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ABSTRACT

Variability of particulate absorption coefficients was
studied off the south-west coast of Portugal, as part of a
validation exercise for the Medium Resolution Image
Spectrometer Sensor. Regular sampling campaigns
occurred at three stations on a transect from inshore to
offshore to compare fluctuations in these coefficients at
the local scale. Transmittance-reflectance method with
sodium hypochlorite bleaching was used to determine
absorption coefficients for phytoplankton and non-algal
particles. Photosynthetic pigment concentrations were
determined by High Performance Liquid
Chromatography.

Results show that the absorption of light by particulate
matter is almost totally dependent on the phytoplankton,
with no significant contribution from non-algal particles,
both in coastal and oceanic waters. Specific
phytoplankton coefficients show significant fluctuations
between seasons and stations, ranging from 0.012 to
0.038 at 678 nm. Particulate absorption is dominant over
dissolved absorption. The variations in the coefficients of
absorption are analysed as a function of species
assemblages.

1. INTRODUCTION

Remote sensing of ocean colour depends on accurate
algorithms for the development of bio-optical models.
Specific absorption coefficients of particulate matter are
inherent water properties that are important parameters of
these algorithms.

Light behaviour in the water column is largely affected by
the absorption processes of particulate and dissolved
matter. In oligotrophic regions, particulate absorption
assumes a critical role in the total budget for absorption.
This absorption can be expressed in terms of coefficient
(a,), representing the sum of both phytoplankton and non-
algal matter absorption that are represented as coefficients
a, and a., respectively. Although in some studies
specific absorption coefficients are assumed as constant
[1][2], it is known that it varies at a regional level due in
part to: the local dynamics of the community; the effects
of cell size; and the intracellular pigment concentration
and composition [3][4]. The knowledge about the
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variability of these parameters, as well as the
understanding on how seasonality and phytoplankton
succession can affect them, are important data for
improving the regional algorithms for remote sensing and
for bio-optical models of primary production.

The current study is located at coastal and oceanic sites
off Sagres on the extreme southwest of the Iberian
Peninsula (Fig.1). The absence of river plumes and the
low runoff on the coastal region indicate oligotrophic,
Case 1 type waters. Nonetheless, this region of the north-
eastern Atlantic Ocean is characterised by seasonal
upwelling events [5][6], which stimulate diatom and
dinoflagellate blooms [7]. There is little or no information
available on the absorption components in this system.
This paper presents data on absorption coefficients for
particulate matter from this region and is part of a joint
effort to validate marine products developed from the
Medium Resolution Image Spectrometer (MERIS) sensor
for ocean colour.
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Figure 1. MERIS image from 17" November 2008
provided by ESA showing sampling Stations A, B and C.

2 METHODS

A total of 13 sampling campaigns were carried out from
September 2008 to July 2009, on days with adequate
weather conditions for achieving a potential “match up”
with the MERIS sensor. Three stations were selected — A,
B and C - at two, ten and eighteen kilometres from the



coast, respectively. At each station, water samples were
collected at surface, mid-Secchi and Secchi depth. Water
was collected and filtered for the determination of: a,; a,,
YSBPA (Yellow Substances and Bleached Particulate
Absorption, representing the sum of absorption by yellow
substances (avs) and non-algal particles (a.,) at 443 nm);

chlorophyll a (Chla) by spectrophotometry; and
phytoplankton pigments by High Performance Liquid
Chromotography (HPLC).

For particulate coefficients of absorption (a, am, aw),
duplicates of 500 ml of water were filtered using 25 GF/F
filters. After filtration, the filters were stored immediately
in liquid nitrogen. The laboratory determinations for these
coefficients  followed the Transmission-Reflection
methodology proposed by [8] and [9], where sodium
hypochlorite bleaching is recommended to remove the
algal contribution. About 200ml of water were filtered
through 0.2 um porosity polycarbonate filters for the
determination of a,. The filtered water was stored
immediately in the refrigerator and its absorbance was
determined in 10 cm cylindrical cell in a UV-Vis
spectrophotometer, within 24 hours of sampling. The
absorbance of each sample was determined between 350-
800 nm and the absorption conversion was based on
equation (1).

a = 2.303 Abs (1) /| Q)

where:  Abs is the absorbance signal at a given
wavelength A, divided for the path length I.

For spectrophotometric determination of Chla, 11 of water
was filtered through a 47mm GF/F filter. Chla was
extracted with 90% acetone. The extract was cleared by
centrifuging, and then read in a spectrophotomer. Chla
was calculated from absorbance as in [10].

A range of phytoplankton pigments were determined by
HPLC using diode array detection. 3l of each sample were
filtered through 47mm GF/F filters, and the pigments
were extracted in 90% acetone. The extracts were
sonicated to improve the extraction efficiency, and after 4
hours, were injected into the HPLC system. The
wavelengths of 436nm and 450nm were used to detect
and identify the chlorophylls and carotenoids,
respectively. Reference [11] was the methodology
followed with respect to the eluent composition and other
chromatographic parameters. Relative proportions of size
classes of phytoplankton were retrieved using an
approach proposed by [12] based on marker pigments,
using the suite of chlorophylls and carotenoids
determined by HPLC. According to these authors, the
fractions of micro, nano and picoplankton can be
determined using egs. (2-5).

foeo = (1.41[Fuco] + 1.41[Perid]) / DP (2)

fwo = (1.27[19’HF] + 0.35[19’BF] + @)
0.60[Allo]) / DP

fio= (1.01[TChib] + 0.86[Allo]) / DP (4)
where,

DP = 1.41[Fuco] + 1.41[Perid]+1.27[19'HF] +
0.35[19’BF] + 0.60[Allo] + )
1.01[TChib] + 0.86[All0]

2. RESULTS

For the determination of particulate absorption, 115
samples have been analysed, and absorption spectra
recorded from 350 to 750nm. Although all stations are
included, the focus will be on the surface stations, as the
ocean surface is more relevant for remote sensing of
ocean colour. Fig. 2 shows the variability of total
particulate absorption on all sampling days at the surface
of the three stations. The particulate absorption spectra
show a higher variability at Station B, followed by
Stations C and A, where spectra are more constant
between different sampling campaigns.

Particulate absorption spectra have been descomposed
into its non-algal or phytoplanktonic contributions. The
contribution of non-algal particles to total absorption at
443 nm is on average 11+5%, 10+6% and 11+9% at
Stations A, B and C, respectively, attaining a maximum at
all stations (~20%) in autumn and spring months. Being
so, the dominant contribution to total particulate
absorption is about 90% from phytoplankton. In order to
understand the variability of this parameter as a function
of the species dynamics, spectra have been normalised to
total Chla concentration determined either by
spectophotometry and HPLC, obtaining specific
coefficients of absorption — a*c.. and a*,.., respectively.
Algall is the notation given in [14] to represent total Chla
concentration determined by HPLC. The Chla related
pigments accounted for in this parameter are shown in eq.

(6).

Algal | = [Chla] + [DVChla] + [Chlidea] +
[Phaeophytin a] + [Phaeophorbide a] (6)

When comparing the two analytical methods, all stations
have similar averages: between 0.023 - 0.026 when
normalised to Chla determined by the spectrophotometric
method; and between 0.021 — 0.024 when normalised to
Algall.



0.16 —] 0.16 —|

0.12 —

ap(m-1) Station A
ap(m-1) station B

0.08 —|

0.04 —

o I

400 500

A (nm)

0.16 —]

°
S
| I

ap(m-1) Station C
|

0.08 —

0.04 —

I ° T i T

600 700 400 500 600 700

A (nm) A (nm)

Figure 2. Spectra of particulate absorption at all stations throughout the study.

Fig. 3 represents a statistical overview of a*,,. spectra at
its red maximum. Station A has the greatest spread of
data, indicating higher dynamics for phytoplankton
absorption than the more stable Station C. Station B is
intermediate between the other two stations.
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Figure 3. Box & Whisker plot of all a*,,.,(678) data from
all stations.

Fig. 4 shows the variations of a*,,.(678) throughout the
period of study. Higher values are observed in winter and
late spring seasons, compared with lower values during
autumn, spring and late summer seasons.
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Fig. 4 Variation of a*,,.(678) during the study period.

Fig.5 shows a range of other chlorophylls and carotenoids
that have been determined by HPLC . Chla, fucoxanthin
(Fuco), and 19’-Hexanoyloxyfucoxanthin (19’HF) are the
most significant pigments at all stations, with important
contributions from Chlorophyllidea (Chlidea) and
Alloxanthin (Allo).
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Figure 5. Relative proportions of phytoplankton
chlorophylls and carotenoids averaged for all stations.



Fig.6 demonstrates generally higher concentrations of
Algal I at the more coastal Stations of A and B, compared
to the more oceanic Station C. The greatest values for
Algal | occur at the intermediate Station B.
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Figure 6. Algal I concentrations during the study period.

The approach by [12] has been used to obtain the relative
proportion of community size classes. According to this
classification, the microplankton community dominates
the other size classes, principally at Station A (Fig. 7).
However, at Station C, the smaller size communities
dominate on a number of sampling occasions. An
exceptional campaign on the 14™ February 2009 shows no
significant dominance of any of the classes at the three
stations.
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Figure 7. Relative size proportions of the phytoplankton
community through the period of study, according to[12].

The absorption contributions of phytoplankton and
YSBPA at 443 nm are compared in Fig. 8. With the
exception of one sampling occasion, the influence of
YSBPA on total absorption is lowest at Station C and
increases at Station B culminating with the highest values
at Station A.

024 - Oaph (443) m-1 WaYSBPA (443) m-1 A

0,18 -
0,12 -
0,06 -

o -

0,24 -
0,18 -
0,12 -

0,06 -

0,24 - C
0,18 -
0,12 -
0,06 -

04-10-08
13-10-08
26-10-08
08-11-08
15-03-09
03-04-09
22-04-09
21-06-09
11-07-09

Figure 8. Contribution of the different types of matter
responsible for absorption of light (without considering
pure water absorption) for all stations and sampling days.

3. DISCUSSION

This study shows significant variability in particulate
absorption between stations, especially between seasons,
which is mostly due to differences between the
coefficients of absorption for phytoplankton. Several
studies attribute this type of variability to packaging
effects characterised by a flattening in the absorption
spectra caused by differences in the pigment content and
size of cells [3][15]. According to [16], Chla content
varies inversely with the absorption coefficient, whilst
[17] observes that specific absorption of phytoplankton
decreases with increase in cell volume. At Sagres, the
lowest values for a*,., (678) occur on the 8" Nov. 2008,
22" Apr. 2009 and 11* Jul. 2009 where microplankton
dominate the nano- and pico- classes. Although
microplankton is the dominant community at Sagres, the



most oceanic site at Station C has the most sampling days,
particularly in late winter and spring, that exhibit higher
a*ua (678) where the dominance of microplankton is
reduced.

The size structure of phytoplankton communities can also
be considered in terms of the ratio between blue and red
(b/r) absorption spectra in phytoplankton [18], [19] [20].
According to these authors, small organisms such as
cyanobacteria and marine prochlorophytes absorb
strongly in the blue region of the spectra. Thus,
absorption spectra of in vivo phytoplankton where the
community is dominated by small size organisms show
high values of b/r, typically greater than 2.5 [20].

In this study, ratios between a,,(443) and a,,(678) have
been calculated and are presented in Fig.9. The b/r is
generally highest at Station C, with values >2.5 during
September and November, that can be attributed to the
dominance of smaller size populations. In general, b/r is
above 2.5 at all stations, with minima on the 8" November
2008 and 3¢ April 2009. However, the pigments of many
of these samples shows significant dominance of
microplankton, over nano, and only a limited
contribution from picoplankton at all stations (Fig. 7). On
the 21% June 2009 the b/r ratio is around 3.0 for all
stations suggesting a dominance of small size classes
relative to the larger size classes but, in contrast, the
pigment content confirms dominance of the larger size
class of microplankton with high concentrations of Fuco
and peridinin (Per).
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Figure 9. Ratios between blue (443 nm) and red (678 nm)
maximums of a,, over the duration of the study.

The overall results from this can be attributed to the
hydrological conditions of the region under study.
Because of the strong northerly winds, the lberian
southwest coast is likely to have seasonal upwelling
events, which normally happen from spring to late
summer [5], but they can also happen occasionally after
favourable westerly winds [6], which stimulate blooms of
diatom and dinoflagellates. High values of Chla found on
the 8" November 2008, 22 April 2009 and 11* July 2009,

together with the lower values of a*,,., (678) determined
for these dates may reflect upwelling events.

Both particulate and dissolved matter contribute to total
absorption. However, these components are mainly taken
into consideration in Case 2 waters, whereas
phytoplankton absorption is considered the main factor
driving the variability of optical properties in Case 1
waters [21], [22], [23]. Although non-algal particles and
yellow substances are usually present in Case 1 waters,
they are considered sufficiently insignificant that these
waters can be modelled as a function of phytoplankton
concentration [24].

As there are no significant river discharges or runoff from
land, the coastal waters in this study are considered as
Case 1. However, results show that YSBPA can
occasionally make significant contributions to total
absorption, especially at Stations A and B closest to the
coast. Station C only shows two days throughout the
period of study with a substantial contribution of YSBPA.
The high YSBPA values on these specific days at Station
C may be due to grazing of phytoplankton blooms,
although there is no significant relation between YSBPA
and Chla, the main indicator of phytoplankton biomass.

Remote sensing algorithms used to assess ocean colour
are based on ratios of water leaving reflectances, at
various wavelengths, selected because of their intrinsic
relation with the specific absorption characteristics of the
system. The correct configuration of these algorithms
when applied to a region should, in theory, produce
reasonable results when retrieving Chla. According to
[24] and [25] there is reasonable agreement between
MERIS and in situ water-leaving reflectances, although
some deviation is observed at Station A and at lower
wavelengths of the spectrum. The large variability of
a*. observed in the current study at this station reflects
this deviation.

4. CONCLUSIONS

The variability and main characteristics of absorption by
particulate matter have been studied off the southwest
coast of Portugal from September 2008 to July 2009.as
part of a contribution to validation of MERIS water
products.

The spectra for particulate absorption are largely
dominated by phytoplankton absorption, with little
influence from non-algal particles. The phytoplankton
absorption coefficient has been normalised to Algal |
pigment index, which is the sum of Chla concentrations
and its derivates. Seasonal variability is compared at three
stations from inshore to offshore at distances of 2, 10 and
18 kilometres. The lowest values for the specific
absorption coefficient are about 0.012 occurring in spring,



summer and winter days, where concentrations of
phytoplanktonic pigments are high, and the larger
microplankton dominate nanoplankton and picoplankton.
The highest values for this coefficient are about 0.038,
occurring in late winter and late spring, where
concentrations of Chla and its derivates are low, and the
smaller nano and picoplankton dominate the
microplankton. The occasional blooms are probably
related to upwelling events that are typical in the region.

Although particulate absorption is dominant for the
coastal waters off Sagres, there are occasions when
dissolved matter makes a significant contribution to total
absorption, particularly, at the inshore station. All these
observations should be considered for improving the
regional algorithm for remote sensing of ocean colour.
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