other words,
changes in bbp specifically induced by variations in the
spectral shape g (i.e., independently of actual changes in
amplitude of the entire spectrum due to a change in PM) are
numerically small. This may be compounded for hyper‐
oligotrophic waters by a lower sensitivity of satellite mea-
surements that could limit the performance of the inversion
algorithms used to derive the amplitude of bbp while derived
spectral ratios are less affected. These elements likely con-
cur to explain the relationship between bbp and g: below a
certain bbp value, the variations of bbp are restricted to a
narrow interval whereas g still shows a large dynamic range
(see auxiliary material).
[15] Ultimately, unraveling the links between the varia-

tions of bbp(490), g and Chla will require a comprehensive
modeling that follows sources, sinks and nature of the
organic material per particle size class, as it is affected by
processes associated with grazing and microbial activity,
aggregation and physical forcing.
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