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Abstract

Bio-optical measurements of spectral upwelling radiance and surface chlorophyll-a concentration have been conducted during 15 cruises

between 1995 and 2004. The bio-optical data were divided into two sub-sets: the Southwestern Atlantic Ocean (SwAO), comprising a variety

of biogeochemical provinces, from the oligotrophic waters in the South Atlantic gyre to the coastal waters influenced by La Plata River and

Patos Lagoon discharge, and the Southern Ocean (SO) data set, comprising sampling stations south of the mean position of the Polar Front,

with most stations being located in the vicinity of the Antarctic Peninsula. We derived regional chlorophyll algorithms for both regions and

comparisons were made with the NASA’s OC4v4 (operational algorithm) and OC2v4. For the Southwestern Atlantic region, the NASA

OC4v4 algorithm presented a reasonable performance (r2=0.87, rmse-L=0.475, N=136) as compared to the revised algorithm for SwAO data

(r2=0.89, rmse-L=0.426, N=136). A few stations under strong river plume influence were not considered in the analyses. These were detected

by a higher reflectance at 670 nm, at low in situ chlorophyll concentration (b2 mg m�3). These results show that empirical algorithms applied

to in-situ radiance data have a limited ability to extract accurate chlorophyll estimates below a 30% uncertainty level. For Southern Ocean

stations, a 2-band linear-type model was generated (r2=0.64, rmse-L=0.347, N=77), which significantly improved the bias (6.4%) as

compared to NASA’s OC4v4 algorithm (bias=�21.7%). An evaluation of some published high-latitude algorithms on our data set has shown

a better performance by taxon-specific models, even from distant regions. A validation experiment of the normalized spectral water-leaving

radiances and chlorophyll-a SeaWiFS products was also conducted using the FURG-SwAO/SO data set, through a match-up exercise.

Despite the relatively low number of pairs of radiometric measurements, SeaWiFS estimations compare well with in situ data (0.77br2b0.98,

N=21), although the satellite estimate show a marked bias (�35.6%) in the blue band nLw (412). Regarding the chlorophyll-a concentration,

an overall agreement was observed (r2=0.77, rmse-L=0.66, N=28), with a mean absolute percentage difference of 66%, which is above the

goal generally accepted of 35% for satellite ocean color chlorophyll estimates. For the studied Southern Ocean area (mainly the Bransfield

Strait), NASA’s OC4v4 algorithm systematically underestimates chlorophyll above 0.2 mg m�3, as previously demonstrated by other

researchers.
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1. Introduction

Remote sensing techniques have been successfully used

to provide a synoptic coverage of surface patterns of

phytoplankton biomass distribution at a global scale.

Several algorithm types have been proposed for retrieving

chlorophyll-a from ocean color data, including empirical

(e.g. Gordon et al., 1983) and semi-analytical (e.g.

Maritorena et al., 2002) models. O’Reilly et al. (2000)
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presented an update of NASA’s OC2 and OC4 SeaWiFS

algorithms, based on a large in situ data set, including

measurements in oligotrophic and eutrophic waters around

the world oceans. Over the past few years, there have been

increasing efforts to gather in situ spectral optical proper-

ties data for remote sensing data validation (Hooker &

McClain, 2000). Recently, regions like the Mediterranean

Sea (D’Ortenzio et al., 2002) and high latitude areas in the

North Atlantic (Cota et al., 2003; Stramska et al., 2003)

have been sampled for algorithm development and

evaluation.

Bio-optical properties of seawater in the South Atlantic

Ocean are poorly known, despite the works of some

investigators (Aiken & Hooker, 1997; Omachi & Garcia,

2000). A significant contribution has been made during the

Atlantic Meridional Transect (AMT) program (Aiken et al.,

2000). Data from this program have been used to examine

and characterize the properties of the biogeochemical

provinces and their boundaries over the Atlantic Ocean

(Hooker et al., 2000). A more detailed classification of

biogeographical regions was generated for the Southwestern

Atlantic region using CZCS and SeaWiFS derived pigment

variability (Gonzalez-Silvera et al., 2004). A recent report,

focused on the distribution of phytoplankton pigments and

bio-optical properties of a section of the AMT data from the

South Atlantic Ocean (0–408S), is given by Signorini et al.

(2003).

In the Southwestern Atlantic, the presence of La Plata

River mouth (at 358S), and to a lesser extent the Patos

Lagoon mouth (at 328S), originate a low salinity plume

along the shelf that can extend northward up to approx-

imately 288S during the austral winter (Piola et al., 2000). In

some cases, coastal waters influenced by the plume may

show a sharp increase in chlorophyll-a concentration (Negri

et al., 1992), particularly in El Niño years, when high

chlorophyll events (N15 mg m�3) are related to anomalous

large freshwater outflow (Ciotti et al., 1995). Concerning

ocean color pigment retrievals, the presence of these plumes

cause the optical properties of the water in the region to be

affected by both inorganic and organic matter from the

continental runoff. Indeed, it has been shown that SeaWiFS-

derived chlorophyll values can be highly overestimated in

coastal waters influenced by the La Plata River plume

(Armstrong et al., 2004). Based on SeaWiFS chlorophyll

time-series analyses, Garcia et al. (2004) reported that near

La Plata River (where values are probably contaminated by

plume waters) chlorophyll variability present no detectable

seasonal cycle, as opposed to the adjacent areas, where a

marked annual cycle is observed.

In the Southern Ocean, in situ sampling is limited by

severe weather conditions and isolation from land based

institutions. These difficulties have restricted the studies

predominantly to areas close to the Antarctic coastal zone.

Data from investigations in the western Antarctic Peninsula

have shown that NASA’s algorithms underestimate pigment

concentration in the area (Dierssen & Smith, 2000; Mitchell

& Holm-Hansen, 1991; Mitchell et al., 2001). Both low

concentrations of detritus and large pigment packaging of

the dominant phytoplankton species have been suggested as

causes for the failure of global algorithms in the region

(Mitchell & Holm-Hansen, 1991). Mitchell (1992) has

already suggested the need for a specific ocean color

pigment algorithm for polar regions. In the Australian

sector of the Southern Ocean, Clementson et al. (2001) have

also found that the NASA OC4v4 algorithm generally

underestimates chlorophyll-a concentration but overesti-

mates in low pigment (b0.15 mg m�3) areas. On the other

hand, in the southwestern Ross Sea, the bio-optical relation-

ship is strongly dependent on the phytoplankton species

present and in some cases they resemble those of temperate

waters (Arrigo et al., 1998).

The main goal of this work is to present an independent

bio-optical data set consisting of spectral upwelling

radiance measurements and chlorophyll-a concentration

in the Southwestern Atlantic and adjacent sectors of the

Southern Ocean, collected during 15 cruises between 1995

and 2004. These regions have been considered relevant in

terms of the global ocean carbon cycle, as important CO2

sink areas (Feely et al., 2001; Sarmiento & Sundquist,

1992; Takahashi et al., 1997). The Southwestern Atlantic

and Southern Oceans data set of Federal University of Rio

Grande (FURG-SwA/SO) are used to generate regional

algorithms and compare their performances with NASA’s

SeaWiFS operational algorithms. We also compare our bio-

optical data to both other data sets from the Atlantic and

Antarctic waters and to SeaWiFS-retrieved values (match-

up analyses).

2. Methods and data set

Fifteen cruises (Table 1) have been conducted in the

Southwestern Atlantic and Southern Oceans, between 1995

and 2004, resulting in 218 sampling stations covering a very

wide region (0–808S and 15–608W). Fig. 1 shows the

geographical extent of the study region and sampling

stations on a SeaWiFS binned (9 km�9 km resolution)

mean image for the October 1997–September 2003 period,

after the 4th data reprocessing (Feldman & Patt, 2003).

2.1. Bio-optical measurements

In-water radiometric measurements were made using a

Tethered Spectral Radiometer Buoy (TSRB) manufactured

by Satlantic Inc. (Cullen et al., 1994). The instrument

collects spectral upwelling radiance, Lu(k, z0), at zo=50 cm

depth, at 412, 443, 490, 510, 555, 670, and 683 nm, and

downwelling irradiance, Ed(490), at sea surface at 490 nm.

The instrument was always kept 30–70 m away from

research vessels to avoid shadowing. The distance

depended on the length of the ship used to collect the

optical data. Time interval for measurements varied from
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10 to 30 min and at 1 Hz sample frequency. Spikes were

removed prior to radiometric analysis. A 5-s running mean

was applied to the radiometric measurements to smooth

out any residual spikes in the time series. The median

spectral upwelling radiances at 50-cm depth were calcu-

lated to characterize the spectral signature of the surface

waters for all stations.

At each station, surface water samples (200 to 2000 ml,

depending on water type) for chlorophyll determinations

were filtered onto 25 mmWhatman GF/F filters. These were

kept dry and frozen until laboratory analyses (within 1–8

weeks after collection) with Turner 111 or Turner Design

TD-700 fluorometers were performed. Pigments were

extracted in 90% acetone solution and fluorescence readings

were made using two approaches. For cruises 1, 4, 5, 6, 7,

and 9, the readings before and after acidification were taken

to correct for phaeopigments interference (Holm-Hansen et

al., 1965). For all other cruises, the non-acidification

approach was used (Welschmeyer, 1994), where errors

associated with phaeopigments are avoided by using

appropriate excitation and emission filters.

Although the chlorophyll measurements were made in

water collected from surface waters, it would be desirable

to relate remote sensing reflectance (Rrs) to the weighted

mean pigment concentration within the surface layer

(Morel & Berthon, 1989). In this study, vertical profiles

of pigments were only available from a few sites, due to

logistical issues in various cruise samplings. However, the

Global SeaWiFS algorithm (OC4v4) has also been built

using mostly surface chlorophyll values and, therefore, it

largely represents the relationship between reflectance
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Fig. 1. Mean SeaWiFS chlorophyll image showing the study region and position of the sampling stations: Southwestern Atlantic waters (+), Southern Ocean

waters (o) are marked on the image.

Table 1

The 15 cruises in the Southwestern Atlantic and Southern Oceans: WOCE-

A23 (World Ocean Circulation Experiment—Leg A23), PROANTAR 14,

15, 21, and 22 (Brazilian Antarctic Program—Operations 14, 15, 21, and

22), COROAS 3 (Regional Oceanic Circulation in the South Atlantic—Leg

3), SAMBA 3 (SubAntarctic Motions in the Brazil Basin—Leg 3), MAC IV

(Coastal Environment Monitoring, Leg IV) REVIZEE (Living Resources in

the Economic Exclusive Zone), DEPROAS (Ecosystem Dynamics of the

Southwestern Atlantic Shelf Region), DOVETAIL (Deep Ocean Ventilation

Through Antarctic Intermediate Levels), SAFARI (Southwestern Atlantic

Fresh Water Assimilation and River Input ), DPA (Department of Fishery

and Aquaculture), LA PLATA 1 (La Plata Project /SACC—Leg 1)

No. Cruise Period Research vessel

1 WOCE-A23 03/31–05/05/1995 RV James Clark Ross

2 PROANTAR 14 11/14–11/16/1995 RV Ary Rongel

3 PROANTAR 15 03/18–03/15/1997 RV Ary Rongel

4 COROAS 3 10/17–10/23/1997 RV Atlantico Sul

5 SAMBA 3 11/27–12/13/1997 RV Nadir

6 MAC 4 08/19–08/04/1998 RV Astro Garoupa

7 REVIZEE 4 04/23–05/01/2000 RV Astro Garoupa

8 DOVETAIL 01/22–02/25/2001 RV Ary Rongel

9 DEPROAS 07/14–07/18/2002 RV Prof. Besnard

10 SAFARI 05/22–05/26/2002 RV Atlantico Sul

11 DPA 02/15–03/10/2002 RV Atlantico Sul

12 PROANTAR 21a 11/13–11/17/2002 RV Ary Rongel

13 PROANTAR 21b 01/23–01/29/2003 RV Ary Rongel

14 LA PLATA 1 08/20–08/31/2003 RV Puerto Deseado

15 PROANTAR 22 01/15–02/13/2004 RV Ary Rongel
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ratios and chlorophyll concentration in the surface layer.

Furthermore, Clark (1981) found no significant difference

in the values calculated both ways when developing the

CZCS algorithm.

2.2. Computation of the spectral water leaving radiances

and reflectances

The spectral water-leaving radiances, Lw(k), were com-

puted from the upwelling radiance at z0=0.5 m, which was

converted to values just beneath the sea surface, Lu(k, 0
�),

and then through the sea–air interface. The spectral

attenuation coefficients, K(k), used here were estimated

using Morel and Maritorena (2001) relationships, where

chlorophyll-a concentrations are previously known. The

spectral water leaving radiance was calculated by

Lw kð Þ ¼ 1� qw

n2w
Lu k; z0ð Þexp K kð Þz0ð Þ ð1Þ

Where qw and nw stand for the Fresnel reflectance at the

sea–air interface and the refractive index of the seawater,

respectively. These parameters depend weakly on wave-

length for low solar zenith angle and calm sea surface. In

this work, qw was set to 0.0215 and nw to 1.345. The

spectral remote sensing reflectance, R rs(k), was then

calculated from

Rrs kð Þ ¼ Lw kð Þ
Ed kð Þ ð2Þ

Where the spectral downwelling irradiance at sea surface,

Ed(k), was estimated by using a combination of measured

Ed(490) and Bird and Riordan (1986) model values. The

modeled spectral incident irradiance on the sea surface,

Ed
BR, was computed for cloudless sky and standard

atmosphere conditions for all stations. Ed(k) was then

calculated assuming that the ratio between modeled and

measured Ed(490) holds for the remaining spectral bands:

Ed kð Þ ¼ EBR
d kð Þ

EBR
d 490ð Þ Ed 490ð Þ ð3Þ

An evaluation of Ed values computed this way was made

by comparing the calculated Ed(k) with other irradiance data
set from the region (AMT cruises), available in the SeaWiFS

bio-optical data archive and storage system (SEABASS,

Werdell et al., 2003). The FURG/SwAO irradiance values

are generally lower than the AMT data, due to the large

number of cloudy days during FURG cruises sampling. The

ratio SwAO/AMT values for Ed(412), Ed(443), Ed(490),

Ed(510), and Ed(555) are, respectively, 0.726, 0.757, 0.767,

0.779, and 0.843. Considering our Ed(490) as a true, non-

error value, the relative difference for the five wavelengths

would be of the order of �5.3%, �1.3%, 0%, 1.6%, and

9.9%, respectively. These differences are not so large,

considering that the AMT measurements were made mostly

in offshore areas, whereas the FURG data were mainly from

coastal regions and measurements were not time-coincident.

Also, even simultaneous measurements of Ed, using differ-

ent sensors, have shown a disagreement up to 7.1% (Hooker

& Maritorena, 2000). Therefore, our method for calculating

Ed(k) from modeled Ed(490) can be considered acceptable.

2.3. Bio-optical relationships

Empirical algorithms for estimating chlorophyll-a con-

centration from space usually rely on blue to green ratios of

the remote sensing reflectance or water-leaving radiance.

The blue to green reflectance ratio, Rk2

k1=Rrs(k1)/Rrs(k2), was
computed for the following wavelengths: R555

412, R555
443, and

R555
490. The functional form of the empirical algorithms is

given by

log10 Chla½ � ¼
XM

n¼0
anR

n ð4Þ

where R is the log10 of Rk2

k1

. We performed a series of

statistical analysis with M varying from 1 (first order) to 4

(fourth order). A third and fourth order polynomials were

used for generating a revision of the OC2v4 and OC4v4

algorithms, for our data sets of the Southwestern Atlantic

and Southern Ocean, respectively. These were then com-

pared with NASA’s respective algorithms (O’Reilly et al.,

2000). In the case of the third order polynomial, R is log10
of R555

490 and, in the fourth order, M=4 and R is the log10 of

the maximum value among R555
443, R555

490, and R555
510 (O’Reilly

et al., 1998, 2000).

For the purpose of evaluating the algorithm perform-

ances, linear regression analyses were carried out between

the observed (in situ) chlorophyll-a concentration and those

estimated by the algorithms (alg). The statistical parameters

(besides log-derived r2, slope and intercept) used for these

evaluations were the linear-transformed root mean square

error (rmse-L) (Carder et al., 2004), the mean relative

percentage difference (RPD) and the mean absolute

percentage difference (APD) between algorithm-derived

and in-situ chlorophyll. These parameters are defined as:

rmse�L ¼ 0:5 10þrmse � 1ð Þ þ 1� 10�rmseð Þ½ � ð5Þ

Where

rmse ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

i¼1
log10

Chlaalg

Chlain situ

� �2
" #vuut ð6Þ

RPD ¼
XN

n¼1

Chlaalg � Chlain situ

Chlain situ

� �
1

N
� 100% ð7Þ

APD ¼
XN

n¼1






Chlaalg � Chlain situ

Chlain situ






1

N
� 100% ð8Þ
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3. Results and discussion

3.1. The FURG bio-optical data

The bio-optical data set collected by Federal University

of Rio Grande (FURG) was classified into two sets:

Southern Ocean data (SO), from stations located south of

the mean position of the Polar Front (Moore et al., 1999),

and Southwestern Atlantic Ocean data (SwAO), comprising

the remaining stations (see Fig. 1). A frequency distribution

of log10 surface chlorophyll concentration can be seen in

Fig. 2A and B, for both sub-regions. In the Southwestern

Atlantic, chlorophyll varied from 0.016 to 7.72 mg m�3

(median=0.23 mg m�3) and, in the Southern Ocean, values

were between 0.1 and 1.19 mg m�3 (median=0.37 mg m�3).

Table 2 shows some basic statistical parameters of the

chlorophyll concentration over both study regions.

Fig. 3 shows reflectance values at 6 wavelengths for 5

classes of chlorophyll concentration for all the data (218

data points). As chlorophyll levels increase, reflectance

values are lower at the blue and higher at green and

especially at red (670 nm) bands. The typical inflection

point can be seen at approximately 500 nm. In Fig. 4, the

relationship between chlorophyll concentration and the

reflectance ratios R555
412, R555

443, R555
490, and R555

510 are shown.

The R555
490, which is also used in the NASA OC2v4

algorithm, shows the best correlation coefficient (r2=0.79)

with chlorophyll data, followed by R555
443 (r2=0.76) and the

remaining two ratios (Fig. 4A and B) had r2=0.69.

3.2. Chlorophyll algorithms

A preliminary analysis of the Southwestern Atlantic

(SwAO) data set showed a few locations (five stations)

under strong influence of riverine discharge, detected by

anomalously high reflectance signals in the red band. These

have not been considered in the algorithm development

analysis, because their optical properties must be strongly

influenced by suspended inorganic matter (sediment load)

and dissolved organic material from La Plata River, typical

of case II waters. The criterion for flagging these points was

the following: reflectance values at 670 nm greater than

0.0012 sr�1 (turbidity flag, Robinson et al., 2003) coincid-

Table 2

Statistical parameters of chlorophyll-a concentration for the two datasets:

Southwestern Atlantic Ocean (SwAO) and Southern Ocean (SO) waters

(see locations in Fig. 1 for both data sets)

Region Mean

(mg/m3)

Standard

deviation

(mg/m3)

Chl range

(mg/m3)

Median

(mg/m3)

Number

of data

SwAO 0.61 0.99 0.016–7.72 0.23 141

SO 0.43 0.24 0.1–1.19 0.37 77

All 0.55 0.81 0.016–7.72 0.32 218
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ing with in situ chlorophyll values less than 2 mg m�3, in

latitudes between 388S and 288S. The latitude range (388S
to 288S) was based on the climatological southern and

northernmost reach, respectively, of the low salinity plume

from La Plata River and Patos Lagoon systems, from

historical data (Piola et al., 2000). Indeed, chlorophyll

values in waters influenced by La Plata River plume in the

continental shelf have been shown to be highly over-

estimated by SeaWiFS-retrieved values (Armstrong et al.,

2004).

For the Southwestern Atlantic (SwAO) data a fourth-

order polynomial (revision of NASA’s OC4v4) was

generated, while for the Southern Ocean (SO) data set,

where we have a more limited range of chlorophyll values, a

better performance was found with linear regression of a 2-

band (R=R555
490) algorithm. Table 3 shows the parameters of

the fourth-order polynomial algorithm (excluding the five

stations mentioned above) for the Southwestern Atlantic and

the linear regression algorithm for the Southern Ocean data,

respectively. For comparison, the performance of NASA’s
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443, (C) R555
490, (D) R555

510 and the corresponding chlorophyll concentration of the FURG-SwAO/SO

dataset (N=218 data points).

Table 3

Performance of empirical bio-optical algorithms for chlorophyll derived from the FURG SwAO/SO data set. The FURG-OC4 algorithm (a revision of NASA’s

OC4v4) was derived for the Southwestern Atlantic Ocean (SwAO) using R=[max (R555
443, R555

490, and R555
510)] and FURG-OC2L was derived for the Southern

Ocean (SO) using R=R555
490. The performances of NASA OC4v4 (for both data sets) and OC2v4 (for the SO data set) are also shown

Algorithm Data set

(region)

Type Coefficients an, n=0,1,2,. . .,M rmse-L RPD

(%)

APD

(%)

r2 S I N

FURG OC4 SwAO 4th order [0.277 �3.192 7.446 �12.035 5.811] 0.426 9.5 32.2 0.89 0.89 �0.061 136

NASA OC4v4 SwAO 4th order [0.366 �3.067 1.930 0.649 �1.532] 0.475 14.5 41.7 0.87 0.84 �0.079 136

FURG OC2L SO linear [0.4552 �2.2841] 0.347 6.4 30.0 0.64 0.64 �0.15 77

NASA OC2v4 SO 3th order [0.319 �2.336 0.879 �0.135 �0.071] 0.475 �21.7 32.8 0.64 0.62 �0.30 77

NASA OC4v4 SO 4th order [0.366 �3.067 1.930 0.649 �1.532] 0.512 �23.4 34.7 0.61 0.58 �0.33 77

Obs: rmse-L is the linear-transformed rmse (Eq. (5)). RPD and APD are mean relative and mean absolute percentage differences between algorithm-derived

and in situ chlorophyll values (Eqs. (7) and (8)). S and I stand for slope and intercept of the linear regression between the log-transformed algorithm-derived

and in situ chlorophyll values. N=number of data points. SO=Southern Ocean. SwAO=Southwestern Atlantic.
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OC4v4 operational algorithm is presented for both data sets.

In addition, the performance of OC2v4 in the Southern

Ocean data is also presented, to compare with the 2-band

model selected for this region. A plot of in-situ and NASA

and FURG algorithm-retrieved chlorophyll for both regions

can be seen in Fig. 5. In general, the SwAO chlorophyll data

conforms well to NASA OC4v4 derived concentration (Fig.

5C). The rmse-L value of 0.475 for the NASA OC4v4 is not

much greater than the regional FURG-OC4 model (rmse-

L=0.426) (Table 3). Also, the slope and intercept values are

fairly close to the regional model results. However, the

mean relative percentage difference (RPD), which can be

considered a measure of bias, is 14.5% for the NASA’s

algorithm and 9.5% for the FURG-OC4. The mean absolute

percentage difference (APD) is 41.7% and 32.2%, respec-

tively, for OC4v4 and our regional algorithm. These

percentage differences are relatively large, considering that

in-situ bio-optical data are being used and also that we have

removed the outliers (case II points). A greater difference

should then be expected when applied to satellite retrieved

radiance data. Therefore, the goal of 35% accuracy for

satellite chlorophyll retrieval (as for SeaWiFS, Hooker et al.,

1992) seems to be hard to achieve by use of solely empirical

algorithms.

The Southern Ocean data (Table 3) shows a consistent

deviation from the NASA’s OC4v4 algorithm, as can be

detected by the relatively great and negative bias in

chlorophyll values, as estimated by the RPD of �23.4%.

Therefore, the use of NASA’s OC4v4 model would result

in a general underestimation of ca. 23% in chlorophyll

values for this region, over ranges between 0.2 and 1 mg

m�3. A slightly better performance is seen when the 2-

band OC2v4 is used (Table 3, Fig. 5D), resulting in a

chlorophyll underestimation of 21.7% and a rmse-L of

0.475, compared to the OC4v4 rmse-L of 0.512. There-

fore, in the studied area of the Southern Ocean, it seems

that the simpler 2-band OC2v4 would be preferable to the

more complex OC4v4. The bias in both NASA’a models is

significantly improved with our linear algorithm (Fig. 5B,

Table 3), where an RPD of 6.4% is achieved. However, in

absolute terms, even our region-specific algorithm does not

seem to do much better then both OC4v4 and OC2v4.

Again, the empirical models reasonably solve the bias

problem, but due to scattering in radiometric and/or

r2= 0.89
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chlorophyll measurements, an absolute difference of less

than 30% is hardly attainable.

The discrepancies found in this work for the Southern

Ocean region are not so large as previously noted by

Dierssen and Smith (2000), which reported an approxi-

mately 2–2.5-fold in chlorophyll underestimation by NASA

OC2v2 in the western Antarctic Peninsula waters. Our

results agree with other works from high latitudes in the

southern and northern hemispheres. For instance, Cota et al.

(2003) found approximately 1.5-fold underestimates for

chlorophyll b10 mg m�3 using the OC4v4 algorithm in the

Labrador Sea. Stramska et al. (2003) report underestimation

magnitudes of 20% to 50% by OC4v4 and MODIS

algorithms for chlorophyll ranges between 2 and 3 mg

m�3 in the north polar region of the Atlantic Ocean.

We have evaluated the application of other high-latitude

algorithms from the literature on our Southern Ocean bio-

optical data set and results are shown in Table 4, where they

are ranked from smallest to greatest rmse-L. The algorithm

of Arrigo et al. (1998) for waters dominated by the

Prymnesiophyte Phaeocystis antarctica in the Ross Sea

shows the best performance (as evaluated by rmse-L, RPD

and APD of 0.35%, 10.1%, and 34.7%, respectively),

followed by a Prymnesiophyte-specific algorithm from the

Labrador Sea, near the Arctic (Cota et al., 2003). The other

general algorithm of Arrigo et al. (1998) including all data

from the Ross Sea (Cryptophytes, diatoms and P. antarctica

dominance) was the least adjusted to our data set. These

results reveal that the taxon-specific algorithm approach

seems to be very appropriate, irrespective of the region

studied, since both the Arctic and Antarctic Prymnesiophyte

models worked well to our bio-optical data. Indeed,

Phaeocystis cf. antarctica, along with Cryptomonas and

small flagellates, have been shown (Rodriguez et al., 2002)

to dominate the summer phytoplankton assemblages in the

Bransfield Strait (region mostly sampled in this work).

3.3. Comparisons between FURG-SwAO/SO and other

bio-optical data sets

Bio-optical properties measured during the AMT cruises

(Aiken et al., 2000) comprise approximately 11.3% of the

global data compilation for NASA’s operational algorithms

generation (O’Reilly et al., 2000). We have plotted our

FURG SwAO data, which do not include the Southern

Table 4

Performance of empirical high-latitude chlorophyll algorithms using the FURG SO bio-optical data set (N=77)

Source Algorithm-type Region rmse-L RPD (%) APD (%) r2 S I

This study OC2-Linear Bransfield Strait (mostly) 0.347 6.45 30.0 0.64 0.64 �0.154
Arrigo et al. (1998) OC2-L-P. ant. Ross Sea 0.403 10.1 34.7 0.64 0.37 �0.267
Cota et al. (2003) OC4-Linear-Prym Arctic-Labrador Sea 0.434 �5.93 34.9 0.62 0.86 �0.124
Cota et al. (2003) OC4-Linear Arctic-Labrador Sea 0.451 �3.19 36.7 0.62 0.92 �0.088
Barbini et al. (2003) OC2-Linear Ross Sea 0.461 �20.1 32.3 0.64 0.64 �0.281
Dierssen and Smith (2000) OC2-3rd order West of Ant. Peninsula 0.471 43.2 48.4 0.65 0.82 0.047

Arrigo et al. (1998) OC2-Linear Ross Sea 0.760 92.2 93.9 0.64 0.29 �0.066
The OC2 and OC4 use R555

490 and max (R555
443, R555

490, R555
510), respectively.

Obs: OC2-Linear-Prym and OC2-Linear-P. ant. are algorithms for waters dominated by Prymnesiophytes and Phaeocystis antarctica, respectively. RPD and

APD are the mean relative and mean absolute percentage difference between algorithm-derived and in situ chlorophyll values (Eqs. (7) and (8)). S (slope) and I

(intercept) result from a linear regression between log-transformed measured (x) and SeaWiFS derived chlorophyll ( y).
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Ocean stations, combined with AMT data available at the

SeaWiFS bio-optical data archive and storage system

(SEABASS, Werdell et al., 2003) (Fig. 6A). Overall, there

is a good agreement between the two data sets and the

OC4v4 algorithm. Considering that one of the important

goals of the AMT cruises is calibration and validation of

satellite ocean color data (Aiken et al., 2000), the coherence

in Fig. 6A supports the consistency of the FURG-SwAO/SO

bio-optical data set.

Our high latitude FURG SO data (south of the Polar

Front) are compared with other bio-optical data sources

(from SEABASS) collected in the vicinities of the

Antarctic Peninsula, and results can be seen in Fig. 6B,

where NASA OC2v4 algorithm is also shown. Although it

is clear that use of OC2v4 algorithm would result in an

underestimation of chlorophyll values in Antarctic waters,

our limited data suggest it may not be as critical as in the

case of the Long Term Ecological Research (LTER)

program data. The LTER large bio-optical data set was

collected in waters west of the Antarctic Peninsula while

most (ca. 71%) of the FURG-SO data are from the

Bransfield Strait. From a hydrographic point of view, the

Bransfield Strait is recognized as a transition zone between

the Bellingshausen and the Weddell Sea. In both 2003 and

2004 cruises to the Bransfield Strait, Weddell Sea waters

(C. Garcia, unpublished data), mostly influenced surface

layers in the region. The phytoplankton communities in the

western Antarctic Peninsula (LTER program) and Brans-

field Strait regions probably differ in species composition,

size and, consequently, in absorption and scattering

properties. Dierssen and Smith (2000) emphasize that in

the LTER region there is a dominance of large diatoms

(and occasionally cryptophytes), with relatively low

absorption coefficients, compared with diatoms from the

Ross Sea, which are normally smaller. This may have

contributed to the greater reflectance observed in the blue

region, promoting a relatively high blue/green ratio for

comparable chlorophyll concentrations. On the other hand,

in the Bransfield Strait, where most stations in this work

are located, phytoplankton assemblages in summer have

been shown to be dominated by nannoplankton (Crypto-

monas sp.), the haptophyte Phaeocystis cf. antarctica and

small flagellates (Rodriguez et al., 2002). Therefore, some

differences in bio-optical propertizes may be expected

between both regions. It can be noticed, however, that the

NASA OC2v4 algorithm underestimated chlorophyll above

a threshold of approximately 0.2 mg m�3 (see also Fig. 5D).

Values below this threshold in our work are not associated

with a particular area within the study region, but may be

associated with particular phytoplankton assemblages, with

very high absorption in the blue region. For instance, the

mean ratio of specific absorption of phytoplankton (490/

555) in the Ross Sea was shown to vary from 2.4 m2 mg

Chl�1 for diatom-dominated to 5.2 m2 mg Chl�1 for

Prymnesiophytes-dominated assemblages (Arrigo et al.,

1998). Differences of this magnitude may at least partially

account for the shifts in the relationship of chlorophyll to

reflectance ratios below chlorophyll levels of 0.2 mg m�3 in

this work.

4. Satellite match-up analysis

In order to validate products derived from ocean color

sensors, we need to compare in-situ measurements of bio-

optical properties with remote sensed values. The SeaWiFS

Project has established a match-up procedure which

includes both Unix C-shell scripts and Interactive Data

Language (IDL) to compare remotely sensed ocean and

atmospheric properties to in situ measurements provided by

ocean color researchers (Hooker & McClain, 2000; McClain

et al., 1992, 2004).

Table 5

Comparison of SeaWiFS and in-situ measurements (match-up) of spectral normalized water-leaving radiance (nLw) and of chlorophyll-a concentration. NASA

OC4v4 algorithm was used to retrieve SeaWiFS chlorophyll-a concentration

In situ range Satellite range r2 rmsea RPD (%) APD (%) S I N

nLw412 0.081–2.166 �0.116–2.310 0.98 0.146 �35.61 41.93 1.138 �0.1490 21

nLw443 0.127–1.779 0.039–1.910 0.97 0.126 �5.23 17.05 1.131 �0.082 21

nLw490 0.209–1.314 0.168–1.290 0.87 0.132 �2.32 11.51 0.946 0.021 21

nLw510 0.222–1.429 0.218–1.433 0.78 0.139 2.84 10.83 0.863 0.081 21

nLw555 0.202–1.664 0.244–1.903 0.78 0.201 1.24 13.05 0.948 0.013 21

nLw670 0.017–0.582 0.017–0.577 0.93 0.041 �3.64 25.19 0.896 �0.023 21

Chlorophyll 0.044–1.970 0.060–3.907 0.77 0.663b 31.19 65.75 1.033 0.041 28

Obs: RPD and APD are calculated by comparing the SeaWiFS-derived to the measured values. RPD and APD are mean relative and mean absolute percentage

differences between algorithm-derived and in situ chlorophyll values. The S (slope) and I (intercept) result from a linear regression between measured (x) and

SeaWiFS derived-properties ( y), except for chlorophyll where the log-transformed values were used.
a rmse was calculated as

rmse ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

1

nLwSeaWiFS � nLwin situÞ2
�

vuut

b For chlorophyll, rmse-L was calculated as in Eq. (5).
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FURG SwAO and SO data sets were organized

according to the SEABASS format and submitted to the

match-up procedure. A match-up exclusion criterion in the

procedure discards invalid or redundant data. It is based on

temporal windows and certain quality control masks and

flags (clouds, stray light on scenes, atmosphere correction

failure, sun glint, total radiance above the knee value, high

satellite zenith angle, coccolithophores, and low normal-

ized water-leaving radiance at 555 nm; Bailey et al., 2000).

The match-up approach used a 5�5 pixel-averaged box for

spatial comparisons. Although the SwAO/SO data set

contains 218 stations, only 176 could be considered

candidates since 42 were sampled before the SeaWiFS

launching. At the end of the match-up selection process,

12% of stations (N=21) became final valid matches for

radiometric comparisons.
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Table 5 and Fig. 7 show that the SeaWiFS-derived

spectral water-leaving radiances are well-related (0.77b

r2b0.98) with in situ measurements, with higher correlation

at lower wavelengths. However, the absolute percentage

difference for the 6 bands varied from 10.8% for nLw (510) to

41.9% for nLw (412). The greatest error in SeaWiFS retrieved

radiance in the blue band (412 nm) is associated with a bias of

�35.6%, while the other bands showed no significant bias

values (Table 5). Two slightly negative values of remote

sensing nLw (412) were extracted in May 2002 in the

southern Brazilian coastal area (Fig. 7A), which were

probably caused by overestimation of aerosol radiances in

coastal stations. In addition, at one station (shown by the

arrows in Fig. 7), SeaWiFS-derived reflectance values were

underestimated, especially in the green spectral region. A

closer inspection of the chlorophyll image for that site (not

shown) revealed a small patch of high chlorophyll (detected

also by our in-situ sampling) which was probably displaced at

the time of the satellite overpass (nearly 3 h later). This point,

however, has been included in the statistical analyses.

For chlorophyll-a match-ups (Fig. 8), a greater data set

was submitted, since many stations have been sampled for

pigment alone without simultaneous optical measurements.

After the exclusion criteria, 32 stations remained for the

match-up exercise, by accepting F3 h time difference

between sampling data and satellite overpass. Fig. 8 shows

the result of satellite derived (match-up) versus in situ

chlorophyll values. The arrow shows the spurious value

associated with the lower nLw’s in the green bands (shown

in Fig. 7), which resulted in a lower estimate by SeaWiFS.

The three circled points in Fig. 8 are associated with

stations close to La Plata River (where reflectance values

at 670 nm are greater than 0.0012 sr�1) and were excluded

from the analysis. A good relationship can be seen

between in situ and satellite-derived chlorophyll concen-

tration (r2=0.77), but the uncertainty as estimated by the

APD and rmse-L is approximately 66% (Table 5).

5. Conclusions

Bio-optical properties have been measured in the surface

waters in the Southwestern Atlantic and Southern Ocean

(mostly Bransfield Strait) for chlorophyll algorithm gen-

eration and validation of remote sensing oceanic properties

provided by ocean color sensors. The bio-optical data set

comprises several bio-geographic provinces, ranging from

oligotrophic waters in the South Atlantic tropical gyre to

highly productive coastal waters influenced by the La Plata

River and Patos Lagoon.

Our analysis show that the NASA’s OC4v4 algorithm for

extracting chlorophyll-a data in the Southwestern Atlantic

would result in an error margin of at least 42% (or a rmse-L

of 47%) in waters without strong influence of continental

discharge (from La Plata River or Patos Lagoon). Our

derived algorithm for this region improves the error margin

to some extent (32% error margin or rmse-L of 43%), but

significantly reduces bias. In coastal waters affected by river

runoff, the OC4v4 algorithm highly overestimates chlor-

ophyll values. These waters have been masked in our work

using Rrs(670)N0.0012 sr�1 combined with in situ chlor-

ophyll values less than 2 mg m�3 in regions under potential

freshwater plume influence.

In the Southern Ocean, comprising mainly the Bransfield

Strait, the NASA OC4v4 algorithm underestimates pigment

concentration but not to the same magnitude as previously

reported (Dierssen and Smith, 2000; Mitchell & Holm-

Hansen, 1991). A linear relationship has been proposed

between R555
490 and chlorophyll ranges from 0.1 to 1 mg m�3,

which yields a significant improvement in bias, as compared

with both NASA’s OC4v4 and OC2v4. An evaluation of

other high-latitude algorithms from the literature showed

variable performances when applied to our data. The best

adjustment (following our linear model) was found for the

Ross Sea, Prymnesiophyte-specific algorithm (Arrigo et al.,

1998).

The spectral water-leaving radiance and chlorophyll-a

concentration derived from SeaWiFS were compared with

FURG-SwAO/SO bio-optical measurements through a

match-up procedure. There is a good agreement between

in-situ and sensor-derived optical data (APD between 10.8%

and 41.9%; rmse between 0.04 and 0.20). For chlorophyll

match-ups, the concentration estimated by SeaWiFS

imagery (OC4v4 algorithm) show a positive bias of 32%

and values are comparable with in-situ data, within a 66%

error, which is above the accuracy goal of 35% for satellite-

retrieved chlorophyll estimates.
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