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Mitchell and Holm-Hansen (1991) found that the bio-optical
model used for satellite remote-sensing of chlorophyll +
phaeopigment (Gordon et al. 1983, 1988) in Antarctica underesti-
mates concentrations by approximately a factor of 3. It was
hypothesized that the variations in pigment-specific absorption
coefficients was the source of observed regional differentiation.
The causes of these variations are attributed to the "package effect"
caused by different pigment composition, cell size, and intercellu-
lar chlorophyll concentration (Sathyendranath et al. 1987; Bricaud
et al. 1988) and the relative proportion of detritus and phytoplank-
ton absorption (Mitchell and Kiefer 1988). In 1992, during the
Research on Antarctic Ecosystem Rates 3 (RACER3) cruise in the
Antarctic, over 163 absorption spectra were collected at various
stations and depths in Gerlache Strait and near the ice edge. This
data set is used to demonstrate the role of species differences as a
source of variation in pigment-specific absorption coefficients.

Particles were concentrated by filtration and analyzed for
chlorophyll and phaeopigments with a filter fluorometer
(Holm-Hansen et al. this issue). Absorption samples were col-
lected on GF/F filters, stored in liquid nitrogen for 6 months,
measured with a Perkin-Elmer Lamba 6 spectrophotometer, and
analyzed using the quantitative filter technique (Mitchell 1990).

The spectra were partitioned into total (ar) and detrital (ad)

components using the method of Kishino et al. (1984).
In the satellite remote sensing pigment retrieval algorithm,

the spectral reflectance R(A) can be expressed as:

(equation 1)
E(X)	 bb()

R() =	-= C1*

Ed(?.)	 bb(A)+a(A)

where E(A) is the upwelling irradiance, Ed(A) is the downwell-
ing irradiance, bb(?.) is the backscattering coefficient, a(k) is the
absorption coefficient and C1 a constant (Gordon et al. 1983,1988).
Much of the variation of the reflectance ratio can be attributed to
a() (Morel and Prieur 1977), and a(A) can be further decomposed;

(equation 2)
a() = a(k) + a (?.) + a()

where a (?.) is absorption of particles, a(X) is absorption of water
and a(A5 is absorption of soluble material (Smith and Baker 1981)
Since a is constant for each wavelength and a in the Antarctic i
minimal (Mitchell this issue), most of the variation in a(A) can b
attributed to a(A) 1 which can be further decomposed:

(equation 3)
a(A.) = aPh(?4.) + ad()

where aPhQ) is absorption due to phytoplankton and ad(?) i
absorption due to detritus (Morrow et al. 1989).

Figure 1 shows the correlation between chlorophyll + phaeo.
pigment and a(441) for all samples at different stations an4
depths. The slope of the regression is the pigment specific absorp.
tion coefficient for nanometers (a*(441)) . The data show a diver-
gence of a*(441) as chlorophyll + phaeopigment increases. Thi4
divergence seems to clearly distinguish two phytoplankton popu
lations characterized by a distinctive a*(441) coefficient.
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Figure 1. Correlations between a(441)and chi+phaeo for all RACER3
stations. The slope of the regressions represents a* for distinct
populations. The estimated a(441) for all stations where the
cryptomonads dominated is 0.046 and 0.017 for all stations where
diatoms dominated. The values corresponding to the stations FC42
and FC58 are Indicated by the circles.
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Figure 2. Comparison of two different 5-meter pigment-specifiC
absorption spectra selected from figure 1. For 441 nanometers, a
Is high for station FC58 and low for station FC42; the inverse is true
for each station in the ultraviolet region (330 nanometers). The two
spectra located on the bottom of the graph are the corresponding a4,

normalized for chlorophyll + phaeoplgment, which is very low,
indicating ad is almost insignificant.
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Figure 3. Grid maps of the RACER3 stations in the Gerlache Strait during the FC leg of the cruise. (a) Contour of a(k); (b) Contour of a*(X).
The pattern In figure 3b is similar to the contour of chlorophyll + phaeopigment (Holm-Hansen et al. this issue), but there is an inverse cor-
relation between chlorophyll + phaeopigment and a*.

We hypothesize that the observed variations of a* are caused
by phytoplankton composition. Based on the floristic analysis
(Ferrario, personal communication), samples with high chloro-
phyll + phaeopigment and low a*p(441) in figure 1 are diatom-
dominated (diameters greater than 20 micrometers) stations.
The stations with high chlorophyll + phaeopigment and high
a*(441) are cryptomonad-dominated (diameters less than 5
micrometers) stations. The data support the theory of pigment
"package effect" (Morel and Bricaud 1981) as determined by cell
size. Large cell phytoplankton such as the diatoms have lower
a* (441) (0.017), whereas the small cell phytoplankton such as
the cryptomonads have higher a*(441) (0.046).

In figure 2, we contrast 5-meter a* spectra from two stations
with high chlorophyll + phaeopigment values (14.17 milligrams
chlorophyll + phaeopigment per cubic meter for FC42 and 9.60
milligrams per cubic meter for FC58 respectively), and with
different a(441) from figure 1. Two very different spectral shapes
are evident for stations FC42 and FC58. Station FC58 shows a
high a* in the blue (441 nanometer) and a low a* in the ultraviolet
(330 nanometers). Station FC42 shows the inverse relationship,
low a* in the blue and high a* in the ultraviolet region.

Vernet etal. (this issue) found different pigment composition
for the stations presented in figure 2, confirming that crypto-
monads dominated station FC58 and diatoms dominated station
FC42. In addition to having different pigment composition, both
samples in figure 2 also reveal a high ratio of accessory pigment
to chlorophyll a indicating that the phytoplankton may be low-
light adapted (Jeffrey 1980). Although we do not have detailed

cell size information, we expect high pigment per cell, which
could contribute to the pigment "package effect."

The variability of a* is important because pigment specific
absorption coefficients are used in remote-sensing algorithms
(i.e., Frouin et al. this issue). Figure 3a shows the contour of
a (441) of FC leg of the RACER3 cruise. This figure is significantly
different from the contour of a*p(441) (figure 3b). When compar-
ing a*p(441) with the contour of chlorophyll and phaeopig-
ment (Holm-Hansen etal. this issue), we note that, although the
contour pattern is similar, a*p(441) is inversely correlated with
chlorophyll + phaeopigment concentration which is consistent
with the model of Morel (1988). However, as shown in figure 1,
the variation in a* with pigment concentration is not as simple as
suggested by Morel (1988). The cell size of phytoplankton species
in blooms must also be considered. Variability in a* will affect
the estimation of pigment biomass with ocean color sensors such
as SeaWiFS and will have to be taken into consideration if we are
to have accurate chlorophyll + phaeopigment estimates (Mitchell
and Holm-Hansen 1991).

We were able to clearly identify two trends in a* for several
reasons. One is the clear presence of either very large diatom cells
or small cryptomonad cells at bloom stations in Antarctica (Holm-
Hansen and Vernet this issue). Another is the massive bloom in the
antarctic coastal waters. In typical oceanographic environments,
the small range of chlorophyll + phaeopigment (0 to 5 milligrams
per cubic meter) makes it difficult to separate a* for the different
phytoplankton. However the large blooms reported in the Antarc-
tic during the spring often show a wide range of chlorophyll +
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phaeopigment values (0 to 20 milligrams per cubic meter), which
makes it easier to distinguish separate a* relationships.

The minimal presence of ad is also another important factor in
enabling us to find the variation in a* in Antarctica. Figure 2
shows that ad normalized for chlorophyll + phaeopigment was
typically negligible. Sosik et al. (this issue) found the ad from
RACER3 to be very low compared to the ad from the temper-
ate water off the California coast. Assuming a from equation 2
to be minimal, it will contribute little to variations in a*. There-
fore most of the variation is due to a*Ph.

Work in progress includes analyzing pigment composition
and determining the cell size and phytoplankton composition for
the RACER3 cruise. These data should provide us with more
information such as pigment per cell and the ratio of accessory
pigment to chlorophyll a for all the samples and improve our
understanding of particle optics in the Antarctic.
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Ferrario for the floristic analysis, Chris Fair for technical assis-
tance, and Vincent Spode for graphics. This project was sup-
ported by National Science Foundation grant DPP 88-17635 to
0. Holm-Hansen and Maria Vernet.
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The optical properties of particulate material in the surface
waters of the ocean play a critical role in regulating the underwa-
ter light field and in determining water-leaving radiance. The

absorption capability of the phytoplankton fraction of the par-
ticulate pool also sets an important limit on primary production.
Variability in particulate optical properties thus should be re-
flected in light propagation models, in algorithms for pigment
retrieval from remotely sensed data, and in bio-optical models
for primary production. A recent study by Mitchell and Holm-
Hansen (1991) has shown that there are significant differences
between high-latitude and temperate ocean waters in pigment-
specific diffuse attenuation coefficients and in the relationship
between pigment concentrations and spectral ratios of upwelling
radiance. The observed differences have been attributed to
variability in particulate optical properties. The goal of this
study is to examine differences in measured pigment-specific
particulate absorption coefficients between surface waters from
the Gerlache Strait and from the California current.

This study was conducted on three cruises. Samples were
collected from stations in the Gerlache Strait on the Research on
Antarctic Coastal Ecosystem Rates 3 (RACER3) cruise in Decem-
ber 1991 to January 1992 and from two California Cooperative
Oceanic Fisheries Investigations (Ca1COFI) cruises (9110 and
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