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A regional pigment retrieval algorithm for the Nimbus-7 Coastal Zone Color Scanner 
(CZCS) has been tested for the Southern Ocean. The pigment concentrations estimated 
with this algorithm agree to within 5 percent with in situ values and are more than twice 
as high as those previously reported. The CZCS data also revealed an asymmetric 
distribution of enhanced pigments in the waters surrounding Antarctica; in contrast, most 
surface geophysical properties are symmetrically distributed. The asymmetry is coher- 
ent with circumpolar current patterns and the availability of silicic acid in surface waters. 
Intense blooms (> 1 milligram of pigment per cubic meter) that occur downcurrent from 
continental masses result from dissolved trace elements such as iron derived from shelf 
sediments and glacial melt. 

Knowledge of global-scale features of phy- 
toplankton biomass and productivity is cru- 
cial to the understanding of the role of the 
Southern Ocean [ocean area south of 30"s 
latitude ( I ) ]  in the contemporary global 
carbon cycle of matter (2-5) and the rela- 
tion between the distributions of primary 
producers and higher trophic-level consum- 
ers on a planetary scale. Phytoplankton are 
the major agents in the sea responsible for 
the transformation of about 50 x 1015 g of 
carbon dioxide annually into fixed organic 
carbon (phytoplankton biomass) (6, 7). 
These single celled plants represent a major 
potential sink for atmospheric carbon diox- 
ide in the sea (6, 8) as well as the major 
source of carbon and energy for the oceanic 
food web (9). Accurate assessments of 
large-scale phytoplankton distribution, 
abundance, productivity, and sedimenta- 
tion rates are difficult to obtain by conven- 
tional ship-based studies with their charac- 
teristic low spatial and temporal resolution. 
This problem is especially true for the 
Southern Ocean, where severe weather and 
sea ice greatly restrict ship access (1 0-12). 

Satellite data can be an important 
source of ocean basin-scale pigment distri- 
butions and standing crop estimates at high 
latitudes, but adequate validation is neces- 
saw because of uncertaintv associated with 

the Southern Ocean have been re~orted 
previously; however, spatial distributions of 
these blooms were relatively unknown until 
the advent of the Nimbus-7 CZCS. The 
CZCS pigment data are useful for the char- 
acterization of large-scale surface features of 
the Southern Ocean (12, 13). Previous 
quantitative comparisons of in situ pig- 
ments [chlorophyll a and phaeopigments 
(chl a + phaeo)] with the current CZCS 
algorithm (14) have been encouraging. 
However, these studies either made use of 
small Southern Ocean data sets that were 
spatially restricted (10, 11) or focused on 
the northern hemisohere (1 5). In this arti- 

\ ,  

cle, we examine the validity of the satellite- 
derived uiement distributions in the South- 

& - 
ern Ocean by comparing historical pigment 
concentrations from CZCS with in situ 
measurements from around the Southern 
Ocean. We also discuss qualitative and 
quantitative aspects of the bloom patterns 
in relation to geophysical and ecological 
features of the Southern Ocean. 

Comparison of Satellite with 
in Situ Pigment Data 

We compared average summer in situ pig- 
ment concentrations collected from ships 
from waters south of 30"s latitude with 

low sun angles, multiple scattering effects, CZCS climatologies averaged over relevant 
and unknown bio-o~tical characteristics of tem~oral and s~at ia l  scales to assess the 
surface waters. Blooms in several areas of applicability of existing pigment algorithms 

to Southern Ocean waters (Fig. 1A). South 
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a + phaeo. This is within 10% of our in situ 
estimate. For comparison, the mean CZCS 
pigment concentration computed with the 
global processing (GP) algorithm currently 
in wide use (14) was 0.32 mg m-3 for chl a 
+ phaeo, suggesting that previously report- 
ed CZCS pigment concentrations for the 
Southern Ocean based on the GP algorithm 
are underestimated by about 45%. This 
result is remarkable because it was previous- 
ly suspected that high pigment values based 
on CZCS in the polar regions may be 
associated with retrieval errors resulting 
from low solar angles and multiple scatter- 
ing effects. 

The large discrepancy between earlier 
satellite and in situ estimates may be attrib- 
uted to uncharacteristically low pigment- 
specific absorption and low detrital concen- 
trations of Southern Ocean waters, partic- 
ularly south of the polar front (17). A 
Southern Ocean (SO) pigment algorithm 
(1 7) that reflects these water characteristics 
has recently been developed. This algo- 
rithm made use of the radiance of light 
reflected off of the surface [water-leaving 
radiances (Lu)] at wavelengths of 441, 520, 
and 560 nm instead of at 441, 520, and 550 
nm, the values used in the GP algorithm. 
The SO algorithm yields pigment concen- 
trations that are 2.1 to 2.4 times larger than 
those found with the GP algorithm for 
Lu(441) :Lu(550) ratios greater than one. 
At higher pigment concentrations, the GP 
algorithm switches to the Lu(520) :Lu(550) 
ratio, which yields results that are not 
significantly different from the SO algo- 
rithm Lu(520):Lu(560) ratio (1 7). This 
switch has not been implemented for the 
SO algorithm, so values are restricted to 
areas with 53.44 mg of pigment per cubic 
meter. The mean summer pigment (chl a + 
phaeo) concentration computed by the SO 
algorithm is 0.55 mg m-3, within 5% of the 
in situ mean reported here and within 4% 
of that reported by Fukuchi (1 6). 

The relative frequency distribution of 
chl a + phaeo (Fig. 1) for our in situ data 
also exhibits substantially better agreement 
with satellite observations when the CZCS 
data are adjusted to fit the SO algorithm as 
opposed to when they are processed by the 
GP algorithm. The log-normal pigment 
distribution and the presence of some high 
pigment values (2.6% of our data set, or 
162 samples, have chl a + phaeo values >2 
mg m-3) results in CZCS-derived and in 



situ mean pigment concentrations that are 
substantially higher than mode concentra- 
tions. Fukuchi (16) had a similar percent- 
age (2%) of in situ pigment concentrations 
>2 mg m-3. These high pigments were 
found in the southernmost waters, south of 
63"S, generally consistent with our obser- 
vations from CZCS. 

To further compare the applicability of 
the SO algorithm and the earlier GP algo- 
rithm to Southern Ocean waters, we ma- 
tially averaged summer CZCS pigment con- 
centrations derived for both algorithms for 
each lo-wide circumoolar band between 30" 
and 65"s and regressed them against simi- 
larly computed mean in situ pigment con- 
centrations (Fig. 2A). South of 65OS, both 
in situ and CZCS data are relativelv scarce 
(Fig. 2B) and resulted in poor agreement 
between the three sets of values at these 
latitudes (Fig. 2C). Therefore, they were 
excluded from further analysis. Both the 
SO and GP algorithms were able to explain 
71% of the variability in the data (the 
regression coefficients RZ are the same be- - 
cause the analyses were performed on the 
same in situ data with constant coefficients 
for the SO and GP algorithms). This is 
encouraging and indicates that ocean color 
information obtained from satellites is use- 
ful for the characterization of pigment con- 
centrations at high southern latitudes. 
Moreover, the best fit slope of 0.91 ob- 
tained with the SO algorithm indicates that 
it was a better approximation of the in situ 
pigment data than was the standard GP 
algorithm (slope = 0.41), which was devel- 
oped from only 55 bio-optical stations in 
waters around the United States. These 
results emphasize the need to develop re- 
gional algorithms in the processing of ocean 
color data, particularly because the next 
ocean color mission, carrying the Sea- 
Viewing Wide Field-of-View Sensor (Sea- 
WiFS), is scheduled for launch in late 
1994. 

Horizontal Distribution of 
Phytoplankton Pigments 

To emphasize the distribution of phyto- 
plankton blooms (> 1 mg of pigment per 
cubic meter with the GP algorithm) in the 
Southern Ocean, we averaged all available 
monthly data from spring and summer 
(October to March, 1978 to 1986) for 
which each data element was r 1 mg mP3 
for chl a + phaeo (Fig. 3A). This proce- 
dure yields a much clearer image of bloom 
distribution than can be obtained by sim- 
ple averaging of all data (Fig. 3B). Phyto- 
plankton blooms were not evenly distrib- 
uted throughout the Southern Ocean but 
rather were localized primarily in three 
regions: (i) in shallow waters near conti- 
nental margins, around islands, and over 

shoals; (ii) in coastal polynyas of the 
Antarctic sea ice zone (ASIZ); and (iii) , , 

seaward, downwind, and downstream of 
continental masses that interrupt the flow 
fields of major circumpolar currents in the 
sub-Antarctic zone (SAZ) and the polar 
front zone (PFZ) between 45" and 60"s. 

\ ,  

Blooms in shallow coastal waters and 
coastal polynyas have been described (1 1, 
18), so we will focus on phytoplankton 
blooms over shelves and in d e e ~ e r  waters. 

Because major nutrients generally are 
believed to be sufficient in most Southern 
Ocean regions south of the polar front, it 
has been proposed that primary productiv- 
ity there is determined by the availability 
of iron (19-23) and furthermore, that the 
iron probably is derived from icebergs and 
shelf sediments (24, 25). For example, 

measurements of iron concentration 
ranged from 2 to 8 nM in surface waters of 
the Weddell Sea and Weddell Sea-Scotia 
Sea confluence (24) but were an order of 
magnitude greater over the South Orkney 
Shelf (=60 nM), where our CZCS data 
revealed a major bloom (Fig. 3A). Total 
and dissolved iron is transported from the 
Filchner Shelf into the Weddell Sea basin 
(25). Surface concentrations of iron in the 
Weddell Gyre were 1 nM but rose consid- 
erably over the shelves. Similarly, blooms 
in the vicinities of the Agulhas Retroflec- 
tion, the Patagonian Shelf, the Tasman 
Sea, and the shelf west of New Zealand 
were adjacent to and downflow of shelf 
regions (Fig. 3A). Deposition of atmo- 
spheric dust in this region is low (26, 27), 
suggesting that these regions are not fer- 
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Fig. 1. (A) Stations where In situ pigment Sam- 
ples from surface waters were collected. (B) 
Relative-frequency distribution of chl a + 
phaeo for in situ data (solid line) and for the 0 , ~  
CZCS data processed by the SO algorithm u 
(dashed line, n = 98,869) and the GP algorithm 
(dotted I~ne, n = 100,607). Mean values from 2 0,4- 
four studies are marked by arrows. All pigment rn 

\ .,. 
concentrations from CZCS In excess of 10 mg 0.2- 

. . 
m-3 (<I% of all samples) were excluded from , ., ... . .. .. 0 . , . ._ . .  ._ ... 
the analysis because of suspected unreliability. 0 0.3 0.6 0.9 1.2 1.5 1.8 
To maintain consistency, the same was done Pigment concentration (mg m3) 
with the in situ pigment data (10 out of 6183 
data points were excluded). 
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tilized by aeolian input of iron-rich dust 
from the continents. In addition, a recent 
study (12) of satellite data revealed no 
evidence of strong coherence between 
high aerosol concentrations and areas of 
phytoplankton blooms. Thus, published 
data combined with CZCS images suggest 
that iron transported from shelf regions to 
the deep ocean may stimulate and sustain 
phytoplankton blooms over and downflow 
of the shelves (Fig. 3A). 

The CZCS data show a background of 
low pigment levels (<0.1 mg mP3) at low 
latitudes. An extensive circumpolar region 
of enhanced pigments lies south of -30" to 
35"s latitude and extends to the continent 
of Antarctica (Fig. 3B). The entire region 
of enhanced pigments (>0.1 mg mP3) 
forms a large asymmetric pattern around the 
Antarctic continent, with waters in the 
southeast Pacific region to the west of Chile 
being depleted in surface pigments (<0.1 
mg mP3). The northern edge of enhanced 
pigments occurs at 30" to 35"s in the 
southwest Atlantic and moves south as one 

tion of several geophysical features (13, 29) 
to determine which among them were sim- 
ilarly distributed at the ocean-basin scale. 
The excursions in the asymmetrical pattern 
of pigments are downwind and downcurrent 
of major continental masses and appear to 
be a result, in part, of the nature of the 
Antarctic Circumpolar Current; it essen- 
tially becomes a meridional current in the 
southwest Atlantic in the region of the 
Falkland and Brazil Current (30, 31) but to 
the east remains largely zonal through most 
of the south Atlantic and Indian Ocean 
(Fig. 4A), finally weakening in the south- 
east Pacific (28, 3 1). The distribution of 
silicic acid (29) concentrations >5 pM is 
similarly asymmetrical (Fig. 4B). Ka- 
mykowski and Zentara (32) have shown the 
incidence of excess nitrate at silicic acid 
depletion in the southeast Pacific; in the 
region between 140" to 71°W and 30" to 
6 0 5 ,  up to 15 pM nitrate remained when 
silicic acid was depleted. The nitrate excess 
and silicic acid depletion would limit dia- 
tom growth in the surface waters of this 

moves west to east (28), reaching only to region, resulting in low pigment concentra- 
<50"S in the southeast Pacific. tions. The low productivity of Antarctic 

We compared the observed asymmetric phytoplankton may reflect factors that limit 
distribution pattern of enhanced pigments their assimilation of this essential nutrient 
in the Southern Ocean with the distribu- by diatoms (33). The concentration-depen- 

Fig. 2. (A) CZCS pig- 
ment (chl a + phaeo) 
concentratlon, estimat- 
ed with the GP (open 
symbols) and the SO 
(filled symbols) (51) al- 
gorithms, versus in situ 
pigment concentratlon. 
Data points were calcu- 
lated as circumglobal 
means for each l o  of 
latitude between 30" 
and 65"s. The solid line 
is the line of perfect 6 

in situ Pigment concentration (mg m-3) 
agreement between 
CZCS and in situ data. 
The equation for the _ 600 B I 

I I I I I I I I 
h 

dotted line IS y = 0.07 p C - 
+ 0 . 4 0 7 ~  (14); and that 
for the dashed lhne is y 
= 0.16 + 0 . 9 0 5 ~  (17). 
(B) The total number of 
data points for CZCS 
(valid pixels, thin line) 
and in situ (samples, 
heavy line) measure- - 
ments for each l o  of lat- .- 
itude between 30" and 5 I 
65"s. All analyses were E 
performed with SEA- O - 

PAK software (52) on a Q -1 l . . . . . I 1 . . . I . . . . 1 . . . , 1 . . . I . . ' . ' . I t  . . . I . . . . i l 
composited summer 35 40 45 50 55 60 65 70 75 

(October to March) im- Latitude (degrees south) 

age. (C) In situ (dia- 
mond) and CZCS pigment concentrations estimated with the GP (dashed line) (14) and the SO 
(solid line) (17) algorithms averaged for each l o  of latitude plotted versus latitude. As latitude 
increases, the number of valid pixels decreases. Poor agreement south of 65"s may be attributable 
to small sam~le  size. 

dent uptake of silicic acid into diatoms 
characterizes the transport system responsi- 
ble for providing silica to build the cell wall 
(33). The affinity constant for silicic acid 
transport in Antarctic diatoms lies between 
12 and 22 pM; thus at lower concentra- 
tions, the growth rate falls off quickly (34). 
Because silicic acid concentrations of <2 
pM are characteristic of much of the south- 
east Pacific sector (29, 32) (Fig. 4B), the 
growth of diatoms will be severely limited 
there. 

These observations argue strongly that a 
nutrient-based, or "bottom-up," control of 
phytoplankton production takes place in 
the southeast Pacific and perhaps in some 
broader regions of the Southern Ocean. 
Within the large-scale asymmetric feature 
of enhanced pigments, there are two exten- 
sive, nearly concentric rings or bands of 
pigments separated by waters with lower 
pigment levels between 45" and 55"s (Fig. 
3). This banding pattern becomes particu- 
larly obvious when pigment is plotted as a 
function of latitude (Fig. 5). However, it 
should be noted that the patterns spiral 
inward somewhat, causing a broadening of 
each band when plotted in this way. The 
northern band (labeled "I" in Fig. 5) 
principally occupies the SAZ, which lies 
between the subtropical front (STF) and 
sub-Antarctic front (SAF) (1, 31, 35). 
Temperature varies from 20" to 5°C (13, 
36), and mean pigment concentration is 
0.29 mg m-3. It is the most prominent 
large-scale pigment feature in the South- 
ern Ocean and diminishes only in the 
southeast Pacific in a fashion that gives 
the appearance of a circumpolar, clock- 
wise spiral to the enhanced pigment field 
that characterizes the Southern Ocean 
(Fig. 3B). Sea surface temperature (SST) 
is symmetrically distributed about the 
Antarctic continent (1 2), indicating that 
temperature per se is not a major determi- 
nant of pigment distributions. 

The southern band lies within the PFZ; 
here SSTs range from -2" to 8°C. This is 
the least well defined band, but it can be 
seen clearly south of Africa between 10" 
and 35"E (Fig. 3B). It is composed of three 
primary regions of high pigments. The first, 
region 2 (Fig. 5), extends from 50" to 57"s 
and includes blooms in the northern Scotia 
Sea. Region 3 includes phytoplankton 
blooms over the Scotia ridge, in the Brans- 
field Strait, and above the Pacific Antarctic 
Ridge. This region extends from 57" to 65"s 
and includes the ASIZ in the region of 
seasonal pack-ice melt (1 0). Here, summer 
SST ranges from -3.5" to -2"C, and mean 
pigments, at 0.47 mg m-3, are the highest 
observed in the open ocean away from 
continental borders. Region 4 lies south of 
65"s and is dominated by coastal phyto- 
plankton blooms. 
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ng. 3. (A) Phytoplank- 
ton blooms from mean 
pigment (chi a + 
~haeol concentrations 
ior all'CZCS data 21 C GP SO I 
mg m-3 (on the basis of 
the GP alporithm) aver- h- e i 
aged mokhly betwen 
November 1978 and 
June 1986. (B) Mean 
seasonal pigment con- 
centrations averaged 
from monthly means 
during summer (Odo- 
ber to March, 1978 to 
1986). The scale for 
the SO algorithm is re- 
s t t ied to values 
13.44 mg m-3 be- 
cause at this concen- 
tration a switch from 
the Lu(441):Lu(560) ra- 40.05 a 1 1  
diance ratio to a 
Lu(520): Lu(560) ratio 
should be implement- 
ed. Unfortunately, the implementation of this 
switch has not been completed. 

Low pigment ( ~ 0 . 1  mg m-3) waters 
separate the two major bands of high pig- 
ments, appearing globally at latitudes north 
of 30" or 35"S, in a band south of 55"s 
between 45" and 170°E, and between 30" 
and 50"s in the southeast Indian and south- 
east Pacific Oceans. These enhanced pig- 
ment regions appear to correspond rather 
closely with the zones defined by Ka- 
mvkowski and Zentara (37) on- the basis of . - ,  

plant-nutrient utilization rates. The three 
zones they distinguished were (i) STF to the 
SAF, (ii) PFZ to the Antarctic Divergence, 
and (iii) the area south of the Antarctic 
Divergence (63"s to Antarctic continent). 

The region of reduced pigments in the 
western Indian Ocean is coincident with 
the zonal region of high wind stress (12, 13, 
38) and deep mixed layers (39). This par- 
ticular relation between physical and bio- 
logical fields is especially prominent in the 
southeastern Indian ocean sector but is not 
apparent in the Drake Passage region. A 
simple explanation for this relates to the 
inverse relation expected between high 
wind stress, producing deep mixed layers, 
and low primary production because of the 
low average irradiance a deeply mixed phy- 
toplankter experiences (40). Under these 
conditions, phytoplankton are unable to 
cany out photosynthesis for sufficiently long 
periods to allow net growth. As a result, the 
rate of loss processes such as sinking and 
grazing exceed that of the growth of phyto- 
plankton; consequently, phytoplankton do 
not accumulate in surface waters and 
blooms do not occur. 

Mean summer (October to March) pig- 
ment levels (0.47 mg m-3) in the ASIZ 
were the highest revealed by CZCS in the 
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pelagic regions of the Southern Ocean; the 
mean value for blooms (> 1 mg m-3) in the 
ASIZ, 4.5 mg m-3, also was the highest 
among the observed Southern Ocean 
blooms. Both observations lead to the 
counterintuitive conclusion that the high- 
est phytoplankton crops occur in the cold- 
est waters of the Southern Ocean. This 
observation may just be coincidental be- 
cause of the favorable light environment 
provided by the well-known vertical stabil- 
ity in the ASIZ (10-13). Nevertheless, 

photoacclimation to low temperature by 
phytoplankton inhabiting waters south of 
the Antarctic Convergence has been ob- 
served (4 1 ) . 

Taken together, these observations sug- 
gest that local distributions of phytoplank- 
ton in the Southern Ocean are influenced 
by different chemical or physical factors: (i) 
low silicic acid concentrations in the south- 
eastern Pacific; (ii) low light availability in 
areas of deep mixing, but a favorable light 
environment in stratified waters; and (iii) 

Fig. 4. (A) Geostrophic current at 
the sea surface relative to the 
100-dbar level (28) and (B) sur- 
face nutrient concentration iso- 
lines for >10 pM nitrate, >1 pM 
phosphate, and >5 p M  silicic 
acid in the Southern Ocean 
[adapted from (29)l. Cross- 
hatched regions denote areas of 
silicic acid Ilmitation. 

iron availability downstream of continents, 
over shallow areas, and near icebergs. 

Meridional zonation is noted in the 
southwest Atlantic (45" to 55"W), the re- 
gion of most persistent biological activity 
(Fig. 3). This region also is recognized as a 
major international fishery for ground and 
demersal fish (42) and for the highest con- 
centrations and largest areal extent of Ant- 
arctic krill, Euphausia superba (Dana), in 
the circumpolar ocean (43). Swarms of krill 
weighing > 2  x lo6 tons in an area of 450 
kmz have been described (44). The co- 
occurrence of dense ~hvtoolankton blooms 

& , &  

and high standing stocks of krill suggest 
that grazing activity and fecal pellet produc- 
tion in this region may be a major determi- 
nant of the locus of intense fluxes of partic- 
ulate matter to the ocean interior. The 
coherence of phytoplankton and zooplank- 
ton stocks may argue for grazer-dominated 
or "top-down" regulation of production in 
localized areas. It has been reported that 
silica-containing diatoms dominate the 
downward flux of particulate matter as evi- 
denced bv the rich siliceous oozes that 
characterize sediments in the region (43- 
47). Thus, phytoplankton distributions at 
the planetaq scale are predictive of distri- 
butions of living marine resources and asso- 
ciated biogeochemical processes. 

We have shown that satellite-derived 
pigment distributions can be a useful re- 
source to guide and focus future field pro- 
grams and modeling studies that address 
the role of the Southern Ocean in the 
contemoorarv cvcle of carbon in the sea 
and theLcoup1ed'oceanic processes regulat- 
ing atmospheric carbon dioxide concen- 
trations. They also may be used to gain 
insight into potential sites of enhanced 
flux of particulate matter to the deep 
ocean (45, 46), the nature and extent of 
deposits of siliceous sediments (45), as 
well as likely locations of concentrations 
of marine living resources, including krill 
(43), fish (42), marine mammals (48), and 
birds (49, 50). Identification of the geo- 
graphical extent and magnitude of persis- 
tent blooms enables both a qualitative and 

Latitude (degrees south) 

Fig. 5. Scatter plot of in situ pigment (chl a + 
phaeo) concentratlon versus latitude (n  = 

6183). Eighty-six data polnts for which the 
concentratlon was >3 mg m-3 are not shown 
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quantitative evaluation of the role of phy-
toplankton and biological productivity in 
ecological, biogeochemical, and climato-
logical investigations of the region. 
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