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Abstract

This dissertation addresses two fundamental questions. First, how do
biomass and primary production in Antarctic coastal waters compare to
temperate waters? Second, how can we use satellite ocean color observations to
accurately estimate biomass and primary production in these Antarctic waters?
Satellite technology is critical for understanding the large scale patterns of
biomass and primary production in the remote waters of the Southern Ocean.
However, considerable uncertainty exists in satellite-derived estimates of
biomass and production for this region. As discovered in this dissertation,
unique regional algorithms are required for estimating both biomass and primary
production in Antarctic waters. Data collected in conjuction with the Palmer
Long Term Ecological Research project along the western Antarctic Peninsula
are used to address these questions.

From analysis of bio-optical parameters measured at over 1000 stations,
the relationship between remotely sensed reflectance and biomass (evaluated as
chlorophyll concentrations) is found to be significantly different from other
oceanic regions. Remote sensing reflectance is higher in the blue and lower in
the green region of the visible spectrum. This is hypothesized to be due to a
combination of low backscattering and low absorption per unit chlorophyll. A
new empirical algorithm is developed to predict chlorophyll from remotely
sensed radiance. If chlorophyll concentrations are accurately retrieved from a
satellite, then over 60% of the variability in primary production can be
explained. Taking into account the relatively uniform chlorophyll-normalized
production profile and low maximum chlorophyll-normalized production (P*® opt)

characteristic of these cold well-mixed Antarctic waters. an optimized depth-

viii
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integrated primary production is presented that explains over 70% of the
PAL/LTER data and historic data collected from the region.

Finally, the chlorophyll and primary production models are applied to
monthly satellite data obtained from the Sea-viewing Wide Field of View Sensor
(SeaWiFS). We find that, as predicted, SeaWiFS generally underestimates
chlorophyll concentrations and follows our algorithm. Using the satellite-
derived chlorophyll, we are able to model PP both monthly and annually for
waters near Palmer Station and for the entire Southern Ocean. Interannual
variability is highest in coastal waters near Palmer Station (7-fold variability)

and in regional ice shelves containing large polynyas.
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Chapter 1

Introduction

"The waters and the ice of the South Polar Ocean were alike found to abound with mi-
croscopic vegetables belonging to the order Diatomacez. Though much too small to be
discernible by the naked eye, they occurred in such countless myriads as to stain the
berg and the pack ice wherever they were washed by the swell of the sea; and, when
enclosed in the congealing surface of the water, they imparted to the brash and pancake
ice a pale ochreous colour... The universal existence of such an invisible vegetation as
that of the Antarctic Ocean, is a truly wonderful fact, and the more from its not being
accompanied by plants of a high order. During the years we spent there, | had been ac-
customed to regard the phenomena of life as differing totally from what obtains
throughout all other latitudes, for everything living appeared to be of animal origin. The
ocean swarmed with Mollusca. and particularly entomostracous Crustacea. small
whales, and porpoises: the sea abounded with penguins and seals. and the air with birds:
the animal kingdom was ever present, the larger creatures preying on the smaller and
these again on smaller still: all seemed camnivorous. The herbivorous were not recog-
nised. because feeding on a microscopic herbage. of whose true nature I had formed an
erroneous impression. [t is, therefore with no little satisfaction that [ now class the
Diatomace® with plants. probably maintaining in the south Polar Ocean that balance
between the vegetable and the animal kingdom which prevails over the surface of our
globe. Nor is the sustenance and nutrition of the animal kingdom the only function
these minute productions may perform: they may also be the purifiers of the vitiated
atmosphere, and thus execute in the Antarctic latitudes the office of our trees and grass

turf in the temperate regions, and the broad leaves of the palm, &c.. in the tropics.”

--Dr. 1.D. Hooker in the "Botany of the Antarctic Voyage."” and in a paper which he
read before the British Association in 1847
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Background on Southern Ocean Productivity

From as far back as the first voyage of Captain James Cook (1772-1775)
and the Erebus and Terror Expeditions under James Clark Ross (1839-1843), a
legacy has been put forth concerning the extreme richness of marine life in the
Antarctic waters. Not only were the waters filled with plentiful whale and seal
populations, the famed botanist J.D. Hooker aboard the Erebus and Terror Ex-
peditions first reported abundant concentrations of Antarctic diatoms throughout
the Antarctic seas. During most of the past century, this initial paradigm of
abundantly productive waters has been perpetuated throughout the scientific in-
vestigations of the Southern Ocean [E/-Sayed, 1970]. However, from the 1960’s
onward, the paradigm has gradually shifted from a ubiquitously rich Southern
Ocean towards one that is extremely variable over space and time. Primary pro-
duction is strongly influenced by the seasons because of the annual advance and
retreat of sea ice and the dramatic shift in daylength over the course of the vear.
Geographically. striking differences in productivity occur both in the zonal and
to a lesser degree in the meridional direction.

The waters of the Southern Ocean have historically been treated as mere
extensions of the three major oceans: Atlantic, Pacific and Indian. However, the
Southern Ocean contains distinct circulation properties and latitudinal zones that
help to define it as its own entity. With reference to the biogeochemisty, the
Southern Ocean has been divided into five zones that are continuous around the
continent but vary with latitude: the Permanent Ice Zone (PIZ), the Coastal and
Continental Shelt Zone (CCSZ), the Seasonal Ice Zone (S1Z), the Permanently
Open Ocean Zone (POOZ), and the Polar Front Zone (PFZ) [Treguer and
Jacques, 1992]. The area of the PIZ. CCSZ and POOZ remains fairly constant
over the seasons, however. the SIZ annually sweeps in and out of the coastal and

pelagic zones and the PFZ varies in width and extent over the seasons (F ig. 1).

2
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These zones can be characterized by their physical parameters, nutrient regimes,
primary production, and relationship to the upper trophic levels.

This dissertation has been conducted in conjunction with the Palmer
Long Term Ecological Research (PAL/LTER) project involving interdiscipli-
nary studies of the ecological systems along the western Antarctic Peninsula.
The PAL/LTER study area primarily focuses on the nearshore CCSZ and SIZ,
but is also influenced by the more distant POOZ and PFZ. Because of the con-
striction between the tip of South America and the Antarctic Peninsula, the
CCSZ. SIZ. POOZ. and PIZ are all constrained within the Drake Passage. within
relatively close proximity to each other and the Antarctic Peninsula. The his-
toric patterns and mechanisms that control biomass and primary production in
these Antarctic Peninsula waters are reviewed in a book chapter [Smith er al.,
1996]. A brief summary of some of the general mechanisms important in each
of the biogeochemical zones is presented below.

The CCSZ is generally considered to be the most highly productive re-
gion of the Southern Ocean per unit area. This is the region that J.D. Hooker
and other early explorers likely refer to when they discuss the abundance of
Antarctic production. While nutrient levels are generally high throughout these

. R 3
waters, massive blooms (>30 mg Chl m™) do occur that can cause short-term

macronutrient depletion [Smith et al.. 1996]. These waters are generally not
thought to be limited in the micronutrient iron because of resuspension of iron-
rich sediments and terrigenous input from glaciers and runoff. The waters are
considered to be generally well mixed with a slight maximum of chlorophyll
occurring near the surface [Smith et al., 1996]. In CCSZ waters both near
Palmer Station and in the Ross Sea, several large blooms (>5 mg Chi m's) occur

during the growing season (November-March) [Arrigo and McClain. 1994:

(U%)
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Dierssen et al., 2000]. These blooms last approximately one week and contrib-
ute significantly to annual production.

The SIZ. often referred to as the Marginal Ice Zone (MIZ), is the region
that is influenced by low salinity meltwater from the receding pack ice and can
extend 50-250 km from the ice edge. Studies have shown that the low-density
meltwater creates a lens of stable water on the ocean surface that reduces mixing

and that allows for the formation of large blooms (> 5 mg Chl m'3) [Smith and

Nelson. 1986]. Some contend that the melting sea ice can also “seed” the ocean
surtace with phytoplankton populations and other nutrients that could be limit-
ing. However. the existence of a stable layer and a resulting bloom is dependent
on the strength and frequency of wind mixing event within the SIZ [Lancelot et
al.. 1993]. In addition. the ice area is a favorable environment for grazers (e.g..
euphausiids) which can further control the stock of phytoplankton in this region.
When analyzing the ocean color SeaWiFS data discussed in the final chapter of
this dissertation, the ice edge area is found to be associated with high biomass
only sporadically. Overall, the SIZ region is not as productive as the CCSZ. but
has a productivity at least a factor of two higher than the POOZ [Treguer and
Jucques. 1992].

The POOZ zone is typically defined as a High Nutrient Low Chlorophyli
(HNLC) ecosystem and is considered to be an almost “oligotrophic” area
[Treguer and Jacques. 1992] with chlorophyl! concentrations less than 0.25 mg
m”. Both light limitation due to high wind mixing and silicate limitation are
both given as potential reasons for the low biomass concentrations. In addition.
certain sectors of the POOZ could also be limited by low iron or silicate con-
centrations [Jeandel et al.. 1998]. As evident in satellite images from Chapter 3.
the area of the oligotrophic POOZ is much smaller than originally defined and is

primarily limited to regions within the Drake Passage and South Indian Ocean.

4
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Less than 1% of the Southem Ocean is made up of these low biomass POOZ
waters (< | x 10 kmz). Salps tend to exploit the oligotrophic waters of the
POOZ and appear more efficient at exporting microbial carbon to deep water.
Because of the production of highly resistant and fast-sinking faecal pellets.
salps may uncouple the opal accumulation in the sediments from primary pro-
duction [LeFevre and Treguer, 1998].

Chlorophyll concentrations again increase when approaching the PFZ
northward of the POOZ. The PFZ. filled with mesoscale eddies. is quite pro-
ductive and an area with very high flux of particulate matter to the sediments.
The biogeochemistry of these iron-rich waters is highly influenced by the pres-
ence of massive diatom blooms that are exported into the deep ocean
[Bathmann. 1998]. The most important factor in development of these blooms
is thought to be physical stability of the surface waters. In the Indian sector, the
flux of organic carbon deposited at the sediment-water interface represents 10-
20% of estimated primary production [Rabouille and al., 1998]. The lack of
degradation of particles in the water column may be attributed to low tempera-
tures and slow bacterial reactions. lack of nutrients fueling bacterial activity, or
elevated settling velocities due to aggregate formation. Significant CO» draw-
down is associated with these massive diatoms blooms. Grazing of phyto-
plankton by larger zooplankton is found to be minimal in the PFZ region
(Bathmann. 1998].

The meridional influences in the Southern Ocean primarily correspond to
the proximity of land and ice masses in each sector. The five geographical sec-
tors of the Southern Ocean include [Zwally et al.. 1983]: the South Indian Ocean
(20-90°E). Southwestern Pacific (90-160°E). Ross Sea (160°E-130°W), Belling-
shausen-Amundsen (60-130°W), Weddell Sea (130°W-20°E) (Fig. 1). While

variation is generally higher zonally. the sectors do display unique features from

3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



one another. Lower production is generally associated with the Indian and Pa-
cific sectors. These regions have minimal terrigenous influences and may be
limited by nutrients such as iron and silica. The highest production can occur in
polynyas that open up within permanent ice shelves. Depending on the year. the
Ross Sea and the Larsen Ice Shelf within the Weddell sector can exhibit large
and very productive polynyas. The Bellingshausen-Amundsen sector is influ-
enced by the close proximity of South America and the Antarctic Peninsula.
The confluence of the biogeochemical zones in this region can effect distribu-
tions of phytoplankton, krill, and nearly all trophic levels.

Much of what is known about the zonal and meridional variations in
Southern Ocean phytoplankton biomass comes from remote sensing techniques.
Prior to the advent of this technology. the sampling from shipboard operations
suggested that the waters were much more homogenous. However, satellite re-
mote sensing has revealed enormous variability of Southern Ocean waters over
both space and time. Estimating the amount of carbon dioxide that is absorbed
by phytoplankton (i.e.. primary production) is a necessary component in under-
standing the role of the oceans in the global carbon cycle. Covering 70% of the
earth’s surface. the oceans account for anywhere from 30-50% of the global
productivity. However, considerable uncertainty exists in satellite-derived esti-
mates of production. especially in areas like the Southern Ocean where use of
regional algorithms may be necessary. The results of this dissertation (Chapter
2) indicate that the Antarctic Peninsula waters are unique with respect to the re-

lationship between chiorophyll and primary production.
Background to Ocean Color Remote Sensing

The basic premise of ocean color remote sensing is that chlorophyil

contained within phytoplankton produces systematic variation in the color of the
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ocean. As demonstrated in the early work of Clarke et al. (1970), the water-
leaving radiance backscattered from the ocean surface reflects the concentrations
of chlorophyll in near-surface waters and can be observed from aircraft and sat-
ellites [Clarke et al.. 1970]. However, the remotely sensed radiance is a complex
mixture of photons that have been scattered from the atmosphere, sea surface.
and ocean. Depending on the wavelength, anywhere from 80-100% of the radi-
ance received by a satellite originates in atmospheric scattering, both from air
molecules (Rayleigh) or from aerosol scattering. When the effects of the atmos-
phere and sea surtace are decoupled from the flux received at the satellite, we
obtain an estimate of the water-leaving radiance that has been scattered from
within the surface layer of the ocean. Improvements to the atmospheric correc-
tion schemes are the subject of ongoing research not addressed in this disserta-
tion.

The water-leaving radiance can be adequately simulated by measure-
ments of the radiance reflectance or ratio of upwelling radiance to downwelling
irradiance. Theoretically. the radiance reflectance can be related to the inherent
optical properties of the water-column, specifically the wavelength-specific ab-
sorption coefficient. a(4), and the backscattering coefficient, b5(4). By making
reasonable assumptions about how a(4) and by(4) vary with the different com-
ponents in the water (i.e.. phytoplankton, colored dissolved organic matter, sus-
pended solids). then the actual concentrations of phytoplankton can be theoreti-
cally estimated. Specifically. total absorption at a particular wavelength is
commonly broken into absorption due to water, phytoplankton. and colored dis-
solved organic matter. Backscattering primarily occurs from water molecules
and very small submicron detrital particles. However, the current general proc-
essing routines used to derive chlorophyll concentrations from satellite data

make use of simple empirical approaches involving relationships between radi-

7
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ance reflectance in particular wavebands and the corresponding concentrations
of measured chlorophyll. As described in Chapter 1 of this dissertation, the
properties of a(4) and b,(4) must be evaluated to understand why areas like the

Southern Ocean have unique empirical relationships from other regions.

The most common empirical ocean color algorithms make use of the fact
that phytoplankton pigments (e.g.. chlorophyll) absorb light at the biue end of
the spectrum. As chlorophyll concentrations increase. the blue radiation is in-
creasingly absorbed causing a decrease in radiance reflectance at this end of the
spectrum (400-515 nm). Similarly. a corresponding increase in the green radi-
ance retlectance (515-600 nm) is also commonly found with increasing chloro-
phyll. As phytoplankton increase. the concentrations of small backscattering
particles also tend to increase causing increased reflectance in the green region
(the blue and red light being highly absorbed). Using the ratio of blue to green
reflectance. a simple log-linear relationship can be used to estimate chiorophyll
concentrations. Such approaches only work for waters that are considered to be
Case 1. where ocean color is primarily associated with phytoplankton and dis-
solved organic matter. [n highly turbid Case 2 waters. where sediments and ter-
rigenous materials influence the optical properties of the waters, alternative ap-
proaches must be used. While most of the Antarctic Peninsula waters are Case
I. the simple algorithms must be adjusted to account for the unique bio-

properties of these waters (see Chapter 1).

Dissertation Objectives and Organization

The overall goal of my dissertation is to evaluate and improve the algo-
rithms by which ocean color observations can be used to estimate biomass and
primary productivity in Antarctic Peninsula waters. From the bio-optical prop-

erties measured in siru at over 1000 stations. Chapter 2 develops a robust ocean

8
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color algorithm to estimate chlorophyll for this region. Chapter 3 evaluates
measured chlorophyll and primary production profiles and presents an optimized
depth-integrated primary production that can be simply applied to estimate pri-
mary production from satellite-derived chlorophyll concentrations. Chapter 4
validates the chlorophyll-retrieval model developed in Chapter | using radiance
and chlorophyll that has been remotely estimated from the Sea-viewing Wide
Field of View Sensor (SeaWiFS). Chapter 5 couples the chlorophyll and pri-
mary production models with SeaWiFS data to estimate monthly and annual
primary production for the Antarctic Peninsula region and the Southern Ocean.
One of the overreaching conclusions of this dissertation is that this region of the
Southern Ocean is different from temperate waters with respect to both the bio-
optical properties and primary production of the water column and must be
analyzed using regional algorithms. A summary of the dissertation chapters is
presented below.

Chapter 2 presents an analysis of the bio-optical properties and remote sensing
ocean color algorithms for Antarctic Peninsula waters. Ratios of remote sensing
reflectance measured at over 1000 oceanographic stations are used to evaluate
methods for retrieving remotely sensed chlorophyll concentrations. The data
collected over the course of seven years (1991-1998) is found to be different
from data collected from other regions of the world’s oceans. Remote sensing
reflectance is found to be significantly higher in the blue and lower in the green
region of the spectrum for high chlorophyll concentrations. Therefore. the gen-
eral processing algorithms used for both the now defunct Coastal Zone Color
Scanner. CZCS. and the currently operating Sea-viewing Wide Field of view
Sensor (SeaWiFS) underestimate chlorophyll concentrations by roughly a factor
of two. We hypothesize that both low chlorophyll-specific absorption and low

backscartering contribute to this difference. These Antarctic waters are unique

9
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in that phytoplankton blooms generally consist of large diatoms that can cause
low chlorophyll-specific absorption of light. In addition. the Antarctic waters
have low backscattering which is hypothesized to result from low concentrations
of the small particles that cause backscattering in the water column.

In Chapter 3. models for remotely estimating primary production are
evaluated and optimized for the PAL/LTER region. Using measurements of
primary production for two different seasons. we determine that over 60% of the
variability in primary production can be explained by surface chlorophyll con-
centrations alone. Unique from other regions. the vertical profile of normalized
primary production is found to be more uniform with depth. Also. the maxi-
mum chlorophyll-normalized primary production, PBOPL is found to be low for
these data compared to other regions. Irradiance plays a very limited role in es-
timating primary production and only improves model performed by about 5%.
Very little relationship is evident between surface irradiance and the photo-
adaptive variables. The optimized primary production model developed in this
chapter explains over 70% of the variability in the PAL/LTER dataset and in an
independent historic dataset collected in the region.

Chapter 4 utilizes the models developed in Chapters 1 and 2 to estimate
primary production from satellite-derived chlorophyll concentrations for both
the Palmer Station area and the Southern Ocean. First, the SeaWiFS-derived
radiance concentrations are compared to in situ radiance levels. Then. chloro-
phyll concentrations are compared to concurrent measurements of chlorophyil
both for nearshore CCSZ waters and offshore waters of the POOZ and PFZ. We
find that. as predicted, SeaWiF$S generally underestimates chlorophyll concen-
trations. By applying the polynomial correction algorithm developed in Chapter

2 to the SeaWiFS chlorophyll. the adjusted chlorophyll concentrations closely
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match the in situ chiorophyll (r2=70%) both at Palmer Station and across the
Drake Passage.

Chapter 5 estimates primary production for the Antarctic Peninsula and
Southern Ocean using the algorithms from Chapters 2 and 3. While the interan-
nual variability in primary production is extremely high near Palmer Station
(varying by a factor of seven), the variability in the last two summers near sta-
tion has been relatively low. The primary production estimated for the whole

Southern Ocean. 2.7 x 10"° gC yr". is in the range of past estimates made from

CZCS satellite data. Most of the production occurs within the larger area of the
collective POOZ and PFZ. even though production rates are higher within the
CCSZ and SIZ. We hypothesize that interannual variability in primary produc-
tion is likely to be greatest in the nearshore CCSZ and SIZ. which are subject to
the annual advance and retreat of sea ice and the presence of highly productive
polynyas.

The Southern Ocean is characterized by extremely cold water. high
winds. seasonal variability in solar irradiance. and the annual advance and re-
treat of sea ice. [n response to the extreme environment. it is not surprising that
the phytoplankton are different from other regions of the world’s oceans. This
dissertation shows that the waters of the Antarctic Peninsula have unique bio-
optical properties when compared to temperate waters. The phytoplankton are
generally more shade-adapted and appear to be operating near their maximal
chlorophyll-normalized productivity for much of the water column. Due to the
low levels of small submicron detritus in the water. we hypothesize that back-
scattering is lower than for other regions. Therefore. the general algorithms for
estimating chlorophyll and primary production from satellite data are inaccurate
when applied to these unique waters. By using the modified algorithms pre-

sented in this dissertation. remotely sensed estimates of both chlorophyll and

11
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primary production are shown to more accurately reflect the in situ concentra-

tions.
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Figure 1. Location of the meridional sectors of the Southern Ocean. The
lightly shaded region represents the area defined as the Coastal and Continental
Shelf Zone and the Seasonal Ice Zone. The white area represents the Perma-

nently Open Ocean Zone and the Polar Front Zone.
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Abstract. Increasing evidence suggests that bio-optical properties of Antarctic
waters are significantly different than those at temperate latitudes. Conse-
quently. retrieval of chlorophyll concentrations from remotely sensed reflectance
measurements using standard ocean color algorithms are likely to be inaccurate
when applied to the Southern Ocean. Here we utilize a large bio-optical data set
(>1000 stations) collected in waters west of the Antarctic Peninsula in conjunc-
tion with the Palmer Long Term Ecological Research program to assess ocean
optical properties and associated ocean color algorithms. We find that the re-
mote sensing reflectance spectrum as a function of chlorophyll concentrations
appears significantly different from the SeaBAM data set collected from other
regions of the world’s oceans. For Antarctic waters, remote sensing reflectance
is significantly higher in the blue and lower in the green region of the spectrum
tor high chlorophyll concentrations (>1 mg Chl m™). Therefore. applying gen-
eral processing algorithms for both CZCS and SeaWiFS in these Antarctic wa-
ters results in an underestimate of chlorophyll by roughly a factor of two. From
modeled estimates of absorption and backscattering, we hypothesize that both
low chlorophyll-specific absorption and low backscattering contribute to the

high reflectance ratios.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1. Introduction

In assessing the oceanic role in possible climate change, it is important to
understand and quantify the processes that control the temporal fluxes of carbon
into the ocean. The major carbon flux in the ocean is carbon dioxide uptake by
phytoplankton during photosynthesis which can be directly related to the amount
ot phytoplankton biomass. For Antarctic coastal waters, Dierssen et al. [in
press] have shown that primary production is tightly coupled to chlorophyll con-
centrations and can be accurately modeled. However, large-scale shipboard es-
timates of chlorophyll concentrations for the Southern Ocean are relatively lim-
ited. The use of remotely sensed observations from satellites is, therefore, es-
sential in order to gain a synoptic understanding of the abundance and distribu-
tion of phytoplankton. This paper is directed at understanding the bio-optical
properties of the Antarctic Peninsula waters and determining optimum algo-
rithms for retrieving chlorophyll concentrations from remotely sensed ocean
color observations in these waters.

Recent studies present evidence that bio-optical properties. and hence the
relationship between water-leaving radiance and pigment concentrations. are
significantly different in the Southern Ocean compared to other oceanic regions
[(Mitchell and Holm-Hansen, 1991; Mitchell, 1992; Sullivan et al.. 1993; Fenton
et al., 1994: Arrigo et al.. 1998). The general processing algorithm for retriev-
ing pigment biomass concentrations from the Coastal Zone Color Scanner
(CZCS) was found to underestimate low chlorophyll concentrations (< 1.5 mg
Chl m™) in the Southern Ocean by a factor of 2.4 [Mirchell and Holm-Hansen.
1991 Sullivan et al., 1993]. Therefore, a regional algorithm was developed for
the Southern Ocean [Sullivan et al.. 1993]. The underestimation by the general

algorithm was hypothesized to be due to the low concentrations of detritus and
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the large pigment packaging effects in this region. which alter the absorption
coefficients in Antarctic waters [Mirchell and Holm-Hansen, 1991]. Both pig-
ment packaging effects and low concentrations of colored dissolved and detrital
material would result in a reduced absorption coefficient. an increase in remote
sensing reflectance, and an underestimation of chlorophyll concentrations.
However. pigment-specific absorption in Southern Ocean waters may vary de-
pending on the species composition of the water column [Brody et al., 1992; Ar-
rigo et al., 1998].

While absorption properties may be different for Antarctic waters, back-
scattering coefficients may also play a role in defining the unique relationship
between water-leaving radiance and pigment concentrations. Indeed, recent
measurements of backscattering in the Ross Sea have found low levels of back-
scattering (Stramski et al.. 1998]. Modeling results suggest that particles <0.1
um are responsible for the majority of backscattering in the oceans [Morel.
1991 Stramski and Kiefer, 1991]. While submicron microbes and viruses con-
tribute to the total backscattering, the majority of backscattering is thought to
come from submicron detrital particles (“Koike™” particles <0.06 um) that have
high water content and corresponding low refractive index [Stramski and Kiefer.
1991: Balch er al.. 1998]. Although little is known about the concentrations of
Koike particles in the Antarctic. the concentrations of submicron bacterial
populations have been found to be low. Compared to most oceanic regions
where bacterial biomass is >10% of the contemporaneous phytoplankton stand-
ing stock. bacterial biomass in the Antarctic Peninsula region is found to be <I-
2% of phytoplankton standing stock and generally uncoupled from phytoplank-
ton populations [Kur/ er al.. 1996]. Moreover, low bacterial biomass has been

found for nearly all Southern Ocean marine ecosystems studied [Lancelot et al..
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1989: Cota et al.. 1990; Zdanowski and Donachie, 1993]. Given low popula-
tions of the submicron bacterial populations and the possibility that microbial
decomposition may contribute to the formation of Koike particles [Stramski and
Kiefer. 1991], the concentrations of backscattering Koike particles might also be

similarly low. If particulate backscattering is generally lower in Antarctic wa-
ters. then the water-leaving radiance and remote sensing reflectance (R,5(4)

would also be lower. and remote sensing pigment retrieval algorithms for the
Southern Ocean would also be different when compared to low latitudes.

[n this study, we use a multiyear data set collected in waters west of the
Antarctic Peninsula from 1991-1997 to investigate the bio-optical properties for
this region. Optical measurements have been collected with several instruments
including: the Bio-Optical Profiling System (BOPS-II) [Smith et al., 1997], the
Optical Free-Fall Instrument (OFFI) [Waters et al., 1990], and a Bio Spherical
Instruments Profiling Reflectance Radiometer (PRR) operated in a free-fall con-
figuration. The data have been coilected over different seasons and years and in
waters with both low and high pigment biomass concentrations. Optical obser-
vations in this region are especially challenging due to low sun angles, a corre-
sponding long atmospheric path length, frequent cloudiness (typically 95%), and
the presence of sea ice and snow. In the following methods section we describe
in detail the various data quality issues involved in compiling and processing
this Antarctic bio-optical data set. This data set is unique because of the varied
spatial and temporal coverage. the careful calibration history for each optical
sensor. and the intercomparison of data from different ships. instrumentation.
and sampling methodology. These LTER data are compared to a large global

data set compiled primarily from temperate waters (SeaBAM) [O'Reilly et al..
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1998] and to the CZCS and Sea-viewing Wide Field of View Sensor (SeaWiFS)
pigment retrieval algorithms.

2. Methods
2.1. Data Collection

Bio-optical data were collected west of the Antarctic Peninsula and from
near Palmer Station (64°S. 64°W. Fig. 1) from November 1991 - March 1998.
Data were obtained using two basic modes of sampling: 1) weekly time series
data collected roughly between November to March over a fine-scale grid near
Palmer Station: 2) regional data collected during six week research cruises that
covered a large-scale fixed sampling grid [Waters and Smith. 1992]. Table 1
lists the various cruises and optical instrumentation from which data were ob-
tained for this paper. For the seasonal time series data from 1991 to 1994, an
Optical Free Fall Instrument (OFFI) was used to mitigate potential perturbation
etfects of the ship [Warers et al., 1990]. This instrument was replaced by a free-
falling Profiling Reflectance Radiometer (PRR) which was used for the near-
shore time series data from 1994 onward and for the January 1998 cruise. The
BOPS-II instrument [Smith et al.. 1997] was used to collect optical data for all
of the research cruises prior to January 1998. Coincident chlorophyll and CTD
data were also collected with the optical data. Chlorophyll a concentrations
were estimated by subtracting the phaeopigment concentration determined by

sample acidification [Smith et al.. 1981].

2.2. Optical Calibration
Wherever possible. we used long-term average calibration values to pro-
cess the bio-optical data. With the exception of a few wavelength channels that

degraded over time (and were subsequently replaced), the calibrations generally
20
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varied by less than a few percent over the many years of sampling [Smith er al.,
1997]. Following standard radiometric procedures. instrument calibratons were
performed periodically (typically before and after each field deployment) and
were carried out at the UCSB Ocean Optics Calibration Facility, which partici-
pates in the SeaWiFS optical calibration laboratory round robin exercises

[Mueller and Austin, 1995]. Immersion coefficients were measured for each in-

strument individually and applied to the calibration of down- (£, ) and up-

welling (£, ) irradiance data. The measured immersion coefficients for the

BOPS-II resulted in irradiances that were 2-6% lower than those measured using

the manufacturer-supplied immersion coefficients. Immersion coefficients on
upwelling radiance, L,, were theoretically computed from different refraction

indices for water and the clear acrylic window.

2.3. Depth Offsets

The zero depth offset was individually determined for each instrument
and each cast. Once the zero depth offset was determined for each cast, we cor-
rected for the positioning of each of the sensors on the instrumentation. For
each of the instruments and their respective configurations. we applied an offset
to the measured depths to account for the distances between the downwelling
and upwelling sensors on the instrumentation package. Thus. the data matrices
from each sensor were realigned such that the depth corresponded to the true
depth of each individual sensor in the water column and not the depth of the
pressure sensor. Table 1 shows the size of each instrument and the distance
between the downwelling and upwelling sensors for each of the three instru-

ments.
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2.4. Extrapolation to the Surface
For typical sea states it is not practical to make optical measurements

precisely at an infinitesimal depth below (or above) the surface. Consequently,
profiles of irradiance (E,(z,4)) and radiance (L,(,4)) were measured in the up-
per few optical depths and estimates just beneath the sea surface (z=0") were

obtained by propagating the measurements back to the sea surface using a least

squares regression technique to estimate the down- and up-welling attenuation

coetficients, Ky(4) or K, (A)[Smith and Baker, 1984], such that:

In(E4 (07, ))=In(E (= A)+ K () =z (1)

In(L, (0 .A)=In(L,(z. A))+ K (A)z (2)
- o _L0.A)

R.s(0 -i)—m (3)

Measured radiation from different depth intervals of 0.5 -5 m. were used

in the regression to obtain estimates of L,(0".4) and £,0",4). As confirmation of
our extrapolation process. we found a strong coherence between R, (0",4) esti-
mated from £,(0".4) and R, (0".4) estimated from measured downwelling irradi-
ance above the sea surface, £,07.4) (as measured from a ship-board sensor).
Spectral remote sensing reflectance just below the air-water interface, R, (0",4).

was then estimated as the ratio of L,(0°,4) to E (0 ,4) (Eq. 3).
2.5. Remote Sensing Reflectance, R, (0",4)

For much of the following analyses. we use remote sensing reflectance

estimated just above the sea surface. R, (0", 4). We estimate R, (0. 1) using the
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reflectance measured just beneath the surface R, (0", 4) (Eq. 3) in the following
relationship [Smith and Baker. 1986; Mobley, 1994; Mueller, 1995]:

Rs(0".A)=1,(1)Rs(07, 1) (4)
tr (4) =l—_,f(‘éi—'?‘ t4 (3)

Here. we assume that the Fresnel reflectance from water to air. p(4,6), is 0.021-
0.022. Depending on the wavelength. we use the wavelength-specific index of
refraction. n,, for water at 0°C (Austin and Halikas, 1976; Mobley. 1994] and
assume that the transmittance of £,(0”) across the sea surface, ty, 1s 0.96 [Smith
und Baker. 1986; Dierssen and Smith, 1996). The resultant transmittance factor,
fr. used to convert R, (0", 4) to R, (0", ) varied from 0.515-0.524 depending on

wavelength. This is consistent with the methodology used to process the Sea-

BAM data set [O'Reilly et al.. 1998] and with modeling results from Hydrolight
[(Mobley. 1994] which show that 51-54% of the R, (0", 4) signal is propagated
through the sea surface depending on the wavelength, absorption. scattering,

wind and sky conditions.

2.6. Instrument self-shading

[n order to avoid significant instrument self shading, the instrument ra-
dius (r) must be less than (30ar4))”’ for E,(A) and (100a(4))”' for L () [Gordon
and Ding, 1992], where a is the absorption coefficient for the water column. In

these waters. chlorophyll concentrations over 30 mg Chl m™ are known to occur

and estimates of absorption can be over 0.4 m’! (see Section 4.2). Conse-
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quently. under high chlorophyll situations, the radius of our instruments would
need to be less than 2.5 cm to obtain accurate upwelling radiance measurements.
Since the BOPS-II instrument is mounted on a large diameter rosette (radius 42
cm: Table 1), we investigated techniques for correcting instrument self-shading
etfects on the upwelling radiance and irradiance data. Self-shading correction
techniques have been derived and tested primarily for low chlorophyli situations
in which the product of a and  is less than 0.1 [Gordon and Ding, 1992: Wuel-
ler and Austin, 1995; Zibordi and G.Z., 1995]. Because we did not have coinci-
dent absorption measurements for these data, we followed an approach recently
tested in more productive coastal waters [das and Korsbo, 1997] which used the
upwelling diffuse attenuation coefficients (K7) combined with the instrument

radius (r) and a scaling factor (B). such that:

In(Ly™ (A))=In(L}™* (z.4)) - BK, (A) r (6)

Aas and Korsbo [1997] found that this approach was applicable to highly
absorbing waters and yielded error estimates that were within 7% of those esti-
mated from the model of Gordon and Ding [1992]. From their measurements.
the scaling factor, B. was found to be dependent both on wavelength and sun an-
gle and ranged between 1.6 and 2.5. To process the BOPS-II data. we used B
coefficients of 2.0, 2.3, 1.8, 1.6, 2.2. 2.5 corresponding to a sun angle of 50°

and the wavelengths 410, 441, 488, 520. 565. 625 nm, respectively. The BOPS-
I £, data were processed using the above B coefficients scaled by 0.586 (i.e..
Koo (E,) Koy (L,) trom Zibordi and Ferraro [1995)). Determining the appropri-
ate radius was problematic for the BOPS-II instrument because the upwelling

radiance sensor was mounted on one side of the instrument and hence it was not
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shaded symmetrically by the instrument. To be conservative. we assumed that
the instrument was shaded equally by the full instrument radius (0.42 m).

The self-shading corrections varied from a few percent for the low chlo-
rophyll concentrations to around 40% for the higher chlorophyll concentrations.
Because of the numerous uncertainties inherent in these self-shading corrections.
the corrected BOPS-II data were carefully compared to the PRR and OFFI data.
which are smaller instruments that do not have significant self-shading prob-
lems. In Fig. 2. we compare median R,,(0",) estimated for the free-falling PRR
(Fig. 2A). OFFI instruments (Fig. 2B), and the BOPS-II instrument (Fig. 2C) for
different chlorophyll concentrations (*20%). Overall, the corrected R, (07 ,4) for
the BOPS-II match up closely in magnitude and overall shape to the PRR and
OFFI data. When used concurrently. the corrected BOPS-II estimates were

tound to be within the experimental error of data obtained using the OFFI or

PRR instruments and are used throughout the remainder of this paper.

2.7. Wavelength Differences

The spectral bands for discrete wavelength filters on the BOPS-II and
OFFI radiometers (410, 441, 488, 520. 565. 625/765 nm) are different from the
recommended SeaWiFS spectral bands incorporated in the PRR (412, 443, 490.
510. 355. 665 nm). The first three wavelengths for these instruments are within
2 nm of each other and are used interchangeably throughout this paper. The last
three wavelengths have larger differences between the three instruments (>10
nm). Since the spectral shape of remote sensing reflectance is unique for these
data as compared to temperate data. wavelength corrections determined for low
chlorophyll temperate waters [O'Reilly er al.. 1998] may not be appropriate for

these waters. Therefore. rather than applying wavelength corrections. we pres-
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ent the data separately for each instrument and wavelength ratio so as to ensure

that no bias is presented by using mixed wavelength ratios.

2.8. Data Quality Assurance

The presence of inorganic particles in the water column (e.g., from gla-
cial runoff) can cause the water’s optical properties to be uncoupled from chlo-
rophyll concentrations. Under these conditions. the waters are considered to be
Case 2 and should be treated separately from Case 1 waters [Gordon and Morel.
1983]. While specific delineations have not been established to distinguish be-
tween Case | and Case 2 waters for the Southern Ocean, we generally find a
tight coupling between the reflectance ratios and chlorophyll concentrations
which is indicative of Case 1 waters. Approximately 165 of our 1248 stations
were deemed to have anomalously high reflectance and a flatter spectral shape
that was consistent with Case 2 waters. These Case 2 data were predominantly
associated with glacial melt conditions (i.e., low salinity surface lens) and are
excluded from this analysis of Case 1 data. A discussion of Case 2 waters will
be presented elsewhere. Without these Case 2 data. the final data set used in the

remainder of this paper consisted of 1083 stations.

3. Results

In order to understand how the bio-optical properties of Antarctic waters
differ from other oceanic regions, we have compared the Antarctic LTER data to
the global SeaBAM data [O'Reilly et al., 1998]. The SeaBAM data set (n=919)
is a compilation of coincident chlorophyll and remote sensing reflectance
measurements primarily from non-polar mesotrophic Case [ waters. Both data
sets have lognormally distributed chlorophyll concentrations and cover a wide

range of pigment biomass concentrations. The SeaBAM data set has more
26
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stations in the lower range of chlorophyil concentrations (median of 0.2 mg Chl

m™) and ranges from 0.02 to 33 mg Chl m™. In contrast, the median chlorophyli
concentrations for these LTER data is higher at around 1 mg Chl m™ and ranges
from 0.7 to 43 mg Chl m™ (Fig. 3). In comparison to the SeaBAM data, the
LTER data has considerably more high chlorophyl! stations (>5 mg Chl m™) and

virtually no oligotrophic data (<0.1 mg Chl m™). However. both data sets are
large and overlap in their ranges.

Figs. 4 shows measurements of chlorophyll versus R.(07,443) for the
SeaBAM data (Fig. 4A) and the LTER data from the BOPS-II (Fig. 4B and 4C),
OFFI (Fig. 4D). and PRR (Fig. 4E) instruments, respectively. The data are pre-
sented for each instrument and then combined in Fig. 4F for ease of illustration
and discussion. For data from all three LTER instruments, R, (0", 443) is gener-

ally higher than the best polynomial fit to the SeaBAM (shown as the dotted line
on all of the subplots). The data collected during the winter cruises in early No-
vember 1991 and August 1993 were consistently found to be lower than the Se-
aBAM data (Fig. 4C). This could be due to the low incoming irradiance and
very high solar zenith angles associated with winter months in the Antarctic. If
we exclude the BOPS-II winter data. it is evident that the blue reflectance values
from the LTER data set are consistently higher than the SeaBAM data set.
Above values of about 10 mg Chl m>. too few SeaBAM data are available to
make a reliable comparison.

The panels in Fig. 5 are identical to those in Fig. 4 except the data are
from the green region of the spectrum, R, (0".555-565). The reflectance data for
the BOPS-II and OFFI are for a waveband centered at 565 nm. whereas the PRR

and most of the SeaBAM data are centered at 555 nm. Because significant dif-
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ferences in reflectance can occur between 555 and 565 nm. caution must be
taken when concluding from Fig. 5 that R,(07,555) is generally lower for the

LTER data than the SeaBAM data. As shown in Fig. 5A, the SeaBAM data set

also contains retlectance measured at both 555 and 565 nm. Because the Sea-
BAM R,(07.533) are primarily from low chlorophyll stations (< Img Chl m™)
and because the reflectance spectra is most steeply sloped at low chlorophyll
concentrations, these data were found to be approximately 20% lower than
R.(07.555) [Balch et al.. 1998: O'Reilly et al.. 1998]. At higher chlorophyll
concentrations. however, the difference between reflectance at these two wave-

lengths is reduced and R, (07,565) can be equal to or even greater than

R,.(07.555). From the 555 nm PRR data (Fig. SE), we can conclude that the
green reflectance for the LTER data is lower than the corresponding SeaBAM
tor high chlorophyll concentrations (> 5 mg Chl m-3). This difference is statis-
tically significant, as discussed below.

We have also averaged the data to compare wavelength-specific
R,(07.4) measured for increasing concentrations of chlorophyll (+20%) for the
SeaBAM and LTER data (Fig. 6). Consistent with Fig. 4 and 5. the LTER and
SeaBAM retlectance spectra are significantly different both in the blue and
green regions. At high chlorophyll concentrations (> 5 mg Chl m™), the LTER
reflectance is lower in the green than the SeaBAM data. I[n addition. the LTER
reflectance in the blue region of the spectrum (410-443 nm) is generally higher
than the SeaBAM at chlorophyll concentrations greater than 0.1 mg Chl m™.

Stauistical t-tests comparing the SeaBAM and the PRR data for each
wavelength and chlorophyll category are shown in Table 2. Because of the

wavelength differences between the SeaBAM data and the BOPS-II and OFFI
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data. we have only used the PRR data for this statistical comparison. This is
also a conservative statistical test because only 311 of the 1124 stations are from
the PRR instrument. For a given wavelength and chlorophyll concentration. Ta-
ble 2 presents the relative percent difference between the mean value from each
data set and the results of the hypothesis test that the means of the two data sets
are equal. A value of 0 indicates that we would accept the null hypothesis that
the means are equal at a significance level of 0.05. A value of 1 or -1 indicates
that the mean ot the LTER data is significantly greater or less. respectively, than
the SeaBAM data. The PRR reflectance is significantly lower than the SeaBAM
data (up to 40% lower) for high chlorophyll concentration and green wave-

lengths. The PRR reflectance is significantly greater than SeaBAM at chloro-

phyll concentrations of 0.5 mg Chl m™ across most of the spectrum. The PRR
reflectance at 412 nm is also statistically greater at 5 mg Chl m™. For nearly all

chlorophyll levels. the LTER reflectance is on average lower than the SeaBAM
data for greener wavelengths (>490 nm) and is greater than the SeaBAM data for
bluer wavelengths (<490 nm).

The standard satellite pigment-retrieval algorithms for both CZCS and
SeaWiFS utilize the fact that the ratios of remotely sensed radiance vary in a
systematic way with chlorophyll concentration. As seen from the spectral
shapes in Fig. 6, chlorophyll can be estimated by comparing the reflectance in
the blue to that in the green. The ratios of blue to green reflectance should be
greater than one for low chlorophyil concentrations and less than one at high
chlorophyll concentrations. However, because the LTER reflectance spectra is
significantly different from the SeaBAM spectra (Table 2), we expect the re-
sulting waveband ratios also to be significantly different. The general process-

ing algorithm for CZCS makes use of the ratio of L,(443)/L,(355) for chloro-
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phyll and phaeopigment concentrations less than 1.5 mg Chl m” and the ratio
L,(520)/L,(555) for concentrations greater than 1.5 mg Chl m™. For concentra-

tions less than 1.5 mg Chl m>, Southern Ocean researchers have found that the
CZCS general processing algorithm underestimates biomass by a factor of ap-
proximately 2.4 [Mitchell and Holm-Hansen. 1991; Sullivan et al., 1993).

Fig. 7 compares the performance of the CZCS general processing algo-
rithms for the LTER data. For chlorophyll and phaeopigment less than 1.5 mg
Chl m” , the L, (443)/L(533) algorithm (Fig. 7A) tends to underestimate LTER
chlorophyll concentrations by roughly a factor of two. Our data is consistent
with the RACER data also collected west of the Antarctic Peninsula [Mitchell
and Holm-Hansen. 1991] and with data collected from cryptophyte-dominated
waters in the Ross Sea [Arrigo et al.. 1998]. Our best model II regression line
(Laws and Archie, 1981] (r*=0.36) is significantly higher than the general proc-
essing CZCS algorithm [Gordon and Morel, 1983] and reflectance data col-
lected from diatom and P. antarctica-dominated waters in the Ross Sea [Arrigo

et al.. 1998]. For chlorophyll and phaeopigment greater than 1.5 mg Chl m™.

the CZCS general processing algorithm using L,(520)/L,(555) (dot-dashed line)
is also inaccurate for these LTER data. When compared to the LTER regression
line (r=0.78). the CZCS algorithm underestimates chlorophyil for concentra-
tions greater than 10 mg Chi m™ and overestimates chiorophyll for concentra-

tions greater than 10 mg Chl m™. Thus. chlorophyll determined from CZCS is

underestimated not only at low chlorophyll concentrations, as previously noted
[Sullivan et al.. 1993], but also at concentrations up to approximately 10 mg Chl

-3

m-.
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Table 3 presents the coefficients for the CZCS radiance ratio algorithms
derived from these LTER data and also presents the corrections that can be ap-
plied to the chlorophyll concentrations once they have already been processed
with the CZCS algorithm. The factor of approximately 2.22 can be linearly ap-

plied to the CZCS satellite-derived chiorophyll concentrations less than 1.5 mg

Chl m™. For Antarctic coastal waters. chlorophyll concentrations derived from

the L,(520)/L,(355) CZCS algorithm can be corrected using a log-linear equa-
tion (Table 3) to increase concentrations less than 10 mg Chl m™ and decrease
concentrations greater than 10 mg Chl m™.

The ocean color algorithm for SeaWiFS (OC2V?2) utilizes a modified cu-
bic polynomial function to derive chlorophyll concentrations from the reflec-
tance ratio R, (490)/R,(553) [McClain et al.. 1998; O'Reilly et al., 1998]. By
normalizing water-leaving radiance ratios to the downwelling irradiance (i.e.,
using R, instead of L), the data appear less variable compared to the CZCS al-
gorithms. and the SeaWiFS algorithm explains more of the variability in the
data. For nearly the entire range of chlorophyll. the LTER R, (490)/R,(355) ra-
tios are consistently higher per unit of chlorophyll than those derived with the
OC2V2 algorithm (Fig. 8). Fig. 8A presents the reflectance ratios versus meas-
ured chlorophyll concentrations for the LTER data. Fig 8B presents the meas-
ured chlorophyll versus the chlorophyll that would be derived using the meas-
ured reflectance ratios and the OC2V?2 algorithm. As shown, the OC2V? algo-
rithm would underestimate the SO chiorophyll concentrations on average by a
factor of 2.5.

However. few datapoints are available at the high and low ends of the

chlorophyll range. At the tail ends of the chlorophyll distribution. data from the
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BOPS-II and PRR instruments appear to diverge. For low chlorophyll stations
(0.1 mg Chl m's). the PRR reflectance ratios tend to be lower per unit chloro-

phyll than the BOPS-II ratios and centered more closely around the OC2V?2 al-
gorithm. At high chlorophyll (>10 mg Chl m-3), the PRR reflectance ratios tend
to be a bit higher than the BOPS-II ratios. Because the PRR data fit the OC2V?2
wavelengths precisely (490 and 555 nm) compared to the BOPS-II (488 and 365
nm) and because instrument self-shading is a bigger problem on the BOPS-II.
we have chosen to fit a polynomial line through just the PRR data. The poly-
nomial line follows the best fit log-linear regression (r*=0.83) for most of the
chlorophyll range and only curves at the tail ends of the range. This polynomial
fit describes the factor of 2.5 difference, but does not distort the chlorophyl! re-
trieval from the OC2V2 algorithm at the extreme ranges where we have little
data. The coefficients for the fitted lines are presented in Table 3.

The tactor of 2.5 and the general consistency in the LTER data is differ-
ent from recent Ross Sea results which show that the performance of the CZCS
and SeaWIiFS processing algorithms depend strongly on species composition
(Arrigo et al.. 1998] (Fig. 8A: lines expressed over data ranges from which algo-
nithm were derived). Within the Antarctic Peninsula waters of the LTER. we
typically find large blooms of diatoms and intermittently cryptophytes [Moline
and Prezelin, 1996: Vernet et al., 1996; Dierssen et al.. in press]. Even with
these two different types of blooms. our data indicate that the CZCS and
SeaWiFS algorithms consistently underestimate chlorophyll concentrations by
roughly a factor of two. Moreover. developing algorithms for a limited range of

chlorophyll can lead to large errors in estimating biomass outside of the range.

4. Discussion
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For these waters west of the Antarctic Peninsula, blue-to-green reflec-
tance ratios are higher than the global ratios and satellite pigment-retrieval algo-
rithms significantly underestimate chlorophyll concentrations by at least a factor
of two. As shown in the previous section. the higher Antarctic blue-to-green
reflectance ratios per unit chlorophyll are due to a combination of both higher
blue reflectance and lower green reflectance. Here, we investigate the possible
intfluences of the inherent optical properties (IOPs) on the differences in the
LTER and SeaBAM reflectance spectra. Radiance reflectance is proportional to
the backscattering coetficient, b, and inversely proportional to the absorption
coefficient. a. [(Morel and Gentili, 1991], such that:

b

R ~L b ()
a

rs

1O~

[n order to explore the factor of two difference between measured and satellite-
derived pigment concentrations, the ratio /Q. absorption. and backscattering are

discussed below in relation to the LTER reflectance data.

4.1. Ratio f/Q
The Q factor expresses the nonisotropic character of the radiance distri-
bution and relates a given upwelling radiance, L, to the corresponding upwell-

ing irradiance. £,, such that:

E,

Q= (8)

n

Q has been shown to be strongly dependent on the sun angle and to lesser degree
wavelength. The f factor, which relates R (07, 4) to the inherent optical proper-

ties of the water body. is also dependent on sun angle. Because of the parallel

~an
b
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dependencies of f'and O on sun angle, the ratio of these two parameters, f/Q, has
been found to be relatively stable (+ 20%) [Gordon, 1986; Morel and Gentilli.
1993]. While the ratio is more constant than either of the parameters individu-
ally. #/Q ratios can still vary from 0.12 for low-pigment waters and blue wave-
lengths down to 0.08 for high pigment waters and red wavelengths [More! and
Genrilli, 1993].

Modeling results suggest that there are regional differences in Q. In
contrast to temperate regions, polar regions have large solar zenith angles (al-
ways >40° at Palmer Station) and the proportion of diffuse skylight is high. es-
pecially in the blue regions of the spectrum [Dierssen and Smith. 1996]. Morel
and Gentilli [1993] model the changing trends in /Q with latitude and determine
that across the visible spectrum. f/Q ratios are approximately 5% greater in polar
regions than in temperate regions. The latitudinal differences in /Q ratios are
more pronounced at chlorophyll greater than 0.3 ing m™. which is generally the
case tor most of our LTER data (Fig. 3). Because f/Q is proportional to
R,(07.4) (Eq. 7), a higher f/Q would result in a higher R, (0", 4) for these polar
waters. However. the LTER reflectance in the green is lower, not higher. than
the SeaBAM data. While #/Q may play a minor role in explaining the increased
reflectance in the blue. the magnitude of difference between the SeaBAM and
LTER data is generally greater than 5% (Table 2).

4.2. Absorption
The total spectral absorption coefficient. a. is comprised of several com-

ponents:

a=ay +d, +ag, (9)
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where a,, is absorption due to water, ap is absorption due to total particulates
(i.e.. phytoplankton and detrital materials), and ap is absorption due to colored
dissolved organic materials [Sakshaug et al., 1997]. These properties are dis-

cussed below in relation to their effects on R,(07,4). Since R, (07,4) is in-

versely proportional to g (Eq. 7), higher a(4) would result in lower R, (07, 4).

To analyze the absorption characteristics of these waters. we estimated
total absorption ar0", 4) from the BOPS-II data using the relationship derived by
Gershun (1936) to estimate « from the depth rate of change of the net irradiance.
K. and the average cosine for total light, 4, where:

s 10
a=K;(4,2) u(i.z) (10)

E&I - Eu (1 1}
E

H(A.2)=

The value of (A=) is estimated from the downwelling (£,), upwelling (£,) and
scalar irradiances (£,) (Eq. 11). For the Gershun approximation. internal
sources of radiant energy are assumed to be negligible.

We estimated ar0", 4) from Eq. 10 using the £,, E,, and E, data trom the
BOPS-II instrument. By subtracting a,, [Pope and Fry. 1997] from the total
absorption. we arrived at surface estimates of absorption due to particulates and
colored dissolved organic materials. ap,pg(0,4). As shown in Fig. 9A. the
magnitude of ap_p5(0°, A) increases with increasing chlorophyll concentration up
to around 0.25 m™ for chlorophyll of 10 mg Chi m>. We compared these
dp.py(f.A) with modeled estimates using two different chiorophyll-specific

relationships [Morel. 1991: Bricaud et al.. 1995]. The shape and magnitude of
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the LTER ap.pg(0, 4) could be best approximated by using the Bricaud [1995]

model with an additional 30% apg(0",4) (modeled with an exponential decay

slope of 0.02). Because the Morel [1991] model has higher pigment-specific

absorption coefficients, this model was closest to the LTER data with no

additional contribution of apg(0,4). However, both models tend to
underestimate ap.ps(0’,4) at low pigment concentrations. We speculate that
daps(!)’,A) is underestimated when total absorption is low and a fixed percentage
(i.e.. 30%) is used throughout the chlorophyll range to estimate the contribution
of apy(0, A).

When the ap. (0", 4) are normalized to chlorophyil concentration (Fig.

9B). the resulting pigment-specific absorption. a*,. 5(0", 4). tends to be high for
low chlorophyll concentrations (<I mg m™) and low for high chlorophyll con-
centrations (5-20 mg m”). This is consistent with pigment-package effects in
which pigment-specific absorption decreases with increasing chlorophyl!l con-
centrations. We have also compared our estimates of a*.p5(0",4) with previ-
ously published absorption measurements in the Southern Ocean. In the LTER
region. diatoms are the major bloom-forming plankton. although cryptophytes
are occasionally dominant in the water column [Kozlowski et al.. 1995; Moline
and Prezelin. 1996: Dierssen et al.. in press]. For cryptophytes collected both in
the Antarctic Peninsula and the Ross Sea (Fig. 9B) [Brody er al.. 1992; Arrigo et
al.. 1998], a*p(0°.4) was quite high and in the range measured for temperate
species.

Diatoms from these two regions. however. had vastlv different

a*p(0.4). In the Ross Sea. the diatom a*s(0", 4) spectra was found to be quite
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similar to cryptophytes, whereas in the Antarctic Peninsula, a*,(0",4) was low
tor the diatom populations [Mitchell and Holm-Hansen, 1991; Brody et al..
1992]. The discrepancy in absorption between the two diatom populations can
be explained by comparing the various cell sizes of the organisms. The diatoms
reported for Antarctic Peninsula waters tend to be much larger (diameter > 20
um ) [Brody er al., 1992] than the diatoms reported for Ross Sea waters (total
volume of 30 um’) [Arrigo et al.. 1998]. For the LTER data. we find that as
chlorophyil increases the cell sizes also increase. For chlorophyll greater than 5
mg m”. over 90% of the chlorophyll occurs in cells greater than 20 pum. Our low
estimates of a*p. 5(0", 4) at high chlorophyll concentrations are, therefore, con-
sistent with large diatoms generally associated with Antarctic Peninsula waters.
Because absorption is inversely proportional to reflectance (Eq. 7), lower
absorption results in greater reflectance. Consistent with past finding in the
western Antarctic Peninsula region [Mitchell and Holm-Hansen. 1991], we
postulate that low a*p.ps(0°, 4). especially at high chlorophyll concentrations.
could result in the increased R,,(0".4) observed in the blue region of the spec-
trum. However, absorption generally influences the blue and red portions of the
spectrum and not the green where we observe a low reduced reflectance at 555
nm. If the phytoplankton contained pigments that absorbed highly in the green

region of the spectra. higher a,(0",555) could hypothetically result in a lower

R,.(07.555). Of the major bloom-forming plankton in this region. diatoms and

cryptophytes both contain pigments that can absorb light in the green region of
the spectra (500-600 nm). However. neither the LTER data nor the other

Southern Ocean data give any indication of anomalously high absorption in the

green region of the spectrum which would cause the depressed R, (07,555). This
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suggests that high a,(355) is unlikely to be the cause of the low measurements of

R,;(0".333) with increasing chlorophyll concentrations. Therefore, we hypothe-

size that backscattering must also play an important role in the factor two of dif-

ference in remote sensing pigment-retrieval algorithms for this region.

4.3. Backscattering

With increased concentration of total particulates in a water body. the
amount of backscattered light generally increases at all wavelengths. However.
when the particles are predominantly algae, certain parts of the visible spectra
(i.e.. blue and red) are highly absorbed and the resulting shape of the R, (07, 4)
curve is low in blue and red and high in green (as shown in the high chlorophyll

SeaBAM data. Fig. 4A). The presence of the so-called R,.(0", 4) spectral hinge

point in which high and low chlorophyll R,,(07,4) cross at approximately 500

nm has been a commonly observed characteristic of ocean color data sets. How-

ever. the LTER green reflectance is significantly lower than SeaBAM, especially
as chlorophyll concentrations increase above 5 mg Chl m™. Because backscat-

tering is proportional to reflectance (Eq. 7). reduced backscattering could ex-
plain the low green reflectance observed in the LTER data.

Because of the low refractive index of living cells relative to water [Kirk.
1994], backscattering from phytoplankton is considered to be minimal. Theo-
retical studies suggest that most of particulate backscattering is due to detrital
particles less than 0.6 pum (i.e.. Koike particles) and not phytoplankton [More!
and Ahn. 1990: Stramski and Kiefer. 1991: Ulloa et al.. 1994: Balch et al..
1998]. Nevertheless. phytoplankton concentrations have been found to covary

with the amount of backscattered light. Ulloa er al. [1994] present an explana-

LI
[+ <]
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tion for this paradox by showing that an inverse relationship exists between
pigments and the shape of the total particle-size distribution, which is in turn the
principle control on the ratio of backscattering to total scattering. If concentra-
tions of minute backscattering detrital particles covary with phytoplankton.
backscattering will increase with higher phytoplankton concentrations. Because
of their minute size, submicron detritus have only recently been demonstrated to
oceur in large numbers in most regions of the world’s ocean [Koike et al., 1990]
and little is known of their abundance in the Antarctic.

[t backscattering is found to be lower in the Southern Ocean. then one
could hypothesize that concentrations of submicron detrital particles are also
low. The relationships between other submicron populations (e.g., viral and mi-
crobial) and phytoplankton in the Antarctic may be fundamentally different from
other marine habitats. Kar/ er al. [1996] have shown that Antarctic bacterial
productivity is generally uncoupled to phytoplankton concentrations and is con-
sistently low relative to phytoplankton productivity. Even during the spring
bloom. bacterial biomass are <1-2% of the contemporaneous phytoplankton
standing stock compared to >10% for most other oceanic regions [Kar! et al..
1996]. Moreover. virus particle abundance has also been found to be consis-
tently low in the surface waters of the Antarctic [Kar! et al.. 1996). This is not
unique to Antarctic Peninsula waters, but is ubiquitous for all Southern Ocean
ecosystems studied [Lancelot et al.. 1989; Cota et al., 1990; Zdanowski and
Donachie. 1993]. Given that microbial activities may contribute to the formation
of submicron detritus with low refractive index (i.e.. Koike particles) [Stramski
and Kiefer. 1991]. the reduced microbial populations in the Antarctic may be
correlated with a low abundance of submicron detritus that causes most of the
backscattering in the ocean. Therefore. we postulate that low backscattering at

high chlorophyll may be a feature of parts of the Southern Ocean and may influ-
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ence the performance of ocean color algorithms. Future efforts will be directed
at characterizing the absorption and backscattering coefficients in relation to the

reflectance spectra and the factor of two difference in pigment-retrieval algo-
rithms.
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Table 1. Optical Instrumentation used for LTER Sampling

name Optical Size (m)f Instrument wavelengths
Instrument Dia. x Len. ID numbers Eq E, L, E

cruise

nov9l  BOPS-II  0.83x1® 8714%8715/8709 1 1 1 2
jan93 BOPS-II 083 «x I® 8714°/8715/8709 1 1 1 2
aug93  BOPS-II  083«x ¢ 8714°/87158709 1 1 1 2
jan94 BOPS-II 083 x1® 8714%8715/8709 1 1 1 2
jan93 BOPS-II  0.83«x ¥ 8714°/8715%8722 3 1 1 7
jan96 BOPS-II  0.83x1.3" 8714"/8715%8709 3 1t 1 2
jan97 BOPS-II  0.83x1.3" 8714%/8715%8709 3 1 1 2
jan98ab PRR 0.2x0.40 9628/9629 4 - 4 4
station

pal9192 OFFI 0.2x0.75 8722/8709 5 - 5 2
pal9293 OFFI 0.2x0.75 8722/8709 5 - 5 2
pal9394 OFFI 0.2x0.75 8722/8709 5 - 5 2
pal9495 PRR 0.2x040 9603/9614 6 - 6 6
pal9596 PRR 0.2x0.40 9628/9629 4 - 4 4
pal9697 PRR 0.2x040 9628/9629 4 - 4 4
pal9798 PRR 0.2x0.40 9628/9629 4 - 4 4
pal9899 PRR 0.2x0.40 9603/9614 6 - 6 6
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Wavelength Kev (nm)
1-410, 441, 488, 520, 565, 625

2-410. 441, 488, 560

3-410.412. 441, 443, 488, 490. 510, 520,
555.565.589, 625. 665

412,443, 490, 510, 553, 665

5- 410,441, 488, 520, 565, 765

412, 443, 490, 510, 555. 656

5

7- 38 channels

Notes

* pre-Nov. 1994 long-term average, 8 channels

® post-Nov. 1994 long-term average, |3 channels
¢ pre-Oct. 1995 long-term average

¢ post-Oct. 1995 long-term average. decreased the
acceptance angle on sensor

© new teflon diffuser put on 9628

" except where specified. the length is the distance
between the E, and L /E, sensors and the

sensors are centered on the instrumentation array

¢ L, sensor 10 cm above bottom of array and
mounted on one side of instrument,

" L, sensor 40 cm above bottom of array and

mounted on one side of instrument
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Table 2. Statistical results from a t-test” comparing measured SeaBAM and PRR

R,,(0",A) for different chlorophyll concentrations®

Chl° Wavelength [nm]
mg m” 412 443 490 510 555

0.1 0(-20%) 0(-19%) 0(-13%) 0(5%) 0 (3%)
0.5 1 (36%) 1 (24%) 1 (22%) 1 (18%) 0 (-7%)

l 0 (10%) 0 (4%) 0(-1%) 0 (-3%) -1 (-20%)
1 (46%) 0(16%) 0 (-6%) 0(-15%)  -1(-36%)
10 0(18%) 0 (-9%) 0(-25%) 0(-29%) -1 (-40%)

i

* Assuming a significance level of 0.05. the statistical results are as follows:
0 = accept the null hypothesis that the means are equal.
1= reject the null hypothesis and accept the alternative hypothesis that the
LTER mean is greater than the SeaBAM mean.
-1= reject the null hypothesis and accept the alternative hypothesis that the
LTER mean is less than the SeaBAM mean.

( % )= number in parenthesis represents the percent difference between mean
LTER and SeaBAM values.

b chlorophyll categories are -20% of value given
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Table 3. Southern Ocean chlorophyll algorithms using reflectance ratios and

satellite-derived chlorophyil

Algorithm Input Formu- Coefficient

(X) lation

CZCS< 1.5 mgm”

log(L,(440)/L (555)) power 0.51 -1.69
CZCS-derived Chl linear 0 222

CZCS>L.5 mgm*

log(L(320)/L(555)) power 0.78 -2.52
log(CZCS-derived Chl) power 0.45 0.53

SeaWiFS_QC2Vv2

log(R ,(490)/R (555)) 3-poly. 0.641  -2.058  -0.442  -1.140
log(OC2V2-derived Chl) d4-poly. 03914  1.0176  -0.3114 00186  0.0610

Formulations: linear, C=a - bX: power. C = 10%*"); 3-degree polynomial,

JRRVRIV-J § . ebXocXoodX? cex?
C = [QU"X"X"XD. 4 degree polynomial, C = QX cX’-ax’-exh
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Figure 2. Median spectral measurements of R,.(0", 4) for various concentrations
of chlorophyll (20%) using data from: A) PRR; B) OFFI; C) BOPS-II meas-

ured and self-shading corrected.
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Figure 4. Surtace chlorophyll versus Rrs(0+.443) for A) SeaBAM: B) BOPS-II
summer (December — March); C) BOPS-II winter (April-November); D) OFFI:
E) PRR: F) All LTER data. On all panels. solid line is best fit to plotted data

and dotted line is best fit to SeaBAM data derived in Panel A. No best fit was
possible for Panel C.
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Figure 6. Median spectral measurements of R, (0", 4) for various concentrations
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Figure 7.  Water-leaving radiance ratios used in the CZCS general processing
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concentrations less than 1.5 mg Chl m>. B) The ratio L,(520)/L,(555) for chlo-
rophyll concentrations greater than 1.5 mg Chl m>. The thick solid lines are the
best-fit line for all LTER data and the dotted lines represent the general process-
ing CZCS algorithms [Gordon and Morel, 1983). The RACER data is from
Antarctic Peninsula waters [Mitchell and Holm-Hansen, 1991).  The
ROAVERRS data is from the Ross Sea [Arrigo et al., 1998], where
cryp=cryptophytes, Pha=Phaeocystis Antarctica and dia=diatoms.
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ROAVERRS algorithms from Arrigo [1998), where cryp=cryptophytes,
Pha=Phaeocystis Antarctica and dia=diatoms. B) Measured chlorophyll versus
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Abstract

Primary productivity and associated biogeochemical fluxes within the
Southern Ocean are globally significant. sensitive to change and poorly known
compared to temperate marine ecosystems. This relative lack of knowledge. as
well as the inaccessibility, large area and often severe environmental conditions
are compelling reasons for the study and optimization of models to estimate
phytoplankton production remotely. We present seasonal time series data of
chlorophyll, primary productivity and in-water irradiance measured in the
coastal waters of the Western Antarctica Peninsula and build upon existing
models to provide a more optimum parameterization for the estimation of
primary productivity in Antarctic coastal waters. These and other data provide
strong evidence that bio-optical characteristics and phytoplankton productivity
In Antarctic waters are different than in temperate waters. For these waters we
show that over 60% of the variability in primary production can be explained by
the surface chlorophyll concentration alone, a characteristic, which lends itself
to remote sensing models. If chlorophyll concentrations are accurately
determined. then the largest source of error (13-18%) results from estimates of
the photoadaptive variable (PBO,,,). Further. the overall magnitude of PB.,N is low
(median 1.09 mg C mg Chl' h'') for these data compared to other regions and
generally fits that expected for a cold water system. However, the variability of
PBopl over the course of a season (0.4 to 3 mg C mg Chl™ h™") is not consistently
correlated with other possible environmental parameters, such as chiorophyll.
sea surface temperature, incident irradiance, day length, salinity, or taxonomic
composition.  Nonetheless, by tuning a standard depth-integrated primary
productivity model to fit representative PBopl values and the relatively uniform
chlorophyll-normalized production profile found in these waters. we can

improve the model to account for approximately 72-73% the variability in
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primary production both for these LTER data as well as independent historic

Antarctic data for this area.
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Introduction

[n order to better understand and quantify global oceanic primary
productivity and the flux of carbon in the world's ocean. considerable effort has
been directed towards developing satellite algorithms to model this production.
Such algorithms may be used to estimate the rate of primary productivity from
the concentration of biomass in a water column using different scales of
integration (e.g.. depth. time, and wavelength). Aside from the simplest
empirical correlation between chlorophyll and primary productivity (Smith er
al.. 1982). all primary productivity models generally invoke some photoadaptive
variable that varies linearly with biomass concentration (e.g., the maximum
carbon fixation rate within a water column PBOp,, water-column averaged light
utilization . etc.). Recently. Behrenfeld and Falkowski (1997a) have shown
that given the same biomass concentrations. much of the error in primary
productivity models is associated with uncertainties in the photoadaptive
variable and not with the specific structure of the algorithm. These workers
suggest that improvements in productivity algorithm performance will depend
less on improved mathematical formulations and more on improved
understanding of phytoplankton ecology and photoadaptive variability
(Longhurst er al.. 1995; Antoine er al., 1996; Behrenfeld and Falkowski. 1997b).

Not only are Antarctic coastal waters much colder than temperate waters.
the annual range of temperature variability is relatively small (-2 to +2°C).
However. the Antarctic ecosystem is characterized by large variations in solar
radiation both on a daily and seasonal basis. Water column stability and the

opposing influence of high winds and consequent deep mixing are also highly
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variable and have long been recognized as an important controlling factor for
phytoplankton biomass buildup (Hart, 1934; Mitchell and Holm-Hansen, 1991:
Nelson and Smith. 1991; Priddle er al.. 1994). Indeed. wind forcing,
atmospheric variability, sea ice and snow cover, and changing ocean optical
properties combine to cause a highly variable light regime for Antarctic
phytoplankton. In spite of often unfavorable conditions. high biomass
concentrations (> 30 mg Chl m™) have been observed (Hart. 1934; El-Sayed.
1978: Smith er al.. 1996a).

How the Antarctic phytoplankton respond to this variable environment,
both on a daily and seasonal basis. remains a key question in our attempt to
understand primary productivity in this region. Past research has shown that the
phytoplankton are generally adapted to the low light and low temperatures (El-
Saved. 1978: Tilzer et al.. 1986; Smith and Sakshaug, 1990: Smith er al.
1996a). but the phytoplankton ecology and inherent variability in
photoadaptation is far from understood. The efficiency of how phytoplankton
use light for primary production is determined both by the extent to which
aquatic plants succeed in competing with the other components of the system for
quanta and by the efficiency with which the absorbed light energy is converted
to chemical energy. Here we make use of a time series of biological and optical
data collected in conjunction with the Palmer Long-Term Ecological Research
(LTER) project (Smith et al.. 1995) to: (1) investigate the underlying causes of
photoadaptive variability of phytoplankton over the course of the growing
season: (2) evaluate the relative accuracy of productivity models: and (3) inquire
how best to parameterize a productivity model so as to enhance model

performance in Antarctic coastal waters.
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Methods

We analyze time series data obtained in 1994-95 and 1995-96 from two
in-shore stations (B and E) near Palmer Station. Antarctica (64° 46'S; 64° 03'W)
and trom a larger area, the Palmer LTER large scale study grid. during a
January-February 1995 cruise (Fig. 1). Nearshore sampling was conducted
weekly from approximately November to the end of March (weather and ice
permitting) for both field seasons at stations B and E (Waters and Smith, 1992).
Samples were collected at depths corresponding to the following percent surface
irradiance as measured using a LICOR 193-SA Quantum Sensor: 100%. 535%.
27%. 11%. 5%. and 2%. Duplicate productivity samples were estimated for each
light level by 24-hour simulated in situ incubations with '*C-bicarbonate (Vernet
et al.. 1996). The temperature of the incubations was maintained using the
seawater intake system both at Palmer Station and during the cruise. For Palmer
station, the seawater is collected from the harbor near the station and is
representative of the SST within the near shore sampling grid. The SST at
stations B and E is quite similar over the course of the season (mean standard
deviation between stations of 0.30°C and demonstrate a general warming trend
over the course of the season (discussed below). For the cruise data. the
temperature of the incubations is that of the water through which the ship is
traveling and may not always represent the SST from which the phytoplankton
were collected. but is accurate to */- 2°C.

Total chlorophyll was quantified from filtered samples (Millipore HA
filters) using standard fluorometric techniques on a digital Turner Fluorometer
(Smith er al.. 1981). Chlorophyll a (Chl) was calculated by subtracting
phaeopigment concentration determined by sample acidification. All samples
were analyzed within 2-3 days of collection. Additional algal pigments were

determined by using high-performance liquid chromatography with a gradient
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system and a reverse-phase C-18 column (Kozlowski er al.. 1995). The
taxonomic composition was determined by analyzing the ratio of specific
pigments to Chl. The concentration of fucoxanthin (Fuco) was used to indicate
diatoms. alloxanthin (Allo) for cryptophytes, chlorophyll 4 (Chl b) for green
algae. and the sum of 19- hexanoyloxyfucoxanthin and 19'-
butanoyloxytucoxanthin for chromophytes (Hex + But). Multiple regression
was performed on the pigment concentrations (mg m™) of the surface waters
(depths corresponding to 100% and 55% light levels) against Chl concentrations
for both 1994-95 and 1995-96 seasons (Bidigare er al.. 1986: Gieskes et al..

1988: Claustre et al., 1997). The equation used was:
Chi(a) =1.58Fuco +3.28 Allo + 0.56( Hex + But) + 2.33Chi(b) (1)

We assume that multicollinearity of the input variables was negligible. This
method only approximates dominant taxonomic groups in a phytoplankton
assemblage.

We also compiled a set of historical Chl and primary productivity data
collected primarily from the Antarctic Peninsula region from 1972-1990 (Smith
et al.. 1996a: Behrenfeld and Falkowski, 1997b). The historical dataset consists
of a relatively large number of Chl observations (n=438) and a smaller subset of
both Chl and primary productivity with sufficient ancillary data to generate
depth-integrated values (n=86) within the euphotic zone. When the euphotic
depth (Z.,) was not provided for the data. we estimated Z., to the 2% light level
using a relationship developed from the LTER data ("= 0.37. p<0.01):

Z, =46.8C,0%

The reliability of historical phytoplankton production data is of some concern.
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especially data collected subsequent to the mid 1980's when "clean” techniques
were not in use. Martin et al (1990) suggest that clean techniques are most
important in open oligotrophic regions where iron is limiting (Martin et al..
1990). As most of the data we discussed was obtained in coastal waters where
iron is not considered to be as limiting, we would expect little difference
between "clean" and "classical" techniques for the data presented here. These
historical data are discussed in detail by Smith er al. (1996a).

Downwelling photosynthetically available radiation (400-700 nm) at the
ocean surface. Ey(0". 400-700), is estimated for each 24-hour incubation period
using measurements taken from a spectroradiometer located at Palmer Station
(Booth er al., 1995). This instrument provided hourly measurements of
downwelling light integrated from 400-600 nm. Irradiance is then extrapolated
out to 700 nm using a site-specific modeled relationship between irradiance
integrals from 400-600 versus 400-700 nm:

E,(07,400-700) =1.42£,(0",400 -600) -1.15 (3)

This relationship has been derived using the atmospheric radiative
transter model SBDart (Gautier and Frouin. 1992) with different modeled cloud
layers. surtace albedos. and solar zenith angles. These estimates of E4(07) are
highly correlated with measurements of scalar Eo(0") made using a Biospherical
Instrument QSR250 located near the primary productivity incubators at Palmer
Station (rl = 0.82; data not shown). For the ship incubations. this correlation
was used to estimate E4(07.400-700) from the scalar measurements of Eq(07)
made from a QSR250 onboard ship.

A method of evaluating the relationship between rates of primary

productivity and the in situ irradiance (P vs. E) is to treat the water column as a
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compound photosynthetic system and estimate P vs. E parameters for the entire
water column (Talling, 1957; Behrenfeld and Falkowski. 1997b). This
approach is different from P vs. E curves measured under conditions of constant
irradiance, because the productivity for each sample is measured under
irradiance conditions that can vary from light-limiting to photoinhibiting over
the course of an incubation. These in-water P vs. E curves have different
physiological interpretations and terminology than the short-term P vs. E curves
(see Table [ for terminology used throughout this paper). Vollenweider (1996)
and. more recently. Behrenfeld and Falkowski (1997b) have discussed the
differences between parameters used in time-integrated models and
photosynthesis-irradiance variables (Vollenwieder, 1966; Behrenfeld and
Falkowski. 1997a). Measured values of productivity normalized by Chl. PB;,
are normalized to the Chl-specific maximum rate of water column
photosynthesis. PBom, and modeled as a function of the daily irradiance using the

P vs. E equation (Platt and Sathyendranath. 1988; Behrenfeld and Falkowski.

1997b):
P’U 8 E— (4)
—— =1 ] —-exp(—) |exp(-f4 E.
Pr P,.ﬁ,( . )) P=AE)

where E. is the
irradiance at a given optical depth. Eqy is the irradiance at the inflection point
between light limitation and light saturation in the absence of photoinhibition.
P®, is the maximum normalized productivity in the absence of photoinhibition.
and Py is the variable slope for surface photoinhibition. Daily production was
converted to hourly production using the photoperiod. Equation (4) is the same
as Behrenfeld and Falkowski (1997b), but explicitly contains the factor of P, to

PBQ,,t required for proper scaling of the model. The observed patterns of
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PB;_ were fit to Eq. (4) using a Gauss-Newton non-linear curve fitting routine
with Levenburg-Marquardt modifications (Zimmerman et al., 1987) Model II
regression techniques (Laws and Archie, 1981) were utilized throughout this
manuscript in cases where both the independent and the dependent variable were

subject to natural variability.

Results and Discussion
Distribution of chlorophyll and primary production

Water column integrated values for both Chl (C., ) and daily primary
production (PP.,) over the 1994-95 and 1995-96 field seasons at the inshore
stations B and E are shown in Fig. 2. As shown. Chl and PP,, are highly
correlated throughout the season. Both biomass and productivity show
significant interannual variability with 1995-96 levels being higher than the
1994-95 levels. For the 1994-95 field season at Palmer Station. the median C.,
is 69 mg Chl m™ and ranges from 22 to 280 mg Chl m™>. The median PP, is 1.0
gCm~d'and ranges from 0.3 to over 4 g C m™ d”"'. For 1995-96. the median
Ce is 101 mg Chl m™ and ranges from 20 up to 600 mg Chl m™ and the median
PPy is 1.5 g C m? d”' and ranges from 0.13 to over 6 g C m™ d'. Because
biomass and productivity are lognormmally distributed and blooms occur
infrequently. the median values for C., and PP., are significantly lower than the
mean values. Fig. 2 also shows that both years of data typically display two to
three phytoplankton blooms during each growing season. One bloom generally
occurs in January with additional blooms occurring in fall and/or spring. These
blooms persist for approximately one to two weeks. This general pattern also
was observed in earlier time series data from these stations (Moline and
Prezelin. 1996).

Vertcal profiles of Chi. productivity, and Chi-normalized productivity

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(PP.) for the Palmer nearshore and offshore LTER data are shown in Fig. 3a-c.

The profiles have been normalized to the mean value in the profile and the
shaded area represents one standard deviation from the mean. In general. the
vertical structure of all three variables shows a maxima at or near the surface
and a gradual decrease with depth. Also, the vertical structure of Chi (Fig. 3a) is
tairly uniform within the top two optical depths of the water column. Thus. the
highest concentrations ot Chl are generally well within the layer of water that
can be remotely sensed by an ocean color satellite (i.e., one optical depth which
is shown by the dotted lines in Figs. 3) (Gordon and McGluney, 1975: Smith.
1981). Because the vertical structure of Chl within the water column is fairly
consistent amongst all profile data. the surface concentrations of Chl (Cy)
explains nearly 84% of the integrated water column Chl variance with a log-log

regression (Fig. 4). such that:

C, =42.7C,°%
(5a)

This relationship is nearly identical both to that determined with the historical
data and estimated using Eq. 2. Lines 2 and 3 on Fig. 4 show almost identical
relationships to Eq. 5a. However. these relationships differ significantly from
that developed previously for high latitudes (Morel and Berthon, 1989), which
underestimates integrated Chl (Fig. 4. line 5).

We also compared these results to relationships developed using
chlorophyll integrated to 50 m, Cs. and found them also to be very similar
(Holm-Hansen and Mitchell. 1991). As expected. Csp underestimates C., for
low Chl concentrations and overestimates C., for high Chl concentrations (data

not shown). such that:
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=9 078
C, =2.17C,, by

While Chl concentrations can remain high at depths beneath the euphotic zone
(Holm-Hansen and Mitchell, 1991), generally the highest biomass
concentrations are found near the surface where most of the primary production
occurs. For these waters, the euphotic zone is generally found within the wind
mixed layer, which is consistent with a more uniform vertical profile of Chl.
Primary productivity generally peaks at an optical depth of 0.6 or when
approximately 50-55% of the incoming E40") has been attenuated (Fig 3b).
Hence. the rates of primary production at the surface appear to be photoinhibited
when compared to the rates at the 55% light level. However. this peak generally
occurs within the top optical depth of the water column, well within the depth
trom which a satellite signal can be received. The presence of a Cy and primary
productivity maxima is consistent with past findings in this region of the
Southern Ocean (Smith er al.. 1996a). The daily profile of PP, decreases more
rapidly with depth than either the Chl or Chi-normalized productivity profiles.
When productivity is normalized to Chl. photoperiod and optical depth

(PB;). the vertical profile still exhibits the same basic shape as the productivity

protile (Fig. 3c). When compared to the vertical structure of data collected trom
all of world's oceans (Behrenfeld and Falkowski. 1997b), the actual profiles of
normalized productivity for the Palmer data are both much more uniform with
depth and of a lower magnitude than for the global data (Fig. 5a). The shaded
region in Fig. 5a represents the normalized productivity data used in the global

productivity algorithm developed by Behrenfeld and Falkowski (1997a. Fig. 1b).

As shown. the P®- profiles for the Antarctic data peak around | mg C mg Chl™
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h'. which is significantly lower than for other oceanic waters. Both the shape
and the magnitude of the LTER data shown in Fig. 5a have significant
implications for modeling primary productivity in Antarctic waters.

[f the median of the Palmer nearshore and offshore Chl-normalized
productivity data from Fig. 5a (white squares) are plotted against the
corresponding percent transmission of incident irradiance, this relatively
uniform vertical structure can be transformed into a type of time-integrated P vs.
E curve representing the water column. As shown in Fig. 5b, this curve has a
steep slope indicative of a relatively low Ey ", rising to a Pal,pl above 0.9 mg C
mg Chl" h', followed by a gradual decreasing slope indicative of
photoinhibition. Ej is defined as the irradiance at the inflection point between
light limitation and light saturation observed from measured PB; in the water
column. On average, E;" occurs when approximately 7% of the surface light
remains (Ey /Eq = 0.07). Because Ex generally occurs deep within the water
column. much of the daily production occurs at irradiance levels above E,". [n
other words. Chl-normalized productivity does not decrease as rapidly with
depth as it does for phytoplankton from other regions of the world. Having both
a low Ey" and PBO,,I is characteristic of phytoplankton that are adapted to low-
light conditions and/or low water temperatures and is consistent with past

studies from this region (Smith and Sakshaug, 1990; Holm-Hansen and
Mitchell, 1991: Smith ez al.. 1996b).

For these Antarctic waters, the median P%,; for our data set is 1.09 mg C
mg Chl™ h'. with PBOD, varying by nearly a factor of seven over the course of a
season. Fig. 6 shows a time series of P8y as it varies over the course of the
1994-95 and 1995-96 field seasons. respectively.  The Psopl measured for
stations B and E have been averaged (shading represents one standard deviation
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from the mean) and are highly variable over the course of a season. As shown
in Fig. 6, no obvious seasonal trend is evident in P?,,, for the two field seasons.
For 1994-93, Paom approaches 1.5 in late December to early January and are less
than 1 both before and after this period. For 1995-96. PBO,,‘ is high (approaching
2) trom November through December and then closer to | throughout the
remainder of the year. Additionally. the variability in PBopt over the course of a
season does not appear to follow the corresponding variability in productivity
(Fig. 2b). nor does it follow the seasonal variability in water temperature, which
shows a general warming trend throughout the season (Fig. 6). For example,
PBL,,,( is low for the 1994-95 mid-Jjanuary phytoplankton bloom., relatively high
for the early 1995-96 bloom, and only average for the late 1995-96 bloom. Both
the lower magnitude of P%,; and the more uniform vertical structure of
normalized productivity are discussed below in the context of primary

productivity models.

Environmental influence on photoadaptation

Behrenfeld and Falkowski (1997a.b) have shown that model
performance in estimating depth-integrated primary productivity is critically
dependent on the ability to accurately represent the space/time variability of the
photoadaptive parameter, PBQF,, and suggest that model improvement will
depend upon a mechanistic understanding of how environmental variability
affects the physiological state of phytoplankton assemblages. While Chl
explains most of the variability in PP, variability in Paom and the vertical
distribution of the Chl-normalized productivity can also significantly impact
estimates of PP.,. Here we seek to identify environmental variables that may
explain the variability in these parameters and emphasize those that may be

remotely sensed and could potentially allow more accurate modeling of PP,

73

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



from remotely sensed biomass.

As photosynthesis is the result of an enzymatically controlled rate
process. it is sensitive to ocean temperatures (Tilzer er al.. 1986). Recent
estimates of global ocean primary production have used sea surface temperature
(SST) to predict the magnitude of a photoadaptive variable (Antoine and Morel.
1996: Behrenfeld and Falkowski. 1997b). Such an approach is advantageous
because SST can be determined remotely and used to delimit biogeochemical
provinces for global modeling. Antarctic phytoplankton south of the polar front
iive in the coldest surface waters, with temperatures from nearly -2 to 2° C.
While some thermal adaptation may occur, PBopl ranges trom 0.4 - 3 mg C (mg
Chl) "' h'', which is in the range expected for a cold water system (Smith er al..
1996b).  However. within this limited temperature range. no significant
relationship appears to exist between SST and PBOP( for our nearshore and
otfshore data (Figs. 6 and 7). The polynomial model described by Behrenfeld
and Falkowski (1997a) (Fig. 7) tends to overestimate PBOP‘ for the temperatures
between 0 and 2° C and PBop[ varies by a factor of seven within this temperature
range. The poor fit of the global model to this low temperature range is not
surprising since this is the temperature range where the global data set showed
the greatest variability. Indeed. as shown in Fig. 7. no temperature trend within
this low temperature range is evident in either our Palmer or cruise data.

We also investigated several other environmental factors that may
influence the variability in Paop( and may be remotely sensed. However. no
single parameter or group of parameters that we analyzed (e.g.. E4(07), SST.
Chl. daylength. cloud ratio. salinity. mixed layer depth) produces a statistically
significant relationship to PB.,p(. Furthermore. considering the variables together
only explained up to 20% of the variability in PBOD( using multiple regression.

We considered that variable light histories might influence the P8, of the
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phytoplankton. but found no relationship between E4(0") from days prior to ilie
incubation. We also analyzed whether Antarctic phytoplankton blooms were
correlated to sea surface salinity based upon water column stability from melting
sea ice and coastal glaciers. but no discernible relationship was found. Past
findings from this region also found that photosynthesis-irradiance parameters
were poorly correlated to physical forcing and nutrient regimes (Moline er al..
1998).

Because different species of phytoplankton in this region have different
carbon to Chl ratios (C:Chl) and pigment-specific absorption coefficients ( Brody
et ul., 1992), some of the variability in PBOP, could be due to the presence of
ditterent bloom forming phytoplankton (e.g.. diatoms vs. cryptophytes). Fig. 8a
and 8b show PBopl for sampling events from the inshore Palmer data when the
phytoplankton were mainly diatoms (high in fucoxanthin/Chl ratio) and mainly
cryptophytes (high in alloxanthin/Chl ratio), respectively. Fig. 8c shows the
relationship between Peop( and C, for all of the Palmer data regardless of
taxonomic composition. As shown. cryptophytes are estimated to be the
dominant taxa (>60%) in the water column less frequently than diatoms.
Moreover. the very large blooms (Cy > 10 mg Chl m™) tend be diatom blooms.
Cryptophytes cover a smaller range in Paopt and have a median value of 1.20 and
a standard deviation of 0.47 mg C mg Chl h'. The range in PB.,,,, is greater for
the diatoms. which vary from 0.9-2.44 mg C mg Chi’ h™. but there is no
statistically significant difference between Paom for the two taxa. In addition to
the more numerous diatom blooms, another reason for the larger range in PBO,,t
could be because different species of diatoms can be either larger or smaller than
cryptophytes. which may contribute to different internal ratios of C:Chl. Over
the course of a season. the dominant diatom taxa at Palmer Station can vary to

include both large and small diatoms. which will similarly cause variance in
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PBop(. Such a difference may not be as evident from data collected over a
restricted time period (Brody er al.. 1992). While PBQP, tends to decrease with
increasing Cy on all three panels (Fig. 8a-c), the concentration of C, is not a
good predictor of PBQpl because PBO,,[ still varies by a factor of seven for low Chl
concentrations.

Another parameter that also plays a role in modeling primary
productivity is the relationship of PBopl to the mean Chl-normalized productivity
(PB z). The function F is used to describe the loss in potential photosynthesis due
to light limitation and photoinhibition and can be estimated as the ratio of the
mean P®; with depth versus PBU,,l (Wright, 1959; Behrenfeld and Falkowski.
1997a). While F does not explain much of the variability in PP, (<2%), F is a
linear term in the model and hence is important in determining the overall
magnitude of primary production. In the absence of photoinhibition. F should
demonstrate an irradiance-dependence such that the F function is lower when
E40) is low (more of the water column is light-limited), and F approaches a
maximum when E4(0") is high (more of the water column is light-saturated)
(Behrenfeld and Falkowski. 1997a). Because the vertical structure of Chi-
normalized productivity for these Antarctic data are much more uniform with
depth (Fig. 5). the phytoplankton are operating close to Paopl throughout much of
the water column and consequently F is higher (mean of 0.64) for these
Antarctic data than the mean of 0.55 estimated for the global dataset (Behrenfeld
and Falkowski. 1997a).

The F parameter is commonly compared to the ratio of E4(07) to EK'. the
light intensity corresponding to the intersection between the light-limited slope
of primary productivity in the water column and PBOD. (Fig. 9a). While our F is

higher than that derived from the global dataset (Behrenfeld and Falkowski.
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[997a), it is lower than the theoretical derivation of F assuming no
photoinhibition (Talling, 1957). Because EK‘ is low and often occurs near the
bottom of the euphotic zone, the range of E4(0")/ EK' extends to much higher

values than previously published (i.e.. >25). The tight correlation shown in Fig
9a is expected because the vertical profile of Chl-normalized production, and

thereby F. can be derived from the photosynthesis-irradiance parameters used to
describe the water column (i.e.. EK.). However, this relationship (Fig. 9a)
cannot be used to model F because either EK. or the ratio E4(07)/ EK' must be
known g priori. As shown in Fig. 9b. EK‘ is not readily estimated from E4(0")
for these data. Eg varies between 0 and 8 Ein m™ d”' and displays little
relationship to E4(0”). The dashed line on Fig. 9b was developed for the global
dataset (Behrenfeld and Falkowski, 1997a) and does not fit these data. It is
possible that this lack of correlation could be due to the extremely variable light
environment to which these phytoplankton are exposed.

The relationship between F and E4(0") (Fig. 9¢), however. is statistically
significant (p<0.01). although it explains little of the variability in F (r = 0.23).
We derive the following empirical relationship:

_ E,0)
E,(0°)+11.77 (6)

Optimization of primary productivity model
Behrenfeld and Falkowski (1997a) have shown that. in general. depth-
integrated models can be reduced to a relationship describing depth-integrated

primary productivity from phytoplankton biomass (C.,). a photoadaptive
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variable (PBO,,[). an irradiance-dependent function (F), and daylength (D).
Further. they show that depth-integrated productivity models are fundamentally
synonymous and most of the variability in estimating primary productivity
involved differences in the input biomass and estimate of photoadaptive
variability.  Hence, more complex primary productivity models, involving
additional levels of integration (i.e.. time. wavelength, depth), are not likely to
explain significantly more of the variability in primary productivity until the
photoadaptive variability is better characterized. As discussed above. in
investigating the environmental influences on photoadaptive variability. we
found no consistent predictor or set of predictors that could be used to reliably
predict PBupt for these Antarctic waters.

We utilize the standard depth-integrated model structure (Behrenfeld and
Falkowski. 1997b) and tune the model to fit the Antarctic data (both the cruise

data and the inshore Palmer data):

PP, =P! DC,Z, F ™

opt

For our parameterization of the model. we use F estimated from E4(07) ( Eq. 6).
the median value for PBO,,( (1.09 mg C mg Chi™ h'l), and Z., derived from C,
(Eq. 2). Using measured values of Cq and E4(0"), this model explains nearly

72% of the variability in the data on a log scale and closely follows a 1:1
correspondence line (Fig. 10a). If we further simplify the model and use a
constant F of 0.64. the model only loses 5% of predictive capability. Because
the median PE’Opl (1.01 mg C mg Chl" h™") for the large blooms is very similar to
the median PBOPI (1.09 mg C mg Chl" h™") from all nearshore and offshore LTER

data. our model is more effective for days with extremely high PP.,. This is

important because a significant fraction of seasonal production occurs under
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high bloom conditions.

In addition to applying this model to the LTER data from which it was
derived. we also applied it to historic primary productivity data from the
Antarctic (Fig. 10b). The historic data shown here were collected in the
Antarctic Peninsula region and South Indian Sector of the Southern Ocean from
1972-1990 (Smith et al.. 1996a). When irradiance data was not available within
this data set. a constant F of 0.64 was used in the model instead of Eq. 6. Even
without irradiance data. the model performed just as well on the historic data as
on the LTER data and explained 73% of the variability in PP.,. Moreover. we
tind nearly a 1:1 correspondence between the measured and modeled data
(m=1.02, b=-0.11). It will be of interest to test the model for other regions of the
Southern Ocean.

Table II presents a comparison of our model parameterization (Eq. 7)
with various published algorithms. The VGPM model developed for the global
oceans (Behrenfeld and Falkowski, 1997b) in its original form explains
approximately 61% of the variability for the Antarctic data and tends to
overestimate productivity for low PP, and underestimate for high PP.,. In fact.
for these waters it explains less of the variability in PP., than a simple
regression on Cy. We believe this is primarily due to three sources of error when
applying the model to Antarctic waters: (1) the equation relating PBOD( and SST
overpredicts PBO,,( at SST > 1° C (Fig. 7); (2) the F function is generally
underestimated (Fig. 9); and (3) the relationship (Morel and Berthon. 1989) used
to estimate Z., generally underestimates C, (Fig. 4).

Using measured Co and a constant light utilization index (),(Morel.
1991). the Laboratoire de Physique et Chimie Marines (LPCM) model (Antoine

et ul.. 1996) explains 69% of the variability in the data. For these data. v (which
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is related to the water column averaged functional absorption cross-section for
photosynthetic carbon fixation ") varies from 0.2 to 2 and has a median value
of 0.56 mg C m? d* (mg Chl m™ Ein m? d™') . This is higher than that
estimated for temperate waters and near the average y determined previously for
this region (Claustre er al., 1997). The parameter y can be related to Paop; by the

following equation:

P,,,',’, DF

YT 0 (®)
Because PBQpl and F can nearly be approximated as constants for this region
(Figs. 7 and 9), using a photoadaptive variable that represents the entire water
column (y) is nearly as effective as modeling with more specific formulations of
PBop( and F. Moreover, because PB.,,,‘ and y are so closely related. the possible
environmental intluences discussed in the previous section are applicable to both
photoadaptive variables and no environmental predictors of y were found (data
not shown).

The simplest primary productivity model is a log-linear regression
between rates of primary production and Chl. Consistent with earlier reports for
Antarctic waters (Minas and Minas. 1992; Moline and Prezelin. 1996: Smith er
al.. 1996a). biomass seems to be a relatively good proxy for primary
productivity (Fig. 11). For the LTER data, the best-fit relationship between C,
and PP, explains approximately 62% of the variability in PP.y. As shown in
Fig. 11. the lines labeled 1-3 are all from data collected in the Antarctic and are
quite distinct from line 4. which is from low latitudes in the Atlantic (Falkowski

et al.. 1998). If the low latitude regression were used for high latitude Antarctic

data. PP, would be overestimated at low Cy and underestimated at high C,.
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This is likely a result of the more uniform Chl distribution with depth found in
Antarctic waters. If Chl is low at the surface, then it remains low throughout the
water column (i.e., few deep Chl maxima) and similarly if Chl is high at the
surface. it remains high throughout the water column. Our tuned depth-
integrated model (Eq. 7) explains only 10% more of the variability in PP, than
this simple Chl regression. Thus. the accuracy of any depth-integrated primary
productivity model for this region is primarily dependent on determining the
appropriate biomass concentration and the correct relationship between PP., and

Ceu-

Conclusions

Using time series data of chlorophyll and daily net primary production
measured in the coastal waters of Palmer Station. Antarctica, we have evaluated
models to estimate photoadaptive variability and rates of primary production for
Antarctic coastal waters. Over 62% of the variability in PP., (mg C m2d") can
be explained by Chl alone (Fig. 2). Only 10% more of the variability in primary
productivity (72%) can be explained by using measured Cy and E4(07) with site-
specific parameterizations of the standard depth integrated mode! (Behrenteld
and Falkowski, 1997a). Our parameterization of the model (Eq. 7) takes into
account three factors that are unique to this region compared to other regions
(Behrenfeld and Falkowski, 1997b): (1) higher integrated Chl concentration
predicted from C, (Fig. 4); (2) low magnitude of PBOP‘ (Fig. 5); and. (3) more
uniform distribution of Chl-normalized productivity, which is manifested in the
model by a higher F function (Fig. 9). Not only does this model
parameterization pertorm well on the LTER data from which it was derived. it

also explains 73% of the variability in the historic PP,, data collected in these
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waters (Fig. 10).

A better understanding of PBC,pl could potentially improve the model and
explain up to 13% more of the variability in PP.,. While low, PBopl still varies
by a factor of seven during the course of a season (Figs. 6). However, no single
parameter or group of parameters (e.g.. SST, E4(0"), Chl. daylength. cloud ratio,
salinity. mixed layer depth) was found to be a significant predictor of Psopl.
Contrary to expectation, we found no significant relationship between SST and
PB‘,,,l (Fig. 7) although, as expected, PBopl is low compared to global values. In
this region. phytoplankton exist in very cold waters and over a relatively
restricted range (-2 to 2° C). Furthermore, both diatoms and cryptophytes
exhibit a fairly large range in PBopx (Fig. 8), such that no significant difference
was tound in the magnitude of PB.th between these two taxa. Under very large
bloom conditions (Cy > 10 mg Chl m™), the phytoplankton in Antarctic coastal
waters tend to be diatoms and generally exhibit a lower range of PBON centered
near the median value of 1.09 mg C mg chl' n.

An interesting result of this analysis is that irradiance seems to plays a
very limited role in estimating PP, and only improves the performance of our
primary productivity model by 5%. Furthermore, very little correlation was
evident between surface irradiance and the photoadaptive variables, Paop, and F.
If these parameters are dependent on enzymatic activity, their variability may
depend on temperature and nutrient availability and not adaptations to light
(Prezelin er al.. 1991). Previous experiments on phytoplankton from the cold
and often well-mixed waters of the Antarctic have shown them to have slower

cellular responses than their temperate counterparts. For example. Antarctic

phytoplankton exhibit low respiration rates (Tilzer et al.. 1986). slow growth
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rates (Nelson and Smith. 1991), and an absence in ability to repair damage to
photosynthetic systems due to UV exposure (Neale er al.. 1998). Further
understanding of the variability in these photoadaptive parameters could lead to

improvements in the primary production model.
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Table 1. Terminology

Parameter Units

Description

Chl Chl
C, mg Chl ,
Ce mg Chl m™
Cso mg Chi m
C, mg Chl m”
PP, mgCm™-d"
Lo m
D h i
Eq0") Einm” d"
En0") Einm™ d"
. Einm*d"
Eran Einm™d"
SST °C
P8, mg C mg Chi™' ¢
pe. mg C mg Chl' d"!
P® o mg C mg Chl™* b
P8, mg C mg Chl" h”'
a mg C mg Chi' h!
(uEin m~s™y?
B (uEin m*s™)"
Ex uEinm*s"
F (dimensionless)
w mg C m~d" (mg Chl

m= Einm~d")"!

chlorophyll a

measured chlorophy!! a at depth =

water column chlorophyil a integrated to euphotic
depth

water column chlorophyll a integrated to 50 m
surface chlorophyll a

water column primary productivity integrated to
euphotic depth

euphotic depth

photoperiod

daily downwelling irradiance (400-700 nm) incident
upon the sea surface

scalar irradiance (400-700 nm) incident upon the sea
surface

daily downwelling irradiance at optical depth,
daily downwelling irradiance at the inflection
between light limitation and light saturation in the
absence of photoinhibition

sea surface temperature

Chl-normalized primary productivity by discrete
depth

Chi-normalized primary productivity by optical depth
Chl-normalized maximum rate of photosynthesis
normalized by photoperiod for the water column
Chl-normalized maximum rate of photosynthesis
normalized by photoperiod in the absence of
photoinhibition for the water column

Chl-specific rate of light-limited photosynthesis in the
water column

Photoinhibition slope for the water column
saturation parameter of photosynthesis for the water
column

ratio of mean chl-normalized productivity in the water
column

to PBQ,,,

light utilization index
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Table 2. Statistical comparison of measured versus modeled daily primary

production
Model Formulation Regression Statistics' Source
- m,b
Antarctic Model* PP, = PB,,p, DZ.,CyF 0.72 0.96.0.1 {Eq. 6]
C, PP, =C, 0.62
Z., PP, =2, 0.28
PA“/” P'Pcn = P”,,ﬂ, 0.18
F PP, =F 0.02°
D PP, =D 0.02
VGPM Maodel PP, = Paw DZ.,CyF 0.61 0.92,0.2 [Behrenfeld & Falkowski
1997a]
LPCM Model PPy=w Ze Cy Eg(0) 0.69 1.06.-0.2 {Antoine et al. 1996]
Chi Regression PP, =513 C,>" 0.62 1.0.0 [Fig. 10]

* log-linear regressions were pertormed using Model Il regression techniques (Laws and Archic
1981). where r"=correlation coefficient. m=slope, b=intercept of regression.
* Each component of this model was individually regressed against PP,,, as presented in italics

below.

* For this parameter, linear regression had a higher correlation to PP,, than a log-linear

regression.
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a Figure 5. a. Vertical profiles of
Chl-normalized productivity for
the Antarctic data. Shaded region

represents the data used in the

global productivity algorithm
developed by Behrenteld and
Falkowski (1997a. fig. 1b, p. 3).

White squares represent the

% Transmission E(0°)

median for the Antarctic data.

10° . .
b. Datapoints are the median

vertical profile from Fig. 3a

plotted against the corresponding

................ : percent transmission of incident
[ light. These are time-integrated P
. vs E parameters representing the
‘ entire water column and the line
I represents the fit to the data using
1 Eq. 4.
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Chapter 4

Validating remotely sensed chiorophyll from
the SeaWiFS ocean color sensor

for waters west of the Antarctic Peninsula
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Abstract

Using data from the Palmer Long Term Ecological Research
(PAL/LTER) program. we compare water-leaving radiance and chlorophyll de-
rived from the ocean color sensor, SeaWiFS (Sea-viewing Wide Field-of-view
Sensor). Comparisons are made between SeaWiFS-derived chi with over 370
chlorophyll measurements from the summer months of January/February in both
1998 and 1999. No consistent offsets are found between SeaWiFS monthly-
binned normalized water leaving radiance, Lwy, and in situ Lwn measured at
the same locations. However, the SeaWiFS-derived chlorophyll from the
OC2V2 general processing algorithm tends to underestimate in situ chlorophyll
at concentrations greater than 0.1 mg Chl m™. These results corroborate previ-
ous work that indicates that these Southern Ocean waters are bio-optically
unique from other regions and do not conform to the OC2V?2 algorithm devel-
oped primarily with data from temperate waters. Using the polynomial Southern
Ocean (SO) algorithm previously derived from over 1000 bio-optical profiles
collected from the PAL/LTER region, the SO-adjusted SeaWiFS chlorophyll
concentrations closely match the in situ chlorophyll and explain over 70% of the
variability in measured chlorophyll both at Palmer Station and across the Drake

Passage.
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1.0 Introduction

The Sea-viewing Wide Field of View Sensor, SeaWiFS, has been in or-
bit since September 1997 and is currently providing quantitative data on the
global ocean bio-optical properties. This satellite is the successor to the Coastal
Zone Color Scanner, CZCS, which was in operation from 1978-1986. Subtle
changes in ocean color, as seen from an ocean color sensor, have been success-
fully used to estimate quantities of marine phytoplankton, which in turn can be
used to elucidate primary production in the world’s oceans [Gordon and Morel,
1983].  Use of remotely sensed data is especially important in the Southern
Ocean. where the waters are characterized by extreme seasonal and interannual
variability and are often inaccessible to sampling with other platforms. Cur-
rently, a general processing chlorophyll algorithm, OC2V2, is used to estimate
chlorophyll throughout the world's oceans from ratios of remotely sensed re-
flectance derived from SeaWiFS.

Previous work has shown that the relationship between remotely sensed
reflectance and chlorophyll is unique in the Southern Ocean when compared to
the other regions [Mirchell and Holm-Hansen, 1991; Sullivan et al., 1993:
Dierssen and Smith, in press]. Using bio-optical measurements from over 1000
stations collected in conjunction with the Palmer Long-Term Ecological Re-
search (PAL/LTER), the SeaWiFS OC2V2 algorithm was shown to underesti-
mate measured chlorophyll concentrations by roughly a factor of 2.5 for waters
west of the Antarctic Peninsula [Dierssen and Smith. in press]. As a result, a
polynomial Southern Ocean (SO) algorithm was developed to adjust the
OC2V2-derived chlorophyll to match in situ measurements. Earlier results from
the now defunct CZCS also demonstrated that the general processing algorithm

for retrieving pigment biomass concentrations underestimated low chlorophyll
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concentrations (< 1.5 mg Chl m?) in the Southern Ocean by a factor of 2.4
(Mitchell and Holm-Hansen, 1991; Sullivan et al., 1993]. The reason for this
underestimation is believed to be due to both lower pigment-specific absorption
coefficients and low backscattering coefficients, which render this area a unique
bio-optical province [Dierssen and Smith, in press].

Because of the subpolar cyclonic pressure systems that cause frequent
overcast conditions in the Southern Ocean [Rossow and Schiffer, 1991], gener-
ally only a few clear days per month occur in any given area sampled within the
PAL/LTER program. Hence, ocean color remote sensing can be challenging in
this region and time-averaged images are often necessary to obtain sufficient
data coverage. In the spring and fall months, seasonal sea ice sweeps in and out
of the continental shelf zone and can also interfere with ocean color retrieval.
Moreover, in the winter months, the chronic darkness around Antarctica makes
ocean color remote sensing impossible, even in open ocean regions that are not
ice-covered. Thus, not only are the in-water bio-optical properties unique from
other oceans, unique challenges exist in merely obtaining ocean color images in
this polar region.

For this paper, we compare SeaWiFS-derived water leaving radiance and
chlorophyll with measurements taken from PAL/LTER cruises in the summer
months (January/February) of 1998 and 1999. Our comparison of radiance
gives an indication as to the relative accuracy of the atmospheric correction al-
gorithms used to process SeaWiFS radiances, which are largely untested for the
Antarctic region. The atmospheric correction routines have been found to be
particularly inaccurate for regions with clear atmospheres and low aerosol con-
centrations. such as in the Antarctic [Evans, 1999]. In addition, the correction
routines assume a plane parallel atmosphere even in polar regions. In the Ant-

arctic Peninsula. the sun reaches a minimum zenith angle of approximately 40°
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and is around 50-60° for much of the growing season (November through
March). Secondly, we evaluate the performance of the polynomial SO algo-
rithm in correcting chlorophyll that has been derived using SeaWiFS’ OC2V2

algorithm. This validation is conducted on both nearshore and offshore data.

Methods
In the following section, methods are described for the radiance and chloro-
phyll measurements collected as part of the PAL/LTER program. This is fol-

lowed by a description of the SeaWiFS data used in this analysis.

2.1 PAL/LTER data

The field data presented in this paper was collected in collaboration with
the Palmer Long Term Ecological Research (PAL/LTER) project [Smith et al.,
1995]. The region of study is shown in Fig. |. Portions of the large grid sam-
pling area [Warers and Smith, 1992] were sampled for chl in January-February
1998 and subsequently in 1999. Chlorophyil a concentrations (chl) were esti-
mated using standard fluorometric techniques and subtracting the phaeopigment
concentration determined by sample acidification [Smith er al., 1981]. Vertical
protiles of downwelling spectral irradiance and upwelling radiances were meas-
ured using a Bio Spherical Instruments Profiling Reflectance Radiometer (PRR)
operated in a free-fall configuration. Normalized water-leaving radiance
[Gordon et al., 1988] was estimated by extrapolating the optical data across the
sea surface [Dierssen and Smith, in press] and normalizing by the mean extrater-

restrial solar irradiance.
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2.2 SeaWiFsS Data

Monthly SeaWiFS Level-3 Standard Mapped Images of chl a are provided
from the National Aeronautics and Space Administration (NASA) Goddard
Space Flight Center’s Distributed Active Archive Center in June 1999. These
images are global-area coverage data that has been averaged over each month
using the maximum likelihood estimator mean. The resolution of each pixel in
the image is approximately 0.088 degrees latitude and longitude, which trans-
lates to roughly 9.77 km per pixel in the north-south direction. Because the lon-
gitudinal lines converge at the South Pole, pixels derived from the PAL/LTER
study area have a finer resolution in the east-west direction. The SeaWiFS im-
ages have been masked for land regions and for regions of cloud and ice. The
SeaWiFS-derived chlorophyll was processed by NASA using the OC2V2 algo-

rithm.

3.0 Resuilts and Discussion

The following section compares normalized water-leaving radiance.
nearshore chlorophyll, and offshore chlorophyll derived from SeaWiFS with in
sitt. measurements collected in January-February 1998 and 1999. The
PAL/LTER grid comprises a region along the coast of the Antarctic Peninsula
out to the edge of the continental shelf, roughly 200 km offshore (Fig. 1). This
grid falls primarily within the Coastal and Continental Shelf Zone of the South-
ern Ocean. which is swept by the annual advance and retreat of the Seasonal Ice
Zone (Treguer and Jacques, 1992]. Fig. 2A and 2B depict the in situ stations
sampled during the January 1998 and 1999 cruises and the corresponding
SeaWiFS OC2V2 chl concentrations for that month. Dark black patches on the

western side of the peninsula represent the regions that were cloudy for the en-
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tire month and the dark region on the eastern side represents the Larsen Ice
Shelf. These images illustrate the gradient in biomass from on- to offshore that
is known to occur in this region [Smith er al., 1996]. The highest chl concentra-
tions in this region for these years tend to occur in Marguerite Bay (southem-
most stations). Also evident is a tongue of low biomass extending off-shelf
along the Antarctic Peninsula, which is representative of the low biomass Per-
manently Open Ocean Zone. Northward of this low biomass zone, the Polar
Front Zone is found with increasing biomass. Because flow of water in be-
tween the Antarctic Peninsula and the tip of South America is constricted
through the relatively narrow Drake Passage, the biogeochemical zones
(Treguer and Jacques. 1992] are closer together and the accuracy of the
SeaWiFS-derived chl and SO-adjusted can be evaluated in several different
zones.

For this paper, we use monthly-composited SeaWiF$S data because of the
high level of cloud cover that occurs on any given day in this region. A
SeaWiFS monthly composite may represent only one or two clear days for the
entire month. Most of the in situ data were collected under cloudy conditions
and. without this approach, would be excluded from the analysis. Even so,
roughly 30-40% of the stations sampled had no corresponding SeaWiFS data
because they were completely cloud covered for every SeaWiFS pass during
that month. Therefore, the in situ measurements are not completely concurrent
with the SeaWiFS data and some scatter is expected when comparing these two

datasets.

3.1 Normalized Water-leaving Radiance
Fig. 3 presents in situ versus SeaWiFS-derived normalized water-
leaving radiance (Lwy) by wavelength for both the 1998 and 1999 field seasons.
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Because radiance values have been collected from different times of day and
days of the month, the SeaWiFS Lwn(A) are not expected to match up exactly to

in sire measurements. This analysis. therefore, is a rough comparison between
the two datasets in order to determine whether the radiances are within a reason-
able range of each other and whether a consistent bias occurs when comparing
data from different wavelengths. As a first approximation, however, the data
appear to be reasonably scattered around the 1:1 correspondence line for all
wavelengths. The data from the biuer wavelengths (412 and 443 nm) cover a
wider range and appear to be more scattered than data from the greener wave-
lengths (510-555 nm). Generally, the higher values of blue radiance represent
low chl stations and the lower radiance values represent high chl stations that
have absorbed much of the blue light. Atmospheric influences are likely to ef-
fect remotely sensed water-leaving radiance in the biue wavelengths most sig-
nificantly because this light is most scattered by the atmosphere. especially in
polar regions where the atmospheric path is longer due to the large solar zenith
angles. As shown in earlier work [Dierssen and Smith, in press], water-leaving
radiance for the green wavelengths is nearly independent of chl concentrations
in this region and the variability in green reflectance is low. The OC2V?2 algo-
rithm uses radiance retrieved at 490 and 555 nm.

The mean percent difference between the satellite-derived and in situ
Lwn for each wavelength is illustrated in Fig. 4. A positive percentage indicates
that the SeaWiFS value is higher than the in situ value. As shown, the SeaWiFS
data tends to overestimate Lwy for most wavelengths by about 20%. This trend

is not robust, however, because the standard deviation from the mean. shown as

errorbars in Fig. 4. are large and extend past the nuil line. In the blue region of

the spectrum. the SeaWiFS Lwn(412) is on average about 90% of the corre-
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sponding in situ Lwn(412). Overall, however, this rough comparison of the
monthly-composited global area coverage SeaWiFS data with in situ stations
shows that the SeaWiFS radiance data are within the range of the in situ radi-
ance measurements. Consistent differences between SeaWiFS-derived chl and
in situ chl, therefore, are likely to be the result of differences in bio-optical prop-

erties of the water and not consistent radiometric errors.

3.2 Nearshore Chlorophyll

Fig. 5A compares the SeaWiFS-derived OC2V?2 chl to the PAL/LTER
measured chl concentrations in a given pixel during that same month. While a
high correlation exists for most of the data (r’=0.65), significant differences ex-
ist in the slope comparing these two datasets. The SeaWiFS data matches the
LTER data at concentrations around 0.1 mg Chl m”. As hypothesized, how-
ever, the SeaWiFS chl is on average roughly a factor of two lower than the
measured concentrations. In Fig. 5B, we apply the SO correction algorithm
[Dierssen and Smith. in press] to the SeaWiFS-derived chl, such that:

(1A)

log Chl =0.3914+1.0176 X -0.3114X * +0.0186X * +0.0610X *
X =log(Chl ;) (1B)

The SO-adjusted SeaWiFS chl concentrations are a much better fit to the in situ
measurements and tend to follow a I:1 correspondence line. Not only is the
slope unity, the polynomial SO algorithm improves the correlation coefficient
between the two datasets to 0.70. The stations with low chl remain similar to
the OC2V2 values. but the SO-adjusted chl are increased to match the in situ
measurements.
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While the SO relationship works well for the average chl concentration
of 1 mg m>, the accuracy is less certain for high chl concentrations. A few sta-
tions have high measured chl and low SeaWiFS estimates while several have
high SeaWiFS estimates and low measured chl. This discrepancy could be due
to the use of monthly SeaWiFS composites that may be derived from a single
clear pass during that month. For example, SeaWiFS could have captured a
clear sky bloom episode and the corresponding measured chl was pre- or post-
bloom. The presence of different phytoplankton populations with unique ab-
sorption and backscattering properties (i.e. cryptomonads vs. diatoms) could
also play a role in this difference.

In Fig. 6, histograms are presented for SeaWiFS OC2V2 chl (Fig. 6A),
SeaWiFS SO chl (Fig. 6B), and in siru chl (Fig. 6C). The OC2V2 SeaWiFS
histogram is substantially lower than the in situ chl. The SeaWiFS SO chl and
the PAL/LTER in situ chl have similar shapes centered around | mg chl m™ in-
dicating that Eq. | appears to be a good correction algorithm for this region. A
median concentration of 1 mg chl m” is also consistent with the 1000 stations
collected in previous years throughout the PAL/LTER grid [Dierssen and Smith.

in press].

3.3 Offshore Chlorophyil

To test the accuracy of the polynomial SO algorithm on waters defined
within the Polar Front Zone and the Permanently Open Ocean Zone of the
Southern Ocean [Treguer and Jacques, 1992], we also compare measured sur-
face chl and SeaWiFS-derived chl along a transect across the Drake Passage.
Fig. 7A shows the location of the sampled stations and the SeaWiFS chi for the
Drake Passage region. The transect contains both nearshore chl. the tongue of

low chl waters visible off the shelf. and the increasing chl towards the Polar
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Front region. The gaps in the SeaWiFS record (e.g., 63.5-64.5°S) are due to
complete cloud coverage for the entire month. When the measured chl along this
transect is compared to the remotely-sensed chl (Fig. 7B), OC2V2 chl again
matches low chl concentrations (0.1 mg chl m'3) and underestimates chl for con-
centrations greater than 0.1 mg chl m>. The SO-corrected chl matches both the
magnitude and general pattern of the measured chl concentrations with a corre-

lation coefficient of 0.9 and a slope approaching unity (not shown).

4.0 Conclusions

As hypothesized. the SeaWiFS OC2V2-derived chl tends to underesti-
mate in situ chl by about a factor of 2.5 for concentrations greater than 0.1 mg
Chl m™. This difference does not appear to occur from consistent biases in the
SeaWiFsS retrieval of normalized water leaving radiance. Even though we used
monthly-composited SeaWiFS data, we found no consistent offsets between in
situ Lwn(A) and SeaWiFS-derived Lwn(A) at any wavelength. Moreover, the
490 and 555 nm channels, used in SeaWiFS' OC2V2 chl algorithm, also dis-
played less variability than the 412 and 443 nm channels. As a result, the inaccu-
racy of SeaWiFS-derived chl is unlikely to be the result of a radiometric error.
but a result of the unique bio-optical properties of this region.

Previous analysis of the bio-optical profiles collected from more than
1000 stations west of the Antarctic Peninsula from 1991 to the present clearly
show that OC2V2 will underestimate chl for concentrations greater than 0.1 mg
Chl m” [Dierssen and Smith, in press]. Remotely sensed reflectance in the
green region of the spectrum (555 nm) was found to be significantly lower than
data collected from other regions (i.e.. SEABAM dataset), even for high chi

concentrations. Preliminary results indicate that green reflectance is due to low
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levels of backscattering in these waters. With lower green reflectance per mg of
chl, the OC2V2 algorithm will retrieve lower chlorophyll concentrations than
expected. In addition, lower chlorophyll-specific absorption can also play a role
under bloom conditions when chl concentrations are high. As a result, the poly-
nomial SO algorithm was developed to account for the regional bio-optical dif-
ferences and correct the SeaWiFS-derived chl to match measured chl concentra-
tions.

When the SO algorithm was applied to SeaWiFS OC2V2-derived chl.
SO-adjusted chl explained 70% of the variability in measured chl and followed a
slope of unity. A high correlation existed between SeaWiFS and the PAL/LTER
in situ data even though we compared monthly-composited SeaWiFS images to
stations measured under generally cloudy conditions. Moreover, the algorithm
was found to be accurate for data collected from the nearshore Coastal and Con-
tinental Shelf Zone, and the offshore Permanently Open Ocean Zone and the
Polar Front Zone. Studies from other regions of the Southern Ocean suggest
that the OC2V?2 algorithm may be appropriate for certain types of algal blooms
in the Ross Sea [Arrigo et ul., 1998]. When compared to the Antarctic Penin-
sula region. the Ross Sea region is generally characterized by different bloom-
forming phytoplankton populations (i.e., Phaeocystis) and smaller diatom cell
sizes. However, the SO algorithm developed here was found to be accurate not
only in the nearshore regions of the Antarctic Peninsula, but also away from the
continental shelf and into the Polar Front region of the Drake Passage. Future
efforts will be directed towards comparing the finer resolution Local Area Cov-
erage SeaWiFS data to concurrent in situ data from the few clear sky passes to

further determine the accuracy of SeaWiFS radiance and chl-retrieval.
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Figure 2: SeaWiFS-derived Chl [mg Chl m™] from February 1998 and 1999
adjusted with SO algorithm (Eq. 1) and the corresponding PAL/LTER stations

sampled during that month (white dots). Regions in black were cloud- or ice-

covered during every satellite pass during that month.
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Figure 3: Normalized water-leaving radiance. Lyn()), measured in conjunction
with January/February 1998 and 1999 PAL/LTER cruises compared to corre-

sponding monthly-averaged Lwn(X) derived from the ocean color sensor
SeaWiFS for five different wavelengths.
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Figure 5: Comparison of SeaWiFS-derived chl [mg Chl m'3] and PAL/LTER

measured chl. SeaWiFS chl was processed using: A) OC2V2 algorithm: and B)
SO algorithm.
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above compared with SeaWiFS OC2V2 Chl and SO-adjusted SeaWiFS Chl. The
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Abstract

Because of the large size, extreme seasonality, and remoteness of the
Southern Ocean. collecting sufficient in siru data to estimate annual primary
production (PP) for the entire basin is impracticle. Therefore, modeling PP from
satellite-derived images of chlorophyll (i.e., SeaWiFS-derived Chl) should
provide a better understanding of the spatial and temporal variability in this
region. Using a simple depth-integrated PP model developed from data
collected in conjunction with the Palmer Long Term Ecological Research
(PAL/LTER), we estimate PP from SeaWiFS-derived chlorophyll both monthly
and interannually for nearshore waters of the Antarctic Peninsula. PP modeled
for the coastal waters of the PAL/LTER are compared to approximately weekly
measurements of PP. While the PP estimates are relatively consistent for the
two seasons with SeaWiFS data (78 and 88 g C m™ y"' for the 1997-98 and
1998-99 field seasons, respectively), in situ PP integrated from November
through March can vary by nearly 7-fold (50-350 g C m™ y"'). When this
modeling approach is applied to the entire SO, the PP summed over all months
of 1998 is 2.7 Gt y'l. Most of this PP comes from the area comprised of the
Permanently Open Ocean and Polar Front Zone. Our results are discussed in
relation to previously published production estimates that vary by over an order

of magnitude (0.6-8.3 Gt y'l).
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1.0 Introduction

Southern Ocean (SO) environments range from the productive coastal
regions of the Antarctic Peninsula to the oligotrophic regions of the South Indian
Ocean. Estimates of primary production (PP) for the whole SO, however, vary
widely from 0.6 t0 8.3 Gt C yr'' (1 Gt = 10" g C) [El-Sayed, 1978; Behrenfeld
and Falkowski, 1997]. Part of this discrepancy is due to the intense seasonal and
interannual variability in this region of the world. South of the Antarctic circle,
daylength fluctuates from 24 hours of continuous light to constant darkness.
Sea ice builds outward from the continent each fall covering an area of
approximately 16 million square kilometers, and then retreats back to the
continent again in the spring and summer. Clearly, the SO phytoplankton, and
the diverse food web that they support, must acclimate to a wide variety of
conditions. Using satellites to obtain seasonal images of the entire SO should
lead to better estimates of SO PP and an improved understanding of the ecology
of the system.

Estimating PP from remotely sensed chlorophyll (Chl) concentrations in
the SO involves unique challenges when compared to temperate regions. First,
because the SO has no land boundary to its north, different delineations have
been used to mark the extent of the SO. Simply normalizing the various SO
primary production estimates to cover the same areal extent has rectified much
of the differences in these published estimates. Generally two zones of the SO
have been defined: the Antarctic zone extending from the continent to the
Antarctic Polar Front. and the Subantarctic zone extending northward to the
Subtropical Convergence [Pickard and Emery, 1990]. However, the extent of
the Polar Front separating these water masses extends over a range of latitudes

with seasonal and longitudinal changes in width and position. Here. we have
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limited our discussion to the Antarctic Zone of the SO and use an approximation
of this zone from the continent to 50°S. When comparing estimates of primary
production for the SO, we compare estimates from only this region of the SO.

Second, the SO is characterized by highly variable sea ice coverage
[Stammerjohn and Smith, 1996]. The continent approximately doubles in size
each winter with the growth and decline of sea ice [Gloerson et al., 1992]. The
SeaWiFS processing algorithm nulls any pixels with an exceptionally high
reflectance, which is indicative of surfaces with high albedos such as clouds
and/or ice. When the ocean is covered in sea ice, the underlying ocean color is
not visible and PP is assumed to be zero. While primary production can occur
within and underneath the sea ice during daylight hours, the magnitude of
production is considered to be low relative to the open water systems [Legendre
etal., 1992] and is not included in our computations.

Several studies have used multi-year ocean color composites to estimate
primary production [Arrigo et al.. 1998]. In such cases, only the open water
pixels are averaged for a given month. If a pixel was ever ice free during that
month, it is assumed to be open water in the multi-year “average” image. The
resulting image, therefore, represents the lowest sea ice extent that was ever
observed for a given pixel and season. As a result, significant overestimates in
average annual production can occur, especially in the spring and fall seasons
when sea ice extent is highly variable in time and space. For this study, we use
sea ice area that has been determined from satellite-derived passive microwave
data for each month individuaily.

A similar problem revolves around the frequent cloudiness of many
regions of the SO. The Antarctic continent is surrounded by subpolar cyclonic
pressure systems that cause frequent overcast conditions in the SO [Rossow and

Schiffer. 1991]. Neither CZCS nor SeaWiFS can detect ocean color through
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cloud cover and any areas underlying a cloud layer are set to null. In order to
minimize the area excluded by clouds, we use monthly averages of SeaWiFS
data in which the clear sky pixels have been averaged. Even with monthly
composites. however, null patches due to clouds still occur in the SeaWiFS data.
Without adjustments, these null patches will lead to significant underestimates
of PP.

In addition to clouds and ice, chronic darkness also envelops the
Antarctic continent in winter months. Even in open water areas north of the
Antarctic circle, the levels of light are too low for detection by SeaWiFS in
winter months. Satellite images during June and July are generally blank well
beyond the sea ice boundaries. While some primary production can occur in
these undetectable open water regions, SO waters have been found to have
extremely low productivity during the winter [Brightman and Smith, 1989].
Therefore. we assume that the contribution of winter primary production is
negligible when compared to annual production.

A further challenge to remote sensing of the SO is that the atmospheric
corrections used to process SeaWiFS radiances are largely untested for the
Antarctic region. In addition, the correction routines assume a plane parallel
atmosphere, which can be problematic if solar zenith angles are high. In the
Antarctic Peninsula region, for example, the sun reaches a minimum zenith
angle of approximately 40° and is around 50-60° for much of the growing season
(November through March). The processing of SeaWiFS imagery can also be
challenging in the presence of neighboring high albedo land surfaces. such as
glacial fields. Additionally, frequent high winds in the Antarctic can cause
formation of whitecaps on the ocean surface. While some correction is made
during processing to correct for whitecaps, the presence of large numbers of

white peaks can interfere with retrieval of remotely sensed radiances.
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Finally, even if water-leaving radiances are accurately retrieved from the
satellite, the SeaWiFS general processing algorithm (OC2V?2) used to estimate
Chl from remotely sensed radiance has been shown to be inaccurate for waters
west of the Antarctic Peninsula [Dierssen and Smith, in press). In these waters,
SeaWiFS tends to underestimate measured Chl concentrations by roughly a
factor of 2.5.  Both low pigment-specific absorption coefficients and low
backscattering coefficients contribute to this difference [Dierssen and Smith, in
press].

This contribution compares SeaWiFS OC2V2-derived Chl with roughly
concurrent in situ Chl measurements made in conjunction with the Palmer Long-
Term Ecological Research (PAL/LTER). Using the PP model from Chapter 3,
PP is modeled from SeaWiFS Chl both for waters near Palmer Station and for
the entire SO. These PP estimates are compared to simulated in situ

measurements at Palmer Station and to previously published estimates of PP for
the SO.

2.0 Methods
In the following section. methods are described for the primary production
and biomass data collected as part of the PAL/LTER program. This is followed

by a description of the SeaWiFS data and the sea ice data used in this analysis.

2.1 PAL/LTER data

The field data presented in this paper was collected in collaboration with
the Palmer Long Term Ecological Research (PAL/LTER) project [Smith et al.,
1995]. The location of Palmer Station. Antarctica (64°S, 64°W) is depicted in
Fig. 1. Weekly time series of nearshore Chl and bi-weekly primary production

was collected from roughly November-March for both the 1997-98 and 1998-99
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field seasons. Chl a concentrations were estimated using standard fluorometric
techniques and subtracting the phaeopigment concentration determined by
sample acidification [Smith et al., 1981)]. Duplicate productivity samples were
estimated by 24-hour simulated in siru incubations with “*C-bicarbonate [Verner
et al., 1996].

In previous work, a standard depth-integrated primary productivity
model was developed to fit the relatively uniform chl-normalized production
profile of these waters (i.e., high F function) and the low photoadaptive variable,
PB,,,,,, which is characteristic of low-light adapted phytoplankton [Dierssen et al.,

2000]. The model formulation is as follows:

PP, =PEDZ,C,F (1A)
(1B)
Z, =46 .8C, """

where PP,,, is daily integrated primary production (mg C m d'l), Dis
daylength (h), Z., is depth of the euphotic zone (m), F is equal to 0.64, PB(,,,, is
1.09 mg C mg Chl"' h'!, and C, is the satellite-derived Chli a.

2.2 SeaWiFS Data

Monthly SeaWIiFS Level-3 Standard Mapped Images of Chl are provided
from the NASA Goddard Space Flight Center’s Distributed Active Archive
Center (Version 2). These images are global-area coverage data that has been
averaged over each month using the maximum likelihood estimator mean. The
resolution of each pixel in the image is approximately 0.088 degrees latitude and
longitude. which translates to roughly a 9.77 km in the north-south direction.
These SeaWiFS images have been masked for land regions and for regions of
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cloud and ice. The SeaWiFS Chl derived from the OC2V2 algorithm (Version
2) were adjusted with the SO-algorithm [Dierssen and Smith, in press]. The SO-
adjusted SeaWiFS Chl was shown to match in sire Chl for the Antarctic

Peninsula region and offshore waters of the Drake Passage.

2.3 Sea Ice Contours

Monthly averaged estimates of the sea ice extent around the SO are used
in this analysis. The sea ice edge is considered to be the 15% ice concentration
contour derived from the SSMI passive microwave satellite data using the

NASA Team algorithm.

3.0 Results and Discussion

Section 3.1 compares measurements of in situ primary production (PP)
with estimates made from SO-adjusted SeaWiFS Chl for waters near Palmer
Station. Comparisons are made both on monthly and annual average time
scales. In Section 3.2, the same PP model is extrapolated to the entire SO.
Modeled estimates of PP for the SO and sectors of the SO are compared to

previously published estimates.

3.1 Paimer Station Primary Production

As described in previous work, most of the variability (>60%) in primary
production (PP) in the PAL/LTER region can be explained by the surface Chl
concentration alone [Dierssen et al., 2000]. A simple PP model (Eq. 1) was
developed using Chl and ancillary data from the 1994-95 and 1995-96
PAL/LTER field season, but was also tested on historic PP data collected in the
region. Fig. 2 further depicts the accuracy of this model by presenting the

measured versus modeled depth-integrated PP, PP,,, for all PAL/LTER data up
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through 1997-98 at Palmer Station and for the PAL/LTER grid. As shown, the
model is robust and explains around 60% of the variability in the data and, with
a nearly 1:1 correspondence, matches the general magnitude of the PP
measurements.

Coupled with this simple PP model, the satellite-derived surface Chl can
be used to model depth-integrated daily PP for these waters. In Fig. 3, the
measured and modeled PP from satellite-derived Chl over the course of two
field seasons of SeaWiFS data for nearshore waters at Palmer Station are
presented. The first panel (Fig. 3A) shows the variability of in site surface Chl
and PP both the 1997-1998 and 1998-99 field seasons. High weekly variability

in biomass is evident with Chl ranging from 0.2 - 5 mg Chl m™ and PP,

ranging from 50-2000 mg C m> d'. Consistent with earlier field seasons
[(Dierssen et al., 2000], several peaks in biomass are evident each season. For
both of these seasons, a moderately large phytoplankton bloom occurred in late
December through early January.

While the patterns of Chl and PP, are generally well correlated over the
course of the season [Dierssen et al., 2000], two notable exceptions occurred
over this time frame. In the Nov-Dec. 1997, PP was fairly high but Chl was
low. This was due to the unusual presence of a subsurface Chi maximum which
changed the relationship between surface Chl and depth-integrated PP. In
contrast, during February 1999, the measurements of Chl were fairly high (3 mg

m's) while measurements of PP were low (~100 mg C m> d'l). During this
time, the phytoplankton were operating at a lower photoadaptive variable P opt

than is typical for this region [Dierssen et al., 2000]. Thus, PP opt has

subregional variability for what seems like short periods of time and small

scales.
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In order to compare the measured PP with satellite-derived estimates of
PP, we must compare data from the same time scale. Unfortunately, due to the
frequency of cloud cover in this region, weekly ocean color images of this
region are generally not available. In Fig. 3B, we match the average monthly in
situ Chl with the monthly averaged SeaWiFS Chi data (Version 2) that has been
adjusted using the SO algorithm [Dierssen and Smith, in press]. Data shown is
from the nearest non-zero pixel to Palmer Station. As shown, the errors between
in sine and SeaWiFS vary independently by month, with some months having
higher or lower estimates of chl. The SeaWiFS images are generally collected
from only one or two clear passes a month and will not capture the high weekly
variability in biomass. However, the correspondence between the measured and
remotely sensed Chl estimates is fairly high when considering that the data has
been averaged over a monthly time scale. Over the course of both seasons,
SeaWiFS Chl is approximately 3-4% lower on average than the measured in situ
Chl.

Fig. 3C presents the monthly PP modeled from SeaWiFS Chl (from Fig.
3B) in comparison to the in sine measurements of PP. The differences between
in situ and satellite-derived PP are due to a combination of errors in the satellite
retrieval of Chl (from Fig. 3B) and errors in the PP model. As mentioned above,
the PP model performs poorly for data collected from the beginning of 1997-98
season and end of the 1998-99 season, when the relationship between Chl and
PP was atypical. If we integrate over the course of each season, the resulting
annual (November-March) estimates of SeaWiFS modeled PP (g C m™ y™') are
35% lower for 1997-98 and 28% higher for 1998-99 than the in situ values.

To place the modeled PP errors in perspective, we compare the annual
PP estimates with measurements from previous years when ocean color imagery

was not available. Two different techniques were used to measure PP at Palmer
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Station. PP was measured using photosynthesis-irradiance curves from 1991-92
through the 1993-94 season [Moline and Prezelin, 1996] and with 24-hour
stmulated in situ for the years thereafter [Dierssen et al., 2000). Annual PP
estimates have been integrated over a 152-day growing season. As shown in
Fig. 4, extremely high interannual variability (i.e., 7-fold difference) is evident
in waters near Palmer Station. PP varies from a low 50 gC m* y’[ (1993-94) 10
a high 350 ¢ C m* v (1995-96). Although not enough years of data are
available to be conclusive, the general trend in PP shown here seems to follow a
cycling of low to high productivity. The mean PP estimated for the decade
would be 154 gCm?y".

Additionally, Fig. 4 compares the measured annual PP with results from
the PP model (Eq. 1) using both in situ Chl and SeaWiFS-derived Chl (when
available). The modeled PP matches the general magnitude of the annual PP
estimated from in sirv measurements. The last two seasons of data, where
ocean color imagery is available, represent seasons with relatively low Chl and
PP. In this context, the errors in monthly and annual PP modeled using
SeaWiFS-derived Chl are minor when compared to the high interannual
differences in PP. For the last two years, the modeled SeaWiFS PP estimate of
78 and 88 g C m™ y' for the 1997-98 and 1998-99 seasons, respectively, are
close to that modeled with in siru Chl and are within 35% of the measured
annual PP. Because the last two seasons had lower PP than the decadal average,
modeling PP from SeaWiFS Chl for seasons with higher PP would be important

to further validate the model.

3.2 Southern Ocean Primary Production
The previous section demonstrated that PP in nearshore waters of Palmer

Station can be modeled using SeaWiFS-derived Chl and a simple PP model.
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Here, we extrapolate these results to the entire SO (South of 50°S) using
SeaWiFS Chl and our PP model. Monthly estimates of PP are then summed
first over the SO area and then over the entire year to yield an annual estimate of
PP representative of the entire SO. Monthly PP was estimated from the
SeaWiFS SO-adjusted Chl.

Fig. 5 presents the resulting monthly PP estimated from September 1997
through March 1999. PP is generally high near the shelf, decreases off-shelf,
and then increases again at the polar front region. As shown, the most
productive regions occur in polynyas around the continent and near the tip of
South America. In the 1997-98 season, a large productive polynya opened up in
the Larsen Ice Shelf, on the eastern side of the Antarctic Peninsula, which was
not visible in the 1998-99 season. While the overall patterns are similar from
vear to year. significant interannual variability is observed both in the
PAL/LTER region and in the SO as a whole.

In addition to Chl concentration, each panel in Fig. 5 also displays the
mean sea ice extent for that month estimated from passive microwave satellite
data. Generally, the sea ice extent coincides well with the ocean color
boundaries on the SeaWiFS images. Beyond the ice extent, however, numerous
gaps are still visible in the ocean color images due to persistent cloud cover. On
average. clouds cause approximately 20-30% of a monthly-composited satellite
image of the SO to be blank for any given month. Without accounting for these
large data gaps, total PP for the SO, estimated as the sum of PP from each pixel,
would be significantly underestimated. Therefore, we estimated the effective
area of the SO that would contribute to primary production irrespective of cloud
cover. This is operationally defined as the ocean area from the sea ice extent out
to 50° latitude. For each month, the PP estimates were summed to yield an

estimate of total PP for the cloud-free portion of the SO. The cloud-free PP was
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adjusted by the effective area to produce the effective total PP for each month.
This approach assumes that the mean PP rate is representative of PP in the
cloud-covered area and that the clouds are randomly distributed with respect to
the underlying Chl concentration throughout the SO.

The monthly areal extent and PP estimated from the ocean color data and
the etfective values adjusted to account for the gaps in the satellite imagery are
presented in Table 1. The total effective PP varies from 0 in the winter months,
when the SO is dark and covered with sea ice, to nearly 600 Tg C mo™ (I
Tg=10"g) in January, when days are long and the SO is relatively ice free. For
the winter months from May through July, very few pixels contained data and
PP was set to O (see Fig. 5) . The total annual PP (i.e., the sum of the monthly
PP estimates from January through December 1998) is estimated to be 2.7 Gt C
y' (1 Gt= 10” g).  According to these calculations. approximately three
quarters of the SO PP occurs during the growing season from November through
March. If we compare the production from the 1997-98 and 1998-99 field
seasons from November to March at Palmer Station, the estimates of the two
seasons are quite similar, 2.10 and 2.17 Gt C y’', respectively. The similarity of
PP for the last two seasons is also reflected in the results from Palmer Station
(see Section 3.1).

To put our estimate of SO PP in perspective, Table 2 is a compilation of

previous estimates of primary production for the SO. For each published
estimate, we present the total production (Gt C y'l), the maximum area used in
the analysis, and the resulting annual production per unit area (g C m” y"). The

estimates of total PP vary by over an order of magnitude (0.6 t0 8.3 Gt C y') in

part due to the different areal extents used to define the SO (delimited by
latitudes ranging from 40 to 55°S) and the different methods employed in the

analyses. The in siru methods extrapolate localized data, primarily obtained
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during a single season, over the entire SO and result in estimates of PP that vary
by 6-fold (16-100 g C m‘?' y'l). Because of the high variability between
different zones of the SO (e.g.. Coastal and Continental Shelf vs. Polar Front)
and between different seasons at one locale, as demonstrated in Section 3.1,
large-scale extrapolations from in siru data are expected to yield more variable
results than methods using satellite data.

Even though satellites should provide a better understanding of the
spatial and temporal distributions of biomass throughout the SO, however, PP
estimated with satellite-derived Chl from the Coastal Zone Color Scanner
(CZCS) are also variable. When normalized over the same areal extent, the

variability is reduced and mean PP varies by a factor of two (78-146 g C m” y

l). As outlined in the introduction, much of this variability is due to the diverse,
often subjective, assumptions inherent in using remotely sensed Antarctic data
(L.e., clouds, sea ice, darkness, area estimates, etc.).

In order to understand how PP is distributed throughout the SO, we have
divided the SO into two zonal categories. The first covers the portion of the SO
that is permanently ice free and includes the biogeochemical provinces dubbed
the Permanently Open Ocean Zone (POOZ) and the Polar Front Zone (PFZ)
[Treguer and Jacques, 1992] (white area in Fig. 1). The second zone
incorporates the area south of the first and includes the Seasonal Ice Zone (SIZ)
and the Continental and Coastal Shelf Zone (CCSZ) (lightly shaded region in
Fig. ). The open water area of this zone varies from O when sea ice is at its
maximum extent to 16 x 10° km® when sea ice is at its minimum. As shown in
Table 2. most of the PP occurs within the larger POOZ and PFZ (1.8 Gt C y™").

The mean annual rate of PP within this zone (71 g C m> y'l), however. is less

than the rate within the more productive CCSZ and SIZ (101 g C m" y"). As
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expected, both of these values are lower than the mean decadal PP determined
tor the highly variable and rich nearshore waters of Palmer Station (154 g C m>

y'l). Fig. 6 compares our estimates of monthly PP for these two zones with that
determined from mean monthly CZCS data averaged over all months of
operation [Arrigo et al., 1998]. As shown, the estimates of PP for the CCSZ and
SIZ are comparable. however, the results differ significantly for the POOZ and
PFZ. Forthe pelagic waters of the POOZ and PFZ, the CZCS PP estimates are
much higher for all months.

In order to analyze how PP is distributed meridionally throughout the
SO, we divided the estimates into five geographical sectors [Zwally et al., 1983]:
the South Indian Ocean (20-90°E), Southwestern Pacific (90-160°E), Ross Sea
(160°E-130°W), Bellingshausen-Amundsen (60-130°W), Weddell Sea (60°W-
20°E). These sectors extend from the continent out to 50°S latitude (see Fig. 1).

Of these regions, the area-specific PP in 1998 appears to be highest in the
Weddell (105 g C m” yr'l) followed by the Ross Sea (81 g C m” yr'l) and the
Bellingshausen-Amundsen (74 g C m yr'l). Both the South Indian and
Southwest Pacific Oceans had rates that were approximately 20% lower than the
other sectors (Table 2). This may be due to low concentrations of limiting
nutrients, such as silica or iron [Treguer and Jacques, 1992; Jeandel et al..
1998], and the lack of highly productive polynyas.

While the overall SO PP was similar for 1997-98 and 1998-99 (Table 1),
a comparison of the seasonal PP for the different sectors reveals significant

differences between the two seasons (Table 2). In 1997-98, the Weddell Sea had
significantly higher PP than in 1998-99 (79 versus 67 g C m> yr’l) . This is
largely due to the existence of a large polynya in the Larsen Ice Shelf, which

was highly productive in the summer 1997-98 and virtually non-existent in
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1998-99 (Fig. 5). In contrast, the Ross Sea had much higher PP in 1998-99 than
in 1997-98, which is similarly due to the larger extent of the Ross Ice Shelf
polynya in 1998-99 when compared to 1998-99. Consistent with measurements
made near Palmer Station, the PP in the Bellingshausen-Amundsen sector
remained fairly constant for the two seasons. In general, the Indian, Pacific, and
Ross sectors had increasing and the Bellingshausen-Amundsen and Weddell had
decreasing PP between 1997-98 and 1998-99 .

4.0 Conclusions

While the Antarctic Zone of the SO makes up approximately 11-12% of
the world’s oceans in area, the PP determined here (2.7 Gt C y'l) would account
for between 4-6% of the total ocean PP [Longhurst et al., 1995; Antoine et al.,
1996: Behrenfeld and Falkowski, 1997]. Our estimate is on the low end of most
of the previously published estimates from satellite-derived data (Table 2).
However, our approach has many strengths which we feel make this estimate
more accurate than previously published estimates:

1) We use the latest satellite data from SeaWiFS ocean color sensor that
has improved algorithms for atmospheric correction and pigment
retrieval from the earlier proof-of-concept CZCS sensor.

2) SO-adjusted SeaWiFS Chl has been validated using stations that
cross three different biogeographic provinces: the Coastal and
Continental Shelf Zone, the Seasonal Ice Zone, and the Polar Front
Zone.

3) The primary production model explains much of the variability (60-
70%) in PP for the Antarctic Peninsula waters. We validate this
model by comparing interannual measurements of in siru PP at
Palmer Station to the satellite-derived estimates.
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4) Sea ice extent is determined for each month individually using SSMI
passive microwave satellite data. These data are used to determine
an effective area of SO that includes cloud-covered gaps in the ocean

color imagery.

Some possible reasons why our results are lower per unit area than the
estimates of PP using CZCS data [Arrigo er al., 1998; Smith et al., 1998] are
discussed below. The prior estimates used multi-year composites of CZCS Chl
that had been averaged over the lifetime of the sensor (1978-1986). Here. we
analyze SeaWiFS data from only one year of data (i.e., 1998). In the nearshore
waters of the Antarctic Peninsula, in siru data indicate that 1998 may be a
relatively low year of PP for this region. Second, by using annually averaged
CZCS data, those images represent the lowest sea ice extent that was ever
observed during that month. This could cause significant overestimates in
average annual production, especially in the spring and fall seasons when sea ice
extent is highly variable in time and space. Finally, the biggest differences
come from our estimates of PP in the POOZ and PFZ. This could result from
differences in the way PP is modeled from Chl. Our PP model uses daylength
instead of irradiance and a constant photoadaptive variable PBOP,. These
assumptions can lead to lower PP estimates, especially with increasing
uradiance at more northern latitudes. Moreover, models that use temperature-
dependent photoadaptive variables could also increase PP estimates in the
pelagic areas of the POOZ and PFZ. More seasonal in situ data from the POOZ
and PFZ would be useful to validate these resulits.

In contrast. our SO PP estimate, and virtually all other satellite-derived
estimates of SO PP, are higher than those estimates made from in siru data
obtained from the biogeochemical zones of the SO [Holm-Hansen et al., 1977;
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Treguer and Jacques, 1992; Smith et al., 1998). The major discrepancy is
found in the estimates of PP for the POOZ and PFZ, which make up the bulk of
productivity for the SO. Using previously published estimates of PP for the
POOZ, Smith et al. (1998) determined that the rate of PP in this zone is 16 g C

-

m " )fl compared to the 60-70 g C m y'l reported here. Their estimate,
however, assumed a growing season of only 120 days. When dealing with
inshore waters (i.e., Palmer Station) where sea ice is persistent for much of the
year. one can reasonably assume that PP is limited to a short growing season
(120-152 days). However, confining annual estimates of PP from November to
March for SIZ, POOZ, and PFZ waters will underestimate the mean rate of
annual PP by at least 20-30% (Table 2).

Additionally, the mean rate of daily PP in the POOZ and PFZ zone is
close to that published for the PFZ of 80 g C m>d’ [Treguer and Jacques,
1992]. Treguer and Jacques (1992) considered the area of the POOZ to be 16 x
10° km". while the PFZ was only 3 x 10° km®>. When analyzing the SeaWiFS
images from Fig. 5, however, the oligotrophic regions (<0.1 mg Chl m's) appear
as small patches distributed in a larger field of higher biomass. In December

and January, the largest oligotrophic regions are found in a low biomass tongue

off the Antarctic Peninsula and part of the Indian Ocean sector. While eutrophic
regions (>1 mg Chl m'3) make up close to 11% of the SO area. oligotrophic
regions account for less than 1% of the area or about 0.5-1 x 10° km’.

Therefore, the POOZ area is much smaller than previously thought, while the
area influenced by the more productive PFZ is larger.

The amount of interannual variability that occurs in total SO PP is still
relatively unknown. From time series data collected in conjunction with the

PAL/LTER program. annual PP near Palmer Station varies by 7-fold depending
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on the year of analysis (50-350 g C m™ yr'l), with a decadal average of 154 g C

m~ yr . While there are few similar time series in other regions of the

Antarctic, high interannual variability in biomass was not found at the KERFIX
station (50.7°S, 68.4°E) in the Indian sector of the SO between 1990 and 1995.
This more northern station, located within the POOZ and PFZ zone, is
characterized by lower and more consistent Chl concentrations [Jeandel et al.,
1998]. Interannual variability in biomass is found to be minimal when
compared to the Antarctic Peninsula region. We hypothesize that interannual
variability, however, would be greatest in nearshore regions, like the waters
surrounding Palmer Station, that are highly influenced by the timing and
magnitude of sea ice.

The concentration and duration of sea ice may play an important role in
defining the variability of the SO PP. Not only does sea ice determine the open
water area available for PP in a given month, high levels of PP occur within
polynas opened up in the sea ice fields. Previous analyses, using annually
averaged CZCS data, show the highest PP occurring in the Ross Sea sector, a
region where large polynyas form [Arrigo and McClain, 1994; Arrigo et al.,
1998]. In contrast. this study determined that the Weddell Sea had the highest
PP in 1997-98, in part due to the presence of a large and productive polynya in
the Larsen Ice Shelf. While variability in interannual sea ice concentrations is
high within the different sectors, the SO as a whole exhibits low interannual sea
ice variability [Stammerjohn, 1993]. Clearly, sea ice has a large impact on PP
within the CCSZ and SIZ. However, because most of the total PP comes from
the ice-free POOZ and PFZ region interannual variability will likely be much
lower for the total SO than what is observed within the CCSZ and SIZ zone.
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Table 1: Southern Ocean Primary Production estimated from SeaWiFS-

derived Chlorophyll
Cloud-free Effective Cloud-free Effective
Mean PP* Area® Area® pp? PP
Month mgCm?’d' (x10°km’) (x10°km*) (Tgmo') (Tg mo )
September 1997 173 15.5 26.1 84 142
October 1997 247 19.2 27.0 150 210
November 1997 277 24.7 28.9 7 318
December 1997 579 299 349 480 561
January 1998 525 32.7 41.2 457 576
February 1998 377 35.1 424 318 384
March 1998 212 335 40.5 215 259
Apnl 1998 155 20.1 37.8 94 177
May 1993 144 3.8 34.4 0 0
June 19938 0 0 313 0 0
July 1998 138 1.9 28.9 0 0
August 1998 118 9.3 27.0 36 104
September 1998 155 18.1 26.2 88 127
October 1998 256 20.7 26.4 160 204
November 1998 380 22.1 28.6 242 312
December 1998 599 28.0 34.4 455 559
January 1999 545 33.0 40.6 486 597
February 1999 100 33.2 419 333 421
March 1999 225 33.4 40.7 229 280
Totals

Jan. 98-Dec. 98 2,700
Nov. 97-Mar. 98 2.100
Nov. 98-Mar. 99 2.170

* Maximum likelihood estimator mean daily water column primary production estimated south
of latitude 50°S for all non-zero pixels. Calculation used monthly composited SO-adjusted
SeaWiFS Chi (Eq. 2) and PP model (Eq. 1).

® Area of the Southern Ocean that is cloud-free for that ocean color image

¢ Surface area (km") between the monthly ice edge extent and 50°S latitude.

¢ Sum of modeled monthly primary production for all non-zero pixels (1 Tg=10" g). PP for
May and July are set to zero because these months lack sufficient ocean color data.

¢ Monthly primary production adjusted to cover the effective area of the Southern Ocean.

~ Effective PP = Cloud-free PP x Effective Area/ Cloud-free Area

" Units for the totals are TgC y!
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Table 2: Comparison of published estimates of Southern Ocean Primary

Production
PP Max. Area PP
GtCy' (x 10° km°) gC m?ly’'
In situ
Ryther (1963) 3.8 38.1 100
Currie (1964) 1.6 38.1 43
El-Sayed (1968) 33
Holm-Hansen (1977) 0.6 38.1 16
Berger (1987) 52
Trequer (1992) 1.2-1.8 339 35-53
Antoine and Morel (1996) 4.0 43.5 92
Smith et al. (1998) 0.7 309 23
ccsz 0.9 140
SiZ 16 21
POOZ 14 20
CZCS
Longhurst et al. (1995)* 5.9 41.1 142
Antoine and Morel (1996) revised” 5.9 40.4 146
Behrenfeid and Falkowski (1997) 6.9 76 91
LPCM?2
Behrenteld and Falkowski (1997) 8.3 76 109
VGPM 4.8 40.4 119
Revised"
Smith et al. (1998) 21 27 78
Arrigo et al. (1998) 3244 40.4 79-109
SeaWiFS
This Study 2.7 424 73 (57. 59)°
Zonal Regions
CCSZ & S1Z 0.9 0-16 101 (73.79)
POOZ & PFZ 1.8 26 71 (50.52)
Meridional Regions
S. Indian Ocean 0.42 7.85 54 (41, 45)
S.W. Pacific Ocean 0.42 7.10 59 (39, 43)
Ross Sea 0.70 9.19 76 (56, 66)
Bellingshausen-Amundsen Sea 0.70 8.66 81 (60, 58)
Weddell Sea 0.96 10.11 95 (79, 67)

* Sum using the regions defined as ANTA. APLR, and SANT
® These estimates were revised using the CZCS pigments of Arrigo et al. 1998

* Data in parenthesis is calculated from Nov-March for both the 1997-98 and 1998-99 seasons,
respectively.
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Figure 1: Location of Palmer Station and the meridional sectors within the
Southern Ocean. Lightly shaded area represents the maximal sea ice extent used
to delimit the CCSZ and SIZ zones from the PFZ and POOZ zone (white area).
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Figure 2: Measured water-column primary production {mg C m” d'l] versus
primary production modeled from measured Chl (Eq. 1) for all PAL/LTER
stations from October 1994-March 1998. The model was developed using only
a subset of the data (1994-1996).
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Figure 3: A) Measurements of in situ Chi and PP at a Palmer nearshore station:
B) Monthly averaged in situ Chl compared to SO-adjusted SeaWiFS Chl for the
nearest non-zero pixel: C) Monthly averaged in situ Chl compared to PP
modeled from SeaWiFS Chi.
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Figure 4. Annual primary production [g C m" yr'l] measured nearshore at
Palmer Station from 1991-92 season to 1998-99. Annual estimates have been
integrated from near-weekly sampling over the growing season from November
to March (152 days) at Palmer Station. Gray bars represent daily primary
production modeled from measured Chl (Eq. 1) and similarly integrated over the
growing season. White bars represent modeled PP from average monthly Chl
retrieved from SeaWiFS.
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Figure 5: Monthly estimates of daily primary production [mg C m* d'l]
for the Southern Ocean from SO-adjusted SeaWiFS Chl and a depth-integrated
primary production model (Eq. 1). White lines represents the sea ice edge as
derived from the SSMI passive microwave satellite data.
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Figure 6: Comparison of our monthly PP [Tg C mo-1] with estimates made
from multi-year composites of CZCS data. Different symbols are provided for
subtotals from the SIZ and CCSZ zone versus the POOZ and PFZ zone.
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Chapter 6
Epilogue

In the first half of my dissertation, I analyze in situ optical and biological
data collected in conjunction with the Palmer Long Term Ecological Research
(PAL/LTER) Project. From this in situ data, I develop models for estimating
chlorophyll (Chl) from spectral reflectance measurements (Chapter 2) and for
estimating primary production (PP) from Chl (Chapter 3). These chapters do
not actually use satellite data, but evaluate parameters that can be estimated
trom a satellite. Both the Chl and PP models are found to be unique from other
regions of the world’s ocean. In the second half of the dissertation (Chapters 4
and 5), [ evaluate how these Chl and PP models perform on real ocean color data
collected from the SeaWiFS satellite. Therefore, the validation of the models is
pertormed with data that is independent from the data used in the development
of the models. Generally, the satellite-derived Chl adjusted with the SO
algorithm from Chapter 2 are found to match the in situ Chl concentrations
(r°=0.65).

The estimation of PP from satellite-derived Chl is not as accurate as the
retrieval of Chl (Chapters 3 and 5). Like all biological processes, PP is highly
complex and. as described in Chapter 5, exhibits high interannual variability.
Practically every year that we sample along the Antarctic Peninsula. we find
different patterns of production. Some years we find extremely high

productivity that is driven by episodic blooms of large diatoms. Other years. the

158

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



water column has low productivity and is filled with smaller phytoplankton.
While Chl is generally greatest at the surface, we occasionally find stations with
a deep Chl maxima. The mechanisms underlying this variability are manifold
and can include factors such as sea ice forcing, wind mixing, light availability,
advection of different water masses, temperature gradients, and the presence of
glacial melt. As described in Chapter 3, no simple correlations between these
physical factors explained the variability in the phytoplankton’s photoadaptive
state.

Preparation of this dissertation was challenging in that whenever [ found
a model that worked well for one set of data, we would collect more data that
functioned differently. While the PP model developed in Chapter 3 performed
well on data up to 1997, for example, there were periods in 1997-98 and 1998-
99 in which the phytoplankton behaved differently and the model performed
poorly. I called these periods of time “atypical™ compared to the previous years,
however, I caution that we are still determining what is “typical” within this
extremely variable ecosystem. In general, the greatest variability is found
within the area of the Southern Ocean that is covered by sea ice every year,
retferred to as the Seasonal Ice Zone (SIZ) and Coastal and Continental Shelf
Zone (CCSZ). In particular, high interannual variability is found in the Palmer
nearshore stations and in open water polynyas within the sea ice.

This dissertation was also limited by the ocean color data that was
available. Because this region is one of the cloudiest in the world, [ used
satellite data that had been composited and averaged over a monthly time frame.
Even with using such a large time frame, no data was available for over 30% of
the stations that were sampled since the launch of SeaWiFS. In other words,
these stations were cloudy during the entire month in which they were sampled.
This implies that a monthly composite image from this region is likely only

from one or two clear passes during that month. Comparing data collected on a
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single day with data composited on a monthly time frame is fairly accurate for
most of the large grid PAL/LTER stations that are farther from the coast. In the
January/February cruise of 1999, we sampled the grid first in January and
repeated sampling at a selection of offshore stations again in February. Only
minor differences were found during this time frame. However, at nearshore
stations. we find highly weekly variability and episodic blooms that would
require satellite sampling at times scales greater than monthly.

As this dissertation is completed (June 2000), the SeaWiFS data is being
reprocessed to Version 3. All of the satellite data in this dissertation used
Version 2 processing. The new reprocessing will likely not affect the major
conclusions of this dissertation, but may have significant implications on data
availability. The reprocessing will be accepting satellite passes at greater zenith
angles, which should provide more data for comparison purposes. Preliminary
results from this reprocessing indicate that many of the high Chl values will be
reduced when compared to Version 2. This may have only a minor impact on
the polynomial correction algorithm presented in Chapter 2 because the
algorithm does not significantly alter the high Chl values.

Extrapolating the results from the PAL/LTER region to the entire
Southern Ocean (defined herein as south of 50°S) is fraught with uncertainty.
Our Southern Ocean (SO) algorithm developed to retrieve Chl from satellite-
derived reflectance (Chapter 2), however, was validated in nearshore productive
waters of the CCSZ, in the oligotrophic waters of the Permanently Open Ocean
Zone (POOZ), and in waters of the Polar Front Zone (PFZ) (Chapter 4). Hence,
we feel more confident in extrapolating this model to regions throughout the SO.
However. the PP model was only validated with satellite data from the
PAL/LTER region (Chapter 5) and with historic in situ data collected in this
region (Chapter 3). Validating the PP model with data from the POOZ and PFZ
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and with data from other meridional regions of the SO (i.e., Indian Ocean
Sector. Ross Sea, etc.) would enhance the confidence of our SO PP estimates.

Finally, several exciting research projects have diverged from topics
initiated  within this dissertation. In Chapter 2, [ hypothesized that the
reflectance spectra (particularly in the green) indicated that backscattering was
low in these waters. In January 1999, I had the opportunity to measure
backscattering using a Hydroscat instrument. Preliminary results indicate that
indeed backscattering is low when compared to other regions. These
backscattering data and related issues of optical closure are being worked up for
publication. In addition, two stations sampled during this cruise had high
backscattering but very low Chl. These data came from stations that had
meltwater on the surface of the water. Such stations are considered to be Case 2
waters in which ocean color properties are not primarily influenced by the
phytoplankton within the water column, but are influenced by the presence of
other suspended materials within the water. [ am also working on analyzing
these and other similar Case 2 stations collected in conjunction with the
PAL/LTER program.
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